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Preface 

The first 1969 Dubna Seminar of the series was devoted to vector mesons and included 
a considerable number of talks aimed to create gauge field theory, in particular, to solve 
the problems of quantization of the Yang Mills fields, their geometric interpretation, of the 
phenomenological applications of these theories to experiment. This was the first large­
scale conference devoted to the main trend of fundamental interactions theory. Among 
the participants were professors N. N. Bogolubov, J. Bjorken, B. Zumino, M. A. Markov, 
S. Ting, L. D. Faddeev and others, who made the basic contribution to this field of physics. 
The subsequent seminars of this series were devoted to the physics of strong interactions, 
multiparticle production, relativistic nuclear physics, that is, to the problems which were, 
as it seemed at that time, rather far from the topics of the first Seminar. 

Starting with the second half of the seventies the gauge field theory greatly affected 
the physics of fundamental interactions and this was naturally reflected in the program 
of the Seminars. The quantum chromodynamics as a theory of strong interactions based 
on the first principles and the possibility of its experimental check were the subject at 
the previous Seminars. The problems of relativistic nuclear physics, multiple production 
processes in nucleus-nucleus collisions, traditionally discussed at the Seminar, gained a 
large significance. Cumulative meson production, the laws governing the limiting frag­
mentation of nuclei and the nuclear reactions with large momentum transfers which were 
discovered in the early 1970s became the main trends in the program of investigations of 
relativistic nuclear collisions at the Synchrophasotron and were successfully interpreted 
in the language of quantum chromodynamics. The concept of the quark-parton structure 
functions of nuclei has been considerably developed. At the VI-th Seminar, the depen­
dence of the structure functions normalized to the atomic weight that was later named 
the EMC-effect, was discussed. The results of the experiments on deep inelastic muon 
scattering on nuclei in the cumulative region were first reported there and gave convincing 
grounds for the conclusion about the properties of the quark-parton structure functions 
drawn on the basis of the study of the limiting fragmentation of nuclei. 

At the VII-th Seminar attention was focused on the properties of the quark-parton 
structure functions of nuclei, and special sessions were devoted to this problem. 

An essential part of the program of the previous Seminars was the phenomenolo­
gical description of chromodynamics at large distances (bags, strings, multiquark systems, 
hidden colour, quark-gluon plasma, etc.). 

In the past years the role of the colour degrees of freedom in nuclei has extensively 
been studied and discussed at special conferences devoted to it. The effect of the quark 
degrees of freedom on the properties of nuclei and nuclear reactions is undoubtedly the 
main perspective of the fundamental studies in nuclear physics. Multiquark interactions 
and the systems with a nonstandard number of quarks, especially dibaryons, multiquark 
configurations in nuclei, systems with hidden colour, etc. are of special interest. The 
problem of the spin content of the proton is the pressing problem of the day both for 
theory and experiment. All these problems are reflected in the suggested program. 

After the VIII-th Seminar physics of relativistic nuclei has essentially been developed: 
beams of nuclei at energy 200 Ge V /nucleon and new large detectors began to work. Scores 
of big collaborations joined the research of processes of multiple particle production in 
relativistic nuclear collisions and the problem of chromoplasma. The natural phenomena 
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in relativistic nuclear physics having an asymptotic character, have played the decisive role 
in a detailed design and estimation of cost of the accelerator complex and construction 
of installations mt 11m:I nr l1r11 111S The pri11 ·ipl fi of symmetry and self-similarity can 
be used to predict. incl t1sive crb:;s si~c:Lion: of particle production, in the central rapidity 
region (y = O). Recent. amuysis (sec joumnl "Physics of Particles and Nuclei", 1996-
2005) makes it possihJP lo concludo tlmt t bc hopes for obtaining dense and hot matter 
in heavy ultrarelativist.ic nuclear c:ollisions were have not been rcali:r.ed et.. A11 civ rail 
idea about the investigation in the fi kl of rnlat l visL.ic; nuclear physics can be got from I.he 
Proceedings of the DtLUD(l. lnternat,ional Seminar of the pr~ ut. :;cries. The intcrp ln.y of 
hadronic structure Md Q D illtQrar:l.ions is one of t.h <lcliuing features of the 1.mns1tion 
regime. 

Since XVI Seminar the meetings were devoted to memory of outstanding scientist 
Academician Alexander Michailovich Baldin (1926-2001). Academician A. M. Baldin's 
scientific and organizational activities were extremely versatile. He was the President of 
the G'mmcil 011 Elrctromagnctic l rit rn.ctio11s 1;1.nd a rncrub r of t he B11reau of the Nttclcaf' 
Physics Oepaf'lment of the llussiari Acti<lemy of Sciences, Editor-iu- hief of the jounmls 
"Ph11sic.~ of PartichJs and Nuclei' a.nd "Phy1:;ics of Particle and Nuclei, Lettcml as well 
llil a m mbcr or tit Edltori.nl Boards of many scifilltific pnhlicatious. Among conferences 
I.bat were organized by Alexaud r Midmilovich of special importance is just Lhi$ series 
of th lntcr11aN01w.l S minars on High-Energy Physics Prablems started in 1969 with M. 
A. Markov 's support. T hey htwe been giveu an 1.lllOfli i~iJ. somewl10.t witty, name "Baldirt 
aulunm" . 

The Proceedings of the XVII International Baldin Seminars on High-Energy Physics 
Problems {Baldin !SHEPP) include talks on hot problems of the relativistic nuclear 
physics and reports on status and perspectives of the important experiments which were 
devoted to investigations of the exotic properties and polarization phenomena of the rel­
ativistic nuclei. W • w uld like ·to rn uLiou tltat Lhe applied relativistic physics was inten­
sively discussed and this fact found its r flection in the Proceedings. During the Seminar 
117 reports of 205 participants from 17 .ow1t:ries were presented. We expect that the 
Proceedings will b interesting for scientists working in relativistic nuclear physics. 

Editors 
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Abstract 

In two experiments at Jefferson Lab in Hall A, the first one in 1998 and the second in 
2000, the ratio of the electromagnetic form factors of the proton was obtained by mea­
suring Pt and Pe, the transverse and longitudinal recoil proton polarization components, 
respectively, in €p --> ep; the ratio GEp/GMp is proportional to Pt/Pe. Simultaneous 
measurement of Pt and Pe provides good control of the systematic uncertainty. The first 
measurement of GEp/GMp ratio was made to Q2=3.5 GeV2 and the second measurement 
to Q2=5.6 GeV2 The results from these two experiments indicate that the ratio scales 
like 1/Q2 , in stark contrast with cross section data analyzed by the Rosenbluth sepa­
ration method which gives a constant value for this ratio. The incompatibility of the 
recoil polarization results with most of the Rosenbluth separation results appears now 
well established above Q2 of about 3 Ge V2

. The consensus at the present time is that 
the interference of the two-photon exchange with the Born term, which had been deemed 
negligible until recently, might explain the discrepancy between the results of the two 
techniques; the possibility that the discrepancy is due to incomplete radiative correction 
has also been recently discussed. 

1. Introduction 

The ratio of the elastic electromagnetic form factors of the proton, G Ep/ G Mp, has been 
measured at Jefferson Lab (JLab) for Q2 values ranging from 0.5 to 5.6 GeV2

. The 
technique used was the determination of the recoil proton polarization components in the 
('P -+ ep reaction, with both final state particles detected. The results of the two .JLab 
experiments, the first one reaching to Q2=3.5 Ge V2

, and the second one to Q2 =5.6 Ge V2
, 

are now published [1, 2] and well known. The ratio µGEp/GMp was found to decrease 
linearly with Q2 , from ~1 at Q2 =0.5 GeV2 , down to 0.28 at Q2=5.6 GeV2

; in the dipole 
model this ratio would be 1.0 for all Q2 values. These results demonstrated unambiguously 
for the first time that the Q2 dependences of G Ep and G Mp are different from one another. 

Double spin experiments [3, 4] measure the product G EpG Mp as well as G~1P, and 
hence determine the relative sign of the form factors. The combined results of the two 
JLab experiments were surprising as they appeared to contradict the consensus based 
on Rosenbluth separation results for G~P and G~P: the ratio µpGEp/GMp obtained with 
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the Rosenbluth method appear to be near 1 up to 5 GeV2 [5]. This un-bridgeable dif~ 
ference between cross section and polarization experiments has been reinforced with two 
recent JLab Rosenbluth experiments [6, 7]; it appears increasingly difficult to explain the 
difference in the ratio by methodological or systematic errors. 

Cross section data require very large radiative corrections, polarization data do not 
([8]). It is still possible that the difference will be explained after reexamination of the 
standard radiative correction procedure [9]. Another possibility is that the single-photon 
exchange or Born approximation at the basis of form factor extraction, needs to be reexam­
ined and the effect of two-photon exchange calculated [10]. The preliminary results of such 
calculations [11, 12] indicate that two-photon exchange, which enters as an interference 
between the one- and two-photon diagrams, can indeed affect the form factor extraction 
from cross section data significantly, but modifies the polarization results very little. The 
form factor extraction procedure is based on dominance of one-photon exchange; the con­
sequences of a measurable two-photon exchange contribution for the extraction of form 
factors have been discussed by [13]. 

We arc currently preparing a third measurement of the GEp/GMp-ratio at JLab, to 
extend the Q2-rangc to 9 GeV2 [14]. This high priority experiment requires a new po­
larimeter to be installed in the focal plane of the high momentum spectrometer in Hall C, 
and a new large acceptance calorimeter to detect the electron. Both instruments are now 
in an advanced stage of construction. The experiment will be ready to go on the Hall C 
floor in the later part of 2005. 

To resolve the problem of the incompatibility of the G Ep/ G Mp-ratios obtained from 
cross section and polarization data, we have proposed [15] to measure the ratio G Ep/ G Mp 

as a function of E, the longitudinal polarization of the virtual photon, by the recoil polar­
ization method. This study requires the same instrumentation as the G Ep(III) experiment, 
and will hopefully occur immediately after it. 

We will also review the results from several recent G Ep experiments at JLab, and 
present the status of G En [16, 17, 18, 19] and G Mn [20] past and future measurements. 

2. Polarization Method 

In the One-Photon Exchange or Born approximation for elastic ep the observables of a 
recoil polarization experiment arc the two components of the proton polarization in the 
reaction plane, Pi and Pc, as follows: 

Io is proportional to the unpolarized cross section and is given by: 

(1) 

where c 1 = 1+2(1+1) tan2 (~ ), and 1 = Q2 /4M'J. 
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An out-of-plane polarization component, Pn, can be the result of the interference 
between the Born term and 2-photon exchange. Such a component is independent of the 
beam helicity; it is expected to be at the level of 1-2 percent; it is hard to measure. 
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Figure 1: The azimuthal asymmetry distribution for Q2- =5. 6 Ge v2 

In the two recoil polarization experiments at JLab the polarization of the recoil proton 
was measured in a polarimeter installed in the focal plane area of one of the large magnetic 
spectrometers of Hall A. A focal plane polarimeter consists of an analyzer block of C or 
CH2 , preceded and followed by tracking wire chambers, in which the proton is scattered 
in a nuclear interaction; the normalized angular distribution of the protons scattered in 
the analyzer is given by: 

(2) 

where PlPP and P/PP are the physical asymmetries at the focal plane polarimeter, and Ay 
is the analyzing power of the polarimeter; the ±-sign denotes the two possible helicities 
of the polarized beam. In the data analysis j± is approximated by the differential yield: 

where the index i refers to a bin in l{J, l:!..ip is the width of the bin, N;± is the number of 
events in bin i, Ni':, is the number of protons with specified helicity incident upon the FPP, 
and 17( '13) is the differential efficiency of the analyzing reaction. Instrumental asymmetries 
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are cancelled by alternating the helicity denoted by ± of the electron beam, and measuring 
y+ and y-. The difference y+ - y- contains only the helicity dependent polarizations 
p/PP and PlPP, whereas the sum y+ + y- contains a possible helicity independent part 
from two-photon exchange, and the instrumental asymmetries. Fig. 1 shows the azimuthal 
angular distribution of the asymmetry measured at the highest Q2 reached so far, 5.6 
GeV2

. 
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Figure 2: The Dubna calibration results 
for the analyzing power of CH2: top 
panel 4 analyzer thicknesses at pp=3.8 
Ge V /c. Bottom panel fixed analyzer 
thickness of 51.6 gcm- 2 and proton mo­
menta 1. 75, 3.8, 4.5 and 5.3 Ge V /c 
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Figure 3: The Dubna calibration results: 
top panel attenuation of un-scattered 
beam versus analyzer thickness; bottom 
panel evolution of the efficiency integral 
with the analyzer thickness; note that in 
the text E = 'r/ 

The polarimeter is characterized by the analyzing power, Ay, resulting from l.S cou­
pling in the interaction of the proton with the analyzer nuclei, and the probability of 
interaction, ry({)), which is related to the inclusive differential pC or p(CH2) yield; Ay 
depends only weakly upon the material of the analyzer, and ry({)) is determined by the 
total mean-free path in the material, )q, and the thickness of the analyzer. Hydrogen is 
best, CH2 next best. Efficiency and analyzing power have been measured in Dubna in 
preparation for the third GEp JLab experiment [21] and are shown in Figs. 2 and 3. 
In the JLab experiments the polarization of the recoil proton is measured in a polarimeter 
(FPP) located at the focal plane of one of the high resolution magnetic spectrometer. Ver­
tical bending of the trajectories in the spectrometer rotates the polarization component 
Pe into a normal component at the analyzer, PlPP, but does not change the polarization 
component Pt in first order. 

In first approximation, at the target Pe = P,{PP / sinx, and Pi "' P/PP, where x is the 
spin precession angle in the dispersive plane of the magnetic spectrometer used to detect 
the recoil proton, given by 
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X = /8B(µP - 1), 

where 8 B is the bend angle of the trajectories in the dipole. 
The desired ratio of form factors is then obtained from the target polarization components, 
Pt and Pe, from the relation: 

3. Results of previous experiments 

The JLab recoil polarization results are shown as the ratio µ.pGEp/GMp, and compared 
with a selection of Rosenbluth results in Fig. 4. The Rosenbluth data included are those 
of the last SLAC measurement of Ref. [5], and the new JLab data of Refs. [6, 7]. 
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Figure 4: Ratio µpGEp/GMp from the 
.]Lab recoil polarization experiments, 
compared to a selection of ratios ob­
tained by Rosenbluth separation method 
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Figure 5: The ratio Q2 F2/ F1 from 
the .JLab recoil polarization experiments, 
compared to recent pQCD predictions by 
Belitsky et al {22] and Brodsky {23}. 

The Sachs form factor ratio also determine the ratio of the Pauli and Dirac form factors 
F2 / Fi; the latter are shown in Fig. 5 where they are compared with two recent calcu­
lations based on perturbative QCD: the dashed curve is the modified pQCD prediction 
of Belitsky et al [22], which takes orbital angular momentum of the quarks into account; 
the solid line is an "empirical fit" from Brodsky [23], taking into account the logarithmic 
behavior of the F2 / Fi- ratio inherent in pQCD. 
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4. Theoretical "Predictions" 

Early attempts to understand the nucleon form factors were based on the vector meson 
dominance model or VMD. In 1972 Iachello [24] had predicted a zero crossing for GEp 
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Figure 6: Fo77n factor ratio compared to 
VMD calculations from the 1970's. No­
ticeable is Iachello 's prediction of a zero 
crossing of the ratio; his model incl·uded 
a small hard core inside the proton 
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Figure 7: The ratio Q2 F2/ F1 as deter­
mined in the recoil polarization experi­
ments 93-027 and 99-007, compared to 
two recent pQCD predictions, by Be­
litzky et al (22} and Brodsky (23) 

near 8 GeV2
, based on a modified VMD model including a small hard core inside the 

proton. This prediction is shown in Fig. 6, together with the other VMD fits and data 
of this period only [25, 26]. Two years before the first JLab rneasurement Holzwarth [27] 
had also predicted a zero crossing of G Ep, based on the soliton model. This prediction and 
a number of current versions of the constituent quark [28, 29, 30], VMD [31] and di-quark 
model [32] predictions are shown in Fig. 7. All forms of the constituent quark model 
require a relativistic approach to reproduce the recoil polarization data. The relativistic 
di-quark model of Ma reproduces the right slope of decrease of the GEp/GMp ratio too. 
The revised pQCD prediction of Brodsky [23] as well as a form of pQCD including quark 
orbital angular momentum by Belitsky et al are also shown in this figure [22]. 

5. Possible origins of the discrepancy 

Radiative corrections (RC) affect ep cross sections at the level of 30-40% and the data 
are corrected for it. The correction has to have an accuracy better than or of order 1 % 
at Q2=5.6 Ge V2 as the contribution of G Ep to the cross section is smaller than 103. The 
radiative correction to the cross section is E dependent, and therefore affect the separation 
result directly; it is based on the seminal papers of Mo and Tsai [33] and Maximon and 
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Tjon [34], which do not include the inelastic contribution in the proton vertex correction. 
Radiative corrections affect the Gep/GMp-ratio from polarization data by less than 1% at 
a Q2 of 5.6 GeV2 when the proton defines the kinematics (see Afanasev [8]). 
To explain the discrepancy between Rosenbluth and recoil polarization results, we have to 
also consider the two-photon exchange contribution; this was recently discussed by Gui­
chon and Vanclerhaegen [10], Blunden and Melnitchouk [11], Chen, Afanasev, Brodsky, 
Carlson and Vanclerhaegen [12], and Rekalo and Tomasi-Gustafsson [13]. 
The possibility that the discrepancy is an experimental effect must of course also be 
examined. It appears that the discrepancy cannot be clue to experimental systematics 
in the cross section measurement, as the recent "Super" Rosenbluth separation demon­
strates (Segel at al [7]). This new JLab experiment was the first 1 H ( e, p) measurement; 
all previous separations were based on 1 H(e, e')); in this case radiative corrections are 
both smaller and different; yet the results are compatible with older Rosenbluth data. 
They are shown in Fig. 4 as reel open triangles. 

6. Two-Photon Exchange Contribution 

Two-photon affects polarization observables and cross sections at the same level of a few 
%; but at large Q2 the form factors from Rosenbluth separation are strongly affected by 
this small correction which is E dependent and G~P « TG7MP' as we now know from the 
recoil polarization experiments. 
The transverse polarization component, and therefore G Ep/ G Mp, is affected only at the 
level of a few %; and this is the beauty of the method! 
The calculations in Ref. [12] are based on generalized parton distributions which fit the 
proton form factor. The correction they calculate brings the Rosenbluth form factor 
results in approximative agreement with the recoil polarization results. Their prediction 
for the recoil polarization experiments is shown as a 3-climensional plot in Fig. 8, as the 
absolute correction 6(1LR) to the form factor ratio R = µpGEp/GMp, versus E and Q2

. It 
can be seen in this figure that at 9 GeV2

, the two-photon correction is smaller than the 
anticipated statistical uncertainty of 0.08 (see below) by a factor of 3-4. 

Two-photon exchange affects form factor observables as an interference between the 
single- and two-photon processes. As a result the T-matrix depends on three complex 
amplitudes, GM, F2 and F3 , instead of 2 real and relativistically invariant amplitudes, 
GM(Q2

) and Ge(Q2 ), which can be written as [10]: 

(3) 

In Born approximation, the first two amplitudes are the usual GM and F2 (real) functions, 
and F3=0. The polarization components are then given as [10]: 
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10 

Figure 8: Calculated values of the correction f:iµPG Ep/ G Mp to the measured ratio versus 
Cf and E 

where C8 is a phase space factor. 
One approach consists in connecting measured cross-sections and polarization compo­

nent ratios at the same Q2 and range of E-values, and extract by a fitting procedure both 
the unknown "true" form-factor ratio Rand the unknown two-photon contribution Y2T 

(4) 

(5) 

where E and Ep denote the E-values at which we will have cross section and polarization 
data, respectively. The approved experiment in Hall C, 09-019, will measure GEp/G.rvtp 
at fixed Q2 of 2.6 GeV2 with 13 statistics at 3 values of E, 0.12, 0.60 and 0.78 [35]. 

7. The next Experiment 

7.1. New Polarimeter 

The experiment G Ep(III) will extend the Q2-range to 9 Ge V2 and requires a better po­
larimeter than used in the two previous experiments. It is not possible to increase the 
analyzing power. Increasing the analyzer thickness does not work either; but increasing 
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the number of polarimeters in series docs work. 'vVe have chosen a configuration for the 
new polarimeter with two identical FPPs in series, as shown in Fig. 9. 
The forthcoming third phase of investigation of the proton form factors could not have 

Figure 9: Design drawing of the double polarimeter under constr1Lction for the third G BP 
exper·im.ent in Hall C. The orange boxes ar-e the permanent HMS focal plane drift chambers. 
The two magenta boxes represent the two pairs of drift chamber· of the FPP; the two CH2 

analyzer blocks are not shown 

started without the Ay measurement in Dubna in 2001 [21], shown in Figs. 2 and 3 up to 
proton momentum of 5.3 GeV /c, with polarized proton beams obtained by breaking up 
polarized deuterons produced by the Synchrophasotron. 
We have also tested the two polarimeter concept in Hall A by reconfigurating the FPP 

installed in the high resolution hadron spectrometer (HRSh). Data with a first CH2 an­
alyzer following the two focal plane drift chambers, followed by the two front chambers 
of the FPP, and then the permanent C analyzer followed by the two FPP back cham­
bers have been taken during the real Compton scattering (RCS) and deuteron two-body 
photo-desintegration 1d----> p(n). The results are shown in Fig. 10. The first analyzer was 
44 cm of CH2 and the second analyzer 50 cm of C. The data confirm that Ay is larger for 
CH2 than for C and that Ay is the same for 44 aud 100 cm of CH2 from experiment .JLab 
99-007. Total efficiency for the double polarimeter was ~50%, even though there were 
geometrical restrictions in the acceptance of the first polarimeter due to the improvised 
nature of the test. 

The new polarimeter requires 4 large drift chambers; these chambers are currently 
being built in the Instrumentation group of the Laboratory for High Energy (LHE) at the 
.Joint Institute for Nuclear Research (JINR) in Dubna, under the leadership of Prof. Yu. 
Zanevsky. A prototype fifth chamber has been received at JLab in November 2003, and 
is shown in Fig. 11. This is another fine example of the productive collaboration between 
LHE and our group in Virginia. 
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Figure 10: Left panel: analyzing power in the CH2 and C-sections of the do'Uble polarimeter 
clearly show the ad·uantage of CH2. Right panel: comparison of the res·ult for 44 cm of 
CH2 , with those of ref. (2) for 100 cm of CH2 confirm'ing that no loss of analyzing power 
is ·visible wdh the thicker absorber 

7.2. Calorimeter BigCal 

The coutirniation of the recoil polarization measurements of the G Ep/ G Mp ratio to larger 
Q2 is possible only if the electron detector solid angle matches the spectrometer solid 
angle, i.e. all electrons associated with a proton detected in the HMS FPP, are detected; 
the reason is that the cross section has become quite small, ~ 10-37 crn2 . At Q2=9 Ge V2 

and with a beam energy of 6 GeV, this requires DS2e=140 msr (HMS has 7 msr). Such 
a solid angle matching can only be obtained with a large size calorimeter. We have con­
structed an electromagnetic calorimeter with 17 44 bars of lead-glass, 1024 bars corning 
from Protvino and 720 bars from Yerevan; the individual bar size is 4x4 cm2

, length 45 
and 40 cm, respectively. The status of the calorimeter in late 2003 can be seen in Fig. 12. 
The Cerenkov light produced by the showering of 1 to 2 GeV electrons is detected, making 
the calorimeter insensitive to non-showering particles like protons and pious. The frontal 
area of the calorimeter is 2.8 m2 . 

8. Other form factor measurements at JLab 

Two JLab experiments have measured the neutron electric form factor G En in Hall C [16, 
17], and one has measured the neutron magnetic form factor G Mn in Hall B [20]. Two 
new experiments at JLab will measure the neutron electric form factor to larger Q2 . The 
firnt will obtain the asymmetry in :; Jf e( e -> en) 2 Hin Hall A to Q2=2. 7 GeV2 [18], and in 
the second the neutron recoil polarization in 2 H( e _,, e'·n)p in Hall C to Q2=4.3 Ge V2 [19] 
will be measured. With these two experiments we can expect that the characterization of 
the nucleon structure iu elastic scattering will be much advanced in the near future. 
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Figure 11: The prototype drift chamber built at the LHE is inspected by Drs. Vina Punjabi, 
Mark K. Jones and Lev Smykov at JLab, Nov. 2003 

9. JLab upgrade to 12 GeV 

The .JLab upgrade to an energy of 12 GeV is now one of the top priorities for DOE. In 
the current scenario accelerator operation may be interrupted for 18 months sometimes 
in the time frame 2008-10, to install new arc magnets and new cavities. The 12 GeV 
should become available for experiments in 2012. The GEv/GMp-ratio can be measured 
as soon as an energy larger than 8.5 GeV becomes available in Hall C, to a Q2 of 12 
GeV2

, using the new calorimeter and FPP being built for GEv(III) and the HMS. The 
recoil proton momentum will be 7.27 GeV /c. A planned super HMS spectrometer would 
allow the measurement of the GEv/GMv-ratio to 14 GeV2

. 

What will be Ay? We hope to have the answer from the anticipated second Dubna 
calibration. The linear extrapolation of the Ay data from the first Dubna calibration [21), 
shown in Fig. 13 suggests that the analyzing power may be about 25% smaller than in 
the forthcoming 9 GeV2 measurement; but we must check that nature behaves linearly 
with the planned next calibration at the Dubna Nuclotron. 

10. Conclusions 

We have presented the results of the two .JLab recoil polarization experiments which mea­
sured the form factor ratio G Ev/ G Mp using the recoil polarization technique from 0.5 to 
5.6 GeV2 . Above Q2 of about 2 GeV2 , these results are incompatible with ratios ob­
tained using the traditional Rosenbluth separation method. This surprising finding has 
generated considerable work among theorists, but we do not have a definite explanation 
for the difference as of now; the two possibilities being discussed presently are the pos­
sibly incomplete radiate corrections and the previously neglected two-photon exchange . 
contribution. Both affect the results of a Rosenbluth separation, but leave the recoil 
polarization essentially unchanged. 
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Figure 12: Front v·icw of the calorimeter taken in N(wcrnbcr, 2003: all lead-glass bars have 
been stacked. Currently the calorim.etcr is fully assembled and is being tested by taking 
cosmics data 

The history of proton form factor nieasuremeuts, which started with the pioneering 

work of R. Hofstadter .so years ago, illustrates the danger of using only one method to 
measure a given physical observable; the Rosenbluth separation method has been for 
a long time the only technique available to separate the form factors of elastic, quasi­
elastic and inelastic electron scattering on the nucleon and nuclei, as iu ep, A(e, e'p) and 
(e, e' t.) or (e, e' N*, respectively. A number of recent technological advances in acceler­
ators and instrumentation, includiug high performing polarized beams and targets, and 
efficient polarimeters, have finally giveu us a second approach, and at the same time 
led to the discovery of a weakness of the older method, connected to the large radiative 
corrections required for cross section data. 

The next measurement of the GEp/GMp ratio, GEp(III), is currently being prepared. 
It will extend the Q2 range to 9 GeV2

. There are several theoretical calculation which 
anticipate that the ratio might change sign at a Q2 smaller than 9 GeV2

. The two new data 
points this next experiment will provide, and their anticipated statistical uncertainties, 
are shown in Fig. 14. 

\Vith another analyzing power measurement in Dubna, the Q2 limit for GEp/GMp can 
be pushed to 12 GeV2 once the energy upgrade at JLab is completed. Such an experiment 
has been proposed [36] and it potentially could be one of the early experiments with the 
upgraded JLab accelerator. 

New neutron form factor measurements are very important, as the nucleon must be 
understood in its two isospin state forms. In view of a future measurements of G En there 
is also a need for neutron analyzing power data; the NUCLOTRON at JINR is the ouly 
facility in the World, where such measurements could be made in the near future. 

This work was supported in part by the U.S. National Science 1'oundation (NSF PHY-
0140108) and the US Department of Energy (DEFG-02-89ER-40525). 
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Abstract 
Recent results obtained by the application of the Bethe-Salpeter approach to the 
analysis of elastic electron-deuteron scattering, with the separable N N kernel are 
presented. We analyze the role of the P waves (negative energy components) on the 
electromagnetic properties of the deuteron and compare it with the nonrelativistic 
results. It was shown that the contribution of the P waves must be taken into 
account to explain tensor polarization and charge form factor of the deuteron. The 
connection of the P waves with mesonic exchange currents (MEC) is demonstrated. 

1. Introduction 

The study of electromagnetic properties of the deuteron helps us to construct the theory of 
strong interactions and, in particular, the nucleon-nucleon interaction (see, for example, 
(1 ]). Theoretical research in this field is of topical interest which is reflected in recent 
review articles (2]-(8]. A large amount of available experimental data stimulate a further 
development of theoretical methods which are often restricted to qualitative predictions. 
The forthcoming experiments are expected to provide high-precision data, which will allow 
us to explore the region of large momentum transfer in elastic, inelastic and deep inelastic 
(DIS) electron-nucleus reactions. 

The fact that nuclei consist of bound nucleons introduces a major problem for theoret­
ical description of relativistic l - A interactions. The deuteron is naturally the first object 
in the row of many other nuclei, and has received a vast number of treatments within 
many different approaches. One finds also that non-relativistic schemes of calculations 
are widely employed in the analysis, which can be justified for a few particular cases. 
On the other hand, the consistent consideration of the relativistic bound states is offered 
within the Bethe-Salpeter (BS) formalism (see, for example, review (8]), which allows 
qualitatively a new interpretation of the physics of the relativistic bound state and should 
not be regarded as an alternative scheme only. 

We emphasize the covariant description of the BS formalism by taking the separable 
interaction, whid1 is still a stage of infancy. In particular, the role of the abnormal parity 
states, is not yet confronted directly with experimental data, though the necessity is 
demonstrated in this paper. 
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2. Basic Formalisn1 of the BS Approach 

\Ve stmt with the 13cthc-Sa.lpetcr Equation (BSE) for .V N T umt rix: 

.p'.p) ( P. 7/. 7>) ( 1) 

+ i/ 
where P is the total moment uni. p and p' me the relative ·I-momenta of the two nucleons 
licforn and after the intern.ct ion.They are C0!11H'ctl'd with 4-momcnta of first (q1) and 
second (q2) particles: P = q1 +112 • p = (q1 - q2)/2. q1 = P/2 + p, q2 =, P/2 -·- 7>. S,,,,(k) is 
one particle green function: So.:;(/,;)= [l/(A: · 1 111 + i.f)]n/l· 

The bound state corresponds to a pole in T matrix at P2 Alf, (i\Jll is the mass of 

bound state) takes the form: 

(2) 

bm1,1ul slak(mas.<:=1\fn) 

where r 01, is the vertex function of BSE, and is regular at P 2 = i\!]1. 

\Ve urn cxpn~ss the BS amplitude by the vertex function as: 

(:l) 

and we obtain the equation for the I3S amplitudr~ from Eq. (1<3): 

(-1) 

3. Partial-Wave Decomposition of the BS Amplitude 

We determine two-particle spinor hasis in c.m. frame as u::: (l) (p)@ u:~ (2)T (--p ). where Ji 

is the spin projection, Pl.2 is so-c:alled f.>-spin, which distinguish the positive and ncgativc­
energy states. Both of them are necessary to prepare t.he complete set for the two-particle 
bound state. The spin on; Ut; (p) arc connected with the Dirac free spinors v.1, (p) and 
v1,(p) as 

[]P(p) = { u,,(p), . p = +, 
fl 1)_/i(-p), p= 

The connections between the propagators and the spinors can he written as 

where £p = Jp2 + m.2, 

[S(P/2 + pJr1 u:(I)(p) = pS)l)-l u::(I)(-p). 

[S(P/2- pJrl u:(2)(-p) = pS/2)-1 u::(2)(p). 
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Here, we can write the partial wave expansion of the BS amplitude as 

Sc,,(P/2 + p)r;r (P,p)SJ~(P/2 - p) 

L S~:ls~;)9JLSp1 p2 (Po, lpl)fJLSpipz(p)Uc, 
LSp1p2 

where Uc= i/210, and rJLSpiP2 (p) is the spin-angular function defined as 

rJLSpJP2 (p)Uc = iL L (LmLSmslJM)0µ1~µ2ISms) x 

(7) 

(8) 

We introduce the symmetrical notation of p-spin for convenience, the radial part of 
the BS amplitude can be written as 

where Spp' is 

</>JLSp(Po, lpl) = L Spt1(Po, IPI) 9JLsp(Po, lpl), 
p' 

(9) 

S+ = S++ = ( vs/2 +Po - Ep)- 1
( vs/2 - Po - Ep)-1, (10) 

S_ = S __ = ( vs/2 +Po+ Ep)-1
( vs/2 - Po+ Ep)- 1

, 

Sc= See= Soo = (s/4- p~ - E}Jl ((s/4- p~ - EM2 
- 4p~Epr

1

, 

( 
2 2 )2 2 2 )-I S0 =Seo= Soe = (2poEp) (s/4- Po - Ep - 4p0 Ep , others= 0. 

The BS amplitude for the deuteron has 8 states: 3St ,3 Dt,1 P'{,1 Pf, :i Pf,3 Pf ,3Sj ,3 D"j. 
3St, 3 Dt are positive energy states and others include negative energy states. 

4. Solution of the BSE 

After the partial-wave decomposition, the ESE for T matrix has the following form: 

Tc,f3(p~, lp'l,po, IPI; s) = V"'f3(P~, jp'l,Po, Jpl; s) + (11) 

+
2
: 2 j dkok

2
dJkl ~ V""(p~,jp'J,ko,Jkl;s)S,,(ko,lkl;s)T,{3(k~,lkl,po,IPl;s), 

here the indexes of Greece character correspond to the partial states (a : J LS p). 
We introduce separable ansatz to transform the ESE to a system of the linear equation 

in the following manner: 

N 

Vc,f3(P~, Jp'j, Po, Jpj; s) L A;j gf"'l (p~, Jp'I) g)f3l(po, IPI), A;j = Aj;, (12) 
i,j=l 

Then, the solution for the radial part of the BS amplitude can be written as 

N 

,/, ( I I) - -.;;-' -.;;-' s ( I J· ).\ (JLSp')( I I). ( ) 'l'JLSp Po, P - L., L., pp' Po, P, s ii9i Po, P Cj s , (13) 
p' i,j=l 
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Parameters of covariant Gnt:1,-II kernel of interaction 

11 
~12 64.980.3 Gev- 2 /\12 

.)11 2.:n:J84 · 10- 1 GeV >.1:i 
i:l12 5.21705 · 10-1 GeV >.22 

7.94~l07 · 10- 1 GcV >.21 
1.f:J7512 · 10- 1 GcV 

-7.16735 · 10- 2 GcV4 

lSl 7:14 · ]() :i GcVG 
lG . .5239.3 GcV 2 

0.28G06 Gc\/1 

3.48589 · 10-:i GcV(i 

where c;(.s) satisfy the followiug system of cquatiolls: 

N 

c;(s) - L Hik(s)>.,Jc7(s) =Cl, 
k.j=1 

(14) 

i ""' r i'- k 2 llkl S (I· lkl· ·) (.JLSp)(I- !kl) (JLSp')('· ik!) (le;) ?2 L_, r.r..o (, pp' ••O, ,, S 9; '0' 97 "·O· . · v 

...,1[ LSpp1 ' 

5. Covariant Graz-II Interaction and P waves 

T<i calculate various electromagnetic observables, we use the kernel which added P wave 
parts based on covariant Graz-II iuteraction. In above kernel (only positive states arc 
taken into account: 3 st ,:i Di), the functions g; have the following form [9]: 

(16) 

Parameters of covariant Graz-II are given in the Table. 
In addition, we take into account the negative energy states: 1 P{ and 1Pi°- The 

functions g1 of P waves have the following form: 

The solution of the ESE can be written as 

. 35+ 
(/hs;dPo, IPI) = (c1>.11 + c2>.12 + c3A13 + c1>.1.i)S+g1· 1 (po, lvl) + 

35+ 
(c1>.12 + c2>.22 + C.>A2:i + C4A21)S+g2' 1 (po, IPI), 

35 

(17) 

(18) 

(19) 



</YJv-;(Po, IPI) 
</>1p1 (po, IPll 
</>1Pf(Po, IPI) 

3])+ 

( C1A13 + c2A23 + C3A3:i + c4\34)S+g3 
1 (po, jpl), 

lpe lpo 

(c1A14 + C2A24 + C3A34 + C4A44)(Seg4 1 (po, IPI) + Sog4 1 (po, IPI)), 

<f>1p! is even and </>1pf is odd under Po-> -po, which are decided by Eq. (7). 

6. Elastic Electron-Deuteron Scattering 

In the relativistic impulse approximation, the deuteron current matrix element can be 
written as 

(D'M'IJµIDM) 

p(S)( 2) _ /µq - q/µ p,(S)( 2) 
/µ I q 4m 2 q ' (21) 

where if> M(P, p) is BS amplitude of the deuteron, P' = P + q and p = p + q/2. q is the 
momentum transfer and 77 = -q2 / 4M2 = Q2 

/ 4M2 where M is the deuteron mass. The 
vertex of 1N N interaction f~8)(q) is on-mass-shell form. The isoscalar form factors of the 

nucleon F}~ is the summation of two nucleons. To calculate the deuteron form factors, 
one should, know at least three matrix elements with different total angular momentum 
projections and current component, for example, (OIJolO), (llloll) and (1IJ1IO). The 
electric Fc(q2 ), quadrupole Fq(q2 ) and magnetic FM(q2

) form factors are normalized as 
Fc(O) = 1, Fq(O) = M 2Q0 , FM(O) = µ0 M/m, where mis the nucleon mass, Q0 and 
µD are quadrupole and magnetic moments of the deuteron, respectively. The tensor 
polarization components of the final deuteron are expressed through the deuteron form 
factors as follows: 

(22) 

where A and B are the deuteron structure functions. 

7. Mesonic Exchange Currents 

The nonrelativistic impulse approximation (NIA) for electron-deuteron scattering was 
investigated in many papers (see, for example, [11]). The calculations of the structure 
functions of the deuteron are made with different potentials: 

• Hamada-Jonston (HJ), Reid Soft, Hard Core (RSC, RHC), Graz (Phenomenologi­
cal); 

36 



.. Paris, Nijm('ngcu (Semi Phenomenological); 

• Donn (One Boson Potential (OBEP) ): 

" Sqmrahlc forms above NiV potentials. 

To improve the I\lA one needs to take into acconnt a muubcr of corrcc:ti011s. The most 
imporim1t among them arc: acco1rnting of the, vcrt.cx. rdati\·istic corrcc-­

tions (HC), isobar cmrcut.s (IC), quark aclwixtnrc (QA) and m<'s01lic currrnts 
RC can he taken into account different nwtlwds, but the most important part 

of the RC is included in so one must be careful to i\Void double counting. lt w11s 

shown in pap,,r [ lO] that IC do not play role in the of considered trn11s-
for momenta. Tlms, the MEC arc the most corrccticms to J\IA which nmst lw 
taken into acconnt in elastic clcctro11-clcutcrcm scattering. The choice of the c'lcctrornag­
netic vertex, and MEC ha.s been in many papers (for clcL1.ib :;cc, [l Herc 
it would be opportunely to mention that it was sliown the connection hct\\W:n P v:avc's 

and ~IEC currents in the papers [12] also n:vicw 

8. Calculations Results 

To sec the contribution of P waves, we use the Grnz-Il kernel panimclcrs 
iutroduu: tlic conditions to fix the freedom of the parameters for P waves: 

(23) 

The deuteron binding energy Ed can he obtained under the condition of Eq. (2,l). Now 
we have two free parameters for P waves: u.1 , ~f:i- For example, we calculate to fit the 
node, the changiIJg point of the sign, at J:i = ---15. Then the parameter is decided as u 1 '.:::: 

-10 or 9.75. The re:mlt of calculations using the parameter set: /:i = -1!), 1L.1 = -10, /3:i = 

0.4810 GeV arc given iu Figs. (1-5). The experimental data in Figs. (1-3), (6-7) arc taken 
from papers [13]-·[15] and [Hi]; in Figs. (4-5) · from [17] and [18], respectively. 

Curve denoted as "Gra:c--II only, Dipole" corresponds to the calculation for covariant 
Graz-II interaction kernel with only positive energy states: :J S{, 3 Di (see, [8]) and with 
the dipole type of nucleon form factors. Solid line, long and short dashes represent 
calculations taking into account P waves with the dipole type, vector meson dominance 
model (VMDM) [19] and relativistic harmonic oscillator model (RHOM) [20] nudeon form 
factors, respectively_ 

The calculations of the A(q2
), T20 (q2) in NIA, NIA+MEC with Paris and Bonn po­

tentials and relativistic impulse approximation (accounting positive energy states only) 
are presented in Fig. (6) and (7), respectively. One sec that NIA+MEC calculations with 
Paris potential gives good agreement with experimental data A(q2 ) in wide region of trans­
fer momenta up to 4(GeV/c) 2 and very good agreement with experimental data T20 (q 2). 

Now comparing the Figs. (3) and (7) one see the P waves and MEC contributions give 
the same effect in description of the T20 (q2

). This fact explains that in this region of the 
transfer momenta the main part of the MEC corresponds to the pair currents which arc 
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approximately the same as it was mentioned above. But this is the limit of the possibility 
of applying NIA+MEC calculations to elastic electron deuteron scattering. To move far 
we must take into account RIA calculations. 

9. Conclusion 

We made an attempt to extract information about P waves by analyzing the charge form 
factor of the deuteron Fe. Why the Fe is appropriate characteristic of the deuteron? 
To receive answer on this question we can remember that in nonrelativistic approach 
one needs take into account mesonic exchange currents especially so-called pair currents 
to explain properties of the Fe. It was shown in papers [12], [8] the negative energy 
states in the deuteron have the direct connections with pair currents. We could see the 
contribution of the negative energy states (1 P{, 1 Pi°) by fitting Fe, at a certain set of 
the parameters. We reproduced the Fe, FQ and T20 at over Q2 = 2 (GeV/c) 2 and T21 at 
0 < Q2 < 0.7 (GeV/c)2

. And we show that MEC contributions to NIA approximations 
(main part at the Q2 less then 2 (GeV /c)2 is pair currents) are close connection with P 
waves in RIA calculations. Furthermore, we can calculate the form factors to fit FM or B. 
Of course, this consideration has qualitative character only and the further investigation 
in this direction must be done. 
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COULD LEPTONS BE COMPOSED FROM QUARKS OR 
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Abstract 
It is shown that within QCD extended by a scalar field theory with spontaneously 
broken scale invariance, the leptons could be composite bound states from three 
quarks (qqq) or antiquarks (qqij). The matter-antimatter asymmetry of Universe, 
and some new lepton and hadron properties predicted in this picture are discussed. 
Key-words: QCD, scale invariance, quark, lepton, antimatter. 

1. Introduction 

The primary goals of elementary particle physics are the discovery of the ultimate building 
blocks of nature and understanding the relationship between their forces. 

In the Standard Model (SM) all known leptons (e, Ve,µ, vµ, T, vT) and quarks (u, d, 
c, s, t, b) are grouped in three generations 

(:J ( ,'.'.,) ( :J -6 leptons 

(n G ) (~ ) -6 quarks 

and they are considered as fundamental (noncomposite) particles. Then all hadrons are 
composed from the quarks. 

The remarkable agreement of the predictions of the SM with experimental observations 
shows the correctness of the spontaneously broken SU(3)c ® SU(2)L ® U(l)y gauge 
theory at low energies. SM cannot, however, be an ultimate fundamental theory by 
itself because of some major shortcomings. For example, (i) excessive multiplication of 
elementary particles without a principle restricting their choice, and (ii) a large number 
(=22) of arbitrary parameters (3 gauge couplings+ 6 masses of the quarks+ 3 mass of 
charged leptons + 3 neutrino masses + 4 parameters in the KobayashiMaskawa matrix + 
1 strong charge-parity (CP) violating parameter + 2 Higgs potential parameters = 22). 
Nevertheless, within SM there is no clear solution to the particle-antiparticle (baryon­
antibaryon, electron-positron) asymmetry of Universe, and to some other fundamental 
problems. 

A few basic ideas for the possible resolutions of the SM shortcomings have been sug­
gested - grand-unification [1], supersymmetry [2], supergravity [3], and one of them is the 
idea of composite particles [4]. The most compelling arguments in favor of a substructure 
of leptons and quarks in terms of more fundamental subunits are that there exist so many 
leptons and quarks, and that they seemingly form the pattern of three "generations". 
Mainly, there are two types of composite models: technicolour and preonic models. 
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The idea of the technicolour [5] presumes that the Higgs bosons are composite, but 
quarks, leptons, and techniquarks are elementary. This idea encounters several difficulties 
and is mostly excluded, because of the constraints from the flavour changing neutral 
current processes and the electroweak (EW) oblique corrections [6]. 

Preonic ideas propose that not only the Higgs bosons, but also the quarks and leptons 
are composites of a common set of constituents, generically called preons. A particular 
class of preon models in which the flavour and the colour attributes of quarks and leptons 
are carried by separate preonic constituents, so that quarks and leptons in their simplest 
forms may be viewed as fermion-boson composites, are initiated by Pati and Salam [7]. 
A similar idea that treats only quarks but not leptons as composites is considered by 
Greenberg [8]. The Greenberg's idea has been subsequently considered by Pati and Salam 
in a set of papers, and by many authors1 . The approach developed in (19, 20, 21, 22, 23, 24] 
introduces a new phase in the preonic approach, when combined with local SUSY, provides 
a simple explanation for the protection of composite quark-lepton masses, the origin of 
diverse mass scales, family replication, and interfamily mass hierarchy. Nevertheless, the 
symmetry structure of the preon theory cannot strictly respect left-right, up-down and 
quark-lepton symmetries (25]. 

New idea suggested in this paper is that leptons could be composed from quarks (like 
the hadrons). This idea is based on the fact that there are more analogies between lep­
tons and the lowest mass (spinParitv, isospin ]Pf= 1/2+, 1/2) baryons rather than 
between leptons and quarks: the leptons and baryons are colorless with entire electric 
charge in contrast to the color quarks with fractional electric charge. From this point of 
view quarks can be considered as fundamental particles for the leptons and hadrons: lep­
tons, like hadrons in Quantum CromoDynamics (QCD), can be build from three quarks 
by an additional very short range Super Strong Dynamics (SSD). 

( ~:) c~:) (~:) 6 leptons 

SSD-> r r r 
(~) (~) m 6 quarks 

QCD-> l I l -!-

(uud) 
udd 

( ccs) 
css 

(ttb) tbb 6 lowest mass (Jl=l/2,1/2) baryons 
49 other ground states of baryons. 

Another particular motivation for this idea is a possibility of clear explanation of 
electro-neutrality and baryon-electron (matter) dominance in Universe. Even if the total 
number of quarks is always exactly equal to the total number of antiquarks then after 
Big Bang and coalescence of the quarks and antiquarks to leptons and hadrons there are 
fluctuative differences in total numbers of leptons, antileptons, baryons and antibaryons. 
Then, after annihilation of all extra lepton and baryon pairs the remaining quarks in Uni­
verse are confined in protons, neutrons, and antineutrino2 , and, corresponding antiquarks 
are confined in electrons, and neutrinos. 

There is an experimental test for this picture. Electroneutrality of Universe means the 

1 With W bosons treated as composites in some of them e.g. [9, 10, 11]. Some other composite models 
assume that quarks and leptons can be made most economically as bound states of either a boson and a · 
fermion [12] or three fermions [13, 14, 15]. The supersymmetric version is considered in [16, 17, 18]. 

2For simplicity small amounts of antinucleons, positrons, antineutrons, and unstable mesons generated 
in reactions with cosmic rays are not listed and discussed here 
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equal numbers of protons and electrons. Then for equal numbers of quarks and antiquarks 
in Universe (zero total baryon charge concerned with quarks), one can relate the difference 
between the total numbers of neutrino (N,,) and antineutrino (No) to the total number 
of neutrons (Nn) 

(1) 

Unfortunately, the known estimation N,,,....., N;;,....., (108 - 109)Nn signifies extreme difficul­
ties in measuring N,, and N;; with the accuracy high enough to verify (1). 

Nevertheless, this quark picture of lepton structure seems attractive enough to explore 
some of its consequences, despite the fact that it is rather unconventional. 

In this way we need to choose reasonable SSD taking into account at least the following 
three points: (i) a clear dynamical mechanisms for vanishing of udd, css, tbb neutrino 
masses and small nonzero masses of charged leptons ftud, ccs, ttb, (ii) clear dynamical 
explanation for the absence of almost massless qq (meson-like) states in the lepton sector 
(in contrast to 36 meson ground states in QCD), and (iii) clear dynamical reasons for the 
large difference between numbers of the lepton ( = 6) and baryon ( = 55) ground states. 
This means that SSD has to be very different from QCD. 

Another important piont is that various experimental constraints request that the 
leptons have a size [26] 

(2) 

Thus the bound-state dynamics of the quarks must be such that the masses of the qqq­
leptons are extremely small compared to inverse sizes of the bound states. A possibility 
of keeping the masses of the tiny little size leptons small may be caused, in particular, by 
the scale invariance of the additional boson fields that critically strong interact with the 
quarks. 

2. Spontaneously broken scale invariance and spinor­
scalar solitons 

Following the three points listed above lets introduce the additional (to QCD) self­
interacting, color-singlet, odd G-parity scalar fields <T;(x) in the each generation i (i = 
l, 2, 3) with a Lagrangian density of the most general renormalizable and scale invariant 
form, and with strong interaction between <T;(x) and color (a= r,g,b) quark fields qf(x) 
of the same generation3 : 

r _ r ~ ( 1 "' <lµ ,.a a 1 4) 
J..,o-QCD - J..,QCD + L., 2uµ<T;u <T; - g<T;q; qi - 4>..u; . 

i=l 
(3) 

This model (lets call it uQCD) contains seven parameters well known from QCD la­
grangian (£QcD) - AQcD and quark masses4 

A~Jv ~ 200MeV, 

3Without any interaction between a;(x) and quarks of other generations j oJ i 
4Quark masses are given at renormalization point µQcD = 2GeV 
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(m,, = (2 - 4)MeV) (me= (1.15 - l.35)GeV) (mi= (169 ± 0.35)GeV) (
5

) 
md = (4 8)MeV ' ms= (0.08 - 0.13)GeV ' rhb = (4.3 ± 0.20)GeV ' 

and two extra adjustable dimensionless parameters g ~ 1 and ,\ ~ 1. O"QCD is scale 
invariant in the limit of zero quark mass and zero QCD condensates, and admits stable 
dynamical solutions for ,\ > 0. 

One of the central problems in O"QCD is understanding the nature of the vacuum 
part of the critically bounded solutions. In general, this vacuum can be character­
ized by simplest condensates a O"-field condensate O"vac(x) and quark condensate < 
vaciq(x)q(x)ivac >. 

Because of scale invariance the energy U as a function of the O"-field strength has one 
minimum instead of two minima in the Friedberg-Lee model [27] which is more compli­
cated and explicitly violates the scale invariance. 

In the absence of quarks, the potential 

(6) 

and therefore O" is massless field with the normal vacuum state at zero. 
In presence of quarks strongly interacting with O"-field a localized bounded state with 

scale invariant and nonzero quark condensate 

"(­< vac\q(x)q(x)ivac >= q
3
q 

r 
(7) 

may be formed, where the dimensionless constant 'Yiiq can be calculated self-consistently 
in O"QCD or estimated from bag model5 . 

For strongly bounded states the vacuum contribution (7) dominates on valence-quark 
contribution which vanishes when mass of the state tends to zero. In this case the potential 
U changes to 

1 
V(i7, r) = gO" < vaciq(x)q(x)\vac > +4A0"4

. (9) 

Therefore near the center of the localized solution (let assume the center in the origin) 
the O"-field finds a new deeper minimum 

(
,\ )1/3 (,\ )1/3 

O"vac(r) = - g < vac\q(r)q(r)\vac > = - g'Yiiq r-1 (10) 

at a large finite value O"vac(r) for every r (Fig.2): the interacting quarks form a nontopo­
logical spinor-scalar soliton. 

In order to derive dynamical equations lets write for the scalar field 

(11) 

5For MIT bag of radius R conta.ining the fluctuating vacuum fields the quark condensate [28] 

0.15. 3. 2 
< vacjqqjvac >"'=' - R3 < 0 (8) 

where factors 3 and 2 correspond to three colors and two flavors in each generation). Outside the bag 
< vacjqqjvac >--> 0. 
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0 CTvac 

0 

Figure 1: Typical form of the potential functions U(o-), and V(o-, r). Units on the vertical and 
horizontal axes are arbitrary 

where avac is a c-number field. It is convenient to work in the rest frame of the scalar 
field O"vac· In this frame, O"vac(r) is time independent. 

Then lets expand the operator q( x) as follows: 

(12) 

where {qk} is an arbitrary, complete orthonormal set of Dirac spinor functions and the Ck 

are fermion annihilation operators. 
To lowest order in a 1(r) the qk(r) and avac(r) satisfy the coupled differential equations 

- 'V2avac + AO"~ac = -g L qtfJqk 
k 

(13) 

(14) 

The sum in (14) is over all occupied quark states. Not only the "valence" quark states 
are needed in solving these equations self-consistently, but also the sea quarks. Eq. (13) 
defines a complete set of basis states {qk} in which the quark field operator q(x) is ex­
panded. Therefore for a static localized solution to (13,14) the sum contain vacuum and 
valence quark contribuions 

LqkfJqk =< vaclq(r)q(r)lvac > + < vallq(r)q(r)lval >, 
k 

(15) 

where the quark condensate can be used in form (7) with "/qq = -0.15 · 3 · 2 (see eq.(8)). 
In deriving equations for the critically bounded states the contribution from the vac­

mnn polarization dominates over the vanishing valence quark contribution < vallq(r )q(r) !val ::: 
The last term in (15) can be omitted in calculations of O-vac(r ). In this particular case 
equation (14) simplifies to 

,,2 \ 3 "/ijq 
- v O"vac + AO"vac = -g-3 ' 

r 

and has pure Coulomb solution (10) in respect to the scale symmetry of aQCD. 

(16) 

Inclusion of only O-vac, the c-number part of the soliton field in (13) and (14), has led 
to what is essentially a mean-field approximation (MFA). 
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For the given O"vac(r) the total mass of the quark-scalar soliton can be calculated within 
MFA by use of the virial theorem [29] 

E _ j dn [n - 3 ( )2 n + 1 4 (mq ) 3 ] soliton - X -
2-

'ilO"vac + -
4
-AO"vac + g - O"vac AO"vac , (17) 

The striking feature of Eq. (17) is the fact that for n = 3 (n is the number of spatial 
dimensions) the term with \l O"vac ~ r-4 vanishes, and the proportional to O";ac ~ r-6 

terms cancel out. This is an important feature, since O"~ac is commonly held responsible 
for the stability of a theory with spontaneously broken scale symmetry. Thus in normal 
number of space dimensions (n = 3) the energy of the soliton diverges logarithmically 

valence A valence (A) 2 (A ) 
Esoliton = I:: mq - J d3x (j~ac :::::; -471' I:: mq - /qq ln uQCD . 

quarks g quarks g µQCD 
(18) 

The soliton energy (18) in MFA is proportional to sum of current masses of valence quarks 
(parameters of violation of scale symmetry), dimensionless constant (>./ g )2/ifq (>. ~ 1 and 
g ~ 1, /ifq ~ -1), and a logarithmic factor. Therefore, taking into account (2) and (4) 
each valence quark contributes to the soliton mass 

~ (,\)2 (fl.;QCD) (,\)2 
Mq ~ -471'mq g /ifq ln Abcv > 116 g /ifq mq (19) 

It should be noted that the spontaneous violation of scale symmetry in O"QCD is the 
reason for the exact cancellation of the large ~ AaQCD contributions to the mass of the 
system. Nevertheless, for (Ajg) 2/ifq assumed to be 1 and for known estimations of current 
quark masses (5) the quark contributions (19) to the soliton mass are still much greater 
than the desired lepton (especially neutrino) masses. 

A dynamical reason for taking into account renormalization of quark masses and cou­
pling constants in (18), and for further reducing of the soliton mass from the large effective 
quark masses (Mq) to the neutrino masses, is the quantum corrections due to the fluctu­
ating field O" 1. 

Although, the MFA already contains important nonlinear effects, deviations from this 
approximation are generated by 0"1 . If effects due to 0"1 are not too great, the separation 
will be a useful one. Lets utilize the MFA to generate a representation in terms of which 
the corrections can be calculated. The Hamiltonian (without the terms due to vector 
gluons, and counterterms) can be written 

H = Esoliton + L Ek(blbk + dldk) 
k 

! 3 {1 2 2 2 2 >. 3 >. 1 
+. dx Z(71'1+l\l(}1J +3AO"vac0"1)+

12
0"vac0"1+

24
0"1 

+ g (ijq- < vacliJqlvac > )0"1 } , (20) 

where 71'1 is the momentum conjugated to 0"1, bk= ck are the particle operators for Ek > 0 
and dk = 4, where k = (K,, m, t), k = (-K,, -m, -E) so that 

q = I:: (bkqk + dkqi<)· (21) 
k (<k>O) 
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The bk and dk are particle and antiparticle annihilation operators. 
Lets also expand a 1 in terms of an arbitrary, complete set of functions, e.g., { Sj}, as 

a1 = 2:(2w)-1l2(a} + aJ)sJ 
j 

(22) 

(23) 

where the aJ and aj are the usual Bose annihilation and creation operators. The index j 
is the collection of quantum numbers needed to describe the eigenstates SJ· 

The sj and wj can be fixed by requiring the SJ to satisfy the eigenvalue equation 

(24) 

Now the Hamiltonian can be rewritten 

(25) 

where 

(26) 

The { qk} and { sJ} define a basis in terms of which corrections due to H' can be calculated. 
This is very analogous to the weak particle-surface coupling representation of the Bohr­
Mottelson unified model (30]. The representation states and spectra are relatively easy 
to solve for once the self-consistent avac(r) has been obtained. Numerous approximation 
methods are available for handling H', such as perturbation theory or matrix diagonal­
ization in a finite basis. Note that the nonlinear terms (a{ and at) are not an essential 
complication. These terms additionally contribute to renormalization of quark masses mg 

and coupling constants g and .>... In particular, due to quantum loop corrections, after the 
dimensional transmutation rnq, g, .>.. (31], and /qq (32] depend on the ratio of momentum 
transfer (p) to the characteristic scales AQcD, and A"QcD: 

, n µQCD QCD (I ( 2 /A2 ))16/11 
rnq(P) = rnq ln(p2/AbcD) , 

p2 
g2(p),..,., -ln(~)-1, 

<YQCD 

2 

.>..(p),..,., - ln(--/---)-1
, 

A<YQCD 

p2 
/qq(p),..,., - In( y::;:-), 

CYQCD 
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therefore the renormalized soliton energy 

where 

valence 

Esoliton = L Mq, 
quarks 

( 
') 2 • ( 1 ( 2 I. 2 ) ) 16111 A - l'QCD dr n µQCD "QCD 

Mq(A"QCD) = -41T g /qqmq ~_!!_-;: ln(7r2/(rAqcD)2) 
uQCD 

( 

( 
2 )5/11 ) 2 2 Jn l'?co 

22 A , µQCD /\.QCD 

--1T/qq (-) mq Jn(~) 1 - 2 s/11 . 
5 9 QCD Jn(/\.•2QCD) 

/\.QCD 

(31) 

(32) 

It is ~ 6 times smaller than (18) at A"QCD = lOTeV, and differs from (18) by the last 
logarithmic factor which is slightly decreasing with AuQCD· 

These quantum corrections explicitly violate the scale invariance of uQCD and form 
the characteristic large momentum scale of this theory A"QCD > lOTeV. Therefore O"QCD 
allows almost massless (relative to A"QCD) soliton solutions of very small radius~ A"QCD· 

The scale symmetry of <7QCD leads to dynamical reduction of the characteristic energy 
scale of A"QCD to sum of relatively small effective masses of valence quarks (32). 

The further reduction of the soliton mass is possible by taking into account the re­
maining interactions between different quarks via exchanges of quanta of <71 with quantum 
numbers chosen to be JG JP = o-o+. Mass of m", = ']: A"QCD is large enough to appear 
as critically strong very short-range interaction between the moderately massive effec­
tive quarks. In particular, these values of masses allow to avoid undesirable lowlying 
excitations which are absent in the lepton's data. 

The choice of the odd G-parity u1-meson allows to avoid undesirable lowlying meson­
like qq states. Because the source of this interaction is meson exchange it is related by 
crossing symmetry to the qq interaction which can be deduced directly by simply changing 
the sign of the odd G-parity exchange terms [33]. The most significant feature is that the 
short-range attraction in the qq system which is produced by the exchange of JG = o­
u1-meson becomes a strongly repulsive short-range force in qq systems. In addition, in 
qq system there is annihilation interaction which is always repulsive. Therefore in 17QCD 
lowlying qq mesons don't exist. 

3. Critically bounded states 

A specific feature for generation of the critically bounded (and therefore ultrarelativistic) 
states by the critically strong short-range interaction is that MFA is not enough even 
for rough estimations (because the strong two-particle or three-particle correlations play 
important role in such systems). 

For example a relativistic three body approach for three equal fermions of mass m 
interacting via scalar zero-range forces [34] (in contrast to MFA) manifests the critically 
strong binding of three-particle system (zero total mass) when mass of the two-particle 
system M2 =Mc= 1.35m (Fig.3). 
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Figure 2: Three-fermion bound state mass lvh versus two-fermion mass lvh (solid line) in 
comparison to the three-boson bound state mass (clash line) calculated in the framework of the 
Light-Front Dynamics for zero-range scalar interaction [34]. The mass lvh of the relativistic 
three-body bound state exists only when J.II2 is greater than a critical value lvl0 ("" 1.43 m for 
bosons and "" 1.35 m for fermions, m is the constituent mass). For Ah = lvlc the mass M3 turns 
into zero 

For Af2 < JVfc there are no three-particle solutions with real value of lvf3 , what means 
from the physical point of view that three-body state no longer dominate in the sys­
tem ~md configurations with quark-antiquark pairs became essential for the critically 
bounded states. This means that in aQCD there is a critical value for coupling constant 
gcrit(mq"mq2 ,m"",>,,aQED,Q) ~ 1 so that for g :C:: gerit masses of elecrtically neutral 
(Q = 0) states with tree valence quarks (udd, css, tbb) became extremely small and these 
states can be interpreted as antineutrinos6

. 

In order to estimate masses of the charged leptons lets assume 

(Mq, + Mq2 + Mq3 )Vl - g2/g~rit 
falloff of the 3-body mass versus g to the critical point gcrit ~ 1.1 (Fig.3). 

0 0.5 gcrit g 
M3 M3 

M2 

~ 
Mz 

1. 3Sllq 1. 3Sillq 
illq illq 

0 go 0 0.5 gcrit 

Figure 3: Typical behavior of a critically bounded 3q, and strongly bounded 2q systems of 
quarks with equal masses (lvlq) vs coupling constant g 

Theu small deviation from the critical point caused by difference in electromagnetic 
interactions of electrically neutral (Q = 0) qqq states (neutrinos) and charged (Q = ±1) 

6Corresponding almost massless states with tree valence antiquarks ( udd, c.~.~' tbb) can be interpreted 
as neutrinos. 

50 



states can be written in the following form7 

mcharged == (33) 

where °'QED = 1/137. Therefore, for a given value of still arbitrary AuQCD and .A, crQCD 
allows estimate the masses of e, µ, r leptons. 

4. Proton mean life time and lepton scale 

One of the most fundamental predictions of the quark structure of leptons is that proton 
is the first radial excitation of positron, and therefore proton must be unstable with decay, 
in particular, to e+-y via Ml transition. The proton mean life time 

+ 4aQED mp mp ( 
3 9)-1 

r(p-+ e 'Y) ~ -9-AuQCD ( 2AuQCD) ( 4AuQCD) (34) 

must satisfy the experimental upper limit r(p-+ e+-y) > 4.6 1032 years. This take place 
if AuQCD > 1.2 l06GeV. 

5. Masses of charged leptons in <JQC D 

Taking into account that for AuQCD > 1.2 l06GeV Mq is almost independent on AuQCD, 

and chosing A= 0.1 crQCD predict the following values for masses of the charged leptons 

me= 0.48(0.5l)MeV, mµ. = l05(106)MeV, mr = 13.7(1.S)GeV, (35) 

where experimental values are given in parenthesis. The too large difference between the 
calculated masses and the data for mr may be caused by too large differences between 
masses of t and b quarks. 

6. On EW properties of the composed leptons 

In the simplest approach one expects parity to be conserved. Of course, this contradicts 
observation. Therefore one must attribute the observed parity violation to details of the 
crQCD dynamics which may be related to the fact that the observed fermions are much 
lighter than AuQCD· One way to accommodate the parity violation would be to assume 
the lepton structure only for the lefthanded fermions, and to construct the right-handed 
fermions differently (e.g. by interpreting them as elementary objects). Another way arises 
if there is additional force which is magnetic in origin. However, in this case one expects 
both P- and CP-violation, and it is not understood why the observed CP-violation is 
small. The problem of parity violation persists in all substructure models. 

Nevertheless, some electroweak properties of the composed leptons (in particular, the 
axial coupling constant of the composed leptons 9A = 1 in contrast to 9A ~ 1.25 for· 
nucleons) can be explained and estimated in crQCD. 

7 Jl - (9crit -a.) 2 /g~rit"" J2a/(9crit) for Cl.« 1 
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7. Conclusion 

It is shown that leptons could be composite bound states from quarks or antiquarks 
(e- = iuud >, ve = iudJ >, e+ = lw1d >, De = lwld >, µ- = ices >, vµ = less >, 
µ+ = /ccs >, Dµ = /css >, T- = /ttb >, V7 = /tlib >, T+ = lttb >, D7 = ltbb > ) within 
QCD extended by addititional scalar fields with sufficiently strong coupling constant and 
large renormalization scale AcrQCD > 106GeV: ground states of this theory are almost 
massless and localized at small radii ~ A-;;~CD· They can be interpreted as the leptons. 
Baryons of SU(3) multiplets in this picture are radial excitations of the leptons. At low 
energies, the small wave function overlap between the lepton and the hadron states then 
naturally leads to the large enough proton life time, the lepton number conservation, and 
do not affect the electroweak interactions. The lepton number symmetry is explicitly 
broken on the AcrQCD scale, but electrical charge and quark baryon number are exactly 
conserved. This theory leads to natural solution for the antimatter problem: the quarks 
are hidden in nucleons and De, and the antiquarks are hidden in e- and ve. In particular, 
this means that usual matter consists of equal numbers of quarks and antiquarks and 
can annihilate to photons and, correspondingly, can be created from photons in processes 
concerned with gravitational singularities. 
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Abstract 
In this talk it is discussed the derivation of low-frequencies part of quark determinant 
and partition function. As a first application, quark condensate is calculated beyond 
chiral limit with the account of O(m), O(~), O(~c m) and O(~c m ln m) corrections. 
It was demonstrated complete correspondence of the results to chiral perturbation 
theory. 

Introduction 

Instanton vacuum model assume that QCD vacuum is filled not only by perturbative 
but also very strong non-perturbative fluctuations instantons. This model provides a 
natural mechanism for the spontaneous breaking of chiral symmetry (SBCS) due to the 
delocalization of single-instanton quark zero modes in the instanton medium. The model 
is described by two main parameters ,- the average instanton size p "" 0.3 fm and average 
inter-instantou distance R"" 1 fm. These values was found phenomenologically [l] and 
theoretically [2] and was confirmed by lattice measurements [3, 4, 5, 6, 7]. On the base of 
this model was developed effective action approach [8, 9, 10], providing reliable method 
of the calculations of the observables in hadron physics at least in chiral limit. 

On the other hand, chiral perturbation theory makes a theoretical framework incorpo­
rating the constraints on low-energy behavior of various observables based on the general 
principles of chiral symmetry and quantum field theory [11]. 

[t is natural expect, that instanton vacuum model leads to the results compatible with 
chiral perturbation theory. 

One of the most important quantities related with SBCS is the vacuum quark con­
densate < ijq >, playing also important phenomenological role in various applications of 
QCD sum rule approach. Previous investigations [12] shows that beyond chiral limit and 
at small current quark mass m"" few MeV these quantity receive large so called chiral 
log contribution "" .~, m In m with fixed model independent coefficient. On the typical 
scale 1 GeV it become leading correction since I~ ln ml ~ 1. It was shown, that this 
correction is clue to pion loop contribution [12, ll ( 

So, to be consistent we have to calculate simultaneously all of the corrections of order 
rn, ~', ~c ln rn. in order to find quark condensate beyond chiral limit. 

In our previous papers [13, 14] on the base of low-frequencies part of light quark 
determinant Detzou" obtained in [15, 8, 16], was derived effective action. In this framework 
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was investigated current quark mass rn dependence of the quark condensate, but without 
meson loop contribution [14]. 

In the present work we refine the derivation of the low-frequencies part of light quark 
determinant Det1ow· The following averaging of Det.10"' over instanton collective coor­
dinates is done independently over each instanton thanks to small packing parameter 
7r(~)1 ~ 0.1 and also by introducing constituent quarks degree of freedoms 'lj;. This proce­
dure leads to the light quarks partition function Z[m]. We apply bosonisation procedure 
to Z[m], which is exact one for our case N1 = 2 and calculate partition function Z[m] 
with account of meson loops. This one provide us the quark condensate with desired 
O(m), O(~J, OUcm ln m) corrections. 

Low-frequencies part of light quark determinant 

The main assumption of previous works [8, 9, 10] (see also review [16]) was that at very 
small rn the quark propagator in the single instanton field A; can be approximated as: 

(1) 

It gives proper value for the< <f>o1IS1(rn ~ O)\<f>o1 >= ;;,., but in S1(rn ~ O)l<Po1 >= 
l<l>_oi> + .Li<r>or >second extra term has a wrong chiral properties. We may neglect by this 

tm ia 
one only for the rn ~ 0. 

At the present case of non-small rn we assume: 

S ~ S + s -<>l<r>o1 >< <f>orl .3-s 
I~ o oiu i o, 

Cf 

where 

1 
So=---­

if.J + irn 

cr = < <f>o1liDSoiDl<f>or >= irn < <f>orlSoiDl<f>or > 

The matrix element < <f>orlSrl<Por >= i~" more over 

as it must be. 

(2) 

(3) 

(4) 

In the field of instanton ensemble, represented by A = I:r A1, full quark propagator, 
expanded with respect to a single instanton, and with account Eq. (2) is: 

S =So+ L(S1 - So)+ °L(Sr - So)S0
1(SJ - So) 

I lf.J 

+ L (S1 - So)S0
1(SJ - So)Sc) 1(SK - So)+ ... 

lfJJfK 

- (1 1 1 ) -=So+f,;Soif.Jl<f>or> 0 + 0T 0 + ... JJ <<I>oJ\i8So 

= So+ L SoiDl<f>o1 > (c ~ T) < <f>oJliDSo 
IJ JJ 
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where 

Cu= ouc1 = -ou < <I>o1liBSoiBl<I>o1 >, 

(C -T)u = - < <I>o1liBSoiB/<I>o.1 > 

We are calculating Det1ow using the formula: 

lnDetzow =Tr rm idm'(S(m') - So(m')) 
jM1 

(6) 

(7) 

Within zero-mode assumption (Eq. (2)) the trace is restricted to the subspace of instan-
tons: 

~ ' 2 ' 1 
Tr(S-So) = - L, < <I>o,J/iaS0 ia/<I>o,1 >< <I>o,1/( .65 .6 )l<I>o,J > 

I,J iv oiu 
(8) 

Introducing now the matrix 

B(m)u =< <I>o,1/iBSoiBl<I>o,J > (9) 

it is easy to show that 

Jn Detzow =Tr rm ·idm'(S(m') - So(m')) = L (B(m) (dB(m') B(l ') )n 
jM1 I jB(Mi) m 

=Trln :s;:) =lndetB(m)-lndetB(M1) (10) 

which is desired answer. The determinant det B(m) from Eq. (10) is the extension of the 
Lee-Bardeen result [15] for the non-small values of current quark mass m. 

Light quark effective action beyond chiral limit 

Averaged Detzow leads to the partition function Z[m], which for N1 = 2 has the form: 

2 

Z[rn] = j d>.+d>._D1f;D7j} exp[j d4x L 1/J}(ia + irn1 )1/J1 (11) 
f=l 

K K 
+>.+Y2+ + )._ y2- + N+ Jn >.+ + N_ Jn),._], 

here A± are dynamical couplings (K is unessential constant, which provide under-logarithm 
expression dimensionless) (9, 13, 14]. Values of them are defined by saddle-point calcula­
tions. Y2± are t'Hooft type interaction terms [10]: 
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where q(k) = 27rpF(k)1/!(k). The form-factor F(k) is due to zero-modes and has explicit 
form F(k) -;fr [Io(t)Ko(t)-li (t)K1(t)Ji=1cdp. In the following we will neglect by J"/:v,Jg(.r) 

interaction term, since it give a 0( J2 ) contribution to the quark condensate. Since 

q(x) = J (~:\'1 exp(ikx) q(k), Jfg(x) ~ cqj(x)1?-qg(x), 

d 
iJ+(x) d i.J-(x) 

et--+ et---
g g 

1 
892

(-(q+(x)q(x)) 2 
- (q+(x)iJ'sfq(x)) 2 + (q+(x)fq(x)) 2 + (q+(x)if5q(x)) 2

). 

(13) 

Here color factor g2 = (N(-l) 2N". 
(2Nc-I) 

In the following we will take equal number of instantons and antiinstantons N + 
N_ = N/2 and corresponding couplings A±=>.. 

Now it is natural to bosonize quark-quark interaction terms (13) by introducing meson 
fields. For N1 = 2 case it is exact procedure. We have to take into account the changes 
of q and qt under the SU(2) chiral transformations: 

to introduce appropriate meson fields, changing under SU(2) chiral transformations as: 

oa = w;J;, o;J; = -25a, OTJ = -25iJ, oiJ = 2TJ& 

Then oq+ (a+ i{5 fj)q = 0, oq+( fiJ + irsTJ )q = 0 means that these combinations of fields 
are chiral invariant 1. So, the interaction term has an exact bosonized representation: 

iJ+ iJ-J d4x exp[>.( det - + det-)] (14) 
g g 

= j DaDJ;DTJDiJexp j d4x[~09
5 

q+i(a + i1sfi + ifiJ + /sTJ)q - ~(a2 + J? + 8 2 + TJ2)] 

Then the partition function is 

J - K Z[m] = d>.Da Def>DTJDB exp[N In): - N (15) 

lj 
2 

?2 
2 2 

fi+im+i>-;
5

(27rp) 2F(a+i/5i'J;+iTB+1sTJ)F 
--

2 
d4x(a +</>+a +TJ)+Trln 9 

, . ] p+im 

(Tr( ... ) means here tr,,c.J J d4x < xl( ... )lx >, where tr,,c,J is the trace over Dirac, color, 
and flavor indexes.) In the following we assume mu = md = m. Then common saddle 
point on>., a(= canst) (others= O)is defined by Eqs. av1;/·"l = av1;/·"i = 0, where 
the potential 

V[m >. a]= -Nln K + N + ~Va2 -Trln p + i(m + M(,\ o")F
2
(p)) (16) 

' ' >. 2 p+ im 

1Certainly, quark-quark interaction term Eq. (13) is non-invariant over U(l) axial transformations, 
as it must be. 
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and we defined 11/l(>.., a) 
given by Eqs.: 

'~9
5 

(2;rp) 2a. Then the common saddle-point on ..\ and a is 

N =~Tr iM(..\,a)F2(p) = ~vo-2. 
2 p + i(m + M(..\, a)F2 (p)) 2 

(17) 

The solutions of this Eqs. are ..\0 and o-0 = (2-\j) 1/ 2 21/ 2 R- 2 . It is clear that M 0 

lvl(..\0 , a0 ) has a meaning of dynamical quark mass, which is defined by this Eqs.. At 
typical values R-1 = 200 MeV, p- 1 = 600 MeV we have o-6 2(200 MeV) 4

, and in chiral 
limit m = 0 lv/0 -+ M00 358MeV, >..00 ~ MJ0 . It is clear that clue to saddle-point 
equation (17) Mo (and ..\0 ) become the function of the current mass m. This dependence 
was investigated in [14]. 

Vacuum with account of quantum corrections 

The account of the quantum fluctuations around saclclle-points o-0 , ..\0 will change the 
potential V[m, ..\,a] to Vet 1[m, ..\,a] (it is clear that the difference between these two 
potentials is order of 1/ Ne). Then, the partition function is given by Eq. 

Z[m] = j d..\ exp(-V.,f![m, ..\,a]) (18) 

There is important difference between this instanton generated partition function Z[m] 
and traditional NJ L-type models-· we have to integrate over the coupling).. here. As was 
mentioned before, this integration on ..\ by saddle-point method leads to exact answer. 
This saddle-point is defined by Eq.: 

(19) 

which leads to the ,\ as a function of a, i.e. ).. =>..(a). 
Then, the vacuum is the minimum of the effective potential V.,f![m, o"], which is given 

by a solution of the equation 

dVeJJ[m, a, >..(a)] 3VeJJ[m, a, >..(a)] 
da = 30" = 0. (20) 

where it was used Eq. (19). 
\Ve denote a fluctuations as a primed fields <P;. The action and corresponding V.,ff 

now has a form: 

S[rn, ..\,a, iP'] = S0 [rn, ..\,a]+ Sv[m, >..,a, <P'], (21) 

So[rn, ..\,a] V[m, A, a] = ~ V a 2 Tr ln p + i(m :- lvl(..\, a)F
2

) - N ln I<+ N 
2 p+im >.. 

