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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 GeV /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 on nuclear beams. The principles of symmetry and self-similarity can
be used to predict inclusive cross sections of particle production, in the central rapidity
region (y = 0). Recent analysis (see journal “Physics of Particles and Nucler’, 1996-
2005) makes it possible to conclude that the hopes for obtaining dense and hot matter
in heavy ultrarelativistic nuclear collisions were have not been realized yet. An overall
idea about the investigation in the field of relativistic nuclear physics can be got from the
Proceedings of the Dubna International Seminar of the present series. The interplay of
hadronic structure and QCD interactions is one of the defining features of the transition
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 Council on Electromagnetic Interactions and a member of the Bureau of the Nuclear
Physics Department of the Russian Academy of Sciences, Editor-in-Chief of the journals
“Physics of Particles and Nucle? and “Physics of Particles and Nuclei, Letters” as well
as a member of the Editorial Boards of many scientific publications, Among conferences
that were organized by Alexander Michailovich of special importance is just this series
of the International Seminars on High-Energy Physics Problems started in 1969 with M.
A. Markoy’s support. They have been given an unofficial, somewhat witty, name “Baldin
autumn” . ,

The Proceedings of the XVII International Baldin Seminars on High-Energy Physics
Problems (Baldin ISHEPP) 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. We would like to mention that the applied relativistic physics was inten-
sively discussed and this fact found its reflection in the Proceedings. During the Seminar
117 reports of 205 participants from 17 countries were presented. We expect that the
Proceedings will be 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 P, and P, the transverse and longitudinal recoil proton polarization components,
respectively, in ép — ep; the ratio Gg,/Gu, is proportional to P/FP,.  Simultaneous
measurement of P, and P, provides good control of the systematic uncertainty. The first
measurement of Gg,/G s, ratio was made to @Q?=3.5 GeV? and the second measurement
to (°=5.6 GeV?2 The results from these two experiments indicate that the ratio scales
like 1/Q%, 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 Q? of about 3 GeV% 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, Gg,/Ghpryp, has been
measured at Jefferson Lab (JLab) for Q? values ranging from 0.5 to 5.6 GeV? The
technique used was the determination of the recoil proton polarization components in the
ép — e reaction, with both final state particles detected. The results of the two JLab
experiments, the first one reaching to Q*=3.5 GeV?, and the second one to Q?=5.6 GeV?,
are now published [1, 2] and well known. The ratio uGpgp/Gaurp was found to decrease
linearly with QF, from =1 at Q*=0.5 GeV?, down to 0.28 at Q?=5.6 GeV?; in the dipole
model this ratio would be 1.0 for all Q2 values. These results demonstrated unambiguously
for the first time that the Q? dependences of G, and Gy, are different from one another.

Double spin experiments [3, 4] measure the product Gp,Gurp as well as G, 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 G4, and G3,,: the ratio u,Ggy/Garp obtained with
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the Rosenbluth method appear to be near 1 up to 5 GeV? [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 are currently preparing a third measurement of the Gg,/Gup-ratio at JLab, to
extend the Q°-range to 9 GeV? [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 Gg,/Gpp-ratios obtained from
cross section and polarization data, we have proposed [15] to measure the ratio Gg,/G
as a function of ¢, the longitudinal polarization of the virtual photon, by the recoil polar-
ization method. This study requires the same instrumentation as the G, (III) experiment,
and will hopefully occur immediately after it.

We will also review the results from several recent Gp), experiments at JLab, and
present the status of Gp, [16, 17, 18, 19] and G, [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 are the two components of the proton polarization in the
reaction plane, P, and P, as follows:

0

LP, = —27(1+7)GpyGuptan é’—

1 Iy .0
I()Pg = M—(Ebeam + Ee) T(l + T)G]zwp tanz ’5‘

P
Iy is proportional to the unpolarized cross section and is given by:
2 T 2
fo=Gpp+ ~Giyy (1

where ¢! =1+ 2(1+7) tan*(%), and 7 = Q*/4M;.
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An out-of-plane polarization component, P,, 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 Q*=5.6 GeV?

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
C Hy, 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:

1
= -2;(lﬂ:AyPtfp”sinw:FAyP,{p”cosw), (2)

(@)

where PfPP and P/7 are the physical asymmetries at the focal plane polarimeter, and A,
is the analyzing power of the polarimeter; the +-sign denotes the two possible helicities
of the polarized beam. In the data analysis f* is approximated by the differential yield:

YiE = LA
i T B NEn(

where the index 7 refers to a bin in ¢, Ay is the width of the bin, N is the number of
events in bin 4, N is the number of protons with specified helicity incident upon the FPP,
and n(49) 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
Hf PP and PJPP, 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 Q® reached so far, 5.6
GeV2.
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Figure 2: The Dubna celibration results
for the analyzing power of CHy: top
panel 4 analyzer thicknesses at p,=3.8
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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 =7

The polarimeter is characterized by the analyzing power, A,, resulting from L.§ cou-

pling in the interaction of the proton with the analyzer nuclei, and the probability of
interaction, n(¥), which is related to the inclusive differential pC or p(CHy) yield; A4,
depends only weakly upon the material of the analyzer, and n(¥) is determined by the
total mean-free path in the material, Ay, and the thickness of the analyzer. Hydrogen is
best, CH, next best. Efficiency and analyzing power have been measured in Dubna in
preparation for the third Gg, 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
Py into a normal component at the analyzer, P/P?, but does not change the polarization
component F; in first order.

In first approximation, at the target P, = PJP/siny, and P, ~ P/? 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 =70p(u, — 1),

where ©p is the bend angle of the trajectories in the dipole.
The desired ratio of form factors is then obtained from the target polarization components,
P, and F,, from the relation:

GEp Pz E, + Eé B
= ————"tan—
GMp Pg Zmp 2

3. Results of previous experiments

The JLab recoil polarization results are shown as the ratio p,Ggp/Gurp, 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 pyGpp/Gup from the Figure 5: The ratio Q*Fy/Fy from
JLab recoil polarization ezperiments, the JLab recoil polarization experiments,
compared to a selection of ratios ob- compared to recent pQCD predictions by
tained by Rosenbluth separation method Belitsky et al [22] and Brodsky [23].

The Sachs form factor ratio also determine the ratio of the Pauli and Dirac form factors
F,/Fy; 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 £,/ F)- 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 Gg,
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Figure 6: Form factor ratio compared to Figure 7: The ratio Q*Fy/F, as deter-
VMD calculations from the 1970°s. No- mined in the recoil polarization experi-
ticeable is lachello’s prediction of o zero ments 93-027 and 99-007, compared to
crossing of the ratio; his model included two recent pQCD predictions, by Be-
a small hard core inside the proton litzky et al [22] and Brodsky [25]

near 8 GeV? 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 measurement Holzwarth [27]
had also predicted a zero crossing of G, 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 Gp,/G s, 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 Q?=5.6 GeV? as the contribution of G, to the cross section is smaller than 10%. 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 Gg,/Gpp-ratio from polarization data by less than 1% at
a Q? of 5.6 GeV? 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 Vanderhaegen [10], Blunden and Melnitchouk {11], Chen, Afanasev, Brodsky,
Carlson and Vanderhaegen [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 due 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 1H (e, p) measurement;
all previous separations were based on 'H(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 red 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 Q? the form factors from Rosenbluth separation are strongly affected by
this small correction which is € dependent and G}, < 7G};,, as we now know from the
recoil polarization experiments.

The transverse polarization component, and therefore Ggy/Gup, 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-dimensional plot in Fig. 8, as the
absolute correction A{pR) to the form factor ratio R = 1,Gg,p/Gup, versus € and QT It
can be seen in this figure that at 9 GeV?, 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, G, 2 and Fj, instead of 2 real and relativistically invariant amplitudes,
Gu(Q?) and Gg(Q?), which can be written as [10}:

2 = £ AL '
T = Gyulk yulk)ap(r) (Garr - R+ B ) ) ©

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

oo [2¢(1 — €) Crle, @2)|Gum?
to T dO’

y {|C’M| - COS(?QM|F2}(1 +7) + I/COS¢3~M|F3|}
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where Cp is a phase space factor.

One approach consists in connecting measured cross-sections and polarization compo-
nent ratios at the same Q? and range of e-values, and extract by a fitting procedure both
the unknown “true” form-factor ratio R and the unknown two-photon contribution Yyy:

doseale) €0 R
B _ 2€p R+ YQ,Y(EP)
E(E”) - T(1+&p) 1+ 26,Y2,(g,) /(1 + &p) ()

where € and €, 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 Gg,/Ghap
at fixed Q2 of 2.6 GeV? with 1% statistics at 3 values of ¢, 0.12, 0.60 and 0.78 [35].

7. The next Experiment

7.1. New Polarimeter

The experiment Gp,(III) will extend the Q%range to 9 GeV? 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 does work. We 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 construction for the third Ggp
experiment in Hall C. The orange boxes are the permanent HMS focal plane drift chambers.
The two magenta bozes represent the two pairs of drift chamber of the FPP; the two CH,
analyzer blocks are not shown

started without the A, 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 CH, 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 vd — p(n). The results are shown in Fig. 10. The first analyzer was
44 cm of CH; and the second analyzer 50 cm of C. The data confirm that A, is larger for
CH, than for C and that A, is the same for 44 and 100 cm of CH; 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 CH, and C-sections of the double polarimeter
clearly show the advantage of CH,. Right panel: comparison of the result for 44 cm of
CHy, with those of ref. 2] for 100 cm of CHy confirming that no ioss of analyzing power
is visible with the thicker absorber

7.2. Calorimeter BigCal

The continuation of the recoil polarization measurements of the Gg,/Gar, ratio to larger
Q? 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, ~ 107 cm?. At Q°=9 GeV?
and with a beam energy of 6 GeV, this requires AQ,=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 1744 bars of lead-glass, 1024 bars coming
from Protvino and 720 bars from Yerevan; the individual bar size is 4x4 cm®, 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 pions. The frontal
area of the calorimeter is 2.8 m?.

8. Other form factor measurements at JLab

Two JLab experiments have measured the neutron electric form factor Gp, in Hall C [16,
17], and one has measured the neutron magnetic form factor Gy, in Hall B [20]. Two
new experiments at JLab will measure the neutron electric form factor to larger Q2. The
first will obtain the asymmetry in *He(& — en)?H in Hall A to Q?=2.7 GeV? [18], and in
the second the neutron recoil polarization in > H (& —, ')p in Hall C to Q?==4.3 GeV? [19]
will be measured. With these two experiments we can expect that the characterization of
the nucleon structure in elastic scattering will be much advanced in the near future.

26



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 Gg,/Gpp-ratio can be measured
as soon as an energy larger than 8.5 GeV becomes available in Hall C, to a Q? of 12
GeV?, using the new calorimeter and FPP being built for Gg,(I11) and the HMS. The
recoil proton momentum will be 7.27 GeV/c. A planned superHMS spectrometer would
allow the measurement of the Gg,/G p-ratio to 14 GeV2.

What will be A,7 We hope to have the answer from the anticipated second Dubna
calibration. The linear extrapolation of the A, 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 GeV? 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 Gg,/Gu, using the recoil polarization technique from 0.5 to
5.6 GeVZ. Above Q2 of about 2 GeV?, 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 view of the calorimeter taken in November, 2003: all lead-glass bars have
been stacked. Currently the calorimeter is fully assembled and is being tested by taking
cosmics data

The history of proton form factor measurements, which started with the pioneering
work of R. Hofstadter 50 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 in ep, A(e, €'p) and
(e, A) or (e, N*, respectively. A number of recent technological advances in acceler-
ators and instrumentation, including high performing polarized beams and targets, and
efficient polarimeters, have finally given 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 Gp,/Gur, ratio, GEL(IIT), is currently being prepared.
It will extend the Q2 range to 9 GeV?. There are several theoretical calculation which
anticipate that the ratio might change sign at a Q® smaller than 9 GeV?. The two new data
points this next experiment will provide, and their anticipated statistical uncertainties,
are shown in Fig. 14.

With another analyzing power measurement in Dubna, the Q% limit for Gp,/G Mp CAIL
be pushed to 12 GeV? 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, there
is also a need for neutron analyzing power data; the NUCLOTRON at JINR is the only
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 Foundation (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 NN 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 [ — 4 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, which 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 Formalism of the BS Approach
We start with the Bethe-Salpeter Equation (BSE) for NN T matrix:
Tapsr(Pp'p) = Vips (P p) (1

+ 4 / (—;/—;»«%—\/}),;(A(I PLE)S L (PF2 4 RYSa,(P]2 = kYT ps (PR ).
where P is the total momentum, p and p’ are the relative 4-momenta of the two nucleons
before and after the interaction.They are connected with 4-momenta of first ((11) and
second (qy) particles: P = q; + ¢qq, p = (g, — q;)/?, gy = PJ24p, gy = P[2—p. S.5(k) is
one particle green function: Ses(k) = [1/(k- v — m +ic)las.

The bound state corresponds to a pole in 1 matrix at P? = M3 (My is the mass of
bound state) takes the form:

Pag(P, ) L5, (P p)

Topon (P10 p) = —— 5t & Rop 5, (PP p), (2)
P2 — ;\[[“3 [
other states
baund state{mass=AMp)
where g is the vertex function of BSE, and R,s4, is regular at P? = M3,
We can express the BS amplitude by the vertex function as:
P P . .
Pap(Lrp) = S5 + P)Sps( = P (Pop), (3)
and we obtain the equation for the BS amplitude from BEq. (1-3):
P P dk 5
(I)zx/i(] p) = 75(177( +p)*5/3p( "“T?) / (2 )1 np ,«5(1 p»l‘)(b,é(f ) (1)

3. Partial-Wave Decomposition of the BS Amplitude

We determine two-particle spinor basis in c.m. frame as U’”(l (p)® U“( T(—p), where p
is the spin projection, p; 2 is so-called p-spin, which « 1%‘(111?111%11 the p()smve and negative-
energy states. Both of them are necessary to prepare the complete set for the two-particle
bound state. The spinors U [j;( ) are connected with the Dirac free spinors w,(p) and
v,(p) as

7 . 'Zl,“(p)., p =+, =
uptp) = { P02 ©)

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

[S(P/2+p)) 7 UED (p) = p.5, 0 U (—p),
[S(P/2 = p)] UL (=p) = p S5, UL (p),

where Ep = VT m2,
SY =1/(Vs/2+ poF Ep), SL =1/(+/5/2— py T Ep). (6)
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Here, we can write the partial wave expansion of the BS amplitude as

IM(Pp) = Suy(P/2+p)TIY(P,p)SH(P/2 ~p) (7)
S S8 g, 160 (po, [T EP 22 (P)UL,
LSpi1p2

where U, = ivyyo, and TV292122(p) is the spin-angular function defined as

/e (pyy, = it ST (LmpSmglIM) (G 5palSms) x (8)

ppzmyms

XY, (B)UL D (p) @ UZOT (—p).

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

bs1s0(po. [Pl) = ZSﬂP'(pO, [pl) 95150(Po, |P), 9)
o

where S, is

Sy =Sys = (Vs/24+po — Ep) ' (Vs/2 — po — Ep) 7!, (10)
S_ =5 =(v5/2+po+ Ep) ' (+/5/2 ~ po+ Ep)~},

-1
Se = See = S0 = (s/4 — P} — Ep) ((s/4— P} — Ep)* — 4p§Ep)
. -1
So = Seo = Soe = (2p0Ep) ((3/4 —pi - E;’,)2 - 4ng12,) , others=20.

The BS amplitude for the deuteron has 8 states: 35t 3D7 ' PEAP?, 3Ps 3PP 357 3DT.
387F,3D{ are positive energy states and others include negative energy states.

4, Solution of the BSE

After the partial-wave decomposition, the BSE for T matrix has the following form:
Top(pos [P'], po, 1P1; 8) = Vas(po, 1P'], po, [P 5) + (11)
i t 7/ !
55 [ Aok dIk| S Ve (P, 1P, ko, K ) Sy (o, [kl ) Ty ki, K1, 0, 15 ),
8
here the indexes of Greece character correspond to the partial states (a : JLSp).

We introduce separable ansatz to transform the BSE to a system of the linear equation
in the following manner:

N
Vas(6, 121,20, 1P 8) = > X 08 (06 [P1) 987 (0o, 121), g = A, (12)
i1
Then, the solution for the radial part of the BS amplitude can be written as
N
$s55(Po, 1P)) = 30 D7 o (pos [P 825985 (00, Ip]) s (), (13)

poni=l

34



Parameters of covariant Graz-II kernel of interaction

vy 28.69550 GeV™? XAy 2.718930 - 1077 GeV®
o0 64.9803 GeV~? Xz -7.16735 - 1072 GeV?
B 231384 - 107 GeV Ay -1.51744 - 1073 GeVe
By 521705 - 107 GeV Ay 16.52393 GeV?
Aor 7.94907 - 107! GeV Ao 0.28606 GeV*

1.5

oy 7512 - 1071 GeV Ngy 3.48589 - 1073 GeV®

where ¢;(s) satisfy the following system of equations:

N
(7,1((61) - Z ]{11\(5)>‘k1(7(5> = (), (14)
k=1
Hls) = 505 50 [ dkok?dik] Sy (ks kel 5) o™ (o, l) 6177 (ko ). (15)
= LSpp' "

5. Covariant Graz-II Interaction and P waves

To calculate various electromagnetic observables, we use the kernel which added P wave
gl 3

parts based on covariant Graz-II interaction. In above kernel {only positive states are

taken into account: S7.* DY), the functions g; have the following form [9]:

a5y 1—y(p§ — p°
025 (o, o) = g0 = P)

(P —p? - B3 (16)

st _ (-9
g2 (po, [pl) O
4Dy (= pH(1 = %l - p?)
o o P = G ok - 2 - P
0" o, 1P = 927 (pos 1P = 95" (po, Ip]) = 0.

Parameters of covariant Graz-1I are given in the Table.
In addition, we take into account the negative energy states: 'Pf and 'P;. The
functions g; of P waves have the following form:

9™ (o, 1p)) = 0" (0o, Ip1) = 013 (po. p1) = 0, an
N
94 * (po, Ip)) (02 —p? — B2’
o Ip]

1],10
g4 ' (Po, = Yy
o P =0 e

The solution of the BSE can be written as
: . 3sF :
bsst (po, [P) = (1 + exdia + cshag + cahaa)Segn™ (o, [p) + (18)

Jot
(1 X2 + coAoe + c3has + C4)\24)5+925’ (po. IP1), (19)
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3t
bspt (Do, IP) = (c1dis+ codag + cshas + cih3a)Sugs”" (po. pl),
1 pe 1 po
Srpe(po, [Pl) = (c1ha + c2don + c3hze + cihaa)(Segs’ (po, 1P1) + Sogs (po, 1p])),
1 po ipe
drpe(po, [Pl) = (c1hia + c2daa + c3dsa + cadaa)(Segs” (po, 1P1) + Sogs’ " (po, IpI))-

$r1py is even and ¢ pp 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

ie [ (—ff-;%T (B (P 7T (@)8aa(Prp) (SP7(2)) 7], (20)

il

(D' M| J,[DM)

It

o Yud — @Y, ;
yu P& (g?) — 2L D g3 g2y, (21)

©)
() g

where ® (P, p) is BS amplitude of the deuteron, P’ = P + ¢ and ¢/ = p+¢/2. q is the
momentum transfer and 5 = ~g¢2/4M? = Q?/4M? where M is the deuteron mass. The
vertex of YN N interaction I' <S)( ) is on-mass-shell form. The isoscalar form factors of the

nucleon F) fz 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, (0|.5l0), (1}.Jo|1) and (1]J;]0). The
electric Fo(g?), quadrupole F(g?) and magnetic Fy(g?) form factors are normalized as
Fo(0) = 1, Fo(0) = M*Qp, Fu(0) = upM/m, where m is the nucleon mass, Qp and
4p 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:

) 8 1 A
Ty [A+ Btan® 58] = \/_[317FCFQ + 9n2FQ + 377(1 +2(1 + n) tan® —)FM]
T, [A+Btan20 |= 2 (n + n*sin® 2 e 2R F, secg— (22)
21 5 \/—77 7+ 7°si 5 MLQ 5

0,
T [A+ Bt 2—:————F
22 [A + Btan 2] 2\/577 M>

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:

o Hamada-Jonston (HJ), Reid Soft, Hard Core (RSC, RHC), Graz (Phenomenologi-
cal);
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e Paris, Nijmengen (Semi Phenomenological);
e Bonn {One Boson Exchange Potential (OBEP));

e Separable forms above NV potentials.

To improve the NIA one needs to take into account a number of corrections. The most
important among them are: accounting of the electromagnetic vertex, relativistic correc-
tions (RC), isobar currents (1C), quark admixture (QA) and mesonic exchange currents
(MEC). RC can be taken into account by different methods, but the most important part
of-the RC is included in MEC, so one must be careful to avoid double counting. It was
shown in paper [10] that IC do not play significant role in the region of considered trans-
fer momenta. Thus, the MEC are the most important corrections to NIA which must be
taken into account in elastic electron-deuteron scattering. The choice of the electromag-
netic vertex, and MIEC has been investigated in many papers (for details see, [11]). Here
it would be opportunely to mention that it was shown the connection between P waves
and MEC pair currents in the papers [12] (see also review [8]).

8. Calculations and Results

To see the contribution of P waves, we use the Graz-1I kernel parameters (see Table), and
introduce the conditions to fix the freedom of the parameters for P waves:

— .
/ 2 e
Ay = “\//\n%x; Aoy = ([ Aoy, Agg = y Aastig,  Agg = uj, (23)

€0 tpen ips apy

dko k2 dlie] 152 (9. 4+ 97 + S0 (00" 92 s = 0. (20)

The deuteron binding energy Fy can be obtained under the condition of Eq. (24). Now
we have two free parameters for P waves: uy, v3. For example, we calculate to fit the F¢

node, the changing point of the sign, at 3 = —15. Then the parameter is decided as 1wy o
-10 or 9.75. The result of calculations using the parameter set: 3 = -15, ug = -10, 3 =

(0.4819 GeV are given in Figs. (1-5). The experimental data in Figs. (1-3), (6-7) are taken
from papers [13}-{15] and {16}; in Figs. (4-5) ~ from [17] and [18], respectively.

Curve denoted as ” Graz-I1 only, Dipole” corresponds to the calculation for covariant
Graz-11 interaction kernel with only positive energy states: 457 °D{ (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] nucleon form
factors, respectively.

The calculations of the A(¢?), Tho(q?) 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 see that NIA+MEC calculations with
Paris potential gives good agreement with experimental data A(¢?) in wide region of trans-
fer momenta up to 4(GeV/c)? and very good agreement with experimental data Tho(g?).
Now comparing the Figs. (3) and (7) one see the P waves and MEC contributions give
the same effect in description of the Thy(¢*). This fact explains that in this region of the
transfer momenta the main part of the MEC corresponds to the pair currents which are
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*jgure 6: Structure function of the deuteron A(g?). The dash-dot-dot curve shows the rel-
itivistic impulse approximation (positive energy states) calculation. Short dashes (dots)
ine corresponds to the nonrelativistic impulse approximation (NIA) calculation with non-
elativistic Graz-II (Paris) potential. Solid line corresponds to the nonrelativistic impulse
wproximation (NIA) calculation with Paris potential and MEC included. Experimental
lata are taken from [13]-[15], [16].
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Figure 7: Tensor polarization Tho(g?) calculated at 8, = 70°
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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 F. Why the F 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 (1Pf, LP?) by fitting Fg, at a certain set of
the parameters. We reproduced the Fp, Fg and Ty at over Q% = 2 (GeV/c)? and T5; at
0 < @ < 0.7 (GeV/c)?. And we show that MEC contributions to NIA approximations
(main part at the Q? less then 2 (GeV/c)? is pair currents) are close connection with P
waves in RIA calculations. Furthermore, we can calculate the form factors to fit Fis 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
ANTIQUARKS?
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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 (74g). 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, i, ¥y, 7, v) and quarks (u, d,
¢, s, t, b) are grouped in three generations

(:) (Lf:) (JT) - 6 leptons
(:1‘ ) (f ) (é ) - 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)p ® U(1l)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 authors'. 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 (spin”®"®, isospin — J¥I = 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).

(el":;) (‘:7?) (::) - 6 leptons
SSD—» T T T
€ G

(ZZZ) (22;) (f{,g) - 6 lowest mass (JI=1/2,1/2) baryons
. .. - 49 other ground states of baryons.

6 quarks

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 antineutrino?, and, corresponding antiquarks
are confined in electrons, and neutrinos.

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

!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 (NV;) to the total number
of neutrons (NV,)

N,,—N,‘,—"—‘Nm (1)

Unfortunately, the known estimation N, ~ Ny ~ (10% ~ 10°)V,, 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 @dd, 53, #bb neutrino
masses and small nonzero masses of charged leptons #ud, &3, #th, (ii) clear dynamical
explanation for the absence of almost massless ¢§ (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]

A7l <107Yem ~ (10TeV) ™ (2)

Thus the bound-state dynamics of the quarks must be such that the masses of the gqq¢-
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 o;(z) in the each generation i (i =
1,2,3) with a Lagrangian density of the most general renormalizable and scale invariant
form, and with strong interaction between o;(z) and color (@ = 7, g,b) quark fields ¢?(x)
of the same generation®:

21 1
Loocp = Lgcp + Z (—2—0,,01-6“:& — goiGigs — Z/\of) . (3)
=1
This model (lets call it 0QCD) contains seven parameters well known from QCD la-
grangian (Locp) — Agep and quark masses?

A’C","_gD = 200MeV, (4)

3Without any interaction between o;(z) and quarks of other generations 7 5 i
4Quark masses are given at renormalization point pocop = 2GeV
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(mu = (2—4)MeV\ (1= (1.15—1.35)GeV\ [, = (169 =+ 0.35)GeV )
the = (4~ 8YMeV | > \ 1y = (0.08 = 0.13)GeV | * \ iy = (4.3 £ 0.20)GeV |’

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

One of the central problems in ¢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 0y,.(z) and quark condensate <
vaclg(z)q(z)|vac >.

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

U(o) = Pro", 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

< vaclg(z)q(z)vac >= 77(732 (™

may be formed, where the dimensionless constant 4, can be calculated self-consistently
in ¢QCD or estimated from bag model®.

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

V{o,r) = go < vac|g(z)q(z)|vac > +%/\04. (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
Cuae(r) = = (3 < vaclg(r)g(r)|vac >) = - (—37@) rt (10)

at a large finite value 0y,.(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

O = Oygc + 01, (11)

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

0.15-3-2
g <

< vaclgqlvac >= — 7

0 (8

where factors 3 and 2 correspond to three colors and two flavors in each generation). QOutside the bag
< vaclgqlvac >— 0.
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O O’Va(’:

0 Cvac

Figure 1: Typical form of the potential functions U(c), and V{o,7). Units on the vertical and
horizontal axes are arbitrary

where 0, is a c-number field. It is convenient to work in the rest frame of the scalar
field 0yqge- In this frame, gy (r) is time independent.
Then lets expand the operator g(z) as follows:

g = chf]k(T) (12)
i

where {g.} is an arbitrary, complete orthonormal set of Dirac spinor functions and the c;
are fermion annihilation operators.
To lowest order in o1(r) the gu(r) and o,,.(r) satisfy the coupled differential equations

(@ - D +9B00uac)th = €xti (13)
_vzgvac + ’\Ugac =g Z Q/]:[)’QI\ (14)
k

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 {g;} in which the quark field operator ¢(z) is ex-
panded. Therefore for a static localized solution to (13,14) the sum contain vacuum and
valence quark contribuions

Zq,f.ﬁqk =< vaclg(r)g(r)lvac > + < wval|g(r)q(r)jval >, (15)
T

where the quark condensate can be used in form (7) with vz = —0.15- 3 - 2 (see eq.(8)).

In deriving equations for the critically bounded states the contribution from the vac-
uum polarization dominates over the vanishing valence quark contribution < val|g(r)q(r)|val >
The last term in (15) can be omitted in calculations of oy.(r). In this particular case
equation (14) simplifies to

3 Ya
"VQUvac + ’\Uvac == - _’I“%q’ (16)

and has pure Coulomb solution (10) in respect to the scale symmetry of cQCD.
Inclusion of only 0y, 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 0,,.(r) the total mass of the quark-scalar soliton can be calculated within
MFA by use of the virial theorem [29)
+1

n —
gsoliton = /dnx [ )2 + n_i—”‘)‘o’:ac + <qul - U'uac) 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 Vo, ~ r~* vanishes, and the proportional to o ~ 778
terms cancel out. This is an important feature, since o . 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 valence )\ 2 A acp
Esotiton = Z Mg — /d3fl? Opac = —4m Z Mg (g) Yéq In <-1——--) . (18)

quarks quarks HQcp

The soliton energy (18) in MFA is proportional to sum of current masses of valence quarks
(parameters of violation of scale symmetry), dimensionless constant (A/g)%vz (A ~ 1 and
g ~ 1, 93 ~ —1), and a logarithmic factor. Therefore, taking into account (2) and (4)
each valence quark contributes to the soliton mass

A\° A2 A\
Mq ~ ——47rmq (-g—) Yaigq In ( UQCD) > 116 (‘q‘) Ygq Mg (19)

AQCD

It should be noted that the spontaneous violation of scale symmetry in cQCD is the
reason for the exact cancellation of the large ~ Asgep contributions to the mass of the
system. Nevertheless, for (\/g)?v;, 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 (M,) to the neutrino masses, is the quantum corrections due to the fluctu-
ating field oy.

Although, the MFA already contains important nonlinear effects, deviations from this
approximation are generated by o;. If effects due to o; 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 = Esotiton + Zek(b;fcbk + d;[cd;_)
A B
+ /d3 { (n} + ival‘2+3>‘avacal)+ CTvaco'? QZU?
+ g (3= <vacldglvac >)o |, (20)

where m is the momentum conjugated to oy, b = ¢ are the particle operators for ¢ > 0
and dy = c;fc, where k = (k,m,¢), k = (—K, —m, —¢) so that )

g= 3 (begr +digg). (21)
k (ex>0)
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The by and dy, are particle and antiparticle annihilation operators.
Lets also expand o7 in terms of an arbitrary, complete set of functions, e.g., {s;}, as

o1 =Y () *(al + a;)s; (22)
7

m =iy (2w)(af — a)s; (23)
J
where the a; and a§ are the usual Bose annihilation and creation operators. The index j
is the collection of quantum numbers needed to describe the eigenstates s;.
The s; and w; can be fixed by requiring the s; to satisfy the eigenvalue equation

(~V?%+ 302, ~ wf)s]v(r) =0 (24)
Now the Hamiltonian can be rewritten
H=&Mm+;q@m+¢m+2%@@+§+ﬁ, (25)
: J
where
H = /d3z [ g (Gg— < vac|ggjvac >)oy

T (26
The {g} and {s;} 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 ,,.(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 (o} and of) are not an essential
complication. These terms additionally contribute to renormalization of quark masses m,
and coupling constants g and X. In particular, due to quantum loop corrections, after the
dimensional transmutation myg, g, A [31], and ~yg, [32] depend on the ratio of momentum
transfer (p) to the characteristic scales Agep, and Asgep:

1 2 A2 16/11
o= () e
2 v 1
g°(p) ~ —In( AzQCD)“ ; (28)
p2 1
Ap) ~ —In( AZQCD)“ ; (29)
Talp) ~ ~In( 37—, (30)
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therefore the renormalized soliton energy
valence
gsoliton. = Z Mq, (31)

quarks

where

A\’ e Infu? A2 16/11
Mq(Boqep) = —4n <§> Vg mq/ aco 1 (M) _

s T In{n?/{rAocp)?)
2 Boep s/
22 (AN (Hhop In (e
~ =T 7 g In A2 1-— e AT | (32)
D 2QCD
In (hzg_chn>

It is = 6 times smaller than (18) at A,gcp = 10TeV, and differs from (18) by the last
logarithmic factor which is slightly decreasing with Asocp-

These quantum corrections explicitly violate the scale invariance of cQCD and form
the characteristic large momentum scale of this theory A,gcp > 10TeV. Therefore cQCD
allows almost massless (relative to Aygcp) soliton solutions of very small radius ~ Aygcp.
The scale symmetry of cQCD leads to dynamical reduction of the characteristic energy
scale of Aygep 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 oy with quantum
numbers chosen to be I€JF = 0~0%. Mass of m,, = ?AUQCD 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 o;-meson allows to avoid undesirable lowlying meson-
like ¢ states. Because the source of this interaction is meson exchange it is related by
crossing symmetry to the ¢¢ 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 gq system which is produced by the exchange of I¢ = 0~
oi-meson becomes a strongly repulsive short-range force in ¢g systems. In addition, in
g system there is annihilation interaction which is always repulsive. Therefore in cQCD
lowlying ¢ 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 My = M, = 1.35m (Fig.3).
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i ---- Bosons zero range
§ e~ Fermions zoro range (1)

0 08 1
M,

Figure 2: Three-fermion bound state mass Mz versus two-fermion mass My (solid line) in
comparison to the three-boson bound state mass (dash line) calculated in the framework of the
Light-Front Dynamics for zero-range scalar interaction [34]. The mass M3 of the relativistic
three-body bound state exists only when M, is greater than a critical value M, (= 1.43m for
bosons and = 1.35m for fermions, m is the constituent mass). For My = M, the mass M3 turns
into zero

For M, < M, there are no three-particle solutions with real value of M3, what means
from the physical point of view that three-body state no longer dominate in the sys-
tem and configurations with quark-antiquark pairs became essential for the critically
bounded states. This means that in ¢QCD there is a critical value for coupling constant
Gerit (Mgy, Mgy, Mg, A\, €orp, @) & 1 so that for ¢ > ge masses of elecrtically neutral
(Q = 0) states with tree valence quarks (udd, ¢ss, tbb) became extremely small and these
states can be interpreted as antineutrinos®.

In order to estimate masses of the charged leptons lets assume

(Mg, + Mg, + Mq3) V31— 9%/ 9%

falloff of the 3-body mass versus g to the critical point g, = 1.1 (Fig.3).

0 0.5 Jerit g

M3 Mz
M \ Mz

1. 35>IrgZ Iln.:smq
0 4]

0 0.5 Jerit g
Figure 3: Typical behavior of a critically bounded 3g, and strongly bounded 2¢ systems of
quarks with equal masses (M) vs coupling constant g

Then small deviation from the critical point caused by difference in electromagnetic
interactions of electrically neutral (@ = 0) gqq states (neutrinos) and charged (@ = +1)

SCorresponding almost massless states with tree valence antiquarks (@dd,

53, ibb) can be interpreted
as neutrinos.
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states can be written in the following form?”

200
Mecharged = “fgt‘?’ <2M};p(AoQCD) + Mgawn(AaQCD)) B (33)

where agep = 1/137. Therefore, for a given value of still arbitrary A,qgcp and X, ¢QCD
allows estimate the masses of e, u, 7 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 ety via M1 transition. The proton mean life time

~1
dapg m 8 m o
) QLDA P P
7(p — e¥7) < g Doacp <2 Aan)) ( 1 Aanu) > (34)

must satisfy the experimental upper limit 7(p — e™7) > 4.6 10%* years. This take place
if AaQCD > 1.2 10°GeV.

5. Masses of charged leptons in ¢QCD

Taking into account that for Aggep > 1.2 10°GeV M, is almost independent on Asqep,
and chosing A = 0.1 0QCD predict the following values for masses of the charged leptons

me = 0.48(0.51)MeV,  m, = 105(106)MeV, m, = 13.7(1.8)GeV,  (35)

where experimental values are given in parenthesis. The too large difference between the
calculated masses and the data for m, may be caused by too large differences between
masses of ¢ 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
oQCD dynamics which may be related to the fact that the observed fermions are much
lighter than A,gep. 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 g4 = 1 in contrast to g4 =~ 1.25 for
mucleons) can be explained and estimated in cQCD.

V1= (gerie = @)? /g% = /20 (gerwr) for a < 1

51



7. Conclusion

It is shown that leptons could be composite bound states from quarks or antiquarks
(e = |aud >, v, = |add >, et = |uud >, b, = ludd >, p~ = |¢&5 >, v, = |35 >,
W= |ccs >, b, = |css >, 77 = [ith >, v, = |tbb >, 7T = [ttb >, U, = [tbb > ) within
QCD extended by addititional scalar fields with sufficiently strong coupling constant and
large renormalization scale Aygcp > 105GeV: ground states of this theory are almost
massless and localized at small radii ~ A}¢p. 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 A,ocp 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 7., and the antiquarks are hidden in e~ and v,. 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(3-), O('N‘m) and O(—m Inm) 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-instanton distance R ~ 1 fm. These values was found phenomenologically [1] 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].

It 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 < g >, 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 qucul\ mass m ~ few MeV these quantity receive large so called chiral
log contribution ~ —N-m In m with fixed model mdependent coefficient. On the typical
scale 1GeV it become leading correction since |- v Inm| > 1. It was shown, that this
correction is due to pion loop contribution {12, 11].

So, to be consistent we have to calculate simultaneously all of the corrections of order
m, [\1 , N In m 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 Dety,,,, obtained in [15, 8, 16], was derived effective action. In this framework
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was investigated current quark mass m 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 Det;o,. The following averaging of Dety,, over instanton collective coor-
dinates is done independently over each instanton thanks to small packing parameter
7(4)" ~ 0.1 and also by introducing constituent quarks degree of freedoms . 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 Ny = 2 and calculate partition function Z[m)]
with account of meson loops. This one provide us the quark condensate with desired

O(m), O(x:), O(z-m In 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 m the quark propagator in the single instanton field A; can be approximated as:
1 [Do; >< Doy}
Sim ~0) & = 4 ———— 1

1l e 0) & = 2 (1)
It gives proper value for the < ®or|Sp(m ~ 0)|Po; >= X, but in Sy(m ~ 0)|@er >=
@9’3 + = i@w > second extra term has a wrong chiral propermes We may neglect by this
one only for the m ~ 0.

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

Iq)()[ > ‘I)()[l 1

Sy = Sy + Sy 6 (950, Sp = (2)
cr id + im
where o i
Ccp o= - < @0]!?‘,8507:8*(1)0[ >=1im < <I>01[Soi8|<1>01 > <3)
The matrix element < $or|S;|Por >= =, more over
(Bop >= — [P Bor|Sy =< Bor| == @
Stl@or >= %‘ or >, < Pop|Sp =< Bor P

as it must be.
In the field of instanton ensemble, represented by A = 3, 4;, full quark propagator,
expanded with respect to a single instanton, and with account Eq. (2) is:

S = So-i-z (S — Sp) +ZSI—SO)SO (S5 — So)
oy
+ 3 (51— 50858y — S0) S5 (Sk — So) +
[#TT#K
1 1. .1

= Sy + ;Soiékpol > (5 + ETE + -”)1‘] < ®0Jii8$0

< q)ojiiéSo (> )

[

1
= S() + ZSQZ@I(I)Q] > (C T)
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where

C]j = 6]JC[ = ‘”‘51] < @01|ié$oi5!(1>01 >,
(C —_ T)]J EEER ‘bo[}i@S@i@l@o.] > (6)

We are calculating Dety,, using the formula:
In Detyop = Tt /N " adm!(S(m!) = So(m)) @)
1

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

(S So Z < (I)o JIZ@SO Z@l@o[ >< @01[( )I 0,0 > (8)
6.5’0 %,
Introducing now the matrix )
B(m) s =< ®¢,]i850id|®0,s > (9)
it is easy to show that
I Detig, = To [ it (S(m') = So(m) = 3 [ )
n Detygy, = i (S(m B(Ml) B(m’) "
= Tein B0 _ 1y det B(m) — Indet B(M) (10)
- BG) T :

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 Det,., leads to the partition function Z[m], which for N; = 2 has the form:

Z[m] /dA+dA Dy Dyt exp] /d"rZ'z/)f(za + tmy )y (11)

K K
+A+Y2+ -+ A_Y2~ + N+ In — N. h'l ‘—],
N .

here A1 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. Y;* are t’Hooft type interaction terms [10]:

V= g [ 4l (p,2) + (@) (12)
= | d(’;;) el ~ e 5 =
J;tu)fg(z) = / d(l;;cil expi(ks — 1 )1qf (kf)l ﬁ;%au,,qg(lg)



where q(k) = 2mpF(k)y(k). The form-factor F(k) is due to zero-modes and has explicit
form F(k) = —£[Io(t)Ko(t)— I, (£) K;(t )], 1tz - In the following we will neglect by Ji5, ;. ()

2
1nteract10n term, since it give a O(; 2) contribution to the quark condensate. Since

4(z) = [ s exp(ike) q(k), T, (2) = qf (@) 52, (x),

iJt(z) ] (z)
g g

det + det

(13)
- 8L92(—(q+(a:)Q(x))2 ~ (g* (2)insTa(2))? + (¢ (2)7(2))? + (¢ (2)insq(x))?)-

Here color factor g% = Q—\(’;N;:)_%I;—]‘—

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

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

6q = ivsTdg, o¢F =qtipTa

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

-

00 = 2a¢, (5(;’) = —2&c, 0n= —2ad, 06 = 2na.

Then 8¢+ (0 +ivs7d)q = 0, 8¢+ (75 + ivsn)q = 0 means that these combinations of fields
are chiral invariant !. So, the interaction term has an exact bosonized representation:

/d4x exp[A(det ——°;- + det Z—{g:)] (14)

205
= /DaDd)DnDa exp/d'* 7(1 ti(o + iysTh + iTF + Ysm)q — —(0 + ¢ + &2 +1%)
Then the partition function is
- " K
= / d\DoDFDnDF exp[NIn =~ ~ N (15)
p+1im + ii%s«(pr)zF(o + i75F$+ iTF + s F

i
/dx(ar + @+ +7%) +Trln S ]

(Tr(...) means here tr,. s fd*z < z|(...)|z >, where tr,; is the trace over Dirac, color,
and flavor indexes.) In the following we assume m, = my = m. Then common saddle

point on A, o (= const) (others = 0)is defined by Egs. BV[ran/\.)\,a] = 3\/'[:;10.)\,0] = (), where
the potential
K P+ i M\ 0)F?
Vim o] = —Nln 4 N+ Lve? - e 2H UM+ MO, JF*(p) (16)
A 2 p+im

!Certainly, quark-quark interaction term Eq. (13) is non-invariant over U(1) axial transformations,
as it must be.
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and we defined M(A, o) = ’%3(27rp)20. Then the common saddle-point on A and o is
given by Eqgs.: )

Iy MO Ly, (17)
27 p+ilm+ M o)F3 (p) 2

The solutions of this Eqs. are Ao and oo = (2&)Y? = 2V/2R72. It is clear that M, =
M(Xp,00) has a meaning of dynamical quark mass, which is defined by this Egs.. At
typical values R~ = 200 MeV, p~! = 600 MeV we have 2 = 2(200 MeV)*, and in chiral
limit m = 0 My — Mgy = 358 MeV, \gg = ME,. It is clear that due to saddle-point
equation (17) My (and Xo) become the function of the current mass m. This dependence
was investigated in [14].

N =

Vacuum with account of quantum corrections

The account of the quantum fluctuations around saddle-points og, A\ will change the
potential Vim, X, o] to Vissrlm, A, o] (it is clear that the difference between these two
potentials is order of 1/N,). Then, the partition function is given by Eq.

Zlm) = [ dxexp(=Vigylm, A, o)) (18)

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

which leads to the A as a function of o, i.e. A = A(0).

Then, the vacuum is the minimum of the effective potential V,ssm, o}, which is given
by a solution of the equation

dVesslm, o, Ma)]  OVesglm, o, Mo)]
do B o

=0 (19)

=0. (20)

where it was used Eq. (19).
We denote a fluctuations as a primed fields ®). The action and corresponding Vs
now has a form:

S[m, A, 0, @] = Splm, A, o] + Sy [m, A, o, @], (21)
Solm, A, o] = Vim, A, o] = %VO”Q — T 2 i(mﬁtﬁj’ V) _ N iﬁ N
Sylm, A, 0, = / d“:zc%(al2 +6%+52+ n?)
_2<17‘—> [13 + z(ile—E—\A;()f;)F) (0 + 00579+ 470" 01|
and
Vegrlm, A, o) = Solm, A, o] + V7% [m, A, o] (22)
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Here second term in Eq. (22) is explicitly represented by
1 528y [m, ), o, <I> d q 1 d'p
y/mes /,)\, [ In / — /._....._
eff [m 0] 2Tr 5(1)/( )5(1)/ Z tr— o2 (27‘.),1

MO o) F(p) ‘ M(A10>F1<p+q) T
p+i(m+ M 0)F2(p)) ‘p+G+ilm+ MO o)Fp+q)

(23)

where the factors I'; = (1,457, 47, v5) and the sum on 7 is counted all corresponding reson
fluctuations o’ ,5’ ,0',n'. 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 contnbution will move the the coupling A from Ag
to Ao + A and ¢ as gy — 0p + 01, where & 52 and —1 are of order 1/N,.

First, consider Eq. (19):

dVesslm, A, o] iM(X, o)
A ffdA =N- 2Trp+1(m+M Z/ (24)
d*p M(A a)F2(p) M(A,G)FZ(erq) e
><{(72—tr/(27r) 1p+i(m+ M\ o) F(p ))Fi;ﬁ—%—ﬁ%-i(m-}-M(A,J)Fz(p+(1))li] 1
x[_tr/ d'p MO 0)Fp) M@, o)F*(p +q)
@Y p+i(m+ MO, o) F2(p)) ‘p+q+i(m+ MO o) F2(p+q)
siv [ 22 ( M(), o) F(p) )21, M\, 0)F(p +q) -
L@t \p+im+ M 0)FA(p)) TP+ q+ilm+ MO o) (p+q)) "

From this saddle-point Eq. we get A = A(o).
From vacuumn Eq. (20) we in similar manuer arrive to:

WVerslm, o, Mo)] iM(Mo), o) F?

o~ =V T o) ) Z/ (27r)4 (25)
2 d'p M(Mo). o) F*(p)

xlo _tr/(27r)4]5+i(m+M(/\(o),J)Fz(p)) i

M(Xo),0)F*(p+q) -
p+g+i(m+ M), 0)F2p+q) "

i MO@), ) Fp)
X[Qltr/(Zr) ( Ti(m + M(\No), )F?(P>)> T;

y M(Na),0)F*(p +q)
P+ G +ilm -+ M(\(o),0)F2(p+q))

F1]:O

Since we are believing to 1/N, expansion, it is natural inside quantum fluctuations con-
tribution (under the integrals over ¢) to take 0 = oo, M(A\(0),0) = M.

To simplify the expressions introduce vertices V2(q), V3(¢g) and meson propagators
I1;(q), which are defined as:

) = tr / d4p MoF?(p) MoF?(p +q)
2n

P i) P at i) (26_)
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Vig) = tr/ d'p (MOFZ(p) >2F- MFP(pta) (27)
@r)* \p+iuo(p)) ~ "B+ G+inlp+q)

2 .
i~ V) (28)
Here j5(p) = m + MyF*(p) and was taken into account that of = 2R™.

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

%ﬂﬁ*vﬁf%g;ﬂ} z/dq ~ Q)L (29)

D+ iio(p)
ﬁ—~£4>:/ d'q
oo 4 47) (2m)

The vertices V;2(q), V*(g) and the meson propagators I1;(q) are well defined functions,
providing well convergence of the integrals in Egs. (29), (30).

It is of special attention to the contribution of pion fluctuations 5’ 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 H;}(q) at small ¢ ~ m, is: H(g,l(q) = fL.(mi+¢%). At
lowest order on m, frinm=o = fr = 93 MeV, m2 ~ m.

The vertices in the right side of Eq. (29) at ¢ = 0 and in chiral limit are:

d4 QMZ( )
)= 5. [ G G MGG o

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

1 (g) =

Mi(g) (30)

V3

@} m= O(O) Vz

d>'m0

d'p  ipMo(p)
t = -2 0 A 0 2
S s ol = 2 ded®) = Vi) e
Collecting all the factors we get small ¢ < & contribution of pion fluctuations ¢':
M, 3 = dig 1
M, Femattg = —ﬁz/o G+ @ (33)

3 ® 22 i 3 2, .2 my
—_—— 1 = In —T
wﬁﬁf;q‘qﬁw&+¢> Ry A )

Here we put m = 0 everywhere except m,. We see that the coefficient in the front of of
m2 Inm? is a model independent as it must be.

This one dictate the strategy of the following calculations of My:
1. we have to extract analytically *Al,—cmlnm term;
2. rest part of M; can be calculated numerically and expanded over m, keeping 7\17; and
Vm terms.

For actual numerical calculations we are using simplified version of the form-factor

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

L? 1. 414
i Fp>2GeV) =

Flp<2GeV) =
where [ ~ % = 848MeV.

(34)
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At N, = 3 semi-numerical calculations of M; and o, lead to:

M

1= 0.662 — 4.64m — 4.0lmlnm (35)

Mo

gi = —0.523 — 4.26m — 4.00mInm (36)
o]

Here m is given in GeV. Certainly, in (35) the m Inm term is completely correspond to
Eq. (33). A—’; is —66% in chiral limit and reach its maximum ~ —20% at m ~ 0.115 GeV.
The relative shift of the vacuum oy/0y is —52% at the chiral limit and reach its
maximum ~ —2% at m ~ 0.125 GeV.
The main contribution to both quantities 3 Ml and ¢y/0¢ come from pion loops. Other
mesons give the contribution ~ 10% to O3 ) and O(]—\,—m) terms.

Quark condensate

We have to calculate quark condensate beyond chiral limit taking into account O{m),
O(Rl,:), O(ﬁ;m) and O(NLCm Inm) terms. Quark condensate is extracted from the partition

function:
_l_dVeff{m, ol i@(V{m, A, o] 4+ V7§ [m, Ao, 00))
PYY dm v om
*'}—TY(A 7 - Z )+ 1 a effe' [m,/\o,a'()]
p+iu(p) p+im’ 2V om

< gq >

Y (37)

here A = X+ A\, ,0=00+0y, M= M+ M, ulp)=m+ MF*(p). First term of
Eq. (37) is
1 7 7
I _ :
v T mm@) pi
o(p) m My Mo(p)(p® — 15(p))
4N, / o ( +

(38)

P+idp) pPPtm? My (P2 +ud(p))?
Second term of Eq. (37) — meson loops contribution to the condensate is

1 a eff [m5A0700}
v om

_ i d'q d'p  Mo(p) . M(p+q) ,
o2 E/ (2m)t (tr (2m)t (p+ iuo(p))zr’ﬁ + G+ ipo(p +q) F’)

2N d'p  My(p) Mo(p+q) ) - ,
X —_— — 1 - - Ii— - - T (39
( 4 r/ (2m)4 B+ iuo(p) "D+ 4+ iuolp+ 9) )

At m = 0 and without meson loops the condensate is

_ d*p Myo(p)
<0 >00= ~4. | (2m)* p? + M3 (p)
Here Moo = My{m = 0].

(40)
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Let us to consider now the contribution of pion fluctuations q;’ to the quark condensate
at small ¢. First we consider:

(9V“5 ysmail I, Ao, 00) /\{2( wolp) = d'q
= 12V,
o / /(; ( W) (41)

2V am (P + u(p))? * fim(m + ¢°)
We keep m only in m?. Then at m = 0 /Jo(p) = My(p) = Moo(p), frin = fr and we have

dp Moo(p (P2“‘~Mgo( )
Zr)t (P + M (p))?

Moop) _ ~ dlq 1
+ 1QNC/ (27&')4 (P2+§\4§o(p))2</() (@)t f2(m2 +¢?)

3 o diq 1
- gg > 1 — = BT 43
<490 ( 2 /o (2m)t f2(m2 + qz)) (43)

Eq. (33) for %7% 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), O(T\,I—«) and O(ﬁlc-m In m)-corrections:

<dg> = <idq >0~ 4N / (42)

< §g >=< {q >m=o (1 — 18.53m — 7.72mInm) (44)

Here < §g >m=o= 0.52 < §g >¢0. Certainly, the mInm term in Eq.(44) is in full
correspondence with Eq. (43), as it must be. < §g > / < §g > =0 is a rising function of
m until m ~ 0.04 GeV and is a falling one in the region m > 0.04 GeV.

The main contribution to O(F- -), O(—-m) and O(—mln m) terms in —#}ﬁ— is due to

pion loops. Other mesons give the contribution ~ few% to O(#- 7;) and O([-\lr 1) terms.

myg — m, effects in quark condensate

Current quarl\ mass become diagonal 2 x 2 matrix with m; = my,me = my, m =
ml%ﬂ + mpiZ = m + dm%B. Here m = ﬂfgﬁl ém = m, — my. Let us introduce

external field el In our palmcular case it is 53 = L-‘S , 81 = sp = 0. Our aim is to find the

asymmetry of the quark condensate Sﬂiju_—f;@, tdkmg into account only O(ém) terms
and neglecting by O(5- -om), O(x; Lsmlinm). It means that we neglect at all by meson
loops contribution. N

In the presence of the external field § we expect also vacuum field &. Effective potential

within requested accuracy is

Vesslo.@,m] = Spim, A, 0,7 (45)
Vo 54 075+ il ) F2
Yty —m | P75 Az(m' + 1\/[‘(:\_,‘07 G)FE) Nl K LN
2 D+ im 4TS A

A, 0,6 are defined by the vacuum equations:

WVeys Negr _ o Weys
oA do " do;

=0, =0 (46)
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They can be reduced to the following form:

lTrFQ(p)Mi(mi + M;F?(p))
27 pr(my -+ MiF?(p))?

=N (47)
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where M; = 5 (27p)2(0 + 03). Solution of these equations leads to A = Afm, 3], o =

olm, 8] o; = o;lm, 5]. We have to put them into V55 and find V.55 = V,s;[m, 5]. Desired
correlator is

OVesslm, 8]
-‘fa;‘*—isszi;ﬂ,sl,zzo (48)

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

<au>~—<dd> (49)
1 —1 -1 -1 —1

= — |'Tr _ —Tr —
1% (ﬁ-i—i(mu + M,F?) ﬁ+imu) (ﬁ+i(md+ MyF?) ﬁ+imd)A

We expect that < dd > < < Gu > if mg > ma.
Typical values of light current quark masses [19] are m,, = 5.1MeV, mqy = 9.3MeV on
the scale 1GeV (which is in fact close to our scale p~! = 0.6 GeV) leads to the asymmetry

<au>—<dd>

. = 0.026 (50)
< uu >

From this asymmetry and using sum-rules [20] we estimate strange quark condensate at
m, = 120 MeV as:
< 55 >

< Uy >

= 0.43, (51)

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

Conclusion

In the framework of instanton vacuum model it was calculated simplest possible correlator
— quark condensate with complete account of O(m), O(l—\,lz), O(5-m) and O(]—\l,:mln m)
terms, demanding the calculation of meson loops contribution. Since initial instanton
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(7\1,:) corrections are very large ~ 50%, which request the ~ 10% changing of the basic
parameters — average inter-instanton distance R and average instanton size p to restore
chira] limit value of the quark condensate < §q >,—0 and other important quantities as
fx and m; 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 jubilee of A.Finstein and to the centenary of D.Ivanenko,
who was the first to riddle nucleous structure.

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 vacuum
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
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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 localization of vacuum properties.
Such vacuum is no longer global one. Similarly the local transformation of the vacuum
for charged particles will arise if electromagnetic fleld will appear.

GR appearance changed our 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 must be discribed by
vacuum Binstein equations.

Usually in Maxwell’s electrodynamics the law of charged particles motion is regarded
as logically independent on the field equations. Therefore 1t must be added 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 simultaneously determine field and
motion of particles? Einstein with his collaborators went into this problem in 1927 (with

srommer) ([1]) and in 1938 (with Infeld and Hoffmann) ([2]).

They showed that the motion law of test particles (i.e. the motion along geodesic lines
of Riemannian V}) can be found as a corollary of the field equations. Therefore, it is not
necessary to postulate the motion equations in addition to the field equations.

So, for the first time it was shown that field theory can include o theory 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 Einstein’s papers geodesic line equations were only obtained for the
field singularities (gravitational field or gravity with electromagnetic field). Thus electron
was discribed as moving field singularity. In proof approximate solutions were used.
These and of next years results were swmmerized in the L.nfeld and J.Plebansky
monography ” Motion and Relativity” of 1960 ([3]).

Thus, first solution of motion problem in GR was found by Einstein in 1938.

But in 1939 V.A Fock proposed quite other way to solve the problem ([4], [5]). He
showed that for massive extensive noninteracting bodies the motion equations 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 GR? V.A.Fock found that such objects
are cosmic bodies, as planets and stars being long distant from each other, but in no
way it can be elementary particles. He took for granted that GR can not be applied
to microworld objects. Fock’s point of view is explained in his monography " Theory of
space, time and gravitation” of 1955 ([6]).

By other method the same result was found by N.P.Konopleva in 1977. In paper
" Gravitational experiments in space” ([7]) T discussed the conditions ensured realization
to given precision of GR axioms in cosmic experiments. Distinctive feature of these
experiments consists in existence of many factors exercising their influence on test bodies.
It was found that under these conditions it is very difficult to make such object which will
behave as pure gravitational test body of GR. It is complex technical 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 their vadii are enough large.
Estimation shows that to within 1078y (g - acceleration due to gravity) 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~%g. 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 flelds 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 Riemannian Vj.
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 7 = 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.Ivanenko. 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 ## = f#(2¥), and f* - 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 [1] 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-Infeld term and the logarithmic correction to them.

1. Why do we need the Random Lattice QCD

Derivation of a chiral effective Lagrangian from laitice QCD has been attempted many
times since long ago. The well-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 [3].

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 breaks the rotational symimetry of the initial theory from the continuous
rotation group down 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 (HC)
lattice, one can obtain only a first order effective theory, while for corrections this method
generates non-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 consists from the all sites of the HC lattice together with centers of its
elementary cells.) This property of the BCHC laitice gives a pessibility to obtain the
next-to-leading (NL) correction to the first order of the chiral perturbation theory [1].

The results of the papers [1] are essential for our analysis, as they confirm the effective-
ness of the idea of chiral effective lagrangian derivation from the lattice QCD. Moreover,
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 solitons (Skyrmions). The Next-Leading
order chiral effective theory that was implemented in {1] is in agreement with our phe-
nomenological propositions [6], and in our work we will use methodological ideas from [1]
in order to define the behaviour of chiral field near the confinement surface.

As one could see, in order to solve our problem, the Next-Leading order corrections
are not enough. This theory has no solutions that look like chiral “bag”. Moreover, as
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will be 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 be more symmetric than BCHC lattice cannot
be 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 lead to the problems with the rotational
(relativistic) invariance rendering the use of the BCHC lattice to be only half measure.
For solving our problem a modification of the initial concept of lattice regularization must
be 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 Delaunay: 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 an ensemble of random lattices. As a result one gets the averaging over all
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 has the tree steps:

1) Pick N sites z; at random in the volume V.

2) Associate with each x; a so-called Voronoi cell ¢;

o =4z |d(z, ;) < d{z,z;),V5 #}

where d{z,y) is a distance between points = and y. It means that the Voronoi cell ¢;
consists of all points = that are closer to the center site z; 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 z;, it possible to prove that the original rotational
symmetry is restored [8]. In our work we use this procedure to obtain an 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

Z = [IDGDFDY] exp{~5,(G) = 5,(G, ¥, %) = 51}
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where:
1) the plaquette gauge field term is defined by

Y 1 . . .
S = 3 % [1 - NzRer,,LGx._#,uG;WG;,VJ, G, = explig /Iink del, A(2')};

2)the link fermions term is defined by

Sq =Y tr(Au(2)Gulz) + G (2) Au(2))

Au(@)§ = do(z + ) B9 (2), Aule)y = (@) Pryt(z + p)
and PF = §(r £,.); ‘
3) the source term is defined by

1 -
Si= LI @)ME @), ME = 5 ()boa(@)

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 Spb 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;. The plaquette contributions could
be considered in the systematic manner as perturbations in 1/¢ [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 = [IDdDY] exp{~N 3 alF(\z,v))] -S4}, &y
where A\, = —M(z) P M(x + v) P} and

PO = trf(1 — VI=R)] — teflog(1 — -;-\/1"‘: ).

Interestingly, the function F()A) has the typical form of the Born-Infeld action with
a first Jogarithmic 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 [1] that integral (1) can be re-written into the form of an
integral over the unitary boson matrix M,

7= [ DMexp S g(M). @)
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As a matter of principle, we already performed the transformation from the color
lattice degrees of freedom (G and ) 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 Sog. 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 {1}, it was shown that for our task the stationary point is

Mo = uol, ug(mg = 0,7 =1) = 1/4.
Now one can expressed M{(z) in terms of the pseudoscalar Goldstone bosons
L4 11—
2 Ut g2
5 U (@)1

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

M = ug exp(imiTiys [ fr) = uolU(z)
00 (k)
Sea(©) = - 3= E22) ) - 208 ®

Let us consider the expansion of the chiral ﬁeld U = exp(imi7;/ f=) on the lattice
around the point z in power of the small step of the lattice a

Ulz +v) =U(z) +a(8,U(z)) + El;(@,"jU(a:)) +oee

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

trf(A{z) — X0)] = ——2/\otr( )

tr{(Au(z) = X)?] = str(a?)  —4AGtr(a )

tr[(h(z) — X)) = —2/\3tr(a3) +623tr(a?) , (4)
() = Xo)] = 20tr(e?) —8\itr(a®) +4Xdtr(e?)

tr[()\u(x) AO)S] = ,._.2)\ (a ) ..................

where a = 028,U8,U* + O(a").

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 1, 5, k and 1). The leading order part can
be calculated trivially. Indeed, using the simple Hyper-Cubical lattice where v = 4,7 :
i=(1...4) it is easy to show that the leading order contribution is the prototype chiral
lagrangian

Po(pZ) ~ tr[@uUa“U“L}. (5)

As T 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

73



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 ¥ = f,f. ..} in a flat space. For a simulation
of the Random Lattice let us consider small deformations of the geometry of this space
(v — 9i) 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 z;. 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 R € SO(4) be a rotation operator of 4 dimensional vectors v

V,L{ = ‘R,L]I/J .

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

Ry =0y + Hy, (6)
where Hj; is a traceless antisymmetric matrix.

Consider the Gaussian Ensemble $ of such arbitrary rotation. The matrix average of
an arbitrary function f with respect to Gaussian measure is

(P =77 [ dHe S0 (h).

where dH is the standard Haar measure. The normalization factor Ny is fixed by requiring
that (f = 1)53 = 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]

(Hz'ijl)yJ = 6;;051 — 60,
((H Hy)g= > (-1 [] (HsHu)g, (M

i.7) pairings pairs
where the sum extends over all possible pairings and « is the number of crossings in the
pairing. The matrix average of any odd combination of H;; 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 6;; part in (6)). In order to cancel non-deformable lattice artifacts let us consider the
ensemble § without this non-deformable contribution: %' = § —o. Using such averaging,
for leading order of chiral effective lagrangian one gets

(tr(a))ﬁf = (tr(aza,,Ua,,U*L))y)f =t1(3a*0,U8,U") = tr(3¢*(L: L)),

where L; = UT8,U, and for the NL correction one obtains

(tr(0®)) g = (tr(a'B,UBUAUB,U)) g = tr(32a*(LeLs)? — %[L,», L) =.

= 3204 (%trz(LiLi) + 13 (L; L) — 4tr(LiLiLij)> = (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)
g L L
2 4

is in agreement with experiment data from 7w — 7w 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)

trla]  ~  trfL,L*] +
tr{e?) tr[(L,L*)Y] +
trfe®] ~ (L)% +

2
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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

Lo ~ —tr {1 - m} —ir [Iog(l - %(i - W))} +---, (10)

where - - - are all other terms (in particular the Skyrme term) and £ is an effective coupling
constant that depends on the value of our stationary point ug.

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 surface and can be considered as corrections.

4. Conclusions

The aim of this paper 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-Infeld theory
for the prototype chiral lagrangian. 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-
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Abstract
""hc phasc shifL al\aivsis duta of Imcleon nu('lcon scattering up to Ep, = 3 GeV, NN

by ,hc opm(,al Idzlf,l\flb!,l(l mod('l based on docp attractive forbidden state quasipo-
tentials. Angular distribution of the deuteron photodisintegration cross-section is
calenlated using these quasipotentials in relativistic point form dynamics.

Keywords: nucleon-nucleon interaction, Moscow potential, relativistic model

1. Introduction

There are a lot of varlous models of the nucleon-nucleon interaction. Nevertheless, we
can distinguish only two principally different kinds of models. The first one is represented
by the meson exchange potential (MEP) model and it goes conceptually back to the idea by
Yukawa. These potentials are characterized by a repulsive core representing the exchange
of vector mesons. Indeed, some quark wodel potentials are pragmatically close to these
meson exchange potentials, though they are presently considered as a phenomenology [1).

The second kind of NN potentials corresponds to the Moscow potential model {MP),
which is now represented by are family of potentials [2, 3, 4, 5]. The major characteristics
of this model potentials are their strongly attractive behavior at short range and necessity
of torbidden states for S and P partial waves. Microscopically, the MP corresponds to an
excited quark configuration such as s'p?[42],[42]cs or s*p?[42],[42] s in the rucleon-nucleon
overlap region. Namely, it was stressed that 6¢-configuration s%p?{42],[2%[42]cs offers a
way to an enhanced virtual decay N(29)N — D¢ (08)Dg accompanied by a very strong
attraction between the colored dipoles De and D, (Do >== [s%21],L = 1,[21|cC =
> (the terms (05) and (95) symbolize the mutual motion wave func Ll()Ilb) [6]. The
first pmhmnmy R( M treatment of this kind has been made recently {7].

Furthermore, s*p?[42],{42)s¢ configuration may be predominant if a strong nonpertur-
bative instanton-induced interaction between quarks does exist [8].

The excited quark configurations should be scen directly in a series of high-energy
nuclear reactions involving the investigation of the baryon-baryon (BB) composition of
the deuteron, viz. a quasielastic knockout such as 2H(e, ¢/p)B [9] with energies of final
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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 (differential cross sections and polarizations), extended in
energy up to Ej, = 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 s™p™ (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 up 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 Fy,, = 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 these quasipotentials
in relativistic point form dynamics.

2. The optical nucleon-nucleon potential

We rely in 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 be found in [13].

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

[4(m* + @) + V] x = Mx (1)
or q2 V
(-M + ——) x = Ex, (2)
m  4m
where

4m m
The eq. (2) formally coincides with the Schrédinger equation. In egs. (1), (2) M? is the
mass squared operator, m is 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. We
use system A = ¢ = 1. The quasicoordinate representation corresponds to the realization
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V(r), MeV
Vir), Mev

Figure 1: Quasipotentials. Left: solid line — 1Sy potential; long dashed line — central %5,
potential; short dashed line - central Dy potential; dotted line - tensor *SD| potential.
Right: solid line — *F potential; long dashed line —- central * P, potential; short dashed
line -~ central *£, potential; dotted line — tensor P F potential. We extracted the tensor
potential as a term multiplied by S, operator only for the coupled-channels

the case o£ mclab&,x(, haxmdb, pm‘tmxlm‘iy it allows to take into account the isobar channels
in NN scattering.

This formal coincidence allows us to apply our inversion algorithm, which is based on
the Marchenko inversion and was presented in [18]. We applied this algorithm of inversion
to reconstruction of the nucleon-nucleon MP. As input data for this reconstruction we nused
the modern phase shift analysis data up to 1200 MeV for isoscalar partial waves and up

to 3 GeV for isovector partial waves of the xma,l(—xm‘mlde(m system [12]. The deuteron
properties were taken from [19].