S [ ,1 I 4 1 '2 """"2 '? '2 v m, ..\, O", <P = d x-( O" + ¢ + iJ - + 71 ) 
. 2 

[ 

. 2 2 
1 Tr 'tM(;\,O")F ( 1 . _-1 ·--t 1 ] 

--? o , .( M(' )Fo) a + ·q5Tef; + na + /57)) , _a- p + i m + A, O" -

and 

VeJJ[rn, >..,a] = So[m, A, O"j + V,,jj8[m, >..,a] (22) 
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Here second term in Eq. (22) is explicitly represented by 

where the factors f; = (1, i'y57, ii', /s) and the sum on i is counted all corresponding meson 
fluctuations CJ1

, J;1 , ii', r/. tr here means the trace over flavor, color and Dirac indexes. 
Integrals in Eq. (23) are completely convergent one due to the presence of the form­
factors F. 

Certainly the quantum fluctuations contribution will move the the coupling A from Ao 
to Ao + A1 and CJ as CJo ---> CJo + CJ1, where ?i and !!l are of order I/Ne. 

AO O'Q 

First, consider Eq. (19): 

A dVeJJ[m, A, CJ] = N _~Tr iM(A, CJ)F
2 

+ ~ L j d
4
q 

dA 2 fj+i(m+M(A,CJ)F2) 2 i (27r)4 (
24

) 

2 J d4p M(A, CJ)F2(p) r M(A, CJ)F2(p + q) r i-1 
x[CJ -tr (27r)4fj+i(m+M(A,CJ)F2(p)) ;p+q+i(m+M(A,CJ)F2(p+q)) i 

J d4p M(A, CJ)F2(p) r M(A, CJ)F2(p + q) r 
x[-tr (27r)4fj+i(m+M(A,CJ)F2 (p)) ;p+q+i(m+M(,\,CJ)F2(p+q)); 

.. J d4p ( M(A, CJ)F2(p) )2 r M(A, CJ)F2(p + q) r] - 0 
+i.ti (27r)4 p+i(m+M(A,CJ)F2(p)) 'p+q+i(m+M(A,CJ)F2(p+q)) ' -

From this saddle-point Eq. we get A A(CJ). 
From vacuum Eq. (20) we in similar manner arrive to: 

CJ av;,JJ[m, CJ, A(CJ)j = v CJ2 - Tr ·iM(A(CJ), CJ)F2 +~LI~ (25) 
3CJ p + i(m + M(A(CJ), CJ)F2) 2 ; . (27r)4 

x[CJ2-trj d1p M(A(CJ),CJ)F2(p) r 
(27r)1 p + i(m + lvl(A(CJ), CJ)F2(p)) ' 

x M(A(CJ), CJ)F2(p + q) r i-1 
p+q+i(m+M(A(CJ),CJ)F2(p+q))' 

. J d4p ( M(A(CJ),CJ)F2(p) )2 r 
x[2itr (27r)4 p+i(m+M(A(CJ),CJ)F2(p)) i 

x M(A(CJ), CJ)F2(p + q) r] 0 
p + q + i.(rn + M(A(CJ), CJ)F2(p + q)) ' 

Since we are believing to 1/ Ne expansion, it is natural inside quantum fluctuations con­
tribution (under the integrals over q) to take CJ= CJo, M(A(CJ), CJ) = l'vfo. 

To simplify the expressions introduce vertices v';2(q), v;3(q) and meson propagators 
TI;(q), which are defined as: 

v2( ) =tr I d4p MoF2(p) r MoF2(p + q) r 
' q . (27r)4 fj+iµ.o(p) 'p+(j+iµo(p+q) ' 

(26) 
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V3() = trj d4p ( MoF2(p) )2 r MoF2(p+q) r 
' q (27!-)'1 p+iµo(P) 'p+q+iµo(p+q) ' 

(27) 

-I 2 2 rri (q) = R4 - Vi (q). (28) 

Here /J,o(P) = m + M0F 2(p) and was taken into account that a6 = 2R-4
. 

From Eqs. (24) and (25) we have 

z~ [ ~4 +~Tr (P;~:o(r;)) 2] = ~ J (~:~4 (i\!i3(q) - Vi2(q))II;(q) (29) 

a1 R
4 J d4

q 2 
ao 4 ~ (27r)4 Vi (q)II;(q) (30) 

The vertices V;2(q), V;3 (q) and the meson propagators IT;(q) are well defined functions, 
providing well convergence of the integrals in Eqs. (29), (30). 

It is of special attention to the contribution of pion fluctuations ef/ at small 
pion momentum q. We shall demonstrate that this contribution leads to the famous 
chiral log term with model independent coefficient in the correspondence with previous 
calculations in NJL-model [18]. 

Pion inverse propagator of IIj/ ( q) at small q ~ m1f is: II~,1 ( q) = f~;n ( m; + q2
). At 

lowest order on m, fkin,m=O ~ f1f = 93 MeV, m; ~ m. 
The vertices in the right side of Eq. (29) at q = 0 and in chiral limit are: 

v3 ( ) v2 ( ) N j d4p P2 MJ (p) 
i ¢;,m=O 0 - ¢;,m=O 0 = 8 c (27r)4 (p2 + M6(p))2 (31) 

We see that the factor in the left side of Eq. (29) in the chiral limit is equal to: 

d4 "M, ( ) 
trj-p- ip 0 p - -?(iV_:} (0) - v.? (0)) 

(27r)4 (p + iMo(p))2 - - ¢'.,m=O <P;,m=O 
(32) 

Collecting all the factors we get small q ~ K contribution of pion fluctuations¢': 

3 lo" d
4
q 1 (33) 

2f'; o (27r) 4 m; + q2 

M1 
Mo 1¢',smallq 

3 fo"2 2 2 1 3 2 2 m; 
-32 212 qdq J2( 2+ 2) =-3? 2J2(K +m'lfln -2+ 2l 7r " o 1f m1f q -7r 1f K rn1f 

Here we put m = 0 everywhere except m'lf. We see that the coefficient in the front of of 
m; Jn m; is a model independent as it must be. 

This one dictate the strategy of the following calculations of M 1: 

1. we have to extract analytically ~cm ln m term; 
2. rest part of M1 can be calculated numerically and expanded over m, keeping ,~ and 

l•c 

~cm terms. 
For actual numerical calculations we are using simplified version of the form-factor 

F(p) from [17] (with corrected high momentum dependence): 

L 2 1.414 
F(p < 2GeV) = £22' F(p > 2GeV) = - 3-

where L ~ V2 = 848MeV. + p p 
p 

(34) 
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At Ne= 3 semi-numerical calculations of Jvl1 and cr1 lead to: 

Mi 
- = -0.662 4.64m - 4.0lmlnm 
Mo 

cri = -0.523 - 4.26 m - 4.00 m ln m 
CTo 

(35) 

(36) 

Herem is given in GeV. Certainly, in (35) them ln m term is completely correspond to 
Eq. (33). ~is -66% in chiral limit and reach its maximum~ -20% at m ~ 0.115 GeV. 

The relative shift of the vacuum cri/ cr0 is -52% at the chiral limit and reach its 
maximum~ -2% at m ~ 0.125GeV. 

The main contribution to both quantities ~ and cri/ cr0 come from pion loops. Other 
mesons give the contribution~ 10% too(;) and o(;,m) terms. 

Quark condensate 

We have to calculate quark condensate beyond chiral limit taking into account O(m), 
0 ( ;, ) , 0 ( ;, m) and 0 ( ~' m Jn m) terms. Quark condensate is extracted from the partiti.on 
function: 

< ijq > 
1 d\1,,11[m., A, cr] 1 o(V[m, A, cr] + 'V;,/J8[m, Ao, cro]) 

2V dm = 2V om 
_-2.._Tr( i __ i_· -) +-l_o-V,,/J5[m,A0 ,cr0] 

2V p + iµ(p) p + im 2V om 
(:37) 

here A= Ao+ A1, ,cr = cr0 + cr1 , M = M0 + M1, µ(p) = m + MF2 (p). First term of 
Eq. (37) is 

Second term of Eq. (37) - meson loops contribution to the condensate is 

1 o-V,,/J8[m, Ao, cro] 
2V om 
~ L J d4

q (tr J d4
p Mo(P) r Mo(P + q) r) 

2 i (27r)4 (27r)4 (p + iµo(P)) 2 'p + q + iµo(P + q) 
1 

x (2N -tr/ d
4
p Mo(P) r Mo(p+q) r)-i 

V (27r)4z3+iµo(p) 'p+q+iµo(p+q) • (39) 

At m = 0 and without meson loops the condensate is 

_ J d4p Moo(P) 
< qq >oo= -4Nc (27r)4 p2 + MJo(P) (40) 

Here Moo= Mo[m =OJ. 
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Let us to consider now the contribution of pion fluctuations fl to the quark condensate 
at 8mall q. First we consider: 

"v¢'' small qr ' l d4 '1.2 ( ) ( ) . d4 _2:_ o eff ,m,Ao,O"o = l2Ncj __ q_ hop µop (" q 
2V 8rn (2;r)4 (p2 + µ§(p))2 Jo (2;r)4ff;n(mi + q2) (

4
l) 

We keep m only in m;. Then at m = 0 µo(P) => Mo(P) => Moo(p), !kin=> f.rr and we have 

< qq > = (42) 

(43) 

Eq. (33) for~ was applied here. We see that Eq. (43) is in the full correspondence with 
[11, 12]. 

Detailed numerical calculations lead to the semi-analytical formula for the quark con­
densate including all O(m), OU) and O(;;J-;mlnrn)-corrections: 

< qq >=< qq >m=O (1 - 18.53m - 7.72rnlnrn) (44) 

Here < qq >m=o= 0.52 < qq > 00 . Certainly, the mlnrn term in Eq.(44) is in full 
correspondence with Eq. ( 43), as it must be. < qq > / < qq >m=O is a rising function of 
m until m ~ 0.04 GeV and is a falling one iu the region m > 0.04 GeV. 

The main contribution to O(,~ ), O(N1 m) and O(N1 mlnm) terms in <<_<19>> is due to 
IVc C C (/Q 00 

pion loops. Other mesons give the contribution~ few% to 0( ~) and 0( ~cm) terms. 

md - m.u effects in quark condensate 

Current quark mass become diagonal 2 x 2 matrix with m 1 = m 1,, rn2 = md, m = 
·m. 1 l~ + m2¥ = rn + Srn!J'. Here rn = mi~m2 ,Srn = m 1 - m2. Let us introduce 
external field si. In our particular case it is s3 = ·i 6

'.;', s 1 = s2 0. Our aim is to find the 
asymmetry of the quark condensate <iiu:;ii-;,~Jd>, t<~king into account only O(S·rn) terms 
and neglecting by 0 ( 1~c Sm), 0 (~'Sm. Jn m). It means that we neglect at all by meson 
loops contribution. 

In the presence of the external field s we expect also vacuum field B. Effective potential 
within requested accuracy is 

VcJJ[O",B,m] ~ S'o(m,,\,a,B] (45) 

V( 2 _ 2) 'fr! p+ifs'+i(m+M(J\,a,B)F2
) 'V I< 

=--:-- O" +a - n . . ___ - J In - + N. 
2 p + irn + 'tTS ,\ 

,\ O", B are defined by the vacuum equations: 

av~11 0 
av;,11 = 

0 
av;,11 

~ = ' a() ' Da; 
0. (46) 
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They can be reduced to the following form: 

~TrF2(p)M;(m; + M;F2(p)) = N 
2 p2 + (m; + M;F2(p))2 

(47) 

;..o.5 ( ) 2 where M; = 29 27rp (er± cr3). Solution of these equations leads to ,\ = >-[m, 31, CT = 

cr[m, SJ er; = cr;[m, 31. We have to put them into V.,ff and find V.,ff = V.,ff[m, SJ. Desired 
correlator is 

(48) 

We calculate this correlator within requested accuracy, taking into account only O(om) 
terms. So, the difference of the vacuum quark condensates of u and d quarks is 

< fl1L > - < dd > (49) 

= ~ [Tr(P+i(mu-:MuF2 ) - _P_+--ii-~-)-Tr(P-,-+-i-(m-:-!-M-aF-2 ) ~)] p+ima. 

We expect that < dd > < < flu > if md > mu. 

Typical values of light current quark masses [19] are m,, 5.lMeV, md = 9.3Me11 on 
the scale lGe V (which is in fact close to our scale p- 1 = 0.6 Ge V) leads to the asymmetry 

< flu > - < dd > 0 
------- = .026 

<flu> 
(50) 

From this asymmetry and using sum-rules [20] we estimate strange quark condensate at 
m 5 = 120MeV as: 

< .'i.s > = 0.43 
< iiu > ' 

which is rather small. The reason that the asymmetry (50) is rather large. 

Conclusion 

(51) 

In the framework of instanton vacuum model it was calculated simplest possible correlator 
- quark condensate with complete account of O(m), O(~J, 0(~0 m) and OU

0
mlnm) 

terms, demanding the calculation of meson loops contribution. Since initial instant.on 
generated quark-quark interactions are nonlocal and contain corresponding form-factor 
induced by quark zero-mode, these loops correspond completely convergent integrals. 
The main loop corrections come from the pions, as it was expected. We found that 
0(~) corrections are very large rv 50%, which request the ,...., 10% changing of the basic 
parameters - average inter-instant.on distance R and average instanton size p to restore 
chiral limit value of the quark condensate < ijq >m=O and other important quantities as 
fn and mr. to their phenomenological values. This work in the progress. 

In general, it was demonstrated, that instanton vacuum model is well working tool 
also beyond chiral limit and satisfy chiral perturbation theory. 
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Abstract 
In the geometrical gauge field theory the motion equations of matter (elementary 
particles) are connected with the field equations. In the talk the problems aris­
ing from this connection are discussed. For the first time such problems arose in 
the Einstein's General Relativity. Einstein hoped for that solution of these prob­
lems will allow explanation of elementary particles nature without making use of 
quantum mechanics. But as it turned out the situation is more difficult. Here the 
corresponding problems are formulated for the connection of equations of particle 
motion and field equations in the geometrical gauge field theory. It is shown that 
appearance of the problems under discussion is inevitable effect of passage to rela­
tivism and local symmetries. 
Key-words: gauge field theory, local symmetries, motion and field equations, rela­
tivistic vacuum. 

Talk dedicated to the 125th juhilee of A.Einstein and to the centenary of D.lvanenko, 
who was the f£rst to riddle nucleo1is strncture. 

Two fundamental concepts are assumed by modern physics: matter and fields. The 
matter can exist both in discrete form (point particles, extensive bodies), and in the form 
of continuously distributed medium in space (liquids, gases, solid bodies). In the classic 
theory a field are always regarded as continuous something filling the whole space. But 
properties of this field are not mechanical. 

Before GR creation it was supposed that all events being under physics consideration 
happen on vacuum background. The vacuum is the world state corresponding to absence 
of both fields, and particles. It is absolute, universal, and global, that is its properties are 
the same in every point of space and in every moment of time. The vacuum properties are 
not connected with matter motion and field properties. Just this vacuum is postulated in 
Newtonian mechanics, relativistic mechanics, and field theory without GR. 

Such vacuum is a passive arena of events. But in reality we assume that the vacv.u.m. 
state is only corresponding to particles absence (or- other matter). In experiments a back­
ing pump is often the tool for making of a real vacuum state. Therefore our assumption 
immediately leads us to relativism. 

Even in Newtonian mechanics appearance of gravity is followed by loss of equal states 
of all space-time points. Particles behavior becomes depending on space-time point, and 

nelly@thsv.nl.jinr. ru.; ·uniicm.@orc.ru; Jax: (0.95)2071,962 
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in this sense localization of particle motion laws arises. It can be said that in space 
without particles (or other matter) gravity induces locafo~ation of vacuum properties. 
Such vacuum is no longer global one. Similarly the local trnnsformation of the vacuum 
for charged particles will arise if electromagnetic field will a.ppcar. 

CR appearance changed Ollr perception of gravitational field, space and time proper­
ties, and also of substance behavior in Universe. Moreover it necessitated. to revise the 
vacuum properties. It was found that relativistic vacuum properties rnust be discribed by 
vacuum Einstein equations. 

Usually in Maxwell's electrodynamics the law of charged particles motion b regarded 
as logically independent on the field equations. Therefore it must be aclded to them. 

In GR the field equations with arbitrarily moving sources are absent. The motion 
of particles is determined by the same equation system that determines propagation of 
fields. 

How is it possible to solve such equations which sinmkaneously determine field and 
motion of particles? Einstein with his collaborators went into this problem in 1927 (with 
Grommer) ([1]) and in 1938 (with Infelcl and Hoffmann) ([:2]). 

They showed that the motion law of test particles (i.e. the motion along geodesic lines 
of H.iemanni<cn 1;;1) can be found as a corollary of the fielcl equations. Therefore, it is not 
necessary to postulate the mot.ion equations in addition to the field equations. 

So, for the first time it was sh.own that field theory can ·mcforlc a iheO'l'.IJ of mechanical 
motion of matter. Einstein hoped to find an explanation of elementary particles nature 
(specifically electron) and quantum theory laws in this way. 

But in the above Eil!Stein's papers geodesic line equations were only obtained for the 
field singularities (gravitational field or gravity with electromagnetic field). Thus electron 
was discribcd as moving field sing-ularity. In proof approximate solutions were used. 

These and of next years results were summerized in the L.Infcld and J.Plebansky 
lllOEography" "\Jotion and Relativity" of 1960 ([3]). 

Thus, first solution of motion problem iu GR wa0 found Einstein in HJ38. 

But iu 19:3D V.A.Fock proposed quite other way to solve the problem ([4], [5]). He 
showed that for massive extensive noninteracting bodies the motion cquat.ious can be 
obtained from Einstein equations as their corollary. They are also the geodesic lines 
equations. Moreover, he put a question of what kind of real objects and under which 
conditions can be the objects of application of GH.? V.A.Fock found that such objects 
arc cosmic bodies, as planets and stars long distant from each other, but in no 
way it can be elementary particles. He took for granted t.hat GH. can Hot be applied 
to microworld objects. Fock's point of view is cxplaiued in his "Theory of 
spacr\ time and of 1%5 ([G]). 

other method rite same result was found by N.P.Konoplcva in 1977. In paper 
"Gravit<ltioual experiments in ([7]) I discussed the conditions ensured realization 
to given precision of GR axioms in cosmic experiments. Distiuctivc foar.nre of these 
experiments consists in existence of many factors excrcisi11g their iuHuence on test bodies. 
It was found that under these conditions it is very difficult to make such which will 
behave <lS pure test body of GR. It is complex technincl problem for artificial 
objects. For natural objects I obtained a formula which arrived at a conclusion that the 
real massive bodies can appear as the test bodies, when thrir radii are cuoue;!1 large. 
Estimation shows that to within 10-8g (g - acceleration due to grnvity) planets and stars 
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can be regarded as GR test bodies, but elementary particles can not be regarded in this 
way. Even nuclei can only give precision of geodesic motion ~ 10-5g. It is insufficiently 
for extraction of GR. geodesic trajectories from all perturbed Newtonian one. Therefore 
elementary particles are poor test bodies. They can not precisely move along geodesic 
lines in real conditions. 

But recently a new possibility of GR application to microworld was discovered. In the 
frame of geometrical theory of gauge fields it was shown by me that relativistic vacuum in 
classic theory of gauge fields is Einsteinian vacuum which is described by vacuum Einstein 
equations ([8], [9]). Hence, it is necessary to return to the question about connection 
between elementary particles and GR This is the question of a connection between fields 
and matter both in microworld and macroworld. 

Now Wheeler's results of 1955 become again very interesting ([10)). J.A.Wheeler and 
C.W.Misner demonstrated in 1957 third independent solution of motion problem in GR 
([11]). At first it seems to be paradoxical. They shown that having only free electro­
magnetic and gravitational fields in vacuum without any singularities or massive bodies 
it can be constructed such solutions of Einstein-Maxwell equations which are everywhere 
regular and localized. These solutions describe objects which far from theirs centers look 
like massive neutral or charged particles in spite of neigher mass no charge is inside them. 
This effect results from nonlinearity of theory and nontrivial topology of R.iemannian Vi. 
Wheeler's point of view is explained in his book "Neutrinos, gravity and geometry" of 
1960 ([12]). 

It is necessary to note that in pure gravitational field without any matter or other fields 
regular solutions of vacuum Einstein equations are not exist. For example, presence of 
singularity, statics, and Schwarzschildean form of the solution arise from only its spherical 
symmetry. This fact is known as Birkhoff theorem ([13)). Schwarzschild's solution of 
1916 ([14]) was strong, analytical, and had singularity in point r = 0, (r - radius). Single 
constant which defines this solution was interpreted as a mass of gravity source. Geodesic 
lines were considered trajectories of test bodies (or massless particles) moving in the field 
of this point source. But what kind of equations is guiding the motion of gravity source? 
It remained unknown. Schwarzschild's solution corresponds to null right side of Einstein 
equations, i.e. vacuum. 

So, Einstein's equations permit to obtain as their corollary the motion equations of 
neutral particles and massive bodies, and also Lorentz equations describing charged par­
ticle motion in external electromagnetic and gravitational fields. 

This indicates that in a sense Einstein equations contain mechanics and classical elec­
trodynamics of moving particles and, hense permit to overcome dualism of matter and 
fields. Final answer will can be given after clarification of connection between Einstein 
equations and quantum physics laws. 

The attempts to find this connection were launched by many scientists both in USSR, 
and in other countries. In USSR prof. D.Ivanenko was leading in this direction during 
many years ([15), [16]). His papers, books, and scientifically organizational activities 
promoted intensive development of science working in gravity and GR Cited above books 
of Infeld and Plebanski, and also Wheeler were published in Russian thanks to prof. . 
D.lvanenko. At that time I was a student of third course of Moscow University and took 
part in translation of these books from English into Russian. They seemed to be very 
difficult to me, but attracted like a magnet, and until now I think about problems from 
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these books. They stimulated my interest in geometrical theory of interactions. 
Creation of geometrical gauge field theory by the end of 60th ([17]) put again the same 

questions that were in GR. But now they concern more wide class of elementary particle 
interactions. Einstein equations are components of equation system of geometrical gauge 
field theory ([18]). All equations of this theory have clear geometrical meaning in terms 
of fibre bundle space geometry. Thus, not only gravity and electromagnetism, but also 
nuclear forces have a geometrical treatment. 

Just as it is in GR, in geometrical gauge field theory the motion equations can be 
obtained as a corollary of the field equations. But it is necessary to note that theory 
nonlinearity is not cause of this effect. 

When we go over from global space-time symmetries to the local one, which are defined 
by coordinate transformations xi<' = fµ(:J:v), and fµ - arbitrary continuous function, four 
identities arise according to the second Noether theorem ([17]). Just these identities 
reduce number of independent equations. Therefore four equations of motion turn into a 
corollary of the field equations. Covariant conservation law of energy-momentum tensor 
of the system of particles and fields corresponds to above local coordinate transformations 
and Noether's identities. Just it permit us to connect the equations of fields and particles 
with each other. Therefore, the connection between fields and particles is direct result of 
localization of symmetries and relativism. 

NOW EINSTEINIAN PROGRAM IS OPENED AGAIN! We must to make a try at 
understanding of elementary particles nature through field equations. 

Acknowledgments. It is a pleasure to thank the Organizers of the International Seminar 
ISHEPP XVII for their support of this investigation. 
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Abstract 
In our work we extend the ideas of the derivation of the chiral effective theory from 
the lattice QCD [l] to the case of the random lattice regularization of QCD. Such 
procedure allows in principle to find contribution of any order into the chiral effective 
lagrangian. It is shown that an infinite subseries of the chiral perturbation can be 
summed up into tne Born-Infelcl term and the logarithmic correction to them. 

1. Why do we need the Random Lattice QCD 

Derivation of a chiral effective Lagrangian from lattice QCD has been attempted many 
times since long ago. The 1Ne!J-known Brezin & Gross trick [2] makes it possible to perform 
integration of the link matrix in the strong coupling regime and to obtain various first 
order chiral effective theories ['.)]. 

Although at first such approaches led to great success, they have not been very pop­
ular, because they do not allow to obtain any corrections to first order results. Lattice 
regularization bre<1k::; the rotational symmetry of the initial theory from the continuous 
rotation group clown to a discrete group of rotations at fixed angles. Hence, lattice reg­
ularization approaches give correct results only for those tensors that are invariant with 
respect to such discrete groups. In particular, using the ordinary Hyper-Cubical (I-IC) 
lattiee, one call obtain only a first order effocti ve theory, while for corrections this method 
generates uon-rotation invariant (non-Lorentz invariant) terms. Generation of high-order 
effective field theories requires a more symmetrical lattice. 

The problem of breakdown of rotational symmetry on a lattice has been attracting 
important attention for a long time. It was shown [5] that in 4 dimensions the so-called 
Body Centered Hyper-Cubical (BCHC) or F4 lattice has the largest discrete symmetry 
group. (BCHC cousists from the all sites of the HC lattice together with centers of its 
elementary cells.) This property of the BCI-IC lattice gives a. po:;sibility to obtain the 
next-to-leading (NL) correction to the first order of the chiral perturbatiou theory [l]. 

The results of the papers [1] are es:;ential for our analysis, as they confirm the effective­
ness of the idea of chiral effective lagrangian derivation from the lattice QCD. :VIoreover, 
these results are interesting from phenomenological point of view because, as is well known 
[4], the NL corrections violate the scale invariance of the prototype (first order) chiral the­
ory that leads to generation of chiral topological solitoirn (Skyrrnio11s). The Next-Leading 
order chiral effective theory that was implemented in [1] is in agreement with our phe­
nomenological propositions [GJ, and in our work we will use metl10dological ideas from [l] 
in order to define the behaviour of chiral field near the confinement surface. 

As mic could see, in order to solve our problem, the Next-Leading order corrections 
are not enough. This theory has no sol11tions that look like chiral "bag". Moreover, as 
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will he shown later, near the confinement surface (near the source of the chiral field), 
the influence of high order corrections became larger and larger. But the BCHC lattice 
method gives the NL corrections only and the further use of this method for the defining 
of the high order terms leads to generation of non-relativistic (non-rotational) invariant 
terms. It means that we need a more symmetric lattice than the BCHC lattice. 

Unfortunately, a. lattice which would he more symmetric than BCHC lattice cannot 
he constructed in 4 dimension. Moreover any method based on a lattice of a. fixed ge­
ometry has artifacts coming from priority directions that correspond to basis vectors of 
the lattice. It is these artifacts that eventually lea.cl to the problems with the rotational 
(relativistic) invariance rendering the use of the BCHC lattice to he only half measure. 
For solving our problem a. modification of the initial concept of lattice regularization must 
he performed. We need to find a concept of lattice regularization that has no priority 
directions. Fortunately this concept is known for a long time and is called the Random 
Lattice approach [8]. 

The idea of Random Lattice was proposed originally by Voronoi and Dela.unay: today 
this method is widely used in the modern science. For the quantum field theory the 
method was modified by Christ, Friedberg and Lee [8]. In these articles it has been shown 
that in order to restor the Lorentz (rotational) invariance, it is necessary to perform an 
average over a.n ensemble of random lattices. As a. result one gets the averaging over a.11 
possible directions and it is intuitively clear that this procedure leads to the disappearance 
of the artifacts that cause the violation of the group of the space rotations. 

But how to perform such random discretization? This procedure hast.he tree steps: 
1) Pick N sites x; at random in the volume V. 
2) Associate with each x; a. so-called Voronoi cell c; 

c; = {x I d(x,x;):::; d(x,xJ),Yj f i} 

where d(x, y) is a. distance between points :r and y. It means that the Voronoi cell c; 
consists of all points x that a.re closer to the center site x; than to any other site. 

3) Constrict the dual Delaunay lattice by linking the center sites of all Voronoi cells 
which share a common face. 

Now if one considers the the big ensemble of such Voronoi-Delaunay random lattices 
based on various distributions of sites x;, it possible to prove that the original rotational 
symmetry is restored [8]. In our work we use this procedure to obtain a.n effective chiral 
lagrangian from lattice QCD. This methodological point of view it is a modification of 
the method proposed in [1] in the case of the Random Lattice approach. 

2. From Lattice QCD to chiral lagrangians: step by 
step 

Now let me briefly recall a general steps of the algorithm of derivation of the chiral 
lagrangian from the lattice QCD that was proposed in [1]. 

Step 1: Definitions 
The starting point of our analysis is a standard lattice action with Willson fermions 
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where: 
1) the plaquette gauge field term is defined by 

S, -
2

Nc'""' [ 
1 

R G G c+ c+ ] G - - {; 1 d· I A (' ')}· pl - -., L_, 1 - -rv: e X,Jl 'x·-µ,V x+v µ XV > X,Jl - exp tg . Xµ Jl X > 

g~ pl ' c ' ' lmk 

2)the link fermions term is defined by 

S'q = l:tr(_41,(x)Gµ(x) + GZ(x)A1,(x)) 
x,µ 

Aµ(x)g = ·0b(x + µ)P-:l/Ja(x), A1,(x)g = '¢b(x)P;'l/Ja(x + µ) 

and P/Z'- = ~(r ± 1µ); 
3) the source term is defined by 

S'J = ~ J~(x)M~(x), M~ = ~c 'ljP·(3(x)1/Ja,a(x). 

Step 2: Strong-coupling regime on the lattice and integration over the 
gauge field 

In order to realize the strong-coupling regime on the lattice let us consider the limit 
of the large coupling constant g (g --> oo). This limit was widely studied (3] and the 
main result is that in such limit integration over the gauge field can be performed. (Of 
course, the direct integration is difficult since there exists the plaquette term S'pl' but due 
to the strong-coupling limit on the first step plaquette contributions are negligible with 
respect to the contribution from the link integral S'q· The plaquette contributions could 
be considered in the systematic manner as perturbations in l/g (3].) 

Let us consider the leading order contribution in this strong-coupling expansion. The 
integrals over the gauge degrees of freedom can be calculated into the large N limit by 
using the standard procedure (3] and the result of these calculations is the following 

Z = jfD0)[D,l/J] exp{-NL tr[F(>.(x, v))) - S'J}, 
x,v 

(1) 

where Av= -M(x)Pv- M(x + v)P;!' and 

F(>.) = tr((l - v'f=A)J 1 
tr(log(l - 2v'f=A)J. 

Interestingly, the function F(>.) has the typical form of the Born-Infeld action with 
a first logarithmic correction. This is no coincidence. In (7], it was shown by means of 
very similar technique that the low-energy theory of the IIB superstring has a Born-Infeld 
form. From the methodological point of view we perform a similar analysis for QCD on 
the lattice and it is important to note before starting our proof that our result will have 
a Born-Infeld form too. 

Step 3: Integration over the fermion field and chiral limit 
Our next step is the integration over the fermion degrees of freedom in (1). Using the 

source technique it was shown (l] that integral (1) can be re-written into the form of an 
integral over the unitary boson matrix lvlx 

Z ( DMexpSeff(M). 
J 

(2) 
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As a matter of principle, we already performed the transformation from the color 
lattice degrees of freedom (G and 'lj;) to the boson lattice degrees of freedom (M). Now 
our task is to realize the continuum limit of expression (2). 

This step of our analysis amounts to studying of the stationary points of the lattice 
action Sefr Fortunately this is a very well studied task [9]. This problem is connected 
with well-known investigations of the critical behavior of the chiral field on the lattice 
and with the problem of the phase transformation on the lattice (for references see issue 
[10]). In [l], it was shown that for our task the stationary point is 

Mo= Uoi, Uo(mq = 0, r = 1) = 1/4. 

Now one can expressed M(x) in terms of the pseudoscalar Goldstone bosons 

1 + /5 + 1- /5 M = u0exp(irr;Tif5/f") = uo[U(x)-
2

- + U (x)-
2
-] 

and the effective action is given in the form of the Taylor expansion around this stationary 
point 

(3) 

Let us consider the expansion of the chiral field U = exp( irr;T;/ f") on the lattice 
around the point x in power of the small step of the lattice a 

a2 
U(x + v) = U(x) + a(ovU(x)) + 2(o~U(x)) + · · ·. 

And for components of the Taylor expansion (3) one obtain 

tr[(>..v(x) - >..o)] 
tr[(>..,,(x) - >..0 ) 2] 

tr[(>..v(x) - >..0 )
3

] 

tr[(>..v(x) - >..o) 4
] 

tr[(>..,,(x) - >..0 )
5

] 

where a: a28vU8vU+ + O(a1
). 

-2>..0tr(a) 
2>..6tr( a 2

) 

-2>..gtr(o:3 ) 

2>..6tr( o:4
) 

-2>..gtr( o:5 ) 

-4>..6tr(o:) 
+6>..gtr(a2

) 

-8>..6tr(o:3 ) 

(4) 

Step 4: Problem of rotational symmetry violation: examples of the Hyper­
Cubical and Body Centered Hyper-Cubical lattices 

Expressions ( 4) are very essential because these are a simplest illustration of all aspects 
of the violation of the rotational symmetry on the lattice. For this moment we assume 
nothing special about the structure of our lattice. We try to formulate our result as 
generally as possible and all information about the lattice contained in the vectors v that 
correspond to the basic vectors of the lattice (for example, the vectors v for the Hyper­
Cubical lattice are the Cartesian basic vectors i, J, k and i). The leading order part can 
be calculated trivially. Indeed, using the simple Hyper-Cubical lattice where v = i, j : 
i = (1 ... 4) it is easy to show that the leading order contribution is the prototype chiral 
lagrangian 

(5) 

As I said before the rotational symmetry violation argument does not allow to use 
the HC lattice calculation for the next-leading order contributions. For obtaining of these 
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contributions a more symmetrical lattice must be used. In [5] it was shown that this 
lattice is a Body Centered Hyper-Cubical (BCHC) or F4 lattice. 

Unfortunately, this method can not be directly used for finding next contributions and 
the origin of this fact is again the violation of the rotation symmetry but now on the F4 
lattice. Moreover, there are no any more symmetrical lattice with fixed positions of sites 
in 4-dimensional [5]. It means that we need an absolutely different lattice concept that 
guarantees the restoration of the initial symmetries. Fortunately this concept is known 
now. This is the Random Lattice concept (RL) [8]. 

3. Random Lattice in action 

The basic idea of the RL is the averaging over the big ensemble of various lattices with 
random distributions of sites and it is possible to show that such averaging leads to the 
restoration of the rotational invariance. There are two methods of the realization of such 
scheme. A first one based on the Christ, Friedberg and Lee (CFL) technique [8]. 

Commonly CFL technique leads into complicated geometrical analysis. For our task 
it would be very useful to use the analogy between Random Lattice and Random Surface 
technique that was revealed recently [11, 13]. The idea is quit simple: for beginning let 
us consider a lattice with fixed positions (for simplicity it is possible to use the trivial 
HC lattice, where basis vectors are just iJ = i,J. .. ) in a flat space. For a simulation 
of the Random Lattice let us consider small deformations of the geometry of this space 
(J;j ---+ 9ij) so that one can rewrite the problem of the random lattice averaging in the 
terms of the random deformations of the geometry of this space [11]. This is a standard 
quantum gravity problem for which powerful methods of the Matrix Theory could be 
used. 

In our problem we discuss the link integrals that depend on the basis vectors v. All 
such integrals are considered separately for any lattice site Xi. It means that rotation 
invariance violation artifacts could be avoided by considering only rotation deformations 
of these basis vectors (translation and re-scaling deformation are left aside in our case). 

Let RE S0(4) be a rotation operator of 4 dimensional vectors v 

It is essential to note that our task can be reformulated in the language of the standard 
Hermitian averaging because S0(4) = SU(2) x SU(2). For infinitesimal rotations we 
obviously have 

where Hij is a traceless antisymmetric matrix. 
Consider the Gaussian Ensemble Sj of such arbitrary rotation. The matrix average of 

an arbitrary function f with respect to Gaussian measure is 

where dH is the standard Haar measure. The normalization factor N0 is fixed by requiring 
that (f = l)Sj = 1. 
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Using of the Matrix integration technique one can prove the so-called Matrix Wick's 
theorem for traceless antisymmetric matrices [14, 11, 12, 13] 

(H;JHk1) Sj = o;JOJ1 - 0;10Jk, 

(fl H;J)Sj = L (-1)" II (H;jHkl)Sj' (7) 
(i,j) pamngs pairs 

where the sum extends over all possible pairings and r;, is the number of crossings in the 
pairing. The matrix average of any odd combination of H;j equals zero due to the parity 
argument. 

It is not hard to prove that the main contribution into the averaging sum over such 
infinitesimal rotations comes from the original non-deformable lattice (connected with 
the O;j part in (6)). In order to cancel non-deformable lattice artifacts let us consider the 
ensemble Sj without this non-deformable contribution: .f/ = Sj - o. Using such averaging, 
for leading order of chiral effective lagrangian one gets 

(tr(a))Sj' = (tr(a2ovU8vU+))Sj' = tr(3a2o;Uo;U+) = tr(3a2 (L;L;)), 

where L; u+a;U, and for the NL correction one obtains 

(tr(a2))Sj' = (tr(a4 o,,Uovu+avU8vU+))Sj' = tr(32a4 ((L;L;)2 
- ~[L;, LJ]2

)) =. 

= -32a4 Gtr2(L;L;) + tr2 (L;LJ) - 4tr(L;L;LjLJ)) = (8) 

These results reproduce the HL and BCHL results and it is easy to see that this is just 
what we expected to receive because this contribution was obtained from many other 
approaches [6]. In such a way, we can apply this procedure to corrections of any orders 
from (4) and obtain the rotation invariant result due to the pairing. It means that the 
question about the derivation of the chiral effective lagrangian from Lattice QCD become 
just a combinatorial task. 

It is interesting to point out that our SU(2)-flavor result for coefficients in the NL 
order contribution of the Chiral Perturbation Theory (8) 

L' - L; - - L;j 
1 - 2 - 4 

is in agreement with experiment data from 7f7f ---; 7f7f scattering [6] and these coefficients 
torn out to be closed to the model prediction of the V exchange [15). 

In the last part of this section we show an application of our procedure. We will find 
that an infinite subseries of the chiral perturbation can be summed up into the Born-Infeld 
form. 

If the expression (7) allows us to calculate all terms in expansion ( 4), let us consider 
just the first column there. It is easy to show that either of these is proportional to some 
power of the leading order contribution (5) 

tr[a] tr[LµII'] + 
tr[a2] tr[(LµI1')2] + 
tr[a3J tr[(LµLµ) 3] + (9)' 

tr[an] tr[(LµIl')n] + 
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Substituting (9) into (3) and collecting all terms which depend on the power of the pro­
totype lagrangian one obtains the following expression for the effective chiral lagrangian 

where · · · are all other terms (in particular the Skynne term) and {3 is an effective coupling 
constant that depends on the value of our stationary point 'Uo. 

Now let us discuss the result (10). It was obtained that some part of chiral effective 
action has a Born-Infeld form plus a first logarithmic correction to it. In [16], it was 
shown that such form of the effective action plays a very essential role in the problem 
of the chiral bag formation because just these square-root terms generate the step-like 
distribution solutions that can be interpreted as internal phases in the two-phase model 
of the low-energy baryon states. Another terms play essential role only on large distances 
from the confinement smface and can be considered as corrections. 

4. Conclusions 

The aim of this pa.per is to derive the chiral effective lagrangian from QCD on the lattice 
at the strong coupling limit. We find that this theory looks like a. Born-Infelcl theory 
for the prototype chiral lagrangia.n. Such form of the effective lagrangian is expected. 
From the methodological point of view our consideration is very similar to the low-energy 
theorem in string theory that leads to the Born-Infeld action [7]. Moreover, in [16], it 
was shown that Chiral Born-Infeld Theory (without logarithmic corrections) has very 
interesting "bag" -like solutions for chiral fields. It was an additional motivation of our 
work. 

The Chiral Born-Infeld theory is a good candidate for the role of the effective chiral 
theory and a model for a chiral cloud of baryons. In this model one can find not only 
spherical "bags", it is possible also to study the "string"-like, toroidal or "Y-Sign"-like 
solutions, or some other geometry. The geometry of the confinement surface depends 
directly on the model of color confinement and it would be very interesting to use, for 
example, the Lattice QCD simulations for the color degrees of freedom in combination 
with our model for the external chiral field. 

This work is partially supported by the Russian Federation President's Grant 1450-
2003-2. The hospitality and financial support of the ECT* in Trento is gratefully ac­
knowledged. 
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Abstract 
'flie phase shift analysis data of Huclecmnuclcon ocattering; up tu E1uu = :3 C1N, NN 
scattering polarization at Etub 5. l:l Ce\! am! deuteron properties arc duscribed 
by U1c opt;ical relativistic model based on clt:ep attractive forbidden state quasipo· 
tentials. Angular dist.ribution r,f the deuteron cro:;s-scct.ion is 
calculated nsing these C[Wcsipotc:ntials in relativistic point form clyrrnmic;;. 

Keywords: rwclcon-nuclcon int.c:rnction, Moscow potential, relahvistic: model 

1. Introduction 

There are "loL of vmious models oft.lie nucleon-nucleon interaction. Nevertheless, we 
can dislinguisb only two principally different kinds of rno1ll:l:i. 'I'he first one is n:prnsent.vd 
by t.he meson i:xd1;wgc poLcHLial (:VIE!') model and it go1:s couceptually back to the idea by 
Yulmw~t. These potentials are characterized by a rqmlsi ve cure representing the 
of vector mesons. Indeed, some qHark 111odcl potcntiab arc prngmatically cloe;e tu thc:sz: 
meson exclmngc potentials, though they arc prcscHtly cousickrcd as a phc:ncntt1:nology [l]. 

The second kinci of NN potentials corresponds to tlw ~foscow potenti<Ll rnocicl (MP), 
which is now n:prusentcd by are family of potentictls [2, :3, 4, 5J. The major chantct.eristics 
of Lhis model potentials an> their strongly attractive behavior at short rnngc and necessity 
of forbidden st.ates for S and P partial waves. Microscopically, the MP corresponds to an 
excited quark curdigurntion such as or 
overlap region. N amcly, it wa.s 0trcsscd that 61r·configuratior1 offers a 
way to all enhanced virtual decay N(2S)JV -+ Dc(OS)Dc; 
attraction between the colored dipoles nc aud D1~7, f Dc >= l]xL ,,, 1, [21]cC == 

l, > (the terms (OS) and (:28) symbolize the mutual motion wave functions) [6]. The 
first preliminary H.G M t.rcatmcut of this kind has beeu made recently [7]. 

Furthermore, configuration may be: prcciominaut if a e;trong nonpertur-
bativc instant;on-inducl:d intc:rnction between quarks docs exist [8]. 

Tlw cxcitccl qnark configurations should be seen directly in a series of high-energy 
nuclear reactions involving the investigation of the baryon-baryon (BB) cornpositio!l of 
the ckut.ernn, viz. a quasielastic lrnockont. such "-'' 2 JJ(e, c'p)B [9] with energies of final 

78 



protons around 2 GeV, the polarization transfer in d+p exclusive and inclusive high-energy 
backward scattering [10], etc. 

In the present work, extending the line of investigations [2, 11, 3, 4], we show that the 
nucleon-nucleon scattering data ( different.ial cross sections and polarizations), extended in 
energy up to E1av = 6 GeV (for one to be able to judge the short-range NN interaction), seem 
just to reflect the desired quark effect and convincingly demonstrate the dominant role of 
the excited quark configurations snpm (n = 4, m = 2 for S waves; n = m = 3 for P waves). 
This is reflected by the efficiency of forbidden state potentials and by the corresponding 
very peculiar behavior of the scattering phase shifts, which is exhibited precisely in a wide 
energy interval of 0 - 6 GeV. 

We present our new results developing approach proposed in [2]. We improve our 
previous results [2], where the qualitative description of the nucleon-nucleon scattering 
was obtained np to 6 GeV. The new nucleon-nucleon phase shift analysis data up to 3 
GeV [12] are considered using the relativistic quasipotential optical model. It is shown that 
these data, NN scattering polarization at E1,,0 = 5.13 GeV and deuteron properties are 
described perfectly by the deep attractive forbidden state potentials. Angular distribution 
of the deuteron photodisintegration cross-section is calculated using t;hese quasipotentials 
in relativistic point form dynamics. 

2. The optical nucleon-nucleon potential 

We rely :n our potential relativistic optical model on the relativistic quantum mechanics 
of systems with a fixed number of particles (point form dynamics). The review of this 
approach can he found in [l 3]. 

This approach is based on the assumption that at not high energies we may consider the 
number of particles fixed, but the inwwiance group is the Poincare group. A system of two 
particles is described by foe wave function, which is an eigenfunction of the mass operator 
or the mass squared operator. ln this case we may represent this wave function as a product 
of the external and internal wave functions [14, 15]. The internal wave function is also an 

eigenfunction of the mass operator or the mass squared operator. It is known [16] that the 
mass squared method is consistent with conventional fitting of the Lorentz invariant cross 
section as a function of laboratory energy. We consider system of two particles (nucleons) 
with equal masses. Then the internal wave function X(q) satisfies the following equation 

or 

where 

(
q2 v) ' --+- x= Ex, 
m 4m 

E = lvf2 - 4m2 

4m 

(1) 

(2) 

The eq. (2) formally coincides with the Schrodinger equation. In eqs. (1), (2) !W 2 is the 
mass squared operator, mis the mass of the nucleon, V is the nucleon-nucleon potential, 
q is the momentum operator of one of the nucleons in the center of masses system. \Ve 
use system ii = c = l. The quasicoordinate representation corresponds to the realization 
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Figure 1: Qua0ipotentiab. Left: solid line 15 0 potential; long dashed line ccntrnl \S't 
potential; short dashed line central 3 D 1 potential; dotted line tensor 3SD't putcntiaL 
flight: solid line :; l~i potential; loug dashed liue central 3 1'2 potential; short chshed 
line ceutrnl :i [·~ potential; dotted liue temor 3 Pl;~ potential. We extracted the tem;or 
putential as a term multiplied by 8 12 operator only for the c:oupled-channelo 

q , V lu [ 17J we showed that this formalism ean be easily geaernlizwl Lo 
the case of i1icla0Lic chanaeb, particularly it allows lo talw into account the isobar dmnneb 
in NN ~catt(~rit1g. 

This fcrnrnl cuim·idcnc:c allows us to apply onr inversion algorithm, which is based on 
Ute< ~brdF<nko inversion and was prcs(;nt.ed in \Ve applied this algorithm of inversion 
tu r<:comLrucl.iun uf t.lic; nuclcotHmc:leou MP. As input. data for t.!1is reconstruction we used 
Lhc: rno<krn phase :;hift analysis data up to 1200 l'vkV for ism:calar partial waves and up 
Lu 3 C:cV for i0uvcctur partial waves of the nucleon-nucleon system [12]. T'be deuteron 
prupcrties were taken from [l 9]. 

The i-eal parts of the constructed partial potent.ials arc prcsrmtecl in L T:1cy may be 
duwnluaded from in numt:rical form. St:u1drcrcl noL1.tion fm i'cutn-cl 
:md tensor parts is used, so for :i S'1 _:; D1 

\/.,{r) + 2v2, 

The imaginary parLs of potentials me defined as in [l 8] aud they can be easily calcu­
lated from the phase shift analysis data [12]. The phase shifts and rnixiug par;:cmeters an: 
C(lmpan:d wiLh the: ptuLSc shift analy0is data in fig. 2_ These and other our results can 
be dc.nvnluadc-d front wvv'\\'.physic0.khstu.ru. 'rhcn; the results of our deuteron propcrtie:-:; 
calculatiuns arc prnseatcd and the higher partial wave potentials can l;e downlcadcll. 

rr1w ('CillstrucLcd potential describe;-; tlw pha~c-: shift auaiy:-:;is dala up Lo :3 C~e\T and the 
dcittcrun prripcrtic~). i\s ~tn check of onr l\1IP n1odd \Ve calculated the pp aud 
np sc:u:tcring polarization f>(t) 011 the 11101nentnrn-.tr<111sfer value at the en(~rgy _U,.'1110 ~>. l~~ 

Cc\/_ '1'he re2iult:-; of Lhis calculatioll. arc cornparnd \vich the cx.pcrinwnt data ill :). 

\Ve cak:ulart:d the augalar distribution of the; deuteron photodisintegratiun cros:-:;-scctiou by 
uieans of the relativi.c;tic considcratlous forrn 'rhis app:·oach we have used 
~:;uccc:-;:-;fully in our· calculaticJnS of the h<-.:..rd a.ccon1panyi11~ the pp scattering 
l rfhe prelin1i11ary resulto of this calcu1aLioH) vvhich doe::i not i11cludc son1e transition 

amplitudes, art< preseated in 3. 
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Figure :3: Left: Oepeudance of the pp and np scattering polarization P(t) on the momentum 
transfer value at the energy Bia&= 5.1:3 GeV. Right: Angular distribution of the deuteron 
photoclisintcgration cross-section. Data are from [21] 

3. Conclusion 

From our results it: follows that the all known NN scattering chita and deuteron propc~r­
ties are described consistently by relativistic qu;1sipotential optical mode:. in point form 
dynamics with deep attrnctivc forbidden state potential of the Moscow kind. We observe 
separation of the scact:cring phase shifts into two groups: the large S- and P-phase shifts 
which start from 27f or 7f at zero energy and the small shifts which include all the others. 
Our potential model is the fin;t one that covcrn such a wide energy range. Unfortunately 
we carmot confirm the results of [5j, that NN interaction may be described by a spin- and 
parity independent potential. This we believe is true only for low energies, but above ap­
proximately 500 MeV the dynamic structure of the underlying quark-quark interaction can 
be described only by more complex-dependent potential. The one of the reason for this 
is the dependence of the relativistic coordinate Wigner operator on the spin of a particle. 
The MP implies that close nucleons are relativistic so their interaction can be described by 
spin- and parity independent potential only approximately at low enough energies. 

This model now may be used in various nuclear physics calculations. Object of our 
foilowing research will be description of the reaction 2 H +I -> n + p at moderately high 
energies of F., 2: 2 Ge V [22j because unlike lower energies the meson exchange currents 
arc strongly suppressed here (meson elcctroproduction data testify that e.g. the pion cut­
off parameter /\." is 0.6 GcV [23, 24]). Ilenc:c, here the influence of the discussed rndial 
short-range oseillations in S- and ?-partial W<tvcs is expceted to be seen (the pn. final state 
interaction is important, as before). The applicability of our approach to d1is reaction is 
demonstrated by our preliminary results in fig. 3. 
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Abstract 
In this contribution a model for the quark-parton propagating from nuclear medium 
will be presented. Landau-Pomeranchuk-Migdal (LPM) effect was introduced. All 
calculations were performed by Monte Carlo method. The chance of the observing 
of Blokhintsev's fluctons from the generation of more energetic cumulative nucleons 
along with the implication of LPM effect for other physical problem will be discussed. 
Also, the new data from NOMAD detector will be presented. 

1. Introduction 

At present, the semi-inclusive hadron production in Deep Inelastic Scattering (SIDIS) 
of nuclear targets has became a focal point of investigations at the intersection of QCD 
and relativistic heavy ion physics. Its purpose is at least twofold: this reaction should 
help us to understand how a given QCD medium have effect on the non-perturbative 
hadronization mechanizms. In the second place, such a trial also can help to observe 
the attenuation effect or quenching of jets of partcms and its formation time in nuclear 
medium. This is evidently a suggestive issue in the physics of high energy heavy ion 
collisions where the quark-gluon plasma is expected to be produced. In order to investigate 
the possible emergence of guark-gluon plasma, it is necessary to understand the properties 
of ordinary multiparticle productions mechanisms in more simple conditions than in the 
relativistic collisions of heavy ions. 

In addition, the question of fundamental importance in QCD is the fragmentation and 
hadronization-mechanism which converts quark and gluon quanta into integrally-charged 
final state hadrons. Hadronization is a large distance process for which we only have 
models at present. According to the parton model, a. high energy lepton interacts with a. 
nucleon transferred a considerable amount of the momentum to one of the quarks of the 
nucleon. As a. result, lepton-nucleon scattering allows us to investigate the hadronization 
of quark-diquark jets (or strings) in vacuum. For lepton-nucleus scattering these jets 
may interact with spectator nucleons. In other words lepton-nucleus scattering provides 
a nontrivial possibility to analyze space-time evolution of jets inside a nuclear matter. In 
contrast with hadroprodaction, intranuclear cascading can be studied without complicate 
effects of projectile rescattering or interactions of projectile constituent. Another feature 
of the lepton-nucleus interaction is the fact that, due to the extraordinary small lepton­
nucleon cross-section, the interaction can practkally take place anywhere in the nucleus. 
As a consequence all the nucleons participate il1 the scattering. The last few yea.rs have 
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witnessed a great revival of interest in SIDIS (see, e.g., recent HERMES, NOMAD, and 
other studies [1-7]). 

2. The model 
We developed a cascade model of multiproduction of neutrino-nuclei interaction. The 
model describes a branching process of the evolution of parton's jet (up to hadronization) 
in the atomic nucleus. We assume that the interaction between incident an lepton and 
a target nucleus takes place in a lepton-nucleon interaction. The nucleus is excited by a 
series of collisions between secondaries (produced in the first lepton-nucleon interaction) 
and the intranuclear nucleons. This process continues until all secondaries escape target 
nucleus. A part of the energy is spread through the nucleus to produce a fully-equilibrated 
nucleus which then decays statistically. The process of generation of particles is simulated 
by the Monte Carlo (MC) method. The characteristics of the partons from neutrino­
nucleon interaction and of the produced particles with nucleons in nucleus are taken 
from experiments with free nucleons. (The parton spectra is assumed to be the same as 
hadronic one. That approach is based on the concept of "Local Parton Hadron Duality".) 

The space-time characteristics of lepton-nucleon interactions inside the target nucleus 
were taken into consideration. The space-time characteristics of lepton-nucleon interac­
tions inside the target nucleus were taken into consideration. The cross section for the 
next collision of a secondary particle with a nucleon inside the nucleus is given by 

(1) 

where T is the time from the moment of production of this particle in the previous collision 
and f7~ij is the experimentally determined total interaction cross section of a hadron with 
a nucleon in nucleus at the energy of the secondary particle produced. Thus, only after 
a time T does the cross section of intranuclear interaction reach the value f7~jj-hadronic 
LPM effect [8-12]. The parameter To is a certain characteristic corresponding to the 
formation time of the secondary generated hadron. 

During the evolution to physical hadrons the produced particle will dissipate with 
reduced cross sections. For a collision inside nuclear medium this means that during their 
formation time the produced hadrons travel with a lower scattering probability. Therefore, 
the formation time plays an suggestive role in the dynamics of nuclear multiproduction: 
relativistic heavy ion collisions, hadron induced reactions etc. .;.From the analysis of 
SIDIS, the formation length parameter L1 ( in the system of a moving parton) was found 
to be ~ 0.5fm [6] .. So, at a finite value of L1, secondary particles-pions-are formed in 
nucleus not instantly but after a time. For the probability of Blokhintsev's fluctons in a 
nucleus we adopt original expression 

(2) 

obtained in the framework of simple idea of nucleons clustering in nuclei (see, e.g., [6] and 
references therein). 
Here "\!{ ,..._, ~1rr~ , Vo ,..._, ~1rr~ and parameters r, = 0.75f m, r0 = 1.2/ m. 
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3. Results 

Figure demonstrates the spectrum of protons emitted backwards, with respect to the 
beam direction, which have energies not allowed by the kinematics of collisions on a free 
and stationary nucleon. The dashed curve (with big slope) manifests the of proton with 
P 2 

::; 0.2(GeV/c) 2
). The mechanism of such slow proton production is a process of the 

evaporation of the residual nuclei excited in the stage of the propagation of jets in the 
nuclei. It is worth to remark that in our approach the evolution of quark-gluon jets in 
nuclei in the framework of our model is accompanied by a nucleon emission at backward 
angles and momentum ::'.:'. 300 Me V / c (cumulative nucleons). 
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Figure 1: Backward protons momentum distribution 

The spectrum of such protons is depicted by the right part of the dash curve on Figure 
(with smaller slope than the left one). In our model the underlying mechanism responsible 
for energetic protons production was the ordinary quasideuteron intranuclear absorption 
process. Such Cumulative Protons( CP) were observed in deep inelastic charged-current 
neutrino-emulsion interactions [12-18]. The experimental multiplicity of CP 0.33±0.07 
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are in good agreement with the calculated one equal to 0.29 [6]. The effect of intranuclear 
absorption of particles (pions) by intranuclear 'deuterons' is well known in the theory of 
nuclear reactions at intermediate energy. This process is essential only for the slow pions 
(of energy:::; lGeV). At high energy beams this effect makes all only some percents. As 
a result, the existing experimental data on CP from SIDIS of neutrino on nuclei can be 
interpreted, see solid line on Figure. 

Further more, we insert the four nucleons fluctons in our model, through formula (2) 
to explore the chance to catch more energetic nucleons (that it is observed in the recent 
experiment [2,3]). In such a way, we predicted the production of more energetic nucleons 
(see dot line on Figure). This forecast can be tested in the new class of experiment 
with much more statistics. In addition, our estimation of zone formation is in agreement 
with the other finding for different particle-nucleus reactions (see [19] and references 
therein). In conclusion, effect of the formation of particle is essential in many high energy 
phenomenon, e.g., in the study of signatures for QGP formation: "jet quenching", the 
structure of anomalous J/'lj; suppression in nuclear collisions, etc [20,21]. 
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Abstract 
It is supposed that constituent quarks are confined objects. We derive Dirac and 
Maxwell equations for these quasiparticles from the condition that translation in­
variance is broken. It is found that the modified electrostatic potential has exactly a 
form of the well-known strong (QCD) potential. Thus, it is shown that confinement 
may cause modification of physical laws and the QCD potential can be considered 
as a new evidence of constituent quarks inside the proton. 

1. Introduction 

The discovery of hadron mass spectra has led to the introduction of fruitful concept of 
quarks [l] which are currently referred to as constituent quarks. A rigorous derivation of 
the constituent quarks from QCD is lacking, but constituent quarks are commonly believed 
to be quasiparticles emerging from the dressing valence quarks with gluons and quark­
antiquark pairs. The idea to use constituent quarks as an intermediate step between the 
current quarks (i.e. fundamental degrees of freedom of the QCD Lagrangian) and hadrons 
was put forward and developed in [2]. In this model any hadron contains a finite number 
of constituent quarks. Here we formulate electrodynamics of the constituent quarks under 
conjecture that they are confined inside hadron and hence the translation invariance is 
broken. On this ground we derive Dirac and Maxwell equations for constituent quarks 
combining physical, geometrical, and group theoretical methods. We found that the 
modified electroctatic potential actually coincides with the well-known strong (QCD) 
potential. Because there is direct evidence supporting the strong potential [3], one can 
conclude that experiments at the CERN pjJ collider can be interpreted in the framework 
of the model in question as evidence of constituent quarks inside the proton. 

To break translation invariance, we use the Kaluza-Klein idea about additional dimen­
sion of space and introduce the five-dimensional Minkowski spacetime Mf 4 with Cartesian 
coordinates xi ( i = 0, 1, 2, 3, 4) and metrics ' 

where as usually x0 =ct, x1 = x, x 2 = y, x 3 = z, x 4 = u. Note that the four-dimensional 
Minkowski spacetime M(,3 may be considered as a plane x4 = 0 in Mf,4. The translation 
invariance is broken by the relativistic invariant constraint 

(1) 
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where a is the constant of the model which can be considered as some characteristic length 
connected with confinement and constituent quarks. Thus, the spacetime manifold for 
constituent quarks is outlined. The paper is organized as follows. The Dirac equation 
for the wave function of the constituent quark is derived and eigenvalues of the Dirac 
Hamiltonian are found in Sec.2. The Maxwell equations are formulated and Coulomb law 
is established in Sec.3. Our conclusions are summarized in Sec.4. 

2. The Dirac equation of constituent quark 

We will use the scalar product (X, Y) = 7];jUiVi for any vector fields X 
Y = Vio; in the five-dimensional Minkowski spacetime. The vector fields 

P; = o~ak: Mij = (x;oJ - xjonak, 

where x; = 7J;jxi, are generators of the Poincare group of the five-dimensional Minkowski 
spacetime. All vector fields M;j are orthogonal to the radius-vector R = xkoki but this 
is not the case for the vector fields P; (translations). Representing P; as the sum of 
the component aligned with the direction of the radius vector R and the component 
orthogonal to this direction, we obtain the vector fields 

1 k 1 k 
M; = aP; + -(R, P;)R =(ab; + -x;x )Bk, 

a a 

which are tangent to surface (1), because from (1) it follows that (R, M;) = 0 at each 
point. The vector fields M; and M;i are generators of the group of spacetime symmetry 
of the model because we have 

(2) 

and constraint (1) is invariant with respect to the action of these operators. Let us now 
introduce the operators (vector fields) 

It is straightforward to see that the vector fields X 0 , X 1 , X 2, and X 3 are continuous 
and do not vanish at any point of the spacetime manifold. Because (Xa, Xb) = O for 
a =J b, a, b = 0, 1, 2, 3 and 

(Xo, Xo) = -(Xi, X1) = -(X2, X2) = -(X3, X3) = a2 + x6, 
the vector fields Xo, X 1, X 2, and X 3 are linearly independent at each point of the 
spacetime manifold. Thus, it is shown that the spacetime background of the model has 
a spinor structure. It should be noted that this is the feature of constraint (1) only and 
hence the spacetime sector of the model actually is unique. 

i,From (2), it follows that 

[Xo, Xµ] = 0, [Xµ, X,,] = 2eµv>..X:>., µ, v, .A= 1, 2, 3, 

where e1w:>. is the completely antisymmetric Levi-Civita symbol specified by the equality 
e123 = 1. In this way, we have proven that the our model admits a simply transitive group 
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of transformations whose generators are given by (3) and which has only the following 
nonzero structure constants: 

fi3 = fi1 = f{2 = 2. (4) 

In our case, this group plays the role of the group of translation in familiar Minkowski 
spacetime. 

In accordance with the original Dirac equation and consideration given above, we write 
the Dirac equation for the constituent quarks in the following form: 

"(cPc'lj; = µ'lj;, (5) 

where 

Here q is the charge of a particle, and Ac are the components of the vector potential of 
the electromagnetic field in the basis Xa. In equation (5) 

µ = mca/1i, 

since operators (3) are dimensionless. 
In general, [Xa, Xb] = f~bXc and hence 

where 

[Pa, HJ = f~bPc + i1iqa Fab, 
ic 

(6) 

are the components of the strength tensor of the electromagnetic field in the basis Xa, 
whereas ftc are given by ( 4). 

To have a more concrete representation about quantum mechanics of constituent 
quarks, it is important to derive eigenvalues E of the Dirac Hamiltonian of the free 
particle. Squaring equation (5) and using (4), we obtain the following equation for E: 

c21i2 
E2'1j; = m2c4'1j; - -2 (6 + P)'lj;, 

a 

where P = 2:: 1\7 1 +2::2 \72 + 2::3 \73 and 2::1, = ~e1w>."fv"f'\_ Since 6 + P = -P(P + 1), where 
6 is the Laplacian on a three-dimensional sphere, then 

c21i2 
E2 = m2c4 + p(p + 1)-, 

a2 

where p is an eigenvalues of the operator P. It can be shown that p = ±3, ±4, .... For the 
energy, we then have 

(7) 

where n = 2, 3, ... and >. = 1i/mc. Formula (7) gives the quantum-mechanical value of 
the energy of the free constituent quark. Consider it in more detail. At large a, the 
moment of inertia I = ma2 is also large, so that the angular velocity is small. Therefore, 
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the nonrelativistic limit can be found from the condition a » >.. In this limit it follows 
from (7) that E = mc2 + £ 2/2/, where £ 2 = n(n + l)n,2 and I= ma2• The last relation 
corresponds to the formula E = mc2 + P 2 /2m for the kinetic energy of the free particles in 
the limit v » c. We can also see that in the model, separation of the energy of a particle 
into the internal and kinetic parts has no strict meaning as it is evident from relation (7), 
E -+ mc2 only when a -+ oo or I -+ oo. 

3. On the Coulomb law for the constituent quarks 

When the wave equation is established it is not difficult to derive the equations of elec­
tromagnetic field and then to find electrostatic potential as a solution of the Maxwell 
equations. 

The Jacobi identity [Pa[Pb, Pc]]+ [Pb[ Pc, Pa)] + [Pc[Pa, Pb]] = 0 results in the first four 
Maxwell equations 

(8) 

where fb'c take the values ( 4) and fab = ~eabcd F cd, where eabcd are components of the anti­
symmetric Levi-Civita unit tensor in the basis Xa. In view of the known dual symmetry 
of the Maxwell equations, from (8) it follows that the remaining Maxwell equations are 
of the form 

(9) 

where l are components of the current vector in the basis Xa. 
Now we write the Maxwell equations for the constituent quarks in the three-dimensional 

vector form. Before doing so it is useful to introduce an intrinsic coordinate system in the 
spacetime manifold of the model in question, which is defined by the vector field X 0 . In 
accordance with the definition of X 0 , we have the following system of ordinary differential 
equations for integral curvatures of this vector field: 

dxm 
-- = x0xm/a2

, m 1 2 3 4 
CdT = ' ' ' . 

Under the condition x0 (0) = 0, we have the solution in the following form: 

CT 
x0 =a tan-, 

a 

aum xm ____ _ 
- cos(cT/a)' 

where um, m = 1, 2, 3, 4 are constants of integration. It is easy to see that the intrinsic 
time variable T and parameters um define the intrinsic coordinate system of the model. 
In this coordinate system we have for the operator X 0 

a a 
Xo=--. 

COT 

To write the Maxwell equations for E and H, we put as usual 

ja = (cp,3), Aa = (cp, -A), 

92 



Eµ = Foµ, 

Then from (6) we obtain 

µ,v,.\ = 1,2,3. 

E =-~~A.- V'ip :H = rotA. = v x A.- 2A., 
c8T ' 

whereV'=(V'Ii V'2 , V'3 ), Y'µ=Xµ, µ=1,2,3. 

(10) 

Considering that div A= L:~=l V' µAµ, we can recast the Maxwell equations (8) and 
(9) into the familiar vector form 

a a - - ----H = rotE divH = 0, 
C8T 1 

- a a - 47ra-
rotH = --E+-j, 

c8T C 
divE = 47rap. (11) 

Let us now consider the Coulomb law for the particles in question. The electrostatic 
potential can be derived as a solution of the equations of electrostatics, which is invariant 
under the group of Euclidean motions, including rotations and translations. In the case 
being considered, we seek a Coulomb potential in an analogous manner. From (10) and 
(11), it follows that for an electrostatic field divE = 47rap, E = -\i'<p, and consequently, 
<p obeys the Poisson equation 

!::::.ip = -47ra2p. (12) 

As it is well known, the electron Coulomb potential 

e 
(Pe(r) = -

r 

is the fundamental solution to the Laplace equation!::::.¢= div grad¢= 0. In the frame­
work of our consideration the Coulomb potential for the charge particle can be derived 
as follows. Consider the stereographic projection 8 3 from point (0,0,0,-a) onto the ball 
r2 = x2 + y2 + 2 2 ::; a2 : 

x1 = f x, x 2 = fy, x3 = f z, x4 = a(l - f), 

where f = 2a2 / ( a2 + r 2). Then, it follows that the element of length on the three­
dimensional sphere can be represented in the form 

and hence the Laplace equation on 8 3 can be written as follows: 

!::::.¢ = r 3div(fgrad 1>) = 0. 

We seek the solution to this equation that is invariant under the transformation of 
the group 80(3). This subgroup of the 80(4) group is determined by fixing the point 
(0, 0, 0, -a). Let us put 

7f; = f~ d1>_ 
r dr 

Since 

93 



then r 31/J = c1 = constant. Thus, we have 

def> a2 + r2 1 1 
-d = C1 -2 2 2 = C1 ( -2 2 + -2 2) 

T a T T a 

and hence 
(13) 

Now we have the electrostatic potentials ef>e outside the ball r 2 = x2 + y2 + z2 :S a2 

and electrostatic potential (13) inside the ball. We should demand that the electrostatic 
potential is a continuous function and hence put ef>e(a) = c/>g(a), so that c2 = e/a and the 
Coulomb potential for constituent quarks can be represented as follows: 

1 T e 
c/>q(r) = q(2r - 2a2 ) + ~' (14) 

where q is the charge of particle. 
It should be noted that our expression (14) coincides with the so called 

strong potential (3] 
4as v;, = --- + kr 
3 T 

( which is in agreement with experiment) and hence exhibits clearly its elec­
trodynamic nature. We also see that the boundary condition ef>e(a) = c/>g(a) 
does not fix the charge q of constituent quark (leaving it as a free parameter) 
and hence our model does not contradict the standard QCD nomenclature. 

For possible applications it is useful to put together the Hamiltonian for the electron 
and for the constituent quark. The electron Hamiltonian has as usual the following form: 

where Pe= ilf\1. For the constituent quark we have 

where 
iii a2 - r 2 r 

Pg= -(r x \7 + --\7 + -(r, \7)). 
a 2a a 

Here, 

P = iliX X = (X1,X2,X3) 
q a ' 

and Xi, X 2 , X 3 are expressed through the stereographic coordinates. 

4. Conclusion 

If the model of quarks is consistent with QCD, then we need to recognize that constituent 
quarks exist inside hadron, which is especially emphasized in the two-stage model of 
hadron structure [3). In these frameworks the electrodynamics of constituent quarks 
can be formulated both naturally and uniquely. Then it can be shown that the modified 
Coulomb potential coincides with the QCD potential. Hence the so-called strong potential 
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has an electrodynamic nature and it is not reason for confinement but it is a consequence. 
The reason for confinement may be connected with the derivation from QCD Lagrangian 
of interactions that are expressed in a geometrical form by the constraint (1). Here 
the method of background field in a gauge theory may be very important [4] (monopole 
solution as background). Since it is shown that confinement leads to the modification of 
the physical laws in the region of confinement, a new possibility opens in the problem of 
confinement. 
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Abstract 
We are discussing the influence of the complex structure of the QCD vacuum on the 
properties of the exotic multiquark states, specially the possibility for the existence 
of a deeply bound pentaquark. We show that the specific spin-flavor properties of 
the instanton induced interaction between the quarks leads to the existence of light 
tri- and di-quark clusters inside the pentaquark. This strong quark correlations 
might be behind the anomalous properties of the pentaquark. 

1. Introduction 

The status of the exotic e+ baryon still very controversial both in theory and experiment 
(see reviews [l] and [2]). The instantons, strong fluctuations of gluon fields in the vacuum, 
play a crucial role in the realization of spontaneous chiral symmetry breaking in Quantum 
Chromodynamics and in the effective description of the spectroscopy for conventional 
hadrons. The instantons induce the 't Hooft interaction between the quarks which has 
strong flavor and spin dependence, a behavior which explains many features observed 
in the hadron spectrum and in hadronic reactions (see reviews [3, 4, 5) and references 
therein). 

In a recent papers [6], we have suggested a triquark-diquark model for the pentaquark 
based on instanton induced interaction. This interaction produces a strong attraction in 
flavor antisymmetric states. As a result of this dynamics quasi-bound light ud and uds­
states can be formed. Furthermore the instanton induced interaction governs the dynamics 
between quarks at intermediate distances, i.e. r ~ Pc ~ 0.3 fm, where Pc is the average 
instanton size in the QCD vacuum. This scale is much smaller than the confinement size 
R ~ 1 fm and therefore it favors that the clusters inside the large confinement region 
exist. 

2. Pentaquark structure in a constituent quark model 
with an instanton induced interaction 

The most important instanton induced interaction in quark systems is the multiquark 
't Hooft interaction, which arises from the quark zero modes in the instanton field (see 
Fig. I). 
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Figure 1: The instanton induced a) three-quark v.ds interaction and b) two-quark ud, us, 
ds interactions. In the figure I denotes the instanton, i, j = u, d, s, i # j 

For Nt = 3 (Fig. la) and Ne= 3 this interaction is given by [7]: 

L~Jt = j dp n(p){. II ( mf" P -
4
; p3iJ;RqiL) 

i=u,d,s 

3 (4 2 3) 2[(·a·a 3 ·a ·a )( cur 4 2 3- ) + 32 37!' P Jv.Jd - 4/uµvJdµv ms P - 37!' P qsRqsL 

+~ (~7r2p3)
2 

dabcja jb f +perm.] + -2__ (~7r2p3)
3 

dabcjaljc 40 3 UJW dµv S 320 3 U d S 

irbc (4 2 3)3 
·a ·b ·c } + 256 37!' p JuµvJdv>.Js>.µ + (R <----+ L) ' (1) 

where, mf'r is the quark current mass, qR,L = (1 ± /s)q(x)/2, jf = iJiR>.aq;L, jfµv = 
iJiRO'µvAaq;L, pis the instanton size and n(p) is the density of instantons. 

One can obtain an effective two-quark interaction induced by instantons from the 
three-quark interaction (1) by connecting two quark legs through the quark condensate 
(Fig. lb). In the limit of small instanton size one obtains simpler formulas for effective 
two- and three-body point-like interactions [8, 9, 10]: 

and 

(3) ( ) 
1-{eff r 

-V2 :L-1-. iJ;R(r)q;L(r)q1R(r)q1L(r) [1 + 3
3

2 (>.~>.:J +perm.) 
i;fj m,m1 

+ ;
2 

(d;, · O'd>.~>.:J +perm.)] + (R <----+ L ), 

-Vi . II qiR(r )q;L(r) [ 1 + ;
2 
(>.~>.d +perm.) 

t=u,d,s 

+ ;2(0':. O'd)..~)..d +perm.) - 3~0dabc>.a>.b>.<(l - 3(0'-;,. O'd +perm.)) 

(2) 

_ g~:c )..a)..b)..c(O': X O'd). (}'-;,] + (R <----+ L), (3) 

where m; = mf'r +m* is the effective quark mass in the instanton liquid. These forms are 
suitable for calculating the instanton induced contributions within a constituent quark 
picture. 
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In addition to the instanton interaction, we will take into account the perturbative 
one-gluon hyperfine interaction 

(4) 

between quarks. 
We use the following mass formula for the colorless ground hadronic states and color 

triquark and diquark states 

(5) 

where Ni is number of the quarks with flavor i in the state. In Eq. (5) 

~ b OGE EocE < hlVocElh >= - L. --Mi.i , 
i>j mimj 

E12 = < hlVnlh >= - 2:::-a-M{J , 
i#imimj 

(6) 

and £ 13 are the matrix elements of the OGE and two- and three-body instanton interac­
tions, respectively. 

After fit of the baryon and vector meson masses we have got the following values for 
the parameters [6] 

263 MeV, ms = 407 MeV, E{; = 214 MeV, 

429 MeV, a= 0.0039 GeV3
, b = 0.00025 GeV3

. (7) 

Now we estimate the mass of e+ ·ududs in the model with instanton induced corre­
lations between the quarks. One of the peculiarities of the instanton induced interaction 
is its strong flavor dependence, i.e., it is not vanishing only for the interaction among 
quarks of different flavor. For the ud diquark system the strong instanton attraction is 
possible only in the isospin I = 0 channel. Thus, preferably the configuration in the udud 
subsystem will be two separated isoscalar ud diquarks. The remaining antiquark s can 
join one of the diquarks to create a triquark uds configuration in the instanton field. In 
this triquark state all quarks have different flavors, therefore the instanton interaction is 
expected to be maximal. Another peculiarity of the instanton interaction is that it is 
maximal in the system with the minimal spin. Thus, a pentaquark configuration with 
S = 1/2 uds triquark and ud S = 0 diquark should be preferable. Therefore our final 
triquark-diquark picture for the pentaquark with instanton forces between quarks arises 
as shown in Fig. 2a, where the triquark is a quasi-bound state in the field of the instanton 
(anti-instanton) and the diquark is a quasi-bound state in the anti-instanton (instanton) 
field. To avoid the coalescence of the triquark-diquark state into single ududs cluster 
configuration, where the instanton interaction is expected to be much weaker, due to the 
Pauli principle for the same flavor quarks in instanton field, we assume a non-zero orbital 
momentum L = 1 in the triquark-diquark system. The centrifugal barrier protects the 
clusters from getting close and prohibits the formation of the much less bound five quark 
cluster. 
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It should be mentioned, that, from our point of view, the possibility of a pentaquark 
configuration formed by two ud-diquark clusters and a single antiquark s, shown in 
(Fig. 2b), as implied by the Jaffe-Wilczek [11] and the Shuryak-Zahed [12] models, is 
suppressed by extra powers of the instanton density, f = neff1r2p~ ~ 1/10 in the instan­
ton model as compared with the triquark-diquark configuration of Fig. 2a. 

('?\ ,v, 
W

I\\\ 

I 

~-CU 
a) b) 

Figure 2: (a) Our instanton model for the pentaquark, (b) is the instanton picture for JW 
and SZ models. I (A) denotes instanton (anti-instanton) configurations. Dashed lines 
indicate gluon lines. 

According to the Pauli statistics in the uds I = 0 triquark state the ud diquark can be 
in S = 0 spin and 3c color state (A state) or in S = 1, 6c color state (B state). In KL [13] 
only B has been considered. In fact, there is a strong mixing between the two states due 
to both the one-gluon and the instanton interactions, and one cannot neglect either. 