The real parts of the constructed partial potentials are presented in fig. 1. They may be
downloaded from www.physics khstiru in numerical form. Standard notation for central
and tensor parts is used, so for 35, =* D,

V(r) = Vif2), Vp(r) = Vale) + Vilr)/ 2V2,

"The imaginary parts of potentials are defined as in [18] and ‘Lhey
lated from the phase shift analysis data [12]. The phase shifts mixing parameters are
e shift analysis data [12] in fig. 2. 'Ums and other our results can
be downloaded from www.physics.khstoru. There the results of our deuteron properties
calculations are presented and the higher partial wave potentials can be downleaded.

The constructed ential describes the phase shift analysis data up to 3 GeV and the
wteron properties. As an independent check of our MP model we caleudated the pp and
ubtering polarization P{¢) on the momentum-transfer value at the energy Ei, 13
cV‘ The results of this calculation are compared with the experiment data [20] in fig. 3.

sily calcu-

compared with the ph

[
&

Ve caleulated the angular distribution of the deuteron puotomsxmvgzzm W CrOS suctiou by
means of the relativistic considerations (point form dynamics). This approach we b
Cully in our calculations of the hard bremsstrablung accompanying the pp scattering
{H" The preliminary results of ‘}‘is calculation, which does not include some transition

amplitudes, are presented in fig.

ave used
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Figure 3: Left: Dependance of the pp and np scattering polarization P(t) on the momentum
transfer value at the energy Fy, = 5.13 GeV. Right: Angular distribution of the deuteron
photodisintegration cross-section. Data are from [21]

3. Conclusion

From our results it follows that the all known NN scattering data and deuteron proper-
ties are described consistently by relativistic quasipotential optical model in point form
dynamics with deep attractive forbidden state potential of the Moscow kind. We observe
separation of the scattering phase shifts into two groups: the large S- and P-phase shifts
which start from 2% or 7 at zero energy and the small shifts which include all the others.
Our potential model is the first one that covers such a wide energy range. Unfortunately
we cannot confirm the results of [5], 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 deseribed 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
following research will be description of the reaction 2H + v — n + p at moderately high
energies of £, > 2 GeV [22] because unlike lower energies the meson exchange currents
are strougly suppressed here (meson electroproduction data testify that e.g. the pion cut-
off parameter A, is 0.6 GeV [23, 24]). Hence, here the influence of the discussed radial
short-range oscillations in S- and P-partial waves is expected to be scen (the pn final state
interaction is important, as before). The applicability of our approach to this 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 partons 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 practically take place anywhere in the nucleus.
As a consequence all the nucleons participate in the scattering. The last few years 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

oy = 0B (1 — e ™), (1)

where 7 is the time from the moment of production of this particle in the previous collision
and ojaf 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 7 does the cross section of intranuclear interaction reach the value oy —hadronic
LPM effect [8-12]. The parameter 7, 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 L ( in the system of a moving parton) was found
to be = 0.5fm [6]. . So, at a finite value of Ly, 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

- ()0

obtained in the framework of simple idea of nucleons clustering in nuclei (see, e.g., [6] and
references therein).

Here V; ~ 4nr¢ | Vo ~ 4nrd and parameters 7o = 0.75fm, r, = 1.2fm.
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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? <0.2(GeV/c)?). 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 MeV/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 gquasideuteron 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 < 1GeV). At high energy beams this effect makes all only some percents. As
a result, the ezisting 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/1) suppression in nuclear collisions, ete [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 [1] 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 pp 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 Mi 4 with Cartesian
coordinates z* (i = 0,1,2,3,4) and metrics

ds? = nyydride’ = (dz°)? — (dz")? — (dz?)* — (dz®)* — (d=*)?,

where as usually z° = ct, z' = z, % = y, 2° = 2, 2* = u. Note that the four-dimensional
Minkowski spacetime M{‘,3 may be considered as a plane ¢ =0 in M15 4+ The translation
invariance is broken by the relativistic invariant constraint

17w’ = (2°)? - ()" - (2%)” = (z°) — (2")° = =, 1
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where ¢ 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) = n;UV7? for any vector fields X = U'; and .
Y = V9, in the five-dimensional Minkowski spacetime. The vector fields

131' = Jfak, M«;j == (.’2216.? - xjéf)c')k,

where z; = n;;27, are generators of the Poincare group of the five-dimensional Minkowski
spacetime. All vector fields M;; are orthogonal to the radius-vector R = z¥;, 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
M, = P, + é(R, PR = (a8} + ~2:2),
which are tangent to surface (1), because from (1) it follows that (R, M;) = 0 at each

point. The vector fields M; and M;; are generators of the group of spacetime symmetry
of the model because we have

(M, M;] = =My, [My, My] = 0 My, — mueM; (2)

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

Xo= My, Xi=My+ My, Xo= Mg+ My, Xz=Ms+ Mp. (3)

It is straightforward to see that the vector fields Xy, X;, X5, and X5 are continuous
and do not vanish at any point of the spacetime manifold. Because (X,,X;) = 0 for
a#b, ab=20,1,2,3and

(Xo, Xo) = —(X1,X1)= —(X2,X3)= —(X5,X3)= d°+2zf,

the vector fields Xo, X, Xs, and Xj; are linearly independent at each point of the
spacetime manifold. Thus, it is shown that the spacetime background of the mode! 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.

iFrom (2), it follows that

[XO; Xu} = 07 [X;u Xu] = 2€uw\X)u M, Yy A= 1> 27 3:

where e, 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:
f213=f321=f132=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:

VP = pb, Q)
where .
iqa
YA+ =2, Pom Xk S0 A 1= (1,-1,-1,-1).
Here ¢ is the charge of a particle, and A, are the components of the vector potential of
the electromagnetic field in the basis X,. In equation (5)

= mea/h,

since operators (3) are dimensionless.
In general, [X,, X3] = f5X. and hence

iqa

[Parpb]zfabPC'*"ﬁ‘c“

Falh

where
Fop = XoAp — XpAs — S A (6)

are the components of the strength tensor of the electromagnetic field in the basis X,
whereas f2 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 £ :

2 2 4 R
E% =m ' = — (D + P)p,
where P = £,V + £2V + 83V and 5, = leuay”y”. Since A+ P = —P(P+1), where
4 is the Laplacian on a three-dimensional sphere, then
2 2 4 2h2

E'=m’d +plp+ 1)—21—2-,
where p is an eigenvalues of the operator P. It can be shown that p = 3, 4, .... For the
energy, we then have

252

2 2.4 ch 2 4 X
E? =m’c +n(n—{—1)7:m c (1+n(n+1);l—2), (7

where n = 2,3,... and X = h/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 = ma® is also large, so that the angular velocity is small. Therefore,
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the nonrelativistic limit can be found from the condition e >> A. In this limit it follows
from (7) that E = me? + L?/21, where L? = n(n + 1)h* and I = ma®. The last relation
corresponds to the formula E = mc?+ P2/2m for the kinetic energy of the free particles in
the limit v > ¢. 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 — mc? only when ¢ — oo or I — co.

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 [F,[B, Pe]] + [Fs[FPe, Pu)] + [Pe[Pa, P]] = 0 results in the first four
Maxwell equations

~ 1 =
X P + = forF* = 0. (8)

where f2 take the values (4) and F® = $e®cdFy, where e*d are components of the anti-
symmetric Levi-Civita unit tensor in the basis X,. In view of the known dual symmetry
of the Maxwell equations, from (8) it follows that the remaining Maxwell equations are
of the form

.4_@ 5°

1
XoF ot = fogF™! = (9)

where j® are components of the current vector in the basis X,,.

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,. In
accordance with the definition of X, we have the following system of ordinary differential
equations for integral curvatures of this vector field:

d 0
Z— 14 (2%,

l: 0, m/ 2 -
pom 2™ /fa®, m=1,2,34.

cdr

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

au™

= cos(cr/a)’

et
20 =atan—, 2™
a

where u™, m = 1,2,3,4 are constants of integration. It is easy to see that the intrinsic

time variable 7 and parameters u™ define the intrinsic coordinate system of the model.
In this coordinate system we have for the operator X,

To write the Maxwell equations for Eand H , we put as usual
ja = (CP)D, Aa = (‘P, _‘A‘)a
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1
E# = FO;u H,‘ = 56,,,,,,\FU’\, M, Y, A= 1, 2, 3.

Then from (6) we obtain
E=-22A-Vp, H=1otA=V xA—2A, (10)

where V = (Vy, V,, V3), V,=X,, p=123.
Considering that divA = 2;3::1 V,A,, we can recast the Maxwell equations (8) and
(9) into the familiar vector form .
_29

H= rotﬁ, divH = 0, rotH = 2
0 c

g 47a,
cdr cJ

BTE—%-——— ,  divE = 4wap. (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 = 4rap, E= —V, and consequently,
¢ obeys the Poisson equation

Dy = —4ma®p. (12)

As it is well known, the electron Coulomb potential
e
¢e(r) = o

is the fundamental solution to the Laplace equation A¢ = 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 S° from point (0,0,0,-a) onto the ball
=gy’ 2 <al;

zlzfx’ xz-_—_—fy’ $3=fz7 x4=a‘(1_f)7

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

ds® = fH(dz® + dy® + d2%)
and hence the Laplace equation on 5% can be written as follows:
Ag = f3div(fgrad ¢) = 0.

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

L 1dg
v=Ie
Since o d
AR f—?’(TTi; +3¢) = T_zf—s&;(7”31/}),
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then 739 = ¢; = constant. Thus, we have

do a2+r2_c( 1,1 )
dr =a 20272 Mop2 T og2
and hence 1 .
¢q=c1(—§;+§;§)+cz- (13)

Now we have the electrostatic potentials ¢, outside the ball r° = 22 + 3% + 2* < @?
and electrostatic potential (13) inside the ball. We should demand that the electrostatic
potential is a continuous function and hence put ¢e(a) = ¢,(a), so that ¢, = e/a and the
Coulomb potential for constituent quarks can be represented as follows:

Balr) = 0l = ) + 5, (14)

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

strong potential [3]

Vi = b + kr
3r

( which is in agreement with experiment) and hence exhibits clearly its elec-
trodynamic nature. We also see that the boundary condition ¢.(a) = ¢,(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:

H, = C(Ot, Pe) + pSmecza
where P, = iAV. For the constituent quark we have
H, = c(a,Py) + pom,c,

where " N
i a®—r
P,=—(xxV+

a

r
% V+ ;(r, V))

Here,
,'h
P, = La X, X = (X1, X2 Xs)

and X, Xo, X3 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 ©F baryon still very controversial both in theory and experiment
(see reviews {1] 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 = p, = 0.3 fm, where p, 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. 1).
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a) b)

Figure 1: The instanton induced a) three-quark uds interaction and b) two-quark ud, us,
ds interactions. In the figure I denotes the instanton, 7,5 = u,d, s,i 5 j

For Ny = 3 (Fig. 1a) and N, = 3 this interaction is given by [7]:

£ /dp nlp {
i=u,d,s

374 2.3 -a sa 3 a  qa i 4 2 3

t3 (37r P ) [(in]a - Z]upu]d;w) (m“‘ p=gTp QSRQsL>
9 74 . 9 74 .
40( 7r 0 ) dabcjuijdw]* -+ perm] 390 (3 ) dabc]ﬁ];]s

04 5 N
256 (377 4 ) ]Zﬂujdukj.:Ay+ (R — L)}v (1)

:%
(mfm/) = "?;‘Psqz‘quL)

A e

where, m$*" is the quark current mass, qrr = (1 +75)q(2)/2, ¢ = GrN @, J50 =
BirCuwA%Gir, p is 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. 1b). In the limit of small instanton size one obtains simpler formulas for effective
two- and three-body point-like interactions [8, 9, 10}:

Hgf)f (r) = -¥ ; mllmj Gr(r)(r)@r(T)g;L(r) [1 + ()\ X% + perm.)
+%(0—; - GaA g + perm.)] + (R« L), (2)
and
He(:zf)f( ) = Vs --]:Ez Gir(r)qir(r) [1 + %(z\ﬁ)\"} + perm.)

9
+—9—(<f'u - GgAeAG + perm.) — —?)—2-6d“bc/\“)\b/\c(1 — 3(dy - Ga + perm.))

9 fa,bc

e x 6i) o ] (R — L), 3)
where m; = m* +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

b

mm;

G- SN ()

q9 o
Voee = A

i>j
between quarks.

We use the following mass formula for the colorless ground hadronic states and color
triquark and diquark states

My = E§™ + Y Nymi + Ery + Eps + Eoce, (5)

where N; is number of the quarks with flavor 4 in the state. In Eq. (5)

b
Eoge = <h|Vogelh>= -3 WMi’OjGE ,
>y MMy
a
E12 = < hﬂ/}zlh > —Z mli{JZ , (6)
i2j My

and Ey; 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]

my = 263 MeV, ms =407 MeV, E} =214 MeV,
EB = 429 MeV, a = 0.0039 GeV?, b= 0.00025 GeV>. (7)

Now we estimate the mass of ©% udud3 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 3 can
join one of the diquarks to create a triquark ud3 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 ud5 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 wud-diquark clusters and a single antiquark 5, 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 = nesm2p! = 1/10 in the instan-
ton model as compared with the triquark-diquark configuration of Fig. 2a.

/.\
! ! L=1 - VRN
¥ . ._f_

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 3, color state {A state) or in S = 1, 6, 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])
e diquark : My = 442 MeV, My = 740 MeV,
AMOGE = —24 MeV, AMIQ = —274 MeV;
o triquark A : My; = 955 Mev, Moy = 1362 MeV,
AMogg = —40 MeV, AMy, = —407 MeV, AM 3 = 40 MeV,
o triquark B : My; = 859 MeV, My = 1362 MeV,
AMoce = —50 MeV, AM;y = —513 MeV, AM;3 = 60 MeV;
e off — diagonal AB : AMoge = 32 MeV, AM, = 164 MeV,

AMpz = —49 MeV, (8)
where My 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

M, = 753 MeV and M7, = 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 w and d quarks. Therefore, the pentaquark cannot dissociate to
the Ku(d) system. Thus, the ©%F, 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 ©%.

Let us estimate the total mass of ©F 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 Mfgffdi =
279 MeV. This mass is approximately equal to the “effective” reduced mass of the strange
quarks in the ® meson, M2, =~ Mp/4 = 255 MeV. For two strange quarks, the L = 1
energy of orbital excitation, can be estimated from the experimental mass shift between
® meson and the L =1 f1(1420) state

AE(L = 1) =~ Mf1(1420) - Mq> = 400 MeV. (10)

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

Me+ = My, + My + AE(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 incorporates 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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ON THE RELATIONS BETWEEN TWO-PHOTON AND LEPTONIC
WIDTHS OF LOW-LYING S-WAVE STATES OF CHARMONIUM
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Abstract

The relation between the ratio Teo(9')/Tee(J/%) and Tay(n,)/T24(ne), 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 7,- and
n.~-width ratio in fair accord with recent experiments. The dynamical model is also
proposed to derive the ratio of relative probability of the ground (7.(2980))- and
first radial excitation (7,(3640))-state formation in y+y-collisions followed by their
decay into the K Kn and pp channels.

1. Two-photon decays of heavy quarkonia provide valuable information on heavy
quark dynamics and have been under consideration in recent experimental [1, 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-, -, 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 Q@ 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 = ¢, b),5-
wave systems the simplest spin-dependent matrix

(0| Mn) = M8 + C - $as(0)t5(0) - (5 - 55) (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

D2(0) = $a(0) + 3 m)ml V) (EO — BO), @
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where |i) = 9 and Efg) 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 1,g(J), where n = 1, 2- the quantum numbers of the
S-wave radial excitations of the c- quarkonia with the spin J = 0, 1, using the specific (i.e.
proportional the §-function) form of the perturbation potential) and keeping everywhere
the terms of the first order in O(V) we get the relations

U35(0)?
RgS/lslhfs = 25(0)2|hfs
o Pes(0 [(L+ Vii(mg —mi)™" + Vig(m§ —mg) " + .. )P
¥15(0) " [(1+ Vg(m] — m§)~1 + Vef(m§ — m§) -1+ . )2
Pas(0)? J_
o~ e 1+ 2(sy — sy, 3
'(/115(0)2 [ ( 2 1] ( )
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 V/=0 = —3V/=! we obtain
- - 0)?
J=0 . pJd=1 ~ 4. ¢2S(
Ryshislugs + 3 - Ragjislngs Grs(0)F (4)

We make an estimation for the ratio I'(7, — v7)/T'(n. — ) 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:

2 T 2
2m77c (nC - ’Y’:") - _(1 +1. 96 ) l\pﬂc(o)l (5)
m ([ — eteT) ™1 (0)
where a, should be evaluated at the charm scale [16].
In certain chosen ratios, such as
rnc /Al _ My Ris\s ©)

Ery  mpmay Rigs

the ratios of ¥,5(0)’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

U5(0) = [9,5(0)[2(1 + &7 (rad) + 81g(rel) + G;5(hfs)) =
= [Yns(0)*(1 + &7 (rad)) (1 + 875(rel)) (1 + 6)5(hfs)) (M-

That means that 1+37(rad) factor coincides, in the lowest order radiative correction with
1+(a? /7)as(m,) where (a’=! = —5.34) and (a’=% = —3.38), and it is seen to be cancelled,
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together with higher order terms, also in both the leptonic (sz;ﬂ ) and 2-photon (Ry3, /13)
"single ratios”.

The notation &;c(hfs) 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+ &Jg(rel) is defined in the following manner. The
static approximation for both I, and I'y,, resulting in their proportionality to the respec-
tive wave function value " at origin”, ¥,s(0), follows from neglecting of the dependence of
the bound quark annihilation amplitudes on their internal motion momenta

| / dip A(c2(p) — ee(77)) bus@) ~ [¥ns ()| Aunr(cE — ee(y)[. (®)

We have found that the adequacy of appearance the 1,5(0) with the relativistic correction
factor 1+ 68;(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

2T+ 535°(rel) = 52 [ 22 )3¢ns<p> s 22y [ 2 zﬂ)ms DN C)

1+65§1<v-ez>:</ W«zsns(p)( T/ [ atnse), (10

where ¢,5(p) is the nS-state wave function in the momentum representatlon, and €,5 Is
the quark energy in the nS-state. The momentum-dependent factors of the (¢€),s —
e*te(77y) amplitudes are given, e.g., in [17], but instead of taking e(p) = (m? + p?)/? we
prefer to define the continuation of the ¢¢ -annihilation amplitudes to the bound state
kinematics following the so-called ”on-energy-shell / off-mass-shell” prescription when
e(p) — €5 = Mmnas/2 is now remains independent of the internal motion momentum
[9} while being averaged with wave functions ¢,s(p) in (10). This picture of 2 bound
state dynamics underlies the appearance of the relativistic Schrédinger-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 §75%rel) is derived
directly from the relation

1 c €ns +p
20+ 550 rel = 52 ([ )qsns()p log( S_p)/(/ (%)quns(p))

_z_. / drs(r)sin(enst) /ns(0)  (11)

ES

=25 - [¢hns(0) — ‘67;11);5(0) +.- /has(0),  (12)

€ns
where masses m,s correspond to masses calculated without spin-dependent corrections:
mys =~ (3mayy + My ) /4, mes = (3my +m,y)/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

2
(14 875%rel)]V? ~ Z_’;.S- (13)
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demonstrating more strong dependence on the relativistic corrections of the two-photon
decay amplitude as compared with the leptonic one

€ps — Me

3€nS (14)

L +6/5 rel)]V2 =1~
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 0(\72).
Collecting now all found corrections we get the resulting relation between the widths
of the lowest lying states of charmonia

Iy, m m%s)2 s Y ( My mas (mas +me) $as(0)2 15)
035 my, mig I g emas (mas + me) P15(0)”
from where it follows
n/
= 0.21 + 0.06, (16)

F

if we take (¥25(0)/915(0))* = 0.653 and m, = 1.48 GeV according to [21, 22], I')s, masses
and leptonic widths from [1]. 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 ,5(0)’s their calculated ratios are much less model-dependent . In particu-
lar, the ratio entering (15) calculated with the Cornell (.e., the "linear+Coulomb™) type
potential is close to ratio calculated with the “running” a(r), that make the one-gluon-
exchange potential softer at small distances, although the very v;5(0)’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 1,5(0)’s, following from
the relativistic equations, will also leave their ratios relatively intact. Besides the rela-
tivistic corrections to the cZ -quark annihilation amplitudes, one should take in view the
relativistic corrections to the 1,5(0) 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 Schrédinger - 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 | Wes = 26,,5 it is convenient to introduce the ”renormalized” wave
function Pns: Png = 1pns /V2W,s. For ’(,/)nq that is now normalized to unity, the familiar
scaling behaviour can be foreseen [Prs(0)1? o €rea®™+?), where instead of the reduced
mMass Myeq = m, we should use the "reduced energy” €,.4 = eng.Hence, the scaling be-
haviour |25(0)]% o eg(nﬂ)*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 1,5(0) 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 ¥ .(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

F”c I‘J/ Y m 'mzsmj/u;(mzs + mc)

TI T Mg masmy (mis +me)

(1 + Vl‘{=0 + ‘/2é=0 2/(1 + Vl{=1 + ‘/22::1 )2 ~1— 8‘/1.{:1 + %£=1 (17)
Mas — Mg Mag — Mis Mag — Mg
from where a new constraint follows
I
Fy,g >0.1 (18)
7
and where the numerical values [1] for m{5!, miz!, defined earlier, and V{j™' = (myy —

my)/4, V=t = (my —m,)/4, were used. The comparison of (16) and (18) tells about
a significant role of sums < nS[V/|nS > over n > 1,2 in the definition of the individual
ratios of I'//*/T'%, and especially of I"zlg, /T

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 By and B} en-
tering the experimentally measured processes of the two-photon fusion producing 7, and
7, and subsequent hadronic decays 7, (7,) — h , where h = K K [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

Aln) — KRm) = olnln) — KEn)>6\cTonsn, (19)

A(ne(n) = pb) = g(ne(n.) — PB) Fe(mZ)u( Pp)vsv(Fp), (20)

AMe(2) = GmGom) = 9(ne(n.) ~ CuGom)Epvpoeial €5as, (21)
lg(ne — h)|? lg(n, — h)[?

(900 — GG~ Tg(r — CornGo)P 22)

where only isospin structure of the K K7 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 F,(Q?) in (20) to mention about its possible variation depending on the
time-like momentum transferred in the interval m2 < Q* < m ,. We note that unlike

the vector charmonia J/¢¥— and P -decays, the pseudoscalar decay channel branchings
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B(n.(n.) — (h,7)(c&)) containing the charmed quarks, e.g., the decay 7, — 271, are
much less significant, due to smallness of the coupling constant a;(m,) =~ 0.3, ascompared
to the branching ratios of B(n,(n.) — 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 cé-quark annihilation to pair of "free” gluons I'(n.(n,) —
GmGy). Further, we attribute to gluons finite "effective” (or dynamical) mass mg 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/¢ — vGnG., — vX. The evaluation of the important transition probabilities
ne(n.) — KKm, 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]

1 53 ds
plmg — my + mg + mg) = m /Sz ?F(s, S1, 82, 3, 54,
F(s, 51, 82,83, 84) = [(s — 81)(5 = 82) (83 — 8) (84 — 8)]°® (23)

where 51 = (my £ ma)%, 843 = (Mo £ m3)? and we choose mgy = My T = Mg =
c

mg, mz = m,. After that, the integral which is essential part of the ratio B;’;RW / B;’;R .
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

Bl 0.83, for h= K&, o)
BE = 0.65- (Fum?,)/Fu(m?))?, for h=pp,

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 7.(n,)-to-yy 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 7,(n,) — GGy — light hadrons. The closeness of our estimated
R(n; /n.) decay-ratio in the K K7 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
(mflC / mf’, " ratio, where the effective power n is expected to be two units larger in the
decay axrcxplitude for two-baryon final state as compared with amplitudes for two-meson
states, according the quark-counting rules. The two-gluon state mediating the ¢¢ - and
q"q" - 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 vy — pp, etc. Therefore, the further study
of the reactions pp — 1.(n,) — vy (or KK7) 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 7. and n; two-photon decay
width (the notations: h = KKw for ref.[3] and h = pp for ref.[7, 6] , the entry with su-
perscript () is our estimate using other works)

g, Kev IEKeV  TE/MTE  TEBE/TEBY
PDG [1] 7.5+0.8
CLEO [2,3]  7.6(0.8)(2.3) 0.18(0.05)(0.02)
E760/E835 [7, 6] 6.7123(2.3) <0.16
L3 [8] 6.9(1.7)(2.1) <2
DELPHI [9] <0.34
Guptaf12] 10.94
Miinz[13] 3.50£0.40 1.3840.30  0.39+£0.10@
Chao [14] 6-7 2 0.28 — 0.33@®
Fabiano [16]  8.18(0.57)(0.04)
Ebert [17] 5.5 1.8 0.33@
Kim[18] 7.14+0.95 4444048  0.62:£0.10®
This work 1.640.5@ 0.2140.06 0.18 ,h= KKn
<015 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 Rzg/15 and Rzs/es with
the needed input values m, = 4039 MeV, 'Y = .89 + .08 keV [27, 28],
[¥35(0)/115(25)(0)|* = .56(.86) [22] we obtain an estimation m,y = 4003 MeV and
Fz;,/f‘zir = .22 of the "naked” (i.e., without possible hadronic corrections due to vir-
tual, open-charm intermediate (DD* 4+ DD*) - states) parameters of still to be observed
7),-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 77;(3640) -resonance. If it is true,

this effect should display itself also in the total width T'.s,, represented by the decay into
two gluons, either massless or effectively massive, in which case, using the average value
I'%e, = 32.3 £ 2.2 Mev of the CLEO [3] and BaBar [4] results, we have got the estimate of
the total width of the 7.(3640)- resonance

(32.3£2.2)- (21 £.06) =2 6.8 £ 2.0 MeV, for mg = 0,

Ijs = (32.3+2.2)- (21 .06) - (1 — dmd/m2)/(1~ 4mE /m? )2
~ 7.8+2.3 MeV, for mg ~ .7 GeV.
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More precise measurement of this important parameter, as compared with the pub-
lished [3] result T, = 6.371%* MeV, would be very desirable.

Acknowledgements

S.G. thanks Prof.J.Rembielinski and the staff of the Department of Theoretical Physics
for warm hospitality and partial support during his visits to University of Lodz.

The partial support of this work by the Bogoliubov-Infeld foundation is gratefully
acknowledged.

References

[1] K. Hagiwara, et al., Particle Data Group Collaboration, Phys. Rev. D66, (2002)
010001.

[2] The CLEO Collaboration, G. Brandenburg et al., Phys.Rev. Lett. 85, 3095 (2000),
hep-ex/0006026.

[3] The CLEO Collaboration, D.M.Asner, et al., Phys.Rev.Lett., 92, (2004) 142001,
hep-ex/0312058.

[4] The BABAR Collaboration, B. Aubert et al., Phys.Rev.Lett. 92 (2004) 142002, hep-
ex/0311038.

[5] The BELLE Collaboration, S. K. Choi et al., Phys. Rev. Lett. 89, (2002) 02001,
hep-ex/0206002.

[6] The E835 Collaboration, M. Ambrogiani et al.,Phys. Rev.D64 (2001) 052003.
[7] The E760 Collaboration, T. A. Armstrong et al., Phys. Rev. D52 (1995) 4839.

[8] The L3 Collaboration, M. Acciarri et al., Phys. Lett. B 461 (1999) 155, hep-
ex/9909008.

[9] The DELPHI Collaboration, P. Abreu et al., Phys. Lett. B 441 (1998) 479.
[10] R. Barbieri, R Gatto, R. Kogerler, Phys. Lett., B60, 183 (1976).
[11] W. Y. Keung, 1. J. Muzinich, Phys. Rev. D27 (1983) 1518.
]

[12] S.N. Gupta, J. M. Johnson, W. W. Repko, Phys.Rev. D54 (1996) 2075, hep-
ph/9606349.

(13] C. Miinz, Nucl. Phys. A 609 (1996) 364, hep-ph/9601206.

[14] Kuang-Ta Chao, Han-Wen Huang, Jing-Hua Liu and Jian Tang, Phys. Rev. D56,
368 (1997), hep-ph/9601381.

[15] A. Czarnecki, K. Melnikov, Phys. Lett. B 519 (2001) 212, hep-ph/0109054.

109



[16] N. Fabiano, G. Pancheri, Eur. Phys. J. C 25 (2002) 421, hep-ph/0204214.

[17] D. Ebert, R. N. Faustov, V. O. Galkin, Mod. Phy. Lett. A 18 (2003) 601, hep-
ph/0302044.

(18] C.S.Kim, T. Lee,G.-L. Wang, hep-ph/0411075.

[19] M. Beneke, A. Signer, V.A. Smirnov, Phys. Rev. Lett., 80 (1998) 2535, hep-
ph/9712302.

[20] A. Czarnecki, K. Melnikov, Phys. Rev. Le‘ct., 80 (1998) 2531, hep-ph/9712222.
[21] W.Buchmilller, S.H.H.Tye, Phys.Rev. D24 (1981) 132.

[22] E.J. Eichten, C. Quigg, Phys. Rev. D 52 (1995) 1726, hep-ph/9503356.

[23] LT. Todorov, Phys. Rev. D 3, (1971) 2352.

[24]

24] S.B.Gerasimov, Prog.Part.Nucl.Phys.8, (1982) 207; Ed. Sir D. Wilkinson, Pergamon
Press, 1982.

[25] J.H. Field, Phys. Rev. D 66 (2002) 013013, hep-ph/0101158.
[26] A Davydychev, R. Delbourgo, hep-th/0209233.

[27] K.K.Seth, hep-ex/0405007
[28]

28] The BES Collaboration, J.Z. Bai, et al.,Phys. Rev. Lett. 88 (2002) 101802, hep-
ex/0102003.

110



CLOTHED PARTICLE REPRESENTATION IN QUANTUM FIELD
THEORY: MASS RENORMALIZATION

V. Yu. Korda!'and A.V. Shebeko?*

(1) Institute of Electrophysics & Radiation Technologies, NAS of Ukraine, Kharkov, Ukraine
(2) NSC Kharkov Institute of Physics & Technology, NAS of Ukraine, Kharkov, Ukraine
1 E-mail: kvyu@kipt.kharkov.ua
* E-mail: shebeko@kipt.kharkov.ua

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 [1, 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 2 (the lowest-energy H eigenstate) and the observable one-
particle states |p) with the momentum p. By definition, the vector |p) belongs to the H
eigenvalue E, = +/pZ + m?, 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 7, p, w and ¢ 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 (”quasipotentials”) 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,
H = H{a) = Hp(a) + Hi(e), Hi(a)=V(a)+ Meen(), )

where the unperturbed (free) Hamiltonian Hp(o) and the interaction term Hj(a) de-
pend on the destruction(creation) operators o (af) of the "bare particles with physical
masses” (cf., [2]). V(a) is the primary interaction between these particles and M., (o)
are necessary mass counterterms.

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

H = K(a.) = Kr(a.) + Kia,), 2

where the free part Kr(a.) and the interaction K(c.) are expressed through the new
destruction{creation) operators a.(ca}) such that

ac(k, ) =0, Hol(k, r)Q =kl (k, 7 Q, Yk = (ko, k), . (3)

Here  denotes the state without physical particles, k the particle momentum, ky =
VK2 + 1%, p the physical mass of the particle and r the polarization index, if any. The
"clothed” operators a, obey the same algebra as the ”bare” operators « do. One should
note that Kr(a.:) # Hp(a) but coincides with Hr(a,),

Kr(as) = Hr(ao) = [ dikky Yol (k, ) e (k, 7). (4)

The operator K (a,) contains the interactions responsible for processes with physical
particles. The property of the clothed one-particle states «f{2 to be the H eigenstates is
provided if

Kol = 0. (5)

The clothing itself is implemented via the relation
alk, 1) =W (o) ac(k, 1) Wh{a,), Yk, 7, (6)
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where the unitary transformation (UT)
W) = W (@) = expR(c.), R'=~R, N

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 (o) aW! () = W (o) H (o) W' () = K (cx)
= He(ao) + Hy () + (R Hrl + R Hil + 5[R,[R, Hel) + 1 (R, (B Hill + . 8)

The operator K (a,) is the same Hamiltonian as H(a) but it has another dependence on
its argument o, 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 = [HFr, Ry}, ©

where R; is the generator of the first clothing UT Wi = expR;. Doing so, we find
1 1
K (ac) = HF (ac) + Myen (Otc) + —2' [R], V} -+ [Rh Mren] + 5 [Rl, [R}, V]] + . (10)

The four-operator (g”-order) interactions between clothed particles stem from 2 [R;, V]
(see, e.g., [9, 10]). The two-operator contributions to it can be compensated by M.n(a.),
bringing the definition of the particle mass shifts in the g%-order. The r.h.s. of Eq. (10)
embodies other bad terms of the g?- 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 ¢ 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) (b1 (p, r)) and d(p,T)

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

Hr = Hr(e) = [ dwa! (Qa (k) + [ dpE, b (p,7)b(p,r) + ' (p,r) d(p,)] s (1)
and the primary interaction

V()= / dkVEa(k)+He, V= / dp'dp S"F (p,7) VX (p,7;p,7) F (po7), (12)

r,r!

where operator column F and row F*! are composed of the bare nucleon and antinucleon
operators (e.g., F' (p,r) = [b’f (p,r) ,d(—p,r)]), and we have introduced the c-number
matrices (o ) VE (e )
Vi,\ip,r) VE@ e
Vk l,T’; )= 11 Wk 12 ILEES )
(p P ) [ ‘/2}; (p ’77',; P 7T) VZ% (p Iar,; P 7T)
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_ m a(p’r)ysulpr)  w(p'r)vsv(—pir)
@m)*2 \f2un By By

é(p+k—p) [ 7 (—p’,r)ysu (p,r) B(=p’;r)¥sv(~p,7)

Here u (p, r) and v (p, r) are the Dirac spinors, which satisfy the equations (— m)u (p,r) =

0 and (p+m)v (p,r) = 0 with p = E,¥° — py, Ep = vP? + m? and w = VK* + pi2.
According to [2], the corresponding generator R = R; (o) = R — R} that meets the
condition (9) repeats the operator structure of V, viz.,

R = /dka a.(k), R:= /dp'dpz FH(p', ") R*(p',v';p,7) Fe(p,7), (13)

7’

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

R?,j (p /’,,,/;p ’T) = ‘/1]:7 (plvrl; p ,7‘)/ [("1)1'—1 EP' - (‘1)j~1 EP - wk] ’ (7’7.7 =1, 2) . (14)
We will focus upon those contributions in the r.h.s. of the equation
[R,V] = / dicydky { [Rl2, V3] a (ko)ac(k,)
~ [Rret, V] e (ko)ac(ky) + VI RE6(ky — o)} + Hec, (15)

which are bilinear either in the meson or fermion operators.
As mentioned, they may be cancelled by respective counterparts from the operator
Mien (ac) = Mren,mes(ac) + Mren,ferm(ac) with

op? 1 dk 1o 4 t (1) gt
Mren, mes (ac) = T ;; [2ac (k) Qe (k) + Qe (k) Qe (“k) + G, (k) Qe (“k)] s (16)
and
dp + ’ /
MTen, ferm (ac) = mﬁm/ -E— ZFc (pﬂ- ) M (paT §P77') Fc (p,?") 3 (17)
Py

where the matrix M is given by

My (p,7'sp,m) Miz(p,7;p,7)
M ’7,/; ) = 11 P 12{h7,P,
(p p ) [ M21 (p) T/;p, T) M22 (p,T’;p)T)

L Al
Ep 3(-p' ;7 )u(p,r) —6ur :

We use the standard notation dm = mg — m and p? = p2 — p?.
As shown in [2] meson mass shift of the g2 -order is

2¢> rdp { p-k pk } 2¢° [dp { pt
o’ = — - = 2l —~H b (8
oA U rrii v b -t L versime] S

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 = (wy, 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 szem—/dkF*X“F /dk BEXYbe + b X{od] + d.Xbe +doXidl}. (19)

Explicit expessions for the c-number matrix elements X}‘j in terms of V}‘J and Rﬁfj can be
found in [11]

First of all, we are interested in cancellation of the blb. and d.d} to get a prescription
in determining the fermion (nucleon) mass renormalization (of course, in the g*-order).
To this end, we assume '

mém® My + [ il =0, mom® My, + [ dicxl = o, (20)

or in spinor space,

i

@\ F)

r'r - /dkxi‘l (p,>rl; P 7T) )

3
é{p' —

m6m(2>~£1—)§—£l5wr = / dkX5, (P p 1) - (21)
P

After this all we need is to prove that each of these integrals depend on fermion

momentum and spin as C (p) é (p’ — p) 6,/ Ep and show that C (p) is a constant. As

shown in [11],

2 ’
k o1, — g 6(p"p) , 22
/dell (P s T vpvr) - 4(271')3 Ep 5r -rI(p)v ( )
where
1p) = / dk  [m? = EyEpic+p(p—k)  m?+ BBy +p(p — k) 23)
Ep_kwk Ep — Ep__k — Wk Ep + Ep_.k “+ Wi ’

After some transformations we find,

I(p) = L(p) + L2(p),

dk 1 1
Ii(p) /'@pk{ ok ﬂ2+2pk},

_ [dq m? — pq m? + pq
bp) = /Eq{ztmz—pq]-w*z[mupq]—m :

Thus, mass shift of interest is

i

2 g
®-_3 = 11(m,0,0,0) + I(m,0,0,0 24
The second relation (21) leads to the same result since X% = —X%_. The integrals involved

in Eq. (24) can be reduced to the elementary ones. Remaining crossed bfd! and d b, terms
in Eq. {19) are bad having nonvanishing matrix elements between the vacuum {2 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 S-matrix. In the
context, let us recall Dyson expansion for the S operator,

1
S=1-4 / dtHy () + (—i) 5 / dt / dtoP [H; () Hy (£)] + (25)
—~00
where, as usually, H; (t) = exp [iHpt] H; (a) exp [—iHFpt] is an interaction in Dirac (D)
picture. To be definite, we consider the interacting neutral pion and nucleon fields with
the operator Hy(a) = V(@) + Mpe () (see Egs.(12) and (17)) and matrix elements
{fI 8@ |4} of the S operator in g-order, sandwiched between initial and final #°N states,

i) = a' ®)bf (p,7) R,  |f) = (K) B (B,7") Q0. (26)
We are interested in competition between fermion mass renormalization contribution to
S® and the so-called fermion self-energy diagram contribution:

2 §p —
(25;)3m2[F () %"Q‘S (K =k} 6 (By +oww = Bp —wi) 0y, (27)
P

d*q p(p~f1)} 1
I =/ _{1- :
F(p) q2~/.t2+7,0{ m2 (p__q)2_m2+10
or

Po(Po*QO)“P(P“CI)} 1
I dq [ d 1- )
r(p) = / CI/ o e w2+ 0{ m? (po*QO)z“Eg—q*'iO

(f15831i) = -

The ”forward-scattering” process associated with this diagram would be responsible for
appearance of certain infinity in 7N scattering amplitude { f } ’[]z) Following a com-
mon practice, the divergence should be compensated by {f| M fe,m (@) |2) piece, viz., it is
required that

2 (f| M2 (00) i) 8 (By — Ex) = (f] 553 14) - (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(o.) 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 S operator (see [4, 5]). It is important that the approach enables us to evaluate
one and the same S matrix with nonperturbative methods.

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

. m g% &(p’ — ,
(f15531i) = 5 (2‘; )3—(—”5—’3‘25(1« —K)6 (By + wie — By — ) 6y
P
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/ {mg—EpEp—q“.‘P(P'CI) -~ m* + EpEpq + p(P — q) (29)
Ep- q“‘)q Ey — Epq—wq Ep+ Epoq+wq

The three-dimensional integral in (29) coincides with integral I (p) defined by Eq. (23).
Hence, one can write

(1 S2 |iy = ; ( 2-"2)31 (») 5(";; P) s — K) 8 (By + wio — Ep — wil) Srr. (30)

It follows from (27) and (30) that

e
2m?

Ir (p) = —5—1(p), (31)

i.e., we have found another proof of the p-independence of I (p) since I (p) is an explicitly
covariant quantity. Besides, we have expressed the Feynman one-loop integral Ir (p)
through other covariant integrals I (p) and Iy(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|Sk) = (K| [1+ 8D + 5@ + ] |k)
to be definite between the spinless (pion) states |k) = a! (k) |{2). We are interested in
(K| 5@ k) = ~27i6 (wie — wic) (K1 T (wie) [K)
with the second order T-operator
T® (wy) =V (wi + 30 — Hp) "'V
To set links with previous results it is sufficient to note that
LB VI = KV (o + 80— Hp) V) (32)

if pion mass ;¢ < 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 genera‘cor Ry is

o
Ry =—i lim / dtVp (t) e,
0

and proof of Eq. (32) is trivial. Here, as usually, Vp (t) = exp [iHpt] V exp [-iHpt].
Using translational invariance of V', one can show that

5 (K — k)
Wi

K|V (W +40 — He) 'V K) = G(k),
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where G (k) is a function of the four-momentum k& = (wk, k). Indeed, putting V =
JdxV (x) with the interaction density V (x) in the D picture being the Lorentz scalar

U(A)Vp () U™ (A) = Vp (Az), (33)

and using

<O
(wic +30 — Hp) ™' = ~i liI%Jr/dtei(“’k“E'HF)',
£
0
we arrive at

G (k) = ~i(2m3, gng+_Z e [ dp (ol a (8) Vo (30) Vo (—50) o' (5)1%0).

Here, as in [2], we are addressing operators a (k) = (/wia (k) that meet the covariant
commutation rules

[a(k),a" (B)] = wid (K — X).
It results in appearance of a typical combination

_'271_2.5 (wkr - wk) 5 (kl - k)
Wy

G (k)

in the correspondent S-matrix element. Thus, G (k) is independent on k. At this point,
let us recall the relativistic invariance property

(K|S1k) _ (AK|S|AK)
VORI,

In its turn, the meson mass shift can be connected with the c-number G (k) = G (¢, 0,0,0)
in evaluating the one-meson matrix elements in the Lh.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 quasiparticles 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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ELECTROPRODUCTION OF VECTOR MESONS AT SMALL =z
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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 z-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
z 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 Q? the cross section for the vector meson production
is dominated by the v; — Vi amplitude which factorizes [1] into a hard meson photopro-
duction off gluons, and GPD. The amplitudes of v] — V| and the 7] — V 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]

By = gl(V + My) By + M‘% VEK - ﬁ;(y/ — My)(By - K)ov(R2,7). (1)

Here V is a momentum and My is a mass of a vector meson, Ey is its polarization, 7
is a fraction of momentum V carried by the quark, and K is its transverse momentum:
K? = —~K3. 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 My Jy 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 MPA within the 2G model. The leading
over s term of the v* — V amplitude is mainly imaginary. The imaginary part of the
amplitude can be written as an integral over 7 and &, and has the form {6, 7]

HI(E, €, 1) ¢y (kY 7) Anpn, (T, K2)
(7 + 0 ’

where N is the normalization constant, Q® = 77Q?, 7 = 1 — 7. 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 H9(€,&,t) is connected to the
gluon GPD at z = £ point {7], where skewness £ is related to Bjorken-z by £ ~ z/2. The
meson wave function ¢y is used in a simple Gaussian form (8]

T\, =N [dr [kt (2)

k2
dv(k2,7) = 872\ /2N, a¥ exp [-a%, ;—ﬂ . (3)

Transverse momentum integration of (3) leads to the asymptotic form of a meson distri-
bution amplitude ¢3° = 677.

The hard amplitudes A, ., in (2) are calculated perturbatively. The vf — Vi am-
plitude has the form [7]

A= i [0+ - 0n)] (@ 1), G

For the amplitude with transversely polarized photons and vector mesons we find
28 = .
Arg ~ MS‘;Q2 [k2.(1+477) + 2MEr7| (E1EY). (5)

For the light meson production the resulting amplitude is proportional to k2. The term
proportional to MZ appears in the amplitude for heavy mesons too.
The v — Vi, transition amplitude is determined by the function

25 =9 2 = 12 (Eiry)
Avp~31-Q [2MEr7 — K2 (1 - 27)] =

. (6)

It can be found that if we omit the k® terms in the denominator of (2), the Tirr and T 7

amplitudes will have the end-point singularities at 7(7) = 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

T d

Tr~—ow——ImT. 7

Re 2dlnx o ™

The real parts of the amplitudes are small, about 30% with respect to its imaginary part.

The vector meson electroproduction can be studied within the GPD approach at

large photon virtuality Q. At small Bjorken-z we shall consider as before the predom-

inated gluon contribution. The v} — Vi, v — Vi, v — 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
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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 Q® which are important for polarized observables. The amplitudes
v,p— Vup can be represented in the form [9]:

e dz
Tuw = "C"/o @ +E)(E €+
x {[HD 0 +(0F RO, ] BB}, (8)

The flavor factor for p -meson production is C, = 1/ V2.

The hard scattering amplitudes H in (8) are written for the positive transverse gluon
(9)

polarization and can be represented as a convolution of the hard part 4.7, which is
calculated perturbatively, and the wave function (3)
27 ﬂR 2ma(ur) fv dsz.
W, = % / r [ T (B m) AR, (5,6 k1, Q7). 9)

Here the scale up is determined by the largest mass scale appearing in the hard scattering
amplitude: pp = max{rQ, 7Q, ...}.

2. Amplitude structure and description of experiment
The GPD model leads to the following form of helicity amplitudes

Tpr x 1; T,,YT(g) o %—]; Tv(g) -C;t .

This behavior is similar to those obtained in the 2G model.

The 2G and GPD approaches are hoped to be equivalent at small z. 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 z
occurs in (8)

(10)

; 1 dz H(Z) e =
V@ /0 (f+§)(55~5+z‘é)"I(x<§)+l($>§)
3 dz H(z) 1 dz H(z)
b EToe-cv@ tk GroE-e7@ ty

For the nonflip Ty, and Try amplitudes we have no singularities in integrated functions
H(Z), and both I(Z < £) and I(Z > &) 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 Ty amplitude we have quite a different result. In
this case, we find an additional coefficient 1/\/su o< 1/4/Z? — €2 in the hard amplitude H
in (11) which becomes imaginary in the T < £ integration region. Consequently, the real
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part of the T amplitude is determined only by I(Z > £) integral. This contribution is
not small and we find that Re Trr > Im Ty for this amplitude. Thus, properties of the
Tpr amplitude in the 2G and GPD models are quite different. It is difficult to imagine
that these amplitudes might be equivalent at smaéll z. '

T T T
10°Fu Mo
7 | st
~ L ] -
g1o g
.8 Xt
Q.
‘510‘;‘ R
E s 1 ol ]
10°F , E . . )
2 46 810 20 T 2 3 4 58678910 20 30
2
a?[Gev?) Q%(GeV)?

Figure 1: Left: The cross section for v* p — 0°p vs. Q® for fixed values of (W) = 75 GeV.-
Full line- GPG model results. Dashed lines show the pp sensitivity. Data are from [10, 11]

Figure 2: Right: Q? dependence R of p production at (W) = 75GeV. 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 e, parameter in the wave function which determines the average
value of (k%) in hard subprocess. In the numerical evaluation of meson electroproduction
a reasonable description of experimental data is obtained for a, = 0.8 GeV™" in the 2G
model and for @, = 0.52 GeV~} in the GPD model. The parameter f, is determined
by the standard value and for p meson production we use f, = 0.216 GeV. Estimations
of the amplitudes are carried out using the Agep = 0.22GeV. The cross section for
v*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 pr. The results for
cross section for fip = {\/ﬁug, tr/v/2} are shown in Fig.1 by dashed lines. It can be seen
that the [ir 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

Nu=ITLP, Ne= THP+ (TP, R=3 (12)
Note that in {(12) summation over proton helicities is assumed. We omit here the Ty, 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.

1 v )
T = No TN, (1T +elT ). (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: Q? dependence SDME of p production at (—¢) = 0.15 GeV? and (W) = 75GeV.
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 7’ry and T_7r 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 do/dt the diffraction peak slope B ~
6GeV? at Q? ~ 5GeV? can be determined [10, 11]. This value is connected with the
diffraction peak slope of the Tp; amplitude because its contribution to the cross section
is most essential. The diffraction peak slopes of the Tp; and Tpr amplitudes are not
well defined. In calculation of spin observables we suppose that the diffraction peak slope
Brr ~ Byrp and By might be different. The slope Brr ~ Byp in the 2G model and
Bry ~ By /3 in the GPD model is used. Predictions of both the models are in agreement
with the known ¢ -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 z 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 (1) which consider the transverse quark momentum. By including the
higher twist effects k2 /Q? in the denominators of T/{’V' », 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 z, lead to similar
results for the leading twist Tp, 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 T amplitude. Thus, the 2G and GPD models are not completely equivalent at small

z. It was shown that the diffraction peak slopes of the Ty and Ty amplitudes are not
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well defined. The knowledge of these slopes is essential in analyses of SDME. Information
about Bpr and Bpp 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 Ty amplitudes is needed. An
experimental investigation to reduce errors in SDME is extremely important. Study of ¢
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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M.E. Zomorrodian

Department of physics, School of Sciences, Ferdowsi university, Mashhad,
Islamic Republic of Iran, 91775-1436
E-mail: Zomorrod@Ferdowsi.um.ac.ir

Abstract

The analysis of electron positron annihilations to hadrons in the range of energies
below 60 GeV 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 ete~ 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 (ete™ — ggg) 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@
with a momentum resolution —‘%;’C = 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
cosf < 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 y;; is calculated as
QEIE](]. — COS 01‘]')

by Esis (1)
where E; and E; are the particles energies, 8;; is the angle between the momentum direc-
tions and E,;, is the total visible energy in the event. The pair with the smallest value of
i; is found, and if this is below a given resolution parameter yc.: the pair is replaced by
a pseudo-particle with four momentum P* = P! + Pj“ . The procedure is then repeated
using the new set of particles and pseudo particles. When all the values of y;; are greater
than yes, 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 y..; and the relative
rate of multi-jet events is a strong function of y.,,. 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 thé QCD calculations,
especially for small y.,; values, when the logarithmic terms need to be identified and
resumed to all orders of «; 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?, E?}(1 — cos 8;;)
Yy = d éz} : (2)

vis

the results obtained with this algorithm and especially the fraction of 3-jet events selected
by them, depend on the value of ycy.

However, qualitatively our conclusions presented below are valid for all reasonable
values of ¥, Therefore, only results obtained with the fixed values of Yo (JADE)=0.02
and Ye(DURHAM)=0.008 will be presented.

For a meaningful comparison of two algorithms the values of 3, for them should be dif-
ferent because of their different definitions (1) and (2). The value of y..(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=tmin(3 |5 /2 P 3)

where the p; are the particle or parton momenta and the p;- 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

— Epart
g = Ejet (4)

Figure 2 shows zp 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[10].

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 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 (L.23) and also for two, three, and inclusion of four jet events (L234). Both
L23 and 1.234 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 123 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.
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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 zz 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 [1]. 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 #° — vy [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 & 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 phénomena. 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 K| is moving with constant
velocity V' along the X-axis of frame K. It is assumed that their origins, O and O,,
coincide when the plane light front directed at the parallel angle 8, reaches the point O
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(a lateral beam is moving from bottom to top in XY-plane as shown in Fig.1a). At this
initial moment a light sphere (hemisphere to the falling front) starts to spread out from
O. The parallel angle 8, is defined as

cos 9 = cosIl{p/k) = th(p/k) = V/c = 8, (k=2¢) 1)

Pe

Os

Figure 1: a) Synchronization of the K,-motion (Vt) and the light rays (ct and cts) pro-
pagation by the side light beam. b) Lobacheuvsky parallel lines in the velocity space plane
corresponding to synchronous motions of ct, ct, and Vit in Euclidean plane (¢ = 1 is used
for rapidities)

here 3 is the velocity V' in units of ¢, p/k is a value of rapidity p in units of k = ¢,
Ii(p/k) = 6, is a parallel angle, k is the Lobachevsky constant, ¢ is the velocity of light.
The second equality 8 = th(p/c) in (1) is known from the Beltarami model [2] and used
to define a particle rapidity:

p/e=1/2In((1 +B)/(1 - 5)). ()
The first equality in (1) can be rewritten as
0, = T(p/k) = 2arctge=*', (3)

known as the Lobachevsky function. It is seen from (1) that for any rapidity (and its
velocity) there is a definite angle ;. For the negative argument of the Lobachevsky
function the parallel angle 6, changes to n — 8, [2], which corresponds to the same
velocity but for the opposite direction.
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Let us consider a space-time point (z = V¢,¢) in frame K. The light ray from the
origin O 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 O) in the moment of time t7 as

ctp =z cosby = Vtcosfy = ctcos* by, (4)

and then a new light sphere starts to spread out from the z-point. By the given moment
of time ¢ a new sphere will spread out to the radius

cty = ¢t~ ctp = ct —z cosfy = ct — zV/c, ty =t —zV/c?, (5)
and for z = Vi:
cts = ct — cteos® O = ctsin® O = ct (1 — V?/cP), (6)

where ct is the light sphere radius from origin O, so that ct; < ct.

Let us choose two light rays from these two spheres: one, ct, emitted from O under
the angle 6, to the X-axis in some plane, and the other, ct,, emitted from O, (located at
z) perpendicular to the X-axis in the same plane (see Fig.1a). Three segments ct, Vt and
cts form a rectangular triangle. But two sides of triangle, ¢t and ct,, have no common
(intersection) point at no moment of time ¢, 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.1b.

Thus, the LPL in a velocity space corresponds to the light rays ct and cts 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 tr (see (4)). As the value
of time delay tr for given = and V is defined by ¢ (with changing V' the 8, changes but
not the ¢) 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 8y = m/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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a) b)

c) d)

Figure 2: a) Two lateral light beams (for V > 0) give two pairs of light rays ct and ct,
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 shoun in ¢) and d)

3. z and t- coordinate transformation and light ether
concept

Let us continue with the inertial frames K and K, 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
z-points (including O) 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 z-point is delayed by ¢ relative to the lateral beams (see (4)) so that time ¢,
at a given moment of time ¢ (in K) is defined by (5). Thus, due to the synchronization of
K and K, frames (by the corresponding pairs of direct and lateral fronts) two moments of
time, ¢ and t;, can be defined at any x point. For the chosen event (z,t) time ¢, depends
only on the velocity of the moving frame K.

Let us define the time ¢ in the fixed frame via the distance ¢t passed by the light ray
emitted from the point O at the parallel angle 6 to X-axis in some plane. It is seen from
Fig.1-Fig.3 that for any event (z,t) the delay time ctr is just a projection of the given
z-point on the chosen light ray ct.

Obviously, the displacement of K origin Vi = ct cosfy, is just a projection of the light
ray ct on the X-axis. So, for any given coordinate z at a given time t a value z, relative
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X X

Figure 3: a) An illustration of the inertial frame z and t coordinate transformation (in-
cluding Lorentz transformation). b) A wvelocity space diagram corresponding to x and t
shifts. The z-coordinate is the z-position of a particle, moving with a velocity of v = z/t
in K frame by the moment of time t

to the origin O, is
s =0—Vi=1x—ctcosfy. (7)

For any event (z = Vt, t) a relative coordinate is z, = 0. It means that time ¢, {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 ¢t 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 (z,¢) the corresponding moment
of time ¢, is the time "measured” by means of the " moving clock” located at the point z,
of K. Unlike of ¢t in K, the time ¢, defined for O, is not all the same for the points on
Xs-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:

vp = T/tp =c/cosly =V =c/B>c. (8)

So, for 0 < V < ¢ any two events {z1,t) and (z2,t) have different time ¢, in K,. For
V — 0 (6, — 7/2 for side beams) the velocity vp — oo and one comes to the Newton
time £, — ¢, and for V' = ¢ (6, = 0) the proper time ¢, = 0.

Thus, for any event (z,t) in K the corresponding coordinates in K, are simple shifts
(see (5) and (7)). To obtain the values of shifts, one should make symmetrical projections
as described above.

136



We have used this symmetry to find out the Lorentz coordinates z” and ¢ for a moving
frame. To get them, one has to find the crossing point O’ of two perpendiculars producing
the projections for any (x,t) event (see Fig.3). Then the length of the interval from O’ to
z corresponds to z':

z' = (z —ctcosfy)/sinfp = (x — Vi)//1 ~ V2/c?, Ts =z’ sinfy, (9)

and the distance from O’ to the ¢t corresponds to ct':

ct' = (ct —zcosf)/sinf = (ct — zV/c)/\/1 - V2/c2, cts = ct'sinfy,. (10)

It is seen from (9) and (10) that primed and shifted coordinates are related as the
corresponding projections. But the point O’, which is always considered as the origin of
the moving frame, does not coincide in space with O,. It is also seen that the line O’z
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 z and ¢t (dashed line in Fig.3) can be defined
via the primed and unprimed values:

2 = M 4+ 1% — 2ctrcos O, = Pt? + 2% + 2ct'z’ cos By, = 17, (11)

or as a sum of two terms, either as 2 = 52 + 52 (to get it one should add #z” to the left
part of (11) and £z to its right part), or as 12 = —s? + s2 (add £c?t? to the left part of
(11) and 4c*" to the right part), where:

§1 = Pt — 2% = A — 2 = (P2 - 1P, v =1/stnfy = 1/4/1 = V?/c?, (12)

s3=2z(x—ctcosfy) = 27’ (x'£ct' cosby), 82 = 2ct(ct—zcosfy) = 2ct'(ct'+x coshr).
(13)
Term s? is known as an invariant interval. Obviously, it is only a part of the full
distance [? and is a result of cancelling of two equal values, either s3, or s2 in the ex-
pressions for {* = [2. Terms s2 and s2 may differ by sign: (+)/(-) corresponds to the
point O located inside/outside the cone defined by the angle 8. For an event (z = Vi,t)
term sZ is equal to zero (as T, = z’ = 0) and s2 = 2s%, s0 > = s? = I’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))

z = (z, + ctscos8y)/sin® 0, = (z, + Vit,)/(1 - V?/c?), (14)

and
ct = (cts + T,c088.)/sin? 8y, = (ct, + V) /(1 — VE/eY), (15)

which are the reverse transformation from the moving frame to the rest frame. To check
that, one can solve (5) and (7) for z and ct (once the factor 1/sinf; 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 V on —V one should
also choose an appropriate lateral light beam direction for a moving frame. So, if K,
moves backward to X (V' < 0) 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 (z,y, z = 0,%) 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 (z,y) and then the point (z,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.
------------------- ct
£ s
&
b —— O h:
0 Vi -‘ 4 X
Ly
YA
Q
C o A
r Ony O py O
a) b)

Figure 4: a) An dllustration of the Ay-shift origin due to the light way difference, and b)
a corresponding velocity space diagram (see note in Fig.8b)

The secondary light sphere spreads out from the first point to the point (z,y = 0) 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 sinfp/c (since the secondary sphere starts to spread out from the first point). So, the
light way difference is

cAt = Ay =y —ysinfy. (16)

To compensate for this difference and make the initial moment of time counting caused
by the lateral beam to be the same for z, and y,, the origin of K, frame should be shifted
along the Y-axis by the value of Ay (16). Then the y-coordinate in K, frame is

Ys =y — Ay = ysinf, = yy/1 - V?/c? (17)

and the transverse coordinate

2y = 2z — Nz =zsinfy = z/1 - V2/2. (18)

The reverse transformation is also obvious:

y =7ys/sinfr = ys//1 —V2/c2, z=z/sinfy = z,/{/1 — V2/c2. (19)

Then for the non-invariant interval (see(12)) one can get

P —a? —y? = 2P =P (P -2l -yl - 2D). (20)
So, for any event (z,y, 2,t) in K there is the ”parallel” event (zs, ys, 25, ts) corresponding
to the moving K 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

e 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.

e 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.

e Lobachevsky function has been found as a tool to express the constant light velocity
principle.

e 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. .
e 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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e 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.

o 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.

e The four elements complex fraction invariant and a possible wave equation have been
presented.

The author is grateful to A.P. Cheplakov and O.V. Rogachevsky for useful discussions.
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Abstract

The average particle multiplicity density dN/dn is the dynamical quantity which
reflects some regularities of particle production in low-py 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 ¥(z) and variable z in data 2-
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 zy 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 (/5 = 200 — 14000 GeV) and at = 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, fp and pA collisions at high
energies, the z-scaling concept is proposed in [1]. In the framework of z-scaling, such
experimental observables as inclusive cross-section Edc/dp® and the average charged
particle multiplicity density p = dN/dn are used to construct the scaling function (z) and
variable z. The scaling, known as z-scaling, reveals interesting properties. There are the
independence of the scaling function, (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 1(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 ~ 1/p(s), and 9(2) ~ 1/p(s,n). 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-ghuon plasma and others.

The concept of the z-scaling is introduced in [1] for the description of inclusive produc-
tion cross sections in pp/Pp interactions at high energies and high pr values of secondary
particles. The scaling function (z) is expressed via the invariant inclusive cross section
Ed®c/dp® and the average charged particle multiplicity density p(s, 7). The function ¥(z)
is found to be independent of collision energy /s and an angle 6 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 1(z) ~ z7? [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 2. 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 1 = 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,7n) 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, mp) collisions in high energy range and at
pseudorapidity 7 = 0. In both the cases, the dependence of density p on energy, /s,
at 7 = 0 was fitted by the function: p(s) = a-s®, 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 A = 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 /3 = 50 -+ 14000 GeV. The value of do**/dn for every energy was normalized to
the corresponding value of the inelastic cross-section g;ne;. The results of simulations are
shown in Figure 1(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 /s = 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 57 = 0 in the range from 4.5 up to 10. Charged particle density dN°*/dn in
7p collisions was simulated in the energy range /s = 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 1(b). The parameter values were found to be
a = 0.59(8) and b = 0.126(17). For pp and =p collisions, we have obtained practically
the same value for parameter b (within the errors). Also, in the energy region from 50 to
200 GeV there is no difference between densities in pp and 7p collisions.

The power law dependence of charged particle density on energy +/s is valid for pA
too. In the case of pA collisions, the densities of charged particles can be parameterized
[2] by the formula: dN°/dn =~ 0.67-A%18.5%1%  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 Tesults 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 #(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 /5. This is because the important z
values decrease and there are more partons at smaller z. But, cross sections for jets with
transverse momentum that is a fixed fraction of /s fall with +/s. This is mostly because
the partonic cross sections fall with Er like E7 ™2

Table 1. The average jet multiplicity density p(s) normalized to the value at /s =
1800 GeV in pp and pp collisions over the central pseudorapidity range as o function
of collision energy [12]

Vs [GeV] 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 = \/(An)? + (A¢)? in the space (7, #), where Ay and A¢ specify the extent of the cone
in the pseudorapidity and azimuth. The pseudorapidity n is determined via the center
mass angle 6 by the formula n = —In(tg(6/2)). 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 Ep and 71 in a hadron-hadron collision. The inclusive jet cross section is
usually expressed in terms of the invariant cross section

3
%-‘;-. )
P

In the experiments [16, 17], the measured variables are the transverse energy (Er) and
pseudorapidity (7). In terms of these variables, the cross section is expressed as follows

d*o
aBrdn’ (2
The quantities (1) and (2) are related by
' d*c 1 d% .
ap® T 2By dErdn’ ®)
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 |n| < 0.5.

3.2. Results

The PYTHIAG6.2 Monte Carlo generator [14] is used for calculation of inclusive jet cross
sections in hadron-hadron (pp, pp) collisions in high energy range and for pseudorapidity
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1 = 0. As a first step, we simulated the inclusive jet cross sections at Tevatron energies
/5= 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

SDCS = E} -I*Jfl—:,’—o—r (4)

=B B

The scaling hypothesis, which is motivated by the Quark-Parton Model, predicts that
this variable plotted against zr = (2Er/+/s) will be independent of the collision energy
V5. However, QCD leads to scaling violation through the running coupling constant o
and the evolution of the PDF’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 zr. Figure 3(a) shows the ratio of dimensionless inclusive jet cross
sections at /s = 630 and 1800 GeV and for || < 0.5 as well as corresponding results of
Monte Carlo simulations!.

This variable was our starting point, because it practically does not depend on zr.
It can be seen in Figure 3(a) that SDCS(630)/SDCS(1800) > 1. It means that the
SDCS decreases with increasing colliding energy. On the other hand, the scale factor
for jets pje: should take into account the rise of the jet Er with increasing /s (for the
same z7 bin) and the behavior of g, for minijets production which increase with energy
approximately as s®In(s), where § 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 Fr and to divide with number of jets in 7 region. The variable, we called "scaled
jet energy density”, then has the form:

Scaled jet energy density = SDCS - ]I\}JT . (5)

jet

1]. 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 1.
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 z7 ) 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 dN"/dn at 1 = 0 as a function
of energy +/s in pp collisions. (b) Charged particle multiplicity density dN"/dp at n =0
as a function of energy /s in 7p collisions
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Figure 2. The comparison between the MC simulations and experimental data on
inclusive jet cross sections for || < 0.5 in pp collisions at Tevatron energies /5= 1800
and 630 GeV [17]. Black points - experiment, red. crosses - Monte Carlo results
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and 1800 GeV and for |n| < 0.5 in comparison with corresponding results of Monte Carlo
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The shape of this variable for different colliding energies is zr independent. It increases
with energy /s (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 zy and pseudorapidity region (in this case we talk about central
region). The z7 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 /s with corresponding value for
/¢ = 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 (pje:) for jet analysis in the framework
of z-presentation.

Thus, Figure 4(b) shows the ratio pje:(1/5)/0;et(1800) as a function of /s 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 (low-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-pr) 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-pr) picture down to low-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-pr 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 minimum 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 pr 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 (M ST P(82) = 4) instead of cut
on pr (MSTP(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 (/5 = 100 + 14 TeV) and for pseudorapidity 1 = 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 zr and pseudorapidity regions.
Its definition is related to the ”scaled dimensionless cross section” and its features (for
example, zp 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. )

Acknowledgments. One of the authors (M.T.) would like to thank I.Zborovsky
for numerous fruitful and stimulating discussions of the obtained results.
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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 [1]-{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 /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 Ed®c/dp® and the
multiplicity density of charged particles dN/dn. Data z-presentation is found to reveal
symmetry properties (energy and angular independence, A-and F-dependence, power law).
The properties of ¥ at high z are assumed to be relevant to the structure of space-time
at small scales [13, 14, 15]. The function ¥(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-pr particle spectra
obtained at the RHIC. The obtained results are compared with other ones based on the data,

obtained at lower collision energy +/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

M +M,»m 4+ X 1)
of the constituent subprocess written in the symbolic form (2)
(z1M1) + (ToMz) — my + (21 M) + 22 Mz + ma) (2)
satisfying the condition
(z1 P14 23 Py — p)? = (m My + 22 My + ma)*. (3)

The equation is the expression of locality of hadron interaction at constituent level. The
z, and z, are fractions of the incoming momenta P; and P, of the colliding objects with
the masses M; and M,. They determine the minimum energy, which is necessary for
production of the secondary particle with the mass m; and the four-momentum p. The
parameter mg 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 2 is
introduced. It is chosen in the form

a1, 22) = m(l ~ 1) (1 = 22)", @)

where m is a mass constant and §; and §2 are factors relating to the anomalous fractal
dimensions of the colliding objects. The fractions z; and z, are determined to maximize
the value of Q(zy, 22), simultaneously fulfilling the condition (3)

dQ(l‘l,sz)/diEllzz-_ﬂ?(xl) =0. (5)

The fractions z; and z, 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 (2)
depends in a self-similar manner on the single dimensionless variable z. It is expressed via
the invariant cross section Edc/dp® as follows

L Y
VO =~ P ©)
Here, s is the center-of-mass collision energy squared, oy, 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 ¥(z) is normalized as follows

I “p(@)dz = 1. 1)
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The relation allows us to interpret the function ¥(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 = 2t (8)
where
20 = /3./(dN/dn). ©)

The variable z has character of a fractal measure. For the given production process (1),
its finite part zy is the ratio of the transverse energy released in the binary collision of
constituents (2) and the average multiplicity density dN/dn|,=¢. The divergent part Q!
describes the resolution at which the collision of the constituents can be singled out of this
process. The Q(z;, 52) represents relative number of all initial configurations containing the
constituents which carry fractions z; and z, of the incoming momenta. The 6, and é; are the
anomalous fractal dimensions of the colliding objects (hadrons or nuclei). The momentum
fractions z, and z, are determined in a way to minimize the resolution Q71(zy, z2) 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-ppr particle production, as shown below, is described by
the power law, 1(2) ~ 2. Both quantities, 9 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
1(z). Numerous experimental data on high-py 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 pr-presentation. The first one is the strong dependence
of the cross section on energy /5. The second feature is a tendency that the difference
between particle yields increases with the transverse momentum pr and the energy /s.
The third one is a non-exponential behavior of the spectra at pr > 4 GeV/c. The energy
independence of data z-presentation means that the scaling function (z) has the same
shape for different /5 over a wide pr range.