Finally we have for the ud-diquark and the uds-triquark states the following masses 
(see for detailes [6]) 

• diquark: Md;= 442 MeV, Modi= 740 MeV, 

6.MocE = -24 MeV, 6.Mn = -274 MeV; 

• triquark A: Mtri = 955 Mev, Motri = 1362 MeV, 

6.MocE = -40 MeV, 6.Mn = -407 MeV, 6.M13 = 40 MeV; 

• triquark B: Mtri = 859 MeV, Motri = 1362 MeV, 

6.MocE = -50 MeV, 6.Mn = -513 MeV, 6.M13 = 60 MeV; 

•off - diagonal AB: 6.MocE = 32 MeV, 6.Mn = 164 MeV, 

6.MI3 = -49 Me V, (8) 

where M0 is the mass of the state without the one-gluon and instanton contributions. 
From (8) it follows that the two-body instanton interaction gives a very large and negative 
contribution to the masses for all diquark and triquark states. At the same time, the one­
gluon contribution is rather small. After diagonalization of the mass matrix for the A · 
and B states, we obtain for the two mixed triquark states 

Mi[giht = 753 MeV and M,~:~vy = 1061 MeV. (9) 
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The mass of light triquark cluster is smaller than the sum of the masses of the K meson 
and the constituent u and d quarks. Therefore, the pentaquark cannot dissociate to 
the Ku( d) system. Thus, the e+, as a system of light triquark and diquark clusters, 
can decay only by rearrangement of the quarks between these clusters. However, this 
rearrangement is suppressed by the orbital momentum L = 1 barrier between the clusters. 
As a consequence, the centrifugal barrier, provides the mechanism for a very small width 
in the case of the e+. 

Let us estimate the total mass of e+ if built as a system of a triquark cluster with 
mass 753 MeV, a diquark cluster with mass 442 MeV bound together in relative L = 1 
orbital momentum state. The reduced mass for such triquark-diquark system is M;;~-di = 
279 Me V. This mass is approximately equal to the "effective" reduced mass of the strange 
quarks in the <I> meson, M;~d ~ Mif>/4 = 255 MeV. For two strange quarks, the L = 1 
energy of orbital excitation, can be estimated from the experimental mass shift between 
<I> meson and the L = 1 f 1(1420) state 

!:,.E(L = 1) ~ Mfi(I420J - Mif> = 400 MeV. (10) 

By neglecting the small difference between the reduced mass in the strange-anti-strange 
quark system and the triquatk-diquark system, we estimate the mass of the light pen­
taquark in our model as 

Me+ = Mz~:ht +Md;+ /:,.E(L = 1) ~ 1595 MeV, (11) 

which is close to the data. 

3. Conclusion 

We have suggested in papers [6], as reported here, a triquark-diquark model for the 
pentaquark based on instanton induced interaction. It is shown, within the constituent 
quark model, that this strong interaction leads to the very light uds triquark and ud 
diquark color states. In order to check our suggestion we have done a sum rule calculation 
which 'mcorporates the direct instanton effects [16]. We have shown that instantons lead 
to a large stability for the correlator of the color triquark current as a function of the 
Borel parameter. We observe the formation of two negative parity uds states with spin 
one-half and isospin zero. These triquark states might be behind of the unusual properties 
of the observed pentaquark state presented here as in [6]. 
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Abstract 
The relation between the ratio r ee ( 1f/ )/r ee (JI 'lj;) and r 2ry ( 17~) ;r 2ry ( 7/c), expressed in 
terms of the configuration mixing amplitudes, induced by the contact spin-spin 
interaction of quarks in the ground and radial excitation states, is shown to give, 
after inclusion of the newly derived relativistic corrections, the radiative 17~- and 
17c-width ratio in fair accord with recent experiments. The dynamical model is also 
proposed to derive the ratio of relative probability of the ground (7Jc(2980))- and 
first radial excitation (77~(3640))-state formation in 'Y'Y-collisions followed by their 
decay into the k J{ 7r and pj5 channels. 

1. Two-photon decays of heavy quarkonia provide valuable information on heavy 
quark dynamics and have been under consideration in recent experimental [l, 2, 3, 4, 5, 6, 
7, 8, 9] and theoretical [12, 13, 14, 15, 16, 17, 18] studies. It seems reasonable to assume, 
at least as a first approximation, that there is no mixing between light and heavy quark 
sectors, and that one can consider the needed transition amplitudes separately for mesons 
constructed of the u-,d-, s-, and heavy c- and b-quarks. 

In this work, we concentrate on the charmed quark sector and our main concern in 
this problem will be the question of the degree of model (in)depen-
dence of the S-wave QQ annihilation rates, or their ratios, with respect to the role of 
short-range spin-dependent forces. This is an important theoretical question because 
in many approximate relativistic approaches to description of the annihilation of bound 
antiquark-quark S-wave states that are subjected to strong short-range interactions one 
needs to introduce the cut-off procedures to get rid of singular behaviour of matrix ele­
ments considered, the cut-off parameters or the "smearing" procedures being introduced 
basically on the phenomenological grounds. 

2. We start with just postulating for mass operator of the heavy quark (Q = c, b),S­
wave systems the simplest spin-dependent matrix 

(1) 

and write down a simple perturbation theory expressions to have the estimation for the 
mutual change of the ground and first radial excited states due to switching on the contact 
spin-spin potential 

(2) 
m 
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where \i) = 'I/;; and Ef0l are the wave functions and energies of the unperturbed hamil­
tonian and V is the perturbation potential that we identify with the contact spin-spin 
interaction of quarks. 

Applying Eq.(2) successively to Wns(J), where n = 1, 2- the quantum numbers of the 
S-wave radial excitations of the cc- quarkonia with the spin J = 0, 1, using the specific (i.e. 
proportional the o-function) form of the perturbation potential) and keeping everywhere 
the terms of the first order in O(V) we get the relations 

(3) 

where s~; J = 0, 1 is the sum of terms of the order O(V) entering the denominator and 
numerator of (3). Using the evident relation vJ=O = -3VJ=l we obtain 

J=o I J=l I W2s(0)
2 

R2s;1s hfs + 3 · R2s;1s hfs '.:::'. 4 · Wis(0)2' (4) 

We make an estimation for the ratio f(71~--+ 11)/f(11c--+ 11) on the basis of experimental 
data of leptonic charmonium decays, approximate validity of lowest order perturbation 
theory for the color-hyperfine splitting interaction as well as on newly obtained form of 
the relativistic corrections to the considered decays. 

We remind first the known results [10, 11] for lowest order QCD corrections: 

(5) 

where ll'.5 should be evaluated at the charm scale [16]. 
In certain chosen ratios, such as 

(6) 

the ratios of Wns(O)'s are cancelled and also the QCD radiative corrections are assumed 
to be mutually compensated not only in the next-to-leading order (NLO), but also in the 
higher orders of the perturbation theory, which, as seen from refs.[15, 19, 20], are not neg­
ligible. We assume further on, that each type of studied corrections can be approximately 
represented in factorized form 

w;8(0) = 1Wns(O)l2(1 + oJ(rad) + o;s(rel) + o;s(hfs)) '.:::'. 

'.:::'. \'1/;ns(O)l2(1 +OJ (rad))(l + o~8 (rel))(l + o~8(hf s)) (7) ' 

That means that 1 +oJ (rad) factor coincides, in the lowest order radiative correction with 
l+(aJ /7r)a.(mc) where (aJ=l = -5.34) and (aJ=O = -3.38), and it is seen to be cancelled, 
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together with higher order terms, also in both the leptonic (RfS;\s) and 2-photon (R~s;~s) 
"single ratios" . 

The notation o/,8 (hf s) refers to the correction factor due to the spin-spin potential­
induced factors in ( 4) and this type of corrections is not cancelled in the double ratio (6) 
unlike the mentioned linear combination of the "single ratios" ( 4). 

The relativistic correction factor 1 + o/.s(rel) is defined in the following manner. The 
static approximation for both fee and f-y-y, resulting in their proportionality to the respec­
tive wave function value" at origin", '1/Jns(O), follows from neglecting of the dependence of 
the bound quark annihilation amplitudes on their internal motion momenta 

(8) 

We have found that the adequacy of appearance the '1/Jns(O) with the relativistic correction 
factor 1 + o/.s(rel) in the non-static annihilation amplitudes with their dependence on the 
internal quark momenta taken into account can be inferred from the explicit form of newly 
defined averages 

J J=O( m~j d
3
p ()Ens (Ens+P)/j d

3
p () 21 + Ons rel)'.::::'.~ (2 )3</Jns P -log -- (2 )3</Jns P , 

Ens 7r P Ens - P 7r 
(9) 

J J=l . (j d
3
p ( ) Ens - me))/ j d

3
p ( ) 

1 + Ons (rel)'.::::'. (27r) 3 </Jns P (1 - 3Ens (27r) 3 </Jns P , (10) 

where <f>ns(P) is the nS-state wave function in the momentum representation, and Ens is 
the quark energy in the nS-state. The momentum-dependent factors of the ( cc)ns -+ 

e+e-(-yy) amplitudes are given, e.g., in [17], but instead of taking E(p) = (m~ + p2 ) 112 we 
prefer to define the continuation of the cc -annihilation amplitudes to the bound state 
kinematics following the so-called "on-energy-shell / off-mass-shell" prescription when 
E(p) -+ Ens = mns/2 is now remains independent of the internal motion momentum 
I.Pl while being averaged with wave functions <f>ns(P) in (10). This picture of a bound 
state dynamics underlies the appearance of the relativistic Schrodinger-type wave equa­
tions, such as the quasipotential equation suggested by Todorov [23] or different variants 
thereof, e.g., (24]. In this prescription, the relativistic correction factor for the electron­
positron annihilation of vector charmonia is especially simple because there is no ad­
ditional momentum-dependent factors in the integrand, while the o/,5°(rel) is derived 
directly from the relation 

2 d3 d3 
2[l + oJ=O( l)jl/2 = me (j-P_,.1. ( )Ens l (Ens+ P)/(j-P_,.1. (p)) 

nS re 2 (2 )3'f'nS P og (2 )3'f'nS Ens 7r P Ens - P 7r 

m2 koo = 2-c dr'1/Jns(r)sin(Ensr)/'1/Jns(O) 
Ens o 

(11) 

m~ [ ( ) 1 ., J '.::::'. 2-2 • '1/Jns 0 - - 2 '1/Jns(O) + · · · Nns(O), 
Ens "ns 

(12) 

where masses mns correspond to masses calculated without spin-dependent corrections: 
m1s '.::::'. (3m1;w + m'flJ/4, m2s '.::::'. (3m.p' + m'fl)/4. 

Keeping only the first term in asymptotic series for the Fourier integral (12), we obtain, 
in the accord with the Riemann-Lebesgue lemma, the simple approximate relation 

m2 
[1 + 0~5°(rel)] 1!2 '.::::'. -T- (13) 

Ens 
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demonstrating more strong dependence on the relativistic corrections of the two-photon 
decay amplitude as compared with the leptonic one 

[l + 5J=l(rel)]1f2 = 1 - Ens - me. 
nS 3Ens 

(14) 

Besides the relativistic corrections to be taken explicitly, we have observed a signifi­
cant contribution to our relation for ratios (6) due to inclusion of the short-ranged spin­
dependent interaction which modifies the vector and pseudoscalar wave functions "at 
zero" quite asymmetrically. However, for the linear combination (4) of two ratios the 
"hyperfine" corrections are compensated up to terms of the order O(V2). 

Collecting now all found corrections we get the resulting relation between the widths 
of the lowest lying states of charmonia 

q; (m7)~m~s)2 + 3 rt~ ( m'lj;'m2s(m1s +me) )2 = 4('1j125(0»2 
n; m'lcmis rfL'lj; m1Nm1s(m2s +me) 'ljl1s(O) ' 

from where it follows 

' f'lc 

r~; = 0.21 ± 0.06, 
TY 

(15) 

(16) 

if we take ('ljl25(0)N1s(0))2 = 0.653 and me= 1.48 GeV according to [21, 22], q;, masses 
and leptonic widths from [l]. A rather large uncertainty of the ratio obtained is largely due 
to experimental errors of the measured leptonic widths. It should be noted, that unlike 
the very 'ljlns(O)'s their calculated ratios are much less model-dependent . In particu­
lar, the ratio entering (15) calculated with the Cornell (i.e., the "linear+Coulomb") type 
potential is close to ratio calculated with the "running" a8 (r), that make the one-gluon­
exchange potential softer at small distances, although the very 'ljl1s(O)'s are differing about 
two times from each other [22]. We believe that mild smearing or regularization of the 
short-ranged quark interactions providing formal finiteness of the 'ljlns(O)'s, following from 
the relativistic equations, will also leave their ratios relatively intact. Besides the rela­
tivistic corrections to the cc -quark annihilation amplitudes, one should take in view the 
relativistic corrections to the 'lj!ns(O) themselves. We have already took into account the 
relativistic corrections due to the short-ranged spin-spin interactions of charm quarks. 
There are, surely, certain spin independent corrections. We approach to their estimation 
on the basis of the relativistic Schrodinger - type equation [24] which was introduced 
and employed to use maximally and directly the experience of the nonrelativistic for­
malism. Due to more complex dependence of the wave equation on the full energy of 
the two-quark system Wns = 2Ens it is convenient to introduce the "renormalized" wave 
function ;/;ns: 1/Jns = ;/;ns/J2Wns· For ;/;ns that is now normalized to unity, the familiar 
scaling behaviour can be foreseen l;/;ns(0)!2 rx Erei/Cn+2l, where instead of the reduced 
mass mred = me we should use the "reduced energy" Ered = Ens.Hence, the scaling be­
haviour !'ljl~s(O)l 2 rx E;,3i(n+2

)-l) follows for the squared "relativized" wave function at zero 
interquark distance. The exponent n of the effective power-behaved potential lies in the 
interval -1 ~ n ~ 1, presumably, closer to n = 1 especially for the radial excited states, 
where n = 1 represents the linear behaviour of the confinement potential. So, one can ex­
pect substantial compensation of these type correction in the ratios entering ( 15) and the 
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exact compensation takes place in the double ratio (6). For these reasons more detailed 
and quantitative discussion of this correction is not developed in the present work. 

As has been mentioned, the ratios of 1/Jns(O) are dropped in (6) and one can obtain a 
kind of the lower bound for the double width's ratio leaving only one, beyond and next 
to unity, term in every infinite sum of the perturbation corrections to '11~8(0) due to the 
contact spin-spin potential of charmed quarks treated as a first order term of perturbation 
theory. Including then already fixed relativistic corrections and assuming, as earlier, the 
cancellation of the (static!) radiative corrections, we obtain 

q~r:{~ (m,,~m2smJN(m2s + mc))2 2: 
ri;rt. m7/cm1sm1/J' (mis+ me) 

(1 + Vi~=O + V2~=0 )2 /(1 + v;_~=l + v;~=l )2 '.:::'. 1 - 8 v;_~=l + V2~=1' 
m2s - m1s m25 - m1s m2s - m1s 

from where a new constraint follows 

f71~ 

r~; 2: 0.1. 
TY 

(17) 

(18) 

and where the numerical values [1] for m{51
, m~s1 , defined earlier, and V1~= 1 = (mJN -

m,,,J/4, v2~= 1 = (m11/ -m,,,)/4, were used. The comparison of (16) and (18) tells about 

a significant role of sums < nSJVJJnS > over n 2: 1, 2 in the definition of the individual 
ratios of fJNjf'p' and especially off~ /f7!c ee ee ''f'Y 'Y'Y" 

To make contact with the available experimental data for radiative widths of charmonia 
it is necessary to estimate also their relative branchings referring to the studied hadronic 
decay channels. , 

The main assumptions underlying our estimations of branching ratios Bj,c and B'/,c en­
tering the experimentally measured processes of the two-photon fusion producing rJc and 
7/~ and subsequent hadronic decays 7/c ( 7J~) ---> h , where h = K k 7f [3] or h ='PP [6], are the 
following. We assume a simple kinematic structure of the respective decay amplitudes and 
approximate dynamical assumption for the ratio of relevant couplings or, rather, complex 
form-factors in the considered vertexes 

A(7Jc(7J:)-; KK7r) = g(7Jc(7J:)-; KK7r)~<pkT'PK<P"' 
A(7Jc(7J~) --->pp)= g(7Jc(7J:) ---> pp)Fc(m~)u(Pp)Jsv(Pp), 

A(7Jc(7J~)-> GmGm) = g(7Jc(7J~)-; GmGm)E:µvp"el{qf e~q~, 
Jg(7Jc-> h)J 2 ~ Jg(7J~-; h)J2 

Jg(7Jc-; GmGm)J 2 
- Jg(7J~-; GmGm)J 2 ' 

(19) 

(20) 

(21) 

(22) 

where only isospin structure of the K k 7f decay channel is indicated in the first line 
and the generalization to the SU(3)-symmetry can easily be written down. We include 
the form-factor Fc(Q2

) in (20) to mention about its possible variation depending on the 
time-like momentum transferred in the interval m~c ::::; Q2 ::; m~~. We note that unlike 

the vector charmonia Jf'lj;- and -lj;'-decays, the pseudoscalar decay channel branchings 
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B(TJ~(TJe) --> (h,1)(cc)) containing the charmed quarks, e.g., the decay T/~--> 2-rrTJe, are 
much less significant, due to smallness of the coupling constant as (me) ::::::: 0.3, as compared 
to the branching ratios of B(77~(TJe) --> h) decays, where h denotes hadron states composed 
of the light (u, d, s) quarks. Following usual practice (or, alternatively, the quark-hadron 
duality hypothesis for inclusive processes), we identify the total width of these processes 
with the width of the bound cc-quark annihilation to pair of "free" gluons r(T/e(TJ~) --> 

GmGm)· Further, we attribute to gluons finite "effective" (or dynamical) mass me of 
order 0.7 GeV which was advocated in ref. [25] and in some earlier works cited therein, 
on the basis of the detailed study of the experimental photon spectrum in the inclusive 
reaction J /1/J --> 1GmGm --> 1X. The evaluation of the important transition probabilities 
T/e(TJ~) --> KK-rr, studied in several experiments, see, e.g. [3] and further references 
therein, have been performed with the help of the integral relation for invariant 3-body 
phase space [26] 

(23) 

where s2,1 = (m1 ± m2)2, S4,3 = (mo± rn3) 2 and we choose mo = m11c(1/~)' 'm,1 = m2 = 
mK, m3 = m". After that, the integral which is essential part of the ratio B'J<krr/B'J<Rrr 
can easily be calculated numerically. 

Including standard relativistic normalization factors of the initial states, summing 
and averaging over spin degrees of freedom of the listed amplitudes squared and using the 
assumed relation (22), we obtain 

B~~ 0.83, forh=KK-rr, 
B~c = 0.65·(Fe(m~)/Fe(m~J)2, forh=pp, 

(24) 

hence, our results follow in Table 1, where the upper bound for the pp-decay channel refers 
to the ratio of the form-factors put equal unity and where we present also some recent 
theoretical predictions and experimental results for widths of the 'f/e(T/~)-to-11 decays and 
their ratios. 

The behaviour of the unitary-singlet, pseudoscalar form-factors in the hadronic tran­
sition vertexes is of considerable interest for the understanding of mechanisms of se­
quential processes T/e(T/~) -> GmGm --> light hadrons. The closeness of our estimated 
R( 77~/T/e) decay-ratio in the K K rr channel, with no additional form-factors included, to 
the CLEO data looks intriguing and needs more investigation to be understood. At any 
rate, in the pp channel one should expect more strong dependence of the result on the 
(m~jm~~r ratio, where the effective power n is expected to be two units larger in the 
decay amplitude for two-baryon final state as compared with amplitudes for two-meson 
states, according the quark-counting rules. The two-gluon state mediating the cc - and 
qnqn - states, where q = u, d, s, would provide a new testing ground for the checking the 
generalized parton approach or the diquark model which were successful in the description 
of the two-photon annihilation processes, like 11 -->pp, etc. Therefore, the further study 
of the reactions pp --> 'fie( TJ~) --> II (or K K rr) with better statistics and accuracy is of 
interest, e.g., at a planned antiproton storage ring at GSI. 
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Table 1: Recent theoretical and experimental results of the 7Jc and 77~ two-photon decay 
width (the notations: h = k K 1f for ref.(3] and h = pp for ref.[7, 6] , the entry with su­
perscript (x) is our estimate using other works) 

q; KeV r;;;, KeV r;;;,;r~; r;;;,s;;c ;r~;s;;c 
PDG [l] 7.5 ± 0.8 

CLEO [2, 3] 7.6(0.8)(2.3) 0.18(0.05) (0.02) 

E760/E835 [7, 6] 6.7!i:~(2.3) :::;0.16 

L3 [8] 6.9(1.7)(2.1) ::::; 2 

DELPHI [9] ::::; 0.34 

Gupta[l2] 10.94 

Miinz[l3] 3.50±0.40 1.38±0.30 0.39±0.lQ(x) 

Chao [14] 6-7 2 0.28 - 0.33(x) 

Fabiano [16] 8.18(0.57)(0.04) 

Ebert [17] 5.5 1.8 0.33(x) 

Kim[l8] 7.14±0.95 4.44±0.48 0.62±0.lO(x) 

This work l.6±0.5(x) 0.21±0.06 0.18 ,h = KK7r 

::::; 0.15, h =pp 

3. Finally, we note that the relation (15) can be applied to any pairs of the "hyperfine­
split" radial-excited states.In particular, using it for pairs of ratios R3s;1s and R3s;zs with 
the needed input values m'ifJ" = 4039 MeV, rt~· = .89 ± .08 keV [27, 28), 
jrp3s(0)/'¢1s(zs)(O)l 2 = .56(.86) [22] we obtain an estimation m17~ ::::= 4003 MeV and 
q~/q; ::::= .22 of the "naked" (i.e., without possible hadronic corrections due to vir­
tual, open-charm intermediate (DD*+ DD*) - states) parameters of still to be observed 
1Jc-resonance. 

Our main results, the relation (15) and the numerical entries in Table 1, demonstrate a 
considerable suppressing effect of the relativistic and "hyperfine" spin-dependent correc­
tions on the recently observed two-photon decay of the 1~(3640) -resonance. If it is true, 

this effect should display itself also in the total width fiii, represented by the decay into 
two gluons, either massless or effectively massive, in which case, using the average value 
I'i~t = 32.3 ± 2.2 Mev of the CLEO [3] and BaBar [4] results, we have got the estimate of 
the total width of the 1)~(3640)- resonance 

(32.3 ± 2.2) · (.21 ± .06) ::::= 6.8 ± 2.0 MeV, for me= 0, 
(32.3 ± 2.2) · (.21 ± .06) · ((1 - 4mb/m2

, )/(1 - 4mb/m?
1 

))
312 

11c c 

::::= 7.8 ± 2.3 MeV, for me::::= .7 GeV 
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More precise mea;>urement of this important parameter, as compared with the pub­

lished [3] result r~t = 6.3~!204 MeV, would be very desirable. 
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Abstract 
We consider the neutral pion and nucleon fields interacting via the pseudoscalar 
Yukawa-type coupling. The method of unitary clothing transformations is used to 
handle the so-called clothed particle representation, where the total field Hamilto­
nian H and the three boost operators in the instant form of relativistic dynamics 
take on the same sparse structure in the Hilbert space of hadronic states. In this ap­
proach the mass counterterms are cancelled (at least, partly) by commutators of the 
generators of clothing transformations and the field interaction operator. This allows 
the pion and nucleon mass shifts to be expressed through the corresponding three­
dimensional integrals whose integrands depend on certain covariant combinations of 
the relevant three-momenta. The property provides the momentum independence 
of mass renormalization. The present results prove to be equivalent to the results 
obtained by Feynman techniques. 

1. Recollections 

Recently [l, 2] the so-called unitary clothing transformation approach has been employed 
for an approximate treatment of simplest eigenstates of total field Hamiltonian H. We 
mean the physical vacuum n (the lowest-energy H eigenstate) and the observable one­
particle states IP) with the momentum p. By definition, the vector IP) belongs to the H 
eigenvalue Ep = y'p2 + m2, where m is the mass of a free particle (e.g., fermion). We call 
it the physical mass. Thus, m appears here in a natural way via the relativistic dispersion 
law vs m as a pole of the full particle propagator. In this context, we note the paper [3] 
where the one-particle energies have been calculated for a nonlocal model of interacting 
charged and neutral mesons using stationary perturbation theory. 

Normally, the mass shifts are expressed through the particle self-energy functions eval­
uated in nontrivial field theories as expansions in the coupling constants. Miscellaneous 
self-energy contributions give rise to undesirable divergences. Their removal requires con­
siderable intellectual efforts associated with a consequent regularization of the divergent 
integrals involved. In the S-matrix calculations they are encountered as early as in the 
first nonvanishing approximation in the coupling constants. In this connection, note a . 
possible way [4, 5] to express the S-matrix directly in terms of renormalized masses and 
interactions between clothed particles, these quasiparticles within the approach under 
consideration (cf. [6] ). 
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Regarding the mass renormalization problem we recall one more realization of the 
unitary transformation method [7, 8], where the Hamiltonian for interacting fields was 
blockdiagonalized using Okubo's idea. While in [7] the 'If, p, wand CJ mesons were coupled 
with nucleons via the Yukawa-type interactions, the authors of [8] dealt with scalar "nu­
cleons" and mesons with a simpler coupling. This enabled not only to derive the effective 
(Hermitian and energy independent) interactions ("quasi potentials") between nucleons, 
as done in [7], but also to separate the one-nucleon contribution to the Hamiltonian with 
the renormalized nucleon mass. The authors of [8] have shown that their expression for 
the second-order nucleon mass shift coincides with the corresponding expression found by 
Feynman technique. In particular, this shift is independent of the nucleon momentum. 

What follows is an extension of the approach [2] to the mass renormalization problem 
in the clothed particle representation (CPR). 

2. Underlying formalism 

We proceed with a total Hamiltonian H, 

(1) 

where the unperturbed (free) Hamiltonian HF(a) and the interaction term H1(a) de­
pend on the destruction( creation) operators a (at) of the "bare particles with physical 
masses" (cf., [2]). V(a) is the primary interaction between these particles and Mren(a) 
are necessary mass counterterms. 

The clothing procedure is aimed at rewriting H in a new form 

(2) 

where the free part KF(ac) and the interaction K1 (ac) are expressed through the new 
destruction(creation) operators ac(at) such that 

CY.c (k, T) n = 0, H CY.~ (k, T) n = koa~ (k, T) n, 'i k = (ko, k), r. (3) 

Here n denotes the state without physical particles, k the particle momentum, k0 = 
~' µ the physical mass of the particle and r the polarization index, if any. The 
"clothed" operators CY.c obey the same algebra as the "bare" operators a do. One should 
note that KF(ac) =/=HF( a) but coincides with HF(ac), 

KF(ac) = HF(CY.c) = j dkko L CY.~ (k, r) CY.c (k, r). 
r 

(4) 

The operator K 1(ac) contains the interactions responsible for processes with physical 
particles. The property of the clothed one-particle states atn to be the H eigenstates is 
provided if 

K1a~n = o. (5) 

The clothing itself is implemented via the relation 

CY. (k, r) = w (ac) CY.c (k, r) wt (ac), Vk, r, (6) 

112 



where the unitary transformation (UT) 

W (ac) = W (a)= expR(ac), Rt= -R, 

removes from H the so-called 'bad' terms (see [2]). 
With the help of (6) we rewrite the total Hamiltonian as 

H H(a) = H (w (ac) acwt (ac)) = W (<:¥c) H (ac) wt (ac) = K (ac) 

(7) 

1 1 
HF (ac) + H1 (ac) + [R, HF]+ [R, H1] + 2[R, [R, HF]]+ 2 [R, (R, H1]] + ... (8) 

The operator K (ac) is the same Hamiltonian as H(a) but it has another dependence on 
its argument ac compared to H(a). 

In the Yukawa-type model considered here at the first stage of the clothing procedure 
to meet the requirement (5) one needs to require (details in [2]): 

V = [HF,Ri], (9) 

where R1 is the generator of the first clothing UT W1 = expR1. Doing so, we find 

1 1 
K (ac) =HF (ac) + Mren (ac) + 2 [R1, V] + [R1, Mren] + 3 [R1, [Ri, V]] + ... . (10) 

The four-operator (g2-order) interactions between clothed particles stem from ~ [R1, V] 
(see, e.g., [9, 10]). The two-operator contributions to it can be compensated by Mren(ac), 
bringing the definition of the particle mass shifts in the g2-order. The r.h.s. of Eq. (10) 
embodies other bad terms of the g2- and higher orders, which can be eliminated in the 
same way via the subsequent UT's. 

3. Clothing procedure in action. Cancellation of mass 
counterparts 

In the following model, where a neutral spinor (fermion) field 'ljJ interacts with a neu­
tral pseudoscalar meson field ¢ by means of the Yukawa coupling, H can be expressed 
through bare destruction (creation) operators a (k) (at (k)), b (p, r) ( bt (p, r)) and d (p, r) 

( dt (p, r)) for the meson, the fermion and the antifermion, respectively. Here k and p are 
the particle momenta. In fact, we have its free part 

HF= HF( a)= j dkwkat (k) a (k) + j dpEp [bt (p, r) b (p, r) + dt (p, r) d (p, r)], (11) 

and the primary interaction 

V(a) = j dkVka(k)+H.c., Vk = j dp'dp 2: pt (p', r') Vk (p', r'; p, r) P (p, r), (12) 
r,r 1 

where operator column P and row pt are composed of the bare nucleon and antinucleon 
operators (e.g.,Pt(p,r) = [bt(p,r),d(-p,r)]), and we have introduced the c-number 
matrices 

Vk(p'r'·p r)= [ Vi.~(p',r';p,r) V1~(p',r';p,r)] 
' ' ' V2~(p',r';p,r) V2~(p',r';p,r) 

113 



__!jf__ m o( k- ') [ u(p',r'hsu(p,r) u(p',r'hsv(-p,r) ] 
(27r)312 J2wkEp,Ep p+ P v(-p',r'hsu(p,r) v(-p',r')'y5v(-p,r) . 

Here u (p, r) and v (p, r) are the Dirac spinors, which satisfy the equations (fi- m )u (p, r) = 
0 and (p + m)v (p, r) = 0 with p = Ep"'/o - P"'f, Ep = y'p2 + m2 and wk=~. 

According to [2), the corresponding generator R = R1 ( ae) = R - Rt that meets the 
condition (9) repeats the operator structure of V, viz., 

R~ = j dp' dp L Fj (p', r') Rk (p', r'; p, r) Fe (p, r) , 
r,r' 

(13) 

Here, unlike the fermion operators F and pt in Eq. (12) the operator column Fe and row 
FJ are composed of the clothed nucleon and antinucleon operators. As shown in [2], the 
c-number 2x2 matrix Rk is determined by 

We will focus upon those contributions in the r.h.s. of the equation 

[R,V] = j dk1dk2 {[R~2, V,,k1
] ae(k2)ae(k1) 

- [R~2t, V,,k1
] a1(k2)ae(k1) + V,,k1 R~2to(k1 - k2)} + H.c., (15) 

which are bilinear either in the meson or fermion operators. 
As mentioned, they may be cancelled by respective counterparts from the operator 

Mren (ae) = Mren,mes(ae) + Mren.Jerm(ae) with 

( ) - oµ2 J dk [ t ( ) ) t t ] Mren,mes <le - 4 Wk 2ae k) ae (k + ae (k) ac (-k + ae (k) ac (-k) , 

and 

where the matrix M is given by 

M (p, r'; p, r) = [ Mn (p, r;; p, r) M12 (p, r'; p, r) ] 
M21 (p, r; p, r) M22 (p, r'; p, r) 

=O(p'-p)[~r'r I I u(p',r')v(-p,r)]· 
Ep v(-p ,r)u(p,r) -Or'r 

We use the standard notation om= m0 - m and oµ2 = µ5 - µ2 . 

As shown in [2] meson mass shift of the g2 -order is 

(16) 

0 2 = 2g
2 J dp { p_k - pk } = 2g

2 J dp {1 µ
4 

} 
µ (27r)3 Ep µ 2 + 2p_k µ 2 - 2pk (27r)3 EP + 4 (pk) 2 _ µ4 ' (lS) 

i.e., it is independent of the meson momentum k. Here we have introduced the 4-vectors 
p = (Ep, p), P- = (Ep, -p) and k =(wk, k). 
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In the course of our consideration, the second-order contributions to the fermion mass 
counterterm are cancelled by the following two-operator combination, 

~ [R,Vberm = j dkF1 Xk Fe= j dk { b~xr1 bc + b~xr2d~ + dcX;A + dcx;2dn. (19) 

Explicit expessions for the c-number matrix elements Xb in terms of V;~ and Rti can be 
found in [11] 

First of all, we are interested in cancellation of the btbc and dcdt to get a prescription 
in determining the fermion (nucleon) mass renormalization (of course, in the g2-order). 
To this end, we assume 

mi5m(2) Mn+ j dkXf1 = 0, . mom<2l M22 + j dkX;2 = 0, 

or in spinor space, 

- j dkXri(p',r'; p ,r), 

j dkX;2(p',r';p,r). 

(20) 

(21) 

After this all we need is to prove that each of these integrals depend on fermion 
momentum and spin as C(p)i5(p' -p)i5r'r/Ep and show that C(p) is a constant. As 
shown in [11], 

J dkXk ( 1 1. ) _ 9
2 

i5(p' - P) r I( ) 
ll P ,r ,p,r - - 4(27r)3 Ep Ur'r P, (22) 

where 

I(p) = J ~ { m2 
- EpEp-k + p(p - k) _ m

2 
+ EpEp-k + p(p - k)}. (23) 

Ep-kWk Ep - Ep-k - Wk Ep + Ep-k +Wk 

After some transformations we find, 

I(p) = 11(p) +Mp), 

fi(p) J dkpk { 1 - 1 } 
Wk µ2 - 2pk µ 2 + 2pk ' 

h(p) = J dq { m2 -pq m2
+pq } 

Eq 2 [m2 - pq) - µ2 + 2 [m2 + pq] - µ2 · 

Thus, mass shift of interest is 
2 2 

i5m(2
) = 4m~27r)3I(p) = 4m~27r) 3 [I1(m, 0, 0, 0) + 12(m, 0, 0, O)]. (24) 

The second relation (21) leads to the same result since x;2 = -xr1 . The integrals involved 
in Eq. (24) can be reduced to the elementary ones. Remaining crossed btd~ and dcbc terms 
in Eq. (19) are bad having nonvanishing matrix elements between the vacuum fl and two­
fermion states. It turns out that they are not covariant and should be removed by means. 
of a consequent UT linear in them. Thus, unlike the meson mass renormalization only 
the particle-conserving part of the nucleon mass counterterm (responsible for one fermion 
->one fermion transition) may be cancelled via one and the same clothing UT. 
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4. Comparison with an explicitly covariant calcula­
tion. Elimination of divergences in the S-matrix 

The considered procedure enables us to remove from the Hamiltonian in CPR not only 
"bad" terms. Simultaneously, "good" two-particle terms are eliminated too being com­
pensated with corresponding mass counterterms. Along the guideline some ultraviolet 
divergences inherent in the conventional form of H cannot appear in the 8-matrix. In the 
context, let us recall Dyson expansion for the 8 operator, 

00 loo 00 

8 = 1 - i j dt1H1 (t1) + (-i)2 2f j dt1 j dt2P (H1 (ti) H1 (t2)] + ... , (25) 
-00 -oo -oo 

where, as usually, H1 (t) = exp [iHFt] H1 (a) exp (-iHFt] is an interaction in Dirac (D) 
picture. To be definite, we consider the interacting neutral pion and nucleon fields with 
the operator H 1 (a) = V (a)+ Mren (a) (see Eqs.(12) and (17)) and matrix elements 
(JI 5<2l Ii) of the 8 operator in g2-order, sandwiched between initial and final 7ro N states, 

If)= at (k')bt (p',r')Do. (26) 

We are interested in competition between fermion mass renormalization contribution to 
5C2l and the so-called fermion self-energy diagram contribution: 

( (2) 1 · 9
2 

2 ( ) 8 (p' - p) (k' ) ( ) " f/8sE i) = -(27r)3m hp Ep 8 -k 8 Ep' +wk' - Ep -wk ur'n (27) 

or 

h(p)=jdqjoodqo 1 . {1-Po(Po-qo)-p(p-q)} 1 .. 
_

00 
q5 - w~ + iO m 2 (p0 - q0 )

2 
- E~-q + iO 

The "forward-scattering" process associated with this diagram would be responsible for 
appearance of certain infinity in 7ro N scattering amplitude (!/ T Ii). Following a com­
mon practice, the divergence should be compensated by (fl Mj;~m (a) Ii) piece, viz., it is 
required that 

(28) 

At this point, one should emphasize that similar well-known steps become unnecessary 
if from the beginning we operate with clothed particle representation K(ac) of Hamilto­
nian H(a). This new form of H does not contain ultraviolet divergences and, being 
constructed via sequential unitary transformations, gives new unitarily equivalent forms 
of the 8 operator (see [4, 5]). It is important that the approach enables us to evaluate 
one and the same 8 matrix with nonperturbative methods. 

Now, by taking into account pole disposition for propagators involved and carrying 
out q0-integration, one can get, 

(2) · 7ri 92 J(p' - p) I 

(!/ 8sE Ii)= 2 (27r)3 Ep 8 (k - k) 8 (Ep' +Wk' - Ep - wk) f>r'r 

I 16 



m? + EpEp-q + p(p - q) } . 
Ep + Ep-q +wq 

(29) 

The three-dimensional integral in (29) coincides with integral I (p) defined by Eq. (23). 
Hence, one can write 

(2) . Tri g2 b(p' - p) / 
(![ SsE [i) = 2 (

2
rr)J (p) Ep b (k - k) b (Ep' +Wk' - Ep - wk) br'r· (30) 

It follows from (27) and (30) that 

rri 
h (p) = --2 2! (p), 

m. 
(31) 

i.e., we have found another proof of the p-independence of I (p) since h (p) is an explicitly 
covariant quantity. Besides, we have expressed the Feynman one-loop integral h (p) 
through other covariant integrals fi(p) and I 2(p). 

5. Some general links 

Let us consider the momentum independence in question from a general point of view, 
viz., for the one-particle matrix elements 

\k'I s [k) = \k'I [ i + 5(1) + s(2l + ... ] \k) 

to be definite between the spinless (pion) states [k) = at (k) [Q0). We are interested in 

with the second order T-operator 

To set links with previous results it is sufficient to note that 

~ (k'[ [R1, VJ \k) = (k'[ V (wk+ iO - HF )-1 V [k) (32) 

if pion mass µ < 2m. In particular, it means that within the considered model for V 
the propagator with intermediate nucleon-antinucleon states in Eq. (32) is not singular. 
Then, according to [2], the generator R1 is 

00 

R1 = -i lim j dtVv (t) e-"t, 
s-o+ 

0 

and proof of Eq. (32) is trivial. Here, as usually, VD (t) =exp [iHFt] V exp [-iHFt]. 
Using translational invariance of V, one can show that 

(k'[ V (wk+ iO - HF)- 1 V \k) = 
6 (k' - k) G (k), 

Wk 
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where G (k) is a function of the four-momentum k = (wk, k). Indeed, putting V = 
J dxV (x) with the interaction density V (x) in the D picture being the Lorentz scalar 

and using 

we arrive at 

U (A) Vv (x) u-1 (A)= Vv (Ax), 

00 

(wk+ iO - HF)- 1 = -i lim jdtei(wk+ie:-HF)t, 
e--+0+ 

0 

(33) 

G (k) = -i (211-}3 ~ ,~IIJ+ J dtc"ltl j dp (001 a (k) Vv GP) Vv (-~p) at (k) IOo). 
-oo 

Here, as in [2], we are addressing operators a (k) = ylwka (k) that meet the covariant 
commutation rules 

[a(k),at(k)] =wk8(k'-k). 

It results in appearance of a typical combination 

_ 27ri8 (wk' - Wk) 8 (k' - k) G (k) 
Wk 

in the correspondent S-matrix element. Thus, G (k) is independent on k. At this point, 
let us recall the relativistic invariance property 

(k'I s lk) 
VWkMk 

(Ak'I SIAk) 

In its turn, the meson mass shift can be connected with the c-number G (k) = G (µ, 0, 0, 0) 
in evaluating the one-meson matrix elements in the l.h.s. of Eq. (32). 

This consideration gives us a possible (probably, general) way when finding the mo­
mentum independence of mass shifts within this three-dimensional formalism, at least, in 
the first nonvanishing order in coupling constant. 

6. Summary 

We have demonstrated here how the mass shifts in the system of interacting pion and 
nucleon fields can be calculated by the use of the clothed particle representation. The 
respective mass counterterms are compensated and determined directly in the Hamilto­
nian. 

The procedure described above has an important feature, viz., the mass renormal­
ization is made simultaneously with the construction of a new family of quasipotentials 
(Hermitian and energy independent) between the physical particles (the quasi particles of 
the method). Explicit expressions for the quasipotentials can be found in [2, 9]. 

By using a comparatively simple analytical means, we could show that the three­
dimensional integrals, which determine the pion and nucleon renormalizations in the sec­
ond order in the coupling constant g, can be written in terms of the Lorentz invariants 
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composed of the particle three-momenta. In other words, these integrals are independent 
of the particle momentum. 

The experience acquired has allowed us, on the one hand, to reproduce the manifestly 
covariant result by Feynman techniques and, on the other hand, to derive a new repre­
sentation for the Feynman integral that corresponds to the fermion self-energy diagram. 
Of course, here we are dealing with the coincidence of the two divergent quantities: one 
of them is determined by the nucleon mass renormalization one-loop integral, while the 
other stems from the commutator [R, V]. We are trying to overcome this drawback by 
means of the introduction of the cutoff functions in momentum space. Such functions 
have certain properties to do the theory to be satisfied the basic symmetry requirements. 
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Abstract 
Vector meson electroproduction is analyzed within the two-gluon (2G) model and 
the generalized parton distribution (GPD) approach at small x-Bjorken. We demon­
strate that 2G and GPD models are not completely equivalent. At the same time, 
both models are in reasonable agreement with available experimental data on light 
vector meson electroproduction. 

1. Vector meson production in 2G and GPD models 

This report is devoted to investigation of vector meson electroproduction at small Bjorken 
x and large photon virtuality. In the low - x region the predominant contribution to the 
process is determined by the 2G exchange and the vector meson is produced via the 
photon-two-gluon fusion. At large Q2 the cross section for the vector meson production 
is dominated by the 1£......, Vi amplitude which factorizes [1] into a hard meson photopro­
duction off gluons, and GPD. The amplitudes of 1j_ ......, V..L and the 1j_ ....... Vi transitions 
which are important in polarized observables are suppressed as a power of 1/Q and ex­
hibit infrared singularities [2]. Similar properties of vector meson production amplitudes 
were found within the 2G model by several authors [3]. Calculation of these higher twist 
amplitudes requires a regularization scheme which depends on a model. The modified per­
turbative approach (MPA) [4] which includes the transverse quark motion gives possible 
ways of regularizing these end-point singularities. In this report, the MPA is used to study 
amplitudes of vector meson electroproduction for longitudinally and transversely polar­
ized photons within the 2G and GPD models. Singularities in the amplitudes occurring 
in collinear approximation are regularized by the transverse quark momentum. 

The leading twist term of the wave function gives a vanishing contribution to the 
amplitudes with a transversally polarized vector meson in the massless limit. To calculate 
these amplitudes, it is necessary to include in consideration the higher twist terms in the 
wave function. In this report, we use the k- dependent wave function [5] . 

' 2 2 2 
'llv = g((.V + Mv)$v + Mv .V$v¥- M)Y- Mv)(Ev · K)]ef>v(kJ_,T). (1) 

Here V is a momentum and Mv is a mass of a vector meson, Ev is its polarization, T 
is a fraction of momentum V carried by the quark, and K is its transverse momentum: 
K 2 = -k'.l_. The first term in (1) represents the standard wave function of the vector 
meson. The leading twist contribution to the longitudinal vector meson polarization is 
determined by the Mv$v term in (1). The k- dependent terms of the wave function are 
essential for the amplitude with transversely polarized light mesons. 
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Let us consider vector meson production in MP A within the 2G model. The leading 
over s term of the "(* --> V amplitude is mainly imaginary. The imaginary part of the 
amplitude can be written as an integral over T and kl. and has the form [6, 7] 

(2) 

where N is the normalization constant, Q2 = TfQ2
, f = 1 - T. Positive proton helicities 

are omitted here for simplicity. In calculation of (2) the Feinman gauge is used and t­
channel gluons are polarized longitudinally. The function HY(f., (, t) is connected to the 
gluon GPD at x = f. point [7], where skewness f. is related to Bjorken-x by f. ~ x/2. The 
meson wave function </Jv is used in a simple Gaussian form [8] 

<Pv(ki,T) = 87r 2 j2iia~ exp [-a~~~). (3) 

Transverse momentum integration of (3) leads to the asymptotic form of a meson distri­
bution amplitude ¢¢S = 6Tf. 

The hard amplitudes A>.v,!.~ in (2) are calculated perturbatively. The "f1 --> VL am­
plitude has the form [7] 

(4) 

For the amplitude with transversely polarized photons and vector mesons we find 

2s -2 [ 2 ( - 2 -J ( -y v) Ar,T ~ Mv Q kl. 1+4TT) + 2MvTT ELEJ.. . 

For the light meson production the resulting amplitude is proportional to ki. 
proportional to Mi appears in the amplitude for heavy mesons too. 

The Ti· --> Vi, transition amplitude is determined by the function 

A ~ ~Q-2 [2M2 Tf - k2 (1 - 2T)] (E]_r J..). 
L,T Mv v J.. Mv 

(5) 

The term 

(6) 

It can be found that if we omit the k2 terms in the denominator of (2), the Tr,T and TL,T 

amplitudes will have the end-point singularities at T( f) = 0 [7]. All amplitudes in the 2G 
model are mainly imaginary. The real part of the amplitude can be obtained from the 
imaginary part using the derivative rule 

7r d 
Re T ~ -- -- Im T. 

2 dlnx 
(7) 

The real parts of the amplitudes are small, about 303 with respect to its imaginary part. 
The vector meson electroproduction can be studied within the GPD approach at 

large photon virtuality Q2 . At small Bjorken-x we shall consider as before the predom­
inated gluon contribution. The 'YL --> Vi,, "fr --> Vr, 'Yr --> Vi amplitudes are calculated 
within the MPA. In the GPD model we consider the Sudakov suppression of large quark­
antiquark separations. These effects provide additional suppression of contributions from 

121 



the end-point regions, in which one of the quarks entering into the meson wave func­
tion becomes soft and factorization breaks down. As previously, including the transverse 
quark momenta regularizes singularities and gives a possibility of calculating the transition 
amplitudes at large Q2 which are important for polarized observables. The amplitudes 
1ZP--+ Vµ'P can be represented in the form [9]: 

e 11 
di Tµ',µ -Cv 

2 o (x+~)(x-~+ii) 

x { ( H~~,µ+ + (-W'+µ H~~'+,-µ+) H 9 (x, ~, t)} , (8) 

The flavor factor for p -meson production is Gp = 1/ )2. 
The hard scattering amplitudes H in (8) are written for the positive transverse gluon 

polarization and can be represented as a convolution of the hard part A~~µ' which is 
calculated perturbatively, and the wave function (3) 

'l..JV(g) = 27ra.(µR)fv [ 1 
d j d2k.i ,1, (k2 ) A(g) ( c k Q2) 

'"µ'+,µ+ Ne fo T l67r3 'l'V .1> T µ',µ x, .,,, .i, . (9) 

Here the scale µR is determined by the largest mass scale appearing in the hard scattering 
amplitude: µR = max{rQ, 'fQ, ... }. 

2. Amplitude structure and description of experiment 

The GPD model leads to the following form of helicity amplitudes 

T 1 . ,.,,V(g) lk.il . ,.,,V(g) A 
LL CX: ' 1 TT CX: Q' 1 TL CX: Q · (10) 

This behavior is similar to those obtained in the 2G model. 
The 2G and GPD approaches are hoped to be equivalent at small x. Unfortunately, 

the amplitude structure in the models are not equivalent. As mentioned before, in the 2G 
model all amplitudes are mainly imaginary. In the GPD approach the integration over x 
occurs in ( 8) 

i di H(i) _ _ 
lo (x+~)(x-~+ii) =I(x<O+I(x>O 

~ di H(i) i di H(x) 
lo (x+~)(x-~+ii) + i (x+~)(x-~+ii) (11) 

For the nonfiip TLL and Trr amplitudes we have no singularities in integrated functions 
H(i), and both I(i < 0 and I(i > ~) contribute to the Re part of amplitude. These 
integrals are not small, have different signs and compensate each other mainly. As a result, 
the real part of the LL and TT amplitudes is quite small and is consistent with the one 
obtained from (7). In the case of the TLr amplitude we have quite a different result. In 
this case, we find an additional coefficient 1/ y'sU ex: 1/ jx2 - e in the hard amplitude H 
in (11) which becomes imaginary in the x <~integration region. Consequently, the real 
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part of the TLr amplitude is determined only by I(x > O integral. This contribution is 
not small and we find that Re TLr > Im TLr for this amplitude. Thus, properties of the 
TLr amplitude in the 2G and GPD models are quite different. It is difficult to imagine 
that these amplitudes might be equivalent at small x. 

6r-~r--,-~~~...,....,~~~~--, 

103 • H1 

'.O 4 .s 
%10

2 b 
A --.., 
6. tl 

2 II 
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101 Cf 
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Figure 1: Left: The cross section for 'Y* p-> p0 p vs. Q2 for fixed values of (W) = 75 GeV. 
Full line- GPG model results. Dashed lines show the µR sensitivity. Data are from [10, 11] 

Figure 2: Right: Q2 dependence R of p production at (W) = 75 GeV. Full curve -2G 
model, dashed curve -GPD results. Data are from [10, 11] 

Let us consider the description of experimental data in the 2G and GPD models. In 
both the cases we have the av parameter in the wave function which determines the average 
value of (ki} in hard subprocess. In the numerical evaluation of meson electroproduction 
a reasonable description of experimental data is obtained for ap = 0.8 Gev-1 in the 2G 
model and for ap = 0.52 Gev-1 in the GPD model. The parameter fv is determined 
by the standard value and for p meson production we use fp = 0.216 GeV. Estimations 
of the amplitudes are carried out using the 11.qcn = 0.22 GeV. The cross section for 
'Y*P -> pp production integrated over t is shown in Fig. 1 (full line). Good agreement 
with experiment is to be observed. The results for ¢production can be found in [9]. It 
is important to analyse the dependence of cross section on the scale µR. The results for 
cross section for P,R = { y'2µR, µR/ v'2} are shown in Fig.I by dashed lines. It can be seen 
that the µR sensitivity of the cross section is of the order of experimental errors. 

Using the calculated amplitudes we can determine contributions to the cross section 
with longitudinal and transverse photon polarization and its ratio as 

R= NL 
Nr. (12) 

Note that in (12) summation over proton helicities is assumed. We omit here the Tn and 
T-rr amplitudes which are small in the models. In terms these quantities the spin-density 
matrix elements (SDME) can be defined, e.g. 

o4 1 (I v 
1
2 v 

1
2) Too= N N TLT +c:ITu · 

r+c: L 
(13) 

The model results for the ratio of cross section R are shown in Fig. 2. For both the 
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Figure 3: Q2 dependence SDME of p production at (-t) = 0.15 GeV2 and (W) = 75 GeV. 
Full curve -2G model, dashed curve -GPD results. Data are taken from (10, 11] 

models this ratio is growing with Q2 and in consistent with experiment. In Fig.3, we show 
six essential SDME. In the approximation, when we put the Tn and T_TT amplitudes to 
be zero, the other SDME are connected with the matrix elements from Fig. 3 or equal to 
zero. The description of experimental data in both the models is reasonable. 

We would like to note that from the data on da / dt the diffraction peak slope B "' 
6 Ge v-2 at Q2 ,...., 5 Ge V2 can be determined (10, 11). This value is connected with the 
diffraction peak slope of the TLL amplitude because its contribution to the cross section 
is most essential. The diffraction peak slopes of the Tn and TTT amplitudes are not 
well defined. In calculation of spin observables we suppose that the diffraction peak slope 
BLT rv ELL and BTT might be different. The slope BTT rv ELL in the 2G model and 
BTT"' BLL/3 in the GPD model is used. Predictions of both the models are in agreement 
with the known t-dependence of experimental data at small momentum transfer (10]. The 
results found in (3] are very close to estimations obtained here within the 2G model (Fig.3). 

3. Conclusion 

Light vector meson electroproduction at small x was analyzed in this report within the 
2G and GPD models. In both the models the amplitudes were calculated using MPA and 
the wave function (I) which consider the transverse quark momentum. By including the 
higher twist effects k'j_/ Q2 in the denominators of Tfv ,>.~ in ( 2) we regularize the end-point 
singularities in the amplitudes with transversally polarized photons. It was found that 
the 2G and GPD models, which are expected to be equivalent at small x, lead to similar 
results for the leading twist TLL amplitude. At the same time, properties of the amplitudes 
suppressed as a power of 1/Q are different in the models. This was demonstrated here for 
the TLT amplitude. Thus, the 2G and GPD models are not completely equivalent at small 
x. It was shown that the diffraction peak slopes of the TTT and TLT amplitudes are not 
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well defined. The knowledge of these slopes is essential in analyses of SDME. Information 
about Brr and BLT can be obtained from t -dependence of SDME. 

At the same time, both approaches lead to an accurate description of the cross section 
for the light meson production. We found a reasonable results for SDME and R ratio in 
the 2G and GPD models. This means that at the present time we have two solutions 
for the scattering amplitudes which are in agreement with existing experimental data. 
Unfortunately, all data on spin observables have now large experimental errors. This 
does not permit one to determine which model is relevant to experiment. To clarify the 
situation, an additional theoretical study of the Trr and Tr,r amplitudes is needed. An 
experimental investigation to reduce errors in SDME is extremely important. Study oft 
dependence of SDME can give important information on either diffraction peak slopes in 
helicity amplitudes are of the same order of magnitude or different. 

This work is supported in part by the Russian Foundation for Basic Research, Grant 
03-02-16816 and by the Heisenberg-Landau program. 
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Abstract 
The analysis of electron positron annihilations to hadrons in the range of energies 
below 60 Ge V shows that apart from two jet events, there are also signs of three 
jet events which are interpreted according to the QCD, as a gluon radiating by a 
quark. However, the higher order diagrams lead to four jet events. In this paper, we 
investigate the fragmentation of quarks and gluons into hadron jets. Acoplanarity 
is a parameter for our analysis to four jet events. We expect that the Acoplanarity 
to be a nonzero value for our four jet events. This result is consistent with the 
results obtained by the Monte-Carlo and also by the results obtained at the other 
experiments as well as at the lower energies. 

Keywords: hadron jets, Acoplanarity. 

1. Introduction 

Quantum Chromodynamics (QCD) successfully accounts for many features observed in 
high energy e+e- annihilation data, examples of which include violation of scaling in in­
clusive particle distributions, jet broadening, and multi-jet events. In the world of QCD, 
the sources of the experimentally observed jets are quarks and gluons. Jets initiated by 
quarks or antiquarks have been studied in great detail in various experiments. However 
little is known about jets which originate from high energy gluons. Bartel et al., (1) have 
presented evidences that particle distribution in three jet events originate from hard gluon 
bremsstrahlung (e+e- -> qqg) are only described by models in which gluon jets of the 
same energy. In this paper we study the quark and gluon jet fragmentation properties, 
by using the most well known algorithm, JADE and DURHAM[2,3). In section two we 
describe briefly the experimental procedure. In section 3 we define observable, followed 
by physics results in section 4. Section 5 includes our conclusions. 

2. Experimental procedure 

The AMY detector (Figl) consists of a tracking detector and shower counter inside a 
3-T solenoid magnetic coil which is surrounded by a steel flux return yoke followed by 
a muon detection system. The charged - particle tracking detector consists of a 4 layer 
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Figure 1: 

cylindrical array of drift tubes (inner tracking chamber, or ITC) and a 40 - layer cylin­
drical drift chamber (central drift chamber, or CDC) with 25 axial layers of wires and 15 
stereo layers. Charged particles are detected efficiently over the polar angle region cos e 
with a momentum resolution ~ = 0.7% x [Pr(GeV/c)]. Radially, outside of the CDC 
is a 15-radiation-length cylindrical electromagnetic calorimeter (barrel shower counter, or 
SHC) which serves as a photon detector. The detector fully covers the angular region 
cosB < 0.73. Selection of multi-hadron final states from e+e- annihilation was based on 
the charged particle momenta measured in the CDC and on the neutral-particle energy 
measured in SHC. Further details may be found in Ref.[11]. 

3. Definition of observables 

Jets are defined by means of JADE clustering algorithm. For each pair of i and j, the 
quantity Yii is calculated as 

(1) 

where E; and E1 are the particles energies, 8;1 is the angle between the momentum direc­
tions and Evis is the total visible energy in the event. The pair with the smallest value of 
Yij is found, and if this is below a given resolution parameter Ycut the pair is replaced by 
a pseudo-particle with four momentum pµ = Pf' + Pt The procedure is then repeated 
using the new set of particles and pseudo particles. When all the values of y;1 are greater 
than Yrut, the clustering procedure stops. Each particle in the event is uniquely associated 
with a cluster (jet). 

As is well known, the number of jets separated in this way, in a given event may be 
different, in certain conditions, for different values of the test variable Ycut and the relative 
rate of multi-jet events is a strong function of Ycut· Nevertheless, as far as the jet finding 
conditions fulfil the requirement of being infrared and collinear safe and are simple enough . 
for implementation in the experimental analysis and theoretical calculations, a reliable 
comparison of the data with the fixed order perturbative QCD calculations can be used. 
Another story is that within the class of jet finding algorithm some test variables and 
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recombination procedures can be implemented more naturally into tb:B QCD calculations, 
especially for small Ycut values, when the logarithmic terms need to be identified and 
resumed to all orders of a 8 before a reliable prediction can be made. It is for this reason 
that a new jet finding algorithm called the DURHAM algorithm has been proposed[3]. 
In this algorithm, relative transverse momentum replaces the invariant mass of the original 
JADE algorithm as the jet resolution variable, which is defined as 

2min{E[, EJ}(l - cos()ij) 
Yii = E2. 

vis 

(2) 

the results obtained with this algorithm and especially the fraction of 3-jet events selected 
by them, depend on the value of Ycut· 

However, qualitatively our conclusions presented below are valid for all reasonable 
values of Ycut· Therefore, only results obtained with the fixed values of Ycut(JADE)=0.02 
and Ycut(DURHAM)=0.008 will be presented. 

For a meaningful comparison of two algorithms the values of Ycut for them should be dif­
ferent because of their different definitions (1) and (2). The value of Ycut(DURHAM)=0.008 
has been determined by the requirement that the fraction of 3 jet events reconstructed 
by the two algorithms should be the same. 

Finally we briefly describe the future of four jet events predicted by second order QCD. 
For this purpose we define the event shape parameter Acoplanarity[5] as 

A = 4 min(E I pf I / L I Pi 1)2 (3) 

where the Pi are the particle or parton momenta and the pf- are their components per­
pendicular to a plane which is oriented such that the quantity in brackets is minimized. 
Whereas, before hadronization, two and three jet events have zero Acoplanarity, four-jet 
events in general are non-planar and give nonzero values for this parameter. 

4. Physics Results 

The difference between quark and gluon jets manifest themselves in the fragmentation 
function, defined as 

(4) 

Figure 2 shows XE distribution for quark and gluon jets. For both types of jets, fragmen­
tation parameter decreases with the energy, but the difference between them implies a 
softer particle energy spectrum within the gluon jet. 

Our results are also consistent with the results obtained at LEP energies[lO]. 
Further, we show in figures 3 and 4 the multiplicity distribution for quark and gluon 

jets separately. By taking into account the statistical errors on the average values, the 
figures indicate that within a few standard deviations, the particles in the gluon jet have 
a higher multiplicity than the particles in the quark jet. 
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Figure 2: Fragmentation distribution for quark and gluon jets 
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Figure 3: Multiplicity distribution for quark jets 

Furthermore, the ratio of the two multiplicities is 1.304 ± 0.031. This numerical value 
is in a good agreement with the OPAL results[8]. Our results are also consistent with the 
QCD theory[6,7]. 

Next, we study the properties of four jet events predicted by second order QCD. To 
achieve this, figure 5 shows the Acoplanarity distribution separately for two and three 
jet events (L23) and also for two, three, and inclusion of four jet events (L234). Both 
L23 and L234 are normalized to the total number of events. As the figure indicates, both 
distributions show a peaking at low Acoplanarity values, with a falling off distribution 
towards the higher values of the parameter. However we observe that L234 does not fall 
as fast as L23 by increasing Acoplanarity. This indicates that a small proportion of events 
is subject to two hard gluon radiations at wide angle by the quarks, which is predicted 
by second order QCD. We conclude that there is a possibility for radiation of two hard 
gluons in 60 GeV e+e- annihilations. This result is also consistent with the QCD theory. 

129 



Figure 4: Multiplicity distribution for gluon jets 

Acop-tanamy 

Figure 5: Acoplanarity distribution for two and three jet events (L23) as well as for two, 
three and four jet events (L234) 

5. conclusions 

In this paper we investigate fragmentation of charged particles in e+ e- annihilation at 60 
GeV center of mass energy in terms of the fragmentation parameter XE and also in terms 
of multiplicity distributions. 

In QCD, one expects quark and gluon jets to differ because of greater colour charge 
carried by the gluon. Quantitatively, therefore, one anticipates that gluon jets would have 
higher multiplicity, softer fragmentation and broader in angle. Our results are consistent 
with QCD theory. 

We also report the experimental distribution in the parameter Acoplanarity which is 
sensitive to four jet structure, according to the second order QCD theory. The results we 
obtain for this parameter is also consistent with the results obtained for other experiments 
and also with the four jet events predicted by second order QCD[7,9). 
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Abstract 
The synchronous process of particle motion and light beams propagation has been 
found to reveal a new physical equivalent for Lobachevsky parallel lines in the ve­
locity space. The process revealed also its fruitfulness in solving in a new way the 
main problem in relativity - the problem of time synchronization for different space 
points [l]. The first obvious consequences of the new solution - such as simultane­
ity, proper time, inertial frame coordinate transformation and relativistic velocity 
summation law - are also presented in this paper. 

1. Introduction 

The Lobachevsky velocity space being adequate to the relativistic mechanics is widely 
used to study particle interaction processes in modern high energy physics [2]. The main 
Lobachevsky axiom, violaiting the Euclidean V-th postulate, is known as the geometrical 
equivalent of the experimental fact of the two photons pion decay 7r

0 -+ II [3]. Due 
to the requirement of the constant light velocity principle its kinematics gives arise the 
Lobachevsky parallel lines (LPL) in the velocity space. But the dynamics of this decay 
mode is still not known and its kinematics gives nothing new for the relativistc mechanics 
except the demonstration of its properties. 

As it has turned out there exists a new more fruitful physical equivalent for the LPL. 
Further developments of the approach published earlier in [4] have been described in 
this paper. We consider light propagation according to the Huygens principle and the 
independency of the light beams. So, the phenomena of light diffraction and interference 
are not considered. It is assumed that the time counting for a space point starts when a 
light front comes to that point. This is also the moment of a secondary light hemisphere 
emission, according to the Huygens principle. We accept the constant light velocity 
principle and we use the same plane light fronts as widely used to explain the light 
reflection and refraction phenomena. The basic knowledge of Lobachevsky geometry 
[2, 3, 5] is assuming. 

2. Physical nature of Lobachevsky parallel lines 

Let us consider two inertial frames K and K •. Each of the frames may be associated with 
a particle. The space axises of both frames are parallel and Ks is moving with constant 
velocity V along the X-axis of frame K. It is assumed that their origins, 0 and o., 
coincide when the plane light front directed at the parallel angle 8 L reaches the point 0 
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(a lateral beam is moving from bottom to top in XY-plane as shown in Fig.la). At this 
initial moment a light sphere (hemisphere to the falling front) starts to spread out from 
0. The parallel angle (h is defined as 

cos BL= cosll(p/k) = th(p/k) = V/c = (3, (k = c) (1) 

a) b) 

Figure 1: a) Synchronization of the K 8 -motion (Vt) and the light rays (ct and cts) pro­
pagation by the side light beam. b) Lobachevsky parallel lines in the velocity space plane 
corresponding to synchronous motions of ct, ct8 and Vt in Euclidean plane (c = 1 is used 
for rapidities) 

here f3 is the velocity V in units of c, p / k is a value of rapidity p in units of k = c, 
II(p/k) =BL is a parallel angle, k is the Lobachevsky constant, c is the velocity of light. 
The second equality f3 = th(p/c) in (1) is known from the Beltarami model [2] and used 
to define a particle rapidity: 

p/c = 1/2 ln ((1 + (3)/(1 - (3)). (2) 

The first equality in ( 1) can be rewritten as 

eL = II(p/k) = 2arctge-pfc, (3) 

known as the Lobachevsky function. It is seen from (1) that for any rapidity (and its 
velocity) there is a definite angle BL. For the negative argument of the Lobachevsky 
function the parallel angle BL changes to 7r - BL (2), which corresponds to the same 
velocity but for the opposite direction. 
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Let us consider a space-time point (x = Vt, t) in frame K. The light ray from the 
origin 0 will get to this point in time x/c (Einstein's signal) but the lateral beam's ray 
will come there first with some delay (relatively to 0) in the moment of time tF as 

(4) 

and then a new light sphere starts to spread out from the x-point. By the given moment 
of time t a new sphere will spread out to the radius 

ct8 =ct - ctF =ct - x cosfh =ct - xV/c, t8 = t-xV/c2
, (5) 

and for x = Vt: 

(6) 

where ct is the light sphere radius from origin 0, so that cts <ct. 
Let us choose two light rays from these two spheres: one, ct, emitted from 0 under 

the angle BL to the X-axis in some plane, and the other, ct8 , emitted from 0 8 (located at 
x) perpendicular to the X-axis in the same plane (see Fig.la). Three segments ct, Vt and 
ct8 form a rectangular triangle. But two sides of triangle, ct and ct., have no common 
(intersection) point at no moment of time t, so they are parallel in any chosen Euclidean 
plane. As rapidity (2) for the light velocity is the infinity, then the obtained triangle 
transforms into the LPL or, more precisely, into the parallel lines in one side on the 
Lobachevsky plane in the velocity space as it is illustrated in Fig.lb. 

Thus, the LPL in a velocity space corresponds to the light rays ct and ct8 emitted 
(according to the Huygens principle) from different points and different times and syn­
chronized with particle motion Vt by the side light beam. The physical reason for the 
lack of intersection point in Eucledean space is the time delay t F (see ( 4)). As the value 
of time delay tF for given x and Vis defined by c (with changing V the BL changes but 
not the c) then one can conclude that the basic reason for the V-th postulate violation in 
the velocity space is the constant light velocity principle. 

To find out light rays corresponding to LPL in another side, one can consider a lateral 
beam to another direction (from top to bottom) in the same plane (as shown in Fig.2a 
and Fig.2b). 

For light rays corresponding to the LPL (in both sides) for negative argument of 
Lobachevsky function (for V < 0), one should use a pair of lateral beams directed opposite 
to X-axis, i.e. from right to left (for V > 0 the beams were directed from left to right), 
as shown in Fig.2c and Fig.2d. 

Thus, the moving reference frame (for V > 0 and/or V < 0) can be associated with the 
definite lateral light beams. The rest frame (V = 0) is associated with the direct beams 
at BL= 7r/2 (as shown in Fig.2). Lobachevsky function has the same form for the rest 
frame and for the moving ones, i.e. it follows the principle of relativity. So, Lobachevsky 
function expresses the constant light velocity principle at k = c. 

The synchronization method used to reveal the new physical nature of Lobachevsky 
parallel lines is also fruitful in solving the main problem of relativity - the problem of time 
synchronization for different space points. 
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Figure 2: a) Two lateral light beams (for V > 0) give two pairs of light rays ct and cts 
for both sides of the plane {top and bottom), synchronous with Ks-motion Vt. b} Parallel 
lines in both sides on Lobachevsky plane, corresponding to synchronous motions in a). 
The plots for V < 0 are shown in c) and d) 

3. x and t- coordinate transformation and light ether 
concept 

Let us continue with the inertial frames K and Ks for V > 0. One can assume that a pair 
of direct beams (from top and bottom) reaches X-axis at the same moment of time as a 
pair of lateral beams (from left to right) reaches the point where both origins coincide. All 
x-points (including 0) are "exited" simultaneously, and this moment of time is usually 
chosen as the initial one for K frame (the same for all coordinates). The initial moment of 
time for any x-point is delayed by t F relative to the lateral beams (see ( 4)) so that time ts 
at a given moment of time t (in K) is defined by (5). Thus, due to the synchronization of 
Kand K, frames (by the corresponding pairs of direct and lateral fronts) two moments of 
time, t and t., can be defined at any x point. For the chosen event (x, t) time t, depends 
only on the velocity of the moving frame K,. 

Let us define the time t in the fixed frame via the distance ct passed by the light ray 
emitted from the point 0 at the parallel angle eL to X-axis in some plane. It is seen from 
Fig.1-Fig.3 that for any event (x, t) the delay time ctF is just a projection of the given 
x-point on the chosen light ray ct. 

Obviously, the displacement of Ks origin Vt= ct cosOL is just a projection of the light 
ray ct on the X-axis. So, for any given coordinate x at a given time ta value x, relative 
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Figure 3: a) An illustration of the inertial frame x and t coordinate transformation (in­
cluding Lorentz transformation). b) A velocity space diagram corresponding to x and t 
shifts. The x-coordinate is the x-position of a particle, moving with a velocity of v = x/t 
in K frame by the moment of time t 

to the origin 0 s is 
x. = x - Vt= x - ctcoseL. (7) 

For any event (x = Vt, t) a relative coordinate is x. = 0. It means that time ts (see (5) 
and (6)) is the proper time of K., i.e. the time "measured" by means of a "moving clock", 
when one spectator observes the light sphere with the radius ct in K and in the same time 
t a moving spectator observes another light sphere with the radius ct. (both spheres are 
triggered off by the lateral light beams). For the event (x, t) the corresponding moment 
of time ts is the time "measured" by means of the" moving clock" located at the point x. 
of K •. Unlike oft in K, the time ts defined for o. is not all the same for the points on 
x.-axis. 

Indeed, from ( 4) one can see that the initial moment of time (provoked by the lateral 
light front) propagates along X-axis with the velocity vp: 

VF:= x/tF = cj COS8L = c2 /V = cj/] > c. (8) 

So, for 0 < V < c any two ~vents (xi, t) and (x2 , t) have different time ts in K.. For 
V -+ 0 (BL -+ n/2 for side beams) the velocity Vp -+ oo and one comes to the Newton 
time ts -+ t, and for V = c (BL= 0) the proper time ts= 0. 

Thus, for any event (x, t) in K the corresponding coordinates in Ks are simple shifts 
(see (5) and (7)). To obtain the values of shifts, one should make symmetrical projections 
as described above. 
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We have used this symmetry to find out the Lorentz coordinates x' and t' for a moving 
frame. To get them, one has to find the crossing point 0' of two perpendiculars producing 
the projections for any (x, t) event (see Fig.3). Then the length of the interval from 0' to 
x corresponds to x': 

x' = (x - ct cos BL)/ sin BL= (x - Vt)/ J1 - V 2/c2 , X 8 = X
1 sin BL, (9) 

and the distance from O' to the ct corresponds to ct': 

ct'= (ct - x cos BL)/ sin BL= (ct - xV/c)/ Vl - V 2 /c2 , (10) 

It is seen from (9) and (10) that primed and shifted coordinates are related as the 
corresponding projections. But the point 0', which is always considered as the origin of 
the moving frame, does not coincide in space with 0 8 • It is also seen that the line O'x' 
is not parallel to the X-axis. So, it seems obvious that the primed values can not be 
regarded as the coordinates in a moving frame. 

The distance between the given points x and ct (dashed line in Fig.3) can be defined 
via the primed and unprimed values: 

l2 =: c2t2 + x2 
- 2ctx COS BL = c2t'2 + X 12 + 2ct' X1 

COS BL =: l'2 , (11) 

or as a sum of two terms, either as l2 = si + s~ (to get it one should add ±x2 to the left 
part of (11) and ±x'2 to its right part), or as l2 = -si + s~ (add ±c2t 2 to the left part of 
(11) and ±c2t'2 to the right part), where: 

'Y = l/sinBL = 1/Vl - V 2/c2
, (12) 

s~ = 2x(x-ct cos BL) = 2x'(x' ±ct' cos BL), s~ = 2ct(ct-x cos BL) = 2ct' (ct' ±x' cos BL). 
(13) 

Term si is known as an invariant interval. Obviously, it is only a part of the full 
distance l2 and is a result of cancelling of two equal values, either s~, or s~ in the ex­
pressions for l2 = l'2 . Terms s~ and s~ may differ by sign: (+)I (-) corresponds to the 
point 0' located inside/outside the cone defined by the angle BL. For an event (x =Vt, t) 
term s~ is equal to zero (as X 8 = x' = 0) and s~ = 2si, so l2 = si = l'2 . The Lorentz 
coordinate transformations for this particular case have being usually presented in the 
manuals (e.g. [6]). 

From (13) one can find (using the second formulae in (9, 10)) 

(14) 

and 
(15) 

which are the reverse transformation from the moving frame to the rest frame. To check 
that, one can solve (5) and (7) for x and ct (once the factor 1/sinBL is inserted into the 
brackets then the terms in brackets became the lengths of perpendiculars corresponding 
to the mentioned projection symmetry). 

It is seen from (5),(7) and (14-15) that the direct and reverse transformations are 
different: the latter could not be obtained by changing V to -V. This means that one 
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already knows that the frame either moves, or not. When changing Von -V one should 
also choose an appropriate lateral light beam direction for a moving frame. So, if Ks 
moves backward to X (V < O) one should change the sign in (5), (7) and in nominators 
of the reverse formulae (14-15). Thus, for any two frames one frame can be regarded as a 
moving frame and other one as the rest frame and vise versa by choosing the corresponding 
direct and lateral light beams (according to the known parallel angles). 

A possible way to realize these opportunities is to make an assumption about the 
presence of many light streams of any directions. One may assume an ether, not a restful 
one, but the moving light ether. The absence of the absolute frame testifies upon the 
absence restful ether and does not contradict the presence of the moving light ether. Thus, 
the relation between space and time coordinates expresses through the parallel angle or 
through the corresponding velocities. So, this relation is generated by the presence of the 
corresponding light streams and particles. 

4. y, z- coordinate transformation and invariants 

Let us consider event (x, y, z = 0, t) in K frame. The lateral light beam is reaching X-axis 
in XY-plane as shown in Fig.4, i.e. it spreads from bottom to top, first enters the plane 
point (x, y) and then the point (x, y = 0) at the X-axis (if y-coordinate has an opposite 
sign, then one can choose another lateral beam heading from top to bottom). 

y 

.... ······ 

.//./ E---->1 
0 ., 
.D ---->I 
I 

a) 

ct 

x 

Figure 4: a) An illustration of the {).y-shift origin due to the light way difference, and b) 
a corresponding velocity space diagram (see note in Fig.Sb) 

The secondary light sphere spreads out from the first point to the point (x, y = O) at 
the X-axis in a time of y / c. The lateral beam ray reaches this point in a moment of time 
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y sinfh / c (since the secondary sphere starts to spread out from the first point). So, the 
light way difference is 

cflt = fly = y - y sin lh. (16) 

To compensate for this difference and make the initial moment of time counting caused 
by the lateral beam to be the same for Xs and Ys, the origin of Ks frame should be shifted 
along the Y-axis by the value of fly (16). Then the y-coordinate in Ks frame is 

Ys = y - fly= ysinBL = y,_/1 - V 2/c2 (17) 

and the transverse coordinate 

Zs= z - flz = zsinBL = z,/1 - V2/c2. (18) 

The reverse transformation is also obvious: 

(19) 

Then for the non-invariant interval (see(12)) one can get 

c2t2 
- x2 

- y2 
- z2 = ·.,,2(c2t; - x; - y; - z;). (20) 

So, for any event (x, y, z, t) in K there is the "parallel" event (xs, Ys, Zs, ts) corresponding 
to the moving Ks frame shifted in space and time in an appropriate way. These two sets 
of coordinates are related by the equation (20). 

The obtained coordinate transformation leads to the contracted interval but this does 
not contradict to the relativistic velocity summation law. Since the energy-momentum 
transformation is a direct consequence of the velocity summation law, then the Lorentz 
energy-momentum transformation is valid in this approach [7]. Also in [7] relativistic 
effects considered in detail, and the four elements complex fraction invariant and a new 
wave equation in framework of this approach were proposed. 

5. Conclusions 

• A complete correspondence has been established between Lobachevsky parallel lines in 
the velocity space and the synchronous process of particle and light beams propagation 
in the Euclidean space. 
• The constant light velocity principle and a time delay in the emission of two light 
rays has been found as the physical reason for absence of their intersection point in the 
Eucledean space and for the violation of the V-th postulate in the Lobachevsky velocity 
space. 
• Lobachevsky function has been found as a tool to express the constant light velocity 
principle. 
• A new method of time synchronization for different space points have been found and 
a new contents of the simultaneity conception, common time and proper time, have been 
formulated. 
• A new inertial frame coordinate transformation, as the simple shifts, has been found. It 
leads to the known relativistic velocity summation law and requires the existence of the 
light (moving) "ether". 
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• It has been shown, that the initial moment of time counting for the moving frame 
propagates in space in the same direction with a finite velocity greater than the velocity 
of light. 
• The relativistic effects have been shown to take place due to the coordinate and time 
shifts of the origin point. One can find the values of space or time intervals to be the 
same in the moving and the rest frames by changing the measurement way. 
• It has been shown, that Lorentz energy-momentum transformation is a straightforward 
consequence of the relativistic velocity summation law. 
• The four elements complex fraction invariant and a possible wave equation have been 
presented. 

The author is grateful to A.P. Cheplakov and 0.V. Rogachevsky for useful discussions. 
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Abstract 
The average particle multiplicity density dN / dTJ is the dynamical quantity which 
reflects some regularities of particle production in low-pr range. The quantity is an 
important ingredient of z-scaling. Experimental results on charged particle density 
are available for pp, pA and AA collisions while experimental properties of the jet 
density are still an open question. The goal of this work is to find the variable which 
will reflect the main features of the jet production in low transverse energy range and 
play the role of the scale factor for the scaling function 'lj; ( z) and variable z in data z­
presentation. The appropriate candidate is the variable we called "scaled jet energy 
density". Scaled jet energy density is the probability to have a jet with defined Er 
in defined Xr and pseudorapidity regions. The PYTHIA6.2 Monte Carlo generator 
is used for calculation of scaled jet energy density in proton-proton collisions over a 
high energy range ( y'S = 200 - 14000 Ge V) and at TJ = 0. The properties of the new 
variable are discussed and sensitivity to "physical scenarios" applied in the standard 
Monte Carlo generator is noted. The results of scaled jet energy density at LHC 
energies are presented and compared with predictions based on z-scaling. 

1. Introduction 

For the description of particle production in high-pr pp, frp and pA collisions at high 
energies, the z-scaling concept is proposed in [I]. In the framework of z-scaling, such 
experimental observables as inclusive cross-section Ed3 a/ dp3 and the average charged 
particle multiplicity density p = dN/dTJ are used to construct the scaling function 'lj;(z) and 
variable z. The scaling, known as z-scaling, reveals interesting properties. There are the 
independence of the scaling function, 'lj;(z), on collision energy and an angle of produced 
objects (hadron, photon). A general concept of the scaling is based on such fundamental 
principles as self-similarity, locality, fractality and scale-relativity [2, 3]. Because the 
scaling function 'lj;(z) is well defined in hadron-hadron collisions and expressed via two 
experimental observables, it is clear that the quantity can be used to study the properties 
of jet production, too. 

In z-scaling concept, the average charged particle multiplicity density plays the role 
of the scale factor, z,..., I/p(s), and 'lj;(z) '""I/p(s,TJ). Experimental results on charged 
particle density are available for pp, pA and AA collisions while experimental proper­
ties of the jet density are still an open question. In the case of jets, there are a lot of 
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uncertainties (knowledge of parton distribution and fragmentation functions, knowledge 
of factorization, renormalization and fragmentation scales, uncertainties in the parton 
shower modelling etc.,) causing the problems in understanding of jet behavior at very 
high energies. The goal of this work is to find the variable which will reflects the main 
features of the jet production in low transverse energy range at a given energy and play 
the role of the scale factor. 

The paper is organized as follows. A basic description of a scale factor in z-scaling 
concept as well as results of Monte Carlo simulations on a scale factor in the case of 
charged particles production are given in Sec.2. New results on a scale factor for jet 
production based on the analysis of the experimental data and Monte Carlo simulations 
are described in Sec.3. Discussion of the obtained results at the LHC energies is presented 
in Sec.4. Conclusions are summarized in Sec.5. 

2. Scale factor in z-scaling concept 

One of the most interesting problems in the modern particle physics is a search for 
general properties of quark and gluon interactions in collisions of leptons, hadrons and 
nuclei. Universal approach to description of the processes allows us detail understanding 
of the physical phenomena underlying the secondary particle production. Up to date, the 
investigation of hadron properties in the high energy collisions has revealed widely known 
scaling regularities. Some of the most popular and famous are the Feynman scaling [4] 
for inclusive hadron production, the Bjorken scaling observed in deep inelastic scattering 
(DIS) [5], y-scaling valid in DIS on nuclei [6], limiting fragmentation established for nuclei 
fragmentation [7], scaling behaviour of the cumulative particle production [8, 9, 10], KNO 
scaling [11] and others. However, detailed experimental study of the established scaling 
laws has shown certain violations of these. The domains in which the observed regularities 
are violated is of great interest. These can be relevant in searching for new physical 
phenomena - quark compositeness, new interactions, quark-gluon plasma and others. 

The concept of the z-scaling is introduced in [1] for the description of inclusive produc­
tion cross sections in pp/fYJJ interactions at high energies and high PT values of secondary 
particles. The scaling function 'l/J(z) is expressed via the invariant inclusive cross section 
Ed3

0" /dp3 and the average charged particle multiplicity density p(s, r7). The function 'l/J(z) 
is found to be independent of collision energy v's and an angle e of the inclusive particle. 
The scaling was also applied for the analysis of the inclusive particle productions in pA 
collisions [2], jet productions [12], etc. The scaling function of direct photon production 
was found to reveal the power behavior of 'lj;(z) ~ z-!3 [13]. The properties of the scaling 
are assumed to reflect the fundamental properties of particle structure, interaction and 
production. The scaling function describes the probability to form the produced particle 
with formation length z. The existence of the scaling itself means that the hadronization 
mechanism of particle production reveals such fundamental properties as self-similarity, 
locality, fractality and scale-relativity. 

But, it was also found that there is a strong sensitivity of the scaling behavior on 
the energy dependence of the scale factor p( s) at 'f/ = 0. The experimental results show 
that scale factor p( s) (the average charged particle multiplicity density) is well defined 
quantity (at least up to Tevatron energies) and that simulation results of standard Monte 
Carlo generators (as PYTHIA) are in nice agreement with available experimental data. 
But, it is clear that this scale factor cannot be used for description of processes in the 
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case of jet production at high energies and that corresponding variable for jets must be 
found. This variable should represent the main properties of jet production at low Er 
and must be, as much as possible, independent of jet energy Er. It should be noted that 
the scale factor p(s, 77) in the case of particle production has such properties. Because of 
that and for the sake of completeness, we start the story about the jet scale factor with 
short description of the properties of charged particle multiplicity density based on the 
results of Monte Carlo simulations. 

The PYTHIA Monte Carlo generator [14] is used for calculations of charged particle 
multiplicity density in hadron-hadron (pp, 7rp) collisions in high energy range and at 
pseudorapidity 77 = 0. In both the cases, the dependence of density p on energy, vs, 
at 77 = 0 was fitted by the function: p(s) = a·sb, where a and b are free parameters. 
Choice of the fitting function reflects the experimentally observed power law dependence 
of charged particle density on energy. On the other hand, the properties of this power 
law should be a consequence of the Pomeron trajectory with intercept ~ = ap - 1. 
Based on analysis of available experimental data the value of the quantity was found to 
be 0.105. Charged particle density p(s) in pp interactions was simulated in the energy 
range vs = 50 -;- 14000 Ge V. The value of dCJch / d77 for every energy was normalized to 
the corresponding value of the inelastic cross-section CJ;nel· The results of simulations are 
shown in Figure l(a). As can be seen, the fit is satisfactory, with parameters equal to 
a= 0.74(12) and b = 0.105(11). This result fully agrees with theoretical predictions and 
available experimental results. It is expected that multiplicity density of charged particles 
at vs= 14 TeV will follow the same energy dependence but it is, in principle, still an 
open question. The Monte Carlo simulations of charged particle density at LHC which 
are in progress (see, for example, ATLAS TDR, p.480 [15]) give results for multiplicity 
density at 77 = 0 in the range from 4.5 up to 10. Charged particle density dNch / d77 in 
7rp collisions was simulated in the energy range vs= 10-;- 200 GeV. The chosen energy 
range is relatively narrow, but it is, at the moment, experimentally available. The results 
of simulations are presented in Figure l(b). The parameter values were found to be 
a = 0.59(8) and b = 0.126(17). For pp and 7rp collisions, we have obtained practically 
the same value for parameter b (within the errors). Also, in the energy region from 50 to 
200 Ge V there is no difference between densities in pp and 7rp collisions. 

The power law dependence of charged particle density on energy vs is valid for pA 
too. In the case of pA collisions, the densities of charged particles can be parameterized 
[2] by the formula: dNch/d77 '.:::'. 0.67·A0·18 -s0·105 , where A is the atomic weight of the 
corresponding nucleus. 

3. Jet energy density 

In the case of jets, the situation is much more complicated. For example, in [12], the 
average jet multiplicity density dependence on energy p(s), resulted from requirements of 
z-scaling, is used for analysis of jet production at high energies. The authors used different 
experimental results on jet cross-sections to produce semi-empirical energy dependence of 
jet scale factor. The result of that analysis is reproduced in Table 1. Also, the authors 
give the prediction of jet multiplicity density at LHC energies but emphasized that high . 
accuracy measurements of absolute cross section normalization and the jet density are 
very important to verify the energy independence of the scaling function 'lf;(z). On the 
other hand, the search for the "universal" jet scale factor is complicated because the cross 
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sections for jet production have non-trivial behavior. The cross sections for production 
of jets with a fixed transverse energy Er rise with ys. This is because the important x 
values decrease and there are more partons at smaller x. But, cross sections for jets with 
transverse momentum that is a fixed fraction of vs fall with ys. This is mostly because 
the partonic cross sections fall with Er like Er - 2

. 

Table 1. The average jet multiplicity density p( s) normalized to the value at ys = 
1800 GeV in frp and pp collisions over the central pseudorapidity range as a function 
of collision energy (12} 

vs [GeVJ 63 200 630 1000 1800 7000 14000 
Average jet density (normalized) 0.35 0.5 0.67 0.84 1 1.57 1.95 

Keeping all that in mind, we performed Monte Carlo analysis of jet production and 
found the variable that satisfied all the criteria. The detailed description is given below 
and started with definitions of variables used in jet production analysis. 

3.1. Main definitions 

Jets are experimentally defined as the amount of energy deposited in the cone of radius 

R = J ( D.71 )2 + ( D.¢) 2 in the space ( 71, </>), where b.71 and D.¢ specify the extent of the cone 
in the pseudorapidity and azimuth. The pseudorapidity 71 is determined via the center 
mass angle(} by the formula 71 = -ln(tg((}/2)). In this work, the value of cone radius was 
taken to be R = 0.7. 

The inclusive jet cross section measures the probability of observing a hadronic jet 
with a given Er and 71 in a hadron-hadron collision. The inclusive jet cross section is 
usually expressed in terms of the invariant cross section 

d3(J 
E dp3· (1) 

In the experiments [16, 17], the measured variables are the transverse energy (Er) and 
pseudorapidity (71). In terms of these variables, the cross section is expressed as follows 

d2(J 

dErd71. 

The quantities (1) and (2) are related by 

d3(J 1 d2(J 
E-=----

dp3 2r. Er dErd71 · 

(2) 

(3) 

The expression (3) follows if the jets are assumed to be massless. For most measurements, 
the cross section is averaged over some range of pseudorapidity. In this paper as in [16, 17], 
we analyzed jets in central pseudorapidity region 17/I < 0.5. 

3.2. Results 

The PYTHIA6.2 Monte Carlo generator [14] is used for calculation of inclusive jet cross 
sections in hadrqn-hadron (pp, typ) collisions in high energy range and for pseudorapidity 
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'f/ = 0. As a first step, we simulated the inclusive jet cross sections at Tevatron energies 
JS= 1800 and 630 GeV. The comparison between the Monte Carlo simulations and 
experimental data [17) is shown in Figure 2. Black points denote experimental data while 
red crosses denote Monte Carlo results. The agreement is very good. But, this agreement 
can be obtained only if the higher-order effects are included in PYTHIA code. This can 
be done in PYTHIA 6.2 by including the so-called K-factor. K-factor is the ratio of 
NLO cross section and LO cross section. In this case, we used the model with separate 
factors for ordinary and colour annihilation graphs. As expected, we can see very strong 
dependence on the jet transverse energy Er. 

In order to compare jets cross sections at two different colliding energies the so-called 
"scaled dimensionless cross section" (SDCS) is used. This variable reads 

d3CJ 

S DC S = Ei · E dp3 . (4) 

The scaling hypothesis, which is motivated by the Quark-Parton Model, predicts that 
this variable plotted against xr = (2Er /JS) will be independent of the collision energy 
JS. However, QCD leads to scaling violation through the running coupling constant a 5 

and the evolution of the PD F's [17). Theoretically, the scaled dimensionless cross sections 
at different collision energies should be nearly exponential and close to one another [17], 
or in other words, the ratio of CDCS's for different energies should be a constant when 
plotted as a function of xr. Figure 3(a) shows the ratio of dimensionless inclusive jet cross 
sections at JS= 630 and 1800 GeV and for lrtl < 0.5 as well as corresponding results of 
Monte Carlo simulations1

. 

This variable was our starting point, because it practically does not depend on xr. 
It can be seen in Figure 3(a) that SDCS(630)/SDCS(l800) > l. It means that the 
SDCS decreases with increasing colliding energy. On the other hand, the scale factor 
for jets Piet should take into account the rise of the jet Er with increasing JS (for the 
same xr bin) and the behavior of Cljet for minijets production which increase with energy 
approximately as s0ln(s), where 8 value is between 0 and 0.4 (from QCD expectations 
and HERA results). 

So, the next step was to find the variable similar to the SDCS with taking into account 
above requirements. The natural choice was to multiply the SDCS value with correspond­
ing jet Er and to divide with number of jets in rt region. The variable, we called "scaled 
jet energy density", then has the form: 

Scaled jet energy density= SDCS · NEr . 
3et 

(5) 

1J. Womersley wrote about these results: "Both CDF and DO have measured the ratio of jet cross 
sections, exploiting a short period of data taking at the latter center of mass energy at the end of Run I. 
This ratio is expected to be a rather straightforward quantity to measure and to calculate. Unfortunately, 
the two experiments are not obviously consistent with each other (especially at low xr) or with the NLO 
QCD expectation for the ratio. At least two explanations have been suggested for the discrepancy. It 
seems that more work, both theoretical and experimental, is needed before this question can be resolved." 
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Figure 1. (a) Charged particle multiplicity density dNch /dry at ry = 0 as a function 
of energy ,/S in pp collisions. (b) Charged particle multiplicity density dNch /dry at ry = 0 
as a function of energy ,/S in 7rp collisions 
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Figure 2. The comparison between the MC simulations and experimental data on 
inclusive jet cross sections for /TJI < 0.5 in j5p collisions at Tevatron energies vs= 1800 
and 630 GeV [17). Black points - experiment, red crosses - Monte Carlo results 

146 



1.4 -

Q,05 

(a) 

. 
. -~-~ 

• .Ji=14C<XJO'°V 

• .J;,.10000,.v 
~ ..rs .. 1800c ... v 
.1. ../i .. 1oooc ... v 
* ,/;o.500Cu>V 

T .JJ,.2000tV 

0./ 0.15 0.2 

(b) 

p+p~jet+X 

trll<0.5 

0.2$ o.J 0.35 

Figure 3. (a) The ratio of dimensionless inclusive jet cross sections at vs = 630 
and 1800 GeV and for 1771 < 0.5 in comparison with corresponding results of Monte Carlo 
simulations. (b) The scaled jet energy density in central pseudorapidity region for different 
collision energies (from 200 to 14000 Ge V) as a function of xr 
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Figure 4. The scaled jet energy density ratio (see text) in central pseudorapidity 
region for different collision energies (from 200 to 14000 GeV) as a function of xr (a) and 
Vs~ . 
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The shape of this variable for different colliding energies is xr independent. It increases 
with energy vs (from 200 to 14000 GeV). The results are shown in Figure 3(b). This 
variable has the straightforward interpretation - it reflects the probability to have a jets 
with defined Er in defined xr and pseudorapidity region (in this case we talk about central 
region). The xr independence of scaled jet energy density is clearly seen when the values 
are normalized. Following the procedure described in [12) we applied the normalization by 
dividing the scaled jet energy density values for different vs with corresponding value for 
Vs= 1800 GeV. The results are given in Figure 4(a). These ratios show one interesting 
property: they do not depend on the value of cone radius R in jet finder algorithm. This 
is important feature because there is a indication that jets at LHC will be broader than 
expected [15). So, on the basis of these variable properties, we conclude that this variable 
can be a good candidate for the role of scale factor (Piet) for jet analysis in the framework 
of z-presentation. 

Thus, Figure 4(b) shows the ratio Piet(Vs)/Pjet(l800) as a function of vs compared 
with predictions of z-scaling. The first impression is that corresponding values agree very 
well up to Tevatron energies. In other words, introduction of new variable fully confirms 
z-scaling predictions for jets for available energies. 

4. Discussion 

However, we should be very careful with results of Monte Carlo simulations at LHC 
energy. Extrapolations to LHC energies, based on measurements at the Tevatron show 
the importance of taking into account the processes when (relatively) small transverse mo­
menta are involved. The description of this problem is given in [18}: "Most of the time the 
protons will pass through each other with low amount of momentum (!ow-pr) being trans­
ferred between the interacting partons. Occasionally there will be a hard parton-parton 
collision, resulting in large transverse momentum outgoing particles. Perturbative QCD 
is highly successful when applied to hard processes (large-PT) but cannot be applied to 
soft interactions (low-pr). Alternative approaches to describe soft processes are therefore 
required. PYTHIAs model for hadron-hadron collisions attempts to extend perturbative 
(high-PT) picture down to !ow-pr region considering the possibility that multiple parton 
scattering takes place in hadron-hadron collisions". These "soft" processes can violate 
expected distribution even in hard processes. For example, the violation of KNO scaling 
is also attributed to secondary processes taking place in the hadron scattering. 

The problem of accounting low-PT processes is present at the Tevatron energies, too. 
It was found that the default PYTHIA settings does not describe the minimum bias and 
underlying event data at CDF and DO experiments. But, with appropriate tunings for 
PYTHIA [18, 19) those miniµmm bias and underlying event data can be described. So­
called CDF - tune A is the best model describing experimental data from the Tevatron. 
However, it fails to reproduce several minimum bias distributions at lower energies. On 
the other hand, tune from [18) gives reasonable description of underlying event data and 
nice description of minimum bias distributions. The relevant PYTHIA6.2 parameters 
values in different tuning [18, 19] are shown in Table 2. 

This problem is interesting also in the case of jet production. It should be noted that 
the results for jet energy density shown in Figures 2-4 are obtained with CDF Tune A 
parameters with fixed PT cut for multiple interactions at different collision energies. The 
changes in results compared with default PYTHIA values are small at energies up to 

1800 GeV, but situation could be quite different at the LHC. 
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Table 2. The relevant PYTHIA6.2 parameters values in different tuning [18, 19}. 

Parameter Deafult CDF - Tune A Moraes Tune Our Tune 
PARP(67) 1.0 4.0 1.0 1.0 
MSTP(82) 1 4 4 4 
PARP(82) 1.9 2.0 1.8 1.8 
PARP(84) 0.2 0.4. 0.5 0.6 
PARP(85) 0.33 0.9 0.33 0.66 
PARP(86) 0.66 0.95 0.66 0.66 
PARP(89) 1000 1800 1000 1000 
PARP(90) 0.16 0.25 0.16 0.16 

At the LHC the important topic will be multiple parton scattering i.e. the simulta­
neous occurrence of two independent hard (semihard, soft) scattering in the same inter­
action. On the other hand, in a hard scattering process, the underlying event has a hard 
component (initial + final-state radiation and particles from the outgoing hard scattered 
partons) and a soft component (beam-beam remnants). In case of such extreme colliding 
energies the small differences in "physical scenarios" can produce sizeable differences in 
scaled jet energy density. Analyzing the parameters values in Table 2, all the tunes as­
sume smooth transition between high and low-pr regions (MSTP(82) = 4) instead of cut 
on Pr (MST P(82) = 1). It can be seen that main changes are for values of parameters 
PARP(84), PARP(85) and PARP(86). PARP(84) regulates the size of the hadron core if 
the double Gaussian matter distribution in hadrons is assumed. PARP(85) and PARP(86) 
describe the probability that multiple parton scattering produces two gluons with color 
connections to the nearest neighbors or as a closed gluon loop. We also applied our tune 
by increasing the probability of producing two gluons with color connections to the nearest 
neighbors in multiple interactions and by increasing the size of of the hadrons core (right 
column in Table 2). This results in decrease of scaled jet energy density ratio at the LHC 
energies and corresponding values are very close to prediction of Z-scaling. Comparing 
the values of jet energy density at the LHC energy (Figure 4(b)) simulated with different 
tuning [18, 19) and our tune, it can be concluded that this variable is sensitive (at the 
level of 10 -;- 20%) to the changes of these parameters. 

5. Conclusions 

In this work we tried to find the variable which will reflect the main features of the 
jet production in low transverse energy range at a given energy and play the role of the 
scale factor for description of jets in the framework of z-scaling. The PYTHIA6.2 Monte 
Carlo generator was used for calculation of jet production in proton-proton collisions over 
a high energy range (,JS= 100-;- 14 TeV) and for pseudorapidity 71 = 0. We introduced 
the variable we called the "scaled jet energy density". The scaled jet energy density is 
the probability to have a jet with defined Er in defined xr and pseudorapidity regions. 
Its definition is related to the "scaled dimensionless cross section" and its features (for 
example, xr independence) show that this variable can be used in the studies of jet 
production at high energies. The important result is that properties of new variable fully 
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confirms z-scaling predictions for jets production at available energies. Detailed analysis 
of the variable behavior at the LHC energies show that it is sensitive to relatively small 
differences in applied "physical scenarios" in standard Monte Carlo generators. The fact 
is that there are sizeable uncertainties in LHC predictions generated by different models 
so the alternative approach as z-scaling is very important for understanding of inclusive 
processes of jet production at high energies. · 
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Abstract 
The concept of z-scaling reflecting the general regularities of high-pr particle pro­
duction is reviewed. Properties of data z-presentation are discussed. New data on 
high-Pr particle spectra obtained at the RHIC are analyzed in the framework of 
z-presentation. It was shown that these experimental data confirm z-scaling. Pre­
dictions of strange particle spectra are considered to be useful for understanding of 
strangeness origin in mesons and baryons and search for new physics phenomena at 
the RHIC. 

1. Introduction 

Search for scaling regularities in high energy particle collisions is always to be a subject 
of intense investigations [l]-[10]. Commissioning of the Relativistic Heavy Ion Collider 
(RHIC) at the Brookhaven National Laboratory (BNL) gives new possibilities to perform 
experimental investigations in a new physics domain. The RHIC is a next generation of a 
proton-proton colliders after ISR designed to accelerate protons at center of mass energy 
range y's = 50 - 500 GeV aimed to clarify origin of proton's spin and discover a new state 
of nuclear matter, Quark Gluon Plasma. 

High energy of colliding particles and high transverse momentum of produced particles 
are most suitable for precise QCD test of production processes with hard probes like high-pr 
hadrons, direct photons and jets. Therefore, search for general regularities of high-pr single 
inclusive particle spectra of hadron-hadron and hadron-nucleus collisions are of interest to 
establish complementary restrictions for theory. 

The universal phenomenological description (z-scaling) of high-Pr particle production 
cross sections in inclusive reactions is developed in [11, 12]. The approach is based on 
properties of particle structure, their constituent interaction and particle formation such 
as locality, self-similarity and fractality. The scaling function 1/; and scaling variable z are 
expressed via experimental quantities such as the inclusive cross section Ed3 CJ / dp3 and the 
multiplicity density of charged particles dN /dry. Data z-presentation is found to reveal 
symmetry properties (energy and angular independence, A-and F-dependence, power law). 
The properties of 1/; at high z are assumed to be relevant to the structure of space-time 
at small scales [13, 14, 15). The function 1/;(z) is interpreted as the probability density to 
produce a particle with a formation length z. 

In the report we present the results of analysis of new data on high-py particle spectra 
obtained at the RHIC. The obtained results are compared with other ones based on the data 
obtained at lower collision energy y's. The results are considered as a new confirmation of 
z-scaling at the RHIC. 
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2. Z-scaling 

The idea of z-scaling is based on the assumptions [6) that gross feature of inclusive 
particle distribution of the process (1) at high energies can be described in terms of the 
corresponding kinematic characteristics 

(1) 

of the constituent subprocess written in the symbolic form (2) 

(2) 

satisfying the condition 

(x1P1 + x2P2 - p)2 = (x1M1 + x2M2 + m2)2. (3) 

The equation is the expression of locality of hadron interaction at constituent level. The 
x1 and x 2 are fractions of the incoming momenta P1 and P2 of the colliding objects with 
the masses lvf1 and M 2 . They determine the minimum energy, which is necessary for 
production of the secondary particle with the mass m1 and the four-momentum p. The 
parameter m 2 is introduced to satisfy the internal conservation laws (for baryon number, 
isospin, strangeness, and so on). 

The equation (3) reflects minimum recoil mass hypothesis in the elementary subprocess. 
To connect kinematic and structural characteristics of the interaction, the quantity n is 
introduced. It is chosen in the form 

(4) 

where m is a mass constant and 61 and 62 are factors relating to the anomalous fractal 
dimensions of the colliding objects. The fractions x1 and x2 are determined to maximize 
the value of D(x1, x2), simultaneously fulfilling the condition (3) 

(5) 

The fractions x1 and x 2 are equal to unity along the phase space limit and cover the full 
phase space accessible at any energy. 

Self-similarity is a scale-invariant property connected with dropping of certain dimen­
sional quantities out of physical picture of the interactions. It means that dimensionless 
quantities for the description of physical processes are used. The scaling function '1/J(z) 
depends in a self-similar manner on the single dimensionless variable z. It is expressed via 
the invariant cross section Ed3 (J / dp3 as follows 

7rS -1 d3(J 
'lj;(z) = - (dN/dri)(J;n J E dp3 (6) 

Here, sis the center-of-mass collision energy squared, (J;n is the inelastic cross section, J is 
the corresponding Jacobian. The factor J is the known function of the kinematic variables, 
the momenta and masses of the colliding and produced particles. 

The function 'lj;(z) is normalized as follows 

{" 'lj;(z)dz = 1. 
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The relation allows us to interpret the function 1f;(z) as a probability density to produce a 
particle with the corresponding value of the variable z. 

Principle of fractality states that variables used in the description of the process diverge 
in terms of the resolution. This property is characteristic for the scaling variable 

z = zon- 1
, (8) 

where 
zo = {i:/(dN/dT/)- (9) 

The variable z has character of a fractal measure. For the given production process (1), 
its finite part Zo is the ratio of the transverse energy released in the binary collision of 
constituents (2) and the average multiplicity density dN/dT/l~=O· The divergent part n-1 

describes the resolution at which the collision of the constituents can be singled out of this 
process. The D(x1, x2) represents relative number of all initial configurations containing the 
constituents which carry fractions x1 and x 2 of the incoming momenta. The o1 and o2 are the 
anomalous fractal dimensions of the colliding objects (hadrons or nuclei). The momentum 
fractions x1 and x2 are determined in a way to minimize the resolution n-1 (x1 , x2 ) of the 
fractal measure z with respect to all possible sub-processes (2) subjected to the condition 
(3). The variable z was interpreted as a particle formation length. 

The scaling function of high-PT particle production, as shown below, is described by 
the power law, 1f;(z) ~ z-13. Both quantities, 1f; and z, are scale dependent. Therefore 
we consider the high energy hadron-hadron interactions as interactions of fractals. In the 
asymptotic region the internal structure of particles, interactions of their constituents and 
mechanism of real particle formation manifest self-similarity over a wide scale range. 

3. Z-scaling before RHIC 

It was established [11, 12] that of data z-presentation reveals the properties such as the 
energy and angular scaling, the power law, A- and F-dependencies of the scaling function 
1f;(z). Numerous experimental data on high-PT particle spectra obtained at U70, ISR, SpS 
and Tevatron used in the analysis [11, 12] are compatible each others in z-presentation and 
give us a good reference frame for future analysis of RHIC data. 

Let us remind some properties of PT-presentation. The first one is the strong dependence 
of the cross section on energy .JS. The second feature is a tendency that the difference 
between particle yields increases with the transverse momentum PT and the energy Vs· 
The third one is a non-exponential behavior of the spectra at PT > 4 GeV /c. The energy 
independence of data z-presentation means that the scaling function 1f1(z) has the same 
shape for different .JS over a wide PT range. 

Figure 1 (a) shows the dependence of the cross section of Jr+ -meson production in p - p 
interactions on transverse momentum PT at .JS= 11.5-53 GeV in a central rapidity range. 
The data cover a wide transverse momentum range, PT= 0.2 - 10 GeV /c. 

Figure l(b) demonstrates z-presentation of the same data sets. One can see that the 
scaling function 1f;(z) demonstrates independence on collision energy ,fS over a wide energy 
and transverse momentum range at Bcms '.::::'. 90°. 

As seen from Figure l(b) the scaling function reveals a linear z-dependence on the 
log-log scale at high-z. It corresponds to the power law, 1f1(z) ~ z-13. The value of the 
slope parameter (3 is independent of the energy .JS over a wide range of high transverse 
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momentum. This is considered as indication that the mechanism of particle formation 
reveals self-similar and fractal properties. 

The py-presentation demonstrates a strong angular dependence as well. Figure l(c) 
shows the dependence of the cross section of 7f0-meson production in p - p collisions on 
transverse momentum at .,/S = 53 GeV and the center of mass angle Bcms = (5 - 90)0

. 

The angular independence of data z-presentation means that the scaling function 1/J(z) 
has the same shape for different values of an angle Bcms of produced particle over a wide 
PT and y1s range. Figure l(b) demonstrates z-presentation of the same data sets and 
experimental confirmation of the angular scaling of 1/J ( z). 

The z-presentation of data gives indication on F-independence of the scaling function 
[16]. The property means that the scaling function 1/J(z) for different species of produced 
hadrons (7r±,o,K±,p) at high-z is described by the power law, 1/J(z),...., z-13, and the slope 
parameter f3 is independent of flavor content of produced hadrons. Figure l(e) illustrates 
the F-independence of 1/J(z) at high-z for hadron production in p - Be collisions. For 
comparison of different data sets the transformation z-> (aAaF) · z, 1/J-> (aAaF)-1 ·1/J 
of the scaling variable z and the scaling function 1/J have been used. The parameters aA 
and aF are independent of energy .,/S and momentum PT· The property is considered as 
universality of particle formation mechanism over a wide range of small scales. We assume 
that it relates to a structure of space-time itself. 

4. Z-scaling at RHIC 

Recently the STAR and PHENIX Collaborations presented new data on inclusive high­
PT particle spectra measured at the RHI C in p-p collisions at .,/S = 200 Ge V. In the section 
the data are compared with other ones and used as the experimental test of z-scaling. 

4.1. Charged hadrons 

The high-PT spectra of charged hadrons produced in p - p and Au - Au collisions at 
energy .,/S = 200 GeV within 1771 < 0.5 were measured by the STAR Collaboration [17]. 
The results are presented in Figure 2(a). The py-distribution of charged hadrons produced 
in Au - Au collisions were measured at different centralities. The shape of the cross section 
drastically changes as centrality increases. The spectrum for p - p collisions is similar 
to the spectrum observed in the peripheral Au - Au collisions. The STAR data [17] for 
p - p collisions correspond to non-single diffraction cross section. Other experimental data 
correspond to inelastic cross section. Therefore in the analysis the multiplicity particle 
density dN/d17 for non-single diffraction interaction for STAR data were used. The RHIC 
data and other ones for p - p collisions obtained at the U70 [18], Tevatron [19, 20] and 
ISR [21] are shown in Figure 2(b). The charged hadron spectra were measured over a wide 
kinematic range .,/S = 11.5 - 200 GeV and PT = 0.5 - 9.5 GeV/c. The strong energy 
dependence and the power behavior of particle pr-spectrum are found to be clearly. The 
energy independence of data z-presentation shown in Figure 3(c) is confirmed. Verification 
of the asymptotic behavior of 1/J at .,/S = 200 Ge V and reach of value of z up to 30 and 
more are of interest. 

4.2. n°-mesons 

The PHENIX Collaboration published the new data [25] on the inclusive spectrum of 
7f

0-mesons produced in p - p collisions in the central rapidity range at RHIC energy y1s = 
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200 GeV. The transverse momenta of 7r0-mesons were measured up to 13 GeV /c. The Pr­
and z-presentations of data for 7r0-meson spectra obtained at ISR [26, 27, 28, 29, 30] and 
RHIC [25] are shown in Figures 3(a) and 3(b). One can see that pr-spectra of 7r0-meson 
production reveal the properties similar to that found for charged hadrons. The new data 
[25] on 7r0-meson inclusive cross sections obtained at the RHIC as seen from Figure 3(b) are 
in a good agreement with our earlier results [ll]. Thus we can conclude that the available 
experimental data on high-pr 7r0-meson production in p - p collisions confirm the property 
of the energy independence of 'lf;(z) in z-presentation. 

4.3. 77-mesons 

New data on 77-meson spectra in p - p collisions at .jS = 200 GeV in the range Pr = 
1.2 - 8.5 GeV /c are presented by the PHENIX Collaboration in [23]. The 77/7r0 ratio is 
found to be 0.54 ± 0.05 in the range Pr = 3.5 - 9 GeV /c. The value is in agreement with 
existing data. We compare the data with other ones obtained at .jS = 30., 31.6, 38.8, 53. 
and 63. GeV [24, 37]. Data Pr- and z-presentations are shown in Figures 4(a) and 4(b). 
As seen from Figure 4(b) the results of our new analysis confirm the energy independence 
of the scaling function for 77-meson production in p - p collisions over a wide .jS and Pr 
range. Note that new result on the 77/7r0 ratio indicates on flavour independence of the 
scaling function at high-z. 

4.4. A and A hyperons 

Here we analyze the new data obtained by the STAR Collaboration [31] on pr-spectra 
of neutral strange particles (K~, A, A) produced in p - p collisions at .jS = 200 Ge V. 
The transverse momentum spectra are shown in Figure 5(a). We have not any other data 
to compare with the STAR data and construct the scaling function. Therefore the F­
dependence of z-presentation was used to determine the scaling function for A and A. The 
experimental data (see Figure 3) on inclusive cross section of 7r0-mesons produced in p - p 
collisions at .jS = 23-200 GeV are used to construct the asymptotics of 'lf;(z). The dashed 
line shown in Figure 5(b) is the fit of the data. As seen from Figure 3(b) and Figure 5(b) 
the scaling function is described by the power law, 'lf;(z) ~ z-!3, on the log-log scale at 
high-z. The transformation of the variable z and the scaling function 'If; for A (Fig.5(b)) 
and A in the form z -+ Cl'.F • z, 'If; -+ Cl'.F-1 • 1/J was used for coincidence of the asymptotics 
for A, A and 7r0 • Note that the scaling function 'lf;(z) for A reveals different behavior at low­
and high-z ranges. It is valid for A as well. The parameterizations of 'lf;(z) for A and A were 
used to predict particle spectra (see Figures 5(c) and 5(d)) at .jS = 63, 200 and 500 GeV 
at high-Pr· 

4.5. ¢-mesons 

Recently the STAR Collaboration presented the new data [32] on spectra of ¢-mesons 
produced in Au - Au and non-singly-diffractive p - p collisions at energy .jS = 200 GeV. 
The decay mode¢-+ K+ K- was used to reconstruct ¢-mesons up to Pr= 3.7 GeV /c 

The cross sections as a function of the difference of the transverse mass ffit and the 
mass of ¢-meson mq, are shown in Figure 6(a). The data can be used to test z-scaling and 
verify models of strange particle formation. The Pr-distribution of ¢-mesons produced in 
Au-Au collisions measured at different centralities reveals exponential behavior. The slope 
of spectra changes with the centrality. The spectrum for p-p collisions at high-pr indicates 
on power behavior. The scaling functions for ¢ and the asymptotics for 7ro are shown in 
Figure 6(b). The F-dependence of data z-presentation was used to predict ¢-meson spectra 
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at vs= 41.6, 63, 200 and 630 GeV and Berns = 90° at high-PT. Note also that p- p spectra 
of ¢-mesons is important to study the nuclear modification factor RAA over a wide pr-range 
and obtain direct information about the dense nuclear matter at hadron formation. 

4.6. :=:- and 3+ hyperons 

The STAR Time Projection Chamber (TPC) provides excellent tracking of charged par­
ticles with good momentum resolution (33]. Present statistics are sufficient to reconstruct 
:::;- and 3+ hyperons over a wide PT-range (34]. The decay modes- --+ A7r- was used to 
reconstruct :::;- up to PT= 4. GeV /c. Mid-rapidity transverse momentum spectra for s­
and 3+ from p - pat energy vs= 200 GeV and JyJ < 0.75 are shown in Figure 7(a). 

The flavor independence of 1f; at high-z for different pieces allows us to construct the 
scaling function of:::;- (see Fig. 7(b)) and 3+ over a wide z-range using the asymptotics 
for 7r0-mesons and to predict inclusive cross sections of :::;- and 3+ hyperon production at 
high-pr. The transverse momentum spectra for s- aad 3+ are shown in Figure 7(c) and 
Figure 7(d), respectively. 

As shown in [35] the PYTHIA simulation of :::;- spectrum in p - p collisions at vs = 
200 Ge V does not reproduce the STAR data. Therefore our predictions can be used to 
tune various PYTHIA parameters. To study azymuthal correlation of strange and charged 
particles and strange tagging jet production in p - p collisions statistics should be gained. 
Moreover sophisticated algorithms [36] could essentially decrease background and increase 
efficiency of strange particles reconstruction as well. 

4. 7. K~-mesons 

Here we compare the STAR data (31] for K~-meson cross sections with data for K+­
mesons obtained at the U70 [18], Tevatron (19, 20] and ISR (21] at lower energies 11.5, 
19.4, 23.8, 27.4, 38.8 and 53 GeV. The data PT- and z-presentations are shown in Figures 
8(a) and 8(b), respectively. As seen from Figure 8(a) the energy dependence of the cross 
section enhances with PT· The shape of the scaling function for K~-mesons coincides with 
similar one for K+-mesons in the range z = 0.2- 3.0. It gives evidence that mechanism of 
neutral and charged strange K-meson formation is the same one and it reveals property of 
self-similarity. 

4.8. 7r+-mesons 

The PHENIX Collaboration presented in [22] the new data on inclusive cross section 
of identified hadrons ( 7r±, K±, p, p) produced in p - p collisions at VS = 200 Ge V in the 
central rapidity range. Transverse momentum of particles is measured up to 2.2 GeV /c. 
Data py- and z-presentations for 7r+ -mesons are shown in Figure 9. We compare the data 
with another ones obtained at the U70 (18], Tevatron (19, 20] and ISR (21] at lower energies 
VS= 11.5- 53 GeV. As.seen from Figure 9(b) the scaling function corresponding to data 
[22] is in good agreement with our results obtained previously (11]. 

5. Conclusion 

Analysis of new experimental data on high-pr hadrons (h±, 7r0 , 'TJ, A,li., ¢,s-,3+, K~, 7r+) 
produced in p - p collisions at the RHIC in the framework of data z-presentation was 
performed. 

The scaling function 1/J(z) and scaling variable z are expressed via the experimental 
quantities, the invariant inclusive cross section Ed3u/dp3 and the multiplicity density of 
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charged particles p(s, 71). The scaling function 1/; is interpreted as a probability density to 
produce a particle with the formation length z. 

The general regularities of high-pr particle production described by z-scaling were found 
to be valid in the new kinematical range accessible at the RHIC. Using the properties 
of z-scaling predictions of spectra of strange particles (A, A, ¢, :=:-, 3+) produced in p - p 
collisions at RHIC energies in high-pr range were made. The obtained results are considered 
to be useful for understanding of strangeness origin in meson and baryons. New evidence 
that mechanism of particle formation reveals self-similar and fractal properties at high-pr 
range was obtained. 

Thus we conclude that new data obtained at RHIC confirm the general concept of z­
scaling. The further inquiry and search of violation of the scaling can give information on 
new physics phenomena in high energy hadron collisions and determine domain of applica­
bility of the strong interaction theory. 

Acknowledgments. The author would like to thank l.Zborovsky, Yu.Panebratsev, 
O.Rogachevski and A.Kechechyan for collaboration and numerous fruitful and stimulating 
discussions of the problem. 

157 



~ 
0 ..._,, 
.0 
E 

"a. 

" ..._,, 
"b 

" w 

10 -t 

10'-----------~ 

10' 

10• 

10·' ~(GeV) 
10.. U:~ 
10.. 23.8 

~:~ 
38.8 
53.0 

'l· ··ih. 
····· 

a) 

Ed'o/dp' 

(mblGeV
2 
c4 ) 

p-p 

10 _,r .·:;!, 
t • • ::!!:~ 

n• 

s112=53 GeV 
10 ''[ t' •'~·t!: . ,,o tt• t t:·*:!•. 
10 _, 90 

ft ... :?!!· •• 
1j+f!1' '!:.'•· 20 ......... . 17.5 f tt+ t ·-a:: ... •• •• 

10 _, . 15 t I 'I .;... . . 12 t j j I ttt ·::;:·· 10 

10 -· ~ 7.5 
5 t 

10 ·•t.......u.J~u..1.~u...=.Lu~L.u....J.=.w...-'-'-"' 

Q5 1~ 1~ 20 2~ 10 15 ~o ~5 

Pr. GeV/c 

c) 

10' 

10 

1 
10·1 

10"1 

10· 

10' 

10' 

10· 
10·7i;. 

10· 
10·' 

1o·IG 

10·" 

10·'1 

10·1 

10 

10 -s 

10 -2 

N 10 -) 
i>'. 

10 ~ 

10 -5 

10 -· 

10 _, 

'l'(Z) 

"(GeV) 

~ 

,,. 
90 
20 

1U 
23.8 
27.4 
27.4 
38.8 
53.0 

17.5 
15 
12 
10 

7.5 
5 

10'~------------~ 

10 

10 -r 

10 -J 

• .. 
~ '· 

·-------! .. ~~~>~ 
·-.. 

1/1-.(a,.arr'•'f 

h 
o n• 
+ ;~ x,: K• 

o K' 
• p' 

e) 

p+Be-+h+X 

Pl• GeV/c 

10 

·" ' 

10 

b) 

GeV 

10 

d) 

Figure 1. The Pr(a,c) and z-presentations of experimental data on inclusive cross 
section of particles produced in p- p collisions. The energy (b), angular (d) scaling and F­
dependence ( e) of the function 'lj;(z ). Experimental data are taken from (17, 18, 19, 20, 21] 

158 



103 
I I I 

"i~ 102 

~~ ~ 10 
<ll 

g 1 

0 10" 
II 

10"2 ,. . . 
...£' . . 
!=" ~::· "O 

>- .... 
a. .... . 
32 · .. : . . z .. . . . . 

"' •0-5% •• .. . "O . 
•5-10%/5 . . . 

--;: • 10-20% /10 . a. •20-30%/15 
~ •30-40%/20 

C\I •40-60%/25 :::::-
10"' •60·80%/30 

10·100 
• p+p (/20 for le axis) 

2 4 

10' 
10' 
10 p+p->h•+h-+X 

~ 

1',m=90' ' 0 
10 -! 

~. > 10 -l 

" 10 -l 
_J ......... 

<.:> ' .,. 
' 10 -· --i ' .0 

E 10 -!o s 112(GeV)"\ !o+ : ..... 
10 _, 

63 ' .. -·-
~ ~-. 

a. 10 - 7 53 '\ 

" 0 45 ·, . 
' 10 -e 31 . 
~b 6 

" 10 4 23 
w 10 -10 + 38.8 

0 27.4 10 -11 
23.B 

10 -12 19.4 
10 _,, Q 11.5 200 

2 4 6 8 10 
p,, GeV/c 

b) 

a) 

'fs: = 200 GeV 

Au+Au, p+p 

(h.+h")/2 10 

10' 

10' .. 
"~+p->h.+h:+x 10 

10 -l 1',m=90 

' 10 -l 
s112(GeV) ... 

' N 
10 -.:5 

* 63 \, ~ 10 -· 0 53 
0 45 

10 -!o 6 31 .... 
x 23 10 _, 
+ 38.8 

' 10 _, 0 27.4 •• . 23.B 
1Q -IS . 19.4 ~ Q 11.5 . 200 
10 -· 

10 -10 

10 -· 10 
z 

c) 

Figure 2. (a) Experimental data [17] on the inclusive cross sections of charged hadrons 
produced in Au-Au and p-p collisions at Vsnn = 200 GeV and Berns '.:::'. 90° as a functions 
of the transverse momentum PT· Data (b) Pr and (c) z-presentations of data taken from 
[18, 19, 20, 21] and (17] 

159 



10 10 

• 
10 -t 

\\ ... p-p 
~ 10 -l 

u 
7(0 > io-J 

" " 10 4 

'- 1'=90° .0 
E 10 -$ 1··:·. 10 _, 
a. 

.... ~:.: + ........ -0 10 _, 
'-
~b 10 ... s112( eV) • t • :.; ; + + -0 w 23 - • : • 

0 ~g ,. ; ; ; + + 10 -10 0 

10 -It 
+ 62 
b. )( 200 

1 r ' . . i. 
10 _, i..;. p-p 

10 -l 

~\:,. 10 -.l 

10 4 

N 

~ 10-• 

10 -· r ~;
2

(GeV) ' 10 _, . 
0 

10 _, r 0 53 ..... 
62 

'+: 
10 -·r 200 't 

10 -10 

2 4 6 8 10 12 14 10 

Pr. GeV/c 
z 

a) b) 

Figure 3. The dependence of the inclusive cross section of 7f0-meson production on the 
transverse momentum PT in p - p collisions at vs= 30, 53, 62 and 200 GeV and the angle 
Bern of 90°. The experimental data are taken from [26, 27, 28, 29, 30] and [25]. (b) The 
corresponding scaling function 'lj;(z) 

10 _, 

10 -l 

~u 10-l 
> 
" 10 4 

" '- 10 -0 
.0 
E 10 _, 
~ 
a. 10 _,Ir 
-0 

'- E 
~b 10 -· 
-0 

10 -· w 

10 - 00 ~ 
1Q -II J 
10 -ll 

0 

I· • I p-p 

. • (,· ... 
t !" * t I 

s
112

, GeV: :·:· • T 1 
30 
31.6 

A 38.8 
0 53 t ' 
+ 63 
'1t 200 

2 4 6 8 

Pr. GeV/c 

a) 

10 

10 _, 

10 -l 

10 _, 

10 4 

N 

~ 10 -a. 

10 _, 

10 _, 

10 _,ll' 
10 _, ~ 

10 -10 

10 12 

0 
0 
A 

0 

30 
31.6 
38.8 
53 
63 

'1t 200 

z 

b) 

p-p 

T/o 

10 

Figure 4. (a) The inclusive cross section of 7)-mesons produced in p-p collisions in the 
central rapidity range as a function of the transverse momentum PT at vs= 30 - 63 GeV 
and 200 GeV. Experimental data are taken from [24, 37] and [23]. (b) The corresponding 
scaling function 'lj;(z) 

160 



p+p 0 '>IS= 200GeV tl ? 
10-' STAR Preliminary 

0 ~ I LI 2 ~ 3 U 4 U 5 
Pr(GeV/c) 

a) 

10 _, ~------------~ 

0 2 4 6 8 10 

p,, GeV/c 

c) 

10 

1 
10 _, 

10 -2 

10 _, 

10 -· 
10 -~ 

N 

'.j;'. 1Q -II 

10 _, 

1Q -II 

10 -· 
10 -10 

10 -!I 

10 -11 

10 -l 

~ 
10 _, 

'-
10 _, 

~ 10 4 

8 
>. 10 -t. 

" Ii 10 -e " '-
NZ 10 -~ 
" Ii 10 ~ 
~ 

N 
10 -· :::-

! 10 _,, 

~ 10-11 

10 -1l 

0 

63 
.,, 200 

500 

2 

10 
z 

b) 

4 

p,, GeV/c 

d) 

10' 

8 10 

Figure 5. (a) The inclusive cross sections of hadrons K~, A, A produced in p-p collisions 
at JS= 200 GeV in central rapidity range as a functions of the transverse momentum PT· 

Experimental data are taken from [31]. (b) Z-presentation of A and 7ro experimental data 
on cross sections. Predictions of the inclusive spectra for A (c) and A (d) production in 
p - p collisions at JS= 63, 200, 500 GeV and Ocms '.'.:::'. 90° 

161 



i z 
';:" 10 -!'j 

0.5 1.5 

10' 

10 

p-p 
10 -t 

10 -:t 

10 -.s 

10 ·• 
N 10 -~ 
~ 10 -o 

10 - 7 

10 _, 

10 _g 

10 -10 

1Q -II 

10 -12 

10 10' 
z 

b) 

cp->K'+K· 
cfs = 200 GeV) 

2.5 

a) 

10 -2 

10 -.s 
u 

-:;;. 
10 ~ " 2. 

"' 10 _, 
'I. c. 

" ' z 
"o 
a. • " ' 
i z :::,. 

3.5 

10 

Pr. GeV/c 

c) 

Figure 6. (a) The inclusive cross sections of ¢-mesons produced in Au - Au and 
p - p collisions at Vsnn = 200 GeV in central rapidity range as a functions of mt - mq,. 
Experimental data are taken from [32]. (b) Z-presentation of</> and 71'

0 experimental data 
on cross sections. (c) Predictions of the inclusive spectra for ¢-meson production in p - p 
collisions at y8 = 41.6, 63, 200, 500 GeV and Bcms ~ 90° 

162 



-10·2~---------------~ 
:;; 
.!i 
.J.10·3 
,.. 
'O 
ct 
N~ lo-' 
:::. 
d:10·5 

J 
~ 10 .. 
;::-

10 .. 

2 

0 2 

3 

a) 

4 6 

Pr. GeV/c 

c) 

4 5 
Pr(GeV/c) 

8 10 

10 
~ 

1 
10 -I 

10 -:z 

10 -l 

10 _, 

N 

10 _, 

~ 10 _, 

10 -J 

10 ~ 
10 _, 

10 -10 

10 -H 

10 -12 

10 -.! 

~ 10 4 

0 
~ 

10 _, 

" 2. 10 _, 

>-
"'<. 10 _, 
0. ,, 
' 10 -a z 
"o 

5. 10 -· 

" ~ 10-10 

~ 10 _,, 63 
• * 200 
~ 10 _,, r 500 

2 

A 

* 

10 

b) 

p-p 

~+-+A.+1'1"+ 

4 6 

p,, GeV/c 

d) 

p-p 

10' 

8 10 

Figure 7. (a) The inclusive cross sections of s- and 3+ hyperons produced in p - p 
at Js = 200 GeV in central rapidity range as a functions of the transverse momentum PT· 
Experimental data are taken from [34]. (b) Z-presentation of s- and n° experimental data 
on cross sections. Predictions of the inclusive spectra for s- (c) and 3+ (d) production in 
p - p collisions at Js = 63, 200, 500 GeV and Berns '.::::'. 90° 

163 



10' 10' 
10 10 

1 ... .... 
10 -l 

~~ p-p p-p 
~u 

10 -l 1Q -I 

> 10 -J 'l{o~,. K+ 10 -l K+ 

"' 10 4 '\, : . 10 -J (.'.) 10 -!Ii "t ~ t '-.0 10 _, 1\ + ....... 10 -· 
E ·._ ......... 

10 _, .... ! · ...... N 10 -!Ii 1/2 GeV i>: s • 
~ 10 -e 1/2 GeV-..·~ r .. ; '.,. · ...... 10 -o Q_ 

-0 10 -· 
s • 

* 11.5 
);' 10 -10 

* 11.5 • t t ··-.. .. 10 _, 
0 19.4 

-0 10 -!I 0 19.4 t ··1 10 -a 0 23.8 
w 0 23.8 + A 27.4 10 -12 

27.4 
10 -o 38.8 10 -ll 

38.8 10 -10 53. 
Ks' 10 -14 53. 200.(o.u.) 

10 -16 . 200.(o.u.) Ks' 1Q -II 

10 -10 10 -12 

0 2 4 6 8 10 1Q -I 10 

GeV/c 
z 

Pr· 

a) b) 
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collisions in the central rapidity range as a function of the transverse momentum at vs = 
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(b) The corresponding scaling function 1/;(z) 
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Abstract 
Considering ultra-relativistic nuclear collisions as interactions of parton fractals, ef­
fective structural space-time anisotropy can be induced in the interaction region. 
We argue that uni-directional violation of the reflection invariance implied by the 
anisotropy does not contradict with the Michelson-Morley type experiments search­
ing for anisotropy of light propagation in space-time. 

1. Self-similarity and fractality in inclusive reactions 

Production of particles from high energy collisions of hadrons and nuclei reflects sym­
metries underlying their interactions at constituent level. Elementary sub-processes of 
the constituents are similar. This involves structure of the constituents at various scales 
which possess typical fractal character. One of the expressions aiming to account for 
the self-similarity and fractality as general property of hadronic interactions is z-scaling 
observed in inclusive reactions at high energies [1]. The scaling variable 

z = zon- 1
, (1) 

(2) 

is self-similarity parameter which has character of a fractal measure. For given inclusive 
reaction, its finite part, z0 , is proportional to the transverse energy released in the under­
lying collision of constituents. The divergent part, n-1, describes resolution at which the 
collision of the constituents can be singled out of this reaction. The f2(x 11 x2 ) is relative 
number of all initial configurations containing the constituents which carry fractions x1 
and x2 of the incoming momenta. The 01 and 02 are related to the anomalous fractal di­
mensions of the colliding objects (hadrons or nuclei) and characterize fractal sub-structure 
of their constituents. The variable z contains internal symmetry - the space-time rela­
tivity with respect to structural degrees of freedom [2]. Such realization of the relativity 
principle corresponds to minimal resolution of the fractal measure z at which the under­
lying constituent sub-processes can be singled out of the inclusive reaction. Using the 
minimal value of n-1 , one can introduce "the structural velocity u", 

u 
u=~== 

JI+ U2 ' 

a-1 
u = 2fo,;, (3) 

Here ,; is scale dependent kinematical factor connected with spatial resolution. The factor 
,; is Lorentz invariant with respect to motion. Beside fractal structure of hadrons and 
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nuclei we consider structural properties of space-time vacuum which is not an empty space. 
Its intimate structure is governed by the same processes which influence the very structure 
of hadrons and nuclei at small scales. The way through which space-time properties are 
related to matter properties is instructive. It consists in attributing to space-time those 
properties of matter which are universal. It was suggested by many authors [3] that one 
of such universal property is fractality, the never ending self-similar content of matter 
forming its intimate structure at small scales. 

In particular, this can be tested in ultra-relativistic collisions of hadrons and nuclei. 
If the colliding objects possess mutually different anomalous fractal dimensions (61 =f 62), 

it is natural to imagine that, due to fractality, vacuum structure becomes polarized (or 
acquires anisotropy) along the collision axis. Exploiting such connections, the structural 
velocity u can be visualized as effective anisotropy of space-time induced by the inter­
action. Scale dependence of the fractal polarization of space-time is given by the factor 
~· One of the attributes of scale dependent fractal space-time is the fundamental con­
sequence, namely breaking of the reflection invariance with regard to real motion. If 
insisting simultaneously that breaking of the reflection invariance does not disturb spatial 
isotropy, one arrives at the space-time metrics [2] 

ry( il) = ( -O;j + U;Uj -u; ) 
-Uj 1 . (4) 

This corresponds to the invariant 

t 2 -r2 
- 2ti1·r+ (il·f) 2 = T

2
. (5) 

The structural velocity i1 = (0, 0, u) is induced characteristic of space-time which does not 
change with motion. It depends on the fractal dimensions and on the scale resolution in 
the Lorentz invariant way. Contrary to this, the motion velocity iJ = df'/ dt characterizes 
motion and depends on the reference system. Its transformation properties are given by 
r" = .6.(iJ, il)r' where r = (r, t). The transformation matrix has the form 

where 

and 

.6.(iJ, il) = ( O;j+Gv;vj+rv;uj -fv; ) 
-G_vj-LUj l+r _ 

f= 1 
J (l - il·v)2 - v2 ' 

c = (1 - il·v)r - i ___ v_2 __ _ 

r _ = Gv2 
- fil·v, c_ = r - Gil·v. 

(6) 

(7) 

(8) 

The factor r is generalization of the Lorentz factor for non-zero space-time anisotropy 
il. It determines range of the accessible values of the motion velocities which becomes a 
rotational ellipsoid 

(v11 + e)2 + ·lvl = ')'4, (9) 

Here v11 and VJ. denote the velocity components which are parallel and perpendicular to 
the space-time structural anisotropy il, respectively. The ellipsoid is given by the major 
semi-axis a = ')'2 and by the minor semi-axis b = ')'. Its eccentricity is e = 'YR=l· One 
focus of the ellipsoid is in the point iJ = 0. 

168 



2. Michelson-Morley type experiments 

The important question in our approach is if, in principle, the light velocity value can 
be anisotropic in whatever inertial reference system. Standard interpretation of the 
Michelson-Morley type experiments including optical interferometer experiments [4] seems 
to be negative with this respect. The experiments steadily reproduce "no fringe shift" 
and, therefore, do not support any deviation which would point to even tiny portion of the 
anisotropic spread of light. We show bellow that the Michelson-Morley type experiments 
do not imply absolute absence of anisotropy in light propagation. The argumentation 
includes arbitrary accuracy of relativistic effects. 

2.1. Two mirror set-up 

In the original Michelson-Morley experiment the interferometer with two perpendicular 
arms of the length dr and dn has been used (Fig.la). A signal from a light source was 
divided into two rays, I and II, traveling perpendicular to each other along the arms. 
The mirrors placed on the ends of the spectrometer arms reflected the light back to the 
telescope where the rays interfered with each other. Interference fringes between the two 
rays are due to phase difference .6.t = tn - tr. When the apparatus is rotated through 
an angle of 90°, the orientation of the spectrometer arms is interchanged. According 
to standard interpretation, such rotation of the apparatus should cause a shift of the 
interference fringes between the two rays, if the light propagation would be anisotropic. 
In this contribution we show that this must not be the case for the metrics (4) for any 
value of the space-time anisotropy u up to the arbitrary order of accuracy. 

Suppose there exists a space-time anisotropy u induced by some reasons. Let us 
assume that the anisotropy results in the metric changes (4) associated with deformation 
of the spherical light front. In this case, the light front becomes an ellipsoid (9) with one 
focus in the point where the light was emitted. Consider the ellipse (Fig. I b) which forms 
intersection of the ellipsoid with a plane passing though this focus. The focus is common 
for the ellipse and the ellipsoid as well. Moreover, for any orientation of this plane 

A a 
B 2 = bz' (10) 

where A and B or a and b are major and minor semi-axes of the ellipse or the ellipsoid, 
respectively. Suppose the spectrometer arms define the considered plane and therefore 
determine such ellipse in this plane. The velocities of the two rays I and II mark out 
four different points on the ellipse. We denote the sections connecting the focus of the 
ellipse with these points by v1(¢) or iii(¢) and v2(¢) or 7h(¢), respectively. The difference 
.6.t = tn - tr between times which the light rays take to travel in spectrometer arms II 
and I can be expressed as follows 

(11) 

The angle ¢ describes orientation of the arms in the spectrometer plane. Because of the 
anisotropy, the velocities of light propagation in different directions, v; ( ¢), are not equal 
and depend on the orientation of the spectrometer arms. On the other hand, the spatial 
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distances (lengths of arms d1 , dn) do not depend on the orientation of the spectrometer 
in the metrics ( 4). This follows from the known fact [5] that the spatial geometry is 
not simply given by the spatial part TJij of the four dimensional metric T)µ 11 (u). In the 
considered case, the spatial metric 'IJfj is isotropic 

* TJ;o 
T)· = --

t foOO. (12) 

Therefore, lengths d1 and du are invariant under space rotations and do not depend on 
the angle <f;. 

Now we exploit the following geometrical property of the ellipse. While the sections 
v; ( <f;) and v; ( <f;) connecting points of the ellipse with its focus depend on their orientation 
<f;, the combinations 

1 1 2A 
--+--=-
v;(<f;) v;(<f;) B2' 

i = l, 2 

are invariant with respect to the angle <f;. Using the relations (9)-(13), we get 

D..t = tn - t1 = 2(dn - d1). 

(13) 

(14) 

This relation means that difference between times the light rays II and I take to travel in 
the spectrometer arms with the lengths dn and d1 does not depend on the spectrometer 
orientation <f;. Therefore, rotation of the spectrometer apparatus can not cause any shift 
of the interference fringes even for ii # 0. 

2.2. Three mirror set-up 

In this part we demonstrate that the invariant property with respect to rotation of a 
more complicated spectrometer is also valid. Consider the spectrometer with tree mirrors 
which reflect the rays of light along the sides of a triangle K LM (Fig.2a). A light signal is 
emitted in the point Kand then travels along the path di, d2 , and d3 . The corresponding 
time interval 

(15) 

is function of the velocities vi(¢), v2(¢), and v3(<f;). The velocities are depicted on the 
velocity diagram in Fig.2b. They depend on the orientation <f; of the triangle K LM in 
the spectrometer plane. We show that if the three mirror set-up rotates, the time tKLM 
remains invariant, though values of the velocities v; ( <f;) change during such rotation. Let 
us start with the elementary relation 

di d2 d3 -.-- = -.-- = -.-- = dKLM 
sm ai sm a2 sm a3 

(16) 

in the triangle K LM. When exploiting the relations (3; = 7r - a; between the angles in 
Figs. 2a and 2b, one can write 

(
sin /3i sin /32 sin /3:i) 

tJ<LM = dKLM vi(¢) + v2(<f;) + V3(<f;) . (17) 

Because of spatial rotational invariance (12), the angles a;, (3; and the distances d; do not 
depend on the angle <f;, i.e they do not depend on the rotation of the apparatus as the 
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Figure 1: (a) Sketch of the Michelson-Morley experiment. (b) Corresponding velocity 
diagram. The ils is projection of the space-time anisotropy i1 into the spectrometer plane 

(a) / 

~ 

L 

K 

Figure 2: (a) Space diagram of a three mirror set-up. (b) Corresponding velocity diagram 
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whole. The</> invariance of the expression (17) is consequence of the following geometrical 
property of any ellipse. While the magnitudes of the sections v; ( </>) are functions of the 
angle </>, the combination 

sin /31 sin /32 sin /)3 A . . . 
vi(</>) + v2(</>) + v

3
(</>) = B 2 (sm/3i + sm,62 + sm,83 ) (18) 

is invariant with respect to ¢. The invariance (13) is special case of this relation. Using 
Eqs. (16)-(18), one gets the expression tKLM = d1 + d2 + d3 which does not depend on 
the orientation ¢. Therefore, time tKLM the light rays take to travel along the triangle 
K LM does not depend on the rotation of three mirror set-up in the spectrometer plane. 

Imagine now a light signal emitted in the point L divides into two rays which interfere 
in the point K. Suppose the first ray travels the distance d1 and the second ray advances 
along du= d2 + d3 . The difference t::.t =tu - t1 between times which the light rays take 
to travel from L into K can be expressed as follows 

d2 d3 di 
!::.t = V2(</>) + V3(</J) - ii1(</>). (l9) 

Adding the zero value of di/vi ( </>) - di/vi ( </>) to the right hand side of (19) and exploiting 
Eqs. (13) and (18), one arrives at the expression 

t::.t = d2 + d3 - di (20) 

which does not depend on </>. As a consequence, arbitrary rotation of the three mirror 
set-up will not cause any shift of the interference fringes measured in the point K. 

The "null result" of the interference fringe shifts with rotations holds for any multi 
mirror set-up and for any value of the space-time anisotropy ii. We do not advocate the 
anisotropic spread of light in general. We point only to the fact that Michelson-Morley 
type experiments do not contradict with particular situations in which the anisotropy of 
light propagation could not be a'priori excluded. In particular this can be true in ultra­
relativistic collisions of hadrons and nuclei where idea of an effective structural space-time 
anisotropy induced by the interaction comes from the z-scaling. We have shown that, in 
principle, this idea does not contradict to our experience observed at larger scales. 
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Abstract 
New data on jet production obtained by· the CDF and DO Collaborations at the 
Tevatron in Run II are analyzed in the framework of z-scaling. Properties of data 
z-presentation are discussed. Physics interpretation of the scaling function 1f;(z) as 
a probability density to produce a particle with the formation length z is argued. It 
was shown that these experimental data confirm z-scaling. 

1. Introduction 

The production of very large transverse momentum hadron jets in hadron-hadron 
collision at high energies at SpS in CERN observed by UA2 and UAl Collaborations 
confirming the hints of jet production in the experiment of AFS Collaboration at ISR was 
an convincing experimental proof of quarks and gluons existence confirming the theory of 
strong interaction - Quantum ChromoDynamics ( QCD). The wide study of the phenomena 
is performed in p - p collisions at highest energy at the Tevatron [l, 2]. 

Jets are experimentally observed as a strong correlated group of particles in space-time 
which are copiously produced at hadron colliders. They are result of hard scattering of 
quarks and gluons and their subsequent transformation into real particles. 

New era of QCD precision measurements is starting at hadron colliders RHIC, Teva­
tron and LHC. The study of the energy and angular dependencies of jet and dijet cross 
sections, invariant mass distribution of jets, structure and content of jets and their frag­
mentation properties is considered to give enough information both for verification of the 
theory ( QCD and SM) and search for new physics phenomena in new kinematical domain. 

Fragmentation of partons into hadrons is one of the least understanding feature of 
QCD. Even though the primary scattering process is described in term of perturbative 
QCD the hadronization chain contains very low, respective to the parent parton, P1-
hadrons. Therefore the whole process is clearly a non-perturbative phenomena involving 
final state interactions which have to conserve color and baryon number. The quarks and 
gluons carry color charge and are essentially massless in the theoretical calculations. A 
hadron jet has no color charge and often large invariant mass. Thus jets are ambiguous 
objects and should be treated in such a way that these unavoidable ambiguities do not 
play an important role [3]. 

A search for general properties of jet production in hadron-hadron collisions is of great 
interest, especially in connection with commissioning such large accelerators of nuclei and 
proton as the RHIC at BNL and the LHC at CERN. The main physical goals of the 
investigations at these colliders are to search for and study Quark Gluon Plasma (QGP) 
- the hot and extremely dense phase of the nuclear matter, Higgs boson and particles 
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of new generation predicted by supersymmetry theories, and to understand origin of the 
proton spin. 

Jets are traditionally considered to be one of the good probes for study the hard 
interaction between quarks and gluons in the surrounding nuclear matter and search for 
indication on phase transition. Jet production in collisions of polarized protons at the 
RHIC give a new tool for study of enigmatical Nature of particle spin as well. 

In the report we present the results of our analysis of new data on jet production 
obtained by the CDF and DO Collaborations at the Tevatron in Run II in the framework 
of z-scaling concept. The concept is based on the fundamental principles such as self­
similarity, locality and fractality of structure of colliding objects, interaction of their 
constituents and mechanism of particle formation. 

The scaling function 1/;(z) and scaling variable z used for presentation of experimental 
data are expressed via the observable quantities, such as an inclusive cross section and 
multiplicity density. The function 1f; has simple physical interpretation as the probability 
density to form a jet with formation length z. 

We would like to emphasize that the properties of z-presentation for jet production 
give evidence on fractality of jet formation mechanism at very small scale up to 10-4 Fm. 
This is the region where the geometry of space-time itself could play an important role 
for search for general regularities of all fundamental interactions. 

The results of our new analysis are found to be in good agreement with previous ones 
[5] and are considered as a new confirmation of z-scaling at the Tevatron. 

2. Z-scaling 

In the section we would like to remind some basic ideas and definitions of z-scaling. As 
shown in (4, 5, 6] self-similarity of high-pr particle formation reveals itself as possibility 
to describe physical process in terms of the scaling function 1/;(z) and scaling variable z. 
The function is expressed via the invariant cross section Ed30'/dp3 and the multiplicity 
density dN / dfJ as follows 

'IrS -I d30' 
1/;(z) = - (dN/d ) · J EJ3 T/ O'm p 

(1) 

Here, s is the center-of-mass collision energy squared, O'in is the inelastic cross section, 
J is the corresponding Jacobian. The factor J is the known function of the kinematic 
variables, the momenta and masses of the colliding and produced particles. 

The normalization equation 

fo°0 

1/;(z)dz = 1 (2) 

allows us to interpret the function 'lj;(z) as a probability density to produce a particle with 
the corresponding value of the variable z. 

The variable z as established in (4, 5, 6] reveals property of fractal measure. It can be 
written in the form 

z = zon- 1
. (3) 

The finite part z0 is the ratio of the transverse energy released in the binary collision 
of constituents and the average multiplicity density dN/dTJl 11=o· The divergent part n-1 

174 



describes the resolution at which the collision of the constituents can be singled out of 
this process. The quantity Q(x1,x2) = m(l - x1)'5i(l - x2 ) 02 represents relative number 
of all initial configurations containing the constituents which carry fractions x1 and x2 

of the incoming momenta. The 81 and 82 are the anomalous fractal dimensions of the 
colliding objects (hadrons or nuclei). The momentum fractions x1 and x2 are determined 
in a way to minimize the resolution n-1(x1, x 2 ) of the fractal measure z with respect to 
all possible sub-processes satisfying the momentum conservation law. The variable z is 
interpreted as a particle formation length. 

The general regularities of z-scaling for jet production in p - p and j5 - p collisions at 
the ISR, SpS and Tevatron were established in [5]. In the present report the regularities 
are verified by using new experimental data obtained by the DO and CDF Collaboration 
at the Tevatron in Run II. 

3. Jets at hadron colliders 

A jet is experimental observed as a strong correlated group of particles in space-time. 
At low collision energies high-PT hadrons was only observed and considered as result of 
hard scattering of elementary hadron constituents. At high collision energy ..jS jets are 
copiously produced at hadron colliders such as SpS and Tevatron. They are considered 
as an experimental signature of quarks and gluons interactions. 

Figure 1 demonstrates the high-PT spectra of 7r0-mesons produced at the ISR and 
azimuthal correlations of jets produced in j5 - p collisions at the SpS and Tevatron and in 
p - p collisions at the RHIC. 

3.1. Jet definition 

In interaction of colliding hadrons two (or more) highly collimated collection of par­
ticles having approximately equal transverse momentum are observed. These collimated 
beams of particles in space-time are called jets. The strong correlation of high-PT parti­
cles from the jets in the azimuthal plane is one of main features of jet production. The 
high-PT hadrons are considered to be produced by hadronization of quarks and gluons. A 
tipical dijet event is assumed to consist of hard interaction and underlying event. The last 
one includes initial and final gluon and quark radiation, secondary semi-hard interactions, 
interaction between remnants, hadronization and jet formation. Thus the procedure for 
extraction information on hard constituent interactions and comparison with theoretical 
calculation in the framework of QCD is an indirect one and sophisticated algorithms of 
data analysis are required. 

3.2. Cone algorithm 

A standard definition of a jet to facilitate comparisons of measurements from different 
experiments and with theoretical predictions was accepted in the Snowmass Accord [11]. 

The Snowmass Jet Algorithm defines a jet as a collection of partons, particles or . 
calorimeter cells contained within a cone of an open angle R. All objects in an event have 

a distance from the jet center /:::,fl;= V(</>; - </>jet) 2 +('fl; - 'f/jet) 2
, where (</>jet, 'f/jet) define 

direction of the jet and (</>;, 'f/;) are the coordinates of the parton, particle or center of the 
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calorimeter cell. If flR.;, s R then the object is a part of jet. The transverse energy Er 
and direction of jet are defined by formulas 

Er= L E~ 
iER.;:O,R 

T/jet = (l/Er) · L T/i · E~ (4) 
iER;:'>R 

</Jjet = (1/ ET) · L <Pi· E~ 
iER.;:'>R 

An iterative procedure for finding the jets given by the Snowmass algorithm includes 
determination of jet seeds, jet cone formation, determination of the transverse energy and 
direction of jet. The definition of jet seed is not given by the algorithm. The Snowmass 
Accord does not deal with jet overlap. 

At the parton level seeds could be partons, points lying between pairs of partons, a 
set of points randomly located in the T/ - <P space. Experimentally the seed could be 
defined as any cell in calorimeter or clusters of calorimeter cells. Therefore there are 
different treatment of jets at the parton and ·calorimeter level. To accommodate the 
difference between the jet definitions at the parton and calorimeter level in the modified 
Snowmass algorithm a purely phenomenological parameter Rsep has been suggested [12]. 
At the parton level Rsep is the distance between two partons when the clustering algorithm 
switches from a one jet to a two jet final state, even though both partons are contained 
within the jet defining cone. The maximum allowed distance flR between two partons in 
a parton jet divided by the cone size used: Rsep = flR/ R. The value of Rsep depends on 
details of the jet algorithm used and the experimental jet splitting and merging scheme. 

3.3. Clustering kr-algorithm 

Clustering algorithms in contrast to cone algorithms, which globally find the jet direc­
tion, successively merge pairs of nearby vectors. The order in which vectors are recombined 
into jets defines the algorithm. The kralgorithm combines vectors based on their relative 
transverse momentum. 

Several variants of the clustering kralgorithm for hadron collisions have been proposed 
[13]. It is designed to be independent of the order in which the seeds are processed. It is 
infrared and collinear safe. The initial seeds are all charged particles with kr,; in a given 
TJ-range. Each seed is labeled as prejet. Measure or closeness criterion in phase space is 
defined for each prejet and pair of prejets as follows 

d; = k~,i (5) 

d;,j = min{k~,;, k~,J · flRl,j/ R2 (6) 

Here R is ajet cone size, flR.;,,j is the distance between two prejets (i and j) in (TJ, ¢)space. 
The procedure of jet finding includes the next steps: computation of the measure of all 
prejets and all pairs of prejets; finding of the prejet or pair of prejets with the smallest 
measure dmin; promotion it to a jet and remove its particles from considerations if dmin 

arises from a single prejet; combination the pair into a new prejet and recompute measure 
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for all pre jets and pairs of pre jets if dniin arises from a pair of prejets; continuation previous 
steps until all prejets have been promoted to jet. 

ISR. ,.{s = 63 Ge V 
~... ' 

.ita-

-1 . ' 
SppS~ ,,fs =630 GeV 

UA2 l~I 

Figure 1. Jets at the ISR, RHIC, SpS and Tevatron colliders 

Here we would like to note that different modifications of cone and clustering algo­
rithms have been used in analysis of experimental and theoretical jet data to obtain their 
compatibility [11, 13, 14, 15]. It is especially important for study of soft and hard pro­
cesses contribute to jet formation [16]. Transformation of quarks and gluons into real 
particles is considered to include evolution of constituent structure and their interactions 
at different scales. It corresponds to different scheme used for evolution of parton dis­
tribution functions [17, 18, 19]. Therefore general regularities which can be extracted 
from experimental data could give complementary constraints on theoretical models of 
jet formation and new insight on origin of particle mass as well. 

4. Z-scaling and jet production at Tevatron in Run II 

In this section we analyze new data on inclusive cross section of jet production in 'f5 - p 
collisions at .JS= 1960 GeV obtained by the D0[20, 22] and CDF [21, 23] Collaborations 
at the Tevatron in Run II and compare them with our previous results [5]. 
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4.1. Energy independence of 'I/; 

The production hadron jets at the Tevatron probes the highest momentum transfer 
region currently accessible and thus potentially sensitive to a wide variety of new physics. 
The information on inclusive jet cross section at high transverse momentum range is the 
basis to test QCD, in particular to extract the strong coupling constant a 8 (Q2), the 
parton distribution functions and to constrain uncertainties for gluon distribution in the 
high-x range. In Run II, as mention in [23], the measurement of jet production and the 
sensitivity to new physics will profit from the large integrated luminosity and the higher 
cross section, which is associated with the increase in the center-of-mass energy from 1800 
to 1960 GeV. Therefore the test of z-scaling for jet production in j5 - p collisions in new 
kinematic range is of great interest to verify scaling features established in our previous 
analysis [5]. 

The DO and CDF Collaborations have carried out the measurements [20, 21] of trans­
verse spectra of single inclusive cross sections of jet production at ../S = 1960 GeV. In 
the DO [20] and CDF [21] experiments single jets were registered in the 0.0 < /17/ < 0.5 
and 0.1 < 177/ < 0.7 ranges, respectively. The data were used in present analysis. 

New data on inclusive cross sections of jet production in j5 - p collisions obtained 
by the DO Collaboration at the Tevatron in Run II are presented in Figure 2(a) [20]. 
Spectrum of jet production is measured at ../S = 1960 GeV in the pseudorapidity and 
transverse momentum ranges /17/ < 0.5 and PT= 60 - 560 GeV /c, respectively. Data Pr 
and z-presentations are shown in Figure 2(b) and 2(c), respectively. Note that results of 
present analysis of new DO data are in a good agreement with our results [4] based on the 
data [14] obtained by the same Collaboration in Run I. The energy independence and the 
power law (the dashed line in Figure 2(c)) of the scaling function "lf;(z) are found to be as 
well. 

The dependence of single jet cross section on transverse momentum of jet in j5 - p 
collisions at ../S = 630, 1800 and 1960 GeV is shown in Figure 3(a). The data [15, 21] 
covers momentum range PT = 10-560 Ge V / c. The energy dependence of jet cross section 
is observed to be strong from ../S = 630 to 1800 GeV. and weak from 1800 to 1960 GeV. 
Data PT and z-presentation is shown in Figure 3(b) and 3(c), respectively. As seen from 
Figure 3(c) new data [21] are in agreement with other ones obtained in Run I. The energy 
independence of "lf;(z) is observed up to z :::::: 4000. Asymptotic behavior of scaling function 
is described by the power law, 1/;(z) ,..., z-13 (the dashed line in Figure 3(c)). The slope 
parameter /3 is energy independent over a wide PT-range. 

4.2. Angular independence of 'I/; 

Let us consider the angular dependence of PT- and z-presentations new of DO [22] 
and CDF [23] data. The DO and CDF collaborations have carried out the measurements 
[22, 23] of the angular dependence of the single inclusive cross sections of jet production 
at ../S = 1960 GeV. In the DO experiment [22] a single jet was registered in the range 
0.0 < /17/ < 2.4. In the CDF experiment [23] jets were registered in the ranges 0.1 < 
/111/ < 2.8. 

We would like to note that the strong dependence of the cross sections on the angle 
of produced jet was experimentally found at the SpS and the Tevatron in Run I. 