Figure 1(a) shows the dependence of the cross section of 7*-meson production in p — p
interactions on transverse momentum pr at /s = 11.5—53 GeV in a central rapidity range.
The data cover a wide transverse momentum range, pr = 0.2 — 10 GeV/c.

Figure 1(b) demonstrates z-presentation of the same data sets. One can see that the
scaling function (2} demonstrates independence on collision energy /s over a wide energy
and transverse momenturn range at fems =~ 90°.

As seen from Figure 1(b) the scaling function reveals a linear z-dependence on the
log-log scale at high-z. It corresponds to the power law, ¢(2) ~ z7#. The value of the
slope parameter /3 is independent of the energy +/s over a wide range of high transverse

153



momentum. This is considered as indication that the mechanism of particle formation
reveals self-similar and fractal properties.

The pr-presentation demonstrates a strong angular dependence as well. Figure 1(c)
shows the dependence of the cross section of 7%meson production in p — p collisions on
transverse momentum at /s = 53 GeV and the center of mass angle fems = (5 — 90)°.

The angular independence of data z-presentation means that the scaling function ¥(z)
has the same shape for different values of an angle 8,,,; of produced particle over a wide
pr and +/s range. Figure 1(b) demonstrates z-presentation of the same data sets and
experimental confirmation of the angular scaling of ¥(z).

The z-presentation of data gives indication on F-independence of the scaling function
[16]. The property means that the scaling function {z) for different species of produced
hadrons (70, K*,5) at high-z is described by the power law, ¥(2) ~ 2%, and the slope
parameter § is independent of flavor content of produced hadrons. Figure 1(e) illustrates
the F-independence of %(z) at high-z for hadron production in p — Be collisions. For
comparison of different data sets the transformation z — (aaarp) -2, ¥ — (aAap)—l -1
of the scaling variable z and the scaling function % have been used. The parameters a4
and of are independent of energy +/s and momentum pr. 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-
pr particle spectra measured at the RHIC in p~p collisions at /5 = 200 GeV. 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-pr spectra of charged hadrons produced in p — p and Au — Au collisions at
energy /s = 200 GeV within |n| < 0.5 were measured by the STAR Collaboration [17).
The results are presented in Figure 2(a). The pr-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 dIN/dn 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 pr = 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 9 at /5 = 200 GeV and reach of value of z up to 30 and
more are of interest.

4.2. 7% mesons

The PHENIX Collaboration published the new data [25] on the inclusive spectrum of
m°-mesons produced in p — p collisions in the central rapidity range at RHIC energy /s =
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200 GeV. The transverse momenta of 7°-mesons were measured up to 13 GeV/c. The pp-
and z-presentations of data for m%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 n%-meson
production reveal the properties similar to that found for charged hadrons. The new data
[25] on #°-meson inclusive cross sections obtained at the RHIC as seen from Figure 3(b) are
in a good agreement with our earlier results [11]. Thus we can conclude that the available
experimental data on high-py 7% meson production in p — p collisions confirm the property
of the energy independence of 1(z) in z-presentation.

4.3. 7m-mesons

New data on 7-meson spectra in p — p collisions at /s = 200 GeV in the range pr =
1.2 — 8.5 GeV/c are presented by the PHENIX Collaboration in [23]. The n/x° 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 /s = 30.,31.6, 38.8, 53.
and 63. GeV [24, 37]. Data pp- 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 7-meson production in p — p collisions over a wide /s and pr
range. Note that new result on the n/7® 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 (K2, A,A) produced in p — p collisions at /s = 200 GeV.
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 n°-mesons produced in p — p
collisions at /s = 23 — 200 GeV are used to construct the asymptotics of ¢(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, 9(z) ~ z~#, on the log-log scale at
high-z. The transformation of the variable z and the scaling function ¥ for A (Fig.5(b))
and A in the form z — ap -2, ¥ — ap~! - was used for coincidence of the asymptotics
for A, A and 7°. Note that the scaling function (z) for A reveals different behavior at low-
and high-z ranges. It is valid for A as well. The parameterizations of 1(z) for A and A were
used to predict particle spectra (see Figures 5(c) and 5(d)) at /s = 63,200 and 500 GeV
at hlgh—pT
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 /s = 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 m; and the
mass of ¢-meson my 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-py indicates
on power behavior. The scaling functions for ¢ and the asymptotics for 7° are shown in
Figure 6(b). The F-dependence of data z-presentation was used to predict ¢-meson spectra .
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at /3 = 41.6, 63, 200 and 630 GeV and ,y,s = 90° at high-pr. Note also that p — p spectra
of ¢-mesons is important to study the nuclear modification factor R4 A over a wide ppr-range
and obtain direct information about the dense nuclear matter at hadron formation.

4.6. =~ and E* 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
Z~ and Et hyperons over a wide pp-range [34]. The decay mode 5~ — Ar™ was used to
reconstruct =~ up to pr = 4. GeV/c. Mid-rapidity transverse momentum spectra for 5~
and E* from p — p at energy /5 = 200 GeV and |y| < 0.75 are shown in Figure 7(a).

The flavor independence of ¥ at high-z for different pieces allows us to construct the
scaling function of =~ (see Fig. 7(b)) and =% over a wide z-range using the asymptotics
for 7%-mesons and to predict inclusive cross sections of 5~ and S+ hyperon production at
high-pr. The transverse momentum spectra for £~ and £+ 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 /5 =
200 GeV 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. KJ-mesons

Here we compare the STAR data [31] for K3-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 pr- 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 pr. The shape of the scaling function for K3-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. wT-mesons

The PHENIX Collaboration presented in [22] the new data on inclusive cross section
of identified hadrons (%, K*, p,p) produced in p ~ p collisions at /3 = 200 GeV in the
central rapidity range. Transverse momentum of particles is measured up to 2.2 GeV/c.
Data pr- and z-presentations for 7+-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
v/s = 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 (A%, 7%,7, A, A, ¢,Z7, 5+, K3, %)
produced in p — p collisions at the RHIC in the framework of data z-presentation was
performed.

The scaling function ¥(z) and scaling variable z are expressed via the experimental
quantities, the invariant inclusive cross section Ed°c/dp® and the multiplicity density of
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charged particles p(s,7). The scaling function 9 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 2-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, ¢,E~,Z%) 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 I.Zborovsky, Yu.Panebratsev,
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Figure 4. (a) The inclusive cross section of -mesons produced in p — p collisions in the
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11.5 — 53 GeV and 200 GeV. Experimental data are taken from [18, 19, 20, 21] and [31].
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10° 10°
107 10:"'
10 :\k‘ 10 ; R
1 r - E \'l,“ —-
" :gj;[ -a& ] 'k p-p
@, + - +
% 10‘,5 N ™ 0y "\ w
3 B L B 107y
< 107 x ¢ -3 £ "y,
10 % WA 107y ‘
'g ol w R ~ 10 " %
07K R N 4 2 »
- 107y X e " T 10" s7% GeV (]
"a 10§ 12 X L 3N > 4 %
T s GeV, o T 10 -®
Q 10§ * L S S 11.5
Sqgmg * 115 L 1 07y 9 ;g»g \
mE 0 19 -8 £ E
Rl ' ef . 3
107%F 44 274 10k x 388 1
107k « 388 1o-ef B 53. ]
IEEN B I . 200 1
10-"F © 200. 0™
]0_"_ TS ST ST TR T WOl Y WA S TS IR T ST T N S W0 ST W DT RS 10 =12 Taaxal Lt Ak 2 1), Aok A3 200 PURNE N WY
¢} 2 4 [ 8 10 10~ 1 10
z
pr. GeV/c
a) b)
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ANISOTROPY IN RELATIVISTIC NUCLEAR COLLISIONS
AND MICHELSON’S EXPERIMENTS WITH LIGHT

1. Zborovsky
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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 =27, ey

Q((L‘l, $2) = (1 - .'51)61(1 - :52)52 (2)

is self-similarity parameter which has character of a fractal measure. For given inclusive
reaction, its finite part, 2o, is proportional to the transverse energy released in the under-
lying collision of constituents. The divergent part, 2!, describes resolution at which the
collision of the constituents can be singled out of this reaction. The Q(z;, z2) is relative
number of all initial configurations containing the constituents which carry fractions z,
and z, of the incoming momenta. The §; and & 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 2z 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 {71, one can introduce ”the structural velocity u”,

U a—1
U—W, U= —2~\7-a:€, a=52/51. (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 (6; # &5),
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]

N "'51'_7' +’I.L1‘Uj Uy
o= (TR ), (@
This corresponds to the invariant

2 — =2t F + (G-F)? =17 (5)

The structural velocity @ = (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 ¥ = dF/dt characterizes
motion and depends on the reference system. Its transformation properties are given by
" = A(7, @)r’ where r = (7,¢). The transformation matrix has the form

N 5,‘j+GUivj+FU,;’LLj —Ty;
Al@) = ( ~G_v;—T_u; 1+ ©)
where . A —1
r=———2L - {0zZ9r-1 )
(A — a5 —0? v
and
I'_ = Gv* - T4-7, G_ =T~ Gi-v. (8)

The factor I" is generalization of the Lorentz factor for non-zero space-time anisotropy
4. It determines range of the accessible values of the motion velocities which becomes a
rotational ellipsoid

(+e)l+7) =+ y=(1-u)72 (9)

Here v) and v, denote the velocity components which are parallel and perpendicular to
the space-time structural anisotropy #, respectively. The ellipsoid is given by the major
semi-axis @ = 4? and by the minor semi-axis b = «y. Its eccentricity is e = y4/72—1. One
focus of the ellipsoid is in the point ¥ = 0.
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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 d; and dj; has been used (Fig.1a). 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 At = t;; — ¢;. 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 @ up to the arbltrary order of accuracy.

Suppose there exists a space-time anisotropy @ 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.1b) 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
i

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 7;(¢) and va(@) or T2(¢), respectively. The difference
At = t;; — t; between times which the light rays take to travel in spectrometer arms II
and I can be expressed as follows

S CoR o) R CoATo) S

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

(10)

169



distances (lengths of arms dj, d;;) 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 n;; of the four dimensional metric 7,,(@). In the
considered case, the spatial metric n; is isotropic

* ‘ * * o
T =g N =8y, = TZ;OO"

Therefore, lengths dy and d; are invariant under space rotations and do not depend on
the angle ¢.

Now we exploit the following geometrical property of the ellipse. While the sections
v;(¢) and 7;(¢) connecting points of the ellipse with its focus depend on their orientation
¢, the combinations

(12)

1 1 2A

v;($) * w(¢) B

are invariant with respect to the angle ¢. Using the relations (9)-(13), we get

Atztn—-t[ =2(d11~d1)A (14)

i=1,2 (13)

This relation means that difference between times the light rays II and I take to travel in
the spectrometer arms with the lengths d;; and dy does not depend on the spectrometer
orientation ¢. Therefore, rotation of the spectrometer apparatus can not cause any shift
of the interference fringes even for @ # 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 K and then travels along the path d;, da, and d3. The corresponding

time interval
dy dy d3

=) wl) T n)
is function of the velocities v1{(¢), v2(¢), and vs(¢). The velocities are depicted on the
velocity diagram in Fig.2b. They depend on the orientation ¢ of the triangle KLM in
the spectrometer plane. We show that if the three mirror set-up rotates, the time fx s
remains invariant, though values of the velocities v;(¢) change during such rotation. Let
us start with the elementary relation

dy da ds

P = = EdKLM (16)
sina; sinay  sinag

(15)

in the triangle K LM. When exploiting the relations §; = 7 — o; between the angles in
Figs. 2a and 2b, one can write

sinf; sinf; sin ﬂ;;) (17)

n@ 0@ " wle)

Because of spatial rotational invariance (12), the angles oy, 5; and the distances d; do not
depend on the angle ¢, i.e they do not depend on the rotation of the apparatus as the

tirm = drrm (
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Figure 1: (a) Sketch of the Michelson-Morley experiment. (b) Corresponding velocity
diagram. The i, is projection of the space-time anisotropy # into the spectrometer plane
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ﬁs dy
K
(b)/
B
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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

sinfy sinf; sinf; A . . .

u(@) T @) Tlg) B ORA TSR (9)
is invariant with respect to ¢. The invariance (13) is special case of this relation. Using
Egs. (16)-(18), one gets the expression ¢{xrm = di + ds + ds which does not depend on
the orientation ¢. Therefore, time txras 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 d; and the second ray advances
along d;; == dy + d3. The difference At = t;; — tr between times which the light rays take
to travel from L into K can be expressed as follows

da ds d;
= + — - . 19

RN OREAC) 19
Adding the zero value of d) /v,(¢) — d; /v1(9) to the right hand side of (19) and exploiting
Egs. (13) and (18), one arrives at the expression

At = dg + d3 - d1 (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 %. We do not advocate the
anjsotropic 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.

At
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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 ¥(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 UA1l 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 [1, 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, p,
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 IT 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 v has simple physical interpretation as the probability
density to form a jet with formation length 2.

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 107* 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 ¥(z) and scaling variable z.
The function is expressed via the invariant cross section Ed®c/dp® and the multiplicity
density dN/dn as follows

s 1 3%

P(z) = ——ree— J T E—r 1
&) = ~aTanon” Zap M
Here, s is the center-of-mass collision energy squared, o, 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

[ @z =1 @)

allows us to interpret the function ¥(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

2= 20" (3)

The finite part 2z is the ratio of the transverse energy released in the binary collision
of constituents and the average multiplicity density dN/dn|,=o. The divergent part 0!
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describes the resolution at which the collision of the constituents can be singled out of
this process. The quantity Q(z1,z2) = m(1 — )% (1 — z,)% represents relative number
of all initial configurations containing the constituents which carry fractions z; and z,
of the incoming momenta. The 6; and J, are the anomalous fractal dimensions of the
colliding objects (hadrons or nuclei). The momentum fractions z; and z, are determined
in a way to minimize the resolution Q7*(zy, z) 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 § — 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 IL

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-pr hadrons was only observed and considered as result of
hard scattering of elementary hadron constituents. At high collision energy /s 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-py spectra of n°-mesons produced at the ISR and
azimuthal correlations of jets produced in § — 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-py parti-
cles from the jets in the azimuthal plane is one of main features of jet production. The
high-pr 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 AR; = \/ (¢: — ¢jet)2 + (s — njet)2, where (@jer, Mjer) define
direction of the jet and (¢;, ;) are the coordinates of the parton, particle or center of the
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calorimeter cell. If AR; < R then the object is a part of jet. The transverse energy Erp
and direction of jet are defined by formulas

> Er

€<R
M= (1/Br)- > ' Er (4)
1eR; <R
¢J€t"- 1/E’1 Z ¢1 Ez
i€Ri<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  — ¢ 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 R, has been suggested [12].
At the parton level R, 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 AR between two partons in
a parton jet divided by the cone size used: R = AR/R. The value of Ry, 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 kp-algorithm combines vectors based on their relative
transverse momentum.

Several variants of the clustering kr-algorithm 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 kp; in a given
n-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;; = min{k},;, k3.;} - AR}/ R? (6)

Here R is a jet cone size, AR; ; is the distance between two prejets (i and j) in (7, ¢) 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 dn,; promotion it to a jet and remove its particles from considerations if d,,in
arises from a single prejet; combination the pair into a new prejet and recompute measure
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for all prejets and pairs of prejets if dpi,, arises from a pair of prejets; continuation previous
steps until all prejets have been promoted to jet.
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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 Il
In this section we analyze new data on inclusive cross section of jet production in p—p
collisions at /s = 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 ¥

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 ag(Q?), the
parton distribution functions and to constrain uncertainties for gluon distribution in the
high-z 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 p — 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 < [n| < 0.5
and 0.1 < |n] < 0.7 ranges, respectively. The data were used in present analysis.

New data on inclusive cross sections of jet production in § — 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 |n| < 0.5 and pr = 60 — 560 GeV /c, respectively. Data pp-
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 ¥(z) are found to be as
well.

The dependence of single jet cross section on transverse momentum of jet in § —p
collisions at /5 = 630, 1800 and 1960 GeV is shown in Figure 3(a). The data [15, 21]
covers momentum range pr = 10— 560 GeV/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 pr 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 9(z) is observed up to z = 4000. Asymptotic behavior of scaling function
is described by the power law, 1(z) ~ 27# (the dashed line in Figure 3(c)). The slope
parameter [ is energy independent over a wide pr-range. .

4.2. Angular independence of

Let us consider the angular dependence of pr- 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 < [n] < 2.4. In the CDF experiment [23] jets were registered in the ranges 0.1 <
!7]1[ < 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
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process on the transverse momentum p; at /s = 1960 GeV for different rapidity intervals,
0.5 < Inl < 24 and 0.1 < |p] < 2.8, measured by the DO and CDF Collaborations,
respectively. The pr-presentation of new data [22, 23] demonstrates the strong angular
dependence as well. The qualitative regularities of jet spectra at /s = 1960 GeV are
similar to ones at /s = 630 GeV and 1800 GeV.

We verify the hypothesis of the angular scaling for z-presentation of the data for jet
production in § — p collisions. The angular scaling of data z-presentation means that
the scaling function (z) at given energy /s has the same shape over a wide pr and
pseudorapidity range of produced jets: .

Figure 4(b,c) and 5(b,c) demonstrate pr 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 ¢(z). Nevertheless it is necessary
to note that some points (last five and seven points corresponding to the (1.4,2.1) and
(2.1,2.8) pseudorapidity ranges of the data [23] and two last points corresponding to the
(1.5,2.0) 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/dn

The important ingredient of z-scaling is the multiplicity density p(s,n) = dN/dn.
The quantity is well determined in analysis of high-pr particle production. The energy
dependence of p(s) for charged hadrons produced in p — p and § — p collisions at = 0
is measured up to /s = 1800 GeV. The dependence is used to construct z and ¢ 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)/po has been used. The value of p(s)/po at the normalization
point /5 = 1800 GeV is equal to 1.

Figure 6 shows the dependence of p(s)/pe on the collision energy /s. 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 § — 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 ¢(z) and scaling variable z expressed via the experimental quanti-
ties, the invariant inclusive cross section Ed®c/dp® and the jet multiplicity density p(s,n)
are constructed. The scaling function % 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
9,and the power law) found at the ISR, SpS and Tevatron in Run I are confirmed in new
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kinematical range (/s = 1960 GeV and pr = 10 — 550 GeV/c). Results of our analysis of
new experimental data are found to be in good agreement with results obtained by the D0
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 do/dpy of one
jets produced in p — p collisions at /s = 1960 GeV in the central pseudorapidity range
[n] < 0.5 as a function of the transverse momentum. (b) The DO data on invariant cross
section Ed®c/dp® of jet production at /s = 630, 1800 GeV [14] and 1960 GeV [20] in pr-
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 d2c/dErdn of one
jets produced in p — p collisions at /5 = 1960 GeV in the central pseudorapidity range
0.1 < |n] < 0.7 as a function of the transverse momentum. (b) The CDF data on invariant
cross section Ed3c/dp® of jet production at /s = 630, 1800 GeV [15] and 1960 GeV [21]

in pr- 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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Figure 4. a) The preliminary D0 data [22] on inclusive spectrum do/dpr of one jets
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momentum pp. (b) The DO data on invariant cross section Ed®s/dp® of jet production at
/5 = 1960 GeV [22] in pr- and (c) z-presentations. The dashed line represents the power
fit to the data
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Figure 5. a) The preliminary CDF data [23] on inclusive spectrum d?¢/dErdn of
one jets produced in  — p collisions at /s = 1960 GeV in the different pseudorapidity
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of the transverse momentum pr. (b) The CDF data on invariant cross section Fd®c/dp®
of jet production at /s = 1960 GeV [23] in pr- and (¢) z-presentations. The dashed line
represents the power fit to the data
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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 TJLAB.
Scaling functions f(v") for different nuclei and for different transfer momenta are
constructed within the coherent density fluctuation model (CDFM). The results
for f(4') agree with the available experimental data at different transfer momenta
and energies below the quasielastic peak position, showing superscaling for negative
values of 9’ 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 ploneer 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 (TJINAF) with 4.045 GeV incident beam energy from C, Fe and
Au targets [7] to Q? &~ 7 (GeV/c)?. 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 Q?
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 |y} < 0.3 GeV at momentum
transfers up to 3 (GeV/c)?, 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 comparison 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
P-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 3’ 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) 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 momenturn distribution n(k)
obtained with the LFD method to calculate the deuteron scaling function and to compare
it with the recent TINAF 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:
L9 (Zop+ Nog) oL ) -

d*o
F(q, )
@9) = g M2 X (y+ g2
where Z and N are the number of protons and neutrons in the target nucleus, respectively,
op and o, 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 the y-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
Emaz(qv) kmaz (g0, E)
dE / kdkP(k, E), 2)
Emin (g0, E)

Flg,v) = 27r/

Emin

can be expressed in terms of ¢ and y rather than ¢ and v (see Eq. (1)). In Eq. (2)
E = Ep;, + E%_; is the nucleon removal energy with E_; being the excitation energy
of the final A — 1 nucleon system. .

At high values of ¢ a pure scaling regime is achieved, where kin & |y — (E — Epnin)|
and Eq. (2) becomes

F(q,y)—>f(y)=2ﬂ/oo

ae [~ kdkP(k, E). 3
Eopin /Iy—(E"EminN ( ’ ) ( )

In Eq. (3) the particular behavior of P(k, E) at large k and F is used in order to extend
the upper limits of integration to infinity [2].

In the deuteron one always has E%_,=0, so that the spectral function is entirely
determined by the nucleon momentum distribution n(k), i.e. P{k, E) = n{k)6(F — Epin),
and, consequently, ki, = |y| for any value of g. The scaling function (3) reduces to the
longitudinal momentum distribution

Fly) =27 fl: k dk n(k). (4)

The scaling function for deuteron calculated within the LED method is shown in Fig. 1.
It is compared with the TINAF experimental data [8] for all measured angles. The @?
values are given for Bjorken z = Q*/2Mv = 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]

faroW) = 30 -0 - {+u? 4t —2/ix ]}, O

%
where 1 = kp/my, my being the nucleon mass.
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Pigure 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 ¢’ and the usual y-variable, in the approxi-
mation for the mass of the residual nucleus M3_, — oo, is given by the expression

. i L1 (_y_) 2 '
P = . [1+ 1+ 125F . + Ongl| , (6)
where k = q/2mpy.

Our basic assumptions within the CDFM is that the scaling function for a finite
nucleus f(¢') can be defined by means of the weight function |F(x)|?, weighting the
scaling function for the RFG at given generator coordinate z (i.e. for a given density

34
po(z) = = O
and Fermi momentum
2 1/3 g A\ /3
kr(z) = (ig—-po(x)) = % with o= (—’-;—-) ~1.524Y3, )

Thus the scaling function f(z') in the CDFM will be an infinite superposition of the RFG
scaling functions f(¢'(z)).
Let us introduce the notation

1

1
c m 1+m. (9)
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Then one can write from Egs. (6) and (9), neglecting Ofn2], the scaling variable v/, (y) cor-
responding to the relativistic Fermi gas with the density po(z) (7) and Fermi momentum
kr(z) (8) in the form:

= BYF 10
kp(z) a (10)
where for the cases of interest
_ [ y+ey), y>0 "
Plv) {wm-mu y<0, fyl < 1/(20). =
For further use it is more convenient to introduce the notation
k ¥ ky

kr(z) kr  kp(z)

Using the ©-function in Eq. (5), the weighted scaling function for a finite nucleus can be
presented by the integral

) = /Oa/(kpwdwlf’(z)i% {1— (éﬁ?—b—’f}
x {1 + (i’(’i_Ny (kpzw’)g [2+ (;:LNY — 1+ (;%)2 } - (13)

where the Fermi momentum kr 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,

k,_/ dakp(z)|F(z) —-a/ d1—|F )2 (14)

for each nucleus, with « given by Eq. (8). As can be seen from Eqs. (13), (12) and (11)
in our approach the scaling function f(¥') is symmetric at the change of ¥ to -3/

The scaling function f(¢') has been calculated using Eq. (13) by means of the weight
function |F(x)|? determined from its relationship to the density distribution p(r):

. (at dp(r)/dr < 0). (15)

r=r

For the latter we used those obtained from experimental data on electron scattering from
nuclei and muonic atoms.

We calculated the scaling function f(%') (13) for various nuclei and transfer momenta.
A symmetrized diffused Fermi density distribution has been used for ‘He and 2C [22]
and a diffused Fermi distribution for the heavier nuclei. The values of the half-radius R
and diffuseness parameter b are given in Table 1 together with the results for the CDFM
Fermi momentum kp (14).

190



Table 1: Values of the parameters R and b (in fm) used in the calculations and the
results for kr (in fm~!) obtained in the CDFM.

Nuclei R b kp
“He 1.710 0.290 1.201
2¢ 2470 0420 1.200

27AL [23] 3.070 0.519 1.267
56Fe [23] 4.111 0.558 1.270
97An [24]  6.419 0.449 1.335

In Fig. 2 are presented the results for the scaling function in the CDFM for ¢=1000
MeV/c and for 4He, 12C, ?"Al and *"Au. The values of the parameters R and b for ‘“He
and **C (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 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 ©-function in Eq. (5),
f(@') = 0for ¢ < —1. As can be seen, the CDFM results give a good agreement with the
data for the interval for ¢’ from 0 till 9’ < —1 for all nuclei (including %°Fe which is not
shown). The only exception was observed for *"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 |y] > 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 yﬂscahng 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(y")
in finite nuclei within the coherent density fluctuation model. In this model f(¢') 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 () for inclusive electron scattering for “He, 12C,
27Al, %Fe and " Au nuclei and for various values of the transfer momentum |q|=1650,
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 ¢’ including also those smaller than -1. This is an im-
provement over the RFG model predictions where the scaling function becomes abruptly
zero beyond 9 = —
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Figure 2: Results for the scaling function in the CDFM (solid line) calculated using Eqs.
(13) and (14) at ¢ = 1000 MeV/c and for *He, *C, 27Al and 197Au (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 1* Au corresponds to the CDFM result with
b =0.449 fm
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1. Introduction

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
systemns. 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], Bl:

d d °F, . _, 61" 8
° (—i) {1 + === sin™? —2-] [G% + G4+ (1+2(1 +np) tan® E)G;"w], (1)
Mott

a0~ \dQ M,
with
2 2
- g doy o 20 4
Np = ryyEs (dQ)MOtt—4Ei2COS 5 esct 5 (2)

The expression (fz%) Mot 1S & scattering cross-section by non-structure spin-free particle
derived by Mott. 3 terms (G¢, Gg, Gar) 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 modern 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 GeV'?).

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. Nonrelativistic deuteron form factors at Q? — oo

In the case of nonrelativistic impﬁlse approximation we present the next expressions for
standart electromagnetic form factors: charge, quadrupole and magnetic dipole [5]:

GNR(QZ E/kzdkkrz K W(k) § .y vk, Q%K) ll(k’),

L

2 M 4 4
3" = 2 [ kR k' k) Gk, @ k) uf K) 3)
GNF(@) = = Mo S [ K diok'> k' wl(k) 3y (k , @, K) o (k') .
Xz
In these formulas g (k,Q%,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. u;{k) are the wave functions, !, I' =
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 mteractlon the deuteron wave functions are
represented by the next fits:

2 C; _ Z D; )
up(k) = \/;2; m , (k) = \/;;w(kz Tl (4)

C; and D; are the numerical coefficients.
Corresponding expressions in coordinate are following:

= cheXp (_mj T) B
j

=§:Djexp(—mjr)[1+ 3 +-—§——}.

mir - (myr)?

Coefficients C; and D; are fitted for used wave functions to behave right at origin.
Conditions for these coefficients are represented by formulas:

D
S0=0, Yo=Y Dm=32=0
J J J )
These conditions gives us the next standard behavior at small distances:
3

up(r) ~r, ug(r) ~71°.
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Let Fy(Q?%) = /A(Q?). In this expression A(Q?) 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:

Q?

— 5
4aM? (5)
We find asymptotic properties of integrals (3) by a modificated Laplas method with

@? as a large positive parameter. Calculating these integrals we obtain the next deuteron
form factors asymptotics:

A@) = GHQ@) + 37 GH(@) + 50 Gh(@), n=

FPRQY ~ (6)

1
(@)%
3. Relativistic deuteron form factors at Q? — co

In the case that Q> > 1 GeV? 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]:

Col@) = 5 [ ava/Tohalto, @, 6" ),

Gal@) = 2Mdz [ avEaVss(s)gka s, @, 56" (5), ™)

Ly
Gu(Q) = =Ma3 [ V356! 5)ab (5, 0", )" ().

In these formulas g& (s, @, ’) 1 = 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]. ¢!(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:

M) = Mj 1) .

The mass operator is constructed in the following way:

M2=ME+V.

In this expression Mp 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 Schrédinger
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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i dk
Hk) —ree— =1
l;{),g/(; QDZ()2 k2+M2 3

(k) = Y4(k? + M?) kw(k) .

Calculating integrals (7) we obtain relativistic form factors asymptotics by analogy
" sith (6).

1
2
Fo(Q%) ~ R (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(Q?) results from JLab we obtain the next behavior of this function in
xperimentally accessible area:

FP(QP) ~ @-353@- (9)

. 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
rm 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
a1e 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
wctors should follow the power law:

1
@y’

» — number of constituent quarks in hadrons. For the deuteron case:

Fu(@%) ~

1
2 ~s
F h(Q ) (QZ)S :

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
:nds to asymptotics of quark counting rules.

So an inverse problem can be set. Theoretically, asymptotics of the quark dynamics
How us to obtain information on the wave functions behaviour at origin. The deuteron
ave function can be presented in the following way:

2 C;
=3
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Figure 1: Projected data for the deuteron form factor Fy(Q?) 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) @ = 1 and it
doesn’t result in quark asymptotics. It was obtained that quark asymptotics is achievec

with @ = 11/4.
In coordinate representation we obtain the next expression for the deuteron wave

function:

39 , O\
ug(r) = m}gj Cim; (—2-;7—1:> K% (rm;) .

It has the following behaviour in small and large distances in this representation:

2T (3) &
'LL()(T) ~ T21 \/7‘\_1-\ (%) ZJ: m;’/2 )
2o/ C;

As we can see, it is linear in small distances and the wave function diminishes expo

—Tm;j

nentially in large distances, that is right.

5. Conclusions

In summary we obtained an asymptotics of the deuteron electromagnetic form factors i
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 countin

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., if the quantity* A,%—A,d 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 As and A;i—A:d 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 A,g 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 Ajuy, Ajdy and, eventually, of the quantity A@ — A1d. The respective
equations for these quantities look as
1 AP + AFP

Ay = -
1Uy 5 L, L, )

14A5P — Aczp

AldV - 5"‘—"‘—“L1 - L2 B (1)

for valence distributions and

_ - 1
Alu—A1d~—§

245 — 3ATP

ga
T 10(Ly — Ly) )

v

!From now on the notation A;q = fol dzAq will be used to distinguish the local in Bjorken x polarized
quark densities Aq(x) and their first moments.

200



or the A@— Ayd. All the quantities in the r.h.s of these equations contain only already
neasured unpolarized quark distributions and pion fragmentation functions (favored and
favored, entering the coefficients L; and Lo, 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 deutron targets , A;+"’_ and A§+'”_, entering the
uantities A5™ and A7, Thus, these difference asymmetries are the only unknown input
vhich should be measured to find the quantities Ajuy, Aydy and A, i — A;d using Eqgs.
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 A uy, Ajdy and A% — Aid 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 asymmetries® and to
‘he uncertainties caused by the low zp regions unavailable to HERMES and COMPASS.
*irst of all, the performed in [4] analysis confirms that the proposed NLO QCD extraction
srocedure meets the main requirement: to reconstruct the quark moments in the accessible
‘0 measurement g region. On the other hand, it was shown that even with the rather
werestimated low zp uncertainties given in [4], one can conclude that the question is
A;% — Aqd 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
vith the available to COMPASS zp region.