Figures 4(a) and 5(a) show the dependence of the cross sections of the p+p--> jet +X 

178 



process on the transverse momentum p ..L at JS = 1960 Ge V for different rapidity intervals, 
0.5 < 1111 < 2.4 and 0.1 < 1111 < 2.8, measured by the DO and CDF Collaborations, 
respectively. The PT-presentation of new data [22, 23] demonstrates the strong angular 
dependence as well. The qualitative regularities of jet spectra at JS = 1960 GeV are 
similar to ones at JS= 630 GeV and 1800 GeV. 

We verify the hypothesis of the angular scaling for z-presentation of the data for jet 
production in j5 - p collisions. The angular scaling of data z-presentation means that 
the scaling function 1f;(z) at given energy JS has the same shape over a wide PT and 
pseudorapidity range of produced jets. 

Figure 4(b,c) and 5(b,c) demonstrate PT and z-presentation of the DO [22] and CDF 
[23] data sets, respectively. Taking into account errors of the experimental data we can 
conclude that the data confirm the angular scaling of 1f;(z). Nevertheless it is necessary 
to note that some points (last five and seven points corresponding to the (l.4,2.1) and 
(2.1,2.8) pseudorapidity ranges of the data [23] and two last points corresponding to the 
(l.5,2.0) and (2.0,2.4) pseudorapidity ranges of the data [22]) deviate from the power law. 
This is not real indication of z-scaling violation. The reason of the deviation is impossi­
bility to take correctly into account the kinematical conditions of constituent subprocess 
due to large pseudorapidy bins for reconstructed jets. The smaller angular binning and 
more higher statistics of data are necessary to resolve the problem. 

4.3. Jet multiplicity density dN /dry 

The important ingredient of z-scaling is the multiplicity density p( s, 17) = dN / d17. 
The quantity is well determined in analysis of high-PT particle production. The energy 
dependence of p(s) for charged hadrons produced in p - p and j5 - p collisions at 17 = 0 
is measured up to JS = 1800 GeV. The dependence is used to construct z and 1f; for 
different pieces of particles. 

In the case of jet production the quantity is not well determined. It is connected with 
the experimental and theoretical determination of jets. In the analysis [5] the normalized 
jet multiplicity density p( s) / p0 has been used. The value of p( s) / p0 at the normalization 
point JS= 1800 GeV is equal to 1. 

Figure 6 shows the dependence of p(s)/ p0 on the collision energy JS. At the accessible 
energy range the dependence is well described by the power law shown in Figure 6 by the 
dashed line. 

5. Conclusion 

Analysis of new experimental data on jet production in j5 - p collisions obtained at 
the Tevatron in Run II by the CDF and DO collaborations in the framework of data 
z-presentation was performed. 

The scaling function 1f;(z) and scaling variable z expressed via the experimental quanti­
ties, the invariant inclusive cross section Ed3 

(J / dp3 and the jet multiplicity density p( s, 17) 
are constructed. The scaling function 1f; is interpreted as a probability density to produce . 
a jet with the formation length z. 

The general regularities of jet production (the energy and angular independence of 
'lj;,and the power law) found at the ISR, SpS and Tevatron in Run I are confirmed in new 
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kinematical range (.JS= 1960 GeV and PT= 10- 550 GeV /c). Results of our analysis of 
new experimental data are found to be in good agreement with results obtained by the DO 
and CDF Collaboration in Run I. The obtained results are new evidence that mechanism of 
jet formation reveals self-similar and fractal properties over a wide transverse momentum 
range. 
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Figure 2. (a) The preliminary DO data [20] on inclusive spectrum da/dpy of one 
jets produced in p - p collisions at .JS= 1960 GeV in the central pseudorapidity range 
1171 < 0.5 as a function of the transverse momentum. (b) The DO data on invariant cross 
section Ed3a /dp3 of jet production at .JS= 630, 1800 GeV [14] and 1960 GeV [20] in py­
and (c) z-presentations. The dashed line represents the power fit to the data 
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Figure 3. a) The preliminary CDF data [21] on inclusive spectrum d?a /dETd7] of one 
jets produced in p - p collisions at ..jS = 1960 GeV in the central pseudorapidity range 
0.1 < 1711 < 0.7 as a function of the transverse momentum. (b) The CDF data on invariant 
cross section Ed3a/dp3 of jet production at ..jS = 630, 1800 GeV [15] and 1960 GeV [21] 
in PT- and (c) z-presentations. The dashed line represents the power fit to the data 

Thus we conclude that new data obtained at the Tevatron confirm the general con­
cept of z-scaling. The further inquiry and search for violation of the scaling could give 
information on new physics phenomena in high energy hadron collisions and determine 
domain of validity of the strong interaction theory and the Standard Model itself. 
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Abstract 
A concept of relativistic y-scaling and an approach of superscaling going beyond the 
relativistic Fermi gas model are applied to describe the most recent data on inclusive 
electron scattering from nuclei. We calculate the asymptotic scaling function f(y) 
of the deuteron using nucleon momentum distribution obtained in the framework of 
the relativistic light-front dynamics (LFD) method. The LFD f(y) reproduces well 
the experimental data even at very large negative y recently reached at T JLAB. 
Scaling functions f("lf;') for different nuclei and for different transfer momenta are 
constructed within the coherent density fluctuation model (CDFM). The results 
for f (1/l) agree with the available experimental data at different transfer momenta 
and energies below the quasielastic peak position, showing superscaling for negative 
values of ·1// including also those smaller than -1. It is shown that the superscaling 
in nuclei can be explained quantitatively on the basis of the similar behavior of the 
high-momentum components of the nucleon momentum distribution in the CDFM 
in light, medium, and heavy nuclei which is known to be due to the short-range and 
tensor correlations in nuclei. 

1. Introduction 

High-energy electron scattering from nuclei can provide important information on the 
wave function of nucleons in the nucleus. In particular, using simple assumptions about 
the reaction mechanism, scaling functions can be deduced that, if shown to scale (i.e., 
if they are independent of the momentum transfer), can provide information about the 
momentum and energy distribution of the nucleons. Several theoretical studies (1, 2, 3] 
motivated by West's pioneer work on y-scaling [4] have indicated that such measurements 
may provide direct access to studies of short-range nucleon-nucleon (NN) correlation ef­
fects. This scaling is usually called scaling of the first kind. The comparison of the 
scaling functions of various nuclei with mass number A ~ 4 led to the conclusion that 
these functions are the same [5, 6]. This behaviour is called scaling of the second kind 
which, together with scaling of the first kind, leads to superscaling. 

Recently inclusive electron scattering has been studied at the Thomas Jefferson Na­
tional Accelerator Facility (TJNAF) with 4.045 GeV incident beam energy from C, Fe and 
Au targets [7] to Q2 

::::; 7 (Ge V / c )2
. Data were also taken using liquid targets of hydrogen 
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and deuterium [8]. The data presented in [7, 8] represent a significant increase of the Q2 

range compared to previous SLAC measurement [9], in which an approach to the scaling 
limit for heavy nuclei is suggested but for low values of IYI < 0.3 GeV at momentum 
transfers up to 3 (GeV/c)2 , and, moreover, a scaling behaviour is observed for the first 
time at very large negative y (y= -0.5 GeV /c). Obviously, a complete understanding of 
this electron-nucleus scattering requires a relativistic approach to the quantities related 
to the y-scaling analysis for a detailed com~arison with the experimental data. 

A relativistic y-scaling has been considered in [10) by generalizing the nonrelativistic 
scaling function to the relativistic case. Realistic solutions of the spinor-spinor Bethe­
Salpeter (BS) equation for the deuteron with realistic interaction kernel were used for sys­
tematic investigation of the relativistic effects in inclusive quasielastic electron-deuteron 
scattering. It has been demonstrated in [10] that, if the effects from the negative energy 
?-states are disregarded, the concept of covariant momentum distribution can be intro­
duced. Recently a successful relativistic description of the nucleon momentum distribution 
in deuteron has been done [11) within the light-front dynamics method [12, 13). The most 
important result from the calculations in [11) is the possibility of the LFD method to 
describe simultaneously both deuteron charge form factors (that has been shown in [14)) 
and the momentum distribution. 

In the analyses [5, 6) the Fermi momentum for the relativistic Fermi gas (RFG) was 
used as a physical scale to define the proper scaling variable 'ef;' for each nucleus. As 
emphasized in [6], the actual dynamical physics content of the superscaling phenomenon 
considered is more complex than that provided by the RFG framework. In particular, 
as noticed there, the extension of the superscaling property to large negative values of 
1/J' ( 'ef;' < -1) is not predicted by the RFG model. Thus, it is worth considering the 
superscaling in theoretical approaches which go beyond the RFG model. One of them 
is the coherent density fluctuation model (e.g. [15, 16, 17, 18)) which gives a natural 
extension of the Fermi-gas case to realistic finite nuclear systems. 

The aim of our work is twofold. First, using the nucleon momentum distribution n(k) 
obtained with the LFD method to calculate the deuteron scaling function and to compare 
it with the recent T JNAF data and with the BS result. Second, to see to what extent 
superscaling can be explained using the CDFM. 

The paper is organized as follows. In Section II the y-scaling analysis of the deuteron 
within the LFD method is considered. The superscaling in nuclei beyond the relativistic 
Fermi gas model is presented in Section III. The summary of the present work is given in 
Section IV. More details of the explanation and results can be found in Refs. [19, 20]. 

2. y-scaling analysis of the deuteron within the light­
front dynamics method 

The scaling function is defined as the ratio of the measured cross section to the off-shell 
electron-nucleon cross section multiplied by a kinematic factor: 

d2a -1 q 
F(q,y)= d0.d)Zap+Nan) [M2 +(y+q)2]112 , (1) 

where Zand N are the number of protons and neutrons in the target nucleus, respectively, 
ap and an are the off-shell cross sections, and M is the mass of the proton. In analysing 
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quasielastic scattering in terms of they-scaling a new variable y = y(q, v) is introduced 
[21]. Then the nuclear structure function which is determined using the spectral function 
P(k,E) as 

(2) 

can be expressed in terms of q, and y rather than q and v (see Eq. (1)). In Eq. (2) 
E = Emin + E;,._1 is the nucleon removal energy with E;,._1 being the excitation energy 
of the final A - 1 nucleon system. 

f Emax(q,v) fkmax(q,v,E) 
F(q, v) = 27r }, dE Ji, kdkP(k, E), 

Emin kmin(q 111,E) 

At high values of q a pure scaling regime is achieved, where kmin ~ IY - (E - Emin)I 
and Eq. (2) becomes 

F(q, y)-+ J(y) = 27r !
00 

dE !
00 

kdkP(k, E). 
}Emin }ly-(E-Emin)I 

(3) 

In Eq. (3) the particular behavior of P(k, E) at large k and Eis used in order to extend 
the upper limits of integration to infinity [2]. 

In the deuteron one always has E;,._1 =0, so that the spectral function is entirely 
determined by the nucleon momentum distribution n(k), i.e. P(k, E) = n(k)o(E-Emin), 
and, consequently, kmin = IYI for any value of q. The scaling function (3) reduces to the 
longitudinal momentum distribution 

J(y) = 27r !
00 

k dk n(k). 
}IYI 

(4) 

The scaling function for deuteron calculated within the LFD method is shown in Fig. 1. 
It is compared with the TJNAF experimental data (8] for all measured angles. The Q2 

values are given for Bjerken x = Q2 /2M v = 1 and correspond to elastic scattering from 
a free nucleon. It is seen from Fig. 1 that the relativistic LFD scaling function is in 
good agreement with the data in the whole region of negative y available. As known, 
the scaling breaks down for values of y > 0 due to the dominance of other inelastic 
processes beyond the quasielastic scattering. Our LFD deuteron scaling function is also 
compared in Fig. 1 with the scaling function obtained within the BS formalism (10]. A 
small difference between the two results is observed for y < -400 MeV /c but, at the same 
time, the theoretical LFD scaling function is closer to the experimental data in the same 
region of y. The fact that both LFD and BS functions reveal similar behavior is a strong 
indication in favor of the consistency of the two relativistic covariant approaches in case 
of the y-scaling. 

3. Superscaling in nuclei beyond the relativistic Fermi 
gas model 

The scaling function in the RFG model expressed by the variable '¢' has the form (6] 

where 'f/F = kF/mN, mN being the nucleon mass. 
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Figure 1: The scaling function of deuteron. The experimental data for different Q2 values 
are from [8]. The solid and dashed curves represent the LFD calculations of this work 
and BS result of Ref. [10] 

As shown in [6], the relationship between 'If;' and the usual y-variable, in the approxi­
mation for the mass of the residual nucleus M~_ 1 --> oo, is given by the expression 

'If;'= ~ [1 + v'1 + 4~2 ~1)p (:J + 0[11}]] , (6) 

where r;, = q/2mN. 
Our basic assumptions within the CDFM is that the scaling function for a finite 

nucleus f('lf;') can be defined by means of the weight function IF(x)i2, weighting the 
scaling function for the RFG at given generator coordinate x (i.e. for a given density 

and Fermi momentum 

3A 
Po(x) = -

4:rrx3 

(
3 2 ) 1/3 

kp(x) = TPo(x) = ; (
9:rrA)1/3 

with o: = -
8

- ~ 1.52A113. 

(7) 

(8) 

Thus the scaling function f ('If;') in the CDFM will be an infinite superposition of the RFG 
scaling functions f('lf;'(x)). 

Let us introduce the notation 

(9) 
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Then one can write from Eqs. (6) and (9), neglecting 0[77}], the scaling variable ·l/;~(y) cor­
responding to the relativistic Fermi gas with the density p0 (x) (7) and Fermi momentum 
kp(x) (8) in the form: 

(10) 

where for the cases of interest 

{ 
y(l + cy), 

p(y) = -lvl(l - ciy/), 
y?. 0 
y::; 0 , IYI ::; l/(2c). 

(11) 

For further use it is more convenient to introduce the notation 

(12) 
Using the 8-function in Eq. (5), the weighted scaling function for a finite nucleus can be 
presented by the integral 

J('I/;') = f'/(kpl1/J'll dxlF(x)l2~ [1 - cp;'lj;'r] 
x { 1 + c:Nr CF;7/J'r [2 + (x:J 2 -2J1+c:J2]}, (13) 

where the Fermi momentum kp will not be a fitting parameter (as it is in the RFG model) 
for the different nuclei, but will be also calculated consistently in the CDFM, 

l oo loo 1 kp = dxkp(x)IF(x)l2 = o: dx-IF(x)l 2 

0 0 x 
(14) 

for each nucleus, with o: given by Eq. (8). As can be seen from Eqs. (13), (12) and (11) 
in our approach the scaling function J('I/;') is symmetric at the change of·!/;' to -'I/;'. 

The scaling function J(-1/;') has been calculated using Eq. (13) by means of the weight 
function IF(x)l2 determined from its relationship to the density distribution p(r): 

IF(x)l 2 -- __ 1_ dp(r) I , ( d ( )/d ) at pr r::; 0 . 
po(x) dr r=x 

(15) 

For the latter we used those obtained from experimental data on electron scattering from 
nuclei and muonic atoms. 

We calculated the scaling function f ('I/;') (13) for various nuclei and transfer momenta. 
A symmetrized diffused Fermi density distribution has been used for 4 He and 12C [22] 
and a diffused Fermi distribution for the heavier nuclei. The values of the half-radius R 
and diffuseness parameter bare given in Table 1 together with the results for the CDFM 
Fermi momentum kp (14). 
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Table 1: Values of the parameters R and b (in fm) used in the calculations and the 
results for kF (in fm- 1) obtained in the CDFM. 

Nuclei R b kF 
4He 1.710 0.290 1.201 
12C 2.470 0.420 1.200 

27Al [23] 3.070 0.519 1.267 
56Fe [23] 4.111 0.558 1.270 

197 Au [24] 6.419 0.449 1.335 

In Fig. 2 are presented the results for the scaling function in the CDFM for q=lOOO 
MeV /c and for 4He, 12C, 27 Al and 197 Au. The values of the parameters Rand b for 4He 
and 12C (given in Table 1) lead to charge rms radii 1.71 fm and 2.47 fm, respectively, 
which coincide with the experimental ones [23]. The values of R and b for 27 Al are taken 
from [23]. The results of the CDFM scaling function (solid lines) are compared with the 
RFG predictions (dotted lines). In the RGF model, due to the 8-function in Eq. (5), 
f('lj;') = 0 for 'lj;' ::=; -1. As can be seen, the CDFM results give a good agreement with the 
data for the interval for 'If;' from 0 till 'lj;' < -1 for all nuclei (including 56Fe which is not 
shown). The only exception was observed for 197 Au using the values of the parameters 
R = 6.419 fm and b = 0.449 fm given in (24], for which the result is shown in Fig. 2 by 
dashed line. 

4. Conclusion 

The results of the present work can be summarized as follows: 
i) The concept of relativistic y-scaling can be introduced in the light-front dynamics 

relativistic description of inclusive quasielastic eD scattering, in the same way as it is done 
in the conventional nonrelativistic approach. It has been pointed out that for IYI > 400 
MeV /c the differences between the LFD and the nonrelativistic scaling functions are very 
large. 

ii) The effective inclusion of the relativistic nucleon dynamics and of short-range NN 
correlations can be better seen when analyzing electron scattering at high momentum 
transfer from complex nuclei, for which a proper theoretical y-scaling analysis is still 
lacking. Such an investigation is in progress. 

iii) We propose an extension of the RFG model to calculate the scaling function f('lf;') 
in finite nuclei within the coherent density fluctuation model. In this model f ( 'lj;') is 
a weighted superposition of scaling functions for relativistic Fermi gases with different 
densities. The weight function is calculated using the known charge density distributions 
in nuclei. 

iv) We calculate the scaling function f('lj;') for inclusive electron scattering for 4He, 12C, 
27 Al, 56Fe and 197 Au nuclei and for various values of the transfer momentum lql=l650, 
1560, 1000 and 500 MeV /c. The results agree with the available experimental data at 
different transferred momenta, and energies below the quasielastic peak position, showing. 
superscaling for negative values of '1/J' including also those smaller than -1. This is an im­
provement over the RFG model predictions where the scaling function becomes abruptly 
zero beyond 'If;' = -1. 
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Figure 2: Results for the scaling function in the CDFM (solid line) calculated using Eqs. 
(13) and (14) at q = 1000 MeV /c and for 4He, 12C, 27 Al and 197 Au (with b = 1.0 fm for 
the latter) compared with the data (grey area) from (6]. The dotted line is the RFG result 
using Eq. (5). The dashed line in the case of 197 Au corresponds to the CDFM result with 
b = 0.449 fm 
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The deuteron is in focus of theoretical and experimental researches on an extent of several 
decades. The reasons of attention to this nuclear system are well known. First, this is 
the unique stable two-particles model. So it can be investigated with a great precision. 
Second, there is a plenty of the reliable experimental information about this system. 
That's why the deuteron is the first test of every model of NN interaction. Third, studying 
the deuteron structure in reactions of ed-scattering at very high momentum trasnfer it 
is possible to receive the information on a role of quark degrees of freedom in nuclear 
systems. Fourth, the deuteron-bounding energy is small. So the deuteron is a source of 
the information about a structure of its components. 

The deuteron electromagnetic form factors allow us to describe quantifiable an inter­
action between the deuteron and electromagnetic field. Form factors can be calculated in 
terms of information about electron elastic scattering by deuteron. 

The electron elastic scattering cross-section by deuteron is calculating by this formula 
[1], [2], [3]: 

with 

q2 
T/D = - 4M2' 

d 

( 
dO" a 2 

2 e 4 e 
df).)Mott = 4£ 2 COS 2 CSC 2· 

' 

(1) 

(2) 

The expression (;~)Mott is a scattering cross-section by non-structure spin-free particle 
derived by Mott. 3 terms (Ge, GQ, GM) are the form factors making contribution to the 
full cross-section. They are due to charge, quadrupole moment and magnetic moment of 
the deuteron. 

In the case of low momentum transfer we can describe an elastic ed-scattering by a 
nonrelativistic model. But there is a discrepancy between the theory and experiments in 
the case of high momentum transfer. But the modem development of elastic ed-scattering 
experiments is due to the advent of exactly high-intensity electron beam. For example, 
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scientists of Jefferson Laboratory carry out experiments of ed-scattering at very high 
momentum transfer (12 GeV2 ). 

In the Ref. [4] formulas defining form factors were derived by means of relativistic 
Hamiltonian dynamics. In this paper we find asymptotic properties of these expressions 
in the case of high momentum transfer. We also find asymptotics of the nonrelativistic 
form factors to estimate relativistic corrections. Last, we establish connection between 
asymptotic form factors behavior and the behavior of wave functions at small distances. 

2. N onrelativistic deuteron form factors at Q2 
-7 oo 

In the case of nonrelativistic impulse approximation we present the next expressions for 
standart electromagnetic form factors: charge, quadrupole and magnetic dipole [5]: 

G~R( Q2
) = L, j k2 dk k' 2 dk' u1(k) g{0(k, Q2

, k') u1
' (k') , 

l,l' 

GZR(Q2) = 
2Q~J L-f k2 dkk' 2 dk'u1 (k)g~~(k,Q2 ,k')u11 (k'), (3) 

l,l' 

Gf/(Q2
) = - Md L, j k2 dk k' 2 dk' u1(k) g~;..,(k, Q2

, k') u11 (k') . 
l,l' 

In these formulas g!{; (k, Q2 , k') , i = C, Q, M are nonrelativistic free two-particle 
charge, quadrupole and magnetic dipole form factors. They describe electromagnetic 
·properties of the non-interacting two nucleon system. u1(k) are the wave functions, l , l' = 
0,2 are orbital moments. Formulas for nonrelativistic free two-particle form factors are 
given in the Ref. [5]. 

In the modern models of nucleon-nucleon interaction the deuteron wave functions are 
represented by the next fits: 

(2 C· 
uo(k) = Y; ~ (k2 +Jm]) ' 

Ci and Di are the numerical coefficients. 
Corresponding expressions in coordinate are following: 

j 

u2 (r) = ~ D·exp(-m·r) [1 +-3- +-3-] 7 1 1 mir (mir) 2 

(4) 

Coefficients Ci and Di are fitted for used wave functions to behave right at origin. 
Conditions for these coefficients are represented by formulas: 

D· L, Ci = o, L, Di = L, Dim] = L, --% = o. 
i i i i mi 

These conditions gives us the next standard behavior at small distances: 

uo(r) ,...._, r , u2(r) ,...._, r 3 . 
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Let Fd( Q2
) = J A( Q2 ). In this expression A( Q2

) is elastic structure function, which 
enters the differential cross-section. This function could be expressed in terms of the 
electromagnetic deuteron form factors: charge, quadrupole and magnetic dipole: 

(5) 

We find asymptotic properties of integrals (3) by a modificated Laplas method with 
Q2 as a large positive parameter. Calculating these integrals we obtain the next deuteron 
form factors asymptotics: 

(6) 

3. Relativistic deuteron form factors at Q2 __,. oo 

In the case that Q2 > 1 Ge V2 it is necessary to take into account relativistic corrections 
in the electromagnetic deuteron structure. Relativistic description of the deuteron is 
constructed by means of relativistic Hamiltonian dynamics. This approach was elucidate 
in the Ref. [4]. In this approach we present electromagnetic deuteron form factors by 
analogy with nonrelativistic case [5]: 

Gc(Q2
) = I.:jdvsdH</(s)gg~(s,Q2,s1)1/(s'), 

l,l' 

(7) 

GM(Q2
) =-Md L j dy'$dH1f/(s)gg~(s, Q2

, s')</ (s'). 
l,l' 

In these formulas g!J: (s, Q2
, s'), i = C, Q, M are relativistic free two-particle charge, 

quadrupole and magnetic dipole form factors. Formulas for relativistic free two-particles 
form factors are given in the Ref. [5]. 1/(s) are the deuteron wave functions in sense of 
Relativistic Hamiltonian Dynamics. These functions are solutions of eigenvalue problem 
for a mass squared operator for the deuteron: 

!VJJ I~) = MJ I~) . 
The mass operator is constructed in the following way: 

MJ=!VJg+v. 
In this expression Mo is a mass operator of the two-nucleon system without interaction, 

and V is an interaction operator. 
An eigenvalue problem for a mass squared operator is a nonrelativistic Schrodinger 

equation within a second order on deuteron binding energy. So the deuteron wave func­
tions in sense of relativistic Hamiltonian dynamics differ from nonrelativistic wave func­
tions in fact by conditions of normalization with relativistic density of states only: 
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" roo 2(k) dk 
1~2 lo 'P1 • 2Jk2 + Af2 = 1, 

<p1(k) = Y4(k2 + M 2 ) ku1(k). 

Calculating integrals (7) we obtain relativistic form factors asymptotics by analogy 
rith (6). 

1 
Fd(Q2) '"" (Q2)13/4. (8) 

We compare obtained function with experimentally measured (see [6]). An area of 
symptotic behavior is not achieved in the case of momentum transfer from [6]. Us-
1g deuteron A(Q2 ) results from JLab we obtain the next behavior of this function in 
xperimentally accessible area: 

pdexp(Q2) rv 1 
(Q2)3.8. (9) 

L Quark dynamics 

.t distances much less than the nucleon size, the underlying quark substructure of the 
ucleons cannot be ignored. At sufficiently "large" momentum transfers, the few-body 
lrm factors are expected to be calculable in terms of only quarks and gluons. The first 
ttempt at a quark-gluon description of the few-body elastic form factors was based on 
1e dimensional-scaling quark model. It was made in Refs. [7], [8]. The underlying 
ynamical mechanism during elastic scattering is the hard rescattering of the constituent 
uarks via exchange of hard gluons. In this approach asymptotics of the deuteron form 
tctors should follow the power law: 

1 
(Q2rh-l , 

h - number of constituent quarks in hadrons. For the deuteron case: 

P, (Q2) rv _1 _ 
h (Q2)5 . 

Fig. 1 shows the recent JLab Hall A and older SLAC and Saclay data on the deuteron 
>rm factor, multiplied by (Q2)5. This is predicted data, but it is evident that the data 
mds to asymptotics of quark counting rules. 

So an inverse problem can be set. Theoretically, asymptotics of the quark dynamics 
!low us to obtain information on the wave functions behaviour at origin. The deuteron 
ave function can be presented in the following way: 

f; c 
uo(k) = L (k2 J 2)" · 

i +mi 
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Figure 1: Projected data for the deuteron form factor Fd(Q2
) with an 11 GeV JLab beam 

Also shown are existing JLab, SLAC, and Saclay data [9] 

Here a is a some additional parameter. In standard representation (4) a = 1 and i1 
doesn't result in quark asymptotics. It was obtained that quark asymptotics is achievec 
with a= 11/4. 

In coordinate representation we obtain the next expression for the deuteron waw 
function: 

32 ( r )
914 

u0(r) = ( ) L Ci mi - K;;.(rmi). 
21.J7[r ~ i 2mi • 

It has the following behaviour in small and large distances in this representation: 

r-+ 0, 
r 2r (~) ci 

uo(r) ~ 21.J7[r (D ~ mJl2 , 

29/4 C· 
u (r) ~ r7/4 ~ _J_ e-rmj . 0 

21f (~) 7 m}/4 r-+oo, 

As we can see, it is linear in small distances and the wave function diminishes expo 
nentially in large distances, that is right. 

5. Conclusions 

In summary we obtained an asymptotics of the deuteron electromagnetic form factors iJ 
the nonrelativistic impulse approximation. We also estimated the relativistic correction 
to the asymptotics. Finally, we have obtained the expressions for the wave functions whicl 
give the asymptotic of the electromagnetic form factors coinciding with quark countin1 
rules. 

This work was supported in part by the program "The development of the highe 
school scientific potential" (grant 75358), and The Dynasty Foundation. 
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Abstract 
The semi-inclusive deep inelastic scattering (SIDIS) process is considered. It is 
proposed a method allowing the direct extraction from the SIDIS data of the first 
moments of the polarized quark distributions in the next to leading (NLO) QCD 
order. The validity of the procedure is confirmed by the respective simulations. To 
this end both broken and symmetric sea scenarios are considered. Especial attention 
is paid to the application of the proposed procedure to such important questions 
as the symmetry of the light quark polarized sea and the polarized strangeness 
content in nucleon. In this connection the kinematic conditions of the HERMES 
and COMPASS experiments are studied. 

The main points of interests for the modern semi-inclusive deep inelastic scattering 
(SIDIS) experiments with longitudinally polarized beam and target are the strange quark, 
light sea quark and gluon contributions to the nucleon spin (see, for example [1] and 
references therein). Of special importance is also still open question whether the polarized 
light quark sea symmetric or not, i.e., ifthe quantity1 !::i..1u-!::i..1d is equal to zero or not. At 
the same time it was shown[2, 3] that to get the reliable results on such the tiny quantities 
as !::i.s and !::i..1u-!::i..1d from the data obtained at the relatively small average Q2 available to 
modern SIDIS experiments (such as HERMES and COMPASS), one should apply next­
to-leading order (NLO) QCD analysis. The respective procedure of !::i..1q extraction in 
NLO QCD order have been proposed in ref [4]. In ref. [4] it was shown that the proposed 
procedure could be successfully applied for the direct extraction from the SIDIS data of 
the quantities !::i. 1uv, !::i. 1dv and, eventually, of the quantity !::i..1u - !::i. 1d. The respective 
equations for these quantities look as 

(1) 

for valence distributions and 

(2) 

1From now on the notation /11q = J; dxf1q will be used to distinguish the local in Bjorken x polarized 
quark densities !1q(x) and their first moments. 
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·or the L~qil - l:!:.1d. All the quantities in the r.h.s of these equations contain only already 
neasured unpolarized quark distributions and pion fragmentation functions (favored and 
mfavored, entering the coefficients L1 and L2, respectively), known NLO Wilson coef­
icients and the so-called "difference asymmetries" (see, for example, [1, 4, 5]) for the 
)ion production on the proton and cleutron targets , A;+_,,.- and A~+_,,.-, entering the 
ruantities A~xp and A~xp. Thus, these difference asymmetries are the only unknown input 
11hich should be measured to find the quantities l:!:.1uv, l:!:.1dv and l:!:.. 1ii. - l:!:.1d using Eqs. 
1) and ( 2). 

In the paper [4] it was performed the detailed analysis on the possibility to correctly 
~xtract in NLO QCD order of the quantities l:!:.1uv, l:!:.1dv and !:!:..1u - !:!:.1d in the real 
:onditions of the HERMES and COMPASS experiments. Special attention was paid to 
;he such important questions as the statistical errors on the difference asymmetries2 and to 
.he uncertainties caused by the low x 8 regions unavailable to HERMES and COMPASS. 
<'irst of all, the performed in [4] analysis confirms that the proposed NLO QCD extraction 
)rocedure meets the main requirement: to reconstruct the quark moments in the accessible 
.o measurement XB region. On the other hand, it was shown that even with the rather 
iverestimatecl low XB uncertainties given in [4], one can conclude that the question is 
~1 u - l:!:.. 1 d equal to zero or not could be answered even with the HERMES kinematics in 
.he case of strongly asymmetric polarized sea. In any case, the situation is much better 
11ith the available to COMPASS x8 region. 

At present COMPASS experiment uses only the polarized cleutron target in the muon 
)art of its program. Besides, it is obvious that the statistic of semi-inclusive events 
11ith pion production is much higher than the respective statistics of kaon production 
one identify about 903 pions among all semi-inclusive events). So, it is of interest to 
:ee could we extract so important quantity as polarized strangeness in nucleon using 
mly pion production on the cleutron target. To this encl we will use so-called "sum 
~symmetries" (see, for example, [5] and references therein) A~+ii(x, Q2

) = Jl2 dzh(g~/h + 
7~/ii)/ Jl 2 dzh(Ft1h + Ft1ii) and also the SU1(3) sum rule as = F + D. Then, operating 
1uite analogously to the case of difference asymmetries [4], after some simple algebra one 
>btains the following NLO QCD equation for the quantity l:!:.. 1s + l:!:..18 we are interesting 
n: 

(3) 

(4) 

(5) 

2 At first sight it could seem that the difference asymmetries suffer from the much larger errors in 
omparison with the usual asymmetries because of the difference of ?r+ and 7r- counting rates presents 
n denominator. However, fortunately, for the proton and deutron target it is not the case because on 
hese targets (on the contrary to the neutron target) 7r+ production essentially exceeds 7r- production. 
\s a consequence, the statistical errors occur quite acceptable [4]. 
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Table 1: The upper part presents the results on ll.1s + ll.1s obtained from integration ol 
GRSV2000NLO parametrization (symmetric sea I and broken sea II scenario). The lower part 
presents results on ll.1s + ll.1.S extracted from the simulated sum asymmetry. 

Xs Q [li.1s + l:i.1s]r [li.1s + li.1s]n 
0.0001 < X3 < 0.99 7.45GeV2 -0.119 0.002 

0.003 < Xs < 0.7 7.45GeV2 -0.088 0.008 

XB Qmean [li.1s + li.1sh [li.1s + li.1s]u 
0.003 < XB < 0.7 7.45GeV2 -0.10 ± 0.01 0.01 ± O.Ql 

where L:i. 1C(z)qq,qg = f0
1 dx 8Cqq,q9 (x, z) are the first moments of the NLO Wilson coeffi­

cients which can be found in [10] and the fragmentation functions D1 = D:+ = D~- = 
D.,,.+ - D.,,.- (f d) D - D.,,.+ - D.,,.- - D.,,.- - D.,,.+ ( f d) D - D.,,.+ - D.,,.- -a - d avore , 2 = d - a - ,. - u un avore , 8 = s - s -

Dt = D§- (unfavored) can be found in ref. [7]. To understand is it possible to correct!) 
extract the quantity li.1s + f:i. 18 using proposed NLO QCD procedure, we, just as befon 
[4], perform the simulations using the polarized event generator PEPSI. The all simula· 
tion conditions exactly correspond to the COMPASS kinematics (see [4] for details). Le1 
us analyze the results from Table 1. One can see that for both symmetric I and broker 
II scenarios, the results of reconstruction of the quantity li.1s + li.18 in the accessible XE 

region are in good agreement with the respective input parametrizations. So, just per· 
formed analysis confirms that the proposed NLO extraction procedure is applicable fo 
li.1s + li.18 extraction. 

It is of importance to have a possibility to extract in NLO QCD not only the surr 
li.1s + li.18 but also the difference3 li.1s - li.18. To this end we will apply the differenc( 
asymmetries 

for the K± production on the deutron target. Operating quite analogously to the case o 
pion difference asymmetries (see derivation of Eqs. (20) for L:i.1uv, L:i.1dv in [4]) one get: 
the simple equation for the quantity li.1s - f:i.18 we are interesting in: 

where 

K+ K-
l ( _) Aexp(d) 2 li.1s - li.1s = f:i.1uv + f:i.1dv - - _ 

Li - L2 

L1 - LLqq] K+ = L~q] K- = L}qq] K+ = L~qq] K-' 

L2 L[qq] K- = Llqq] K+ = L[qq] K+ = Llqq] K-
- u u s s ' 

with L~qq]K+(K-) given by Eq. (4), and 

(6 

(7 

3Let us recall that on the contrary to the sum ti.1 s + tl.1 s (which in principle could be extracted usin; 
only the inclusive DIS data) the quantity tl.1s - tl.1.S could be extracted only from the semi-inclusive DI: 
data. 

202 



Table 2: The upper part presents the results on ll.1u, ll.id and ll.iiJ obtained from integration of 
GRSV2000NLO parametrization (symmetric sea scenario). The lower part presents the respec­
tive results extracted from the simulated asymmetries applying the proposed NLO procedure 
with GRSV2000NLO parametrization entering the generator as an input. 

xs region 
0.023 < Xs < 0.6 0.724 -0.302 -0.026 

0.023 < Xs < 0.6 0.702±0.020 -0.274±0.025 -0.027±0.013 

It is seen that all dependence on the fragmentation functions in the r.h.s of Eq. (6) 
reduces to the only "effective" fragmentation function D' = Di - D2. At the same time, 
the favored and unfavored kaon fragmentation functions Di and D2 are still poorly known. 
Thus, to obtain l:l.1s - 1:1.is using Eq. (6) one should first obtain D' using unpolarized 
data and (probably4

) the existing unpolarized event generators (LEPTO and PYTHIA) 
properly tuned to the conditions of the respective SIDIS experiments such as HERMES 
and COMPASS. 

Let us now apply the proposed procedure to the real data5 of HERMES[6] on asym­
metries Ap,d, A;~. The proposed procedure in this case allows to obtain the simple ex­
pressions for the NLO quantities 1:1.iu, 1:1.id and l:l.1q = 1:1.!'u = 1:1.id = l:l.1s = 1:1.1.5 via 
the quantities A(expip,d, A(e:p)p,d· The later, just as the quantities A;xp, A~xp in the case of 
difference asymmetries[4], contain only already measured unpolarized quark distributions, 
fragmentation functions6 , known NLO Wilson coefficients and the measured asymmetries 
Ap,d, A;.~. Certainly, one could choose only three equations (containing any three of six 
measured asymmetries) to obtain the minimal non-degenerate system which can be di­
rectly solved with respect to NLO quantities l:l.1u, l:l.1d and 1:1.iq. However, to increase 
the precision of extraction, we, as usual, use the fitting procedure where we include all 
six available quantities A(exp)p,d, A(e:p)p,d entering the constructed x2. 

We again perform the testing of our method using the GRSV2000(NL0)[8] parametriza­
tion as an input. Comparing the upper and lower parts of the Table 2, one can see that 
the results of l:l.1u, l:l.1d and l:l. 1q reconstruction are in a good agreement with the input 
parametrization. Thus, the performed testing shows that our procedure can be applied 
to l:l.1u, l:l.1d and 1:1.iq reconstruction. 

Let us now perform NLO extraction of l:l.1u, l:l.1d and l:l. 1q from the real HERMES 
data[6] on Ap,d, A;.~. It is of importance that the unpolarized quark densities entering the 

quantities A(exp)p,d, A(e:p),d are obtained from the structure functions F2. Thus, dealing 
with the real data one should first express SI DIS structure function Ff (entering the 
quantities A(exp)) via Ff;: Ff; = 2xF1h(l + R) and then use pQCD NLO expressions for 
Ff; through the respective unpolarized quark densities and Wilson coefficients[lO]. The 

4For example, HERMES[6] used properly event generator LEPTO to extract the purities (which are 
just the combination of the respective fragmentation function and unpolarized quark distributions) 

5Since the kaon fragmentation functions are still poorly known, while here we mainly would like to 
check the validity of the method itself (irrespectively to this problem), we will consider here the most 
simple case of the pion production with the assumption ll.1u !:i. 1d = !:i. 1s = !:i. 1s = !:i. 1ij. The application 
of the method to the kaon asymmetries is now in preparation. 

6The parametrization for the fragmentation functions from ref. [7] is used for both testing with 
PEPSI[9] and reconstruction from the real HERMES data 
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Table 3: The results on NLO extracted Ll1u, ll 1d and Ll1ij from the HERMES data on asym­
. A A .. ± metnes p,d, p,d· 

0.624±0.063 -0.355±0.070 0.016±0.038 

Table 4: The results on .6..1u, .6..1d and .6..1ij obtained from the respective integrals of parametriza­
tions AAC2003 and BB over the accessible to HERMES XB region . 

Parametrization 
AAC2003 

BB 

.6..1u .6..1d .6..1q 
0.691 -0.293 -0.034 
0.667 -0.274 -0.024 

respective results are presented in the Table 3. 
It is instructive to compare the results of Table 3 with the respective integrals of two 

latest NLO parametrizations[ll]; see Table 4. It is seen that the results are in a good 
agreement within the errors. 

Thus, the performed analysis argues that the proposed procedure is acceptable for 
extraction of .6..1q in the next-to-leading QCD order. 

The authors are grateful to R. Bertini, M. P. Bussa, 0. Denisov, 0. Gorchakov, A. Efre­
mov, N. Kochelev, A. Korzenev, A. Kotzinian, V. Krivokhizhin, E. Kuraev, A. Maggiora, 
A. Nagaytsev, A. Olshevsky, G. Piragino, G. Pontecorvo, J. Pretz, I. Savin, A. Sidorov 
and 0. Teryaev, for fruitful discussions. 
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MEASUREMENT OF HADRON PRODUCTION CROSS-SECTION IN 
COLLISIONS OF HIGHLY VIRTUAL PHOTONS 
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Abstract 
Double-tagged interactions of photons with virtualities Q2 between 10 GeV2 and 
200 GeV2 are analyzed with the data collected by DELPHI detector from 1998 to 
2000, corresponding to an integrated luminosity of 550 pb- 1

. The cross section of 
the reaction 1*1* --> hadrons is measured and compared to the LO and NLO BFKL 
calculations. 

1. Introduction 

Double-tagged two-photon interactions e+e- --> e+e-1*1* --> e+e- +hadrons are studied 
with the DELPHI detector [l] at the CERN LEPII collider. Both scattered electrons1 are 
detected by the Small angle TI!e Calorimeter (STIC). If the virtualities of the photons are 
large enough, the LO process like the Born-box 1*1* --> qq is expected to be comparable 
to the processes with (multi)gluon exchange between the qq dipole [2], which is described 
by the BFKL equation [3]. 

Born-box 
gluon 

exchange 

Figure 1: Main diagrams corresponding 
to the 1*1* --> hadrons process 

electron 

QT= -qT 

... °.!g.s.?, ... E.:(~Sf. ........... . 
positron 

Figure 2: Kinematics of 1*1* 
interactions 

1Throughout this paper, electron stands both for electron and positron. 
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Two-photon interactions are therefore a suitable process to investigate BFKL dynam­
ics. Figure 1 shows the main diagrams relevant to the analysis. 

Figure 2 illustrates the kinematics of the process. We use the following notations: 
Pi (i=l,2) are the four-momenta of the beam electrons, ..JS is the e+e- centre-of-mass 
energy, Ebe.am is the beam energy; the scattered electrons' four-momenta, polar angles 
and energies are p;, 8; and E; respectively. 

The variables relevant to this study are the virtualities of the photons, Ql, the invariant 
mass of the two photons W'l'·'l'· and a dimensionless variable Y: 

• Ql =-(Pi - p;)Z = 4EiEbe.am sin2 (B;/2) 

• w;.'l'. = -(q1 + q2)2 ~ BY1Y2 with Yi= 1 - (Ei/ Ebeam) cos2(8;/2); 

• Y = ln(w;.'l'./JQrQD 

The Y variable is used to compare the multihadron data with the BFKL predicted 
cross section within the approximations w;.'l'. » Ql and I ln(Qi/Q~) I< 1, where the 
second condition is needed to select virtualities of the photons of the same order. 

2. Data analysis 

A detailed description of the DELPHI detector and of its performance is presented in 
Ref. [l]: here only the components relevant to the present analysis will be briefly men­
tioned. 

The scattered electrons are detected in the luminosity monitor STIC, which covers 
the region from 29 mrad to 185 mrad in the polar angle 8. Given the energy and angular 
resolution of the STIC calorimeter, the Q2 resolution varies between 1 GeV2 and 2.5 GeV2 

in the Q2 domain of the present analysis. 
Charged particles are detected in the barrel and endcap tracking systems. The com­

bined momentum resolution provided by the tracking system is a few per-mill in the 
momentum range of this study. 

The study is done with the DELPHI data taken during 1998-2000 runs at e+c centre­
of-mass energies from 189 GeV to 209 GeV, corresponding to an integrated luminosity of 
550 pb-1 . 

The following criteria are used in order to select 1*1* -+ hadrons events and to 
suppress the background contamination: 

• There are two clusters with energy deposition E; greater than 30 GeV, one in each 
arm of the STIC and the polar angle Bi exceeds 2.2° for each cluster. 

• Qi is between 10 GeV2 and 200 GeV2 for both tagged particles. 

• The acollinearity of the scattered electrons is below 179.8 degrees (removes the 
superimposition between Bhabha events and untagged two-photon events). 

• Each event contains at least 3 charged particles with the invariant mass calculated 
from the particles' 4-momenta, Whad, larger than 2 GeV. Particles are considered if 
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their momentum is greater than 400 MeV /c, their polar angle is within the interval 
20° - 160° and their impact parameters are smaller than 4 cm in R<f; and 10 cm in 
z. 

• The cluster energy in the STIC, normalized to the beam energy, is larger than 0.85 
if the energy of another cluster is below 0.5. (suppress the contamination coming 
from e+c ->hadrons events). 

• The thrust value of the charged particles, calculated in their centre-of-mass system, 
is less than 0.98 for the events with charged multiplicity below 5 (removes most of 
the 'Y*'Y* -> T+T- events). 

After these requirements 434 events have been selected. The trigger efficiency [4] is 
estimated from the redundancy of the trigger and from a parameterization of the single 
track efficiency, and turns out to be close to the unit. 

The event generators used to simulate the 'Y*'Y* events and the non-negligible back­
ground processes are listed below as well as the respective expected contributions. 

• TWOGAM (version 2.02) [5] and PYTHIA (version 6.205) [6] event generators are 
used to simulate 'Y*'Y* interactions. The expectations are (331 ± 8) and (330 ± 8) 
events, respectively. The Monte Carlo generators include the quark-parton model 
(QPM) part and also the leading-order predictions for the resolved photon contri­
bution. 

• The background coming from the process e+ e- -> hadrons is simulated with KK2f 
generator (version 4.14) [7] and its contribution is estimated as (27 ± 3) events. 

• The contamination of T pairs produced in the two-photon interactions is evaluated. 
as (26 ± 3) events by using the TWOGAM program. 

• The coincidence of an off-momentum electron with a 'Y*'Y -> hadrons single-tagged 
event is evaluated as (5 ± 2) events. 

3. Results 

The background subtracted data are corrected for detector acceptance and averaged ef­
ficiency using two models. The total cross section IJee of the e+e- -> e+c +hadrons 
interactions, within the phase space limited by the criteria Q; between 10 GeV2 and 200 
GeV2 , and Whad above 2 GeV/c2 , is measured to be (2.09±0.17) pb using the corrections 
for detector effects based on TWOGAM and (1.86 ± 0.14) pb for the corrections based 
on PYTHIA. The statistical and systematic uncertainties are added in quadrature. The 
expectation of the quark-parton model is (l.81 ± 0.02) pb as obtained with TWOGAM. 

The 'Y*'Y* -> hadrons interactions are expected to be sensitive to (multi)gluon ex­
change (fig.l). The multigluon ladder is described by BFKL equation [3], which predicts 
a growth of the cross section at large Y. Note that the BFKL calculations are valid 
within the approximations w~.1'· » Qr (the variable y should be larger than 2) and 
I ln(Qi/Q~) I< 1 (to maintain the photon virtualities approximately equal). 
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The experimental conditions of the present study (QI » m~ and the symmetry for 
tagged particle detection) permit to simplify the relation between <lee and <J'Y•·r , which 
initially reads [8] (the interference terms are omitted) 

to a relation involving an effective cross section a'Y·'Y· , 

where Lrr is the flux of the transversely polarized photons calculable in QED, Eis around 
0.94, <lLT ~ 0.2aTT and aLL ~ 0.05aTT [9]. The TWOGAM event generator including 
QED radiative corrections has been used to calculate Lrr: it uses the decomposition of 
the cross section for different photon helicities (8]. 

The measured cross-section of the hadron production in collisions of two highly virtual 
photons is presented in figure 3. 
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Figure 3: The differential cross section for the reaction 1*1* -+ hadrons , The total 
error bars indicate the sum in quadrature of the statistical (inner error bars) and of the 
systematic uncertainties. The lowest dotted curve corresponds to the expectation of the 
quark-parton model (QPM, quark-box diagram, figure 1). The two upper dotted lines 

represent the BFKL calculations in the leading order (10]. The next-to-leading 
calculations (11] are shown by the two dashed curves in the middle. The two curves for 
the BFKL calculations correspond to the Regge scale parameter changing between Q2 

(upper line) and 4Q2 (lower one). The QPM contribution is added to both the LO and 
the NLO BFKL expectations 
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In conclusion, the differential cross section d<J-y•-y• / dY of the 1*1* -> hadrons inter­
actions is measured and is compared with the predictions based on LO and NLO BFKL 
calculations. The leading order calculations clearly disagree with the data while the next­
to-leading order predictions are found to be more consistent with the data, although the 
LEP energy is not sufficient to see a sizable effect due to the BFKL type contribution. 
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Abstract 
The theoretical description of the correlations between observables in two separated 
rapidity intervals for AA-interactions at high energies is presented. In the case with 
the real nucleon distribution density of colliding nuclei the MC calculations of the 
long-range correlation functions at different values of impact parameter are done. 
For n-n and Pt-n correlations it is shown that the impact parameter fluctuations 
at a level of a few fermi, unavoidable in the experiment, significantly change the 
magnitude of correlation coefficients. The rise of Pt-n and especially Pt-Pt correlation 
coefficients is found when one passes from SPS to RHIC and LHC energies. 

1. String fusion model (SFM) 

The colour string model [l, 2] originating from Gribov-Regge approach is being widely 
applied for the description of the soft part of the multiparticle production in hadronic and 
nuclear interactions at high energies. In this model at first stage of hadronic interaction 
the formation of the extended objects - the quark-gluon strings - takes place. At second 
stage the hadronization of these strings produces the observed hadrons. In the original 
version the strings evolve independently and the observed spectra are just the sum of 
individual string spectra. However in the case of nuclear collision, with growing energy 
and atomic number of colliding nuclei, the number of strings grows and one has to take 
into account the interaction between them. 

One of possible approaches to the problem is the colour string fusion model [3]. The 
model is based on a simple observation that due to final transverse dimensions of strings 
they inevitably have to start to overlap with the rise of their density in transverse plane. 
At that the interaction of string colour fields takes place, which changes the process of 
their fragmentation into hadrons as compared with the fragmentation of independent 
3trings. So we have one more interesting nonlinear phenomenon in nuclear interactions 
at high energies - the field of physics the investigations in which were initiated by pioneer 
works of academician A.M. Baldin [4]. 

It was shown [3, 5, 6] that the string fusion phenomenon considerably damps the 
~harged particle multiplicity and simultaneously increase their mean Pt value as compared 
with the case of independent strings. In accordance with a general Schwinger idea [7] and 
the following papers [8, 9] (colour ropes model) two possible versions of string fusion 
mechanism were suggested. 

The first version [5] of the model assumes that the colour fields are summing up only 
.ocally in the area of overlaps of strings in the transverse plane. So we will refer to this 
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case as a local fusion or overlaps. In this case one has 

(1) 

Here (n) k is the average multiplicity of charged particles originated from the area Sk, where 
k strings are overlapping, and (p;) k is the same for their squared transverse momentum. 
The µ 0 and p2 are the average multiplicity and squared transverse momentum of charged 
particles produced from a decay of one single string, and O"o is its transverse area. 

In the second version [10] of the model one assumes that the colour fields are summing 
up globally - over total area of each cluster in the transverse plane - into one average 
colour field. This case corresponds to the summing of the source colour charges. We will 
refer to this case as a global fusion or clusters. In this ca.se we have 

(2) 

Here (n)c1 is the average multiplicity of charged particles originated from the cluster of 
the area Sc1 and (pl)c1 is the same for their squared transverse momentum. The N%t is 
the number of strings forming the cluster. 

Note that in two limit cases both versions give the same results. 
For N non-overlapping strings we have in the local version: k = 1, S1 = NO"o, (n) = 

(n) 1 = Nµ 0 and (p;) = (pz) 1 = p2
. In the global version in this case we have N clusters 

each formed by only one string, so kc1 = 1, (n) = N(n)c1 = Nµ 0 and (pz) = (pz)c1 = p2. 

For N totally overlapped strings we have in the local version: k = N, SN = O"o, 
(n) = (n)N =.JN µ0 and (pz) = (p;}N = .JNp2. In the global version in this case we 
have one cluster of the area Sc1 = O"o formed by N string, so kc1 = N, (n) = (n)c1 = .JN µ 0 

and (p;) = (p;) c1 = .JN p2
• 

So in both versions of the model when we pass from N non-overlapping strings to N 
totally overlapped strings the average multiplicity decreases from (n) = N µ 0 to (n) 
.JN µ 0 and the mean p; increases from (pl) = p2 to (pr) = .JN p2

. 

2. Cellular analog of SFM 

To simplify calculations in the case of real nucleus-nucleus collisions a simple cellular 
model originating from the string fusion model was proposed [11]. In the framework of 
the cellular analog along with the calculation simplifications the asymptotics of correlation 
coefficients at large and small string densities can be found analytically in the idealized 
case with the homogeneous string distribution, which enables to use these asymptotics 
later for the control of the Monte-Carlo (MC) algorithms. 

Two versions of the cellular model as the original SFM can be formulated - with local 
and global string fusion. In this model we divide all transverse (impact parameter) plane 
into sells of order of the transverse string size 0"0 . 

In the version with local fusion the assumption of the model is that if the number of 
strings belonging to the ij-th cell is k;j, then they form higher colour string, which emits 

in average µojk:; particles with mean p; equal to p2 jk:; (compare with (1)). Note that 
zero "occupation numbers" k;i = 0 are also admitted. 
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In the version with global fusion at first we define the neighbour cells as the cells with 
a common link. Then we define the cluster as the set of neighbour cells with non zero 
occupation numbers k;j of 0. After that we can apply the same formulae of the global 
fusion (2) as in the original SFM, where N%f' is the number of strings in the cluster and 
Set/ r;0 is the number of cells in the cluster. 

From event to event the number of strings k;j in the ij-th cell will fluctuate around 
some average value - kij· Clear that in the case of real nuclear collisions these average 
values k;j will be different for different cells. They will depend on the position ( S;j) of the 
ij-th cell in the impact parameter plane (s is two dimensional vector in the transverse 
plane). In the case of nucleus-nucleus AB-collision at some fixed value of impact param­
eter b one can find this average local density of primary strings k;i in the point Sij using 
nuclear profile functions TA(s;i + b/2) and T3 (s;i - b/2). 

In MC approach knowing the k;i one can generate some configuration C = {k;i}· 
To get the physical answer for one given event (configuration C) we have to sum the 
contributions from different cells in accordance with local or global algorithm (see above), 
which corresponds to the integration over s in transverse plane. Then we have to sum 
over events (over different configurations C). Note that as the event-by-event fluctuations 
of the impact parameter at a level of a few fermi are inevitable in the experiment one has 
to include the impact parameter b into definition of configuration C = {b, k;J. 

3. Long-range correlations 

The idea [5, 6, 12] to use the study of long-range correlations in nuclear collisions for 
observation of the colour string fusion phenomenon based on the consideration that the 
quark-gluon string is an extended object which fragmentation gives the contribution to 
wide rapidity range. This can be an origin of the long-range correlations in rapidity 
space between observables in two different and separated rapidity intervals. Usually in 
an experiment they choose these two separated rapidity intervals in different hemispheres 
of the emission of secondary particles one in the forward and another in the backward in 
the center mass system. So sometimes these long-range rapidity correlations are referred 
as the forward-backward correlations (FBC). 

In principle one can study three types of such long-range correlations: 

n-n - the correlation between multiplicities of charged particles in these rapidity intervals, 

Pt-Pt - the correlation between transverse momenta in these intervals and 

Pt-n - the correlation between the transverse momentum in one rapidity interval and the 
multiplicity of charged particles in another interval. 

Usually to describe these correlations numerically one studies the average value (B) F of 
one dynamical variable Bin the backward rapidity window !J.y3 , as a function of another 
dynamical variable Fin the forward rapidity window !J.yF. Here ( ... ) F denotes averaging 
over events having a fixed value of the variable Fin the forward rapidity window. The . 
( ... )denotes averaging over all events. So we find the correlation function (B)F = f(F). 

It's naturally then to define the correlation coefficient as the response of (B) F on the 
variations of the variable Fin the vicinity of its average value (F). At that useful also to 
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go to the relative variables, i.e. to measure a deviation of F from its average value (F) in 
units of (F), and the same for B. So it's reasonable to define a correlation coefficient b8 _F 

for correlation between observables B and F in backward and forward rapidity windows 
in the following way: 

bs F = (F) d(B)pl 
- (B) dF F=(F) 

(3) 

As the dynamical variables we use the multiplicity of charged particles (n), produced 
in the given event in the given rapidity window, and the event(!) mean value of their 
transverse momentum (pt), i.e. the sum of the transverse momentum magnitudes of all 
charged particles, produced in the given event in the given rapidity window (fly), divided 
by the number of these particles ( n): 

1 n 

Pt = - 2:: \Ptd, 
n i=l 

where Yi E fly; i = 1, ... ,n. (4) 

So we can define three correlation coefficients: 

b = (np) d(ptB)nF I 
p,-n - (p ) dn 

tB F np=(np) 

(5) 

Here n 8 , np are the multiplicities and PtB> PtF are the event (4) mean transverse momen­
tum of the charged particles, produced in the given event correspondingly in the backward 
(fly8 ) and forward (flyp) rapidity windows. 

4. Results of the calculations 

In Figs.1-3 the results of the MC calculations of these correlation coefficients are presented 
for nucleus-nucleus collisions at different values of the centrality. In all figures ( o) and 
( •) denote the results of calculations in the framework of the original SFM (with the 
taking into account the real geometry of merging strings) for its local (overlaps) and global 
(clusters) versions correspondingly. The (D) and(•) denote the results of calculations in 
the framework of the cellular analog of SFM for its local and global {clusters) versions. 
All presented results are for the forward rapidity window of 2 unit length (flyF = 2). The 
lines are only to guide the eye. 

In Fig.I we present the bn-n correlation coefficient for AuAu collisions at RHIC energy 
and in Fig.2 we present the bp,-n correlation coefficient for PbPb collisions at LHC energy. 
In both figures the calculations are fulfilled three times: 

1) at fixed values of impact parameter (db= 0), 
2) with impact parameter fluctuations within 1 fm window (db= 1), 
3) with impact parameter fluctuations within the whole class of centrality (db= class) 

(for LHC by convention this value is taken to be equal 3 fm, db = 3) We see that the 
impact parameter fluctuations at a level of a few fermi significantly change the magnitude 
of correlation coefficients. Note also that all results obtained in the framework of the 
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original SFM and its cellular analog for their local and global versions practically coincide, 
except for the Pt-n correlation at fixed value of impact parameter at LHC energy, where 
the correlation coefficient bp,-n is very small. 

In Fig.3 the energy dependence of the bp,-p, correlation coefficient is presented. The 
calculations are made for the 1 fm impact parameter window (db= 1). In this case we 
see the considerable rise of Pt-Pt correlation coefficient from SPS to LHC energies. 

5. Conclusion 

In the case with the real nucleon distribution density of colliding nuclei the MC calcula­
tions of the long-range correlation functions at different values of impact parameter are 
done. For n-n and Pt-n correlations it is shown that the impact parameter fluctuations at 
a level of a few fermi, unavoidable in the experiment, significantly change the magnitude 
of correlation coefficients for all centrality classes as compared to ones calculated earlier 
at the fixed values of impact parameter [13]. 

It is shown also, that for the PcPt correlation the event-by-event correlation between 
event mean values of transverse momenta of the particles emitted in two different rapidity 
intervals does not decrease to zero with the increase of the number of strings in contrast 
with the correlation between the transverse momenta of single particles produced in these 
two rapidity windows which was studied earlier [13]. 

The rise of Pt-n and especially Pt-Pt correlation coefficients is found when one passes 
from SPS to RHIC and LHC energies. 
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Figure 1: The bn-n correlation coefficient for AuAu collisions at fa = 130 GeV as a 
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Abstract 
We present the 1st results of the event-by-event study of long-range correlations 
between event mean Pt and charged particle multiplicity using NA49 experimental 
data in two separated rapidity intervals in 158 A *Ge V Pb Pb collisions at the CERN 
SPS. Noticeable long range correlations are found. The most striking feature is 
the negative Prn correlation observed for the central PbPb collisions. Results are 
compared to the predictions of the HIJING event generator and of the String Fusion 
Model favoring a string fusion hypothesis. 

Key-words: experiment, relativistic heavy ions, color strings fusion, long-range cor­
relations. 

1. Introduction 

These investigations are motivated by the predictions of the string fusion model [1) point­
ing to the possibility of observation of long-range correlations as a signature of a string 
fusion phenomenon. Such a phenomenon is expected to occur at the large string density 
values reached in high energy nucleus-nucleus collisions [2). So they were proposed for 
studies in ALICE at the LHC [3), and now a careful choice of the observables is in progress 
(see [6), [7]). 

Meanwhile it is extremely interesting to apply these ideas to the existing experimental 
data obtained at the SPS and RHIC energies. 

Up to now the experimental study of long-range correlations in nucleus-nucleus inter­
actions was performed only for multiplicities in [5) (SS collisions at 200A-GeV). 

The large acceptance detector NA49 at the SPS at CERN provides the opportunity 
for studies of various types of correlations. So, in this work we present the 1st results of 
the event-by-event study of long-range correlations bet.ween event mean Pt and charged 
particle multiplicity using NA49 experimental data obtained in two separated rapidity 
intervals in 158 A *Ge V Pb Pb collisions at the CERN SPS. 

The following types of correlations were investigated: 
1) ns-nF - the correlations between the charged particle multiplicities in backward 

and forward rapidity intervals, 
2) PtB-PtF - the correlations between the event mean transverse momentum obtained in 

the backward window and the event mean transverse momentum in the forward rapidity 
window, 

3) Pts-nF and ns-PtF - the correlations between the event mean transverse momentum 
in one rapidity interval and the charged particle multiplicity in another interval. 

Experimental results are compared to the predictions of the HIJING event generator 
and of the String Fusion Model (SFM). 

2. Long Range correlations. Experimental method 

The data were collected by the NA49 large acceptance detector [8) in 1996 at the CERN 
SPS in collisions of a Pb beam at 158 A GeV /c energy ( /8=17.3 GeV per nucleon) with 
a Pb target foil. 
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The details on the NA49 installation and standard raw data treatment procedure 
(track reconstruction, event centrality definition, trigger efficiency etc), can be found 
elsewhere [8], [9]. These details were taken into account both in our data treatment 
procedures and in the theoretical (SFM) analysis. 

A total of about 129000 minimum bias events were considered. Aditionally we used 
also high statistics samples of 161000 events for the 1st centrality class and 194000 events 
for the 2nd centrality class obtained with a central trigger. 

Two windows in rapidity were chosen to. be named "backward" (y8 E (-0.29, 0.33)) 
and "forward" (YF E (0.91, 2.0)) for the event-by-event studies. 

We define for each event the following observables: the number of charged particles n 
registered in a given "backward" or "forward" window (ns or nF) and the relevant event 
mean transverse momenta PtB or PtF of these particles (see [3]). 

Then the following 2D distributions were accumulated event-by-event: (ns,nF ), (ptB,nF: 
and (PtB,PtF ). After that we define for each plot the average value of the variable in the 
"backward" window at the fixed value of the variable in the "forward" window. So we 
obtain the following plots: < ns >np and < PtB >np vs. nF and < PtB >p,p vs. PtF (in a 
way similar to [3]). 

One of the main features of the results is the linear dependence observed for the ma­
jority of these correlation functions. So we applied linear parameterizations, an example 
for the n-n correlations is: 

< ns >np= a+ /Jnn · nF 

here the strength of the correlation is measured by the coefficient /3nn· In case of Pi-Pt 
and Pt-n correlations the coefficients /3p,p, and /3p,n were defined in a similar manner. 

Various long-range correlations between these observables were studied for minimum 
bias events as well as for several classes of collision centrality defined in Table.! and Fig.l. 

Table 1: Fraction in % of inelastic cross-section for centrality event classes 

class-1 class-2 class-3 
% <5 5-12.5 12.5-23.5 

Nch 800 - 1500 700 - 1300 400 - 1200 
Ev 0-9250 9250-14670 14670-21190 

class-4 class-5 class-6 
% 23.5-33.5 33.5-43.5 > 43.5 

Nch 200 -900 100 - 700 10 - 500 
Ev 21190-26080 26080-29340 29340-36000 

Here Nch denotes the region of event multiplicity, Ev (GeV/c) the region of energy 
Eveto recorded by the zero-degree calorimeter for a given class. 

The Eveto energy window size (~Eveto) was varied around the relevant central values 
inside Ev for a given centrality class in order to study the effect of its influence on n-n, 
Pi-Pt and Pi-n correlation coefficients. A kind of plateau in the correlation coefficients was 
reached at the values of ~Eveto windows that are comparable with the intrinsic resolution 
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Figure 1: NA49 Eveto calorimeter spectra (Eveto values are in GeV) before and after 
all cuts applied. Positions of the Eveto intervals selected for centrality analysis of long­
range correlations are indicated by the vertical bars. The Eveto data sample defined by 
the events forming the "plateau" region of the correlation plots is also shown separately 
inside the 1st class (see text) 

(about 2900Ge V) of the zero-degree calorimeter. Thus the influence of the class width 
could be excluded, keeping only the unavoidable finite Eveto resolution influence on the 
final results. 

The final values of correlation coefficients extracted by the variation of b.Eveto are 
shown vs. collision centrality class in Fig.2, 3 (Black squares are the experimental data. 
Only statistical errors are shown. Straight lines are to guide the eye.) 

The following picture is found: 
1) Strong n-n long range correlations are obtained for all centrality classes. A monotonous 

:iecrease of the n-n correlation coefficient is observed from peripheral towards central col­
lisions (from 0.35 to about 0.1), see Fig.2. 

2) The Pt-Pt correlations are noticeable (about one error bar at present level of statis­
;ics) only in the peripheral region (the 5th and 6th centrality classes), therefore they are 
1ot shown here. 

3) The Pen correlations demonstrate a tendency to move from positive values in the 
)eripheral collisions region to negative for the central collisions, see Fig.3. Negative cor­
:elation values are obtained for the 1st (/3p,n = -0.00008±0.00001 (GeV /c)) and the 2nd 
:f3ptn = -0.00003 ± 0.00001 (Gev/c)) centrality classes. 

Minimum bias event data were also analysed. Plots of the long range forward-backward 
:orrelations of charged particles obtained for minimum bias PbPb collisions at .J8=17.3 
}eV are presented below in Figs.4,5,6. 

A number of intriguing features was observed: 
1) A linear dependence of< ns >nF on nF is seen in the region of forward multiplicities 

tp to the values of nF about 210. A "plateau" is observed at higher values of nF (see 
:Cjg.4). 
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Figure 2: Long range forward-backward 
n-n correlation coefficients (squares) vs. 
centrality class for PbPb collisions at 
y's=l7.3 GeV. Open circles: String Fusion 
Model. Horizontal line: the absence of cor­
relations as described by the SFM "with­
out fusion" 
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Figure 3: Long range forward-backward 
Pi-n correlation coefficients (squares) vs. 
centrality class for PbPb collisions at 
v's=l7.3 GeV. Open crosses: HIJING; 
Open circles: String Fusion Model. Hor­
izontal line: SFM "without fusion" 

2) The dependence of < PtB >nF on np is very close to linear in the interval np 

between 50-210. "A plateau" , or PtB "saturation" at the level of about 0.36 GeV /c is 
also observed at values of forward multiplicities np higher than 210 (see Fig.5). The 
picture is qualitatively similar to the one for pp-collisions at 31GeV and 63 GeV [10]. 

3) The events with multiplicities higher than 210 that are forming the "plateau" region 
of the correlation plots (about 2000 events out of 129000 total) represent a fraction of the 
1st centality class (see the Fig.l). 

4) A complicated non-linear behavior of < PtB >p,F vs. PtF is discovered (see Fig.6). 
This non-linear dependence of < PtB >p,F on PtF has a "bump" that reaches about 0.35 
GeV /cat values of PtF of about 0.35 GeV /c. 

3. Analysis of Long Range correlations for PbPb at 
158 A*GeV 

There could be at least two reasons for the experimentally observed negative values of thE 
prn long-range correlation coefficients obtained in the present work for the very central 
Pb Pb collisions at 158 A *Ge V under the condition of the narrow Eveto window: 

(i) String Fusion effects for fixed number of participants; 
(ii) Kinematical constraints due to the energy conservation in string production anc 

decay. 
We first compared the observed long-range correlations with the standard event gen­

erator HIJING [11]. 
Normalization factors were applied for the HIJING rnultiplicty values ( 0.7 for the for. 

ward and 0.42 for the backward rapidity window.) Another factor= 0.9 was also appliec 
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for the HIJING mean Pt values in order to take into account the experimental acceptance 
cuts. In case of HIJING we did not use the detailed acceptance parametrization or trigger 
event cuts, because the main goal was to obtain a general trend. 

These normalizations enable us to reproduce the data both for the centrality depen­
dence of correlation coefficients (see Fig.3) and for the minimum bias events (see Fig.4,5,6). 

The reason for this is, first of all, that a collectivity phenomenon is included in the 
HIJING model phenomenologically in the form of the Cronin effect that accounts for the 
growth of the mean Pt with the multiplicity. 

Secondly, the observed negative correlations are reproduced by HIJING for the 1st 
centrality class under the condition of a narrow Eveto window. This means that the 
kinematical constraints on the string decay play an important role at the given energies. 

One has to keep in mind, that the observation of these "negative correlations" could 
be damped by such nuclear density effects as fluctuations in the number of participants 
leading to "positive correlations". So, the observed transition from negative to positive 
long range correlations (reproduced in HIJING) is simply related to the relative increase 
of the fluctuations in the number of nucleon-nucleon collisons for the peripheral events. 

A microscopic explanation of these phenomena was obtained in the framework of a 
simplified MC String Fusion Model[l2], [13]. 

{ 
c v 

50 100 150 200 250 300 350 

Figure 4: The average backward multiplicity < n 8 > at fixed np vs. values of np . 
Crosses: experimental data. Solid curve: SFM. Open circles: HIJING (normalized, see 
text). Dotted curve: SFM calculations without string fusion 

The model is based on the assumption of the interaction of overlapping strings (quark­
gluon string fusion) and it takes into account the changes of the mean values of the 
observables in the case of overlap. The increase of the tension in the area of K overlapping 
strings gives rise to an increase of the mean PZ and the mean number of particles, emitted 
from this area, proportional to ,/K. At the same time, in case of the non-overlapping. 
strings (non-interacting strings) the multiplicity of charged particles is just proportional 
to the total number of strings, while the mean Pt stays constant. 
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Figure 5: The average transverse momentum < PtB > at fixed nF vs. values of nF . 
HIJING predictions are normalized both for pt and multiplicity. Crosses: experimental 
data. Solid curve: SFM. Open circles: HIJING (normalized, see text). Dotted curve: 
SFM calculations without fusion 

As to the long range Pt - n and Pt - Pt correlations, they imply the presence of at 
least two types of particle sources extended in the rapidity space and characterized by 
different values of mean Pt· So in the case of "no string interaction" the model shows 
zero forward-backward Pt - n and Pt - Pt correlations. As an example see the results 
of the SFM calculations without string fusion in Fig.3. SFM Monte-Carlo calculations 
of the correlations were done both at fixed values of the impact parameter and taking 
into account its inevitable fluctuations (e.g. due to the finite zero-degree calorimeter 
resolution). The real nucleon density distribution for the colliding nuclei was used. The 
specific experimental trigger conditions including the event selection (see Fig.I) were also 
taken into account in the SFM calculations. 

The general growth of the n-n long-range correlation coefficients towards the peripheral 
collisions observed in case of narrow Eveto windows is well understood in the framework 
of the SFM (See Fig.2). 

The negative values of the Pt-n long-range correlation coefficients obtained for the very 
central collisions in case of narrow Eveto windows and the increase of positive correlations 
for more peripheral classes were reproduced in the SFM calculations (see Fig.3). It was 
also confirmed that the observed transition from the negative to the positive Pen long range 
correlations is related to the trivial relative increase of the fluctuations in the number of 
nucleon-nucleon collisons in case of the peripheral events. 

The results of the Monte-Carlo SFM calculations for the minimum bias PbPb events 
at /(s) = 17.3 GeV using the SFM approach are presented in Fig.4,5,6. One can see that 
a rather detailed description of minimum bias data is achieved in the framework of the 
SFM. 
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Figure 6: The average backward transverse momentum < PtB > at fixed PtF vs. values of 
PtF· Crosses: experimental data. Solid curve: SFM. Open circles: HIJING (normalized, 
see text). Dotted curve: SFM calculations without string fusion 

4. Conclusions 

1. Experimental evidence for long-range correlations in multi particle production mea­
sured in two separated rapidity intervals in Pb Pb collisions at 158 A *Ge V is found. 

2. A complicated non-linear dependence of < ns >np and < PtB >nF on nF and of 
< PtB >p,p on PtF is observed for the minimum bias events. 

3. The centrality dependence of the correlation coefficients shows the following features: 

1) Strong n-n long range correlations are obtained for all centrality classes. A 
monotonous decrease of n-n correlation coefficients is observed from peripheral to­
wards central collisions (from 0.35 to about 0.1). 

2) The Pt-Pt correlations are noticeable (about one error bar at present level of 
statistics) only in the peripheral region (the 5th and 6th centrality classes). 

3) The Prn correlations demonstrate a tendency to move from positive values in 
peripheral collision region to negative values for the central collisions. 

Negative correlation coefficients f3ptn are obtained for the 1st and the 2nd centrality 
classes, the values are -0.00008 ± 0.00001 GeV /c and -0.00003 ± 0.00001 Gev/c. 

4) The observed transition from negative to positive long range correlations is de­
scribed both in HIJING and SFM due to the relative increase of the fluctuations in 
the number of nucleon-nucleon collisons for the peripheral events. 

4. The analysis in the framework of HIJING and SFM indicates that both models are 
providing a quantative description of the observed long-range correlations in min­
imum bias events as well as of their centrality dependence. HIJING does this by 
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a phenomenological increase of the mean Pt for the multiple nucleon-nucleon colli­
sions, while the SFM provides a microscopic explanation of the observed collectivity 
effects. So, we conclude that the results are favouring the string fusion hypothesis. 

5. Further checks of the string fusion hypothesis at higher energies (RHIC and LHC) 
are very desirable. 
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Abstract 
Erraticity analysis of the experimental data on 14.5A GeV /c 28Si-AgBr collisions 
is carried out. It is demonstrated that like multifractal spectral through Gq mo­
ments, erraticity spectrum may also be constructed which help extract maximum 
information on self similar fluctuations. Comparison of the findings with the Monte 
Carlo models reveals that the observed erratic fluctuations ar not only because of 
the statistical reasons but may have some dymamical contents too. 

1. Introduction 

Power law behaviour of the scaled factorial moments, Fq, referred to as the intermit­
tency[l] has been extensively used to investigate fluctuations and chaos in multiparticle 
production in high energy hadronic and heavy-ion( AA) collisions[2 and references therein]. 
These investigations reveal that the presence of large fluctuations in small phase space 
bins may be rare but not impossible. It has, however, been pointed out[3] that F q esti­
mated by taking the vertical or the horizontal average can not fully account for all the 
fluctuations that a system may exhibit because of the averaging procedures adopted. The 
values of F~e), if calculated on e-by-e basis, exhibit large fluctuations and therefore, a 
distinct distribution of F~e) for a given q and M may be observed for a sample of events; q 
is the order of moment and M is the number of equally spaced bins in the psuodorapidity 
(71) space. Such a distribution is envisaged to help disentangle some useful and interesting 
information about chaotic behaviour of multiparticle production. A few moments of F~e) 
distribution, for example, the normalized moments Cp,q are likely to serve the purpose. If 
Cp,q exhibit a power law behaviour then such a behaviour is referred to as erraticity[3]. 
It may be stressed that erraticity analysis would take into account simultaneously the 
spatial as well as the e-by-e fluctuations beyond intermittency. Studies involving erratic 
fluctuations in hadronic and heavy-ion collisions, carried out so far[4-6] are not conclusive. 
It was, therefore, considered worthwhile to examine erraticiy behaviour in relativistic AA 
collisions. Attention is focussed on the behaviour of erraticity exponents and erraticity 
spectrum which are likely to provide maximum information on self-similar fluctuations[3]. 
Hence analysis of the experimental data on 14.5A GeV /c 28Si-AgBr collisions is carried 
out for this purpose. The findings are compared with the predictions of QCD inspired 
models. 
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2. Experimental Details 

A stack of ILLFORD-G5 emulsion exposed to 14.5AGeV /c silicon-ions from AGS, BNL, 
has been used in the present study. The events due to the AgBr group of targets were 
selected by using the criterion that the number of heavily ionizing tracks, nh., in an inter­
action must be 2: 8. By applying this criterion, 27 4 interactions from a random sample 
of 505 events characterized by nh 2: 0 produced in the interactions of 28Si nuclei with 
emulsion nuclei were considered. The other relevant details regarding scanning proce­
dure, criteria of event selection, classification of tracks, methods of measurements, etc., 
may be found elsewhere[7]. 

3. Method of analysis 

A detailed description about the method of erraticity analysis may be found in refs.3-6. 
However, a brief description is considered necessary and is, therefore, presented here. In 
order to reduce the effect of non-flatness of the single particle distribution in pseudorapid­
ity (7/) space, the 7J values are transformed into the cummulative variable,X(7J), defined 
as[8]; 

(1) 

the event factorial moment describing the spatial pattern of an event is calculated from: 

p(e) = < n(n - 1) ......... (n - q + 1) >e 

q < n >i (2) 

where n is the charged particle multiplicity in a particular bin. To quantify e-by-e fluctu-
3.tions in F~e), the normalized moments, Cp,q are calculated using 

p(e) 

; <Pp( q) = p,(e) 
< q > 

(3) 

rhe order q is an integer while p takes on any value > 0. If Cp,q exhibit a power law 
)ehaviour of the type, Cp,q ex Af(..P,(q) for a given q, then such a behaviour is referred to 
is erraticity[3]; '¢p is the erraticity exponent. The nomalized moments Cp,q are sensitive 
;o the e-by-e fluctuations and its derivative around p = 1, 

µq = ! '¢p(q)lp=I (4) 

lescribes the degree of e-by-e fluctuations, and is referred to as entropy index[6]. Another 
mtropy like quantity 2::q is defined as: 

2::q =< <PqlniPq > 

~nd the entropy index µq may also be calculated from 2::q using: 

82::q 
µq = b"lnM 
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Although, the scaling behaviour exhibited by Cp,q moments is opposite to that observed 
in the case of Gq moments[3], yet, like multifractal spectrum, erraticity spectrum e(ap) 
may be defined for a given q as: 

(7) 

where O'.p = ~· The function e(ap) describes certain properties of erraticity more directly 
than '!/;p. It is clear from these definitions that a 1(q) = µq and for this value of p(=l), 
e(ap) = O'.p· On the other hand, for all other values of p, e(ap) will be greater than O'.p. 

4. Results and Discussion 

4.1. Experimental Results 

Pseudorapidity values of the relativistic charged particles produced in each interaction in 
the 77-range, 770 ± 3.0 are transformed into cummulative variable X(77), where 770 is the 
centre-of-mass hadron-nucleon rapidity. Values of Cp,q are calculated for different values 
of M, p and q and the variations of lnCp,q=2 with lnM are shown in Fig.1; the error bars 
are shown for the alternate sets of data to avoid overlapping. In the same figure, depen­
dence of dependence of Eq on lnM are shown. The assymptotic power law behaviour of 

... p =0.4 
• p= 1.2 
• p= 1.6 

1 • p:2.0 

0.5 

Figure 1: Variations of lnCp,2 and E2 with lnM 

4 
lnM 

Cp,Z and Eq with decreasing bin-width indicates the presence of erraticity in 14.5A GeV /c 
28Si-AgBr collisions. Values of entropy index, µq( = _dd 'l/;p( q) I ) are calculated for q = 2,3 

p p=l 

and 4. These values are determined by evaluating '!/;pat p = 0.9 and 1.1 and are presented 
in Table 1. 

Table 1 

µq 
q Expt. HIJING IEH QCD QCD 

q-jet g-jet 
2 0.15±0.02 0.10±0.01 0.01±0.01 0.11 0.02 
3 0.33±0.05 0.28±0.01 0.04±0.01 0.42 0.03 
4 0.89±0.03 0.78±0.02 0.15±0.01 0.98 0.16 
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In order to disentangle further information about the spatial and e-by-e fluctuations, 
the values of erraticity exponents, 1f;p, are determined by plotting lnCp,q against lnM and 
doing the fits in the linear region(M = 5-20). Using these values of 1f;p, the values of 
o:p( = ~) are estimated and the erraticity spectra, e( o:p), thus obtained for q = 2 and 
4 are displayed in Fig.2. The straight lines in the figure correspond to e(o:p) = o:P. It is 

.;i.s.---------,...,.~ 

~ 
'i°o.4 

0.2 

0 0.1 0.2 0.3 

"'• 
-0.5 0 0.5 1 1.5 2 

"'• 

Figure 2: Erraticity spectra, e(o:p) for q = 2,4 

interesting to notice in the figure that the line is tangent to the curve at the point for p = 
1. At this point the parameter e(o:p) acquires a minimum value equal to o:p. This would, 
therefore, make entropy index, µq to satisfy µq = o:1(q). However, for other values of p, 
e(o:p) is comparatively higer than O:p. The experimental data used in the present study, 
therefore, indicate that like the multifractal spectrum, erraticity spectrum may also be 
constructed, if scaling behaviour exists. This, in turn, would help disentangle maximum 
information relating to the horizontal and vartical fluctuations of the data that exhibit 
self similar properties. 

4.2. Comparison with Monte Carlo Models 

It has been pointed out(4-6] that the observed erratic fluctuations in high energy hadronic 
and heavy-ion collisions are mostly due to the statistical reasons. For investigating the 
dominance of statistical fluctuations over the erraticity behaviour, therefore, correlation­
free MC events are simulated in the framework of independent emission hypothesis(IEH) 
model, which is based on the following assumptions: 

i. Multiplicity distribution of the simulated data sample should be similar to the ex­
perimental one, 

ii. for an event with multiplicity n., X(77) values of its n. particles should be uniformly 
distributed in the range 0-1 and 

iii. there should be no correlation amongst the emitted particles. 

By adopting these criteria, a sample of 16440 events (IEH events) are generated and anal­
ysed. Furthermore, in order to compare the experimental findings with the predictions 
of QCD inspired models, a sample of 14025 events similar to the experimental ones are 
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generated using the MC code, HIJING-1.33. These events are generated according to the 
percentage of interactions of the incident beam with different targets in emulsion(9]. Vari­
ations of the erraticity moments lnC2,3 and ~3 with lnM obtained for the experimental 
and simulated data are exhibited in Fig.3. It is noted that the HIJING MC findings are 

lnM 

..r • Expt. 
o HIJING 

2 
11 IEH 

Figure 3: Variations of lnCp,2 and ~2 with lnM 

lnM 

close to the experimental ones while the IEH MC data give significantly smaller values of 
the two moments. In Fig.4 erraticity spectra corresponding to the different data sets are 
compared. It is evident that the straight line(e(ap) = ctp)is the common tangent. It is 
noted too that the spectra corresponding to the experimental and HIJING data alomost 
overlap but a sugnificant departure of the spectrum due to the IEH data from that due to 
the experimental one is noted. These findings, therefore, clearly indicate that the erratic 
fluctuations observed in the present study are not only due to the statistical reasons but 
may have some contributions because of the dynamical reasons too. 
The values of entropy index, µ9 are evaluated for the MC data sets too and are presented 

·­'"···Hlllnlt 
---·IEH 
--<~ ...... I 

./~, 

••• 
o.& o.a 

"" 
Figure 4: Erraticity spectrum for the experimental and MC data 

in Table 1 along with those obtained in MC simulations performed in the framework of 
perturbative QCD for quark jets and for gluon jets(lO]. It is observed that the values of 
µ 9 corresponding to the experimental and HIJING data are close to those predicted by the 
perturbative QCD for quark jets. Since higher values of µ9 correspond to smaller entropy 
and more chaoticity(lO], it may be concluded that out data clearly exhibits the chaotic 
nature of multiparticle production in relativistic AA collisions. 
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5. Conclusions 

Based on the present investigations, following conclusions may be arrived at: 

1. The observed power law behaviour of the normalized moments, Cp,q, indicates that 
erratic fluctuations exhibited by the experimental data are much larger as compared 
to those obtaianed from the MC simulations. 

2. The values of µ9 q agree fairly well with the predictions of perturbative QCD for 
quark-jets and indicates that the particle production in AA collisions is more chaotic 
than that that expected from the correlation-free MC events. 

3. Similar to the multifractal spectrum, erraticity sepctrum may also be obtained which 
may help disentangling useful information regarding the entropy and( or) chaoticity 
in particle production phenomenon. 

4. Comparison of various findings based on the experimental,HIJING and IEH-MC data 
suggests that the observed fluctuations in the case of experimental events migh have 
some dynamical origin. 
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Abstract 
The weak dynamic form factors of cold neutron matter have been calculated within 
correlated basis function ( CBF) theory using a realistic hamiltonian. The results 
show that the effect of nucleon-nucleon correlations on the density and spin-density 
responses are different. The role of long range correlations has been investigated 
comparing the CBF responses to those resulting from Landau theory of Fermi liq­
uids. The neutrino mean free path have been obtained combining the two ap­
proaches. 
PACS numbers:l3.15.+g.26.60.+c.97.60.Jd 

1. Introduction 

Neutrino processes in a nuclear medium play an important role in astrophysics. Fo 
instance, neutrino propagation in dense neutron or protoneutron matter gives relevan 
information about the stellar evolution and the stars structure [l, 2] and [3, 4]. Th 
key ingredient in neutrino transport calculation is the neutrino opacity. Its theoretica 
evaluation, however, involves several approximations in the calculation of the neutrin, 
cross sections. 

In this paper we focus on the analysis of the density-density and spin-density dynami 
form factors (FF) constructed within the different approaches and apply them to the cal 
culation of the elastic and quasi-elastic neutrino cross section and its mean free path. A 
approach which takes some care of the nucleon-nucleon interaction and of the consequen 
nucleon properties modifications based on the CBF is suggested. This effect results t 
be sizable, with respect to calculations performed within the Fermi gas approximatior 
Comparing the calculated FF with the corresponding results obtained within the Landa 
Fermi liquid theory (LT) we find some difference between them. Therefore we are matd 
ing these two approaches LT and CBF to calculate the elastic neutrino mean free pat 
due to the neutral weak current. 

2. Weak neutrino response 

The description of nuclear responses in the quasi-elastic region is based upon the approac 
developed in Ref.[6] The basic ansatz consists in assuming that the nuclear excited stat( 
can be described as a product of a Slatter determenant and a many-body correlatic 
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function which is the same correlation function describing the ground state: 

(1) 

where the many-body correlation function F is the product of the two-body correlation 
functions [6, 7], <f! 1 includes a Slater determenant which differs from <'Po by the fact that 
a certain number of hole single particle states have been substituted with particle wave 
functions. Here <f!0 is a Slater determenant formed by a set of orthonormal single particle 
wave functions. The many-body nuclear response depending on the energy transfer w and 
the three-momentum transfer q to an external field Q( q) is written in the form [7] 

( ) _'"' < '1!0IQ+(q)l'1!1 >< '1!1IQ(q)l'1!o > o(E _ E _ ) (2) 
XCBFW,q -7 <W1IW1><'1!ol'1!o> f 0 w 

A The weak dynamic form factors Sv(q,w) and SA(q,w) are related to the corre­
sponding response functions Xv,A(q,w) [19] 

1 1 
Sv,A(q,w) = 2 1 

( f3 /m(xv,A(q,w)) 
1rn - exp - w 

(3) 

where f3 = ljk3 T, ks is the Bolzman constant, T is the temperature, n is the density 
of neutron matter. They can be calculated, for example within the Landau Fermi liquid 
theory [15, 1]. The response functions xv and XA are related to the density and spin­
density fluctuations of quasiparicles on~ and on~ respecively, here p is the quasiparticle 
momentum, see Ref.[1] 

(4) 

where g is the Lande' g factor, µ 3 is the Bohr magneton His the perturbing magnetic 
field chosen in the z direction. 

Solving the Landau transport equation for density and spin-desnsity fluctuations of 
quasiparticles in a medium one can find the following forms for xv,A(q,w)presented in 
Ref.[l]: 

(5) 

where N(O)/V = m*pp(n)/7r2 ,>. = w/qvp,Vp = pp/m, F;',A,F{'A are the Landau pa­
rameters corresponding to the interaction of two quasipaticles with the relative orbital 
moments l = 0 and l = 1 respectively, 

),. >.+1 .7f 
g(>.) = 1- -Zn 1-1 +z->.B(l-1 >.)) 

2 >.-1 2 
(6) 

ffere PF, m, m• are the Fermi momentum, the bar and the effective nucleon masses re­
;pectively. According to the conventional notations for the Landau parameters F6 = 
Po, Fr = F1 and F0A = Go, F1A = G1 [17, 18]. 
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3. Application to the neutrino scattering in a medium 

Let us apply the response function to the analysis of the neutrino propagation in a cold 
pure neutron matter at low energies. Actually the weak responses in symmetric nuclear 
matter have been calculated recently in Ref.[8] within the CBF theory using the Tamm­
Dankoff approximation. We will compare our calculations with the results presented in 
Ref.[8] and find some difference. The weak response of nuclei has been studied also in 
Ref. [9] and a difference between the electromagnetic and weak FF has been shown. 

The elastic or quasi-elastic neutrino-neutron scattering is due by the weak neutral 
current. According to the Weinberg-Salam model, the Lagrangian of such interaction has 
the form [10, 11] and [12, 1] 

£1(x) = ~lµ(x)j~(x) (7) 

where CF 
constant, 

Ll66Gev-2 x 10-5 = 1.436 x 10-49erg.cm3 is the Fermi weak coupling 

(8) 

is the lepton weak neutral current, 

(9) 

is the third component of the isospin current, Cv = 1, CA = 1. 25 are the vector and axial 
coupling constant. At low neutrino energies we may use the following approximation for 
the hadronic current [1 J 

(10) 

Applying the weak response given by the eq.(2) we have two response functions: the 
vector response X~BF and the axial vector one X~BF· 

Using these forms for the leptonic and hadronic currents one can get the equation for 
the rate of neutrino-neutron elastic scattering in a pure neutron matter at low energies, 
see for example Refs.[1, 5]and Ref.[4]. 

G
2
n [ 2 ( ( ( 2 W1; = 

4
V Cv 1 +cos B))Sv q,w + CA(3- cos(B))SA(q,w) (11) 

However, the hadronic vector ifn'!j;no~ current and the axial ifn(Ji'!j;nof current can be 
modified in a medium. The vector and axial constants Cv, CA are renormalized, however 
they can be changed in a medium about 10-153 according to [13, 14]. Therefore we neglect 
this effect. We also neglect the antisymmetric part £a( q, w) of the spin-spin dynamic form 
factor and use only its symmetric part £fJ(q,w) = O;JSA(q,w) because one can show that 
it is proportional to q 2/m2. 
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4. Neutrino mean free path 

:.,et us apply the obtained form for the density and spin-density FF to compute the mean 
·ree path l at the zero temperature T = 0. for the nondegenerate neutrino case. In this 
:ase, according to Ref.[1] 

I 
d3q 

l/l = v (2n-)3 wfi (12) 

\.t T = 0 the integral in eq.(12) is splited into two parts [1] 

l

2Pv/(l+vF) lqvF l2Pv lc(2Pv-q) 
dq dw + dq dw 

0 0 2Pv/(l+vF) 0 
(13) 

rhere P,, is the magnitude of the initial neutrino momentum. The Gamow-Teller part 
/lcr of l/l is related to wir with help of the eq.(12), where 
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(14) 

g;ure 1: The density dynamic FF Sv obtained within the Landau theory, the CBF 
proach and FG approximation at different q and T = 0 as a function of >. 

Results and discussion 

Fig. 1 we compare the density dynamic FF's obtained from CBF theory, Landau 
my of Fermi liquids (LT) [1] and the FG model. The values of the Landau parameters 
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Figure 2: Same as in Fig.l for the spin-density FF SA 

employed in the LT calculation are F0 = .09 [l] and F1 = -.6, chosen so as to reproduci 
the effective mass m* ,...., 0.8 m resulting from CBF calculations [16]. It has to be pointec 
out that while the LT and FG FF in the limit if low q and w only depend upon the rati< 
.A= w/qvF [1], the CBF FF depends upon both q and w. 

It appears that the main effect of short range correlations included in the CBF calcu 
lation can be described by introducing an effective mass m*. Replacing the bare nuclem 
mass m with m* ,...., 0.8 min the FG resposnse leads in fact to a quenching of the peak an< 
a redistribution of the strength towards larger values of .A. The resulting FG resposnse i 
very similar to the CBF one. 

The different behavior of the CBF and LT responses is a consequence of the fac 
that the CBF calculation does not include long range correlation, which are known to b 
important at low momentum transfer. 

The spin-density FF's SA(q,w) are shown in Fig. 2 as a function of .A. In this cas 
the difference between the FG and CBF results is a factor ,...., 2, that cannot be accounte• 
for by the effective mass. This feature is likely to be ascribed to the spin dependence c 
the correlation operator employed to construct the correlated states. Two lines of the IJ. 
calculation correspond to G1 = 0.5 [1] and G0 = l,G0 = 0.5 [17, 18]. In the contra.<' 
to the case of the density responses shown in Fig. 1, the difference between LT an· 
CBF, due to the effect of long range correlations, is larger. It has to be pointed out tha 
this difference cannot be resolved by adjusting the Landau parameters within the rang 
corresponding to reasonable values of the spin susceptibility [20]. 

We were matching two different calculations valid at low values of q and moderat 
momentum transfers respectively and calculated the elastic neutrino mean free path l. I 
Fig.3 (left pannel) the Gamow-Teller part Zar of l calculated within the suggested hybri 
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Figure 3: The Gamow-Teller part of the elastic neutrino mean free path at T = 0 for 
the equilibrium density of neutron matter n = 0.16(fm)-3 as a function of the initial 
neutrino energy Ev at the different matching points Q0 (left pannel). The ratio of our 
calculations to the ones obtained within the FG approximation at different values of Q0 

(right pannel) 
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Figure 4: Same as in Fig.3 for the elastic neutrino mean free path 

approach as a function of the neutrino energy Ev is presented and compared with calcu­
lation of performed within the Fermi gas approximation (FG) at the saturation nuclear 
density n = O.l6(fm)-1. One can see a big difference between these two calculations 
at low neutrino energies, see Fig.3 (right pannel). Here Q0 is the transfered momentum 
value at which we are matching the LT and the CBF approaches. In Fig.4 (left pannel) 
the total neutrino mean free path l for neutron matter at n = O.l6(Jm)-1 including both 
dynamic FF calculated within the suggested approach and the FG approximation are 
presented. The difference between two calculations is presented in Fig.4 (right pannel). 
Let us note that the neutrino mean free path in neutron stars and symmetric nuclear 
matter have been analyzed recently in Refs.([21, 22]) within the Brueckner-Hartree-Fock 
approximation at finite temperatures and Ref.([8]) for a cold symmetric nuclear matter .. 
Actually, there is not a contradiction between our results and the ones presented in thse 
Refs. at moderate neutrino energies, Ev> 20.(MeV). However at low Ev one can find . 
this difference about a few times. It could be due to the fact that the application of 
the LT including effectively the long-range correlations at low q and w is different from 
the approaches used in Refs.[8, 21] and Ref.[22]. Let us also stress that at low neutrino 
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energies, for example Ev < 20.(MeV) the LT results in a main contribution to the elastic 
neutrino mean free path. 

6. Conclusion 

The presented analysis of the neutrino propagation in a neutron matter at the normal 
density and zero temperature has shown the following. The spin-density FF SA ( q, w) 
calculated within the CBF approach is less than the one obtained within the FG approxi­
mation at moderate values of q(4, MeV/c < q < 20.MeV/c) and w(O::; w::; qvp) about 2 
times. It leads to the difference between the mean free paths calculated within the CBF 
and FG approximation about 3 times like in Ref.[8]. Whereas the application of LT to 
the construction of SA ( q, w) at low q( q < 4. Me V / c) leads to a larger difference, about 4-5 
times. As its consequence the neutrino mean free path at Ev< 4. - 5.(MeV) calculated 
withih these two approaches has a difference about 5-6 times. The density dynamic FF 
Sv(q,w) calculated within both LT and CBF differs from the one obtained within the FG 
approximation much less than SA(q,w). It results in much larger values (about 10 times) 
for the Gamow-Teller part laT of the neutrino mean free path l in comparison to the FG 
model at Ev < 4. - 5.(MeV). Therefore one can conclude that the contribution of the 
spin effects for a neutrino opacity at low Ev is sizable. 
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Abstract 
For qualitative understanding of the regime change existence in the behavior of 
some centrality depending characteristics of events has been suggested to consider 
the appearance of the strongly interacting matter mixed phase (MP). The MP has 
been predicted by QCD for the temperatures around the critical temperature Tc 
and could be formed as a result of nucleon percolation in density nuclear matter. 
Our main goal is to get a new experimental confirmation of the percolation cluster 
formation as an accompanying effect of the MP formation. To reach the goal, the 
experimental data on Kr+ Em - reaction at 0.95 Ge V /nuc and Au+ Em - reaction 
at 10.6 GeV /nucl. with a number of target fragments Nh > 8 have been analyzed. 
The behavior of the distributions of the target and the projectile fragments have 
been studied. The experimental data have been compared with these coming from 
the cascade-evaporation model. We can conclude that: 

the centrality of collision could be define of as a number of the target g-fragments 
in Kr+ Em reactions at energies 0.95 A GeV /nucl and as a number of projectile 
F-fragments with Z 2: 1 in Au+ Em reactions at energies 10.6 A GeV /nucl; 
- the formation of the percolation cluster sufficiently influences the characteristics 
of nuclear fragments; 
- there are points of the regime changes in the behavior of some characteristics of 
s-particles as a function of centrality which could be qualitatively understood as a 
result of the big percolation cluster formation. 

1. Introduction 

Mixed Phase: Studying of the behavior of the hadron-nuclear and nuclear-nuclear inter­
actions characteristics as a function of collision centrality Q is an important experimental 
method to get information about changes of the nuclear matter phase, because the in­
creasing Q could lead to the growth of the nuclear matter baryon density. In other words, 
the regime change in the behavior of some centrality depending characteristics of events 
is expected by varying of Q to be a signal on phase transition. This method is considered 
to be the best tool for reaching the quark-gluon plasma phase of strongly interacting 
matter. Some experimental results have already demonstrate the existence of the regime 
changes in the event characteristics behavior as a function of collision centrality [l]-[8]. 
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The regularity is observed for hadron-nuclear [1]-[2], heavy [3]-[7] and light nuclear [8] 
interactions in a large domain of nuclear masses and initial energies. It has been also 
observed for the behavior of some centrality characteristics of 7r-mesons , nucleons, frag­
ments, strange particles, and even for the ones of J /'lj;. So, the regime changes under 
consideration could not be related with the existence of the predicted QCD point for the 
hadronic matter quark-gluon phase transition and therefore has been suggested [9] to 
consider the appearance of the strongly interacting matter mixed phase (MP) for qualita­
tive understanding of the regularity. MP has been predicted by QCD for the temperatures 
around the critical temperature Tc and could be formed as a result of nucleon percolation 
in density nuclear matter. The last is related with the following. 

Percolation cluster. It is well known that the statistical and percolation theories can 
describe critical phenomena best of all and in other hand the regime changes under consid­
eration have also been observed for small density and temperature at which the conditions 
to apply statistical theories are practically absent. So, one could say that the percolation 
approach is practically the only one to describe the results. Paper [10] discussed that 
percolation clusters much larger than hadrons, within which color is not confined; de­
confinement is thus related to percolation cluster formation. This is the central topic of 
the percolation theory, and hence, the connection between percolation and deconfinement 
seems very likely [11]. So the experimental information on the particular conditions of 
the MP formation could be very important to fix the onset stage of deconfiment for its 
future identification. To extract the signals on the accompanied effects of MP could be 
one of the ways to get the experimental information on the MP formation. The percola­
tion cluster formation could be one of these effects where the MP formation could start 
at high energies. 

Physical picture: We can consider the following physical picture to understand quali­
tatively the mentioned above. 

At low energies: At some critical values of centrality Qc the compressed compound 
nuclear system could appear. In this system the thermal equilibrium could be established 
as a result of Fermi motion and the percolation occur that would result in big percolation 
cluster formation one will then be fragment on the nuclear fragments. So the process of 
the percolation cluster could influence the nuclear fragments characteristics. This idea 
was experimentally tested in [12] for high energy interactions. In section 2 we shall show 
the experimental results for the heavy nuclear interaction at the low energies. 

At middle and high energies. First we have to note that in comparison with the low 
energy interaction at middle and high energies the contributions of multi particle collisions 
have to increase strongly (particularly in the region of central collisions near Qc) and the 
quark-gluon degree of freedom of matter could appear. In paper [13] it is discussed that 
the hadron-chemical-equilibrium could be established as a result of multiparticle collisions 
during the heavy nuclear interactions. Jn this system the percolation could occur and the 
big percolation cluster might be formed. But in compatison with the low energy picture in 
this case the percolation cluster could consist of hadrons and quarks representing a mixed 
phase. One more issue to be considered in section 2 is a possibility to get the signal on 
percolation cluster formation in high energy heavy nuclear interactions. 

As we have mentioned above, the idea that the process of the percolation cluster could 
influence the nuclear fragments characteristics was experimentally tested in [12]. It will 
be the main idea to get the information on the percolation cluster formation. To reach 
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this goal, two ways of Q determination were used in paper [12]. In one way the values of Q 
were determined as a number of protons emitted in one event and in the second one - as 
a number of protons and fragments emitted in one event. The events of 12CC-interaction 
at the momentum of 4.2 A GeV /c were used [14]. The experimental data were compared 
with the simulation data coming from the quark-gluon string model (QGSM) without 
the nuclear fragments [15]. They was supposed that the behavior of the events' number 
dependent of Q determined the both ways have to be similar if there are no clusters as 
a source of fragments and they would differ if the cluster exists as one. It was obtained 
that the form of the distribution strongly differs for the distribution with different Q 
determination ways. In the second case the two steps structure was indicated in the 
behaviour of the distribution which could not be described by the model. This result has 
demonstrated that the influence of nuclear fragmentation processes on the behaviour of 
the events number dependent of Q has a critical character. But it is clear that the light 
nuclear interaction is not a good object to study the fragmentation processes. The main 
properties of the nuclear fragmentation were obtained at low and middle energy collisions 
of heavy nuclei [16]. So, we turn to the low and high energies collisions of heavy nuclei 
and our main goal is to get a new experimental confirmation of the percolation cluster 
formation as an accompanying effect of the MP formation. 

Centrality of the collisions: Before discussing the experimental results we would like 
to touch upon one more question which is more important for the centrality experiments. 
It is clear that the centrality of collisions Q not be experimentally defined directly. In 
different experiments the values of Q are defined as a number of identified protons , 
projectiles' and targets' fragments, slow particles, all particles, as the energy flow of the 
particles with emission angels 8 c::: o0 or with 8 c::: 90° . Apparently, it is not simple to 
compare quantitatively the results on Q-dependencies obtained in different papers and in 
other hand the definition of Q could significantly influence the final results. So we believe 
it is necessary to understand what centrality Q is? Usually for a chosen variable to fix Q 
it is supposed that its values have to increase linearly with a number of colliding nucleons 
or baryon density of the nuclear matter. The simplest mechanism that could give this . 
dependence is cascade approach. So we have used one of the versions of the cascade­
evaporation model CEM [17] to choose the variable to fix Q for studying the centrality 
dependence of the event characteristics. 

2. Experiment 

Distribution of the fragments.To reach the goal, we have analyzed the experimental data 
on Kr+ Em - reaction at 0.95 GeV /nucl [18] and Au+ Em - reaction at 10.6 Ge V /nucl. 
[19]. We have considered the events with a number of Nh > 8 to select the heavy nuclear 
collisions (in papers [18]- [19] this condition was not used). According to the mentioned 
above idea on the centrality event selection, we have studied the behavior of the distri­
butions of the. target fragments ( g- and h- fragments) and the projectile fragments with 
charge Z 2: 1 (F-fragments) . The experimental data have been compared with these 
coming from the CEM [17]. 

The Kr + Em reactions at 0. 95 Ge V /nucl. Fig la-f shows the yields of g - , h - and 
F-fragments in the Kr+ Em (at 0.95 GeV /nucl, Fig. 1 a-c.) and in Au+ Em (at 10.6 
GeV /nucl, Fig. ld-f.) reactions. The results coming from the CEM are also drawn. We 
can see that: 
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The g-fragments experimental multiplicity distribution (Ng) for the Kr+ Em reactions 
swell described by the model (Fig. la). We would remind that in the framework of CEM 
7-fragments are considered as the results of cascading collisions in the target spectator 
md participant. So Ng could be used to fix the centrality of collisions (result I). 

The target h-fragments multiplicity (N1t) distribution shape for the Kr+ Em reactions 
:Fig. lb) cannot be described by the CEM in the region of Nh values 15 < Nh < 32. Ifwe 
·emember that the Nh is the number of the final state target fragments in the event which 
s the sum of the target black fragments (Nb) and N_q, we would say that the CEM can't 
lescribe the multiplicity distributions of />-particles which are the slowest target fragments 
md so they have to get much more information on the state of the nuclear target. In 
ecent paper [20] one of the authors of the using CEM has shown that to describe fully 
he />-particles yields, it is necessary to take into account the percolation mechanism and 
ormation of big percolation cluster. So, we could assert that this observed difference 
>etween the behavior of the experimental and model Nh - distributions is related with 
he formation of big percolation cluster (result II); 

The behavior of the experimental distribution of projectile fragments with Z 2 1 
1roduced in Kr + Em collisions ( Fig. le) is not in agreement with the result coming 
com the CEM in full area of the NF definition either. At the point NF = 2 the model 
ives the result more than one order higher in comparison with the experiment. Two 
ther NF regions are observed (at 7 < NF < 14 and 30 j NF < 40) where the obtained 
l:te model and the the experimental data do not agree with each other and we can see 
l:tat the deference has a critical character because it appears only at some values of NF 
cesult III). The formation of the big percolation cluster could give this critical behavior, 
)r example, as the result of appearance of the physical picture described above (for low 
nergy interactions). 

The Au+ Em reactions at 10. 6 Ge V /nucl. The experimental distribution of g-particles 
·om Au - Em reactions ( Fig. ld) can not be described by the model in full region of 
1e N_q definition. We can separate some region in the relative between the behaviors of 
1e experimental and the model distributions. In the region of Ng < 5 the model can 
escribe the experimental distribution. In the region of Ng > 15 the experimental values 
'. N; decrease with Ng while the values coming from the model are constant in the region 
5 < Ng< 40. The model could not describe the distribution of h-particles in full region 
: the Nh-definition either that is seen from Fig. le. The model could only describe the 
cperimental distribution of Nh in the region of 22 < Nh < 32. So, we can say that for the 
~action under consideration the Ng as well as the Ng could not be used to fix the centrality 
'collisions (result IV). We believe that the result could also be understood qualitatively 
. the framework of the above-mentioned physical picture (for high energy interactions). 
1 recent paper [21] the bond percolation model is used to interpret 10.2 GeV /c p +Au 
ultifragmentation data. The critical value of the percolation parameter Pc= 0.65 was 
und from the analysis of the intermediate mass fragments charge distribution. 

The distribution of projectile fragments with Z 2 1 produced in Au+ Em collisions 
in good agreement with the result coming from the CEM. So, we can see that the 

·ojectile fragments are produced by the mechanism similar to the cascade-evaporation 
1e and NF could be used to fix the centrality for these reactions (result V). 

Correlation. It is clear that the obtained results are not sufficient to confirm fully the 
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percolation cluster formation especially at high energy collisions for which the contribu­
tions of multiparticle collisions have to increase strongly, and particularly in the region 
of central collisions near the critical values of centrality. As it has been mentioned at 
such high energies the hadron-chemica-equilibrum were established and the percolation . 
could occur. But in comparison with the low energy physical picture, in this case the 
percolation cluster could consist of hadrons and quarks represents a mixed phase. 

Thus, one needs to get additional information in future to confirm the percolation 
cluster formation. 

A number of the final-state-relativistic single charged particles (s) in the emulsion 
experiments (it is called the multiplicity of the shower particles and is denoted by < ns >) 
might be most sensitive to the dynamics of the interaction at high energies ( as well as the 
values of pseudorapidity T/ of s-particles) . So, we have studied the correlation between 
the characteristics of s-particles and the values of centrality. As we have mentioned above, 
to fix the centrality, one might use the variable Ng for Kr + Em reactions and Np for 
Au + Em ones. Here we discuss the results of our study. 

Fig. 2a-c presents the average values of multiplicity < n8 > for s - particles produced 
in Kr+ Em and Au+ Em reactions and the average values of pseudorapidity for s -
particles produced in Au + Em reactions . We can say that there are two regions in the 
behavior of the values of < Ns > as a function of Ng for the Kr + Em reaction ( Fig. 
2a). In the region of: N9 < 40 the values of< N. > increase linearly with Ng , here the 
CEM also gives the linear dependence but with the slope less than the experimental one; 
N9 > 40 the CEM gives the values for N. greater than the experimental observed ones, 
the last saturates in this region, the effect could not be described by the CEM . It have 
been previously observed in emulsion experiments [16]. It is clear that there to be some 
effects which could stop ( or sufficiently moderate) the increase of N •. The effect of the 
percolation cluster formation could be one of that effects. The moderation of the values 
of N. as a function of Np is also observed for the Au+ Em reaction at 10.6 GeV /nucl.. 
(Fig. 2c) near the point of the Np ::::: 40 - 50 seems to be a point of the regime change 
which is absent for the distribution coming from the CEM. 

Thus, we can say that the effects which could stop (or sufficiently moderate) the 
dependence of < N. > as a function of centrality appearant at some values of Ng and 
Np. It strengthens the result VII because the process of percolation cluster formation 
is a critical effect which appears at some critical values of centrality. If we compare the 
behavior of the experimental and theoretical distributions for the values of T/ of s-particles 
produced in the Au+ Em reaction as a function of Np (Fig. le), we would get one more 
confirmation on the existence of the point Np ::::: 40 - 50, behind which the values of T/ 
are systematically less than the CEM expectation. But in the region of Np > 40 - 50 the 
model describes the experimental distribution rather well. 

So, we can say that the points of regime change are observed in the behavior of the 
characteristics of s- particles as a function of centrality. In the central collisions region 
the increase of the average values of multiplicities are sufficiently moderate (or stopped) 
and the average values of Tf decrease and could not be described by the CEM. It could be 
qualitatively understood within the formation of the big percolation cluster. 
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3. Conclusion 

We can conclude that: 
- the centrality of collision could be define of as a number of the target g-fragments in 

Kr+ Em reactions at energies 0.95 A GeV /nucl and as a number of projectile F-fragments 
with Z?: 1 in Au+ Em reactions at energies 10.6 A GeV /nucl; 

- the formation of the percolation cluster sufficiently influences the characteristics of 
nuclear fragments; 

- there are points of the regime changes in the behavior of some characteristics of 
s-particles as a function of centrality which could be qualitatively understood as a result 
of the big percolation cluster formation. 
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Abstract 
Charmonium production in Pb-Pb collisions at 158 GeV /c per nucleon is investi­
gated from the data, collected in year 2000, under improved experimental conditions 
with the target system placed in vacuum. The study of the transverse momentum 
distributions of J /'If; as a function of the centrality of the collision shows that the 
observed J /'If; suppression in Pb-Pb interactions is particularly significant mainly at 
low transverse momentum where it strongly depends on centrality. For peripheral 
Pb-Pb collisions, the transverse momentum dependence of the J/'I/; suppression is 
qualitatively similar to the dependence observed in p-A and S-U collisions. Com­
paring peripheral and central Pb-Pb collisions, the data show a relative suppression 
in the whole PT range although its amplitude significantly decreases with increasing 
transverse momentum. 

Key-words: heavy ions collisions, charmonium suppression, transverse momentum depen­
dence. 

1. Introduction 
Charmonium production has been measured by the NA50 Collaboration in Pb-Pb colli­
sions at 158 GeV /c per nucleon and in proton-nucleus collisions at 400 and 450 GeV /c 
[1, 2]. The suppression of the J /'If; yield in ultrarelativistic heavy ion collisions is con­
sidered as a potential signature of the phase transition from normal nuclear matter to a 
deconfined state of quarks and gluons. 

Normal nuclear absorption of J /'If; has been measured in proton-induced reactions. 
The corresponding cross-section, deduced in the frame of a Glauber calculation, amounts 
to 4.18±0.35 mb [3]. It provides thereby the J/'I/; normal nuclear absorption reference as 
a function of the path in nuclear matter that the produced cc pair has to go through the 
matter, a quantity which is directly related to the centrality of the collision. The main 
result of the NA50 experiment in the study of Pb-Pb collisions is that whereas peripheral 
Pb-Pb collisions approximately follow the normal nuclear absorption pattern, a departure 
from this normal behaviour is observed for semi-central reactions which increases in am­
plitude with increasing centrality. The Drell-Yan cross section is used as a reference one, 
since it exhibits linear scaling with A· B, the product of the target and pojectile mass 
numbers, like the number of nucleon-nucleon collisions in the interaction. Becides, most 
of the systematic errors cancel out in the ratio of cross sections which is unsensitive, in 
particular, to the absolute incident flux uncertainty. 

Preliminary results obtained from our latest data samples collected under improved 
experimental conditions can be found in [4, 5]. In this article we extend our analysis of 
J/'I/; production and study the suppression as a function of the transverse momentum of 
the charmonium state. 

2. Transverse momentum distribution of charmonium 
To investigate in more detail the features of the reaction mechanism, we study the trans­
verse momentum and transverse mass distributions of the J /'If; yield. In particular, the 
dependence, as a function of the centrality of the collision, of the mean square transverse · 
momentum and of the slope of the MT spectra were obtained and can be found in [6]. 
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"igure 1: Ratio F of the J/7/; production cross section for Pb-Pb collisions at 158 GeV /c 
>er nucleon as a function of the transverse momentum in GeV /c to the DY cross section 
or 5 Er bins 

Vhen rescaled to the same energy and as a function of the mean length path of J/7/; 
1 nuclear matter, the mean square transverse momentum of J/7/; exhibits the same be­
.aviour for p-A, S-U and Pb-Pb collisions (7], which could be related to initial parton 
cattering. The data also show a change of the slope of the T dependence on the energy 
ensity near the value where the J/7/; production cross section starts to deviate from the 
ormal absorption curve (8]. 

The data collected in year 2000 are of the high quality what allows a more detailed 
tudy of the J / 7f; suppression as a function of the transverse momentum. We study the ra­
:o of the J / 7f; cross section to the Drell-Yan cross section (we consider here the Drell-Yan 
•ith invariant mass higher than 4.2 GeV/2-), which is proportional to the J/7/; yield per 
ucleon-nucleon collision. Events are binned according to the neutral transverse energy 
;. which is experimentally measured, on an event by event basis, by an electromag­
etic calorimeter with laboratory pseudorapidity coverage in the range (1.1-2.3]. Er is 
)nnected with the centrality of the collision in which dimuons are produced. 

We plot on Fig.l and Fig.2 the ratio F of the J/'lj; to the DY cross section in the 
)rresponding Er bin as a function of transverse momentum PT for 5 transverse energy 
ins (Fig.1) and as a function of the transverse energy Er for 11 transverse momentum 
ins up to PT = 5.0 GeV /c (Fig.2). The figures show that, whereas for low values of 
r there is a significant J/'lj; suppression which strongly increases with centrality, when 
r increases, the dependence of the J / 7f; normalized yield on centrality becomes weaker 
1d weaker. In other words, the suppression observed on the integrated PT yield from 
eripheral to central collisions originates mainly from the suppression of J/7/; with low 
r values. In order to better investigate this dependence we consider the ratio R; of 
LCh PT distribution corresponding to a given Er bin i with respect to the first and most 
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Figure 2: Ratio F of the J/7/J production cross section for Pb-Pb collisions at 158 GeV /c 
per nucleon in the PT bins shown on the plots (in GeV /c) to the DY cross section, as a 
function of the measured neutral transverse energy in Ge V 

peripheral bin, namely: 

R;= ( J /7/J; I DY; ) I ( J N1 I DY1 ) 

Fig.3 displays the four ratios R,; as a function of PT . It shows that with respect tc 
the most peripheral collisions, J/7f; becomes more and more suppressed, with increasing 
centrality but also with decreasing PT values. For high PT values, above 3.5 GeV /c, thE 
suppression although still increasing with centrality, exhibits no significant PT dependencE 
for the central collisions. 

We compare Pb-Pb collisions with p-A reactions where the J/'lj; survival probabil­
ity is affected by normal nuclear absorption only. In this case, when the J / 7f; yield i< 
parametrized according to A", nuclear absorption leads to a value of a lower than unit; 
reflecting the absorption of the cc pair within the target. Now we perform more compleJ< 
study when the survival probability as a function of PT is considered. Within the fram< 
of the same NA50 experiment, we have therefore made a study of the J/'lj; yield PT de· 
pendence for 400 GeV p-induced reactions on 6 different target nuclei: Be, Al, Cu, Ag,\\ 
and Pb. We have considered the same 11 PT bins and have measured the ratio F in eacl: 
of them for the six different targets. We have used the above A" parametrization of th< 
J / 7f; cross section separately in each of the 11 PT bins in order to perform a PT dependen1 
analysis. The results are shown in Fig.4. 

The results of the J /7/J production study in p-A reactions are illustrated in Fig.5. The:i 
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Figure 3: Ratios R; of the J/'lj; transverse momentum distribution normalized to the DY 
cross section in the E; bin 2< i< 5 to the first E1 bin. The solid error bars on each data 
point are the statistical errors of the J/'lj; yield ratios. The error bars with systematic 
errors from the DY cross section ratios are given as brackets 

show that whereas for low values of PT J /'lj; production as a function of the atomic mass 
number A increases less than proportionally to A (Drell-Yan is proportional to A and 
both are proportional to the number of nucleus-nucleus collisions) leading to a value of a 
lower than unity, for high PT values J/'lj; production increases faster than A so that the 
corresponding value of a is higher than 1. There is a kind of normal nuclear absorption 
for the lower PT values but the magnitude of this absorption decreases with increasing PT 
then vanishes and turns to overproduction for high PT already above 2 GeV /c. This is, in 
fact, a wellknown behaviour observed since long in the production of hadrons and known 
as the Cronin effect. 

For comparison we show in Fig.6 the data for S-U collisions as obtained from the NA38 
experiment, where the effect of absorption is seen for low PT (R<l), together with some 
hints of enhancement for high PT (R>l) suggesting, within errors, a behaviour similar 
to the Cronin effect observed in p-A collisions. The Pb-Pb data can be rebinned using 
only 3 bins of transverse energy in order to minimize statistical fluctuations. Fig. 7 shows 

. that for the most central Pb-Pb collisions and with respect to the most peripheral bin, 
the suppression exists for all values of PT· The centrality dependence decreases with . 
increasing PT· For the highest PT values, no overproduction is observed: there is always 
an absorption which increases with centrality, although less pronounced than for small PT 
and which, moreover, does not exhibit any significant PT dependence. 
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3. Con cl us ions 

The dependence of the J/1/; suppression pattern on PT for Pb-Pb collisions is somewhat 
different from what is observed in the case of normal nuclear J/1/; absorption from p­
induced reactions. In the latter case we see the change from absorption to enhancement 
with the increase of transverse momentum. For Pb-Pb collisions and for the whole PT 
range, only absorption is observed with increasing centrality. Moreover, the data show 
that absorption is is significantly stronger for low PT and almost PT independent for the 
most central collisions and for the highest values of the transverse momentum. 
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Abstract 
The results for structure function FL, obtained in the kr-factorization and collinear 
approaches, are compared with recent Hl experimental data at fixed W values. 

1. Introduction 

The longitudinal structure function (SF) FL(x, Q2
) is a very sensitive QCD characteristic 

and is directly connected to the gluon content of the proton. It is equal to zero in 
the parton model with spin-1/2 partons and has got nonzero values in the framework 
of perturbative Quantum Chromodynamics. The perturbative QCD, however, leads to 
a quite controversal results. At the leading order (LO) approximation FL amounts to 
about 10 ...;- 203 of the corresponding F2 values at large Q2 range and, thus, it has got 
quite large contributions at low x range. The next-to-leading order (NLO) corrections 
to the longitudinal coefficient function are large and negative at small x [1]-(3] and can 
lead to negative FL values at low x and low Q2 values (see (3, 4]). Negative FL values 
demonstrate a limitations of the applicability of perturbation theory and the necessity of 
a resummation procedure, that leads to coupling constant scale higher than Q2 (see (3], 
(5]-(7]). 

The experimental extraction of FL data requires a rather cumbersome procedure, 
especially at small values of x. Recently, however, there have been presented new precise 
preliminary Hl data (8] on the longitudinal SF FL, which have probed the small-x region 
10-5 :S: x :S: 10-2. 

In Ref. (9] the standard perturbative QCD formulas and also the so called kr-factorization 
approach (10] based on Balitsky-Fadin-Kuraev-Lipatov (BFKL) dynamics (11] are used 
for the analysis of the above data. Here we present the main results of our analysis. 

In the framework of the kr-factorization approach a study of the longitudinal SF 
FL has been done firstly in Ref. (12]. We follow a more phenomenological approach 
[13](see also [14, 15]), where we analyzed FL data in a broader range at small x, using 
the different parameterizations of the unintegrated gluon distribution function <I>9 (x, kl) 
(see Ref. [16]). 
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2. Theoretical framework 

The unintegrated gluon distribution <I>9 (x, kl) (!9 is the (integrated) gluon distribution 
in the proton multiplied by x and kj_ is the transverse part of the gluon 4-momentum kµ) 

(hereafter k2 = -ki) (1) 

is the basic dynamical quantity in the kr-factorization approach It satisfies the BFKL 
equation (11]. 

Then, in the kr-factorization the SF F2,L(x, Q2
) are driven at small x primarily by 

gluons and are related in the following way to <I>9 (x, kl): 

( 2) 11 
dz JQ2 

2 '""' 2 'g 2 2 2 2 F2,L x,Q = - dkJ_ L.. e; ·C2,L(x/z,Q ,m;,kJ_) <I>9 (z,kJ_), 
x z i=u,d,s,c 

(2) 

where el are charge squares of active quarks. 
The functions Ch(x,Q2 ,ml,k1) can be regarded as SF of the off-shell gluons with 

virtuality kl (hereafter we call them hard structure functions by analogy with similar 
relations between cross-sections and hard cross-sections). They are described by the sum 
of the quark box (and crossed box) diagram contribution to the photon-gluon interaction 
(see, for example, Fig. 1 in (13]). 

Notice that the kl-integral in Eqs. (1) and (2) can be divergent at lower limit, at least 
for some parameterizations of <I>9 (x, kl). To overcome the problem we change the low Q2 

asymptotics of the QCD coupling constant within hard structure functions. We applied 
the "freezing" procedure (17],which contains the shift Q2 --> Q2 + M 2

, where M is an 
additional scale, which strongly modifies the infrared as properties. For massless produced 
quarks, p-meson mass mp is usually taken as the M value, i.e. M = mp. In the case of 
massive quarks with mass m;, the M = 2m; value is usually used.For the unintegrated 
gluon distribution <I>(x, kl, Q6) we use the so-called Blumlein's parametrization (JB) (18]. 
Note that there are also several other popular parameterizations, which give quite similar 
results excepting, perhaps, the contributions from the small kl-range: kl::; 1 GeV2 (see 
Ref. (16]). 

The JB parametrization depends strongly on the Pomeron intercept value. In different 
models the Pomeron intercept has different values. So, in our calculations we apply the 
Hl parameterization (19], which are in good agreement with perturbative QCD. 

We calculate the SF FL as the sum of two types of contributions - the charm quark 
one Ff and the light quark one Fl: 

(3) 

For the Fl part we use the massless limit of hard SF (see (13]). We always use f = 4 in 
our fits, because our results depend very weakly on the exact f value. 

3. Numerical results 

In Fig. 1 we show the SF FL with "frozen" coupling constant as a function of Q2 for 
fixed W in comparison with H'.1 experimental data [8]. The kr-factorization results lie 
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Figure 1: Q2 dependence of FL(x,Q2 ) (at fixed W = 276 GeV). The experimental points 
are from [8]. Solid curve is the result of the kT-factorization approach, dashed, dash­
dotted and dotted curves - the results of the collinear LO, NLO and LO with µ 2 = 127Q2 
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<'igure 2: Q2 dependence of FL(x, Q2
) (at fixed W = 276 GeV). The experimental points 

ire as in Fig. 1. Solid curve is the result of the kT-factorization approach with the 
:iLLM unintegrated gluon distribution from [23] 

letween the collinear ones, that demonstrates clearly the particular resurnmation of high­
>rder collinear contributions at small x values in the krfactorization approach. We also 
ee exellent agreement between the experimental data and collinear approach with GRV 
>arton densities [20] at NLO approximation (the corresponding coefficient functions were 
aken from the papers [l]). The NLO corrections are large and negative and decrease the 
"'£ value by an approximate factor of 2 at Q2 < 10 GeV2 . Our kT-factorization results 
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Figure 3: Q2 dependence of FL(x, Q2
) (at fixed W = 276 GeV). The experimental points 

are as in Fig. 1. Solid curve is the result of the ky-factorization approach at 112 = 127Q2
, 

dashed curve - the collinear LO calculations at jt2 = 127Q2, dash-dotted curve - from the 
R"11ar1d-parametrization 

are in good agreement with the data for large and small parts of the Q2 range. We have, 
however, some disagreement. between the data and theoretical predictions at Q2 ~ 3 
Ge V2 . The disagreement exists in both cases: for collinear QCD approach at the LO 
approximation and for kr-factorization. It is possible to assume, that the disagreement 
comes from two reasons: additional higher-twist contributions, which are important at 
low Q2 values1 , or/ and NLO QCD corrections. 

It was shown that the saturation (non-linear QCD) approaches contain onformatior 
of all orders in l/Q2

, they resum higher-twist contributions [21]. The analysis of the 
behaviour of the longitudinal structure function FL(x, Q2

) in the saturatation models wa..' 
done in Ref. [22]2. In Fig. 2 we demonstrate our kr-factorization description of FL(Q2

; 

at fixed W with the unintegrated gluon distribution proposed in Ref. (23] which take< 
into account non-linear (saturation) effects. 

Concering the NLO corrections in the kr-factorization approach a rough estimation o 
that can be done in the following way. Consider firstly the BFKL approach. A populai 
resummation of the NLO corrections is done in [6], which demonstrates that the basic 
effect of the NLO corrections is the strong rise of the O's argument from Q2 to Q;11 = K·Q2 

where K = 127, i.e. K >> 1. 
The use of the effective argument Q~ff in the DGLAP approach at LO approximatior 

leads to results which are very close to the ones obtained in the case of NLO approxima­
tion: see the dot-dashed and dotted curves in Fig. 1. Thus, we hope that the effect.iv< 
argument represents the basic effect of the NLO corrections also in the framework of th\ 
kr-factorization, which in some sense lies between the DGLAP and BFKL approaches. 

1 Some part of higher-twist contributions was took into account by the "freezing" procedure. 
2N.Z. thanks M.V.T. Machado for useful discussion of this problem. 
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The results obtained in the krfactorization and collinear approaches based on Q~ff 
argument are presented in Fig. 3. There is very good agreement between the experimental 
data and both theoretical approaches. 

Moreover, we also present in Fig. 3 the FL results based on the Rworid-parameterization 
for the R = (JL/(Jr ratio (see [24]) (because ~FL= F2R/(1 + R)), and the F2 parameteriza­
tion from our previous paper [I3]. The results are in good agreement with other theoretical 
predictions as well as with experimental data. 

4. Conclusion 

In the framework of kr-factorization and perturbative QCD at LO and NLO approxima­
tions we have analyzed recent HI preliminary data [8]. 

We have found very good agreement between the experimental data and collinear NLO 
results. The LO collinear and kr-factorization results show a disagreement with the HI 
data in the range 2 < Q2 < 10 GeV2 values. It was assumed that the disagreement comes 
from the absence of additional higher-twist or/and NLO corrections. We shown that the 
account of higher-twist contributions in the form of saturation effects results in better 
description of the experimental data. The NLO corrections were modeled by choosing 
large effective scale in the QCD coupling constant. The effective corrections significantly 
improve also the agreement with the HI data under consideration. 
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Abstract 
Three types of microscopic nucleus-nucleus optical potentials are constructed us­
ing three patterns for their real and imaginary parts. Two of these patterns are 
the real VH and imaginary WH parts of the potential which reproduces the high­
energy amplitude of scattering in the microscopic Glauber-Sitenko theory. Another 
template VDF is calculated within the standard double-folding model with the ex­
change term included. For either of the three tested potentials, the contribution of 
real and imaginary patterns is adjusted by introducing two fitted factors. An ac­
ceptable agreement with the experimental data on elastic differential cross-sections 
was obtained for scattering the 16

• 
170 heavy-ions at about hundred Mev/nucleon on 

different target-nuclei. The relativization effect is also studied and found that, to 
somewhat, it improves the agreement with experimental data. 
Keywords: heavy-ion optical potential, microscopic scattering theory, double­
folding model, high-energy approximation. 

1. Introduction 

)ne of the main goals of studying heavy-ion scattering remains to obtain the nucleus­
mcleus optical (complex) potential. Such a potential is required not only for physical in­
;erpretation of experimental data in elastic channel but also to get the optical-model wave 
'unctions used in the DWBA calculations of direct inelastic processes and of the nucleons 
:emoval reactions. Unfortunately, when fitting data with the help of phenomenological 
)ptical potentials one cannot obtain their parameters unambiguously. The other problem 
s that the parameters of phenomenological potentials depend on the collision energy, 
itomic numbers and isospins of nuclei. These dependencies present many difficulties in 
:omposing appropriate formulae for the global heavy-ion potentials of scattering. 

Therefore one ought to follow the more justified way for searching the nucleus-nucleus 
)Otentials, namely, to develop the respective microscopic models. In this connection, the 
ittractive and commonly used models are based on the double-folding (DF) procedure, 
'!here one calculates integrals with overlapping the density distribution functions of collid­
ng nuclei and the effective nucleon-nucleon potentials (see, e.g., [l, 2, 3]). Moreover, the 
nicroscopic models arose considerable interest because they can supply us with underlying 
!ffective NN-forces at normal and higher nuclear densities (see, e.g., [4]). This in-medium 
!ependence of NN-potentials is of the great importance in both nuclear- and astro-physics 
'lhere deeper understanding of e.g. neutron stars and super novae phenomena is needed. 
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In nucleus-nucleus scattering at energies near and higher the Coulomb barrier, most 
applications were made by using the optical potential where the real part is calculated 
within the microscopic model with the direct and exchange terms included, while the 
imaginary part of the potential is taken in a phenomenological Woods-Saxon form with a 
three or more adjustable parameters. In this model, say, semi-microscopic model [l, 2, 3], 
one further free parameter is usually introduced to renormalize the real DF-part of the 
optical potential. Thus, the general problem still remains when one parametrizes the 
global dependence of the imaginary part on the potential energy, atomic numbers, ... etc. 

In the present work, we suggest the method where the pattern potentials are used 
to compose the microscopic nucleus-nucleus optical potential. As a basis we take the 
complex potential which fully corresponds to the microscopic high-energy approximation 
of Glauber and Sitenko [5, 6], being later developed in [7, 8] for deriving the nucleus­
nucleus scattering amplitude. This potential (composed of both the real and imaginary 
parts) depends on energy and uses density distributions of nuclei and the nucleon-nucleon 
amplitude of scattering with the in-medium effects included. Besides, we take into consid­
eration the microscopic DF-potential, the real one, and use it as a pattern for constructing 
the full nucleus-nucleus potential. We hope that this regular procedure for obtaining the 
complex potentials can protect one against the possible non-physical forms of phenomeno­
logical potentials obtained in the standard fitting procedure. 

In Section 2 the microscopical formulation is presented while Section 3 is devoted to 
results, discussions, and some conclusions. 

2. Microscopic Optical Potentials 

To formulate the very complicated many-body scattering problem in terms of an equiva­
lent optical potential one should to appeal not only to its theoretical elegance but also to 
develop the reliable methods which provide its reasonably simple relation to experimental 
data. In principle, the optical potential in its general form as is done, e.g., in [9], has a 
very complicated and nonlocal form. However, one believes that it can be presented in the 
equivalent local form by using a realistic localized expression for the density matrix. So, 
below we will test the microscopic nucleus-nucleus energy- and density-dependent optical 
potential in a compact form as follows: 

Uopt(r) = N,V(r) + iN;mW(r). (1) 

Here the three patterns for both of the real V ( r) and imaginary W (r) parts are calculated 
by using the appropriate microscopic models while the normalizing factors N, and N;m 
are considered as free parameters to be fitted to the experimental data. 

The matter of fact is that, for nucleus-nucleus scattering, the surface region of optical 
potentials plays a decisive role in predictions of differential and total cross-sections. Con­
cequantly, the usually ensured microscopic models are substantiated namely in this outer 
region of the collision. Indeed, in a preceding paper [10] a method was developed for the 
restoration of nucleus-nucleus optical potentials derived on the basis of Glauber-Sitenko 
microscopic scattering theory where, in the so called optical limit, the microscopic phase 
was given in the form 

<I>N(b) = (j~N + iiNN) J d2spd2St p;(sp) p~(st) JN(\~= b +Sp - St\). (2) 
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Figure 1: The optical potentials U/t,t and V~t obtained basing on the HEA- and DF­
patterns with the fitted Nr and N;m coefficients (see Table IA), and the respective ratios 
of the elastic differential cross-sections to the Rutherford one, for 160+ 4°Ca at Eiab =1503 
MeV. Panels (a) and (b) are designed for the real and imaginary parts of potentials, where 
dashed curves are the real and imaginary parts of potentials with the patterns VH (or 
WH), while dash-dotted curves are for those with the patterns VDF; the fitted parts of 
WS-potential from [17] are shown by solid lines. In panel (c), solid curve is calculations 
with WS-potential, dashed - with U/t,i, and dash-dotted - with ugt. Open circles -
experimental data from [17] 

Here p~(r) and p~(r) are the point nucleon density distributions of the projectile and 
target nuclei, respectively, and p0 (s) = f'::'00 p0

( J s2 + z2 )dz is the profile function of p0 (r). 
Also, the function f N(~) = (2·nY2 f d2q exp(-iq~)]N(q) is expressed through the form 
factor ]N(q) of the NN-scattering amplitude, taken in the form fN(q) = exp(-q2r'j.;rm8 /6) 
with TNrms, the NN-interaction rms radius. Here fJNN is the total cross section of the 
NN-scattering while &.NN is the ratio of the real-to-imaginary part of the forward NN­
scattering amplitude, and both of these quantities depend on energy. We denote that 
the "bar" means averaging on isotopic spins of colliding nuclei. In [10], this phase (2) 
was compared with another phenomenological one defined through the optical potential 
U(r) = V(r) + iW(r) as follows, 

1 100 <I>(b) = -- U ( Jb2 + z2 ) dz, 
!iv -oo 

(3) 

where v is the relative motion velocity. An analytic expression was used for the phase 
<I>(b) of (3), obtained in [11] for the symmetrized Woods-Saxon (SWS) potential, which is. 
the most realistic phenomenological potential often applied in many calculations. The pa­
rameters of the SWS-potential were adjusted such that to fit the shape of the phenomeno­
logical phase (3) to the microscopic one (2) in the outer region of space b rv Hp + Rt. As 
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Figure 2: The same as in Fig.l but for scattering 160+90Zr with optical potential U::i,1 

a result of this procedure it was obtained a set of SWS-potentials which coincide in their 
tails but have different interiors, and all of them were in a reasonable agreement with 
elastic scattering differential cross-sections at small angles. Although this method gave 
surface-equivalent realistic WS-type potentials which means the exclusion of ambiguities 
in the peripheral region of the interaction, it puts us in face of the traditional old standing 
ambiguity problem of the optical potentials especially in their internal region. 

In such situation, we intend in this work to suggest another approach to restore an op­
tical potential. Towards this aim we believe that the use of microscopic potential models 
is more reliable in search of a realistic optical potential than fitting a phenomenological 
one. As a first candidate in this search we suggest to use unambiguous potential that 
corresponds to the REA microscopic phase (2). This potential has been obtained inde­
pendently in [12], by applying the inverse Fourier transform to the REA-phase (2), and in 
[13], by substituting the standard expression for the direct DP-potential in the definition 
of the phase (3). As a result, the so-called REA-optical potential is as follows: 

where 

VH(r) = - k(~!)2a-NNiiNN j dq q2jo(qr)p;(q)p~(q)]N(q), 

WH (r) = - k(~!) 2 0-NN j dq q2jo(qr)p;(q)p~(q)]N(q). 

(4) 

(5) 

(6) 

Here f>;(t) ( q) are form factors of the corresponding point densities p;(t) ( r) of the projectile 
and target nuclei, where the latter functions can be obtained by unfolding the nuclear 
densities Pv(t)(r) (see, e.g., [14)), which are usually given in tabulated forms. Thus, the 
suggested model is free from parameters when calculating the real VH and the imaginary 
WH parts of the potential. The important and novel point of this method is that it 
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Figure 3: The same as in Fig.I but for scattering 160+208Pb with optical potentials U!,i 
and ug,t 

provides to calculate the imaginary part of the potential (6) in a microscopic way. We 
remind, that in the standard semi-microscopic model one estimates only the real part of 
the potential using DP-procedure, while the imaginary part is usually taken in a phe­
rromenological WS-form with three or sometimes more fitted parameters. In the present 
work, in addition to the REA-potential, we also apply a DP-procedure to estimate the 
'.ea! part of the optical potential, which includes both the direct and exchange terms (see, 
~.g.' [2, 3]): 

(7) 

.vhere 
v0 (r) = j d3rpd3ri pp(rp) Pi(ri) v~N(rpi), rpt = r +rt - rp, (7a) 

yEx (r) = j d3rpd3rt pp(rp, rp + rpt) Pt(rt, rt - rpt) x 

EX( ) [iK(r)rpt] vNN rpt exp M . (7b) 

['he dependence on energy in the potential comes from the local relative momentum 
notion defined as K(r) ::= {2Mm/1i.2[E- VN(r) - Vc(r)]} 112 where Mm= ApAtm/(Ap + 
4.t) is the reduced mass, Eis the relative energy in the center-of-mass frame, and Vc(r), 
he responsible part of the interaction due to the Coulomb potential. We adopt here an 
:nergy- and density-dependent version for the effective interaction as given in [3] where 
he effective interaction VNN is expressed in the form of M3Y force multiplied by the 
actor F(p) = C[l + a exp(-(3p) - 'YP] which depends on the densities p = Pp +Pt, and 
Jso the additional factor (1- 0.003E/Ap) is introduced to correct the dependence upon 
he incident laboratory energy per nucleon. 
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Figure 4: The same as in Fig.I but for scattering 170+60Ni at 1435 MeV with optical 
potential ugt from Table lB. Experimental points and the fitted WS-potential are taken 
from [18] 

The comparison between (5) and (7) ensures that the HEA real part VH of the optical 
potential corresponds only to the direct part VD of the full potential while the VDF_real 
potential consists of two terms, direct and exchange ones, where the latter has a nonlocal 
nature and arises from the anti-symmetrization between two colliding nuclei, and it ac­
counts for the Pauli-blocking and the so-called knock-on exchange nonlocality. Thus we 
have two microscopic types of the real potentials VDF and V 11 , and one for the imaginary 
part WH The HEA-potentials have slightly different slopes in their asymptotics as com­
pared to the DF-potential. In principle, the real and imaginary parts of optical potentials 
have different physical nature. The first one, as its origin, has the one-particle densities 
while the second one can get the additional contributions, coming from excitations of 
collective states and the nucleons removal reactions. Besides, one should bear in mind 
that at high energies, the peripheral region of the nucleus-nucleus interaction plays the 
essential role, while the exchange effects reveal themselves mainly in the internal region. 
At the same time, we pay attention to the result given in [15] that at high energies the 
nucleons removal reactions mostly contribute to the absorption part of the optical poten­
tial while the excitation channels are suppressed. Therefore, one-particle densities take 
part in equal footing in the formation of both the real and imaginary potentials. Thus, 
considering not high but intermediate energies of collisions at about 100 MeV /nucleon 
one can utilize both the shapes HEA- and DF-patterns for composing total microscopic 
potentials. As a result, we shall test three types of optical potentials, each have only two 
parameters N,. and N;m, namely: 

(8) 

(9) 
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Figure 5: The same as in Fig.4 but for scattering 170+90Zr with optical potentials u;:,t 
and ugt 

(10) 

Usually, in heavy-ion scattering at comparably high energies, the potential tails deter­
mine the pattern of the elastic differential cross-sections because of the strong absorption 
happened at shorter distances. Then, roughly speaking one needs only four parameters to 
describe the positions and the slope parameters of these tails. In our case we use the mi­
croscopic models for both the real and imaginary patterns of the optical potentials given 
by Eqs.(8)-(10), where by the fitting of only two parameters Nr and N;m we can, in fact, 
change the strength and shift of the potential tails in the surface region. In practice, the 
fit of phenomenological potentials at E "' 100 Mev/nucleon shows that the range from 
Rn to oo determines the main pattern of the differential cross-sections, and Rn is the 
radius where V(Rn) = -50 Mev. So, below in Figures we show potentials only in this 
region of their displaying. 

3. Results, Discussion, and Conclusions 

We calculate the ratio of the elastic differential cross-sections da / d!J 
Rutherford cross-section 

lf(q)l 2 to the 

(11) 

For this purpose we apply the expression for the REA-scattering amplitude 

f(q) = ik fo''° dbbJ0 (qb)[l - ei<I>N(b) + iif>c(b)]. 
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Figure 6: The same as in Fig.4 but for scattering 170+120Sn with optical potentials U!;i,t 
and u~t 

which is valid at E » [UI and for small scattering angles '/') < J2/kR where R is the 
nucleus-nucleus interacting radius, say, R ~ Rp + Ri. Here q = 2ksin('{)/2) is the momen­
tum transfer. The Coulomb phase iI?c(b) is taken in an analytic form for the uniformly 
charged spherical density distribution. The nuclear phase iJ?N(b} is calculated with a 
help of the optical potentials (8)-(10), using the microscopic HEA- and DF-models. The 
trajectory distortion in the Coulomb field is taken into account by changing the impact 
parameter b by be = a+ v1a2 + b2 in all functions of the integrand of (12) with the ex­
ception of i!?c(b); here be is the distance of closest approach in a Coulomb field, where 
a= ZpZie2 /2Ec.m.· Details of calculations of (12) one can find in [16]. In addition, in cal­
culations, we take into account the relativistic kinematics by substituting the respective 
expressions of velocity v and the c.m. momentum kin (3), (11) and (12) as follows: 

JE1(E1+2Apm) 
!iv = 197.327 E Ap (in MeV fm), 

t+ m 
(13) 

(14) 

where E1 (in MeV) is the kinetic energy of the projectile nucleus in laboratory system, 
and m=931.494 (in MeV) is the unified atomic mass unit. 

Below we present our calculations of the cross-section do/doR for scattering of 160 on 
the targets 4°Ca, 90Zr, and 208Pb at incident energy E1=1503 MeV, and 170 on 60Ni, 90Zr, 
90Sn, and 208 Pb at E1=1435 MeV, and compare these calculations with the corresponding 
experimental data from Refs. [i 7] and [18], respectively. The pattern potentials V H, W H, 
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Figure 7: The same as in Fig.4 but for scattering 170+208Pb with optical potentials UjjJ,t 
and ugt 

:i.nd VDF were computed with the help of (4)-(7) using the point density distribution 
functions p0 (r) for 160 and respective target-nuclei from [14], and for the corresponding 
:mclei in collisions of 170 - from [19] and [20]. Also, parameterization of O'NN and iiNN are 
;aken from [21] and [22] while the effective VNwforces of the type CDM3Y6 are obtained 
'rom [4]. The normalizing coefficients Nr and N;m in (8)-(10) were fitted for each couple 
)f colliding nuclei and presented in Tables lA and lB. 

In Figs.1-7, panels (a) and (b) show the real and imaginary parts of the optical po­
;entials Ui!i, UjjJ,t, and ugt calculated by using the microscopic models HEA and DF as 
)atterns. Dashed curves represent the potentials with patterns VH and WH, while those 
rvith VDF are shown by dash-dotted curves. The phenomenological Woods-Saxon (WS) 
)Otentials, are shown by solid lines. The ratios of the respective elastic to Rutherford 
iifferential cross-sections are presented in panels (c) of Figs.1-7, where dashed curves 
:how the REA-calculations with the potentials Ui!i or UjjJ,t, dashed-dotted lines with 
,he potentials ugt, and solid curves - with the fitted WS-potentials; open circles are the 
:xperimental data. 

One can see that the slopes of the calculated and the fitted potentials in the outer 
egion have a coincidence to each others. The differential cross-sections fall down by an 
'xponential law beyond the Coulomb rainbow angle, and have an acceptable agreement 
l'ith the experimental data. As to applicability of the REA-calculations, we can refer 
o the sufficient agreements with the experimental data of the HEA cross-sections for 
he WS-potentials (solid curves). On the other hand, these potentials were obtained by 
[tting to the same data given in [17] and [18] not by the HEA-calculations but with the 
telp of numerical solutions of the Schroedinger equation. Indeed, this agreement takes 
>lace at angles 19 < 5.5° where the HEA is valid by definition. In Tables lA and lB 
he fitted normalizing factors Nr and N;m of both the real and imaginary parts of the 
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Figure 8: The effect of relativization in case of scattering 160+4°Ca. Solid( dashed) lines 
show do) d(J R with( without) relativization. The potential u;;,t is from Table lA 

different microscopic optical potentials are demonstrated. In addition, we demonstrate in 
Fig.8 the relativistic effect on the differential elastic scattering cross-section of 160+4°Ca 
at E1=1503 MeV, when one uses the relativistic formulae (13),(14) fork and v in (3),(11), 
(12). Although this effect is seen not to be large at this energy, the calculated cross-section 
d(J / d(J R is in favor of its improvement when compared with its experimental counterpart. 

Table lA. Optical potentials for the 16 0 heavy-ion scattering on different nuclei 

I u I rno + 9ozr mo+ 208pb 

uit - 1.13Vl'l +iWl'l -

u?!t VDF + il.32WH - VDF +iWH 

uoot VDF + i0.88VDF - VDF + i0.6VDF 

Table lB. Optical potentials for the 17 0 heavy-ion scattering on different nuclei 

u 110 + 9ozr 110 + 12osn 170 + 208pb 

u1t - - - -
u75t 

- 0.6VDF + i0.9WH o.svnF + i0.9W}[ o.svDF + il.3WH 
u,,,,t 0.6VDF + i0.6VDF 0.6VDF + i0.5VDF o.svnF + iO.svnF o.svnF + iO.svnF 

Our main conclusion, although we did not intend to achieve a perfect fit as usuall~ 
experimentalists do, is that the presented idea proves itself to utilize the microscopi• 
models as patterns for further fit with the experimental data. In addition, this metho< 
introduce only two adjusted normalizing free parameters instead of, at least, twice tha 
number of parameters required in case of use the phenomenological WS-optical potential 
Moreover, at high energy interactions, one can be confident to claim that the results c 
the calculations done by using the microscopic potentials show that in the outer regio: 
of the interactions a true prediction and behavior of these potentials can be gained in th 
very sensitive domain of the heavy-ion scattering. 
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Abstract 
The angular substructures of particles produced in 208Pb at 158 A GeV /c and 197 Au 
at 11.6 A GeV/c induced interactions with Ag(Br) nuclei in emulsion detector have 
been investigated. Nonstatistical ring-like substructures of produced particles in 
azimuthal plane of a collision have been found and their parameters have been 
determined. 

1. Introduction 

An important aim of nucleus collision investigation at high energies is to search for a phe­
nomena connecting with large densities obtained in such collisions. As an example, the 
transition from the QGP (quark-gluon plasma) back to the normal hadronic phase is pre­
dicted to give large fluctuations in the number of produced particles in local regions of phase 
space [l, 2]. The observed effects of such type are dominated by statistical fluctuations. 
Significant deviations from them are only observed after removing the statistical part of 
the fluctuations [3]. 

In case of angular structures of produced particles investigation two different classes 
were revealed, which could be referred to as jet-like and ring-like substructures. 

The goal of our work was to study the ring-like substructures of produced particles 
in azimuthal plane. They are occurrences if many particles are produced in a narrow re­
gion along the rapidity axis, which at the same time are diluted over the whole azimuth. 
The jet-like substructures consist of cases where particles are focused in both dimensions [4]. 

For the first time the individual nucleus-nucleus collisions with a ring-like substructure 
of produced particles in the azimuthal plane have been observed more then 20 years ago in 
cosmic ray experiments [5]. Later a lot of the nucleus-nucleus collisions with the ring-like 
substructure were observed in the accelerator experiments at high energy (3, 6, 7, 8, 9, 10]. 

A new mechanism of multiparticle production at high energies was proposed in [11, 
12, 13]. This mechanism is similar to that of Cherenkov electromagnetic radiation. As 
a hadronic analogue, one may treat an impinging nucleus as a bunch of confined quarks 
each of which can emit gluons when traversing a target nucleus [14, 15]. The idea about 
possible Cherenkov gluons is relying [11] on experimental observation of the positive real 
part of the elastic forward scattering amplitude of all hadronic processes at high energies. 
This is a necessary condition for such process because in the commonly used formula for 
the refractivity index its excess over 1 is proportional to this real part. Later I. M. Dremin 
[12] noticed that for such thin targets as nuclei the similar effect can appear due to small 
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confinement length thus giving us a new tool for its estimate. If the number of emitted 
gluons is large enough and each of them generates a mini-jet, the ring-like substructure will 
be observed in the target (azimuthal) diagram. If the number of emitted gluons is not large, 
we will see several jets correlated in their polar, but not in the azimuthal angles. Central 
collisions of nuclei are preferred for observation of such effects because of a large number 
of participating partons. 

In the present study the ring-like substructures of charged produced particles from 
208Pb and 197 Au induced interactions with Ag(Br) target nuclei in emulsion detector at 
158 A GeV /c and 11.6 A GeV /c, correspondently, have been analyzed. The comparison 
with the FRITIOF calculations [16] has been made. All used data are obtained in the 
frames of EMUOl Collaboration. 

2. Experiment 

The stacks of NIKFI BR-2 nuclear photoemulsions have been irradiated horizontally by 
208Pb beam at 158 A GeV/c (the CERN SPS accelerator - experiment EMU12) and by 
197 Au beam at 11.6 A GeV /c (the BNL AGS accelerator - experiment E863). 

The photoemulsion method allows to measure: muUiplicities of any charged particles: 
produced particles (Ns) with fJ > 0.7, projectile fragments (NF) with fJ ~ 0.99 and target 
fragments (N,,) with fJ < 0.7, angles of particles with the resolution of 6.r7 = 0.010 - 0.015 
rapidity units in the central region, pseudo-rapidity is given by 71 = - ln(tan(O /2)), and e is 
the emission angle with respect to the beam direction, charges of projectile fragments ZF. 

Further details on both experiments, measurements and experimental criteria can be 
found in [17, 18]. 

In this work we have analyzed: 

• 628 Pb+Ag(Br) collisions found by the along-the track scanning. From the collisions 
we have selected three centrality groups determined by the multiplicity of the pro­
duced particles: 350 ::; N., < 700, 700 ::; N8 < 1000 and N8 2: 1000. As it was shown 
in our previous paper [20] the criterion N 8 2: 350 selects the interactions of lead nuclei 
at 158 A Ge V / c with the heavy emulsion targets Ag and Br with b;mp < 8 fm only. 
Moreover the group with N8 2: 1000 comprises the central Pb+Ag(Br) interactions 
with impact para.meter b;mp ~ (0 - 2) fm. 

• 1128 Au+Ag(Br) collisions found by the along-the track scanning. From the collisions 
we have selected analogous three centrality groups determined by the multiplicity of 
the produced particles: 100 ::; N8 < 200, 200 ::; Ns < 300 and N8 2: 300. 

3. Method 

A method we use to search for a ring-like substructure and to determine para.meters they 
have been devised in paper [3]. The produced particle multiplicity Nd of analyzed subgroup 
from an individual event is kept a fixed. Each Nd-tuple of consecutive particles along the 
71-axis of individual event can then be considered a.s a subgroup characterized by a size: 
6.71 = 'I/max - 'I/min, where 'I/min and 'I/max a.re the pseudo-rapidity values of the first and 
la.st particles in the subgroup, by a density: Pd= ~ and by a average pseudo-rapidity (or 
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a subgroup position): T/m = 21if. Another way is to kept a fixed the /::;.T/ interval. This 
method has been used by G. L. Gogiberidze et al. in papers [9, 10]. 

To parameterize the azimuthal structure of the subgroup in a suitable way a parameter 
of the azimuthal structure S2 = I:(!::;.<1>;)2 have been suggested, where f::;.<J? is the difference 
between azimuthal angels of two neighboring particles in the investigated subgroup (starting 
from the first and second and ending from the last and first). For the sake of simplicity it 
was counted /::;.<J? in units of full revolutions I:(!::;.<l?;) = 1. 

The parameter S2 is large (S2 -> 1) for the particle groups with the jet-like structure and 
is small (S2 -> 1/ Nd) for the particle groups with the ring-like structure. The expectation 
value for the parameter S2, in the case of stochastic scenario with independent particles 
in the investigated group, can be analytically expressed as (S2) = N}+i This expectation 
value can be derived from the distribution of gaps between neighbors. 

What can one wait to see in the experimental S2 - distributions in different scenarios? 
As it was shown in [20] in case of a pure stochastic scenario the normalized S2/ (S2) 
distribution would have peak position at S2/ (S2) = 1. The existence of the jet-like sub­
structures in collisions results to appearance of additional S2 / (S2) - distribution from this 
effect but shifted to the right side in comparison with stochastic distribution. Analogously, 
the existence of the ring-like substructures results to appearance of additional S2/ (S2) 
distribution from this effect but shifted to the left side. As result, the summary S2 / (S2) 

distribution from this three effects may have different form depends of mutual order and 
sizes [20]. 

4. Results 

The first detailed study of the average values of the parameter S2 was performed in [3]. 
The azimuthal substructures of particles produced within dense and dilute groups along the 
rapidity axis in the central 16 0 and 328 induced collisions with Ag(Br) and Au targets at 
200 A GeV /c (EMUOl data sets) were analyzed. The results were compared with different 
FRITIOF calculations including 1-conversion and the HBT effects. It was conclude that 
jet-like and ring-like events do not exhibit significant deviations from what can be expected 
from stochastic emission. 

The study of the Srparameter distributions for subgroups of the particles produced in 
197 Au interactions at 11.6 A GeV /c with Ag(Br) targets in emulsion detector has been done 
in [19]. Nonstatistical ring-like substructures have been found and cone emission angles as 
well as other parameters they have determined. 