At present COMPASS experiment uses only the polarized deutron target in the muon
art of its program. Besides, it is obvious that the statistic of semi-inclusive events
vith pion production is much higher than the respective statistics of kaon production
one identify about 90% pions among all semi-inclusive events). So, it is of interest to
iee could we extract so important quantity as polarized strangeness in nucleon using
mly pion production on the deutron target. To this end we will use so-called “sum
isymmetries” (see, for example, [5] and references therein) Ah”’(x Q?) = [, dzn(gs oy
d/h)/ Joo dzn(Fy FV/h 4 d/h) and also the SU(3) sum rule ag = F + D. Then, operating
[uite analogously to the case of difference asymmetries [4], after some simple algebra one
sbtains the following NLO QCD equation for the quantity A;s + A;5 we are interesting
n:

Aman” — 5 (3F — D) (L9 + L9 4 21)59)
10 ( L(qu} + L[zth]) +4 L[Sqq} +24 ngq]

(Dis+ MiS)ypo = ' (3)

+p— 1 g 1 + -
AT = /0 dz AT /Mdzh (Fi + F),

Lleh(Q?) = /0 ' dzh[ H(zh, Q) + / AN 1Cog(#) DI ’f,Qz)], 4)

E Z’
gq]h @) = / dzh A 1C4(2") Dh( ,Q%), (5)

2At 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 7+ and 7~ 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) 7+ production essentially exceeds = production.
\s a consequence, the statistical errors occur quite acceptable {4].
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Table 1: The upper part presents the results on A;s + A5 obtained from integration of
GRSV2000NLO parametrization (symmetric sea I and broken sea II scenario). The lower part
presents results on Ajs + A5 extracted from the simulated sum asymmetry.

Ip Q2 [A13 -+ A1-§h [Als -+ A1§]H
0.0001 < 23 < 0.99 7.45GeV? —0.119 | 0.002
0.003 < zp < 0.7 7.45GeV? —0.088 0.008
zB 2 ean DS+ A8 [Dis+ Ay

0.003 <25 <07 7.45GeV® -0.104+001 0.01+0.01

where A1C(2)gg00 = Jo 42 §Cyq,40(, 2) are the first moments of the NLO Wilson coeffi
cients which can be found in [10] and the fragmentation functions D, = DI = DI =
D™ = D3~ (favored), D, = Dj" = D% = DI = DX" (unfavored), D, = D:* = D;f =
D™ = DT (unfavored) can be found in ref. [7]. To understand is it possible to correctly
extract the quantity A;s + A;5 using proposed NLO QCD procedure, we, just as before
[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). Lef
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 A;s + A3 in the accessible x;
region are in good agreement with the respective input parametrizations. So, just per
formed analysis confirms that the proposed NLO extraction procedure is applicable foi
Ays + Ay § extraction.

It is of importance to have a possibility to extract in NLO QCD not only the sun
Ajs + A5 but also the difference® Ays — A5, To this end we will apply the difference
asymmetries

1 -
A, @) = [ el — 7)) [ a(EY — R

for the K* production on the deutron target. Operating quite analogously to the case o
pion difference asymmetries (see derivation of Egs. (20) for Ajuy, Aydy in [4]) one get:
the simple equation for the quantity Ays — A;5 we are interesting in:

K*—K-

1 A

—(Ays — A18) = Dquy + Ayd epld) 6

2( 1 13) v+ Aady = = (
where

i, = L[qq 1K+ L[qq} LL_qq]K" quq]K‘

L, = [k - pleak® LK - plad K
with Ligd X&) given by Eq. (4), and

— 1 —
ALK = /O dz AR fuy + dy]
1 s ~ ~
x /Z dza[l + @52 Cru®] (D1 ~ D). (7

3Let us recall that on the contrary to the sum Ay s+ A5 (which in principle could be extracted usin;
only the inclusive DIS data) the quantity Ays— A5 could be extracted only from the semi-inclusive DI!
data.
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Table 2: The upper part presents the results on Aqu, Ayd and A;§ 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.

Tp region Au Aqd FANT)
0.023 <z < 0.6 0.724 -0.302 -0.026
0.023 <zp < 0.6 0.7024+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 I = Dy — D,. At the same time,
the favored and unfavored kaon fragmentation functions D; and D, are still poorly known.
Thus, to obtain As — A;F using Eq. (6) one should first obtain D’ using unpolarized
data and (probably?) 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 data® of HERMES|6] on asym-
metries Ap,d,A;Z. The proposed procedure in this case allows to obtain the simple ex-
pressions for the NLO quantities Aju, Ajd and Ay = M@ = Ad = As = A5 via
the quantities Aezp,p,d, Azret:p)p, + The later, just as the quantities AP, A7 in the case of
difference asymmetries[4], contain only already measured unpolarized quark distributions,
fragmentation functions®, known NLO Wilson coefficients and the measured asymmetries
Apd, A;,'Z. 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 Aju, Ajd and A;3. However, to increase
the precision of extraction, we, as usual, use the fitting procedure where we include all
six available quantities A(capp,a, Az’;p)p‘d entering the constructed x?.

We again perform the testing of our method using the GRSV2000(NLO){8] parametriza-
tion as an input. Comparing the upper and lower parts of the Table 2, one can see that
the results of Aju, Ayd and A7 reconstruction are in a good agreement with the input
parametrization. Thus, the performed testing shows that our procedure can be applied
to Aju, Ard and A;G reconstruction.

Let us now perform NLO extraction of Aju, Ajd and A;§ from the real HERMES
data[6] on A, 4, A;ffj. It is of importance that the unpolarized quark densities entering the
quantities Agezpyp.ds A?cixp),d are obtained from the structure functions F,. Thus, dealing
with the real data one should first express SIDIS structure function F} (entering the
quantities Agp) via Fi: Ff = 2xF}(1 + R) and then use pQCD NLO expressions for
F} through the respective unpolarized quark densities and Wilson coefficients[10]. 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 A1Z = Ajd = Ays = A5 = A1§. The application
of the method to the kaon asymmetries is now in preparation.

SThe 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 Aju, Ajd and A;q from the HERMES data on asym-
metries Ap g, A;’;.

Alu Ald Alq
0.624+0.063 -0.355+0.070 0.016+0.038

Table 4: The results on Aju, Ajd and A;§ obtained from the respective integrals of parametriza-
tions AAC2003 and BB over the accessible to HERMES zp region.

Parametrization 2Ayu Agd JaSY]
AAC2003 0.691 -0.293 -0.034
BB 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[11]; 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 A;q in the next-to-leading QCD order. ,

The authors are grateful to R. Bertini, M. P. Bussa, O. Denisov, O. 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 O. Teryaev, for fruitful discussions.
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MEASUREMENT OF HADRON PRODUCTION CROSS-SECTION IN
COLLISIONS OF HIGHLY VIRTUAL PHOTONS

V. Pozdnyakov, Yu. Vertogradova

Joint Institute for Nuclear Research (JINR), Dubna, Russia

Abstract
Double-tagged interactions of photons with virtualities Q° between 10 GeV? and
200 GeV? are analyzed with the data collected by DELPHI detector from 1998 to
2000, corresponding to an integrated luminosity of 550 pb™'. The cross section of
the reaction v*y* — hadrons is measured and compared to the LO and NLO BFKL
calculations.

1. Introduction

Double-tagged two-photon interactions ete™ — ete™y*y* — eTe™ + hadrons are studied -
with the DELPHI detector [1] at the CERN LEPII collider. Both scattered electrons® are
detected by the Small angle TIle Calorimeter (STIC). If the virtualities of the photons are
large enough, the LO process like the Born-box v*v* — ¢§ is expected to be comparable
to the processes with {multi)gluon exchange between the ¢g dipole [2], which is described
by the BFKL equation (3].

s g

! electron
} -q‘ "V2 (q,+qz)
§ § gluon
Bom-box exchange ,aﬂz ng

positron

Ik

Figure 1: Main diagrams corresponding Figure 2:. Kinem.atics of y*y*
to the ¥*y* — hadrons process Interactions

}Throughout 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:
p; (i=1,2) are the four-momenta of the beam electrons, /s is the ete™ centre-of-mass
energy, Epeam 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, @, the invariant
mass of the two photons W,.,- and a dimensionless variable Y

o Q? = —(p; — p;)? = 4E;Eyeqm sin?(6:/2)

o W2.. = —(q1 + q2)* > synys with y; = 1 — (Ei/ Eyeam) c05*(8;/2);

o Y =W,/ /BS)

The Y variable is used to compare the multihadron data with the BFKL predicted
cross section within the approximations W2 . > Q7 and | In(Q}/Q3) |< 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. [1]: 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 Q? resolution varies between 1 GeV? and 2.5 GeV?
in the Q7 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 eTe™ 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 v*y* — hadrons events and to
suppress the background contamination:

e There are two clusters with energy deposition E; greater than 30 GeV, one in each
arm of the STIC and the polar angle ¢; exceeds 2.2° for each cluster,

o (7 is between 10 GeV? and 200 GeV? for both tagged particles.

e The acollinearity of the scattered electrons is below 179.8 degrees {removes the
superimposition between Bhabha events and untagged two-photon events).

e Each event contains at least 3 charged particles with the invariant mass calculated
from the particles’ 4-momenta, Wyeq, 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¢ and 10 cm in -

Z.

o 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 ete™ — hadrons events).

e 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* — 777~ 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 v*y* events and the non-negligible back-
ground processes are listed below as well as the respective expected contributions.

o 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.

o The background coming from the process ete™ — hadrons is simulated with KK2f
generator (version 4.14) [7] and its contribution is estimated as (27 + 3) events.

e The contamination of 7 pairs produced in the two-photon interactions is evaluated .
as (26 & 3) events by using the TWOGAM program.

e The coincidence of an off-momentum electron with a v*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 o, of the ete™ — eTe™ + hadrons
interactions, within the phase space limited by the criteria Q? between 10 GeV? and 200
GeV?, and W,y above 2 GeV/c?, 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 (1.81 & 0.02) pb as obtained with TWOGAM.

The v*v* — hadrons interactions are expected to be sensitive to (multi)gluon ex-
change (fig.1). 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 W2.. > Q7 (the variable Y should be larger than 2) and
I In(Q%/Q%) |< 1 (to maintain the photon virtualities approximately equal).
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The experimental conditions of the present study (Q? > m? and the symmetry for
tagged particle detection) permit to simplify the relation between o,, and o,.,-, which
initially reads [8] (the interference terms are omitted)

Oee = Ei,j:T,L Lijaij7
to a relation involving an effective cross section guyeys,
Oee = LppCaens With Opep = opp + 26017 + €201,

where Lpr is the flux of the transversely polarized photons calculable in QED, ¢ is around
0.94, o7 ~ 0207y and orp =~ 0.0507r [9]. The TWOGAM event generator including
QED radiative corrections has been used to calculate Lpyr: 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.

dcw/dY(nb)

6 /Lo BFKL

Figure 3: The differential cross section for the reaction v*y* — 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 4Q? (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 doys,-/dY of the v*y* — 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 p,~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 p,~n and especially p,~p; correlation
coefficients is found when one passes from SPS to RHIC and LHC energies.

1. String fusion model (SFM)

The colour string model [1, 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
strings. 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 p, 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
S 2 2 \/—
(n)y = po vk P =pVE 1)

Here (n), is the average multiplicity of charged particles originated from the area Sk, where
k strings are overlapping, and (p?), is the same for their squared transverse momentum.
The 1o and p* are the average multiplicity and squared transverse momentum of charged
particles produced from a decay of one single string, and oy 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 case we have

str
(Wa=po ks (Ea=pha k= DL )
(¢} Scl
Here (n), is the average multiplicity of charged particles originated from the cluster of i
the area Sy and (p?), is the same for their squared transverse momentum. The N7 i
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, S; = Noy, (n) =
(n}; = Npg and (p?) = (p?), = p>. In the global version in this case we have N clusters
each formed by only one string, so kg = 1, {n) = N{n), = Ny and {p?) = (p?), =

For N totally overlapped strings we have in the local version: k = N, Sy = oy,
(n) = (n)y = VN o and (p?) = (p?)y = VN p® In the global version in this case we
have one cluster of the area Sy = op formed by N string, so kg = N, (n) = (n), = vN Ho
and (p) = (p})q = VN p".

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) = Npyg to (n) =
V'N 119 and the mean p? increases from (p?) = p? to (p?) = VN p?. '

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 oo.

In the version with local fusion the assumption of the model is that if the number of
strings belonging to the uj-th cell is k;;, then they form higher colour string, which emits
in average /LO\/E; particles with mean p? equal to p2\/1—<;; (compare with (1)). Note that
zero ”occupation numbers” k;; = 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;; # 0. After that we can apply the same formulae of the global
fusion (2) as in the original SFM, where N§ is the number of strings in the cluster and
Set/ 00 is the number of cells in the cluster.

From event to event the number of strings k;; in the 7j-th cell will fluctuate around
some average value - k;;. Clear that in the case of real nuclear collisions these average
values k;; will be different for different cells. They will depend on the position (si;) 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;; in the point s;; using
nuclear profile functions Ty (s;; + b/2) and Tx(s;; — b/2).

In MC approach knowing the E»j one can generate some configuration C = {k;}.
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;;}.

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,
pe~p; - the correlation between transverse momenta in these intervals and

pen - 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)p of
one dynamical variable B in the backward rapidity window Ayp, as a function of another
dynamical variable F' in the forward rapidity window Ayg. Here {...)p denotes averaging
over events having a fixed value of the variable F' in the forward rapidity window. The .
{...y denotes averaging over all events. So we find the correlation function (B), = f(F).
It’s naturally then to define the correlation coefficient as the response of (B) on the
variations of the variable F' in 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 bg_r
for correlation between observables B and F' in backward and forward rapidity windows
in the following way:
, (P dB);
B-F=1B)y dF

3)

F=(F)

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 (p;), i.e. the sum of the transverse momentum magnitudes of all
charged particles, produced in the given event in the given rapidity window (Ay), divided
by the number of these particles (n):

1 & .
Pt = _T;Z lptil7 where Ui € Ay) =1, sy T (4)

So we can define three correlation coefficients:

_ {np) dnpdn, b = o) WP,
" {ng)  dnp np=ing) P (pp)  dpep

P p={Pp)
= () d{pephn,,
{(pep) dnp np=(ng)

pe-n

Here nyg, ny are the multiplicities and p,g, p,p are the event (4) mean transverse momen-
tum of the charged particles, produced in the given event correspondingly in the backward
(Ayg) and forward (Ayy) rapidity windows.

(5) .

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 (£3) and (W) 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 (Ayp = 2). The
lines are only to guide the eye.

In Fig.1 we present the b,,_,, correlation coeflicient for AuAu collisions at RHIC energy
and in Fig.2 we present the b, _, 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 fro 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 p,-n correlation at fixed value of impact parameter at LHC energy, where
the correlation coefficient b, _, is very small.

In Fig.3 the energy dependence of the b, _,, 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 p,~p, 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 ps—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 p,~p; 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 p;—n and especially p;—p; correlation coefficients is found when one passes
from SPS to RHIC and LHC energies.
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Figure 1: The b,_, correlation coefficient for AuAu collisions at /s = 130 GeV as a
function of the impact parameter b for tree choices of impact parameter window db (see
text)
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Figure 2: The same as in Fig.1 but for the b

at /s = 5500 GeV
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17 GeV, PbPb, dy_F=2, db=1fm
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Figure 3: The b,,_,, correlation coefficient as a function of the impact parameter b {at
db =1 fm) for tree choices of the initial energy: /s = 17; 130 and 5500 GeV
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Abstract

We present the Ist results of the event-by-event study of long-range correlations
between event mean p; and charged particle multiplicity using NA49 experimental
data in two separated rapidity intervals in 158 A*GeV PbPb collisions at the CERN
SPS. Noticeable long range correlations are found. The most striking feature is
the negative p;-n 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 between event mean p, and charged
particle multiplicity using NA49 experimental data obtained in two separated rapidity
intervals in 158 A*GeV PbPb collisions at the CERN SPS.

The following types of correlations were investigated:

1) ng-ng - the correlations between the charged particle multiplicities in backward
and forward rapidity intervals,

2) pip-per - 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) pug-np and ng-p;p - 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 (1/s=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 tq be named ”backward” (yg € (—0.29,0.33))
and ”forward” (yr € (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 (np or np) and the relevant event
mean transverse momenta pyg Or pyr of these particles (see [3]).

Then the following 2D distributions were accumulated event-by-event: (ng,ng), (pis,nF,
and (pig,pir). 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: < ng >n, and < pig >n, vs. np and < P >, VS. Py (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:

<np >np= a+ﬁnn sng

here the strength of the correlation is measured by the coefficient 5,,. In case of pi-p;
and pe-n correlations the coefficients Bp,,, and By, 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.1 and Fig.1.

Table 1: Fraction in % of inelastic cross-section for centrality event classes

class-1 class-2 class-3
% <5H 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 > 435
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 (AEveto) 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-pe and p-n correlation coefficients. A kind of plateau in the correlation coefficients was
reached at the values of AEveto 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 2900GeV) 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 AEveto 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
decrease 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 p;-p; 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
10t shown here.

3) The pi-n 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 (Bpen = —0.00008 4 0.00001 (GeV/c)) and the 2nd
Bogn = ~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 /s=17.3
3eV are presented below in Figs.4,5,6.

A number of intriguing features was observed:

1) A linear dependence of < ng >,, on nr is seen in the region of forward multiplicities
1p to the values of ng about 210. A “plateau” is observed at higher values of np (see
Tig.4).
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Figure 3: Long range forward-backward
pi-n correlation coefficients (squares) vs.
centrality class for PbPb collisions at
V5=17.3 GeV. Open crosses: HIJING;
Open circles: String Fusion Model. Hor-
izontal line:- SFM “without fusion”

2) The dependence of < pip >,, on np is very close to linear in the interval ng
between 50-210. “A platean” , or p,g “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.1).

4) A complicated non-linear behavior of < p;p >, vs. D is discovered (see Fig.6).
This non-linear dependence of < p;p >,,. on pyr has a “bump” that reaches about 0.35
GeV/c at values of pir 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
p-n long-range correlation coefficients obtained in the present work for the very centra!
PbPb collisions at 158 A*GeV under the condition of the narrow Eveto window:

(1) String Fusion effects for fized number of participants;

(i) 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 multiplicty 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 p, 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 p; 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[12], [13].
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Figure 4: The average backward multiplicity < ng > at fixed ng 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 p? 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 p; stays constant.
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data. Solid curve: SFM. Open circles: HIJING (normalized, see text). Dotted curve:
SFM calculations without fusion

As to the long range p, — n and p; — p; 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 p;. So-in the case of “no string interaction” the model shows
zero forward-backward p, — n and p, — p, 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.1) 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 p;-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 p;-n 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 \/Zs) = 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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4.

Conclusions

. Experimental evidence for long-range correlations in multi particle production mea-

sured in two separated rapidity intervals in PbPb collisions at 158 A*GeV is found.

. A complicated non-linear dependence of < ng >,, and < pg >n, on np and of

< PtB >p.p ON Pir is observed for the minimum bias events.

. 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 pi-p, 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 p;-n correlations demonstrate a tendency to move from positive values in
peripheral collision region to negative values for the central collisions.

Negative correlation coefficients Sp,n 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.

. 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 p; 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 2Si-AgBr collisions
is carried out. It is demonstrated that like multifractal spectral through G4 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, F,, referred to as the intermit-
tency[1] 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, 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,(f), if calculated on e-by-e basis, exhibit large fluctuations and therefore, a
distinct distribution of Fff) for a given q and M may be observed for a sample of events; g
is the order of moment and M is the number of equally spaced bins in the psuodorapidity
(n) 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((f)
distribution, for example, the normalized moments C,, , are likely to serve the purpose. If
Cp g 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 8Si-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, np, in an inter-
action must be > 8. By applying this criterion, 274 interactions from a random sample
of 505 events characterized by n, > 0 produced in the interactions of *Si 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 (n) space, the n values are transformed into the cummulative variable,X(n), defined

as[8];
X(n) = r o Pmd(n) )
= pmaz 5tmyd(n)

the event factorial moment describing the spatial pattern of an event is calculated from:

Fq(e): <nfn—1) . (n-q+1) >, @)

where n is the charged particle multiplicity in a particular bin. To quantify e-by-e fluctu-
ations in F{), the normalized moments, C, 4 are calculated using

F©)
< F® >
The order q is an integer while p takes on any value > 0. If Cp, exhibit a power law
sehaviour of the type, Cpq < M¥»@ for a given q, then such a behaviour is referred to

1s erraticity[3]; v, is the erraticity exponent. The nomalized moments C, o are sensitive
;0 the e-by-e fluctuations and its derivative around p = 1,

Coq =< Bp(q) >*  ;0,(q) = (3)

o= (), 4)

lescribes the degree of e-by-e fluctuations, and is referred to as entropy index[6]. Another
smtropy like quantity I, is defined as:

L, =< &,ind, > (5)
wd the entropy index p, may also be calculated from £, using:

— 62(1
Heg = SinM (6)
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Although, the scaling behaviour exhibited by C, 4 moments is opposite to that observed
in the case of G, moments[3], yet, like multifractal spectrum, erraticity spectrum e(c,)
may be defined for a given q as:

e(0p) =pop — Yy (7)

where o, = d—;”f. The function e(c,) describes certain properties of erraticity more directly
than 9,. It is clear from these definitions that oy(g) = g and for this value of p(=1),.
e(ap) = 0. On the other hand, for all other values of p, e(a,) will be greater than a,.

4. Results and Discussion

4.1. Experimental Results

Pseudorapidity values of the relativistic charged particles produced in each interaction in
the n-range, no £+ 3.0 are transformed into cummulative variable X (), where g is the
centre-of-mass hadron-nucleon rapidity. Values of C, 4 are calculated for different values
of M, p and q and the variations of InC, g with InM 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 £, on InM are shown. The assymptotic power law behaviour of

o [ vp-04 Wl e g=2
c
= ® p=12 x q=3
A p=186 ar , q=4
1 e p=20
a3
05 2k
=
. i
o bl
] 1 2 3
InM 1 2 3 4InM

Figure 1: Variations of InCp,» and X, with InM

Cp2 and ¥, with decreasing bin-width indicates the presence of erraticity in 14.5A GeV/c

#88i-AgBr collisions. Values of entropy index, p,(= Ed;qpp(q)l 1) are calculated for q = 2,3
p:

and 4. These values are determined by evaluating 1, at p = 0.9 and 1.1 and are presented

in Table 1.

Table 1

Hq

q| Expt. HIJING IEH QCD QCD
q-jet  g-jet

0.15£0.02 0.10+£0:.01 0.01+£0.01 0.11 0.02

0.33+£0.05 0.28+0.01 0.04+0.01 0.42 0.03

4 10.89+£0.03 0.78+0.02 0.15+0.01 0.98 0.16

W N
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In order to disentangle further information about the spatial and e-by-e fluctuations,
the values of erraticity exponents, 1, are determined by plotting InC,, 4 against InM and
doing the fits in the linear region(M = 5-20). Using these values of ), the values of
(= %’1) are estimated and the erraticity spectra, e(a;), thus obtained for q = 2 and

4 are displayed in Fig.2. The straight lines in the figure correspond to e{a,) = . It is
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Figure 2: Erraticity spectra, e{a,) forq = 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(c,) acquires a minimum value equal to a,. This would,
therefore, make entropy index, pq to satisfy p, = ai(g). However, for other values of p,
e(ay,) is comparatively higer than o,. 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(n) 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 InCy 3 and L3 with InM obtained for the experimental
and simulated data are exhibited in Fig.3. It is noted that the HIJING MC findings are

4 - o

inC,,

Figure 3: Variations of InC,» and Iy with InM

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(a,) = o)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, p, are evaluated for the MC data sets too and are presented

s
¥

P S—

0.8t

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[10]. It is observed that the values of
g corresponding to the experimental and HIJING data are close to those predicted by the
perturbative QCD for quark jets. Since higher values of y4 correspond to smaller entropy
and more chaoticity[10], 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, C,, 4, 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 p1; 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 lig-
uids. The neutrino mean free path have been obtained combining the two ap-
proaches.

PACS numbers:13.15.4g.26.60.4+¢.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 {1, 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 matct
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:
[¥; >=F|®; > 1)

where the many-body correlation function F is the product of the two-body correlation
functions [6, 7], ®; includes a Slater determenant which differs from @ by the fact that
a certain number of hole single particle states have been substituted with particle wave
functions. Here @ 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]

— 5= < Yol QT (Q)|¥; >< ¥/]Q(q)|¥o >

6(Ef — By~ w) 2

A The weak dynamic form factors Sy(q,w) and Ss(q,w) are related to the corre-
sponding response functions xv,.a(q,w) [19]

1 1

Sra(@) = g

m(xv.a(q,w)) 3)
where 8 = 1/kgT, kg 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 x4 are related to the density and spin-

density fluctuations of quasiparicles dn;, and dnj respecively, here p is the quasiparticle
momentum, see Ref.[1]

_ Zp Trlodny*(q,w)]
gnpH(q,w)

X, 4
where g is the Lande’ g factor, up is the Bohr magneton H is 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,4(q,w)presented in
Ref.[1]:

N(0) gy
V14 [FYA + X EA (14 FYA/3)]g(A)

xva(qw) =

(5)

where N(0)/V = m'pp(n)/7* X = w/qur,vp = pr/m, F(}/'A,FIV’A are the Landau pa-
rameters corresponding to the interaction of two quasipaticles with the relative orbital
moments [ = 0 and [ = 1 respectively,

A A+1

T

=1-=ln|—=|+i=M0(1-] A 6
g =1~ 5in| 35 [ +i22001- | A ) (©
Here pr,m, m* are the Fermi momentum, the bar and the effective nucleon masses re-
spectively. According to the conventional notations for the Landau parameters Fy =

Fo, Flv = F1 and FdA = G(),FA = G] [17, 18]

239



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]

Lifz) = %lu(zv)ji‘(x) R

where Gr = 1.166GeV ™2 x 107% = 1.436 x 107%erg.cm?® is the Fermi weak coupling
constant, )

lu(z) = "/_"V’Yu(l - '75)¢u (8)

is the lepton weak neutral current,

Ji(z) = %1/;7:’7”(6\/ ~ Cavs)n (9)

is the third component of the isospin current, Cy = 1, Cy4 = 1.25 are the vector and axial -
coupling constant. At low neutrino energies we may use the following approximation for
the hadronic current [1]

Yy (Cy — Cays)tbn — Cyvipi a6l — Catpf oitpn 6t (10)

Applying the weak response given by the eq.(2) we have two response functions: the
vector response X&pp and the axial vector one x4y

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, 5land Ref.[4].

G*n

Wi =37

[CY(1 + cos(6))Sy (q,w + C4(3 — cos(6))Salq, w) (11)

However, the hadronic vector ¢,1,84 current and the axial Yo, 0F current can be
modified in a medium. The vector and axial constants Cy, Cy4 are renormalized, however
they can be changed in a medium about 10-15% according to [13, 14]. Therefore we neglect
this effect. We also neglect the antisymmetric part £%(q,w) of the spin-spin dynamic form
factor and use only its symmetric part £§;(q,w) = 0;554(q,w) because one can show that
it is proportional to q?/m?.
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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 [ at the zero temperature T = 0. for the nondegenerate neutrino case. In this
:ase, according to Ref.[1]

i =V / 2
/ e (12)
At T = 0 the integral in eq.(12) is splited into two parts [1]
2P, /(1+vF) quF 2P, (2P, —q)
) da [ dw+ | daf (13)
0 0 2P, /(14op) SO

there P, is the magnitude of the initial neutrino momentum. The Gamow-Teller part
Jler of 1/1 is related to WﬁT with help of the eq.(12), where

Gn

GT _
Wg C2%(3 — cos(8))Sa(q,w) (14)
0.014 T T <
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gure 1: The density dynamic FF Sy obtained within the Landau theory, the CBF
proach and FG approximation at different g and T = 0 as a function of A

Results and discussion

Fig. 1 we compare the density dynamic FF’s obtained from CBF theory, Landau
sory 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.1 for the spin-density FF S,
employed in the LT calculation are Fy = .09 [1} and F} = —.6, chosen so as to reproduce

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 ¢ and w only depend upon the ratic
A = w/qur [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 nucleo:
mass m with m* ~ 0.8 m in the FG resposnse leads in fact to a quenching of the peak anc
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 S4(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 ¢
the correlation operator employed to construct the correlated states. Two lines of the L
calculation correspond to Gy = 0.5 [1] and Gy = 1,Gy = 0.5 [17, 18]. In the contras
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 ¢ and moderat
momentum transfers respectively and calculated the elastic neutrino mean free path [. I
Fig.3 (left pannel) the Gamow-Teller part lgr of I calculated within the suggested hybri
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Figure 3: The Gamow-Teller part of the elastic neutrino mean free path at 7" = 0 for
the equilibrium density of neutron matter n = 0.16(fm)™% as a function of the initial
neutrino energy E, at the different matching points Qg (left pannel). The ratio of our

calculations to the ones obtained within the FG approximation at different values of @y
(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 F, is presented and compared with calcu-
lation of performed within the Fermi gas approximation (FG) at the saturation nuclear
density n = 0.16(fm)~!. One can see a big difference between these two calculations
at low neutrino energies, see Fig.3 (right pannel). Here Q) 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 ! for neutron matter at n = 0.16(fm)™! 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, E, > 20.(MeV.). However at low £, 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 ¢ 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 E, < 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 g(4, MeV/c < gy < 20.MeV/c) and w(0 < w < qur) 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 S4(q,w) at low g{g < 4.MeV/c) leads to a larger difference, about 4-5
times. As its consequence the neutrino mean free path at E, < 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 lgr of the neutrino mean free path ! in comparison to the FG
model at E, < 4. — 5.(MeV). Therefore one can conclude that the contribution of the
spin effects for a neutrino opacity at low E, 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 K7+ Em - reaction at 0.95 GeV/nuc and Au+ Em - reaction
at 10.6 GeV/nucl. with a number of target fragments N, > 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 4+ 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.

1. Introduction

Mized Phase: Studying of the behavior of the hadron-nuclear and nuclear-nuclear inter-
actions characteristics as a function of collision centrality @ is an important experimental
method to get information about changes of the nuclear matter phase, because the in-:
creasing () 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 @ 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 [1]-[8].

246



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 m-mesons , nucleons, frag-
ments, strange particles, and even for the ones of J/¥. 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 Q¢ 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 multiparticle collisions
have to increase strongly (particularly in the region of central collisions near Qc) and the
quark-glion 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. In 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 @ determination were used in paper [12]. In one way the values of @
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 *CC-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 @ 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 @
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 ¢} 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 @ not be experimentally defined directly. In
different experiments the values of @ 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 § =~ 0% or with § =~ 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 @ is? Usually for a chosen variable to fix @
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 GeV/nucl.
[19]. We have considered the events with a number of N, > 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 > 1 (F-fragments) . The experimental data have been compared with these
coming from the CEM [17].

The Kr + Em reactions at 0.95 GeV/nucl. Fig la-f shows the yields of g - , h - and
F-fragments in the K + Em (at 0.95 GeV/nucl, Fig. 1 a-c.) and in Au+ Em (at 10.6
GeV/nucl, Fig. 1d-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 (V) for the Kr+ Em reactions
s well described by the model (Fig. 1a). We would remind that in the framework of CEM
j-fragments are considered as the results of cascading collisions in the target spectator
and participant. So Ny could be used to fix the centrality of collisions (result I).

The target h-fragments multiplicity (V) distribution shape for the Kr -+ Em reactions
Fig. 1b) cannot be described by the CEM in the region of N, values 15 < N, < 32. If we
‘emember that the N, is the number of the final state target fragments in the event which
s the sum of the target black fragments (N,) and N, we would say that the CEM can’t
lescribe the multiplicity distributions of &-particles which are the slowest target fragments
mnd 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 b-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 N, - distributions is related with
he formation of big percolation cluster (result II);

The behavior of the experimental distribution of projectile fragments with Z > 1
roduced in Kr -+ Em collisions ( Fig. 1c) is not in agreement with the result coming
rom the CEM in full area of the N definition either. At the point Ny = 2 the model
ives the result more than one order higher in comparison with the experiment. Two
ther Np regions are observed (at 7 < Np < 14 and 30 | N < 40) where the obtained
he model and the the experimental data do not agree with each other and we can see
hat the deference has a critical character because it appears only at some values of Np
result I1T). The formation of the big percolation cluster could give this critical behavior,
or example, as the result of appearance of the physical picture described above (for low
nergy interactions).

The Au+Em reactions at 10.6 GeV/nucl. The experimental distribution of g-particles
‘om Au — Em reactions { Fig. 1d) can not be described by the model in full region of
1e N, definition. We can separate some region in the relative between the behaviors of
1e experimental and the model distributions. In the region of N, < 5 the model can
escribe the experimental distribution. In the region of N, > 15 the experimental values
{ N; decrease with N, while the values coming from the model are constant in the region
3 < Ny < 40. The model could not describe the distribution of h-particles in full region
" the Nj-definition either that is seen from Fig. le. The model could only describe the
tperimental distribution of IV, in the region of 22 < N, < 32. So, we can say that for the
action under consideration the N, as well as the Ny 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).
| 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 p. = 0.65 was
und from the analysis of the intermediate mass fragments charge distribution.

The distribution of projectile fragments with Z > 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 Nr 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 < n, >)
might be most sensitive to the dynamics of the interaction at high energies ( as well as the
values of pseudorapidity 7 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 Ny for KT 4+ Em reactions and Ny for
Au + E'm ones. Here we discuss the results of our study.