In Fig. l(a- c) the S2 distributions for groups with Nd= 35 are shown for Au+Ag(Br) 
collisions with multiplicities of the produced particles Ns > 300 (a), 200 ::; N5 < 300 (b) 
and 100 ::; Ns < 200 (c). The analogical S2 spectra for subgroups with Nd= 90 obtained 
in Pb+Ag(Br) collisions are shown in Fig. l(d - f) for different centrality groups with 
Ns > 1000 (d), 700 ::; Ns < 1000 (e) and 350 ::; N 5 < 700 (J). As one can see at all 
three cases of different centralities the S2 distributions have the peak position around the 
value corresponding to the stochastic scenario (S2/ (S2) = 1) and tails at the right side. In 
order to study the ring-like substructures the only left part of the S2 distribution, where 
a signal of ring-like substructure may be expected, is essential. As one can see the only 
central collisions (Ns > 300 in Au- and Ns > 1000 in Pb-induced collisions with Ag(Br) 
targets) have a proved additional peak on the left part. This indicates that a certain ring­
like substructures are present at these two experiments. 
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Figure 1: (a, b, c) The 82 - distributions for subgroups with Nd= 35 and different groups 
of shower particles multiplicity N, in Au+Ag(Br) collisions at 11.6 A GeV /c; 
( d, e, f) The 82 - distributions for subgroups with Nd = 90 and different groups of shower 
particles multiplicity N, in Pb+Ag(Br) collisions at 158 A GeV /c 

The experimental normalized 82/ (82) - distributions compared with the calculated ones 
by the FRITIOF model for the most central groups of events measured in 197 Au and 208Pb 
induced collisions with Ag(Br) nuclei at 11.6 and 158 A GeV/c are presented on the Fig. 2. 
The model distributions were aligned according to the position of the peak with the expe-
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Figure 2: The experimental and FRITIOF model normalized S2/ (S2) - distributions for 
central 208Pb and 197 Au induced coilisions with Ag(Br) targets in the emulsion detector. 
Here, Ns is the number of produced particles and Nd is the number of particles in the 
analysed subgroup 

rimental one. The FRITIOF model includes neither the ring-like nor the jet-like effects, so 
the model distributions are used like the statistical background. 

One can see that both experimental distributions are shifted to the right, have a tail in 
the right part and are broader than the spectra calculated by the FRITIOF. The left parts 
of both experimental distributions are not as smooth as in the model and there are some 
shoulders that refer to the surplus of the events in this region. 

The results obtained from the experimental data after the subtraction of the statistical 
background are also shown on this figure. The resultant distributions have two very good 
distinguishable hills, the first in the region S2/ (S2 ) < 1, where the ring-like effects are ex­
pected and the second in the jet-like region - S2/ (S2) > 1. The probability of the formation 
of the nonstatistical ring-like substructures can be estimated as a rate of the surface of the 
ring-like part to the full surface of the experimental distribution. 

Our preliminary results for 208Pb+Ag(Br) collisions at 158 A GeV /c are shown that 
the estimated contribution of the events with nonstatistical ring-like substructures in the 
emission of produced particles is about 10 - 12% in the most central group of collisions 
with N8 2: 1000. This value slowly decreases in two other groups of less central events with 
350 ::; N. < 700 and 700 ::; N8 < 1000. 

To analyze the ring-like subgroup position on the pseudorapidity axis the 'f/m - distribu­
tions for subgroups with S2/ (S2) < 1 from central collisions are presented for experimental 
data and FRITIOF model in Fig. 3. One can see that the experimental distributions 
have a downfall in the central region, where the produced particle and FRITIOF distribu­
tions have maximum and two symmetrical hills from both sides of the center. For central 
208Pb+Ag(Br) collisions 'f/m - distribution has two hills one at 'f/ = 1.6 - 3.2 and other 
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Figure 3: The ring-like subgroup position (7Jm) distributions for central experimental (solid 
histogram) and FRITIOF model (dashed histogram) for 208Pb+Ag(Br) and 197 Au+Ag(Br) 
collisions 

at 'T/ = 3.6 - 5.2, the center of the distribution for produced particle is at 'T/ ~ 3.5. For 
central 197 Au+Ag(Br) collisions 'T/m - distribution has two hills one at 'T/ = 1.2 - 2.0 and 
other at 'T/ = 2.2 - 3.0, the center of the distribution is at 'T/ ~ 2.2. The downfall of the 'T/m 
- distributions is more visible for 208Pb+Ag(Br) interactions that are probably connected 
with larger cross section of the effect for the collisions with bigger multiplicity that realized 
at higher beam energy and for more central collisions. 

To investigate the ring-like subgroups size l::,.ry in Fig. 4 the !::,.ry - distributions are 
shown in the region of the ring-like effects (S2/ (52) < 1) for the most central 208Pb 
(Ns 2: 1000, Nd = 90) and 197 Au (Ns 2: 300, Nd = 35) induced collisions with Ag(Br) 
targets compared with FRITIOF model. One can see that there are some distinctions in 
the shapes of the experimental and model distributions for Pb induced collisions. There 
appeared 3 or 4 peaks in the experimental l::,.ry - distributions in the ring-like effect region 
that we don't see in other cases. The difference for 197 Au data is not so obvious. Moreover, 
in our previous paper [20] it was shown that from one side there are some distinctions in 
the shapes of the experimental distributions for the regions 52/ (52) < 1 and 52/ (S2) > 1 
but from the other side there are no differences in the l::,.ry distributions calculated by the 
model for both classes of events (S2/(S2) < 1 and S2f (S2) > 1). 

If the ring-like substructures have been appeared due to an effect analogous to Cherenkov 
light there may be in a collision two such substructures forming two produced particle cones 
- one in the forward and another in the backward direction in center-of-mass system. In such 
e<1Se the cones must have the equal emission angles, because as well known the Cherenkov 
emission angel depends on the refractive index of matter only. In our case, in case of nuclear 
matter, it is a way to measure the refractive index of nuclear matter. It is interesting to 
note that the refractive index of nuclear matter has to be changed in the case of the changes 

·the nuclear matter properties, for example, in the case of phase transition from a normal 
hadronic matter to quark-qluon plasma. 
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Figure 4: Comparison of the experimental and the FRITIOF model 6.rt distributions 
for central interactions of 208Pb and 197 Au nuclei with Ag(Br) targets for ring-like region 
(S2/ (S2) < 1) 

5. Conclusion 

The azimuthal ring-like substructures of produced particles from collisions induced by the 
11.6 A GeV /c 197 Au and 158 A GeV /c 208Pb beams with Ag(Br) targets in the emulsion 
detector have been investigated. 

• The additional subgroups of produced particles in the region of the ring-like sub­
structures (S2/(S2) < 1) in comparison to the FRITIOF model calculations have 
been observed. 

• The difference with the FRITIOF model calculations in the T/m distributions in 
ring- like region S2/ (S2) < 1 indicates to existence of two symmetrical T/m - regions · 
of preferred emission of ring-like substructures - one in the forward and second in the 
backward direction in center-of-mass system. 

• The 6.r1 - distribution, which gives the information about a ring-like substructure size 
in pseudorapidity scale, for the experimental data in ring-like region (S2/(S2) < 1) 
differs from the FRITIOF model calculations. 

• The nonstatistical ring-like substructures formation is more visible for central colli­
sions and for bigger energies. 

• The results are in good agreement with an idea that the ring-like substructures have 
been appeared due to an effect analogous to Cherenkov light. 
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THE EXTRAORDINARY INTERACTION OF 14N - NUCLEUS IN 
PHOTOEMULSION 
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Abstract 
The extraordinary interaction of 14N-nucleus in photoemulsion at 2.9 A GeV/c has 
been found. The observed interaction is of coherent dissociation type. It has five 
target fragments and four projectile fragments, there are no produced particles in 
the interaction. Four projectile fragments have five secondary interactions in turn 
on total length 71.3 mm. Three from this interactions, including primary one, have 
inelastic charge exchange. The probability of a random coincidence for such a chain 
of interactions is about 10-14

. 

Introduction 

The observed extraordinary interaction has been found during the processing of the data, 
recorded in the frames of BECQUEREL Project. The project is aimed to study the 
processes of the relativistic fragmentation of light nuclei at the low energy-momentum 
transfers, so the interaction of a coherent dissocistion type have been recorded only. The 
coherent dissociation interactions haven't produced particles but projectile and target 
fragments only. It allows to pick out a interactions with inelastic charge exchange of 
nucleons: there are interactions in which a sum of projectile fragment charges isn't equal 
to the projectile charge. 

Experiment 

The photoemulsion method has been used in the experiment. The stacks of NIKFI BR-2 
nuclear photoemulsion have been irradiated horizontally by 2.9 A GeV /c 14 N beam at 
the Dubna Nuclotron. Photoemulsion layers had a thichness about 550 mkm and a size 
lOcm x 20 cm. The photoemulsion method allows to measure: 
multiplicities of any charged particles: 
produced particles (Ns) with (3 > 0.7, 
projectile fragments (NF) with (3 rv 0.99 and 
target fragments (N1i) with (3 < 0.23; 
angles of particles; () is emission angle with respect to the beam direction; 
charges of projectile fragments Z1; 
momenta of particles, using multiple coulomb scattering; 
length of tracks with the accuracy 1 mkm. 
The projectile fragments are separated from produced particles using criteria - projectile 
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'ragment emission angle B1 < B0 = 0.2 GeV /c/P0 , where P0 is a projectile momentum. 
?or P0 = 2.9 A GeV /c - B0 = 4.0°. 

The measurements of angles, momenta and charges of particles from the interactions 
iave been made in two laboratories independently and have shown the good agreement 
)f the results. 

Results 

['he observed extraordinary interaction has five target fragments and four projectile frag­
nents. There aren't produced particles in the interaction. 

From four projectile fragments there are two with charges equal to two and two with 
:harges equal to one, that results to sum charge equal to six, while projectile charge equal 
o seven. It means, that the inelastic nucleon charge exchange process takes place in 
he interaction. The experimental probability of the inelastic nucleon charge exchange 
>rocess for the coherent dissociation interactions was received in 6 Li + Em experiment [ l]. 
t is less than 5 . 10-3. 

Except this, three from four projectile fragments participate in five secondary inter­
.ctions on the total path of 49 mm. The nucleon inelastic charge exchanges, similar to 
hat, observed in the primary interaction, take place in two ones of these five secondary 
1teractions, occurring along the same track. Scheme of the interaction is shown in Fig. l . 

1-1 
2-1 

4-1 

0 3 6 12 

1-2 

15 

.. ... . ······ ....................... -:::::~:::: ... 

2-2 

27 
L,mm 

igure 1: Scheme of the interaction. Fragments Nl and N2 with Z=2 have very close 
nission angles 

Below there are results of measurements of projectile and secondary fragments char­
:teristics. 
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Fragment No 1.1: 
e1 = 0.49°, Z1 = 2, p/]c = (10.4 ± 2.5 or:'.". 8.6 ± 2.2) GeV /c, m1 = 4 (or 3). 
After L=ll.8 mm it has break-interaction No 1 with angle e = 0.75°. 
After break: 

Fragment No 1.2: 
e1 = 0.75°, Z1 = 2, p/]c :'.". 6.3 GeV /c, m1 :'.". 3. 
After L = 3.4 mm it gives a big interaction No 2 with Nh = 17 and Ns = 5. 

Fragment No 2.1: 
e1 = 0.34°, Z1 = 2, p/]c-? m1-?. 
After L=3.5 mm it gives an interaction No 3 with Nh=2, N1=l and N.=O. 

Fragment No 2.2: 
e1 = 0.61°, Z1=1, p/]c = (11.4 ± 2.lor8.6 ± 1.8) GeV /c, m1=3-4. 
So the interaction No3 has projectile with Z1=2 and only one projectile fragment witt 
Z1=1. It means, that an inelastic nucleon charge exchange has place in the interactior 
No 3. 
After L=23.7 mm fragment No 2.2 gives an interaction No 4 with Nh=O, N1=0 and N8 =2 
Angles of produced particles are e1 = 21.6° and e2 = 29.4°. These two produced particle~ 
the most probable are ?T+?T--mesons. So the interaction No 4 has projectile with Z1=1 
and hasn't any charge projectile fragment. It means, that an inelastic nucleon chargE 
exchange takes place in the interaction No 4 also. 

14N -+ 4 He + 4 He + p + d + 3n ,. ,. ,. 
3 He+n 3 H+n ---e._+n ,. ,. ---.... 

big ,/ 1t - + 3n - inte~ Lith charge 
star 2p + n - decay j" exchange 

14N 4 
3 He + 3 He + p + d + Sn ,. ,. ,. 

big 
star 

2 H+n p+n 

: ~ 
1t 1t - + 2n - interaction+ 

2p - decay__.. 
with charge 
exchange 

Figure 2: The most probable scenaria of the interaction 
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Fragment No 3.1: 
B1=3.9°, Z1=1, p(Jc = (2.2 ± 0.3) GeV/c, m 1=l, L=22.4 mm. 

Fragment No 4.1: 
B1=4.1°, Z1=1, p(Jc = (4.2±1.3 or;::: 2.2 ± 0.3) GeV/c, m1=2 (or 1). 
After L=6.5 mm fragment No 2.2 has a break - interaction No 5. 
After the break deep angle is too big to measure its momentum. 

The results of the measurements are collected in Fig.2, where the most probable sce-­
naria of the interaction are shown. 

The estimation of the probability of a random coincidence of the interactions, imitating 
the observed event, is about 10-14 . 

Conclusion 

The very small probability of a random coincidence for such a chain of interactions (about 
10-14) makes it reasonable to look for another cause except of a random coincidence. 
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Abstract 
Ultra-peripheral heavy ion collisions involve long range electromagnetic interactions 
at impact parameters larger than twice the nuclear radius, where no nucleon-nucleon 
collisions occur. We report on the first observation of rho production in dAu -> 

dAup0 and dAu -> npAup0 . 

In ultraperipheral heavy-ion collisions, two nuclei geometrically "miss" each other. The 
impact parameter is larger than twice nuclear radius. In such conditions hadronic interac­
tions do not occur [l]. Relativistic ions are sources of electromagnetic and pomeron fields. 
The electromagnetic fields have a large radius of interaction, than strong interactions. So, 
in ultraperipheral collisions, the nuclei interact by two photons or photon-pomeron ex­
change. The photon flux is proportional to the square of the nuclear charge Z 2 [2], and the 
forward cross section for elastic p0 A scattering scales as A513 for surface coupling and A2 

in the bulk. Thus the cross section for photon-pomeron interaction ,...., A2 Z2 for "heavy" 
states (as like J /psi) and Z2 A413 for lighter mesons (p, w, ¢>). 

Au Au d d 

d d (p+n) Au Au 

Fig. !(a) Fig.l(b) 

Exclusive vector meson production dAu-> d(np)Aup0 (fig.l(a,b)) can be described by 
using Weizsacker-Williams approach [2] to photon and pomeron fluxes and vector domi­
nance model. Photon emitted by one nucleus can be consider as a state of virtual photons 
plus some fluctuations of quark-antiquark pairs. When the nucleus absorbs "photonic" 
part of wave function, the quark-antiquark pairs contribution becomes dominant. This 
pair can elastically scatters on the other nucleus and appears as a real vector meson. 

In ultraperipheral deuteron gold interactions there are two mechanisms of p-meson 
production. First, a photon emitted by the gold interacts with the deuteron producing 
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:rmeson and in this case deuteron can break up ('Yd -> npp0 ) or remains in the ground 
;tate('Yd -> dp0

). The cross section of such process is approximately a factor of 16,000 
'.Z2A413 "' 7922413 ). But there is a process when a photon emitted by the deuteron 
nteracts with the gold. The cross section of such process is approximately a factor of 
l,200 (Z2A413

"' 12 197413 ). One can see that the cross section first reactions much large 
;hen last. One therefore, at experiment will be dominate production p-meson in photon­
ieuteron interaction. 

In the year 2002 RHIC at Brookhaven National Laboratory gold and deuteron nucleus 
:ollided at.,(SNN = 200GeV. In the Solenoidal Tracker at RHIC (STAR) [3], charge parti­
:les are reconstructed in a 4.2 meter long, 4 meter diameter a cylindrical time projection 
:hamber (TPC). A solenoid magnet surrounds TPC [4]. In 2002 the TPC was operated 
n a 0.5 T solenoidal magnetic field. Particles were identified by their energy loss in the 
rPC. The TPC is surrounded by a cylindrical central trigger barrel (CTB). CTB consist 
>f 240 scintillator slats coveringJ T/ J < 1 . For registration of neutrons there are two zero 
legree calorimeters (ZDC) at 18 m from the interaction point [5]. These calorimeters are 
:ensitive to single neutrons and have efficiency of close to 100 percent . 

• Cosmic Rily Background 
' 
I TopVBl:D 

North South 

Bottom Veto 

Fig.2 

Exclusive p0 production in UPC has a distinctive experimental signature: the 7r+7r­

.ecay products of the p0 meson are observed in an otherwise "empty" spectrometer. Two 

.ifferent triggers were used for this analysis. For dAu-> dAup0 , about 700,000 events were 
ollected using a low-multiplicity "topology" trigger. The topology trigger was designed 
::> detect the products P° decay in the CTB system. The CTB was divided into four 
zimuthal quadrants (fig.2). Selected events were required to have at least one hit in the 
orth and south sectors. The top and bottom quadrants were used as a veto, to reject 
osmic rays. To study dAu -> npAup0 reaction, about 250,000 thousands events are used 
)r the analyses another trigger consists from "topology" trigger and ZDC(West). This 
rigger ( "topology-ZDC") required the detection of a neutron the deuteron breakup. The 
iain background for two triggers are cosmic rays, beam gas interaction, pile-up. 

For our analysis we selected events with exactly two reconstructed tracks in the TPC. 
'otal charge two tracks must be equal zero. Number of hits in the track can be more 
:ien 13. Events were accepted if two tracks were consistent from a single vertex. 
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• n+n-
[] n+n+, n-n-

Fig.3 

0.8 0.9 1 
p,,(GeV) 

Fig.4 

Figure 3 shows the transverse momentum spectrum of oppositely charged pion pain 
production in deuteron gold collisions. As one can see, there is a large peak about 30( 
MeV. It is necessary to remind PT spectrum of p0 mesons produced in gold-gold colli­
sion [6]. Figure 4 shows the transverse momentum spectrum for 1T+1T- pairs. A cleai 
peak, the signature for coherent coupling, can be observed at PT < 100 Me V . This h 
consistent with coherent p0meson production. A background model from like-sign com 
bination pairs (shaded histogram), which is normalized to the signal at PT>250 MeV 
does not show such a peak. But in dAu collisions a background couldnt normalize to th( 
signal. 
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Fig.5(a) 
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Fig.5(b) 

Figure 5(a,b) shows invariant mass of the 1T+1T- pairs for "topology" and "topology 
ZDC" triggers. There is a clear p0 peak. About 1,500 and 14,000 events around th• 
p0 mass from the "topology" and "topology-ZDC" triggers respectively were used in th• 
analysis. The fit (solid) is the sum of a relativistic Breit-Wigner for p0 production and : 
Soding interference term for direct 1T+1T- production (both dashed) [7]. A second orde 
polynomial (dash-dotted) describes the combinatorial background (shaded histogram) 
The interference shifts the of the distribution to lower masses M,.+.r. The p mass arn 
width are consistent with its values from Particle date book. The direct 1T1T to ratio agree 
with ZEUS collaboration in 'YP interactions [8]. 
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We study the PT spectra using the variable tj_ = p~. At RHIC energies, the longitu­
dinal component of the 4-momentum transfer is small, sot~ tJ_. Figure 6(a,b) shows t 
spectrum for two different triggers. One can see that t spectrum at fig 6(a) decrease at 
small t. Our data we have compared with the data from fixed targed (fig.7) "Yd experi­
ment [9]. One can see the incoherent behavior of distribution similar to t distribution at 
fig.6(a). One can conclude that p meson production in reaction when a photon interac­
tion with deuteron and then deuteron break up occur is a incoherent reaction. While t 
spectrum (fig.6(b)) is similar to coherent behavior. The data were fitted with the func­
tion dN/dt ,...., exp(-bt). We obtained b = 10 ± O.l3Gev-2 and b = 8.42 ± 0.41Gev-2 

accordingly for "topology" and "topology-ZDC" triggers. 

I 
0 0.1 0.2: 0.3 0.4 

Fig.6(a) 

o o.os o., 0.15 0.2 o.25 0.3 rq~:..;r 

Fig.6(b) 

'o~~o,-_.,..,~.,_.,..,,._~o~.­

MONENTIJM TAANSFER ~ 

Fig.7 

In summary, the first measurements of p0 production in dAu --> dAup0 and dAu --> 

npAup0 , confirm the existence of vector meson production in ultra-peripheral heavy ion 
collisions. It was shown, what in reaction with deuteron break up the p-meson production 
mechanism is incoherent. 
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Abstract 
We propose a novel method for analysis of experimental data obtained at relativis­
tic nucleus-nucleus collisions. The method, based on the ideas of Random Matrix 
Theory, is applied to detect systematic errors that occur at measurements of mo­
mentum distributions of emitted particles. The unfolded momentum distribution 
is well described by the Gaussian orthogonal ensemble of random matrices, when 
the uncertainty in the momentum distribution is maximal. The method is free from 
unwanted background contributions. 

Relativistic heavy ion collisions are among major experimental tools that allow to 
get insight into nuclear dynamics at high excitation energies and large baryon densities. 
It is expected that in central collisions, at energies that are and will be soon available 
at SPS(CERN), RHIC(BNL) and LHC(CERN), the nuclear density may exceed by tens 
times the density of stable nuclei. At such extreme conditions one would expect that a 
final product of heavy ion collisions could present a composite system that consists of 
free nucleons, quarks and quark-gluon plasma. However, identification of the quark-gluon 
plasma, for example, is darken due to a multiplicity of secondary particles created at 
these collisions. There is no a clear evidence of the quark constituent as well. In fact, 
there are numerous additional mechanisms of a particle creation that mask the presence 
of the quark-gluon plasma (QGP). It appears that the QGP could be manifested via the 
observation of indirect phenomena. The natural question arises: how to identify a useful 
signal that would be unambiguously associated with a certain physical process ? 

The most popular methods of analysing data produced at relativistic heavy ion col­
lisions are the correlation analysis [1], the analysis of missing masses [2] and effective 
mass spectra [3], the interference method of identical particles [4]. We recall that results 
obtained within those methods are sensitive to assumptions made upon the background 
of measurements and mechanisms included into a corresponding model consideration. As 
was mentioned above, the larger is the excitation energy, the larger is a number of various 
mechanisms of the creation that should be taken into account. 
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As an alternative approach, one could develop a method that should be independent 
m the background contribution. For instance, there are attempts to use the maximum 
mtropy principle [5], Fourier transform [6] and even by even analysis [7]. Thus, a for­
nulation of a criteria for a selection of meaningful signals is indeed a topical objective of 
;he relativistic heavy ion collisions physics. The major aim of this paper is to suggest a 
nethod that does not depend on the background information and relies only upon the 
·undamental symmetries of the composite system. 

Our approach is based on Random Matrix Theory [8] that was originally introduced to 
?xplain the statistical fluctuations of neutron resonances in compound nuclei [9] (see also 
tef.[10]). The theory assumes that the Hamiltonian belongs to an ensemble of random 
natrices that are consistent with the fundamental symmetries of the system. In particular, 
ince the nuclear interaction preserves time-reversal symmetries, the relevant ensemble is 
he Gaussian Orthogonal Ensemble (GOE). When the time-reversal symmetry is broken 
•ne can apply the Gaussian Unitary Ensemble (GUE). The GOE and GUE correspond 
o ensembles of real symmetric matrices and of Hermitian matrices, respectively. Besides 
hese general symmetry considerations, there is no need in other properties of the system 
mder consideration. 

Bohigas et al [11] conjectured that RMT describes the statistical fluctuations of a 
.uantum systems whose classical dynamics is chaotic. Quantum spectra of such systems 
1anifest a strong repulsion ( anticrossing) between quantum levels, while in non-chaotic 
regular) systems crossings are a dominant feature of spectra (see, e.g., (12]). In turn, 
he crossings are observed when there is no mixing between states that are characterized 
y different good quantum numbers, while the anticrossings signal about a strong mixing 
ue to a perturbation brought about by either external or internal sources. Nowadays, 
~MT has become a standard tool for analysing the fluctuations in nuclei, quantum dots 
nd many other systems (see for a review, for example, Ref.[13]). The success of RMT is 
et.ermined by the study the statistical laws governing fluctuations having very different 
rigins. Regarding the relativistic heavy ion collision data the study of fluctuation prop­
:ties of the momentum distribution of emitted particles could provide an information 
bout i)possible errors in measurements and ii)kinematical and dynamical correlations of 
ie composite system. 

Let us consider the discrete spectrum { E;}, i = 1, ... , N of a cl-dimensional quantum 
rstem (dis a number of degrees of freedom). A separation of fluctuations of a quantum 
>ectrum can be based on the analysis of the density of states below some threshold E 

N 

S(E) = 2:: 5(E - E;). 
i=l 

Te can define a staircase function 

J
E N 

N(E) = _
00 

S(E')dE' = ~ B(E - E'), 

ving the number of points on the energy axis which are below or equal to E. Here 

B(x) = { ~ 
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for x < 0 
for x > 1 

(1) 

(2) 

(3) 



We separate N(E) in a smooth part ((E) and the reminder that will define the fluctuating 
part Nn(E) 

N(E) = ((E) + Nn(E) (4) 

The smooth part ((E) can be determined either from semiclassical arguments or using a 
polynomial or spline interpolation for the staircase function. 

To study fluctuations we have to get rid of the smooth part. The usual procedure i~ 
to "unfold" the original spectrum { E;} through the mapping E -+ x 

Xi= ((E;), i = l, ... ,N 

Now we can define spacings s; = Xi+i - Xi between two adjacent points and collect then: 
in a histogram. The effect of mapping is that the sequence {x;} has on the averagE 
a constant mean spacing (or a constant density), irrespective of the particular form o: 
the function ((E) [14]. To characterize fluctuations one deals with different correlatior 
functions [8]. In this paper we will use only a correlation function related to spacin§ 
distribution between adjacent levels. Below, we follow a simple heuristic argument dm 
to Wigner [15] that illustrates the presence or absence of level repulsion in an energ) 
spectrum. 

For a random sequence, the probability that the level will be in the small interva 
[x0 + s, x0 + s + ds] is independent of whether or not there is a level at x0 . Given a !eve 
at x0 , let the probability that the next level be in [x0 + s,x0 + s + ds] be p(s)ds. Ther 
for p(s), the nearest-neighbor spacing distribution, we have 

p(s)ds = p(l E dsjO E s)p(O Es) (6 

Here, p(n E s) is a probability that the interval of length s contains n levels and p(n E 

dsjm E s) is the conditional probability that the interval of length ds contains n levels 
when that of length s contains m levels. One has p(O E s) = f8

00 p(s')ds', the probabilit; 
that the spacing is larger than s. The term p(l E dsjO Es)= µ(s)ds [µ(s) is the densit; 
of spacings s], depends explicitly on the choices, 1 and 0, of the discrete variables n, m 
As a result, one obtains p( s) = µ( s) f8

00 p( s')ds' which can be solved to give 

p(s) = µ(s)exp(- f µ(s')ds') (7 

The function p( s) and its first moment are normalized to unity, 

f p(s)ds = 1, f sp(s)ds = 1. (8 

For a linear repulsion µ(s) = -rrs/2 one obtains the Wigner surmise, 

(9 

For a constant value µ( s) = 1 one obtains the Poisson distribution 

p(s) = exp-s, (10 

As discussed above, when quantum numbers of levels are well defined, one should ex 
pect for the spacings the Poisson type distribution, while a Wigner type distribution occur 
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due to either internal or external perturbations that destroy these quantum numbers. In 
fact, one of the sources of external perturbations can be attributed to the uncertainty 
in the determination of the momentum distribution of emitted particles in relativistic 
heavy ion collisions. We make a conjecture that the above discussed ideas of the RMT 
are applicable to the momentum distribution as well. We assume that the momentum 
distribution may be associated with eigenstates (quantum levels) of a composite system. 
The difference between energy and momentum is inessential for pions (see below), while 
we assume that the proton mass should not affect significantly the correlation function. 

Another possibilities are the association of the momentum distribution to the spectrum 
of scattering matrix, or density matrix, which can equally be the object of statistical 
analysis. Note also, that here we are dealing with the momentum distribution in the 
target rest frame only, postponing its comparison to that in the center of mass frame, 
which is more natural for description of interaction. Therefore, we simply replace in 
Eqs.(1)-(5) the variable Eby the variable IPI and construct the corresponding correlation 
function p(s). 

To test the utility and the valjdity of the proposal we use the experimental data that 
have been obtained from the 2-m propane bubble chamber of LHE, JINR [16, 17]. The 
chamber, placed in a magnetic field of 1.5 T, was exposed to beams of light relativistic 
nuclei at the Dubna Synchrophasotron. Practically all secondaries, emitted at a 47r total 
solid angle, were detected in the chamber. All negative particles, except those identified as 
electrons, were considered as 7r--mesons. The contaminations by misidentified electrons 
and negative strange particles do not exceed 5% and 1 %, respectively. The average 
minimum momentum for pion registration is about 70 Me V / c. The protons were selected 
by a statistical method applied to all positive particles with a momentum of !Pl > 500 
MeV /c (we identified slow protons with IPI :::; 700 MeV /c by ionization in the chamber). 
In this experiment, we had got 20407 12CC interactions at a momentum of 4.2A GeV /c 
(for methodical details see [17]) contents 4226 events with more than ten tracks of charged 
particles. Thus, it was known in advance the accuracy of measurements for available range 
of the momentum distribution of secondary particles. Consequently, our analysis has been 
done for different range of values of the momentum distribution to illuminate the degree 
of the accuracy. 

On Fig. 1 the dependence dN/dlpl as a function of the measured momentum (0.15-
7.5 GeV /c) of the secondary particles is displayed . The numerical data N(p) were 
approximated by the polynomial function of the sixth order and we obtain the distribution 
of various spacings s; in 2636 events satisfying the condition of x2 per degree of freedom 
less than 1.0. Momenta are well defined in the region 0.15-1.14 GeV /c (region I, Fig. 
2a), where the minimal value of the proton momentum is 0.15 GeV /c. The intermediate 
region (region II, Fig. 2b) covers the values 1.14-4.0 GeV/c. The region 4.0-7.5 GeV /c is 
the less reliable one (Fig. 2c). The spacing probability nicely reproduces this tendency 
depending on the region of the momentum distribution. The function p( s) has the Poisson 
distribution for the region I, where the momentum distribution was defined with a high 
accuracy. The region II corresponds to the intermediate situation, when the spacing 
distribution lies between the Poisson and the Wigner distributions. The less reliable . 
region of the values has a Wigner type distribution for the spacing probability (Fig. 2c). 
Indeed, the distribution reflects a strong deviation from the regular behavior, observed 
for the measurements with a high degree of the accuracy. 
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dN/dp 

p' (GeVfc) 

Fig.1 dN/d\p\ as a function of the measured momentum of the secondary particles 

Summarizing, we propose a method to analyse data obtained at relativistic heavy ion 
collisions. The method does not depend on the background of the measurements and 
provides a reliable information about correlations brought about by external or internal 
perturbations. In particular, we demonstrate that the method manifests the perturbations 
due to the uncertainty in the determination of the momentum distribution of secondary 
emitted particles. 
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Fig.2 a 

F'ig.2 b 

r\s,l ________ ---, 

o.1s<P<1.14 
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s 
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s 

?ig.2 c Nearest-neighbor spacing momentum distribution p(s) for different regions of 
neasured momenta: a)0.15 < IPI < 1.14 GeV /c; b)l.14 < IPI < 4.0 GeV /c; c)4.0 < IPI < 
'.5 GeV /c. The solid line is the Wigner-Dyson distribution and the dashed line is the 
>oisson distribution 
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Abstract 
The experimental data from the 2m propane bubble chamber have been analyzed 
for pC-+ A(K~)X reactions at 10 GeV/c. The estimation of experimental inclusive 
cross sections for A and K~ production in the p12C collision is equal to o-A= 13.3± 1. 7 
mb and o-x?= 3.8±0.6 mb, respectively. 
The measured A/rr+ ratio from pC reaction is equal to (5.3±0.8) * 10-2

. The exper­
imental A/rr+ ratio in the pC reaction is approximately two times larger than the 
Ajrr+ ratio from pp reactions or from simulated pC reactions by FRITIOF model 
for the same energy. The A/rr+ ratio in interaction C+C at momentum 10 Gev/c is 
four times larger than the A/rr+ ratio from p+p reactions at the same energy. 
The investigation has been performed at the Veksler and Baldin Laboratory of High 
Energies, JINR. 

Introduction 

;rangeness enhancement has been extensively discussed as a possible signature for the 
iark-gluon plasma(QGP)[l, 2]. Strange particle production has also been analyzed re-
1rding such reaction mechanisms as the multinucleon effect[3], or the fireball effect[4], or 
: the deconfiment signal, within the context of thermal equilibration models[5]-[8]. 

In particular, strange particles have been observed extensively on hadron - nucleus 
td nucleus-nucleus collisions 4-15 Gev regions[9]-[14]. The strange hyperon yields[9]-[ll] 
e therefore of great interest as an indicator of strange quark production. The number 
As produced in :p+Ta reaction at 4 GeV /c was 11.3 times larger than that expected 

)Ill the geometrical cross section [9]. Experiments with Si+Au and Au+AU collisions 
11.6[13] and 14.6 A GeV /c [14] measured a K+ jrr+ ratio in heavy-ion reactions that 

four to five times larger than the !{+ /rr+ ratio from p+p reactions at the same energy. 
1e thermal model[6] gives an good description of K+ jrr+, Ajrr+ ratio for data Au+Au, 
+Au interaction at momenta 10-15 A Gev/c and, showing a broad maximum at the 
me energies. 

However, there have not been sufficient experimental data concerning strange-hyperon 
:Jduction over 10-40 GeV /c momentum range. In this paper the new results are pre-
1ted the measured inclusive cross sections for A(K~) production and A/rr+ ratio in the 
1ction p+12C. 
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2. Experimental procedure 

2.1. METHOD 

Searching for the v 0 on ~ 700000( or 345*2 tapes) photographs of the JINR 2m propane 
bubble chamber exposed to a lOGeV /c proton beam [16]-[21]. The primary proton beams 
must be to satisfy of conditions: I tga. I< 0.02 1.62< (3 <l.69 rad. The magnetic 
field (B=15.2 kG) measurement error is ~B/B=1%. The fit GRIND -based program 
GEOFIT[l8] is used to measure the kinematics track parameter p, a., (3. Measurements 
were repeated three times for events which failed in reconstruction by GEOFIT. 

The estimate of ionization, the peculiarities of the end track points of stopping particles 
permitted one to identify them over the following momentum ranges: protons of 0.150::; 
p::; 0.900 GeV /c and K±ojp ::;o.6 GeV /c. 

2.2. Identification of A and K2 
The events with v0 (A and K2) were identified using the following criteria [19, 20]: 
1) v0 stars from the photographs were selected according to A-> n- + p, neutral Ks _, 
n- + n+ or I-> e+ + e- hypothesis. A momentum limit of KZ and A is greater than 0.1 
and 0.2 GeV /c, respectively ; 2) v 0 stars should have the effective mass of K~ and of A 
3) these v0 stars are directed to some vertices(complanarity); 4) they should have om 
vertex, a three constraint fit for the MK or M11. hypothesis and after the fit, xio shouk 
be selected over range less than 12; 5)The analysis has shown[20] that the events witl 
undivided AKZ were assumed to be events as A. 

Table 1 presents (70%) the number of experimental V 0 events produced from interac­
tions of: a) primary proton beams, b)secondary charged particles and c)secondary neutra 
particles. 

The V0s classified into three grades. The first grade comprised V 0 s which could bi 
identified with above cuts and bubble densities of the positive track emitted from the V0s 
The second grade comprised V0s which could be undivided AKZ. For correctly identifi. 
cation the undivided V0s are used the a( Fig. la) and the cose;_ (Fig.lb) distributions. 

\Vhere Pit and Fil are the momentum components of positive and negative charged track: 
from the V 0s relative direction of the V 0s momentum.The 

co.se;_ is the angular distribution of n- from KZ decay. The r.t(Fig.la) and the cose;. 
distributions from Kf decay were isotropic in the K~ rest frame after removing undivide< 
AKf. Then these AK.~ events appropriated events as A. After we show in Fig.le tha 
the cose;_ distributions for the A+AK?s have been also isotropic in v 0 rest frame. As, 
result of above procedure have lost of KZ 8.5% and admixture of K? in As events 4.6o/c 
The third grade comprised V0 s which could be the invisible v0s at a large azimuth angl 
rp[20]. The average r/> weights were < wq, > = 1.06±0.02 for I<? and< w,, > = 1.14± 0.0 
for A. 

Figures.2a,c and 2b,cl show the effective mass distribution of A(8657-events),J<0 (4122 
events) particles and their x2 from kinematics fits, respectively, produced from the bear: 
protons interacting with propane targets. The measured masses of these events have th 
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following Gaussian distribution parameters< M(Ks) >= 497.7±3.6, s.d.= 23.9 MeV/c2 

and< M(A) > =1117.0± 0.6, s.d.=10.0 MeV/c2 . The masses of the observed A, K2 are 
consistent with their PDG values. The expected functional form for x2 is depicted with 
the dotted histogram(Fig.2). 

Each V 0 event weighted by a factor Wgeom ( = 1 /Cr), where Cr is the probability for 
potentially observing the V 0 , it can be expressed as 

Cr= cxp(-Lmin/L)- cxp(-Lmax/L), 

where L( =cpT /M) is the flight length of the V 0 ,Lmax the path length from the reaction 
point to the boundary of fiducial volume, and Lmin(0.5 cm) an observable minimum 
distance between the reaction point and the V 0 vertex. M,T, and pare the mass, lifetime, 
and momentum of the V 0

. The average geometrical weights were 1.34±0.02 for A and 
1.22±0.04 for K 0 . 

Now, let us examine a possibility from neutron stars of imitating A and K2 the using 
model FRITIOF[22) for the hypotheses reaction p+C->n+X,n+n-> 7r-p(or7r-7r+) + x 0 

with including fermi motion in carbon. Then, these background events were analyzed by 
using the same experimental condition for the selection V 0 s. The 2 vertex analysis have 
shown the background from neutron stars are equal to 0.1% for A and 0.001 for K2 events. 

2.3. The selection of interactions on carbon nucleus 

The criteria for selection of interaction with carbon has shown[19, 25). The p+C-> 
A(K.?)X reaction were selected by the following criteria: 

1. Q = n+ - n_ > 2; 
2. np + nA >l; 
3. n~ + n~ >0; 
4. n_ >2; 
5. nch= odd number; 
6_ Ep(A)-Pp(/\.)cosep(/\.) > 1. m, 

n+ and n_ > are the number of positive and negative particles on the star;np and nA 
are the number protons and A hyperons with momentum p<0.75 GeV /c on the star.n~ 
n~ are the number protons and A hyperons to emitted in backward direction. Ep(A), Pp( A) 
and 8p(A) are a energy, a momentum and a emitted angle of protons( or As) in the Lab. 
system. mt is the mass of target. These criteria were separated :::::: 83 % from all inelastic 
p+C interactions[25]. The p+C events were selected by the above criteria the using 
FRITIOF model [22]. Results of the simulation have lost 18% and 20% from interactions 
pC-> A X and pC-+ K2X, respectively. The contribution from pp-+ A X and pp-> K2X 
in pC interactions are equal to 1.0% and 0.3%, respectively. 

3. The measured cross sections J\. and K 0 

The cross section is defined by the formula: 
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where e1 is the efficiency of search for v0 on the photographs, e2 the efficiency of mea­
surements. The V 0s of 753(preliminary) could be successfully reconstructed and ac­
cepted in the analysis. e3 the probability of decay via the channel of charged particles 
(i\ -+ p7r-, K 0 -+ 7r+7r-), ao = ar/ Nr the total cross section, where O"r is the total cross 
section for registered events, Nr is the total number of registered interactions of beam 
protons over the range of the chamber. at(P + C3 H8 ) = 3apc + 8app=(1456±88)mb [27], 
where O"t, ape and O"pp are the total cross sections in interactions p + C3Hs,p+C and p+p, 
respectively. The propane bubble chamber method have been permitted the registration 
the part of all elastic interactions with the p{·opane [23, 24] therefore the total cross sec­
tion of registered events is equal to: ar(P + C3 H8 ) = 3apc(inelastic) + 8app('inelastic) + 
8app(elastic)0.70 = (1049 ± 60)mb. 

w; are weights for the lost events with V 0 for(Table 2): Wgeam - the V 0 decay outside 
the chamber; W<J> - the required isotropy for V 0 in the azimuthal (XZ) plane; whyp - the 
undivided AK2 events; Wint - the selected asp + 12C from the interaction of p + C3Hs; 
Wkin - the kinematic conditions(with FRITIOF);wint- the v0+ propane interactions. 

Table 3 show that the experimental cross sections are calculated by formula 3.1 for 
inclusive i\ hyperons and K2 mesons productions in the interactions of pp and pC at 
beam momentum 10 GeV /c. 

Ratios of average multiplicities i\ hyperons and K2 mesons to multiplicities Jr+ mesons 
in p+C interaction at beam momenta 4.2 GeV /c and 10 GeV /c show in Table 4. Experi­
mental data on multiplicities Jr+ mesons in the interactions of pC at momenta 4.2 GeV /c 
(< n"+ >= 0.71±0.01) and 10 Gev/c (< n"+ >= 1.0±0.05) taken from publications [26] 
and [25], respectively. 

The i\/7r+ ratio for C+C reaction is shown in Table 5 and on Fig.3. This ratio have 
been obtained by using the Glauber approach on the experimental cross section for p+C 
-+ i\X reaction. 

4. Conclusion 

The experimental data from the 2 m propane bubble chamber have been analyzed for 
pC-+ i\(K~)X reactions at 10 GeV /c. The estimation of experimental inclusive cross 
sections for i\ and K2 production in pC collisions is equal to a A= 13.3±1. 7 mb and aK~= 
3.8±0.6 mb, respectively. The measured i\/7r+ ratio in pC and pp reactions is equal to 
(5.3 0.8)*10-2 and (2.7 0.4)*10-2, respectively. The experimental i\/7r+ ratio in the pC 
reaction is approximately two times larger than the i\/7r+ ratio from pp reactions or from 
simulated pC reactions by FRITIOF model for the same energy.The i\/7r+ ratio in C+C 
collisions at 10.0 A GeV /c obtained that is four times larger than the i\/7r+ ratio from 
p+p reactions at the same energy. 
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Table 1: The amount (70 %) of V 0 events from interactions of different types which were 
registrated on photographs with propane bubble chambers method 

The amount events from interactions.: Total 
Chanel primary beam sec. charged sec. neutral events 

protons particles particles 
--+ /\.(only)x 5276 2814 1063 9387 
--+ K~(only)1; 4122 1795 481 6543 
--+ (/\. and K~) x 3381 1095 376 4608 

Table 2: Weight of the lost experimental events with /\. and [{~ for pC and pp interactions. 

Type of l/e1 l/e2 11Jgeom W¢ Wint Wkin l/e3 Wsum 

reaction 
pC-+ /\.X 1.14 1.25 1.34 1.14 1.11 1.18 1.56 4.37±0.37 
pp-+ /\.X 1.14 1.25 1.36 1.14 1.11 1.37 1.56 5.15±0.44 
pC-+ K~X 1.14 1.25 1.22 1.06 1.04 1.04 1.47 2.93±0.25 
pp-+ KZX 1.14 1.25 1.36 1.06 1.05 1.06 1.47 3.31±0.28 

fable 3: Cross sections A hyperons and K? mesons for pp and pC interactions at beam 
nomentum 10 GeV/c. 

Type of N~"t VV:,,,m Nto nvo Nto/Nin er 
reaction Total mb 
pC-+ /\.X 6126 4.37±0.37 26770 0.053±0.005 13.3±1.6 
pp-+ /\.X 836 5.15±0.44 4303 0.026±0.003 0.80±0.08 
pC-> K~X 3188 2.93±0.25 9341 0.018±0 002 3.8±0.5 
pp-+ K.~X 699 3.31±0.28 2313 0.015±0.001 0.43±0.04 

C'able 4: Ratios of average multiplicities /\. hyperons and K~ mesons to multiplicities IT+ 

nesons for p+C interaction at beam momenta 4.2 GeV /c and 10 GeV /c. 

pC This pC Cp Cp 

I experiment FRITIOF Experiment FRITIOF 
(10 GeV /c) (10 GeV/c) (4.2 GeV/c) (4.2 GeV /c) 

< nA > / < nir+ > x 10' 5.3±0.8 2.6 0.7±0.:3 0.9 
< nK9 > / < n11:+ > x 10' 1.8±0.3 1.8 0.3±0.2 0.3 

·-

'able 5: Ratios of average multiplicities /\. hyperons to multiplicities IT+ mesons for C+C 
1teractions at beam momentum 4.2 and 10 GeV /c. 

4.2 10 
Experiment Experiment 

< nA > / < n11:+ > x 10' 2.0±0.6 10.9±1.7 
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Abstract 
A brief overview of the scaling proprieties arising in phenomena of radiation passage through 

dense media and high energy nuclear reactions is done. A suggestion is put forward that the revealing 
of scaling in all these processes are mainly a consequence of their multipartic/e stochastic nature and, 
so, the depletion of correlation between elementary constituent acts of interaction. 

I. INTRODUCTION 

The search for scaling properties arising in various structures and phenomena has 
become during several last tens of years a convenient tool of investigations, and it is even the 
main goal of these investigations although the notion itself has not been strictly determined 
till now. Nevertheless, in a broad sense, usually one keeps in mind some kind of universality 
of the relation between observables describing the investigated phenomenon and/or structure. 
But this universality should not result directly from known laws of nature (i.e. laws of 
conservation or, for example, basic statistic distributions, such as Boltzman, Fermi-Dirac and 
Bose-Einstein distributions) to simply avoid a trivial substitution of notions. 

The quest of the scaling has also a practical meaning as a method of contraction of 
information about the process under study in a wide range of conditions. Moreover, if the 
scaling property of a phenomenon is established firmly then any significant deviation may 
suggest that another effect may appear (for example, a new resonance state on the smooth 
background of effective mass distribution). 

Scaling properties are ubiquitous in several fields of investigation, in particular, in 
engineering, chemistry, biology, social sciences, astronomy and physics, the most frequently. 
But so far distinguished unambiguously enough were only two simplest reasons of scaling 
behavior: geometric similarity and dimensional analysis (for example, [1]). The third reason it 
seems to be the stochasticity which take place in multi-particle processes such as cascade 
phenomena arising when high-energy particles penetrate through dense media. In this work 
briefly discussed are several examples of typical stochastic multi-particle processes of such a 
kind. The most extensively studied from the viewpoint of scaling properties are till now 
electron-photon cascades created by high-energy gamma quanta or electrons in dense 
amorphous materials [2]. Even a cursory examination of these phenomena suggest that we are 
dealing in this case with some kind of limit regime of their stochastic nature like the central 
limit theorem of the theory of probability. 

U. ELECTROMAGNETIC CASCADES 

The electromagnetic cascade (em. cascade or shower) induced by a gamma quantum 
or electron in a dense amorphous medium consists basically of a sequence and superposition 
of four dominant elementary electromagnetic processes: pair production as the main breeding 
process, bremsstrahlung or radiation (also as partly breeding) and ionization of atoms as. 
stopping factors, and Coulomb multiple scattering owing to which the shower acquires a 
three-dimensional form. Other processes play a considerably smaller part in the energy 
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balance and space structure formation of the shower, although, for example, Cerenkov 
radiation is widely used for the detection of photons and electrons. From the practical 
viewpoint the following shower characteristics are of basic importance: longitudinal and 
transverse (or lateral) distributions of average ionization loss (or profiles), the relevant 
fluctuations and correlations (see, for instance, [2] and references quoted herein). 

11.1. Shower profiles 
As a result of experimental investigations performed using different techniques, as 

well as computer simulation, it has been found that the longitudinal shower profile can be 
satisfactorily approximated by the gamma function: 
where the parameters a1, az and a3 are to be calculated as the best fit to the concrete experi-

(1) 

mental data [2]. These parameters depend on energy of a particle initiating cascade and a cut­
off energy Ee of cascade particles (usually Ee for shower electrons is typically taken to be 
about 1-1.5 MeV). Moreover, if the shower depth t (measured from the shower origin) is 
expressed by the dimensionless ratio x=t/<t(E)>, where <t(E)> is the average cascade depth 
depending on the energy E of a cascade initiated particle, then the longitudinal profile 
displays a clear scaling with the energy at least when E2:500 MeV up to several hundred of 
GeV, where other processes gradually start, and at x::=:0.15 [3]. Notice that at Ee lower than 1 
MeV the parameter a3 perceptibly diminishes at lager depths as showed our preliminary 
results of modeling showers using EGS4 code [4]. 

Much more complicated is the situation concerning the transverse shower profile [2,3]. 
But again, if the shower width r is expressed by the similar as above dimensionless ratio 
x=r/<p(t,E)>, where <p(t,E)> is the average width of a cascade at its depth t, then the 
transverse profile as well scales with E, at least for primary gamma quanta of energy 500-
3500 MeV in liquid xenon [2,3] can be parameterized in the form of the function: 

1 

F(x) = f[(l / s) + (1/ x)]l[s 2 .Jl-:7Jexp[-(x I s)]ds. 
0 

II.2. Shower equations 
In the simplest, i.e. one-dimensional approach, the diffusion equations for shower's 

electrons (and positrons, further also called electrons) and photons have been obtained about 
60 years ago [5]. They describe the longitudinal distribution of average numbers of electrons, 
ne(E,Ec.t), and photons, ny(E,Ec.t), along the direction of flight of a particle initiating the 
shower, as follows [5]: 

"' 
&n.(E,Ec,t)I 8t = 2 fn/E,E',t)'L,P(E',E)dE'+ 

E 

"' E 

+ f n.(E,E',t)Lb (E',E'-E)dE'- f n,(E,E',t)Lb (E,E1dE'+EiJn,(E,Ec,t)I 8E; 
E 0 

"' E 

8nr(E,Ec,t)/8t = fn,(E,E',t)'L,/E',E)dE'- fnr(E,E',t)'L,P(E,E1dE'. (2) 
E 0 

Here l:p and l:b are the differential cross-sections of pair creation and bremsstrahlung, 
correspondingly, sis the average ionization loss of shower's electrons over I radiation length. 
(r.1.). But the most often measured quantities are the numbers of electrons Ne(E,Ec,t) with an 
energy greater then Ee at a shower depth t: 
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E 

N.(E,Ec,t)= fn.(E,E',t)dE', 
E, 

or the quantities proportional to Ne(E,Ec.t), such as the differential ionization loss and 
Cerenkov radiation. They practically correspond to the longitudinal shower's profile [2]. Note 
also that these equations have very limited practical meaning and apply mainly to very high 
energies and light media, such as air and water, although surprisingly they reflects correctly 
the energy dependence of such important shower's characteristics as the position of average 
shower's depth (also called as the center of gravity) as a function of energy E, <t(E)>, and foe 
average position of shower's maximum t(E)max, both proportional to lnE. 

The equations (2) are relatively simple as compared to the analytical description of 
many other known stochastic processes occurring in nature and having practical and cognitive 
significance (see, for example, [2,6-8]). However, they are not so transparent to reveal 
whether the functions ne(E,Ec.t) and ny(E,Ec.t), being divided by some energy dependent 
function, say <t(E)>, t(E)max or another quantile, become energy independent (and so 
Ne(E,Ec.t)), which is the case actually. The situation is much more complicated when one 
considers the three-dimensional shower equation (see, for example, [9]). 

11.3. Fluctuations 
Longitudinal and transverse fluctuations of energy release of shower's electrons also 

can be described in the roughly universal, i.e. energy independent form when they are 
expressed as the A-dependence of the rms deviation crA from the average fraction A of 
ionization energy loss deposited along the shower axis and in its transverse direction [2,3]. 
But these data have been obtained only for gamma quanta of energy 200-3500 MeV 
producing showers in liquid xenon and are poorly provided by a good statistics. 

III. HADRONIC CASCADES 

The knowledge of the development ofhadronic cascades (also: showers) produced by 
different high-energy particles in various dense media is indispensable for many purposes, in 
particular, for hadron calorimetry, radiation protection, spallation reactions and the 
investigation of radiation hardness of materials. So far a great deal of information concerning 
as well the longitudinal and transverse distribution of energy release in hadronic showers has 
been accumulated (see, for instance, [10,11] and references quoted herein). Below we 
reproduce the results most important from the point of view of scaling description of these 
important shower characteristics. 

111.1. Longitudinal development 
The well-known parameterization of the longitudinal development of a hadronic sho­

wer consists of the weighted superposition of two distributions, each being of the above 
indicated form (I) and describing respectively the electromagnetic and hadronic component of 

dE,(x)I dx = N{w(x/ X
0
)°-1e-b(x!Xo) + (I-w)(x I 11.

1 
)"-1 e-d<x 1 ~1 >}. (3) 

the shower [I I]: 
Here Xo is the r.l. of the material, il.1 is the interaction length, a, b, d, ware parameters, N is the 
normalization constant, w=0.4634 and a and d linearly depend on /nE. Mention also that often 
it is enough to use simply the one-component distribution, just like (I) only. 
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111.2. Transverse spread 
The typical radial energy density in hadronic showers produced by 100 GeV pions in 

ion can be parameterized practically by the sum of exponential functions [11]. One can notice 
its qualitative, at least, resemblance to the relevant distribution describing transverse profiles 
of em. showers. 

IV. NUCLEAR AND HADRONIC REACTIONS AT HIGH ENERGIES 

A manifestation of scaling properties is especially common in nuclear and/or hadronic 
reactions at high enough energies, that is in the field where we have only a set of rules, laws 
of conservation, various approaches and models, mainly based on Monte-Carlo techniques 
instead of a comprehensive, practical and predictive theory. At the same time a huge amount 
of experimental data has been gathered about miscellaneous simple and sophisticate charac­
teristics of these phenomena: multiplicity, energy/momentum, angular distributions of diffe­
rent produced particles, multi-dimensional scatter plots etc. To store and systematize such an 
information the search for a suitable tool as scaling behavior of these characteristics, pre­
viously normalized in a appropriate way, is actively conducted for several years. The most 
Jopular are: the Feynman scaling, for inclusive particle production [12], KNO scaling [13], y­
;caling in deep inelastic scattering on nuclei [14], z-scaling (15] etc. But the meaning of the 
;caling laws is not restricted to the problem of compression of information. When established 
it given conditions (energy or momentum transfer etc) the violation of scaling may indicate 
:hat under changed conditions a new phenomenon (e.g. new degrees of freedom) comes into 
)lay. 

V. CONCLUSIONS 
Although information about, in particular, the characteristics of em. and hadronic 

;howers, collected till now is far to be satisfactory one can suggest the following conclusions: 
1.The fact that these processes so different in the main, but all being of many-particle 

iature, admit very similar formal description indicates that the origin of the observed scaling 
aws is purely stochastic when the physics features of these processes turns out no more 
mportant and their purely stochastic character becomes a dominant factor like in the case of 
he central limit theorem in the theory of probability but for stochastic processes (see also 
8]). Moreover, the same suggestion seems to be supported by the fact that em. showers scale 
vith energy in the very similar way as, for example, the well-known KNO scaling (see, for 
nstance, an overview article [12] and references herein), namely, using an average 
nultiplicity of produced particles <n> or another central moment as a scaling (normalization) 
1arameter. 

2. Usually when saying about scaling in high-energy physics (and not only) one means 
he possibility of the energy independent representation of some characteristics of the process 
mder consideration. For example, dealing with nuclear reactions one says about nuclear 
:caling, KNO scaling, z-scaling (see, for example, [15]) etc. But examining a macroscopic 
>rocess it is also of great importance to investigate whether and to what extent one can 
lescribe this process as independent of the properties of the material in which the process 
akes place. It is evident that to this purpose such quantities as radiation length, Moliere unit 
md interaction length in the case of em. showers, are too rough as scaling parameters. 
Jnfortunately, the attempts to find the relevant scaling parameters for em. cascades propa­
:ating in dense amorphous materials showed that this problem is much more complicated 
14]. Nevertheless, it seems that the so-called material scaling description of these macro­
copic processes is to be achieved and the appropriate representation would be very useful as 
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well for another processes exclusively important from the practical viewpoint as spallation 
reactions produced in thick heavy target by relativistic ions and swift ion implantation into 
materials. 

3. The above-discussed scaling properties of many-particle processes have not a strict 
character since some correlations do always remain on account of, for example, the laws of 
conservation of energy, momentum, electrical charge, because of the change of regime of the· 
process etc. 
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Abstract 
The gluon dominance model offers a description of multiparticle production in 

e+e- - annihilation and proton-proton collisions. The multiplicity distributions in 
e+c annihilation are well described. The energy dependence of model parameters 
gives the dynamic parton stage and hadronisation picture. It is shown that this 
model has confirmed oscillations in sign of the ratio of factorial cumulant moments 
over factorial moments of the increasing order. 

The collective behavior of secondary particles in pp-interactions at 70 GeV/c is 
studied in the project "Thermalization". An active role of gluons is shown in the 
multiparticle dynamics. This paper gives a simple thermodynamic interpretation of 
interactions mentioned above. 

1. Introduction 

At present to investigate and construct a contemporary picture of nuclear matter structure 
requires to develop new methods and approaches. 

Since 80's the Quark-Gluon Plasma conception has undergone a lot of changes after 
the experiments carried out at CERN (SPS) and BNL (RHIC). Different approaches are 
used to explain extraordinary phenomena in behavior of the new matter produced at high 
energy of nuclear collisions [l]. 

Still there is no single theory nor the model that could explain all the results obtained 
at RHIC and SPS. We would like to find a solution for this difficult problem by using 
multiparticle production (MP) in hadron and nucleus interactions. Up to now the nature 
of "soft" hadronic events has not been fully understood. 

A new way to investigate MP at high energy is offered in this work by means of 
construction a model based on the multiplicity distribution (MD) description using the 
QCD and phenomenological scheme of hadronisation. The model description of MD in 
e+ e- annihilation is given in section 2. The application of this model approach to pp­
interaction can be found in section 3. 

1Talk given at the XVII International Baldin Seminar "Relativistic Nuclear Physics and Quantum 
Chromodynamics". JINR. September 27 to October 2, 2004, Dubna, Russia. 
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2. MD for e+e--annihilation at high energies 

The e+ e- annihilation is one of the most suitable to study MP. It can be realized through 
the formation of virtual 7 or z0-boson which then decays into two quarks: 

(1) 

The e+ e--reaction is simple for analysis, as the produced state is pure qq. It is usually 
difficult to determine the quark species on the event-by-event basis. The experimental 
results are averaged over the quark type. Perturbative QCD (pQCD) may be applied to 
describe the process of parton fission (quarks and gluons) at big virtuality, because strong 
coupling a. is small. This stage can be called as the stage of cascade. When partons get 
small virtuality, they change into hadrons, which we observe. At this stage we can not 
apply pQCD. Therefore phenomenological models are used to describe hadronisation in 
this case. 

Parton spectra the quark and gluon fission in QCD were studied by K. Konishi, 
A. Ukawa and G. Veneciano. The probabilistic nature of the problem has been estab­
lished (2] while working at the leading logarithm approximation and avoiding IR diver­
gences by considering finite x. Studying MP at high energy we used ideas of A. Giovan­
nini [3] to describe quark-gluon jets as Markov branching processes. Giovannini proposed 
to interpret the natural QCD evolution parameter Y = 2;..b ln[l + a.bln(~)] , where 
2Jrb = ~(llNc - 2N1) for a theory with Ne colours, N1 flavours and virtuality Q as the 
thickness of the jets and their development as the Markov process. 

Three elementary processes contribute into QCD jets: (1) gluon fission; (2) quark 
bremsstrahlung and (3) quark pair production. Let A~Y be the probability that gluon 
will convert into two gluons in the infinitesimal interval ~Y, A~Y be the probability that 
quark will radiate a gluon, and B~Y be the probability that a quark-antiquark pair will 
be produced from a gluon. A.Giovannini constructed a system of differential equations 
for generating functions (GF) of quark Q(q) and gluon Q(g) jets 

and obtained explicit solutions of MD in the case B = 0 (process of quark pair production 
is absent) 

P{(Y) = ( kv -)kv, P!(Y) = k,,(k,, + 1) ... ~k,, + m - 1) (-m )m ( kv -)k", 
k,,+m . ~ m+k,, k,,+m 

(2) 
where kv =A/A, m = kv(eAY - 1) is the mean gluon multiplicity. These MD are known 
as negative binomial distribution (NBD). The GF for them is 

co 

Q(q)(z, Y) = L zm Pm(Y) = (1 + m/k,,(1 - z)rkv. (3) 
m=O 

Two Stage Model (TSM) [4] was taken (2) to describe the cascade stage and added 
with a sub narrow binomial distribution for the hadronisation stage. We have chosen 
it basing on the analysis of experimental data in e+c- annihilation lower than 9 GeV. 
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Second correlation moments were negative at this energy. The choice of such distributions 
was the only one that could describe the experiment. We suppose that the hypothesis of 
soft decoloration is right. Therefore we add the hadronisation stage to the part.on stage 
for the sake of its factorization. MD in this process can be written as follows: 

Pn(s) = 2:,P::,P~1 (m,s), (4) 
m 

where P/:, is MD for partons (2), P~1 (m, s) - MD for hadrons produced from m partons at 
the stage of hadronisation. Further we substitute variable Y on a center of masses energy 
y's. MD of hadrons P~1 formed from one parton and their GF Q:(z) are [4] 

(5) 

where CN" - binomial coefficient, n~ and NP (p = q, g) have a sense of mean multiplicity 
and maximum of secondary hadrons are formed from parton at the stage of hadronisation. 

MD of hadrons in e+e- annihilation are determined by convolution of two stages 
(cascade and hadronisation) 

(6) 

where 2 +mis the total number of partons (two quarks and m gluons). 
We introduce parameter a= N9 /Nq to distinguish the hadrons, produced from quark 

or gluon. Also we have carried out simplification for designation N = Nq, r;;h = n~. 
Introducing expressions (2), (5) in (6) and differentiating on z, we obtain MD of hadrons 
in the process of e+e- annihilation in TSM 

Mg (-h)n ( -h)(2+mn)N-n 
Pn(s) = ~O P,~C'&+am)N ~ 1- ~ (7) 

The results of comparison of expression (7) with experimental data [5] are shown in 
Figs. 1-2. We have obtained that MD in TSM (solid curve) describe well the experimental 
e+e--data from 14 to 189 GeV [6]. The mean gluon multiplicity m has a tendency to rise, 
but lower than the logarithmic curve. Values kp remain cv 10 at almost all energies. One 
of the most interesting physical senses of this parameter is temperature T[7]: T cv k;1

. 

The next picture of the hadronisation stage is discovered in conformity with parameters 
of the second stage: N, r;;h and a . The first parameter N determines the maximum 
number of hadrons, which can be formed from quark while its passing through this stage. 
We can imagine that fission is continuous but process (3) (formation qq pair) becomes 
comparable with the other ones (1),(2). We can not reveal a steady energy rise or fall for 
N. 

The second parameter r;;h has a sense of the mean hadron multiplicity from quark at 
the second stage. We have found out the tendency to a weak rise with big scattering. 
The value of r;;h is about 5 - 6 in the research region. A possible explanation of these 
rocks for N and r;;h: only two initial quarks exist among a lot of newly born gluons at the 
beginning of hadronisation. 
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The last parameter a was introduced to compare the quark and gluon hadronisation. 
It is equal to 0.2 with some deviations. ff we know a, then we can determine Ng = aN 
and n; = an" for gluon. It is surprising that gluon parameters remain constant without 
considerable deviations in spite of the indirect finding: Ng~ 3 - 4 and ff~~ 1 (Fig. 3-4). 
Therefore we can confirm the universality of gluon hadronisation. The fact that a < 1 
shows that hadronisation of gluons is softer than that of quarks. 

It was shown [8] that the ratio of factorial cumulative moments Kq over factorial 
moments F

9 
changes the sign as a function of the order. We use MD formed in TSM to 

explain this phenomenon. Fq and Kg are obtained from the relations 

00 ~l 

Fq = L n(n - 1) ... (n - q + l)Pn, Kg= Fq - L c~_iK,1-iFi· (8) 
n=q i=l 

The ratio of their quantities is Hq = K9 / Fg· The generating function for MD of hadrons 
(7) in e+ e- annihilation Q(z) is the convolution 

Q(z) = L P!,[Q_:(z)rQ~(z) = Qg(Q_:(z))Q~(z). (9) 
m=O 

We calculate F9 and Kq in TSM, by using (9) and the sought-for expression for Hq will 
be [6] 

" k am(am 1-) ... (am - 'C..!.)(-m )ml - 2(-l)ql.<L=.!l'. 
L., P N N m+kp m N•-1 

Hg= m=t (10) 
2:: (2 + am)(2 +am - 1:) ... (2 +am - 9i1)Pm 

m=O 

The comparison with experimental data (8] has shown that (10) describes the ratio of 
factorial moments (Fig. 5). The minimum is seen at q = 5. We have obtained that in the 
region before z0 (91.4 GeV), Hq oscillates in the sign only with the period equal to 2 and 
changes the sign with parity q. At higher energies the period is increased to 4. It can be 
explained by influence of a more developed cascade of partons with narrow hadronisation. 

3. MD in pp-interactions 

The study of MD in pp interactions is implemented in the framework of the project 
"Thermalization". This project is aimed at studying the collective behavior of secondary 
particles in proton-proton interactions at 70 GeV /c (9]. On the basis of the present 
understanding of hadron physics, protons consist of quarks and gluons. After the inelastic 
collision the part of the energy of the initial motive protons are transformed to the inside 
energy. Several quarks and gluons become free. Our model study has shown that quark 
branching of initial protons in pp interactions is almost absent from 70 to 800 Ge V / c. MP 
are realized by active gluons. Domination of gluons was first proposed by S. Pokorski 
and L. Van Hove (10]. 

Our choice of the MP model is based on comparison with the experimental partial 
cross section o-(nch) in pp interaction at 70 GeV/c on the U-70 accelerator (11] and the 
present picture of strong interactions. 

At the beginning of 90s a successful description of MD at this energy was realized 
by the quark model (Fig. 6) (12]. This model suggests that one proton quark pair, two 
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pairs or three can collide and fragment into hadron jets. MD in quark jets were described 
by Poisson. Second correlation moments of charged particles for MD in this model will 
be always negative. It is known they are become positive at higher energies. In this 
model gluons are absent. The calculation by the MC PHYTHIA code has shown that 
the standard generator predicts a value of the cross section which is in a reasonably good 
agreement with the experimental data at small multiplicity (nch < 10) but it underesti­
mates the value O'(nc1,) by two orders of the magnitude at nch = 18 (Fig. 6). 

We have managed to build a scheme of hadron interactions to describe MD with the 
quark-gluon language as well as to investigate the high multiplicity region. The mentioned 
models are very much sensitive in this region. 

We consider that at the early stage of pp interactions the initial quarks and gluons 
take part in the formation of quark-gluon system (QGS). They can give branches. We 
offer two model schemes. In the first scheme we study hadroproduction with account of 
the parton fission inside the QGS and build the two stage model with branch (TSMB). 
If we are not interested in what is going inside QGS, we come to the thermodynamical 
model (TSTM). Onward we name models involving active gluons into hadroproduction 
as the gluon dominance models (GDM) [13). 

We begin our MD analysis with the scheme of branch. MD for quark and gluon jets 
may be described NBD and Farry distributions [3], accordingly. On the hadronisation 
stage we have taken a binomial distribution (5). As in TSM we have used a hypothesis 
of soft decoloration for quarks and gluons at their while passing of this stage and add the 
hadronisation stage to the branch one by means of factorization 

(11) 
m 

where Pn ( s) - resulting MD of hadrons, P/:, - MD of partons (quarks and gluons), p~f ( rn) -
MD of hadrons (second stage) from rn partons. Generating function (GF) for MD in 
hadron interactions is determined by convolution of two stages: 

Q(s,z) = 'LP:;,(s) (QH(z)r = QP(s,QH(z)), (12) 
m 

where QH and QP are GF for MD at hadronisation stage and in QGS. 
At the beginning of research we took model where some of quarks and gluons from 

protons participate in the production of hadrons. Parameters of that model had val­
ues which differed very much from parameters obtained in e+ e- - annihilation, especially 
hadronisation parameters. It was one of the main reasons to refuse the scheme with active 
quarks. After that we chose the model where quarks of protons did not take part in the 
production of hadrons, but remained inside of the leading particles. All of the newly born 
hadrons were formed by gluons. We name these gluons active. They could give a branch 
before hadronisation. 

It is important to know how much active gluons are into QGS at the first time after 
the impact of protons. We can assume that their number may change from zero and 
higher. It is analogous with the impact parameter for nucleus. Only in the case of elastic. 
scattering the active gluons are absent. The simplest MD to describe the active gluons 
formed in the moment of impact is the Poisson distribution Pk= e-'k///k!, where k and 
k are the number and mean multiplicities of active gluons, correspondingly. 
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To describe MD in the gluon cascade formed by the branch process of k active gluons, 
we have used the Farry distribution [3] 

B _ ~ ( _ 2-)m-k. (m - l)(m - 2) · · · (m - k + 1) 
Pm(s) - mk 1 m (k-1)! , (13) 

(14) 

at k > 1 - (13) and at k = 1 - (14). m and m are the number of secondary gluons 
and mean multiplicites of them (averaged to all gluons). Expressions (13)-(14) have been 
obtained from the assumption about the independent branch of gluons 

Qf=(Qf)k=::k[1-z(1-~)rk, Qf=~[1-z(1-~Jr
1 

(15) 

In the case k = 0 (the impact was elastic and active gluons are absent) MD of hadrons in 
pp-scattering is equal to P21(s) = e-1<. 

On the second stage some of active gluons may leave QGS and transform to real 
hadrons. We can name that gluons "evaporated". Let us introduce parameter 8 as the 
ratio of evaporated gluons, leaving QGS, to all active gluons, which may transform to 
hadrons. Our binomial distributions for MD of hadrons from the evaporated gluons on 
the stage of hadronisation are 

H n-2 n n 
(
-h)n-2 ( -h)omN-(n-2) 

Pn (m) = ComN N 1 - N (16) 

In this expression the gluon parameters are n;h and N (without index "g") which have 
the same meaning that of the quark parameters. An effect of two leading protons is also 
taken into account. GF for MD (16) has the following form: 

6 ( -h ]omN Q~ = ( Qf) m = 1 - ~ (1 - z) , (17) 

MD of hadrons in the process of proton-proton scattering in two stage gluon model 
with branch (TSMB) is 

P, ( ) = ~ e-i<k,k ~ ~ (m - l)(m - 2) ... (m - k + 1). 
n S L., kl L., -k (k 1)1 

k=l . m=k m - . 

( 
l )m-k n-2 (n;h)n-2 ( n;h)omN-(n-2) 

· 1 - - C0 N - 1 - -
m m N N (18) 

In comparison with experimental data [11) the numbers of gluons in sums on k and m 
were restricted by values MK and MG as the maximal possible number of gluons on the 
transition. For comparison we have taken the data at 69 GeV /c because they do not differ 
from data at 70 GeV /c [11). x2 /ndf in are equal to about rv 1/3 at 70 GeV /c and rv 5 
at 69 GeV /c and the parameters are similar. We obtained N = 40(fix), m = 2.61±0.08, 
8 = 0.47 ± 0.01, k = 2.53 ± 0.05, n" = 2.SO ± 0.29 from the comparison with [11] . We 
can conclude that the branch processes are absent, since parameters m and k are equal 
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Figure 1: MD at 91.4 GeV Figure 2: MD at 189 GeV Figure 3: N 9 = o:Nq 

to the errors. The fraction of the evaporated gluons is equal to 0.47. A maximal possible 
number of hadrons from the gluon looks very much like the number of partons in the glob 
of cold quark-gluon plasma of L.Van Hove [14]. The gluon branch should be very active 
inside of QGS. At the fixed parameter of hadronisation nh equal to 1.63 (see below the 
thermodynamic model) the fraction of the evaporated gluons 5 is about 0. 73. After the 
evaporation the part of active gluons do not convert into hadrons. They stay in QGS and 
become sources of soft photons (SP). Further we will analyze the experimental effect of 
SP excess (it is impossible to describe them by means QED). 

In the thermodynamic model without branches the active gluons which appear in the 
moment of the impact may leave QGS and fragment to hadrons. We consider that active 
gluons evaporated from QGS have Poisson MD with a mean multiplicity m. Using the 
idea of the convolution of two stages (11) as well as the binomial distribution for hadrons 
from gluons we obtain MD of hadrons in pp-collisions in framework of the two stage 
thermodynamic model (TSTM): 

""'em n 2 n n ME -m=m (-h)n-2 ( -h)mN-(n-2) 
Pn(s) = ~0 ---;;;x-CmN N 1 - N (n > 2), (19) 

P21(s) = e-m. Our comparison (19) with the experimental data [11] (see Fig. 8) gives 
values of parameters N = 4.24 ± 0.1.3, m = 2.48 ± 0.20, nh = 1.63 ± 0.12, and the 
normalized factor Q = 2 with x2 /ndf,...., 1/2. We are restricted in sum (19) ME= 6 (the 
maximal possible number of evaporated gluons from QGS). The found gluon parameters 
N and nh agree with the values of these parameters obtained at the e+e- annihilation 
[6]. From TSTM the maximal possible number of charged particles is 26. This quantity 
is the product of maximal multiplicities of active gluons and of the maximal number of 
hadrons forming from one gluon ME · N. In TSMB there are no restrictions of this sort. 

Project "Thermalization" is partially supported by RFBR grant 03-02-16869. 
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Abstract 
The gluon dominance model presents a description of multiparticle production in 
proton-proton collisions and proton-antiproton annihilation. The collective behav­
ior of secondary particles in pp-interactions at 70 GeV /c and higher is studied in 
the project "Thermalization". The obtained neutral and charged multiplicity 
distribution parameters explain some RHIC-data. The gluon dominance model is 
modified by the inclusion of intermediate quark topology for the multiplicity dis­
tribution description in the pure pp-annihilation a.t few tens GeV /c and explains 
behavior of the second correlative moment. This article proposes a mechanism of 
the soft photon production as a sign of hadronization. Excess of soft photons allows 
one to estimate the emission region size. 

1. Introduction 

A new model of investigating multiparticle production (MP) at high energy is proposed. 
It is based on multiplicity distribution (MD) description of different interactions on basis 
of QCD and a phenomenological hadronization scheme. It is shown that the proposed 
model agrees with experimental data in a wide energy region and, perhaps, can be used 
for analysis of jet quenching and other phenomena at RHIC [l]. 

Application of this model approach to pp-interaction (for the beginning see [2]) is given 
in Section 2. The additional investigations of MD in the pj5 annihilation channel at a few 
tens Ge V / c are carried out in Section 3. The emission region size for soft photons and 
the possible mechanisms of their formation are discussed in Section 4. The main results 
of these studies are given in Section 5. 

2. MD in pp-interactions (continuation) 

MD of charged particles in proton interactions by mea.ns of the gluon dominance model 
were studied in [2]. It is interesting to get MD for neutral mesons. For this purpose 
we take experimental mean multiplicity of 'lfo in pp-interactions a.t 69 Ge V / c (JS ~ 
11.6 GeV). It was be found 2.57 ± 0.13 [3]. So the mean multiplicity in this process is · 

1Talk given at XVII International Baldin - Seminar "Relativistic Nuclear Physics and Quantum Chro­
modynamics". JINR. September 27 - October 2, 2004, Dubna, Russia. 
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calculated as the product of the mean number of evaporated active gluons (m = 2.48) and 
hadron parameter n,h. We can determine the hadronization parameter for neutral mesons: 
n~=l.036 ± 0.041 [4]. We expect approximate equality of probabilities of different hadron 
production at the second (hadronization) stage. MD for neutral mesons have a form as 
for charged particles [2]: 

""""' e m n-z n n ME -m=rrt (,.-h)n-2 ( -h)mN-(n-2) 
Pn(s) = ~o -;:;;:!CmN N 1 - N , (1) 

and can be easily obtained if they are normalized to mean multiplicity 7r0 's (Fig. 1). From 
this distribution we see that the maximal possible number of 7ro from TSTM [4] is 16. 
MD for the total multiplicity are shown in Fig. 2. The maximal total number of particles 
in this case is equal to 42. 

The dependence of the mean multiplicity of neutral mesons n0 versus the number of 
charged particles nch can be determined by means of MD Pn,

0
,(s): 

n2 
2-: Pn,0 , ( s) · ( ntot - nch) 

no( nch, s) == n_tco..ot'-=_n..o..1 _n~2-------
2= Pntot(s) 

(2) 

where n 1 and n 2 are lower and top boundaries for the total multiplicity at the given 
number of charged particles nch· The MD of charged and neutral secondaries obtained by 
TSTM give the maximal number for charged nch = 26, neutral n0 = 16 and total ntot = 42. 
That is why we have the following limits for n 1 and nz: n 1 2: nch, n2 ~ 16 + nch· These 
restrictions result in great disagreement with experimental data [3] at small multiplicities. 
It was shown in [4]. 

A significant improvement will be reached if we decrease the top limit at low multi­
plicities (nch ~ 10) to n 2 = 2nch· This corresponds to the case when the maximal number 
of neutrals is equal to the number of charged particles, and a double excess of neutral 
mesons over positive (negative) pions is possible. Fig. 3 shows that multiplicity of neu­
trals versus nch when nz is taken equal to 2nch at small nch and nz = 16 + nch at nch > 10. 
This restriction in (2) indicates that AntiCentauro events (a large number of neutrals and 
very few charged particles) must be absent. Centauro events (a large number of charged 
particles and practically no accompanying neutrals) may be realized only in the region of 
high multiplicity. 

It is assumed (5] that at the second stage different kinds of quark pairs from the gluon 
(maximal possible number is equal to Ntot) occur with equal probabilities. We will try 
to consider the formation of neutral and charged mesons as an example of the above 
assumption. The uu and dd quark pairs may appear at sufficient energy. At the end 
of hadronization the formation of two charged mesons (the law of charge conservation 
of quarks) may take place. Production of an additional neutral particle is not necessary 
while formation of a neutral meson. So we can claim that the number of charged hadrons 
will be larger than the number of the neutral ones, or the probability of the charged 
hadron production is higher than of the neutral ones. We can estimate these probabilities 
in GDM. 

MD of 7ro from one gluon at the second stage may be described by the binomial 
distribution Pno = c;:~p~0p~'~"0 • Here nt is the total number of hadrons formed from 
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gluon, n0 - the number of neutral mesons among these secondaries (the number of charged 
hadrons nc = nt - no), Pc(Po) -the probability of production of charged pair (one 7r0). 

The normalized condition is Po + Pc = 1. From TSTM we have obtained rich = 1.63 
and no = 1.036. The mean multiplicities for binomial distributions will be equal to: 
rich = Pcfiti no = Pont· The probability of the charge particle production is higher than of 
the neutral mesons (nch > n0 ). The ratio of these values is Pc/Po"' 1.46. 

The mean multiplicity of newly born hadrons (charged or neutral) in proton interac­
tions in GDM is equal to the product of the mean multiplicity of gluons obtained at the 
first stage and the mean multiplicity of hadrons (n~h or n3) produced from one gluon at 
the second stage. In the case of binomial distribution nch = n1 ·Pc, n0 = n1 ·p0 . Taking into 
account two leading protons, the mean multiplicity is nch ( s) = 2 + m9 ( s) · n~h for charged 
particles in pp-interactions. The mean multiplicity of neutral mesons in this process is 
no(s) = m9 (s) · ng. The ratio of the mean charged pairs to the neutral mesons in proton 
interactions is 

nch(s)/2 1 1 n~h ---'-''-'--- - + - . -
n0 - m(s) · ng 2 n:g · (3) 

At 69 GeV /c this ratio (3) is equal to 1.19 ± .25. At the higher energy the mean number 
of active gluons m increases and becomes much more than 3. In this case (3) it will be 
around the ratio ofn~h/2ng. The experimental data have shown 1.6 for Au-Au peripheral 
interactions (80 - 92(3) centrality class) at 200 GeV and for pp interactions at 53 GeV 
[6). We can compare these results with GDM at higher energies. 

The application of GDM to describe MD in the energy region (102, 205, 300, 405 and 
800 GeV /c) [7) in both schemes (TSMB and TSTM) [2] leads to good results (Fig. 4-8). 
Parameters of TSTM in this domain are given in Table 2. 

Table 1. Parameters of TSTM 

II ..fi GeV II I Mg I N 
102 2.75 ± 0.08 8 3.13 ± 0.56 1.64 ± 0.04 1.92 ± 0.08 2.2/5 
205 2.82 ± 0.20 8 4.50 ± 0.10 2.02 ± 0.12 2.00 ± O.Q7 2.0/8 
300 2.94 ± 0.34 10 4.07 ± 0.86 2.22 ± 0.23 1.97 ± 0.05 9.8/9 
405 2.70 ± 0.30 9 4.60 ± 0.24 2.66 ± 0.22 1.98 ± O.Q7 16.4/12 
800 3.41±2.55 10 20.30 ± 10.40 2.41±1.69 2.01±0.08 10.8/12 

We see that the number of active gluons and their mean multiplicity increase, pa­
rameters of hadronization N and n~h vary very slowly. At these energies the charged 
hadron/pion ratio (3) grows up to 1.6. The parameter of hadronization n~h has a trend 
to increase weakly but ng does not almost change. This behavior may be related with the 
production of other charged particles (not only pious): protons, antiprotons, kaons and 
so on. We consider that parameter n~h goes to the limit value (like saturation). 

On the other side a small growth n; in proton interactions also points at a possible 
change mechanism of hadronization of gluons in comparison with the transition gluons 
to hadrons in e+e- annihilation. It is considered that in the last case partons transform 
to hadrons by the fragmentation mechanism at the absence of the thermal medium. Our 
MD analysis gives n; "' 1 for this fragmentation [8]. The recombination is specific for the 
'.iadron and nucleus processes. In this situation a lot of quark pairs from gluons appear 
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almost simultaneously and recombine to various hadrons [9]. The value n~ becomes 
bigger rv 2 - 3), that indicates to the transition from the fragmentation mechanism to 
the recombination one. The recombination mechanism provides justification for applying 
the statistical model to describe ratios of hadron yields (the ratio Baryon/Meson~ 1) 
[9]. The collective flow of quarks may be explained by the recombination mechanism, 
too. The rapid local thermalization may be a consequence of this formation of secondary 
hadrons [9]. 

In this way we try to compare two kinds of processes which have different values of 
hadronization parameters. The first one is e+ C - annihilation. It is usually supposed that 
fragmentation dominates in it and newly formed hadrons fragment with a high moment 
of parton into the surrounding vacuum (such objects can also appear from the hot surface 
in peripheral events in nucleus and hadron collisions) [9]. 

The nuclear modification factor Rep and elliptic flow v2 in Au-Au collisions at RHIC 
have revealed an apparent quark-number dependence in the PT region from 1.5 to 5 
GeV /c. Moreover, the baryon production increases more rapidly with centrality than the 
meson production. These observations confirm the picture of hadron formation by quark 
recombination [9] and point out that the hadronization processes in high energy nucleus 
interactions are modified to the comparison of e+ + e- and partly p + p collisions. 

The GDM with a branch gives growth of the part of the evaporated gluons to 0.85-0.98 
and a small rise of gluon branch number at higher energies. Besides we have got data 
about emergence of hard constituent in MP [10]. In GDM it can be explained not only 
by not only evaporation of a single gluon sources but also of groups with several gluons 
(formed by branch). A simple MD scheme of this superposition will be analyzed below. 

Let us compare MD (1) with the descriptions of experimental data obtained by various 
approaches. We bring two of them. A fortunate expression for KNO function was obtained 
by a group from IHEP [11] who combined the elastic and inelastic processes. We can see 
(Fig. 9) good agreement with data [7] at 800 GeV /c both of MD in MGD (solid line) and 
KNO-function (dot line). 

A wide research of MD in pp-interactions was fulfilled by L.Van Hove, A.Giovannini 
and R.Ugoccioni [10]. They proposed a two-step mechanisms of MP. The independent 
(Poisson) production of groups of ancestor particles (named "clan ancestors") were supple­
mented by their decay, according to a hadron shower process (the logarithmic MD within 
each clan). Such convolution of two mechanisms gives a negative binomial distribution 
(NBD) for hadrons 

Pn(s)= kh(kh+l) ... (kh+n-1) ( n(s) )n( kh )k" (4) 
n! n( s) + kh kh + n( s) ' 

where kh - the NBD parameter and n( s) - the mean multiplicity of hadrons. The compar­
ison of NBD (dot line) and our MD in GDM (solid line) with data at 800 Gev/c is given 
in Fig. 10. A. Giovannini emphasizes that the nature of this clan is gluon bremsstrahlung 
[10]. Our investigations by GDM allows to give a concrete gluon content. Binomial distri­
butions (BD) describe the hadronization stage. The clan model of [10] uses the logarithmic 
distribution of secondaries in a single clan. Both of MD have the similar behavior. 

At the top energy (especially at 900 GeV) the shoulder structure appears in Pn [12]. 
The comparison of data with one NBD does not describe data well. But the weighted 
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superposition of two NBD gives a good description of the shoulder structure Pn(s) [10]. 
At 14 TeV A.Giovannini expects the weighted superposition of the three classes of events. 

We can modify our GDM considering that the gluon fission may be realized at higher 
energies. The independent evaporation of gluons sources of hadrons may be realized by 
single gluons and also groups from two and more fission gluons. Following A.Giovannini 
we name such groups of gluons - clans. Their independent emergence and following 
hadronization content of GDM. MD in GDM with two kinds of clans are: 

) 
'I;"" e m 1 n-2 n n Mg1 -m1-m1 (-h)n-2 ( -h)mi·N-(n-2) 

Pn(s = O'.j ~ I cm1·N N 1 - N + 
m1=0 m1. 

Mg2 -m2-m2 (-h)n-2 ( -h)2·m,-N-(n-2) 'I;"" e m2 n-2 n n 
+a2 ~ I C2.m,-N N 1 - N ' 

m2=0 m2. 
(5) 

where a 1 and a 2 are the contribution single and double gluon clans (a1 + a 2 = 1). The 
comparison (5) with experimental data for proton interactions at ,jS = 62.2 GeV [13] is 
given in Fig. 8. We have obtained the following values of parameters: N = 7.06 ± 3.48, 
m 1 = 3.59 ± 0.03, m 2 = 1.15 ± 0.25, nh = 3.23 ± 0.14, Mg1 = 8, Mg2 = 4, aifa2"" 1.8 
at x2 /ndf=9.12/13. The mean multiplicities of the two kinds of clans are similar. 

The specific feature of our GDM approach is the dominance of a lot of active gluons 
in MP. We can expect the emergence of them in nucleus collisions (experiments at RHIC) 
and the formation of a new kind of matter (quark-gluon plasma)at high energy. We 
consider that our gluon system can be a candidate for this. So the mean multiplicity of 
active gluons approached 10 at RHIC. For Au+ Au central collisions their number may be 
equal to 200 · m ~ 2000 before the branch. This gluon medium facilitates the quenching. 

3. MD in pp-annihilation 

In the midst of interesting and enough inextricable hadron interactions the pp annihilation 
shows up especially [14]. Experimental data at tens GeV /c [14] point out on some maxima 
in differences between pp and pp inelastic topological cross sections what may witness 
about the contribution of different mechanisms of MP 

f:.CTn(PP - pp)= CTn(PP) - CTn(pp). (6) 
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The important information about the MP mechanism may be picked out from the MD mo­
ment analysis of charged particles. The second correlative moment for negative particles 
12- are available to study MP 

Ji-= n_(n_ - 1) - iL 2. (7) 

The negative value of second correlative moments is characteristic for a more narrow 
MD than Poisson, and they indicate the predominance of the hadronization stage in MP. 
According to MGD, active gluons are a basic source of secondary hadrons. 

At the initial stage of annihilation three valent qq-pairs (uud and uud) are. They 
can turn to the "leading" mesons which consist from: a) valent quarks orb) valent and 
vacuum quarks [5]. In the case a) only three "leading" neutral pions (the "O" topology) or 
two charged and one neutral "leading" mesons ("2" - topology) may form. In b) case the 
"4" - and "6" - topology is realized for "leading" mesons. We suggest that the formation 
neutron and antineutron (exchange) can be realized. 

A simple scheme of MP for annihilation may give the negative second correlative mo­
ments in GDM. We suggest that the active gluon emergence together with the formation of 
intermediate topology occurs. The GF for a single active gluon Q1(z) = [1 +n/N(z- l)]N 
gives [4] 

" [ ]2 -h 2 h = Qi(z)\z=l - Q1(z)\z=l = -(n) /N < 0. (8) 

Reciprocally for m gluons GF and h will be 

(9) 

We consider that m grows while increasing the energy of the colliding particles, and h will 
decrease almost linearly from m. Such behavior qualitatively agrees with experimental 
data [14]. If we take concrete MD P:f. for gluons, then GF for secondary hadrons and h 
are 

(10) 
m 

(11) 

where ff - the second correlative moment for gluons. In this scheme h may be negative or 
positive. We consider that the negative value h in the large energy region in comparison 
with p + p interactions may be related with the destruction of the initial system on three 
or more shares and the number of active gluons related with a "leading" pion will be less 
than in the case of a leading proton in pp-collisions at the same energy. Herewith the 
total number of such gluons at annihilation may be bigger, their manifestation happens 
independently but the number of them per one pion grows slowly. The explanation of 
the negative h was given R.Lednicky [15] at the assumption of the independent MP of 
charged particles. The second correlative moment has a zero value only in the small 
energy domain. And so we should restrict the region to apply this explanation. 

According to GDM for pp annihilation and taking into account three intermediate 
charged topology and active gluons, GF Q(z) for final MD may be written as the convo­
lution gluon and hadron components: 

-h -h -h 
Q(z) =Co L: P;:[l+;.,. (z-i)rN +c2 L: z2 P;:[l+;.,. (z-1)rN +c4 L: z4 P;:[l+;.,. (z-IWN. 

m m m 
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fhe parameters of c0 , c2 and c4 are determined as the part of intermediate topology ("O", 
'2" or "4") to the annihilation cross section (r--0 + c2 + c4 = 1). For the simplicity we are 
imited by Poisson distribution with the finite number of gluons for P:i_. 

The comparison of the experimental data (Fig. 12) gives the following values of pa­
-ameters: m = 3.36 ± 0.18, N = 4.01 ± 0.61, nh=I.74 ±0.26, the ratio c0 : c2 : C4 = 15 
40: 0.05 at x2/ndf = 5.77/4 and the maximum possible number of gluons M = 4 at 

'4"-topology. The sum begins from m = 1 (inelastic events), at n ~ 2 - from m = 0 and 
inishes up m < Mat small multiplicities (n::; 4). We should to emphasize very compli­
:ated events nch = 0 and 2. This research of pp annihilation requares to be continued. 
Ne will develop MGD to describe MD at energies 200, 500, 900 GeV [16] and higher. 

1. Soft photons 

~he production of photons in particle collisions at high energies was studied in many 
xperiments [17]. In project "Thermalization" it is planned to investigate low energetic 
•hotons with Pt ::; O.lGeV/c and x ::; 0.01 [18]. Usually these photons are named soft 
•hotons (SP). Experiments shown that measured cross sections of SP are several times 
:i,rger than the expected ones from QED inner bremsstrahlung. Phenomenological models 
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were proposed to explain the SP excess: the glob model of Lichard and Van Hove and the 
modified soft annihilation model of Lichard and Thomson [19] . 

We consider that at a certain moment QGS or excited new hadrons may set in an 
almost equilibrium state during a short period or finite time. That is why, to describe 
massless photons, we will try to use the black body emission spectrum [20]. From ex­
perimental data [18] the inelastic cross section is equal to approximately 40mb, the cros:o 
section of SP formation is about 4mb, and since a, '.::::'. n1 (T) ·a;,,, then the number of SP 
will be equal to n1 :::::; 0.1. For convenience, we may use the well-known density of MVB at 

3 
Tr= 2.275K and get the number of photons by means of MVB n1 (T) = n,(Tr) ·(of) . 
The density of SP in the region lfm3 will be equal to 

p(T) = n,(T)/V = 4.112 -108 -10-6
. 10-39

. (~) 
3 

fm- 3
. 

The estimates of temperature are implemented by transfer moment: T = p :::::; PT-12 
(11\!leV = 1.16 · 101°K). If T(pT) is known, using n1 we can estimate the linear size ol 
radiation system (V '.::::'. L3). Dependencies of the linear size of system (L) from the SP 
moment (PT) are given in Table 2. 

Table 2. The size of system L (fm) versus PT (MeV /c) of SP 

PT 10 15 25 30 40 50 

L 11 6.9 4.1 3.5 2.6 2.0 

It is well-known that the temperature of second hadrons is higher than the temperaturE 
of SP. We presume that objects with soft gluon content may not transform into hadrom 
but turn into SP. The amount of such soft gluons is estimated by N9 in TSMB. 

5. Conclusion 

In our research we have undertaken an attempt to give MP description in different pro­
cesses by means of a unified approach based on quark-gluon picture using the phenomeno-
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logical hadronization model. The implemented model investigation allows us to under­
stand deeper the picture of MP at various stages. We have obtained qualitative and 
quantitative agreements of our schemes with experimental data in e+e-, pp annihilation 
and pp and nucleus collisions in a very wide energy domain. 

The authors appreciate for the support of physicists from JINR, GSTU who encour­
aged our investigations. Project "Thermalization" is partially supported by RFBR grant 
03-02-16869. 
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THE LOBACHEVSKY SPACE IN RELATIVISTIC NUCLEAR PHYSICS 

Abstract 

A.A.Baldin 

A11ton.Baldi11@su11he.ji11r.ru 
LHE, JINR, Dubna 

Relativistic nuclear collisions are considered in terms of relative 4-velocity and rapidity space 

(the Lobachevsky space). The connection between geometric relations in the Lobachevsky 

space and measurable (experimentally determined) kinematical characteristics are discussed. 

General properties of relativistic invariants distributions characterizing geometric position of 

particles in the Lobachevsky space are discussed. Possible applications of the obtained results 

for planning of experimental research and analysis of data on multiple particle production are 

discussed. The analysis is illustrated by processed experimental data. 

1. Introduction 

A desire to discover simple laws of Nature describing a wide range of phenomena, 

plays a progressive role of one of the basic principles of fundamental science. An important 

step in constructing theories is the selection of a set of variables for description of observed 

phenomena. That is why special attention is paid in this paper to the discussion of the 

variables used in analysis of relativistic particle collisions. 

The theory of nuclear interactions is at present far from completeness. Essentially, it 

represents a set of phenomenological models and approaches describing the available 

experimental data. The most complicated from the point of view of theoretical description of 

nuclear matter is, in our opinion, the transition region between proton-neutron model of a 

nucleus and the region where excitation of internal quark-gluon degrees of· freedom is 

essential. 

One of the most important problems nowadays, as it was formulated by a 

distinguished scientist S.Nagamia in 1994, is the determination of the conditions in which 

hadrons lose their identity, and sub-nucleonic degrees of freedom begin to play a dominant 

role. A.M.Baldin proposed a classification of applicability of the notion "elementary particle" 
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on the basis of a variable b;k (square relative four-velocity between the considered objects) [l] 

introduced by him, in answer to the above problem. 

Relativistic nuclear physics which originated at the interface between elementary 

particle physics and nuclear physics needs mathematically adequate space of variables for 

investigation of the processes of particle interaction and production. The Lobachevsky space 

is considered as such space in the present paper. 

The investigation of the properties of the 4-velocity space allows to formulate general 

rules of particle distributions, to develop relativistically invariant methods of analysis of 

multiparticle production, and imposes a number of intrinsic limitations on the relativistic 

collision models. Long-term investigations (see, for example, [10-13]) are dedicated to the 

application of the Lobachevsky geometry in physics. 

2. The relative 4-velocity space. General characteristics of particle 

distributions 

When studying nuclear reactions the experimentally determined quantities are 

momentum, angle, type of registered particle, collision energy, reaction cross section, and 

their derivatives. 

PP. 
The relativistically invariant measurable scalar quantity --' - 1

- , where P;, P1 are 4-
m;m j 

momenta of particles i and j , and m;, m1 are masses of these particles, underlies the 

determination of invariant mass, rapidity p, square relative 4-velocity b;k and invariant cross 

section. 

Rapidity p forms a metric space the Lobachevsky space. Investigation of the 

properties of this space is necessary for understanding of the relation between the 4-

dimensional energy-momentum space and the 3-dimensional Euclidean space of physical 

experiment. 

The invariant variable described through measurable quantities is the particle 4-velocity: 

U=Po;u}, (1) 

where U 0 = §_ , U = p_ . Here E is the total energy, p is the 3-dimensional momentum, and 
m m 

m is the mass of particle. 
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The 3-dimensional Lobachevsky space is connected with the 4-dimensional velocity space by 

expressing the fourth component of the velocity through the first three: 

(2) 

The Lobachevsky geometry of the 3-dimensional rapidity space is defined on the upper sheet 

of the two-sheet hyperboloid (3). The relations between the components of the 4-velocity and 

rapidity are the following: 

U 0 = ch p ; IVI = sh p. (3) 

So, the relation between the particle energy, momentum and mass E 2 
- p 2 = m 2 takes the 

following form in the rapidity space: (ch p )2 -(sh p )2 = 1 . 

The particle rapidity in the laboratory system can be expressed through measurable 

parameters as follows: 

The invariant variable b;k is defined as [1]: 

The relation between the variable b;k and rapidity is evident: 

bik = 2[(upk)-l]= 2[chpik -1] 

(4) 

(5) 

(6) 

Consider typical particle distributions over the variable b;k for the data obtained using 

the propane bubble chamber illuminated by 4.2 GeV/c p, d, He, C beams at interaction of 

relativistic nuclei with matter [2]. The experimental data used hereafter were obtained by the 

collaboration [3,4] for investigations using the 2m propane chamber [5]. Fig. I shows the 

normalized distributions of relative 4-velocities of pairs of particles (protons and n-mesons) 

registered in the reactions C+Ta, He+Ta, d+Ta, p+Ta. It is seen that the character of the 

distributions for all four reactions is similar. It is also seen that the number of particles with 

relative 4-velocities close to zero grows steeper than an exponent - in a pole-like way. The 

pole approximation in the form 

d<r c 
-dN- "" ( )2 , where a "" 0.002 

bile +a 
(7) 
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was proposed for the first time for the cross sections of fragmentation processes in [ 1]. 

The experimentally observed change of the character of b;k distributions from the pole-like to 

the exponent and power-like illustrates the classification of elementary particle interactions 

proposed by A.M.Baldin [6]: 

• the region 0 :5: b;; :5: 10-2 relates to non-relativistic nuclear physics, where nucleons 

can be considered as point objects; 

• the region b;k ~ 1 relates to excitation of internal degrees of freedom of hadrons; 

• the region b;k >> 1 should, in principle, be described by quantum chromodynamics. 

A large number of publications (see, for example, [6,7]) are dedicated to investigation of 

particle distributions over b;k and analysis of general properties of these distributions, in 

particular, the correlation depletion principle. 

The analysis of b;k distributions carried out by the authors showed that the shape of 

these distributions is independent of particle multiplicity in an event. Fig.2 shows the 

distributions of relative 4-velocities of all combinations of pairs of protons and n-mesons in 

the reaction C+Ta for the selected events arranged into five groups: for multiplicity in the 

intervals 16-20 particles, 26-30 particles, 36-40 particles, 46-50 particles, and 56-60 particles. 

Independence of inclusive cross sections of meson production of multiplicity was 

noted by the authors in [8]. Independence of such distributions of experimentally observed 

particle characteristics of multiplicity indicates that the mechanism of independent nucleon­

nucleon collisions prevails in multiple particle production. This general property should be 

taken into account in theoretical and computer models of nucleon-nucleon collisions and in 

planning of experiments aimed at investigation of exotic states of nuclear matter (quark-gluon 

plasma and other collective effects). 

Consider particle - target relative 4-velocity distributions for protons, registered using 

the propane bubble chamber in the reactions C+Ta, p+C (Fig.3). The plots demonstrate the 

existence of transition to internal degrees of freedom of nucleons for b;k close to unity. Note 

that this effect is the same for different interacting nuclei and different collision energies. 

The transition to internal nucleon degrees of freedom can be demonstrated on the basis 

of the available data on total cross sections of hadron interactions (Fig.4) [9]. Thus, it is in the 

region b;rl, both for a pair target-registered proton (Fig.3), and a pair target-projectile 

(Fig.4), that sub-nucleonic degrees of freedom of nuclear matter are significant, and nucleons 

are no more point-like. 
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It should be noted that the variable b;k does not form a metric space, i.e. the relation 

b12 + b13 :2:: b23 is, generally speaking, wrong. It can be illustrated using the experimental data 

of the collaboration for investigations using the 2m propane chamber. Fig.5 shows the 

distribution of the value b13 + b23 - b12 , where 1, 2 indicate the projectile and target, 

respectively, and 3 the registered proton, for the reaction C+Ta. It is seen from Fig.5 that 

large part of protons tends to be displaced "close" to the projectile and target simultaneously. 

Rapidity p;k has an advantage that, being, along with b;k, the relativistic invariant, it forms, 

unlike b;k, a metric space the Lobachevsky space. 

Total interaction cross sections of 7t-mesons, K-mesons, protons as functions of 

particle-target relative rapidity are shown in Fig.6. The rapidity range between I and 4, 

corresponding to the projectile momentum between I and 25 AGeV/c, defines the transition 

energy region between classical nuclear physics and quantum chromodynamics. 

Thus, taking into account non-Euclidean character of the 4-velocity space is important 

already at relatively low hadron energies (starting from hundreds of MeV), and non­

relativistic mechanistic images based on the notions of isotropy, thermalization, etc., have 

principle limitations related with the selection of a reference system. 

3. Geometric characteristics of particle distributions in the rapidity space 

Analysis of particle properties in terms of rapidity is more complete than consideration 

of its longitudinal and transversal components. In literature, however, experimental data are 

often presented as functions of longitudinal rapidity (projection on the reaction axis) and 

transversal momentum (or transversal mass). Longitudinal rapidity is defined as follows: 

I E+ Pu 
y=-ln--, (8) 

2 E-p
11 

and transversal mass as: 

mr =~m2 + Pr2, 

where Pr is transversal momentum. 

Define transversal rapidity T : 

m 
chr=-r, 

m 

(9) 

(10) 
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Total rapidity p is related with longitudinal and transversal rapidities by the Pythagorean 

theorem in the Lobachevsky space: 

ch p = ch y · ch r. (11) 

The properties of the space pose certain limitations on the rapidity range (the consequence of 

metric characteristics of triangles with the sides - relative rapidities): 

(p2J:: =IP12 ±p13I; (p,J:: =IP12 ±p23I; (p,2):: =IP2J ±p13I (12) 

The simplest geometric element is a triangle. Basic relations for a triangle with the vertices -

rapidities in the Lobachevsky space (see Fig.7) are given below. 

Two theorems can be used to define the relations between sides and angles of the triangle: the 

law of cosines: 

and the law of sines: 

sh(p12 ) = sh(p13 ) = sh(p23 ) 
sin(a3 ) sin(a2 ) sin(a1) 

Note, that the height of the triangle h (see Fig.7) is defined as: 

sh(h) = sh(p23 ) ·sin(a2) = sh(p13 ) ·sin(a1) 

(13) 

(14) 

Thus, h coincides with the transversal rapidity of particle 3, i.e. is a dimensionless 

relativistically invariant characteristic of transversal motion. 

Usually, when analyzing experimental data, the registered particles are classified on 

the basis of the criterion of interaction «hardness». For example, the «evaporating» protons 

with momenta less than 300 MeV with respect to the target and «stripping» protons with 

momenta close to the projectile momentum and laboratory angles less than 4°, are attributed . 

to the results of "soft" interactions (2]. The analysis in the rapidity space allows to apply a 

unified relativistically invariant criterion for such classification using particle-target and 

particle-projectile relative rapidities. For "soft" interactions the upper limit ofrelative rapidity 

is-0.3. 

Note that such relativistically invariant analysis is valid for all and with respect to any 

registered particles, as well as, generally speaking, to all points of the rapidity space, rather 
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than only two points corresponding to the colliding objects. Such approach is especially 

helpful in analysis of multiple particle production for their separation into groups (pair 

correlations, clusters, jets, etc.). 

In any projective geometry, including the Lobachevsky geometry, the principle of 

duality is valid, according to which statements formulated in terms of distances between 

points are equivalent to statements formulated in terms of angles between beams. 

Thus, the degree of «hardness» of interactions can be analyzed using the values of 

angles of the triangles in the rapidity space. Fig.8 shows the p23 distributions of protons for 

the selected angle a3 intervals (see Fig. 7). The regions of p23 in the vicinity of 0 and 3 

corresponding to the target and projectile fragmentation, respectively, can be extracted 

applying a selection criterion to the angle a3 between the rapidities p12 and p 13 . 

A triangle is characterized by its defect, which is proportional to the area of the 

triangle (the constant of proportionality equals to square curvature of the space): 

(15) 

Angular defect is the scalar characteristic of relative position of trios of particles in the 

rapidity space. Fig.9 shows the distribution of defects of triangles formed by all combinations 

of protons and all combinations of n-mesons registered at interaction of 10 GeV/c protons 

with carbon. The defect distribution for proton trios, as seen from the figure, has an 

exponential shape, i.e. the probability to observe three protons «farn from each other (in terms 

of rapidity) drops exponentially. It should be noted that the data on protons from the RQMD 

simulation [14] agrees very well with the experiment. The defect distribution for n-mesons 

has another shape - these trios form triangles of larger area in the rapidity space, as compared 

to protons. Note, that the model adequately reproduces inclusive spectra both of protons and 

n-mesons. The distribution of trios of n-mesons, however, differs noticeably from the 

experimental data. 

Let us illustrate another general property of particle distributions in the rapidity space. 

Consider combinations of three particles: point l - projectile, point 2 - target and point 3 -

any registered particle. Fig. I 0 shows the defects of such triangles as functions of their 

perimeters calculated for the experimental data on n-meson production in the reaction 

p(lO GeV/c)+C. For a certain perimeter particles with maximum allowed defects are 

produced with higher probability. It is consistent with the known feature that cross sections 

grow towards the phase space boundary, and agrees with the simulation [ 14]. 
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Let us consider defects as functions of the position of registered particle with respect 

to colliding nuclei {difference of rapidities, see Fig. 7). Fig.11 shows the plots of defect vs. 

(p1:z-p13) for the experimental and simulated protons produced in the reaction p{lO GeV/c)+C. 

It is seen that the model does not reproduce the peculiarities of the transition region, p-1 

(Fig.11 a,b ). The target fragmentation region is shown in more detail in Fig.11 c,d. It is seen 

that the specific fine structure of proton distribution corresponding to symmetric 

configurations in the rapidity space is not reproduced by the model. In this region the 

peculiarities in the cross sections of the registered protons correspond to isosceles triangles, 

when relative target-projectile and projectile-registered particle rapidities are close. Higher 

probability of particle production is observed also when relative target-particle and projectile­

particle rapidities become close {the symmetric position of the registered particle with respect 

to the colliding nuclei). Fig.12 illustrates the above idea for 7t-mesons. 

Multiple particle production takes place when their relative velocities approach the 

light velocity. This suggests that the whole problem of particle production {birth) can be 

considered from the point of view of the fundamental limitation on experimental observation 

due to three-dimensional character of Euclidean space. The relationship between four­

dimensional Minkowsky space in which energy and momentum conservation laws are 

formulated and three-dimensional Euclidean space of experiment is realized through the 

Lobachevsky space. 

It is important to stress that, unlike the Euclidean space, the area-to-perimeter ratio for 

triangles in the Lobachevsky space is limited (see Fig.13 ). This fundamental difference can 

hardly be imagined on the basis of mechanistic three-dimensional images which, as a rule, 

underlie models pretending to describe particle interaction dynamics. 

One of the most remarkable variables introduced by NJ.Lobachevsky in his geometry 

is the angle of parallelism 

ill (h) = 2arctg(e-h) (16) 

What is the meaning of this parameter and how can it be applied to analysis of experimental 

data? What rapidity corresponds to the angle of parallelism? Let us consider the height of the 

triangle 123 {see Fig. 7), where I and 2 denote colliding particles and 3 the registered particle. 

Fig.14 shows the probability to register protons and ;r -mesons as function of the variable 

2CT L - a 3 (the difference between doubled angle of parallelism and angle at the registered 

particle in the rapidity space). It _is seen from the figure that there exists a strongly pronounced 
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maximum of proton and 1t -meson production. It is important to note that this maximum 

corresponds to the angle of parallelism calculated for the value of relative rapidity of colliding 

objects. 

Conclusion 

The unified relativistically invariant criteria for particle classification, for example, 

selection of "stripping" and "evaporating" protons, can be formulated on the basis of spatial 

rapidities (angles). It is possible to select particles produced by different mechanisms using 

such characteristics in the Lobachevsky space as defect and perimeter. 

The analysis of the data obtained using the propane bubble chamber showed that the 

general character of particle distributions in the 4-velocity space is similar for different 

:eactions and does not depend on multiplicity. 

The comparison of experimental data and model simulations showed that the model 

:14], while adequately reproducing integral characteristics of particle distributions - inclusive 

;pectra, filling of phase space, is incapable of correct reproduction of two and three- particle 

:orrelations. 

Taking into account the properties of the Lobachevsky space, in particular, that there 

s no geometric similarity (unlike the Euclidean geometry), is very important for analysis of 

:xperimental data and construction of models of multiple particle production. It is the author's 

lpinion that the Lobachevsky space is the most adequate for description of the processes of 

1article interaction and production. 

Calculation of areas and volumes of arbitrary figures in the Lobachevsky space is a 

omplicated mathematical problem. The property of limited surface area - to - volume ratio is 

fundamental property of the Lobachevsly space. It is the author's belief that this property is 

key to deeper comprehension of the problem of confinement in strong interactions. 
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Fig.1. The normalized distributions ofrelative 4-velocities of the pairs ofregistered particles 

(p-p, p-n and n-n) in the reactions C+Ta, He-+Ta, d+Ta, p+Ta 
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Fig.2. The normalized distributions of relative 4-velocities of the pairs of registered particles 

(p-p, p-n and n-n) in the reaction C+Ta for five groups of the selected events: with 

multiplicity in the intervals 16-20 particles, 26-30 particles, 36-40 particles, 46-50 particles, 

and 56-60 particles 
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Fig.3. The particle - target relative 4-velocity distributions for the registered protons in the 

reactions C+Ta, p+C 
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and target, respectively, and 3 is the registered proton, for the reaction C+Ta 
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Fig.7. A simplex in the Lobachevsky space. Particles with rapidities p1, p2,PJ correspond to 

the vertices of the triangle 123. The triangle sides p12, p13,p23 are relative rapidities of 

particles 1, 2, 3. 

If 2 is a target at rest in the laboratory system, then the angle a2 is equal to the laboratory 

angle of the registered particle 

352 



1200 

1100 
N 1000 

900 

800 

700 

600 

500 

400 

300 

200 

100 

0 
0.0 0.5 

p(10 GeV/c)+C->p 

1.0 1.5 2.0 

• a,>1.6 [rad] 
"' a, <1.3 [rad] 

2.5 3.0 

• •• 
3.5 
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Abstract 
The phenomenological structure of inclusive cross-sections of the production of two 
neutral K-mesons in collisions of hadrons and nuclei is investigated taking into 
account the strangeness conservation in strong and electromagnetic interactions. 
The relations describing the dependence of the correlations of two short-lived and 
two long-lived neutral kaons K~K~, K2K2 and the correlations of "mixed" pairs 
K~K2 at small relative momenta upon the space-time parameters of the generation 
region of K 0 and k 0- mesons, which involve the contributions of Bose-statistics and 
S-wave strong final-state interaction, have been obtained. It is shown that under the 
strangeness conservation the correlation functions of the pairs K~K~ and K2K2, 
produced in the same inclusive process, coincide, and the difference between the 
correlation functions of the pairs K~K~ and K~K2 is conditioned by the production 
of the pairs of non-identical neutral kaons K 0 k 0 . 

1. Consequences of the strangeness conservation 

In the work [1] the properties of the density matrix of two neutral K-mesons, following 
'rom the strangeness conservation in strong and electromagnetic interactions, have been 
'nvestigated. By definition, the diagonal elements of the non-normalized two-particle 
iensity matrix coincide with the two-particle structure functions, which are proportional 
;o the double inclusive cross-sections. 

Strangeness is the additive quantum number. Taking into account the strangeness 
~onservation, the pairs of neutral kaons K° K 0 (strangeness S = +2), k 0 k 0 (strangeness 
) = -2) and K 0 k 0 (strangeness S = 0) are produced incoherently. This means that 
n the K 0-k0- representation the non-diagonal elements of the density matrix between 
.he states K°K0 and k 0k 0 , K°K0 and K 0 k 0 , k 0k 0 and K 0k 0 are equal to zero. 
fowever, the non-diagonal elements of the two-kaon density matrix between the two 
:tates IK0)<Pillk0)<P2 ) and ik0)<P1l!K0 )<P2l with the zero strangeness are not equal to 
:ero, in general. Here p 1 and p2 are the momenta of the first and second kaons. 

The internal states of K 0 -meson (S = 1) and k 0 -meson (S = -1) are the superposi­
.ions of the states IK~) and IK2), where K~ is the short-lived neutral kaon and K2 is the 
ong-lived one. Neglecting the small effect of GP non-invariance, the GP-parity of the 
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state K~ is equal to ( + 1), and the C ?-parity of the state KZ is equal to (-1); in doing 
so, 

IK0
) = ~(II<.~)+ IKZ)), IK0

) = ~(IKf) - IKZ)). 

It is clear that both the quasistationary states of the neutral kaon have no definite 
strangeness. 

It is easy to show that 

IKO)(p1)@ IKO)(p2) = ~(JKg/Pi)@ JKg)(p2) + IKZ)(P1)@ JKZ)(P2)+ 

+IKg)(pi)@ IKZl(p2) + IKZ)(pi)@ IKg)(Pzl), (1) 

JKO)(pi)@ JKO)(p2) = ~(1Kg)(p1)@ IKg)(p2) + JKZ)(pi)@ IKZ)(P2)_ 

-1Kg)(P1)@ IKZl(p2) - IKZ)(P1)@ JKg)<P2l). (2). 

It follows from the Bose-symmetry of the wave function of two neutral kaons with 
respect to the total permutation of internal states and momenta that the C ?-parity 
of the system K 0R0 is always positive [2] (the C-parity is (-l)L, the space parity is 
P = (-l)L, where Lis the orbital momentum). 

The system of two non-identical neutral kaons K 0 R0 in the symmetric internal state, 
corresponding to even orbital momenta, is decomposed into the schemes JK~)JK~) and 
JKZ)IKZ) [2]: 

J·lj;+) = ~(JKO)(pi)@ IRO)(P2) + JKO)(p1)@ IKO)(P2)) = 

= ~(IKg)<P1)@ JKg)<P2) - IKZ)(P1)@ JKZ)(P2l); (3) 

meantime, the system K 0 R0 in the antisymmetric internal state, corresponding to odd 
orbital momenta, is decomposed into the scheme IK~)IKZ) [2]: 

l·l,b-) = ~(IKO)(p1)@ IRO)(P2) - IRO)(P1)@ IKO)(P2l) = 

= ~(IKg)<P1)@ JKZ)(P2) - IKZ)(P1)@ IKg)(P2l). ({ 

The strangeness conservation leads to the fact that all the double inclusive cross­
sections of production of pairs K~K~, K2f<Z and K~KZ (two-particle structure functions: 
prove to be symmetric with respect to the permutation of momenta p 1 and p 2 : 

fss(P1,P2) = fss(P2,P1); fLr,(p1,P2) = fu(P2,pi); 

fsr,(P1i P2) = fsr,(p2, Pi). (5 

Besides, due to the strangeness conservation, the structure functions of neutral K-meson: 
produced in inclusive processes are invariant with respect to the replacement of the short 
lived state K~ by the long-lived state Kf, and vice versa [l]: 
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1 
fss(P1,P2) = hdP1,P2) = 4 [fK0Ko(p1,P2) + fKoJ?o(p1,P2)+ 

1 
+ fKoJ?o(P1, P2) + fKoJ(o(p1, P2)] + 2 RepJ(oJ?o-J?oJ(o(p1, P2), (6) 

1 
fsL(P1,P2) = hs(P1,p2) = 4 [fK0Ko(p1,P2) + fKoJ?o(p1,P2)+ 

1 
+ fKoJ?o(P1, P2) + fK0Ko(p1, P2)] - 2 Re PK0J?o-J?0Ko(p1, P2), (7) 

where PKo J?o-J?o Ko (P1, P2) = (PJ?o Ko-KoJ?o(pi, P2) )* are the non-diagonal elements of the 
two-kaon density matrix. The difference between the two-particle structure functions fss 
and fsL is connected just with the contribution of these non-diagonal elements. 

It is evident that the one-particle structure functions for the production of K~ and K2 
are equal to each other. After integrating the relations (6) over the momentum distribution 
of neutral kaons one can obtain the mutual equality of the average multiplicities of the 
K~ and K2-states, as well as the mutual equality of the average squares of multiplicities: 

(8) 

2. Structure of pair correlations of identical and non­
identical neutral kaons with close momenta 

Now let us consider the correlations of pairs of neutral K-mesons with close momenta 
within the model of one-particle sources [2-7]. In the case of the identical states K~K~ 
and K2K2 we obtain the following expressions for the correlation functions Rss, RLL 
(proportional to structure functions), normalized to unity at large relative momenta: 

Rss(k) = RLL(k) =>.Ko Ko [1 + FKo(2k) + 2 bint(k)] + 

+ AJ?oJ?o [ 1 + FJ?o(2k) + 2 bint(k)] + 

+ AJ(OJ{O [1+FKoJ?o(2k)+2 Bint(k)]. (9) 

Here k is the momentum of one of the kaons in the c.m. frame of the pair, and the 
quantities AJ(oJ(o, AR:oR:o and >.Koko are the relative fractions of the average numbers of 
produced pairs K°K0

, R0 f{O and K°R0
, respectively (>.KoKo + AR:oR:o +>.Koko= 1) . 

The "formfactors" FKo(2k), FR:o(2k) and FKoR:o(2k) appear due to the contribution of 
Bose-statistics: 

(10)· 

where WKo(r), WJ?o(r) and WKoR:o(r) are the probability distributions of distances be­
tween the sources of emission of two K 0-mesons, between the sources of emission of two 
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!?0-mesons and between the sources of emission of the K 0-meson and R0-meson, respec­
tively, in the c.m. frame of the kaon pair. Meantime, the quantity bint(k) describes the 
contribution of the S-wave interaction of two K 0-mesons, the quantity bint (k) describes 
the contribution of the S-wave interaction of two !?0-mesons and the quantity Bint(k) 
describes the contribution of the S-wave interaction of the K 0-meson with the !?0-meson. 
Due to the CF-invariance, the quantities bint(k) and bint(k) can be expressed by means 
of averaging the same function b(k, r) over the different distributions: 

The quantity Bint(k) has the structure 

where B(k, r) =f. b(k, r). 
The relations connecting the contribution of the S-wave strong interaction into the 

pair correlations of particles at small relative momenta with the parameters of low-energy 
scattering were obtained earlier in the papers [4-7] .1l It is essential that the "formfactors" 
(10) and the functions bint(k), bint(k) and Bint(k) depend on the space-time parameters 
of the generation region of neutral kaons and tend to zero at high values of the relative 
momentum q = 2lkl of two neutral kaons. 

Let us emphasize that when the pair of non-identical neutral kaons K 0 !?0 is produced 
but the pair of identical quasistationary states K~.K~ (or Kf Kf) is registered over decays, 
the two-particle correlations at small relative momenta have the same character as in the 
case of usual identical bosons with zero spin [2]. 

For the pairs of non-identical kaon states K~Kf the correlation functions at small 
relative momenta have the form: 

RsL(k) = RLs(k) = AJ(OJ(o [1 + FKo(2k) + 2 bint(k)] + 

+ >-.11:011:0 [ 1+F11:0(2k)+2 bint(k)j + 

+>-.Koko [1- FKoJ1:o(2k)]. (11) 

In accordance with Eq.(11), at the production of the pair of non-identical neutral kaons 
K 0 !?0 and the registration of the two-particle state K~Kf over decays the pair correlations 
are analogous to the correlations of two identical fermions with the same spin projections. 
This is connected with the fact that in the considered case the pair K~Kf has odd orbital 
momenta [2]. 

It follows from Eqs.(9) and (11) that the correlation functions of pairs of neutral K­
mesons with close momenta, which are created in inclusive processes, satisfy the relation 

!) In particular, at characteristic distances between sources of go_ and R 0-mesons r0 » d0 , where 
do is the radius of action of short-range forces between the K 0-meson and R 0 - meson (really, already at 
ro >do), we can use the approximation of the superposition of the plane and spherical waves [4]. Then 

2 1 ( exp(ikr)coskr) 
B(k,r) "=' lfKoJ?o(k)I ;:2 + 2Re fK0 1?0 (k) ,. , 

where fgoJ?o(k) is the amplitude of the S-wave go R0-scattering, k = lkl, r lrl. 
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Rss(k) + Ru(k) - RsL(k) - Ihs(k) = 2 [Rss(k) - R.n(k)] = 

= 4Af{o/{o [Ff{o!(o(2k) + Bint(k)]. (12) 

We see that the difference between the correlation functions of the pairs of identi­
cal neutral kaons I<~I<.~ and pairs of non-identical neutral kaons KV<."2 is conditioned 
exclusively by the generation of I<0 I?0-pairs. 

3. Summary 

l. It is shown that, taking into account the strangeness conservation, the double 
inclusive cross-sect.ions of the product.ion of two short-lived neutral K-mesons and two 
long-lived neutral K-mesons are equal to each other. This result is the direct consequence 
of the strangeness conservation. 

2. Within the model of one-particle sources the formulae for the correlation functions 
Rss = RLL and RsL = RLs are obtained, which involve the contributions of Bose­
statistics and the S-wave final-state interaction of two I<0 (!{0 )-mesons as well as of a 
K 0-meson with a R0-meson, and depend upon the relative fractions of produced pairs 
[{o [{o, J{O J{O and Ko J{O. 

3. It is shown that the production of I<0 I?0-pairs with the zero strangeness leads to 
the difference between the correlati<>n functions Rss and RsL of two neutral kaons. 

This work is supported by Russian Foundation for Basic Research (Grant No. 03-02-
16210). 
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Abstract 
The real values of dynamical characteristics in Nuclotron have been measured by 
means of both sinusoidal and kick excitations of the beam. For measurement of 
betatron tunes the method based on the Beam Transfer Function have been used. 
Beam-based modeling by means of Orbit Response Matrix allowed us to calculate 
the amplitude beta function and the betatron phase advance with big accuracy. 
Applying this method one can also calibrate the Beam Position Monitors and to 
reveal the bad-working units. 

1. Introduction 

In first approximation an accelerator is described by the linear optical model. To 
neasure the dynamical characteristics of this model is between the major tasks of ac­
:elerator commissioning and optimum exploitation. It is often that the real accelerator 
lptics differs from the machine design. Knowing the correct values of the accelerator 
lptical functions - beta function, betatron tune and betatron phase advance is of first 
mportance. 

For measurement of the accelerator optical functions a system of Beam Position Mon­
tors ( BPM) and orbit corrector magnets (CM) is used. BPMs measure the beam center 
1f charge position with respect to the reference orbit. CMs produce dipole kicks, that 
listort the closed orbit. 
~he behavior of any dynamical system is fully described by its response to one of the 
tandard excitations. The response of a dynamical system to unit step function is known 
s transient function. The response of a dynamical system to a Dirac pulse function is 
ailed impulse transient function or sometimes weight function. The response of a dynam­
:al system to sinusoidal excitation is the well-known frequency characteristic or transfer 
mction. 

Either of these characteristics describes both the transient and the steady-state modes. 
In accelerator practice the transfer function is known as Beam Transfer Function ( 

:TF ). The shock beam excitation by means of a fast kicker magnet results in coherent 
earn oscillations. The response of the center of charge positions to kicks in closed orbit 
)frectors is called Orbit Response Matrix ( ORM ). A general theorem sates that the 
·ansfer function is a Fourier transfer of the impulse response. 
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One of the most important parameters of any cyclic accelerator is the tune of the 
betatron oscillations Q. The value of Q determines the position of the so-called working 
point of the accelerator. The working point must be kept away from any dangerous 
resonances during the whole accelerator cycle. Many accelerator parameters, such as 
chrornaticity and the dependence of the tune on the amplitude are firmly connected with 
the Q-value. 

One may say that the efficiency of the accelerator and the possibility to reach the 
maximum beam intensity are determined by the proper choice and maintenance of the 
betatron tune. 
On the other hand the structural beta function describes the beam envelope and the 
betatron phase advance. 

For measurement of the correct values of the structural beta functions and of betatron 
phase advance in Nuclotron the method based on the Orbit Response Matrix have been 
used. 

2. Betatron tune measurement in Nuclotron 

Nowadays all the existing accelerators have electronic systems for on-line tune mea­
surement. 
The N uclotron tune measurement system is based on the exciting of transverse oscillations 
of the beam applying an external sinusoidal signal and measurement of the corresponding 
center of charge response. This response is known as Beam Transfer Function ( BTF ). 
Transverse BTF is determined by the ratio of the amplitude of the center of charge oscil­
lations to the external sinusoidal excitation - [l]. 

A simplified block-diagram of the used equipement is shown on Fig. l. 
For the excitation of the transverse betatron oscillations in NUCLOTRON we have used 
a broadband amplifier. It consists of 9 identical blocks with a transformer output. One 
of these blocks is used as a preamplifier. Its output signal excites in parallel the other 
8 blocks. The secondary windings of these blocks are connected in series and this gives 
250 V on the load in the frequency range 0.1 6.0 MHz. The load represents 100 pF 
capacity in parallel with a 75 n resistor. The maximum output power is 0.6 KW. Input 
and control signals are transmitted by 0.5 km matched cables to and from the accelerator 
ring. 

The already existing pick-ups used for orbit measurements have been used also for the 
beam excitation and for the response measurement. These pick-ups are 13 cm long and 
are situated in special boxes in the vacuum chamber of the accelerator. The minimum 
voltage on the pick-up which we can still reliably measure is 200 µV. This corresponds to 
1 V on the ADC input. 
A spectrum of simultaneous measurement of horizontal and vertical betatron oscillations 
is shown on Fig.2. 

From the measurements we conclude that the horizontal betatron tune in Nuclotron 
is equal to Qh = 7.463 ,while the vertical is Qv = 7.414. 
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Figure 1: Block-diagram of the tune measurement equipement 

Figure 2: Spectrum of horizontal and vertical BTF 
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3. Measurement of optical functions in N uclotron 

One powerful method for measurement of optical functions is based on the Orbit Response 
Matrix (ORM). 
The ORM is defined by - [2]: 

(1) 

where dx; is the change of the center of charge position x; at the i-th BPM due to a 
change dEj in the kick at j-th CM 
One should distinguish between theoretical ORM - Rtheor , which reflects the properties 
of the accepted linear optical model of the accelerator and measured ORM - Rmeas. 
The theory gives the following expression for the orbit response matrix: 

Rtheor = ~ cos(7rQ - \µ; - µ \) + D;Dj2 
' 1 2sin7rQ 1 L TJ 

(2) 

where 

T/ = ( lfr 2 
- a )3 (3) 

and µ is the phase advance. 
There is one more thing that should be taken into account, namely that the different 
BPMs have different noise level. This can be measured for each BPM by successive orbit 
measurements under constant corrector strengths. Let <J 1 be the rms orbit deviations for 
the i-th BPM. This rms deviation is a measure for the noise level associated with this 
BPM. Hence we must introduce the weights (1/<J;) in the fitting. 
Summarizing we reach to the following system of equations: 

Rmeas 1 ( D " dR;j !J..k D; Dj) 
ij = -: g; "-ijO + L.., dk l + -£- Sj4 

<J, l l T/ 
(4) 

where !J..ki are the errors in quadrupole strengths, g;. are the BPMs gain factors and 
Sjare the correctors scale factors. 

As ( 4 ) embraces more equations than unknowns it should be solved in LSQ sense. 
The best way to do this is the singular value decomposition. 

The orbit response matrix is a good instrument for studying machine optics due to the 
very large number of experimental points. This allows for the right individual gradients 
to be determined. Using the calibrated accelerator model it is possible to compute the 
right values of the beta functions. 

The orbit response matrix gives direct information about the bad operating BPMs 
and the broken symmetry of the ring. The experimental setup is shown on Fig. 3. 

To check the proper work of the BPMs we have realized the following experiment. 
First of all we measured the closed orbit produced by the random perturbations in the 
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magnetic fields and to the random displacement of quadrupoles. After that we fired one 
of the orbit correctors, increasing the excitation current from 1 to 2 and 3 Amps, and 
again measured the closed orbit. Subtracting from these latter orbits the initial orbit we 
received the closed orbit due only to the corrector. The difference orbits in horizontal 
plane are shown on Fig.4. It is clearly seen that some problems with the BPMs occur 
around the azimuths 153 m ( BPM - #12) and 185 m ( BPM - # 15). 
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Abstract 

The nearest two years on experiment STAR the upgrade is planned, which 
will make it possible to identify particles up to momentum ,...., 3 GeV /c. This will 
open possibility to carry out new and more detailed researches of properties of a 
nuclear matter formed in nucleus-nucleus collision at RHIC. In this work we offer 
to carrying out of the polarization studies, which can give important additional 
information about the process of forming the new state of nuclear matter, and also 
about properties of the formed state. 

A unique probe of information about all stages of formation and evolution 
of nuclear matter are dileptons, due to their electromagnetic interaction with 
the nuclear matter. In this work we pay main attention to the examination of 
polarization characteristics of dileptons. 

1. Introduction 

The first studies on the accelerator RHIC (BNL) have shown that properties of the nuclear 
matter formed in Au-Au-collisions substantially differ from those of the nuclear matter 
formed at collisions of nuclei on the accelerator SPS (CERN) [l]. It made it necessary 
to reconsider theoretical views of the properties of formed quark-gluon plasma [2]. Up to 
the present time the search of unequivocal signatures of formation of quark-gluon plasma 
remains active. From our point of view, polarizing studies give us an additional tool 
allowing to detect the formation of new states of nuclear matter. 

The upgrade of STAR setup [3] will allow to identify particles with momenta up to 
,...., 3 GeV/c. In particular, it will allow us to investigate dilepton production in the range of 
effective masses me+.- < 5 GeV. It is exactly in this range of effective masses where the 
majority of particles produced by quark-gluon plasma are expected. Dileptons and photons 
are unique probes because they interact with nuclear matter only via electromagnetic 
interaction. Due to their weak interaction dileptons and photons carry information about 
all stages of nuclear-nuclear collisions without noticeable distortion. This is a principal 
distinction of photons and leptons from hadron probes. Comparison of characteristics 
received by electromagnetic and hadrons probes will allows us to investigate properties of 
the forming nuclear matter. 

It is expected that in nuclear-nuclear collisions the quark-gluon plasma(QGP) is formed,. 
which is essentially a new source of secondary particles. Characteristic features of this new 
source are the object of studies which we attempt to find signals of QGP formation. The 
thermalization may be the main feature of the QGP. 
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The thermalization means that the information about initial states of nuclear-nuclear 
collisions has been lost (for example, the information about the initial is lost direction 
of collisions due to multiple secondary interactions). As a consequence we should see 
disappearance of all type of polarization connected with the direction of initial state 
for particles produced by the plasma source. The polarization for particles produced by 
the plasma can depend only on hadronization characteristics and the plasma collective 
motion. Therefore there should be no transverse polarization or longitudinal polarization 
connected with the direction of initial collision. That is why we can use polarization 
studies as an additional important information to identify the QGP formation. 

But it is very important to determine the processes and energy ranges where the 
absence of polarization can be regarded as a proof of the QGP formation. The first time 
this type of possibility has been proposed and discussed in detail about ten years ago. 
In 1994 one of the authors (S.S.S.) proposed to CERES/NA45 collaboration to carry 
out polarization studies of low mass dileptons (0.2 < mee < 0.6 GeV/c2

) to explain 
the nature of dilepton enhancement in the nucleus-nucleus collisions. However, further 
analysis showed that CERES/NA45 had a very narrow acceptance [4]. Nowadays there 
are new setups with possibilities to carry out polarization investigations of dileptons to 
find formation of the QGP phase in nuclear-nuclear collisions. That is why we think that 
it is important to analyze the possibility for polarization studies now. Some experiments 
have been carried out for some years (HADES, NA60, STAR and PHENIX). 

2. Polarization and therrnalization 

CERES/NA45 studies (5] of the dilepton production in nuclear-nuclear collisions with 
nuclear beams at SPS(CERN) have shown an enhancement of the dilepton production 
in the mass region 0.2 GeV < me+e- < 0.8 GeV. If this enhancement come from the 
thermalalized source we should not see any dilepton anisotropies. That is not so for a 
secondary ir+ir- - annihilation process where a strong anisotropy of the electron (positron) 
emission should occur. Moreover, there must be energy dependence of this anisotropy 
which is opposite to a thermalized source case which has no the energy dependence. 
Therefore, we have a real possibility to distinguish these two subprocesses. That time 
there were no quantitative theoretical estimations of these effects. The author (S.S.S.) had 
asked theoreticians from JINR for theoretical examination these effects [6]. This work was 
continued in collaboration with a theoretical group of Giessen [7, 8]. These are the only 
quantitative theoretical predictions up to now. Theoretical predictions for the anisotropy 
of leptons in the region of small masses and for energies from SIS(GSI) to SPS(CERN) 
have been based on the Hadron-String Dynamics(HSD) model [9]. At that time there was 
no possibility to carry out studies in the region of the dilepton masses me+e- > 1 GeV 
that's why all predictions had been limited to the region of small masses. 

Theoretical studies have shown that the dilepton polarization characteristics allow 
to separate different subprocesses (and models) not only in nuclear-nuclear collisions 
but in nucleon-nucleon interactions. In 1998 CERES/NA45 has obtained the data for 
PT dependences of the dilepton pair production [10]. These data have shown that the 
dilepton enhancement comes from a low PT region of pairs. Theoretical description of this 
enhancement for PT ~ 0 GeV [ll] remain difficult, which can be partly explained by a 
combination of a strong polarization with the narrow CERES/NA45 acceptance. It implies 
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the domination of the process by the annihilation of non theralized pions. May be this is 
the first indirect proof which tells us that the main source that is crucial for the dilepton 
enhancement is not a thermalized source. If it is so, we have the first direct observation 
of the annihilation process of secondary pious and its studies have some independent 
interest. 

RHIC have opened essentially new opportunities for polarization studies of dileptons. 
[t is the possibility to carry out investigation of the thermalized source in a wider range 
)f dilepton masses and immediately in the center mass system. Tshe article (12] examines 
;he contribution of the thermalized dilepton source for energies SPS and RHIC. At these 
mergies there are additional interesting region of masses 1 GeV < me+e- < 5 GeV 
where the thermalized source of dileptons competes with the Drell-Yan annihilation. As 
.vell as in a case of small dilepton masses, we have competition of two subprocesses: the 
;hermalized source and the Drell-Yan process. The latter gives a strong alignment of 
rirtual photons and as a consequence of the anisotropy in the lepton angle distribution. 
)ifferent energies of nuclear-nuclear collisions, the possibility to select events with different 
mpact parameters make a real possibility to unambiguously reveal the appearance of the 
.hermalized source. In our opinion such studies now are unique in the sense that they 
tllow us to detect directly the occurrence of a thermalized source of particle production. 

There are independent reasons to study the polarization characteristics of dileptons 
n nucleon-nucleon collisions on RHIC for small and middle mass regions with polarized 
>roton beams. These investigations will give an additional information about polarized 
tructure of nucleons in the region x ~ 10-2 . 

RHIC setups have possibility to detect hadrons, that is why we can propose to compare 
1adrons and dileptons polarization characteristics in nuclear-nuclear collisions to investigate 
afluence of formed nuclear matter. For example, the comparison polarization characteristics 
f dileptons and 7r+7r-(K+ K-) - pairs gives new information about the QGP formation. 
~here are many other hadron probes where polarization should be used to prove the 
~GP formation. We can propose to investigate the polarization of A which comes from 
,K+ (AK-)- back to back pairs. 

Till now we discuss so-called regions of continuous dilepton mass spectrum. The 
~sonance regions are very interesting too. But we do not have so many quantitative 
redictions. The p-meson alignment can serve as sensitive tool to study mechanisms of 
>rmation (13]. Article (14) proposed to investigate J /¢ polarization in nuclear-nuclear 
)llisions. The QGP formation should give a huge value of the alignment for J /¢.in 
)ntrast to nucleon-nucleon collisions where the alignment must be zero. It is very useful 
) compare characteristics of resonance polarizations from dileptons(photons) and hadrons 
ecay modes. 

'• Conclusion 

1 this report we have discussed some ideas which allow to receive the new additional 
cperimental information which can help to proof the QGP formation. Polarization 
1aracteristics are the thin tool and these experimental data will give possibility unequivocally 
• speak about the detection of the thermalized state. The authors are grateful for 
.L. Bratkovskay and 0.V. Teryayeva for interest and support. 
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Transmutation was proposed [ 1] as a hypothetical means to reduce the amount of very long­
lived radioactive waste from technological applications of nuclear fission. With the advent of 
new technologies this idea came closer to reality and high-precision experimental data are 
now required to check the feasibility of the concept. 
Experiments were carried out with the GAMMA-2 target setup [2] at the NUCLOTRON 
accelerator using protons in the energy range from 0.53 GeV to 4.15 GeV. Fig.I gives a 
schematic view of the GAMMA-2 experimental setup together with its beain monitoring 
system. 

x:y beam profUes 

~ ..___ 

~Scattered beam 
~ imnitorC3, C4, CS 

Polaroid 

Figure I: Schematic view of 
the GAMMA-2 setup. The 
target is composed of20 lead 
disks with 8 cm diameter and 
1 cm thickness, the paraffin 
moderator shell has 20 cm 
outer diameter, 6 cm thickness 
and 31 cm length. The Al­
monitor contains a stack of 
three thin aluminium foils 
where the center foil is used. 
Polaroid films were used for 
beam alignment before 
each irradiation 

Five scintillation detectors Cl to CS and a 1 g/cm2 PE target were used to monitor the beam. 
Aluminium activation foils were used to determine the integral proton fluence on the target. 
The Al monitor foil stack was placed approx. 60 cm upstream the Pb target in order to avoid 
activation from backwards emitted particles. In each experiment a stack of three Al foils with 
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a thickness of 31 µm (1.883*1&0 atoms*cm"2
) was mounted in an aligned position with the 

target and perpendicular to the beam axis as shown in Fig. 1, and irradiated during the whole 
run. The beam intensity was determined via the 27 Al(p,3pn)24Na reaction in the center foil. 
Samples containing 1 gram of lanthanum each were placed on top of the target assembly at 
distances of 5 cm, 10 cm, 15 cm, 20 cm, and 25 cm from the front side of the paraffin block, 
i.e. the first sample sits just above the location where the proton beam hits the Pb. B-values 
for each of the five samples (corrected for neutron anisotropy) were measured in every 
experiment. The B-value is an absolute cross section which is specific for each experimental 
setup and defined for the example nuclide 140La as : 

B(140La) = Atoms of 140La produced in 1 gram of 139La sample by 1 primary proton 
In order to compare neutron densities from various experiments we have calculated the 
integrated B(140La ) for 140La on the GAMMA-2 setup by fitting the five data points with a 
modified (skewed) Gaussian function. The function is used because it has a suitable shape and 
not because of any physical significance. 
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"i 0.00003 

" .2! 0,00002 

~ 
J 0,00001 

"' 
0,00000 

B values from La spectra: 0.53 GeV 

-10 0 10 

Distance lcml 
20 30 

Figure 2: 
B-values for 140La along the top of the 
paraffin moderator in the irradiation 
with 0.53 GeV protons on the 
GAMMA-2 target. The distance d=O 
cm corresponds to the upsteam end of 
the 20 cm long Pb target, i.e. the point 
of proton impact 

The fitted distributions quantify findings from earlier experiments (3,4] that the shapes of B­
value distributions (i.e. the neutron densities over the target) are almost identical over the 
entire proton energy range studied. The maximum of the B-values is always found at about 10 
cm downstream the beginning of the lead target and the widths of the distributions are 
essentially the same for each energy in the 0.53 GeV S Ep s 4.15 GeV range. 
The integrated B(14°La }-values divided by the proton beam energy Ep are plotted in Fig. 3 as 
a function of proton enerf.' Ep. This picture shows the effectiveness of the GAMMA-2 setup 
for transmutation of 13 La via neutron capture reactions. Thus, it also displays the 
effectiveness of the GAMMA-2 setup for the production of low-energy neutrons. It is 
interesting to note that the effectiveness of GAMMA-2, which has only 20 cm Pb target 
length, for low-energy neutron production 
is best at low proton energies. 
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Figure 3: 
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Normalized B-values for 140La on the GAMMA-2 setup. The dotted line serves to guide the 
eye. 
Uncorrected data points at 0.65 GeV, 1 GeV and 1.5 GeV proton energy show the necessity of 
the anisotropy co1Tection of measured B-values. 

In FiFes 4 and 5 the corresponding functions ofB-values/Ep are shown for the transmutation 
of 12 I and 237Np. In these experiments samples of approx. lg of radioactive target material, 
which was weld sealed into Al-containers, were exposed to the secondary neutron fluence on 
top of the paraffin moderator on the GAMMA-2 target setup. 
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Figure 4: Normalized B(130I)/Ep measured 
on the GAMMA-2 setup 
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Figure 5: Normalized B(238Np)/Ep measured 
on the GAMMA-2 setup 

The lines in Figs. 4 and 5 serve to guide the eye. Considering results from Figures 3 to 5 it is 
clear that the transmutation effectiveness B/Ep (also called ,,neutron economy" [5]) on the 
GAMMA-2 target is always highest at low proton energy and gradually falls off with rising 
bombarding energy. This may favour the use of proton beam energies that are lower than it 
has been assumed in other design studies. Operating at lower energy would of course be 
commercially attractive. However, the gradual fall may be a consequence of the size of the 
target where the small diameter and short length do not allow the intra- and inter-nuclear 
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cascades originating from incident protons to be completed. Further experiments shall answer 
that question very soon. 
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Abstract 
We investigate the vacuum creation of electron-positron pairs (EPP) in periodic ho­
mogeneous electrical fields within a quantum kinetic approach with non-markovian 
source term. For a weak field E « Eer = m2//e/, the EPP density changes periodi­
cally with twice the field frequency v. Under these conditions, the residual density 
nr taken over an integer number of field periods is negligibly small in comparison to 
the mean value (n) for the density per period. The value (n) is proportional to the 
squared field intensity and does not depend on the frequency in the range of v « m. 
The possibility to observe vacuum EPP creation using high-intensity optical lasers 
is discussed. 

1. Introduction 

QED is considered as the most advanced physical theory, many of its predictions have 
been proven experimentally with highest available precision. Nevertheless, some questions 
are discussed till now, e.g., the vacuum pair creation effect by a classical electric field [1]. 
A complete theoretical description of this effect has been obtained [2, 3, 4, 5, 6], but there 
is still no experimental proof. The main problem is the high value of the critical electric 
field strength, necessary to be reached for the pair creation, namely Eer = 1.3 x 1016 

V /cm for EPP. According to the Schwinger formula, the pair creation rate in a constant 
electric field is 

dN (eE)
2 00 

1 ( Ecr) 
d3xdt = 4ir3 ~ n2 exp -nirE (1) 

and therefore exponentially suppressed when E « Ecr. Fortunately, the situation changes 
qualitatively if the field acts a finite time only [3, 7, 8, 9). In this case, the Schwinger 
formula as well as its analog for a monochromatic field (Brezin-Itzykson formula [10]) 
become inapplicable. 

There are a few examples for physical situations where the Schwinger effect can be 
observed, e.g. relativistic heavy ion collisions [11], neutron stars [12, 13] and focussed 
laser pulses [14]. It is well known [1] that no pairs are produced when both invariants of 
the field vanish 

E2 -B2 = 0, EB=O. (2) . 

The fields produced by focusing laser beams are very close to such configuration [2] and 
the pair creation must be essentially suppressed. But the pair creation is possible in the 
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focus of a standing wave of counter-propagating coherent laser beams [15]. The structure 
of a real laser field is too complicated for the analysis, because the Schwinger effect is 
non-perturbative and it requires the exact solution of the dynamical equations. That is 
why the approximation of the homogeneous electric field is used in most cases. According 
to different estimates [9, 10, 15, 16] the effect of vacuum creation can not be observed 
with the presently achieved level of laser power, see also [17]. 

The recent development of laser technology, in particular the invention of the chirped 
pulse amplification method, has resulted in a huge increase of the light intensity in a laser 
focal spot [18, 19]. The most advanced lasers produce pulses with intensities reaching 
1022 W / cm2 and the pulse duration decreasing down to few oscillation periods. As the 
construction of X-ray free electron lasers XFELs [20] is now planned, the possibility of the 
experimental proof of the Schwinger effect attracts attention again. The non-stationary 
effects become important under conditions of short pulses. We use in our work the kinetic 
equation approach, which allows us to consider the dynamics of the creation process taking 
into account the initial conditions [7]. Compared to the other treatments, the approach 
within the framework of a transport equation contains some new dynamical aspects, such 
as longitudinal momentum dependence of the distribution functions and non-markovian 
character of the time evolution. It takes into account the effects of the field switching and 
statistics, as well [21]. This approach has been applied already to the periodical field case 
[8] with near-critical values of the field strength and X-ray frequencies. In particular, it 
was shown that there is an "accumulation" effect when the intensity of the field is about 
half critical: the average density of pairs grows steadily with the increase of the field 
period numbers. 

In the present work, we consider the other region of field parameters really achievable 
nowadays in the optical lasers: E « Ecr and v « m, where v is the laser field frequency. 
We suggest to use in the·criterion for the creation efficiency the mean value (n) for the 
density per period is a more appropriate characteristic quantity than the residual density 
nr. The latter is taken over an integer number of field periods and calculated using the 
imaginary time method. The main result is that optical lasers can generate a greater 
number of pairs per volume >.3 than X-ray ones [22, 23]. 

The work is organized as follows. Section 2 contains the statement of the problem and 
the necessary information about the kinetic equation which is used for the description 
of vacuum pair creation. We solve this equation numerically for the conditions of the 
SLAC experiment [24] and study some features of pair production dynamics. We compare 
here our results obtained on the non-perturbative basis with the predictions of another 
approach [9] and show that optical lasers can be effective generators of electron-positron 
pairs during the action of a laser pulse. In Section 3, the low density approximation 
is considered. It allows to get some analytical results and to make simple estimates. 
Finally, in Section 4, we discuss some possibilities of direct experimental verification of 
pair production by high power optical lasers. 

2. The kinetic approach 

In the kinetic approach [7], the basic quantity is the distribution function f (p, t) of elec­
trons and positrons which are considered as quasiparticles in a time-dependent external 
field. The kinetic equation for this function is derived from the Dirac equation in an 
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external time-dependent field by the canonical Bogoliubov transformation method [3], or 
by the help of the oscillator representation [25]. This procedure is exact but valid only 
for the simplest field configurations, e.g., the homogeneous time dependent electric field 
with the fixed direction 

E(t) = (0, 0, E(t) ), E(t) = -A(t) , (3) 

where the vector potential is given in the Hamiltonian gauge Aµ= (0, 0, 0, A(t)) and the 
overdot denotes the time derivative. Such a field is not appropriate for a quantitative 
description of the laser pulse, but can probably be used as qualitative model to estimate 
results. The corresponding kinetic equation in the collisionless limit has the form [7] 

t 

df~, t) = ~6.(p, t) I dt' 6.(p, t') [1 - 2f(p, t')] cos B(p, t', t), (4) 
to 

where 

6.(p, t) 
Jm2 +p2 

eE(t) 2 ( ).L, 
w p,t 

(5) 

w(p, t) Jm2 +Pl+ (p11 - eA(t)]2, (6) 
t 

B(p,t',t) 2 J dt1 w(p, ti), (7) 
t' 

and m is the electron mass. Eq. ( 4) can be transformed to a system of ordinary differential 
equations, which is convenient for a numerical analysis 

j 1 
-6.v1 2 , 

il1 6.(1 - 2!) - 2wv2, 

il2 2wv1, (8) 

where v1, v2 are real auxiliary functions. The system (8) is integrated via the Runge-Kutta 
method with the initial conditions f(p,t0) = v1(p,t0) = v2(p, t0) = 0. The momentum 
dependence of the distribution function is defined by means of a discretization of the 
momentum space in a 2-dimensional grid, where the system (8) is solved in each of its 
nodes. The concrete grid parameters depend on the field strength, where typical values 
are 6.p;:,; 0.05 m (grid step) and Pmax;:,; (5-10) m (grid boundary). The particle number 
density can be found after that as a moment of the distribution function 

I d3p 
n(t) = 2 (

2
7r)3f(p, t) . (9) 

Let us consider a harmonic field which acts during N periods (laser pulse): 

E(t) = Emsinvt, 
Em 

A = --;;- cos vt, 0 < t < N 2
7r. 

- - v (10) 
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Figure 1: Time dependence of the density n(t) in the volume .\3 in the weak periodic field 
E/Ecr = 1.5 -10-5 of an optical laser (solid line) compared to the near-critical field case 
of an X-ray laser [20] with E / Ecr = 0.24 (dashed line) 

The time dependence of density for the field (10) with the parameters Em/ Ecr = 1.5 -10-5 

and v/m = 2.84 · 10-5 is shown in Fig. 1 in comparison to the planned X-ray laser [20] 
with E / Ecr = 0.24 and v /m = 0.015. The pair density oscillates with twice the frequency 
of the laser field. The density value n,, which is evaluated in the imaginary time method 
[9, 15], corresponds to an integer number N of field periods, nr = n(27rN/v), and it 
is negligible in comparison with the density value nm corresponding to the electric field 
maximum, nm= n[7r(2N - 1)/2v]. The mean density per period (n) is of the same order 
as nm hence for the considered conditions the ratio of< n > /nr is approximately 3 · 1011 . 

As a consequence, in spite of the fact that the residual density for the X-ray laser exceeds 
the one for the optical laser by a large factor, the situation is different regarding the mean 
density: the optical laser can produce more pairs per volume lambda cubed than the 
X-ray one. 

3. Low density approximation 

The low density approximation f « 1 can be used in the weak field limit E « Ecr. In 
that case it is possible to obtain analytic estimate for the particle density by means of 
the Eq. ( 4). The particle density in this approximation is 

e
2 J 3 2 ft E(t1) !ti E(t2 ) ( !ti ) 

n(t) = (27r)3 d pc:.l to dt1 w2(ti) 
10 

dh w2(t
2

) cos 2 t
2 

dt3w(t3) , (11) 

and it can be transformed to [22] 

(12) 
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Figure 2: The momentum distribution of the created pairs (left panel) and its f = const 
sections (right panel) at t = 7r / 2v (maximum of the field) for the field strength Em = 
1.5 · 10-5 Ecr and >. = lOOnm 

Let us assume additionally that the condition 

mv 
I= [e[Em » l, (13) 

is satisfied, where /is the adiabaticity parameter [9]. This relation can be treated as the 
condition for quasi-classical charge transport in an external field on the time scale~ l/v, 
if only the pairs are created with vanishing momenta. The latter condition was often used 
in relation to the longitudinal momentum [26] but the real momentum distribution of the 
EPP has a width of the order of the inverse mass for both transverse and longitudinal 
momenta, see Fig. 2. The momentum distribution shape varies essentially at the moments 
of time corresponding to the field minima: a complex quasi-periodic structure with a mean 
period of about the inverse laser frequency is formed. The mean period value of such a 
structure decreases proportionally to the number of field periods. 

By means of the inequality (13) Eq. (12) is reduced to 

2 

(14) 

The time integral is calculated analytically for the field (10) and t0 = 0 with the result 

1 J 3 c:i n(t) = 2(27r)3 d p w4 ( 2 
eEm 

2
) 

2 

{v2 (1 + cos2 vt) + 4w2 sin2 vt 
v -4w 

- 2v [v cos vt cos 2wt + 2w sin vt sin 2wt] } . (15) 

According to Eq. (15) the residual pair density after N periods is nr = n(27rN/v) and 

387 



mean pair density per period (n) are estimated as 

(eEmv)
2! 3 [ cJ_ ]

2
. 2 ( w) 

nr= 47r3 d p w2(v2-4w2) sm 27rN;' (16) 

(eEm)
2 ! 3 [ cJ_ ]

2
{ 2 2 < n > = 4(27r)3 d p w2(v2 - 4w2) 3v + 4w 

wv
3 

. ( w) [ w] } + 7r(v2 _ 4w2) sm 27r; cos 27r(2N + 1); . 

(17) 

Now we shall be limited to the frequency range 

LI<< m, (18) 

where the dependence of the densities (16), (17) on the number of periods N is negligible 
and we get 

_ 4 ( eEv )2 ( eE)2 

nr = 5.2 X 10 --
3
-, < n >= 1.6 X 10-3

--. 
m m 

(19) 

This conclusion differs from the one obtained using the imaginary time method [9] where 
n(27rN/v) ""N. The latter approach allows to calculate nr but not (n). 

According to (19), a very simple relation connects in our case the residual and the 
mean densities, 

(20) 

The mean density of electron-positron pairs is defined in this case only by the field ampli­
tude and does not depend on the frequency within a range of parameters (13),(18). After 
the integer period number (when the electric field vanishes) the overwhelming part of 
pairs is absorbed and the residual density, which is estimated within the usual approach 
[15], is negligible in comparison with the mean one used above. For example, for the 
Terawatt Nd-glass laser with the wavelength 527nm and the field strength Em = 6 · 1010 

V /cm [24] we have m/v:::::: 2 · 105, so that the mean density exceeds the residual one by 
more than 10 orders of magnitude. According to Fig. 1, there are :::::: 3 · 106 pairs in a 
volume of wavelength cubed on the average for one period of the laser field. Similar pair 
densities have been estimated for the conditions of an X-ray laser [8]. Let us notice, that 
the formula from Ref. [10] for the pair creation probability with the condition (13) 

w ~ (eE)2 ( eE )4m/v 
8 2mv 

(21) 

gives only a negligible creation probability ~ 10-105 in this case. This is not surprising 
because the formula (21) is not applicable for field pulses of finite duration. 

4. Discussion 

The simplest model of the laser field (10) predicts the existence of a dense electron­
positron plasma during a laser pulse, which is absorbed almost completely after switching 
off the field. The mean density is defined by the field strength and does not depend 
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on frequency. The plasma density reaches 1018 cm-3 for field strengths in the range of 
1010 

- 1011 V /cm. The question arises: Can this effect be accessible to an experimental 
verification? Below, we discuss two such possibilities. The first (passive) method suggests 
that the two-photon annihilation of the e+e- quasi particle pairs in the volume of the laser­
created EPP may result in an observable signal. The corresponding pair of ')'-quanta with 
a total energy of about 1 Me V should be registered as coincident signals in gamma counters 
placed on opposite sides of the laser focus. This effect is a possible manifestation of the 
new non-perturbative e+e- pair production effect in the laser field. The second (active) 
method suggests to use a weak diagnostic laser beam with a tunable frequency directed 
perpendicularly to the laser beam on the EPP region. The observation of a modulation 
of the probe laser signal with the time-dependent EPP density will not only prove the 
existence of the EPP but also allow to measure its properties. Apparently the intensities 
of these processes are small and therefore they will require a sufficiently long exposure 
time. We plan to give detailed numerical estimates for these processes in a subsequent 
work [27]. 
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