Fig. 2a-c presents the average values of multiplicity < n; > 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 < N, > as a function of N, for the Kr + Em reaction { Fig.
2a). In the region of : N, < 40 the values of < N, > increase linearly with N, , here the
CEM also gives the linear dependence but with the slope less than the experimental one;
N, > 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 N =~ 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 N, 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 7 of s-particles
produced in the Au+ Em reaction as a function of Ng (Fig. 1c), we would get one more
confirmation on the existence of the point Np =2 40 — 50, behind which the values of 7
are systematically less than the CEM expectation. But in the region of Ng > 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 77 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/¢ as a function of the centrality of the collision shows that the
observed J/1 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/1 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 py 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/1 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/% has been measured in proton-induced reactions.
The corresponding cross-section, deduced in the frame of a Glauber calculation, amounts
t0 4.18+0.35 mb [3]. It provides thereby the J/4 normal nuclear absorption reference as
a function of the path in nuclear matter that the produced ¢ pair has to go through the
matter, a quantity which is directly related to the centrality of the collision. The main
result of the NA5O 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 /1 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/+ 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 My spectra were obtained and can be found in [6].
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“igure 1: Ratio F of the J/v production cross section for Pb-Pb collisions at 158 GeV/c
ver nucleon as a function of the transverse momentum in GeV/c to the DY cross section
or 5 E7 bins

Vhen rescaled to the same energy and as a function of the mean length path of J/1
a nuclear matter, the mean square transverse momentum of J/1 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/v 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 /¢ suppression as a function of the transverse momentum. We study the ra-
io of the J/4 cross section to the Drell-Yan cross section (we consider here the Drell-Yan
ith invariant mass higher than 4.2 GeV/c?), which is proportional to the J/¢ yield per
ucleon-nucleon collision. Events are binned according to the neutral transverse energy
»r 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]. Fr is
onnected with the centrality of the collision in which dimuons are produced.

We plot on Fig.1 and Fig.2 the ratio F of the J/¢ to the DY cross section in the
srresponding B bin as a function of transverse momentum pr for 5 transverse energy
ins (Fig.1) and as a function of the transverse energy Er for 11 transverse momentum
ins up to pr = 5.0 GeV/c (Fig.2). The figures show that, whereas for low values of
r there is a significant J/1 suppression which strongly increases with centrality, when
r increases, the dependence of the J/¢ normalized yield on centrality becomes weaker
1d weaker. In other words, the suppression observed on the integrated pr yield from
eripheral to central collisions originates mainly from the suppression of J/% with low
¢ values. In order to better investigate this dependence we consider the ratio R; of
wh pr distribution corresponding to a given Ep bin ¢ with respect to the first and most
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Figure 2: Ratio F of the J/¢ production cross section for Pb-Pb collisions at 158 GeV/c
per nucleon in the py bins shown on the plots (in GeV/c) to the DY cross section, as a
function of the measured neutral transverse energy in GeV '

peripheral bin, namely:
Ri= ( I/ [ DYi) [ (3/n [ DYy)

Fig.3 displays the four ratios R; as a function of pr. It shows that with respect tc
the most peripheral collisions, J/4 becomes more and more suppressed, with increasing
centrality but also with decreasing py values. For high pr values, above 3.5 GeV/c, the
suppression although still increasing with centrality, exhibits no significant pr dependence
for the central collisions.

We compare Pb-Pb collisions with p-A reactions where the J/v¢ survival probabil
ity is affected by normal nuclear absorption only. In this case, when the J/¢ yield is
parametrized according to A%, nuclear absorption leads to a value of « lower than unity
reflecting the absorption of the ¢¢ pair within the target. Now we perform more complex
study when the survival probability as a function of pr is considered. Within the frame
of the same NASO experiment, we have therefore made a study of the J/4¢ yield pr de
pendence for 400 GeV p-induced reactions on 6 different target nuclei: Be, Al, Cu, Ag, W
and Pb. We have considered the same 11 pr bins and have measured the ratio F in eact
of them for the six different targets. We have used the above A® parametrization of the
J/1 cross section separately in each of the 11 pr bins in order to perform a pr dependent
analysis. The results are shown in Fig.4.

The results of the J/y production study in p-A reactions are illustrated in Fig.5. They
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Figure 3: Ratios R; of the J/4 transverse momentum distribution normalized to the DY
cross section in the E; bin 2< i< 5 to the first E; bin. The solid error bars on each data
point are the statistical errors of the J/v 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 pr J/4 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 «
lower than unity, for high pr values J/% production increases faster than A so that the
corresponding value of « is higher than 1. There is a kind of normal nuclear absorption
for the lower py values but the magnitude of this absorption decreases with increasing pr
then vanishes and turns to overproduction for high pr 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 py (R<1), together with some
hints of enhancement for high pr (R>1) 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 pr. The centrality dependence decreases with .
increasing py. For the highest pr values, no overproduction is observed: there is always
an absorption which increases with centrality, although less pronounced than for small pr
and which, moreover, does not exhibit any significant pr dependence.
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most peripheral one, in the case of three Fr intervals, for Pb-Pb collisions. The error
bars have the same meaning as on Figure 3
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3. Conclusions

The dependence of the J/1 suppression pattern on pr for Pb-Pb collisions is somewhat
different from what is observed in the case of normal nuclear J/4 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 pr
range, only absorption is observed with increasing centrality. Moreover, the data show
that absorption is is significantly stronger for low pr and almost pr 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 Fy, obtained in the kpr-factorization and collinear
approaches, are compared with recent H1 experimental data at fixed W values.

1. Introduction

The longitudinal structure function (SF) Fy(x,@?) 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 Fy amounts to
about 10 -+ 20% of the corresponding F, values at large Q? range and, thus, it has got
quite large contributions at low z range. The next-to-leading order (NLO) corrections
to the longitudinal coefficient function are large and negative at small z [1]-[3] and can
lead to negative Fy, values at low z and low Q? values (see [3, 4]). Negative Fy, 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 ? (see [3],
51-(7]).-

The experimental extraction of Fj data requires a rather cumbersome procedure,
especially at small values of z. Recently, however, there have been presented new precise
preliminary H1 data [8] on the longitudinal SF Fy, which have probed the small-z region
1075 <z <1072

In Ref. [9] the standard perturbative QCD formulas and also the so called kz-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
Fy has been done firstly in Ref. [12]. We follow & more phenomenological approach -
[13](see also [14, 15]), where we analyzed F}, data in a broader range at small z, using
the different parameterizations of the unintegrated gluon distribution function ®,(z, k2 )
(see Ref. [16]).
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2. Theoretical framework

The unintegrated gluon distribution ®4(z, k%) (f, is the (integrated) gluon distribution
in the proton multiplied by z and &y is the transverse part of the gluon 4-momentum k*)

fo(z, Q%) = / < dk} @4(z, k%)  (bereafter k*= —k?) (1)

is the basic dynamical quantity in the kr-factorization approach It satisfies the BFKL
equation [11].

Then, in the kr-factorization the SF F, 1 (z, Q%) are driven at small z primarily by
gluons and are related in the following way to ®,(z, k2 ):

1d Q? A
Fu@@) = [Z[7 a8 T e Clule/s@m ) 8, R), (@)

i=u.d,s,c

where e? are charge squares of active quarks.

The functions 02 1(z, Q% m? k%) can be regarded as SF of the off-shell gluons with
virtuality k% (hereaﬁ;er we caH 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 k3 -integral in Egs. (1) and (2) can be divergent at lower limit, at least
for some parameterizations of ®4(z, k?%). To overcome the problem we change the low Q*
asymptotics of the QCD coupling constant within hard structure functions. We applied
the “freezing” procedure [17),which contains the shift Q> — Q* + M2, where M is an
additional scale, which strongly modifies the infrared a, properties. For massless produced
quarks, p-meson mass m, is usually taken as the M value, i.e. M = m,. In the case of
massive quarks with mass m;, the M = 2m; value is usually used.For the unintegrated
gluon distribution ®(z, k2, Q%) 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 k2-range: k2 <1 GeV? (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
H1 parameterization [19], which are in good agreement with perturbative QCD.

We calculate the SF Fy, as the sum of two types of contributions - the charm quark
one F§ and the light quark one Fi:

F, = F}+F¢ 3)
For the F} 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 Fy with “frozen” coupling constant as a function of Q2 for
fixed W in comparison with H1 experimental data [8]. The kp-factorization results lie
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Q2 GeV?

Figure 1: Q2 dependence of F1(z,Q?) (at fixed W = 276 GeV). The experimental points
are from [8]. Solid curve is the result of the ky—factorization approach, dashed, dash-
dotted and dotted curves - the results of the collinear LO, NLO and LO with 2 = 127Q?
calculations, respectively
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Tigure 2: @ dependence of Fy(x, Q2) (at fixed W = 276 GeV). The experimental points
we as in Fig. 1. Solid curve is the result of the kr—factorization approach with the
SLLM unintegrated gluon distribution from [23]

etween the collinear ones, that demonstrates clearly the particular resummation of high-
rder collinear contributions at small z values in the kp-factorization 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 [1]). The NLO corrections are large and negative and decrease the
7, value by an approximate factor of 2 at Q% < 10 GeV?.  Qur kp-factorization results
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Figure 3: Q? dependence of Fy(x, Q%) (at fixed W = 276 GeV). The experimental points
are as in Fig. 1. Solid curve is the result of the kyp—factorization approach at p? = 127Q?,
dashed curve - the collinear LO calculations at p? = 127Q?, dash-dotted curve - from the
Rorig-parametrization

are in good agreement with the data for large and small parts of the Q range. We have,
however, some disagreement between the data and theoretical predictions at Q2 ~ 3
GeV?. The disagreement exists in both cases: for collinear QCD approach at the LOC
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 @2 values!, or/and NLO QCD corrections.

It was shown that the saturation (non-linear QCD) approaches contain onformatior
of all orders in 1/Q?, they resum higher-twist contributions [21]. The analysis of the
behaviour of the longitudinal structure function Fy.(z, Q%) in the saturatation models was
done in Ref. [22]%. In Fig. 2 we demonstrate our kr—factorization description of Fr(Q%
at fixed W with the unintegrated gluon distribution proposed in Ref. [23] which takes
into account non-linear (saturation) effects.

Concering the NLO corrections in the kp-factorization approach a rough estimation o:
that can be done in the following way. Consider firstly the BFKL approach. A popula:
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 a, argument from Q? to Q2 = K-Q?
where K = 127, ie. K >> 1.

The use of the effective argument Q2;; 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 effective
argument represents the basic effect of the NLO corrections also in the framework of the
kp-factorization, which in some sense lies between the DGLAP and BFKL approaches.

!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 kp-factorization and collinear approaches based on ng £
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 Fy, results based on the Ry,n4-parameterization
for the R = o /or ratio (see [24]) (because Fi = FoR/(1+ R)), and the F, parameteriza-
tion from our previous paper [13]. The results are in good agreement with other theoretical
predictions as well as with experimental data.

4. Conclusion

In the framework of kp-factorization and perturbative QCD at LO and NLO approxima-
tions we have analyzed recent H1 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 H1
data in the range 2 < Q% < 10 GeV? 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 H1 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 V¥ and imaginary W parts of the potential which reproduces the high-
energy amplitude of scattering in the microscopic Glauber-Sitenko theory. Another
template V°F 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 6170 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

One of the main goals of studying heavy-ion scattering remains to obtain the nucleus-
ucleus optical (complex) potential. Such a potential is required not only for physical in-
serpretation 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,
stomic 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,
vhere one calculates integrals with overlapping the density distribution functions of collid-
ng nuclei and the effective nucleon-nucleon potentials (see, e.g., [1, 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
lependence of NN-potentials is of the great importance in both nuclear- and astro-physics
vhere 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 [1, 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:

Uope(7) = NV (r) + N W (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,
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

Du(b) = T i+ axw) [ Rsydse pilsy) fils) InllE=b+sp—sl). (2)
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Figure 1: The optical potentials Uf;,t and Vof,'t obtained basing on the HEA- and DF-
patterns with the fitted N, and N, coefficients (see Table 1A), and the respective ratios
of the elastic differential cross-sections to the Rutherford one, for *60+%Ca at Ej,y, =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 V¥ (or
WH), while dash-dotted curves are for those with the patterns VP°F; 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 UZ,, and dash-dotted - with US,. Open circles —
experimental data from [17]

Here po(r) and pf(r) are the point nucleon density distributions of the projectile and
target nuclei, respectively, and p°(s) = 25 p°(V's? + 22)dz is the profile function of p°(7).
Also, the function fa(€) = (21)72 [ d?q exp(—iq€)fn(g) is expressed through the form
factor fn(g) of the NN-scattering amplitude, taken in the form fn{(q) = exp(~¢*r% ;ms/6)
with rnrms, the NN-interaction rms radius. Here dyn is the total cross section of the
NN-scattering while @yy 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,

B() = -% [ v (vEEE) (3)

where v is the relative motion velocity. An analytic expression was used for the phase
®(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 ~ R, + R;. As
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Figure 2: The same as in Fig.1 but for scattering *0+%Zr with optical potential U2,

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 cld 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 HEA microscopic phase (2). This potential has been obtained inde-
pendently in [12], by applying the inverse Fourier transform to.the HEA-phase (2), and in
{13], by substituting the standard expression for the direct DF-potential in the definition
of the phase (3). As a result, the so-called HEA-optical potential is as follows:

UB(r) = VH(r) + iWH(r), (4

where oR
V() =~ pamponnan [ da ¢iolar)3(a)fi(a) o), (5)
Wh(r) =~ | da iolan @@ (o) (©

Here ﬁ;(t)(q) are form factors of the corresponding point densities Ppe) (r) of the projectile
and target nuclei, where the latter functions can be obtained by unfolding the nuclear
densities pp)(r) (see, e.g., [14]), which are usually given in tabulated forms. Thus, the
suggested model is free from parameters when calculating the real V¥ 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.1 but for scattering "*0+?®Pb with optical potentials U2,
and US
opt

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 DF-procedure, while the imaginary part is usually taken in a phe-
nomenological WS-form with three or sometimes more fitted parameters. In the present
work, in addition to the HEA-potential, we also apply a DF-procedure to estimate the
real part of the optical potential, which includes both the direct and exchange terms (see,
2.8, [2, 3]):

VDF = VD + VEX (7)

wvhere
VP(r) = /d3r,,d3rt Po(rp) 0(re) VAN (Tpe), Tpt =T +Ty —Ip, (7a)

VEX(r) = /d37",,d3'rt Pp(Ep, Tp + Tpt) pr(Xe, Ty — Tpt) X

OB (tpe) exp [—Iﬁ%}——} )

Che dependence on energy in the potential comes from the local relative momentum
notion defined as K (r) o {2Mm/h2[E — Vi (r) — Vo(r)]} /2 where Mm = A,A;m/(A, +
4,) is the reduced mass, E is the relative energy in the center-of-mass frame, and V¢(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 vyy is expressed in the form of M3Y force multiplied by the
actor F(p) = C[1 + aexp(—pfp) ~ vp] which depends on the densities p = p, + p;, and
dso the additional factor (1 — 0.003 E/A,) is introduced to correct the dependence upon
he incident laboratory energy per nucleon.
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Figure 4: The same as in Fig:1 but for scattering 7O+%Ni at 1435 MeV with optical
potential UO%L from Table 1B. Experimental points and the fitted WS-potential are taken
from [18]

The comparison between (5) and (7) ensures that the HEA real part V# of the optical
potential corresponds only to the direct part VP of the full potential while the VPF-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 VPF and V¥, 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,,,, namely: k

Uge = NAVHE 4 iNg wH (8)
Uge = NPVPE 4 iNg wH ©
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Figure 5: The same as in Fig.4 but for scattering "O+%Zr with optical potentials U2,
and US
opt

Ug, = NPVPF 4+ iNG VPF (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 Egs.(8)-(10), where by the fitting of only two parameters N, and N, 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 £ ~ 100 Mev/nucleon shows that the range from
R;, to oo determines the main pattern of the differential cross-sections, and Ry, is the
radius where V(R;,) = —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 do/dQ2 = {f(g)]? to the
Rutherford cross-section

.d_UE = __.__.ZPZ‘eZ 2_}._ _.1 (11
an hv 4k2 sin®(9/2)’ )

For this purpose we apply the expression for the HEA-scattering amplitude
TR hod i®n(b) +iPo(b
fl@) = zk/o b Jo(gb)[1 - '8N (b) + @0 (b)), (12)
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Figure 6: The same as in Fig.4 but for scattering "O+!*°Sn with optical potentials UZ,
and U,,(;;L

which is valid at E > |U} and for small scattering angles ¥ < /2/kR where R is the
nucleus-nucleus interacting radius, say, R ~ R, + R,. Here ¢ = 2ksin(¥/2) is the momen-
tum transfer. The Coulomb phase ®¢(b) is taken in an analytic form for the uniformly
charged spherical density distribution. The nuclear phase @y (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 b, = a -+ /@ + b? in all functions of the integrand of (12) with the ex-
ception of ®¢(b); here b, is the distance of closest approach in a Coulomb fleld, where
& = Z,71€*/2E. ,,.. 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 k in (3), (11) and (12) as follows:

E/(E; +2A,m)
B+ Apm

k= Aoy BB+ 24,m) (n fm™Y), (14)

197.327  [(A, + A2 + 2A4,Ey/m

hv = 197.327 (in MeV fm), (13)

where E; (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/dog for scattering of **0 on
the targets °Ca, °Zr, and 2 Pb at incident energy E;=1503 MeV, and 70O on ®Ni, 97z,
9Sn, and 2%Pb at E;=1435 MeV, and compare these calculations with the corresponding
experimental data from Refs. [17] and [18], respectively. The pattern potentials VH#, WH,
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Figure 7: The same as in Fig.4 but for scattering '"O+?%Pb with optical potentials U2,
and US
opt

and VPF were computed with the help of (4)-(7) using the point density distribution
functions p°(r) for %0 and respective target-nuclei from [14], and for the corresponding
auclei in collisions of 70 - from [19] and [20]. Also, parameterization of Gyy and &yn are
saken from [21] and [22] while the effective vy y-forces of the type CDM3Y6 are obtained
Tom [4]. The normalizing coefficients N, and N, in (8)-(10) were fitted for each couple
>f colliding nuclei and presented in Tables 1A and 1B.

In Figs.1-7, panels (a) and (b) show the real and imaginary parts of the optical po-
entials Uo’:,t, Ug,,, and Ug,t calculated by using the microscopic models HEA and DF as
»atterns. Dashed curves represent the potentials with patterns V¥ and W# | while those
with VPF 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
lifferential cross-sections are presented in panels (c) of Figs.1-7, where dashed curves
thow the HEA-calculations with the potentials Uz, or UZ,, dashed-dotted lines ~ with
he potentials Ugm 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
vith the experimental data. As to applicability of the HEA-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
itting to the same data given in [17] and [18] not by the HEA-calculations but with the
elp of numerical solutions of the Schroedinger equation. Indeed, this agreement takes
lace at angles ¥ < 5.5° where the HEA is valid by definition. In Tables 1A and 1B
he fitted normalizing factors N, and N, of both the real and imaginary parts of the
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Figure 8: The effect of relativization in case of scattering *0+%Ca. Solid(dashed) lines
show do/dogr with(without) relativization. The potential U(,Cpt is from Table 1A

different microscopic optical potentials are demonstrated. In addition, we demonstrate in
Fig.8 the relativistic effect on the differential elastic scattering cross-section of *O+%Ca
at F;=1503 MeV, when one uses the relativistic formulae (13),(14) for k and v in (3),(11),
(12). Although this effect is seen not to be large at this energy, the calculated cross-section
do/dog is in favor of its improvement when compared with its experimental counterpart.

Table 1A. Optical potentials for the '®O heavy-ion scattering on different nucled

Y 0 +®Ca 80 +9Zr 0 +2®Pb |
UZ, — L3VA 1w H —
US, | VPF +i1.32w ¥ — VPE 4w H
US, | VPF 1 40.88vPF — VDF 4+ 40.6VDF

Table 1B. Optical potentials for the 7O heavy-ion scattering on different nucles

U 70 1 SON; 0+ %Zr 70 +™8n 70 + 2% pp
Uz — — — —

B . : :
UB, — 0.6VDE 4+ 30.90WH | 0.5VPF 1 0.0WH | 05VPF 4 i1.3WH
UGy | 06VPF 4406V PF | 0.6V PF + 0.5V PF | 0.5V DF 4 40.5VPF | 0.5V PF 4 0.8V PF

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 methot
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 ¢
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 ®Pb at 158 A GeV/c and " 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 [1, 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
28Ph and ¥7Au 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 EMUO1 Collaboration.

2. Experiment

The stacks of NIKFI BR-2 nuclear photoemulsions have been irradiated horizontally by
28Pbh beam at 158 A GeV/c (the CERN SPS accelerator ~ experiment EMU12) and by
17 Au beam at 11.6 A GeV/c (the BNL AGS accelerator — experiment E863).

The photoemulsion method allows to measure: multiplicities of any charged particles:
produced particles (N,) with 8 > 0.7, projectile fragments (Np) with 8 = 0.99 and target
fragments (N,) with 8 < 0.7, angles of particles with the resolution of Ay = 0.010 — 0.015
rapidity units in the central region, pseudo-rapidity is given by n = — In{(tan(8/2)), and 6 is
the emission angle with respect to the beam direction, charges of projectile fragments Zp.

Further details on both experiments, measurements and experimental criteria can be
found in [17, 18].

In this work we have analyzed:

e 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 < N, < 1000 and N, > 1000. As it was shown
in our previous paper [20] the criterion N, > 350 selects the interactions of lead nuclei
at 158 A GeV/c with the heavy emulsion targets Ag and Br with bimp < 8 fm only.
Moreover the group with N, > 1000 comprises the central Pb+Ag(Br) interactions
with impact parameter bim, =~ (0 — 2) fm.

e 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 < N, < 200,200 < N, < 300 and N, > 300.

3. Method

A method we use to search for a ring-like substructure and to determine parameters they
have been devised in paper [3]. The produced particle multiplicity Ny of analyzed subgroup
from an individual event is kept a fixed. Each Ng-tuple of consecutive particles along the
n-axis of individual event can then be considered as a subgroup characterized by a size:
AN = Nmar — Nmin, Where Mmi, and Nme, are the pseudo-rapidity values of the first and
last particles in the subgroup, by a density: pg = %}] and by a average pseudo-rapidity (or
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a subgroup position): 7, = s Another way is to kept a fixed the An 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 Sy = Y (A®;)? have been suggested, where A® 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 A® in units of full revolutions L(A®;) = 1.

The parameter S, is large (S, — 1) for the particle groups with the jet-like structure and
is small (S, — 1/N,) for the particle groups with the ring-like structure. The expectation
value for the parameter S, in the case of stochastic scenario with independent particles
in the investigated group, can be analytically expressed as (S2) = '1\7;'23:1 This expectation
value can be derived from the distribution of gaps between neighbors.

What can one wait to see in the experimental S, — distributions in different scenarios?
As it was shown in [20] in case of a pure stochastic scenario the normalized S,/(Sz) -
distribution would have peak position at S2/(S2) = 1. The existence of the jet-like sub-
structures in collisions results to appearance of additional S/(S,) — 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 S»/(Ss)
distribution from this effect but shifted to the left side. As result, the summary S5/(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 S; was performed in [3].
The azimuthal substructures of particles produced within dense and dilute groups along the
rapidity axis in the central %0 and 32S 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 y-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 Sy-parameter distributions for subgroups of the particles produced in
97 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. 1{a — ¢) the S, — distributions for groups with N, = 35 are shown for Au+Ag(Br)
collisions with multiplicities of the produced particles Ny > 300 {a), 200 < N, < 300 (b)
and 100 < N, < 200 {¢). The analogical S, spectra for subgroups with N; = 90 obtained
in Pb+Ag(Br) collisions are shown in Fig. 1{(d - f) for different centrality groups with
N, > 1000 (d), 700 < N, < 1000 (e) and 350 < N, < 700 (f). As one can see at all
three cases of different centralities the S; - distributions have the peak position around the
value corresponding to the stochastic scenario (S»/{S2) = 1) and tails at the right side. In
order to study the ring-like substructures the only left part of the S, ~ distribution, where
a signal of ring-like substructure may be expected, is essential. As one can see the only
central collisions (N, > 300 in Au- and N, > 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, ¢) The S, ~ distributions for subgroups with Ny = 35 and different groups
of shower particles multiplicity N, in Au+Ag{Br) collisions at 11.6 A GeV/c;

(d, e, f} The S, — distributions for subgroups with Ny = 90 and different groups of shower
particles multiplicity N, in Pb-+Ag(Br) collisions at 158 A GeV/c

The experimental normalized Sz/(S,) ~ distributions compared with the calculated ones
by the FRITIOF model for the most central groups of events measured in ‘%" Au and *Pb
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 S;/(Ss) — distributions for
central 28Ph and °7Au induced collisions with Ag(Br) targets in the emulsion detector.
Here, N, is the number of produced particles and N, 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 S,/{S;) < 1, where the ring-like effects are ex-
pected and the second in the jet-like region — 52/(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 22Pb+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 Ny > 1000. This value slowly decreases in two other groups of less central events with
350 < N,y < 700 and 700 < N, < 1000.

To analyze the ring-like subgroup position on the pseudorapidity axis the 7, — distribu-
tions for subgroups with S»/(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
28Pb+Ag(Br) collisions 7, — distribution has two hills ~ one at 7 = 1.6 — 3.2 and other
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Figure 3: The ring-like subgroup position (n,) distributions for central experimental (solid
histogram) and FRITIOF model (dashed histogram) for *®*Pb+Ag(Br) and %7 Au+Ag(Br)
collisions

at 7 = 3.6 — 5.2, the center of the distribution for produced particle is at n =~ 3.5. For
central " Au+Ag(Br) collisions 7, — distribution has two hills ~ one at n = 1.2 — 2.0 and
other at n = 2.2 — 3.0, the center of the distribution is at 77 = 2.2. The downfall of the 7,
— distributions is more visible for 2%Pb+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 An in Fig. 4 the An - distributions are
shown in the region of the ring-like effects (Sa/(Sy) < 1) for the most central %Pb
(Ns > 1000, Ny = 90) and *"Au (N, > 300, N; = 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 An — distributions in the ring-like effect region
that we don’t see in other cases. The difference for ¥ 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 S2/{Ss) < 1 and S3/(S2) > 1
but from the other side there are no differences in the An ~ distributions calculated by the
model for both classes of events (S2/(S2) < 1 and Sp/{Ss) > 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
case 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 & normal
hadronic matter to quark-qluon plasma.
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Figure 4: Comparison of the experimental and the FRITIOF model An ~ distributions
for central interactions of 2°®Pb and %7Au 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 ¥7Au and 158 A GeV/c *®Pb 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 7, — distributions in
ring- like region S3/{S,;) < 1 indicates to existence of two symmetrical 7,, — regions -
of preferred emission of ring-like substructures — one in the forward and second in the
backward direction in center-of-mass system.

The An - 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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Abstract

The extraordinary interaction of *N-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 1074

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 N beam at
the Dubna Nuclotron. Photoemulsion layers had a thichness about 550 mkm and a size
10cm x 20 cm. The photoemulsion method allows to measure:

multiplicities of any charged particles:

produced particles (N,) with §> 0.7,

projectile fragments (Ng) with § ~ 0.99 and

target fragments (N,,) with £ < 0.23;

angles of particles; 0 is emission angle with respect to the beam direction;

charges of projectile fragments Z;

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 85 < 8y = 0.2 GeV/c/Py, where P, is a projectile momentum.
“or Po =29A GeV/C - 00 = 4.0°.

The measurements of angles, momenta and charges of particles from the interactions
1ave 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 ®Li + E,, experiment [1].
t is less than 5. 1073,

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
ateractions, occurring along the same track. Scheme of the interaction is shown in Fig.1.

0 3 6 12 15 27
L, mm

igure 1: Scheme of the interaction. Fragments N1 and N2 with Z==2 have very close
nission angles

Below there are results of measurements of projectile and secondary fragments char-
steristics.
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Fragment No 1.1:
fr =049, Zy =2, pBc= (104 £ 2.5 or > 8.6 £2.2) GeV/c, my = 4 (or 3).
After L=11.8 mm it has break-interaction No 1 with angle § = 0.75°.
After break:
Fragment No 1.2:
8 =0.75°, Zy = 2, pfic = 6.3 GeV/c, my > 3.
After L = 3.4 mm it gives a big interaction No 2 with N, = 17 and N, = 5.

Fragment No 2.1:

ef = 0.340, Zf = 2, pﬁc—? mf——?,

After L=3.5 mm it gives an interaction No 3 with N,=2, Ny=1 and N,=0.
Fragment No 2.2:

§; = 0.61°, Z; =1, pfc = (11.4 4 2.10r8.6 £ 1.8) GeV/c, my=3-4.

So the interaction No3 has projectile with Zy=2 and only one projectile fragment witk
Zs=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 Np=0, N;=0 and N,=2
Angles of produced particles are #; = 21.6° and 6, == 29.4°. These two produced particles
the most probable are n*m™-mesons. So the interaction No 4 has projectile with Z;=]
and hasn’t any charge projectile fragment. It means, that an inelastic nucleon charge

exchange takes place in the interaction No 4 also.

”N—)“Hve +4Hve +p+d+3n

SHetn *H+n ptn
v v

\

+
big n 7 +3n - interaction ith charge
star  2p+n —decay "”’1 exchange

“N->3He +°He + p+d+ 5n
v v v
‘He *H+n p+n
v v

+ _
big © ® +2n—interaction® | with charge
star 2p - decay—" | exchange

Figure 2: The most probable scenaria of the interaction
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Fragment No 3.1: .
0;=3.9,Z;=1,pBc=(22=+03) GeV/c, my=1, L=22.4 mm.
Fragment No 4.1:
O =4.1° Z;=1,pBc= (4.2 1.3 or > 2.2+ 0.3) GeV/c, my=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 1074,

Conclusion

The very small probability of a random coincidence for such a chain of interactions (about
10~'*) 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 —
dAup® and dAu — npAup®.

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 [1]. 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 p°A scattering scales as A% for surface coupling and A?
in the bulk. Thus the cross section for photon-pomeron interaction ~ A2Z2 for “heavy”
states (as like J/psi) and Z2A%® for lighter mesons (p, w, ¢).

Au Au

d d (ptn) Au
Fig.1(a) Fig.1(b)

Exclusive vector meson production dAu — d(np)Aup® (fig.1(2,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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o-meson and in this case deuteron can break up (vd — npp®) or remains in the ground
state(yd — dp®). The cross section of such process is approximately a factor of 16,000
(ZRAM3 ~ 792243}, 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
1,200 (Z2AY3 ~ 12197%%). 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-
leuteron interaction.

In the year 2002 RHIC at Brookhaven National Laboratory gold and deuteron nucleus
rollided at,/Syy = 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
I'PC. The TPC is surrounded by a cylindrical central trigger barrel (CTB). CTB consist
f 240 scintillator slats covering| 77 |< 1 . For registration of neutrons there are two zero
legree calorimeters (ZDC) at 18 m from the interaction point [5]. These calorimeters are
iensitive to single neutrons and have efficiency of close to 100 percent.

Cosmic Ray Background
Top Veto

s
[
1
[

t

Centyal Trigger Bi

Bottom Veto

Fig.2

Exclusive s° production in UPC has a distinctive experimental signature: the w¥7~
ecay products of the p® meson are observed in an otherwise “empty” spectrometer. Two
ifferent triggers were used for this analysis. For dAu — dAup®, about 700,000 events were
ollected using a low-multiplicity “topology” trigger. The topology trigger was designed
o 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 — npAup® 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
1ain 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
aen 13. Events were accepted if two tracks were consistent from a single vertex.
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Figure 3 shows the transverse momentum spectrum of oppositely charged pion pairs
production in deuteron gold collisions. As one can see, there is a large peak about 30(
MeV. Tt is necessary to remind pr spectrum of p° mesons produced in gold-gold colli-
sion [6]. Figure 4 shows the transverse momentum spectrum for 7#+7~ pairs. A clea
peak, the signature for coherent coupling, can be observed at pr < 100 MeV . This i
consistent with coherent p®meson production. A background model from like-sign com:
bination pairs (shaded histogram), which is normalized to the signal at py>250 MeV
does not show such a peak. But in dAu collisions a background couldnt normalize to the
signal.
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Fig.5(a) Fig.5(b)

Figure 5(a,b) shows invariant mass of the =7~ pairs for “topology” and “topology
ZDC” triggers. There is a clear p° peak. About 1,500 and 14,000 events around th
p® mass from the “topology” and “topology-ZDC” triggers respectively were used in the
analysis.The fit (solid) is the sum of a relativistic Breit-Wigner for p° production and :
Soding interference term for direct 777~ 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 My+,-. The p mass anc
width are consistent with its values from Particle date book. The direct 77 to ratio agree
with ZEUS collaboration in vp interactions [8].
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We study the pr spectra using the variable ¢, = p%. At RHIC energies, the longitu-
dinal component of the 4-momentum transfer is small, so t = ¢,. 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 £.0.13GeV "2 and b = 8.42 + 0.41GeV 2
accordingly for “topology” and “topology-ZDC” triggers.
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In summary, the first measurements of p° production in dAu — dAup® and dAu —
npAup®, 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 7

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
»n the background contribution. For instance, there are attempts to use the maximum
ntropy principle [5], Fourler 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
Ref.[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
me 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
inder 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
etermined 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
1e composite system.

Let us consider the discrete spectrum {F;},¢ = 1,..., N of a d-dimensional quantum
rstem (d is 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(B) =Y 8(E - Ey). (1)
i=1
e can define a staircase function

N(E) = /_ i S(E')dE = fj 9(E — E), )

i=1

ving the number of points on the energy axis which are below or equal to E. Here

e(x):{o for <0 )

1 for x>1
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We separate N(F) in a smooth part ((F) and the reminder that will define the fluctuating
part Ng(E)
N(E) = ((E)+ Na(E) (4)

The smooth part ((F) 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 is
to ”unfold” the original spectrum {E;} through the mapping E — «

2 =C(E), i=1,..,N (5)

Now we can define spacings s; = Z;,.; — Z; between two adjacent points and collect then:
in a histogram. The effect of mapping is that the sequence {z;} 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 spacing
distribution between adjacent levels. Below, we follow a simple heuristic argument due
to Wigner [15] that illustrates the presence or absence of level repulsion in an energs
spectrum.

For a random sequence, the probability that the level will be in the small interva
[0 + s, 70 + s + ds] is independent of whether or not there is a level at z5. Given a leve
at Zo, let the probability that the next level be in [z -+ s,z -+ s + ds| be p(s)ds. Ther
for p(s), the nearest-neighbor spacing distribution, we have

p(s)ds = p(1 € dsl0 € s)p(0 € s) (6

Here, p(n € s) is a probability that the interval of length s contains n levels and p(n €
ds|m € 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(0 € s) = [[° p(s')ds’, the probabilit;
that the spacing is larger than s. The term p(1 € ds|0 € s) = u(s)ds [u(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) = pu(s) [° p(s')ds’ which can be solved to give

p(s) = u(s)exp(= [ u(s)ds') (7

The function p(s) and its first moment are normalized to unity,

3 3
/0 p{s)ds =1, /0 sp(s)ds = 1. (8
For a linear repulsion u(s) = ms/2 one obtains the Wigner surmise,

p(s) = Ssexp(—s?), 520 ©
2 4
For a constant value p(s) = 1 one obtains the Poisson distribution

p(s) = exp~?, s>0 (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
Eqgs.(1)-(5) the variable F by the variable |p| and construct the corresponding correlation
function p(s).

To test the utility and the validity 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 47 total
solid angle, were detected in the chamber. All negative particles, except those identified as
electrons, were considered as w-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 MeV/c. The protons were selected
by a statistical method applied to all positive particles with a momentum of |p| > 500
MeV/c (we identified slow protons with |p| < 700 MeV/c by ionization in the chamber).
In this experiment, we had got 20407 '2CC 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
domne for different range of values of the momentum distribution to illuminate the degree
of the accuracy.

On Fig. 1 the dependence dN/d|p| 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 x? 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 I, 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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P’ (Gev/c)
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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0.15<P<1.14
(Gev/c)

Fig.2 a

1.14<P < 4.0
(Gev/c)

Fig.2 b
p(s)

4,0<P<7.5
(Gev/c)

"ig.2 ¢ Nearest-neighbor spacing momentum distribution p(s) for different regions of
neasured momenta: a)0.15 < |p| < 1.14 GeV/c; b)1.14 < |p| < 4.0 GeV/c; ¢)4.0 < |p| <
"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 p*?C collision is equal to op= 13.3£1.7
mb and oxo= 3.840.6 mb, respectively.
The measured A/#x™* ratio from pC reaction is equal to (5.340.8) » 10~2. The exper-
imental A/7t ratio in the pC reaction is approximately two times larger than the
A/7* ratio from pp reactions or from simulated pC reactions by FRITIOF model
for the same energy. The A/7t ratio in interaction C+C at momentum 10 Gev/c is
four times larger than the A/7™ 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

:Tangeness enhancement has been extensively discussed as a possible signature for the
1ark-gluon plasma(QGP)[1, 2]. Strange particle production has also been analyzed re-
wding such reaction mechanisms as the multinucleon effect[3], or the fireball effect[4], or
i the deconfiment signal, within the context of thermal equilibration models[5]-{8].

In particular, strange particles have been observed extensively on hadron - nucleus
1d nucleus-nucleus collisions 4-15 Gev regions[9]-[14]. The strange hyperon yields[9]-[11]
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
»m 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* /77" ratio in heavy-ion reactions that
four to five times larger than the K+ /7™ ratio from p+p reactions at the same energy.
1e thermal model[6] gives an good description of K*/n*+, A/m™ 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
sduction 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/77 ratio in the
iction p+12C.
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2. Experimental procedure

2.1. METHOD

Searching for the V° on = 700000(or 345*2 tapes) photographs of the JINR 2m propane
bubble chamber exposed to a 10GeV /¢ proton beam [16]-[21]. The primary proton beams
must be to satisfy of conditions: | tgo |< 0.02 1.62< 3 <1.69 rad. The magnetic
field (B=15.2 kG) measurement error is AB/B=1%. The fit GRIND -based program
GEOFIT[18] is used to measure the kinematics track parameter p, o, . Measurements
were repeated three times for events which failed in recounstruction 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*ofp <0.6 GeV/c.

2.2. Identification of A and K?

The events with V° (A and K?) were identified using the following criteria {19, 20}:

1) VO stars from the photographs were selected according to A — 7~ + p, neutral K, —
77 +7at or v - et + e~ hypothesis. A momentum limit of K? and A is greater than 0.1
and 0.2 GeV/c, respectively ; 2) V° stars should have the effective mass of K2 and of A
3) these V° stars are directed to some vertices(complanarity); 4) they should have one
vertex, a three constraint fit for the My or M, hypothesis and after the fit, X2, shoulc
be selected over range less than 12; 5)The analysis has shown[20] that the events wit}
undivided AK? were assumed to be events as A. ,

Table 1 presents (70% ) the number of experimental V° events produced from interac
tions of: a) primary proton beams, b)secondary charged particles and c¢)secondary neutra
particles.

The VP classified into three grades. The first grade comprised V°s which could be
identified with above cuts and bubble densities of the positive track emitted from the V%
The second grade comprised V% which could be undivided AK?. For correctly identifi
cation the undivided V% are used the a(Fig.1a) and the cosf. (Fig.1b) distributions.

a= (R - F)/(Ff = F)

Where P!rL and P”" are the momentum components of positive and negative charged track:
from the VU relative direction of the V% momentum.The

cosfy.. is the angular distribution of 7~ from K decay. The «(Fig.1a) and the cos6”:
distributions from K? decay were isotropic in the K2 rest frame after removing undivide
AK?. Then these AK? events appropriated events as A. After we show in Fig.lc tha
the cosfr. distributions for the A+AK?s have been also isotropic in ¥V rest frame. As
result of above procedure have lost of K? 8.5% and admixture of K? in As events 4.6%
The third grade comprised V% which could be the invisible V% at a large azimuth ang]
#[20]. The average ¢ weights were < wy > = 1.06£0.02 for K? and < wy > = 1.14+ 0.0
for A.

Figures.2a,c and 2b,d show the effective mass distribution of A(8657-events), K°(4122
events) particles and their x* 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(K,) >= 497.7+3.6, s.d.= 23.9 MeV/¢?
and < M(A) > =1117.0% 0.6, 5.d.=10.0 MeV/c*. The masses of the observed A, K0 are
consistent with their PDG values. The expected functional form for ¥? is depicted with
the dotted histogram(Fig.2).

Each V° event weighted by a factor weeom (=1/e,), Where e, is the probability for
potentially observing the V°, it can be expressed as

€r = pr(-'me/L) - ezp(“Lmax/L)v

where L(=cpr/M) is the flight length of the V' L., the path length from the reaction
point to the boundary of fiducial volume, and L, (0.5 cm) an observable minimum
distance between the reaction point and the V° vertex. M,r, and p are the mass, lifetime,
and momentum of the V°. The average geometrical weights were 1.34+0.02 for A and
1.22+0.04 for K°.

Now, let us examine a possibility from neutron stars of imitating A and K? the using
model FRITIOF[22] for the hypotheses reaction p+C—n+X,n+n— 7 plorr~n*+) + X°
with including fermi motion in carbon. Then, these background events were analyzed by
using the same experimental condition for the selection V%s. The 2 vertex analysis have
shown the background from neutron stars are equal to 0.1% for A and 0.001 for K? 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=ny — n_>2;

n, + np >1;

nd + n§ >0;

n_ >2;

. Nep= odd number ;

E,,(A)—P,;Mcosep(,\) o1

n, and n_ > are the number of positive and negative particles on the star;n, and na
are the number protons and A hyperons with momentum p<0.75 GeV/c on the star.nf,
n} are the number protons and A hyperons to emitted in backward direction. Epay, FPpa)
and O are a energy, a momentum and a emitted angle of protons(or As) in the Lab.
system. m, 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— KX, respectively. The contribution from pp— A X and pp— KX
in pC interactions are equal to 1.0% and 0.3%, respectively.

> o W

3. The measured cross sections A and K
The cross section is defined by the formula:

VO
Y _ O ¥ N % Whyp * Woeom * W * Wiin * Wing
=22 ;= o
e 7 int ¥ €1 ¥ €3 % €3

»(3.1)
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where e; is the efficiency of search for V° on the photographs, e, the efficiency of mea~
surements. The V% of 75%(preliminary) could be successfully reconstructed and ac-
cepted in the analysis. es the probability of decay via the channel of charged particles
(A — pr,K° — 7%77), 0p = 0,/N, the total cross section, where o, is the total cross
section for registered events, N, is the total number of registered interactions of beam
protons over the range of the chamber. o(p + C3Hg) = 30,¢ + 80,,==(1456-£88)mb [27),
where 0}, 0,c and oy, are the total cross sections in interactions p 4 C3Hg,p+C and p-+p,
respectively. The propane bubble chamber method have been permitted the registration
the part of all elastic interactions with the propane [23, 24] therefore the total cross sec-
tion of registered events is equal to: o,(p + C3Hs) = 3o,c(inelastic) + 8o,p(inelastic) +
8o p(elastic)0.70 = (1049 £ 60)mb.

w; are weights for the lost events with V0 for(Table 2): Wgeon - the V? decay outside
the chamber; w, - the required isotropy for V° in the azimuthal (XZ) plane; wey, - the
undivided AK? events; wip; - the selected as p + 2C from the interaction of p + CsHs;
Wiin ~ the kinematic conditions(with FRITIOF);w;,,,- the V®+ propane interactions.

Table 3 show that the experimental cross sections are calculated by formula 3.1 for
inclusive A hyperons and K mesons productions in the interactions of pp and pC at
beam momentum 10 GeV/ec.

Ratios of average multiplicities A hyperons and K mesons to multiplicities #* 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 7+ mesons in the interactions of pC at momenta 4.2 GeV/c
(< gy >= 0.7140.01) and 10 Gev/c (< ngy >= 1.040.05) taken from publications [26]
and [25], respectively.

The A/n* 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
— AX reaction.

4. Conclusion

The experimental data from the 2 m 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 pC collisions is equal to o4= 13.341.7 mb and Oxo=
3.8:4:0.6 mb, respectively. The measured A/7™ 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 A/7* ratio in the pC
reaction is approximately two times larger than the A/n* ratio from pp reactions or from
simulated pC reactions by FRITIOF model for the same energy.The A/n% ratio in C+C
collisions at 10.0 A GeV/c obtained that is four times larger than the A/x™ ratio from
p-+p reactions at the same energy.
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Table 1: The amount (70 %) of V° 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
- A{only)z 5276 2814 1063 9387
— KY%(only)z 4122 1795 481 6543
— (A and K?) x | 3381 1095 376 4608

Table 2: Weight of the lost experimental events with A and K? for pC and pp interactions.
Type of 1/61 1/62 Weeom | We Wint | Wiin 1/63 Wsum
reaction '
pC—AX | 1.14 [ 1.25 | 1.34 1.14 | 1.11 | 1.18 | 1.56 | 4.374+0.37
pp— AX 1.14 | 1.25 | 1.36 1.14 1 111 1 1.37 | 1.56 | 5.1540.44
pC— K°X | 1.14 [ 125 ]1.22 |1.06 ] 1.04 | 1.04 | 1.47 | 2.93£0.25
pp— KOX | 1.04 [ 125|136 |1.06|1.05|1.06|1.47 | 3.31+0.28

Table 3: Cross sections A hyperons and K mesons for pp and pC interactions at beam
nomentum 10 GeV/c.

Type of No& | Woum Nty | nyo = Npo/Niw | ©
reaction Total mb

pC— AX | 6126 | 4.37+0.37 | 26770 | 0.053+0.005 13.3+1.6
pp— AX 1836 |5.1540.44 | 4303 | 0.02640.003 0.804:0.08
pC— K9X 3188 | 2.93£0.25 | 9341 | 0.01840.002 3.8+0.5
pp— KX 1699 | 3.31:£0.28 | 2313 | 0.0153-0.001 0.43+0.04

lable 4: Ratios of average multiplicities A hyperons and K? mesons to multiplicities 7™+
nesons for p+C interaction at beam momenta 4.2 GeV/c and 10 GeV/c.

pC This pC Cp Cp
experiment | FRITIOF | Experiment | FRITIOF
(10 GeV/c) | (10 GeV/e) | (4.2 GeV/e) | (4.2 GeV/c)
< > ] <y > %102 | 5.3408 2.6 0.740.3 0.9

<nge > [ < ngy > x10° | 1.8£0.3 1.8 0.3+0.2 0.3

“able 5: Ratios of average multiplicities A hyperons to multiplicities 7% mesons for C+C
ateractions at beam momentum 4.2 and 10 GeV/c.

4.2 10
Experiment | Experiment
<np >/ <ngp > x10% | 2.040.6 10.9+1.7
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Figure 1: Distributions of o (Armenteros parameter) and cos®*- are used for correctly
identification of the undivided V0s. a = (B — P)/((Ff ~ Py ). Where B and Py are
the parallel components of momenta positive and negative charged tracks. cos©* - i1s the
angular distribution of 7~ from K? decay. Distributions of & and cosf- were isotropic in
the rest frame of K? when undivided AK? were assumed to be events as A
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Figure 2: The distribution of experimental V° events produced from interactions of beam
protons with propane: a) for the effective mass of M,; b)for x4(1V — 3C) of the fits via
the decay mode A — 7~ +p; c) for the effective mass of Mo;d)for XKQ(IV 3C) of the
fits via decay mode K¥ — 7~ +w*. The expected functional form for x? is depicted with
the dotted histogram
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Figure 3: Prediction of the statistical-thermal model[6] for A/n*(note the factor 5), and
Z-/nt and QO /77 ratios a function of /5. For compilation of AGS data see [7]. The
A/t ratio in interaction C+C on figure is obtained by using data from this experiment
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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 multiparticle 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.

Ii. 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).

I1.1. 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 aj, a; and a; are to be calculated as the best fit to the concrete experi-

F (1) = a;t™ exp(-ast) D

mental data [2]. These parameters depend on energy of a particle initiating cascade and a cut-
off energy E. of cascade particles (usually E. 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 E>500 MeV up to several hundred of
GeV, where other processes gradually start, and at x>0.15 [3]. Notice that at E; lower than 1
MeV the parameter a; 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=1/<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:

F(x) = ]f[(l/s) + (U )/ 1~ 52 Jexp[~(x/ s)]ds.

I1.2. 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,
n(E E.t), and photons, nyE, E.z), along the direction of flight of a particle initiating the
shower, as follows [5]:

on (E,E..0)/ 06 =2 jn,(E,E',z)ZP(E',E)dE "+
E
o E
+|n(E,E\0)) (E'E'-E)dE"- Ine(E,E',t)Zb(E,EOdE'+a3ne(E,EC,t)/aE;
E [

© E
on,(E,E,.t)/ 0t = [n,(E,E'\0)). (E\E)E'- [n (E,E'\0)}, (E,E)dE". @
E 0

Here %, and %, are the differential cross-sections of pair creation and bremsstrahlung,
correspondingly, € is the average ionization loss of shower’s electrons over 1 radiation length .
(r.1.). But the most often measured quantities are the numbers of electrons N.(E,E,¢) with an
energy greater then E, at a shower depth t:
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E
N(E.E, 0= [n(E E,0)dE",

E,
or the quantities proportional to N(E, E.2), 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, <¢(E)>, and the
average position of shower’s maximum #(E) nq, both proportional to /nE.

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 n.(E,E.t) and nyE,E.t), being divided by some energy dependent
function, say <t#(E)>, {(E)max or another quantile, become energy independent (and so
N(E,E.t)), which is the case actually. The situation is much more complicated when one
considers the three-dimensional shower equation (see, for example, [9]).

I1.3. 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 o5 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 of hadronic 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.

IIL.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 (1) and describing respectively the electromagnetic and hadronic component of

dE,(x)/dx = N{w(x/ X,)* """ + (1-w)(x/ A,)* " e "4}, 3
the shower [11]:
Here Xj is the 1.1. of the material, 4, is the interaction length, a, b, d w are parameters, N is the
normalization constant, w=0.4634 and a and d linearly depend on InE. Mention also that often
it is enough to use simply the one-component distribution, just like (1) only.
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IIL2. 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
sopular are: the Feynman scaling, for inclusive particle production [12], KNO scaling [13], y-
scaling in deep inelastic scattering on nuclei [14], z-scaling [15] etc. But the meaning of the
scaling 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
slay.

A CONCLUSIONS

Although information about, in particular, the characteristics of em. and hadronic
showers, 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
1ature, 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)
»arameter.

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
mnder 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, Moliére 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-
iating 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*e~ 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 [1].

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 efe -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 7y or Z%-boson which then decays into two quarks:

ete™ — (2°/7) - q@. 1)

The ete —reaction is simple for analysis, as the produced state is pure ¢g. 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 ¢, 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 z. 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 ¥ = g In[l + asbln(%)] , where
2mh = %(llNC — 2Ny) for a theory with N¢ colours, Ny 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 AAY be the probability that gluon
will convert into two gluons in the infinitesimal interval AY, AAY be the probability that
quark will radiate a gluon, and BAY 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@ and gluon QW jets

ddQ AQY(QW —1), dQ = A(QY? — Q) + B(QW? — Q)
and obtained explicit solutions of MD in the case B = 0 (process of quark pair production
is absent)

By = (——k”——)kp,Pﬁ(y) Fpllp ¥ 1) (k,,+m_1)< m )m( s )kp,

k, + m! ™+ kp k, +

where k, = A/A, T = ky(eAY — 1) is the mean gluon multiplicity. These MD are known
as negative binomial distribution (NBD). The GF for them is

Q(z,Y) = i T Pa(Y) = [1+ T/ ky(1 = 2)] ®)

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*e™- 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 parton stage
for the sake of its factorization. MD in this process can be written as follows:

Pu(s) =Y PLPY(m,s), (4)

m

where PZ is MD for partons (2), P(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
/5. MD of hadrons PJ formed from one parton and their GF Qff(z) are [4]

—h\T b\ Np=n b Np
Ph’ = " _T_é 1— n_g QH — ’ ( _ ) (5)
n T “Np Np Np ’ p ~ ?

where C}; - binomial coefficient, TL;‘ and N, (p = ¢, 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 ete™ annihilation are determined by convolution of two stages
(cascade and hadronisation)
o 10" hyer

m

Zg PE —,5;;; (@)= (6)
where 2 + m is the total number of partons (two quarks and m gluons).

We introduce parameter o = N, /N, to distinguish the hadrons, produced from quark
or gluon. Also we have carried out simplification for designation N = Ng, 7" = 7.
Introducing expressions (2), (5) in (6) and differentiating on z, we obtain MD of hadrons
in the process of ete™ annihilation in TSM

M,y N ﬁh n ﬁ" (2+am}N-n
=3 P () (1= ) . @

m=0

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
ete™-data from 14 to 189 GeV [6]. The mean gluon multiplicity 77 has a tendency to rise,
but lower than the logarithmic curve. Values &, remain ~ 10 at almost all energies. One
of the most interesting physical senses of this parameter is temperature T[7]: T ~ ky 1

The next picture of the hadronisation stage is discovered in conformity with parameters
of the second stage: N, ©i* and @ . 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 ¢g pair} becomes
. comparable with the other ones (1),(2). We can not reveal a steady energy rise or fall for
N.

The second parameter 7" 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 @* is about 5 — 6 in the research region. A possible explanation of these
rocks for N and 7" only two initial quarks exist among a lot of newly born gluons at the
beginning of hadronisation.
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The last parameter « was introduced to compare the quark and gluon hadronisation.
It is equal to 0.2 with some deviations. If we know «, then we can determine N, = alN
and n = o7 for gluon. It is surprising that gluon parameters remain constant without
con51de1 able deviations in spite of the indirect finding: N, ~ 3 —4 and 7} ~ 1 (Fig. 3-4).
Therefore we can confirm the universality of gluon hadronlsatlon The fact that o < 1
shows that hadronisation of gluons is softer than that of quarks.

It was shown [8] that the ratio of factorial cumulative moments K, over factorial
moments F, changes the sign as a function of the order. We use MD formed in TSM to
explain this phenomenon. F,; and K|, are obtained from the relations

Fy= Z nn—1)...(n—q+ 1P, Ky=F - Z(IWK,,_I-FZ-. (8)

n=q

The ratio of their quantities is H, = K,/F,. The generating function for MD of hadrons
(7) in e*e” annihilation Q(z) is the convolution

Q) = 3 PalQ, (2)]"Q5(2) = Q%(Q; (2))@Q3(2). (9)

m=0

We calculate Fy and K, in TSM, by using (9) and the sought-for expression for H, will
be [6]
¥ kyam({am — &) ... (am — 2)(F
H = m==1
! Y (2+aem)2+am— %) ..

ms={}

k- 210y

m Na-t

Fuﬂ
2+ am— )Py

(10)

The comparison with experimental data [8] has shown that (10) describes the ratio of
factorial moments (Fig. 5). The minimum is seen at ¢ = 5. We have obtained that in the
region before Z° (91.4 GeV), H, oscillates in the sign only with the period equal to 2 and
changes the sign with parity ¢. 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 GeV /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(ng) 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 (ne, < 10) but it underesti-
mates the value o(ne) by two orders of the magnitude at ny, = 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

Pa(s) =3 Pr(s)Pl(m), (11)
m
where P,(s) - resulting MD of hadrons, P - MD of partons (quarks and gluons), PH(m) -

MD of hadrons (second stage) from m partons. Generating function (GF) for MD in
hadron interactions is determined by convolution of two stages:

= 2P (Q"(2)" = @7(5, 0" (=), (12)

where Q¥ and QF 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 Py = e’EEk/ 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]

Pls) %—,;(1:9 %)m—k' (m = 1)(m z]i.l.).!(m_'lcfl)’ (19)
! 1 1 m=1 ’
PR(s)=— (l - %> o | (14)

at k > 1-(13) and at k =1 - (14). m and 77 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

SR N S P Y

In the case k = 0 (the impact was elastic and active gluons are absent) MD of hadrons in
pp-scattering is equal to P§i(s) = e™*.

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 é 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

" ) b n—2 P SmN—{(n-2}
mm-ch(%) (1-%) (16

In this expression the gluon parameters are " 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:

N N

MD of hadrons in the process of proton-proton scattering in two stage gluon model
with branch (TSMB) is

_ SmN = N
in=(Q{’)5m=[1—ﬁ(1—Z)] : fz[l—"—ha—z)}- (17)

MK ~FEF MG 1 (m—1)(m—2)...(m—k+1)

Fals) = 52 Kl ;;k mk k— 1)1
m—k —h\ "2 —h\ IMN—(n-2)
.(1_é> -2 (T 1-= . 1s)
i) N N

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]. x?/ndf in are equal to about ~ 1/3 at 70 GeV/c and ~ 5
at 69 GeV/c and the parameters are similar. We obtained N = 40(fix), 7 = 2.61 & 0.08,
5 =047£0.01, k = 2.53 £ 0.05, 7" = 2.50 & 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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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 7" equal to 1.63 (see below the
thermodynamic model) the fraction of the evaporated gluons ¢ 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 7. 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):

ME —Tiz=m wh\ 2 —h\ MN—(n~2)
re-Y Traw(y) (1-%) a9

!
foy ml

Pg(s) = e™™. Qur comparison (19) with the experimental data [11] (see Fig. 8) gives
values of parameters N == 4.24 +£0.13, 7 = 248+0.20, 7" = 1.634+0.12, and the
normalized factor Q = 2 with x?/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 7" 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 at 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 [1].

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 pp annihilation channel at a few
tens GeV/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 means 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 #° in pp-interactions at 69 GeV/c (/s ~

11.6 GeV). It was be found 2.57 £ 0.13 [3]. So the mean multiplicity in this process is '

1Talk given at XVII Internationa) 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 (77 = 2.48) and
hadron parameter @". We can determine the hadronization parameter for neutral mesons:
Tp=1.036 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]:

ME _ ~Fiz=m sh\ 2 —p\ mN—(n—-2)
e m _ T . n
Pu(s)= i Crid (“ﬁ) <1 - 7\7) , (1)

m=0

and can be easily obtained if they are normalized to mean multiplicity 7%s (Fig. 1). From
this distribution we see that the maximal possible number of #* 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 mul‘clphcxty of neutral mesons 7ip versus the number of
charged particles n., can be determined by means of MD an( )

ny
. En Pmo:(s) ) (ntot - Ner)
Tip(Neh, §) = —2— ) ()

5 Pan(s)

Tigot =11

where n; and n, are lower and top boundaries for the total multiplicity at the given
number of charged particles n. The MD of charged and neutral secondaries obtained by
TSTM give the maximal number for charged n., = 26, neutral ny = 16 and total ny,, = 42.
That is why we have the following limits for n; and ng: n; > ng,, ny < 16 + ne,. 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 (ng, < 10) to ny = 2n.,. 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 n., when ny is taken equal to 2n., at small ny, and ny = 16 +n, at ne, > 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 N,) occur with equal probabilities. We will try
to consider the formation of neutral and charged mesons as an example of the above
assumption. The v@ 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 #° from one gluon at the second stage may be described by the binomial
distribution F,, = Cpop;°ppt~"°. Here n, is the total number of hadrons formed from
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gluon, ng - the number of neutral mesons among these secondaries (the number of charged
hadrons n, = n; — ng), pe(po) -the probability of production of charged pair (one 7°).
The normalized condition is po + p. = 1. From TSTM we have obtained 7, = 1.63
and iy = 1.036. The mean multiplicities for binomial distributions will be equal to:
Then = PeTiy, Tio = poTl;- The probability of the charge particle production is higher than of
the neutral mesons (7., > Tip). The ratio of these values is p./py ~ 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 (7% or %) produced from one gluon at
the second stage. In the case of binomial distribution iy, = 7 -p,, Tig = T -po. Taking into
account two leading protons, the mean multiplicity is Ten(s) = 2 + iy (s) - 7ty for charged
particles in pp-interactions. The mean multiplicity of neutral mesons in this process is
Tio(s) = My(s) - Tn. The ratio of the mean charged pairs to the neutral mesons in proton
interactions is _ .

T2 1 _ 1.7 3)
o m(s) w2 TR
At 69 GeV/c this ratio (3) is equal to 1.19 4 .25. At the higher energy the mean number
of active gluons 77 increases and becomes much more than 3. In this case (3) it will be
around the ratio of 7%, /27, The experimental data have shown 1.6 for Au-Au peripheral
interactions (80 — 92(%) 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

Vs GeV m M, N 7 Q xZ/ndf
102 2.75+008| 8 3134056 |1.64+£0.04]1.92+0.08} 2.2/5
205 2824020 8 450+0.10 |2.02+0.12]2.00+0.07 | 2.0/8
300 2944£034| 10 | 4.07+086 1222+02311.97+£0.05| 9.8/9
405 270030} 9 460+024 |2.66+0.221.9810.0716.4/12
800 3.414+£255] 10 {20.30410.40 | 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 7, vary very slowly. At these energies the charged
hadron/pion ratio {3) grows up to 1.6. The parameter of hadronization 7%, has a trend
to increase weakly but 7 does not almost change. This behavior may be related with the
production of other charged particles (not only pions): protons, antiprotons, kaons and
so on. We consider that parameter 7%, goes to the limit value (like saturation).

On the other side a small growth 'ﬁg in proton interactions also points at a possible
change mechanism of hadronization of gluons in comparison with the transition gluons
to hadrons in ete™ 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 ﬁ;’ ~ 1 for this fragmentation [8]. The recombination is specific for the
hadron 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 7} becomes
bigger ~ 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 ete™ - 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 Rgp and elliptic flow vz in Au-Au collisions at RHIC
have revealed an apparent quark-number dependence in the pr 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 et + ¢~ 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 [HEP [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)zk,,(kh+1)...(kh+n—1)( 7(s) )"( kh()>k"7 @
S

n! 7i(s) + kn kp+m

where kj, - the NBD parameter and 7i(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. Binornial 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 P, [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 P,(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:

Mg _m]m.ml 7h n-2 7h my-N~(n—2)
P =a > e () (1-F) .

my =0

Mg e‘—mzm’glz s 7P n—2 h 2.mz-N—(n-2)
+a méo Tl Coma (N) (1 - ‘ﬁ) ) (5)
where ; and oy are the contribution single and double gluon clans (o + @ = 1). The
comparison (5) with experimental data for proton interactions at /s = 62.2 GeV [13] is
given in Fig. 8. We have obtained the following values of parameters: N = 7.06 + 3.48,
7y = 3.59 & 0.03, iz = 1.15 £ 0.25, 7), = 3.23 £ 0.14, Mgy = 8, Mgs = 4, ay/cia ~ 1.8
at x*/udf=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 -7 = 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

Aoy, (pB — pp) = on(pP) — 0w(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
f2 ™ are available to study MP

i =n_(n_—1)-m.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 ¢g-pairs (uud and wiad) are. They
can turn to the ”leading” mesons which consist from: a) valent quarks or b) valent and
vacuum quarks [5]. In the case a) only three ”leading” neutral pions (the ”0” topology) or
two charged and one neutral ”leading” mesons (”2” - topology) may form. In b) case the
74" 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(2) = [1+7/N(z—1)|¥
gives [4]

= Q1 (D)lsm1 — [Q1(2) s = =(@")?/N < 0. (8)
Reciprocally for m gluons GF and f, will be
Qum(2) = [1+7"/N(z— D)™, fo = —m(@")?/N. (9)

We consider that m grows while increasing the energy of the colliding particles, and f will
decrease almost linearly from m. Such behavior qualitatively agrees with experimental
data [14]. If we take concrete MD PS for gluons, then GF for secondary hadrons and fo
are

Qz) =Y Pall+7a"/N(z — 1)]™" (10)

=[f26+1_1/N]'m—'(ﬁh)2: ffzm(m-l)—m27 (11)
where f§ - the second correlative moment for gluons. In this scheme f, may be negative or
positive. We consider that the negative value f; 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 f, 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:

Q) =c Z PY| 1+ (z 1)]mN+CZZz2PG[1+ (z D™ ey Zz4PG 1+]\};(z—-1)]"‘N
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T'he parameters of cg, ¢; and ¢4 are determined as the part of intermediate topology (707,
’2” or ”4”) to the annihilation cross section (¢ + c2 + ¢4 = 1). For the simplicity we are
imited by Poisson distribution with the finite number of gluons for PS.
The comparison of the experimental data (Fig. 12) gives the following values of pa-
-ameters: 77 = 3.36 £ 0.18, N = 4.01 £ 0.61, 7#"=1.74 +0.26, the ratio cp : ¢3 : ¢s = 15
40 : 0.05 at x/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 < M at small multiplicities (n < 4). We should to emphasize very compli-
:ated events n.; = 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.

t. 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
thotons with p, < 0.1GeV/¢c and z < 0.01 [18]. Usually these photons are named soft
thotons (SP). Experiments shown that measured cross sections of SP are several times
arger 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 cross
section of SP formation is about 4mb, and since o, ~ ny(T) - 04y, then the number of SP
will be equal to n, = 0.1. For convenience, we may use the well-known density of MVB at

T, = 2.275K and get the number of photons by means of MVB n.(T) = n, (1) - (%)3
The density of SP in the region 1fm3 will be equal to

3
p(T) = ny(T)/V = 4.112-10°- 107° - 107 - LY pme.
v T,

The estimates of temperature are implemented by transfer moment: T = p = prve
(1MeV = 1.16 - 10°K). If T(pr) is known, using n, we can estimate the linear size ol
radiation system (V = L3). Dependencies of the linear size of system (L) from the SP
moment (pr) are given in Table 2.

Table 2. The size of system L (fm) versus pr (MeV/c) of SP

pr 10 15 25 30 40 50 ;
L 11 6.9 4.1 3.5 2.6 2.0 l

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 hadrons
but turn into SP. The amount of such soft gluons is estimated by IV, 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

A.A.Baldin

Anton. Baldin@sunhe.jinr.ru
LHE, JINR, Dubna

Abstract

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 by (square relative four-velocity between the considered objects) [1]
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 ——2
m

i

, where P;, P; are 4-

momenta of particles 7/ and j , and m;, m; are masses of these particles, underlies the
determination of invariant mass, rapidity p, square relative 4-velocity by 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=oul, 0
where U° =§ , U= ;‘i:; . Here E is the total energy, p is the 3-dimensional momentum, and

m is the mass of particle.

338



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:

U=+ 14U, +U,  +U @)
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’=chp ; [U=shp. 3
So, the relation between the particle energy, momentum and mass E* — p” =m? takes the
following form in the rapidity space: (ch ,o)2 ~(sh oy =1.

The particle rapidity in the laboratory system can be expressed through measurable

parameters as follows:

1, E+|p|

=~In 4
=3 E-|p) 4

The invariant variable b; is defined as [1]:

bik = _(Ui -U, )2 = 2[(UiUk )_ 1] = Z[M - 1} %

mm,

The relation between the variable b and rapidity is evident:
b, =2[UU,)-1]=2[ch p, ~1] (6)
Consider typical particle distributions over the variable by 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 hereafier were obtained by the
collaboration [3,4] for investigations using the 2m propane chamber [5]. Fig.1 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

do C

—~-——"_ where a ~0.002 7
dN (b, +a) : ®
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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 by distributions from the pole-like to
the exponent and power-like illustrates the classification of elementary particle interactions
proposed by A.M.Baldin [6]:

o the region 0<b, <107 relates to non-relativistic nuclear physics, where nucleons

can be considered as point objects;

o theregion b, ~ 1 relates to excitation of internal degrees of freedom of hadrons;
e theregion b, >>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 by and analysis of general properties of these distributions, in
particular, the correlation depletion principle.

The analysis of by 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 computér 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 by 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 by~1, 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; does not form a metric space, i.e. the relation
b, + by, 2 by, 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 b, +b,, —b,,, 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 o has an advantage that, being, along with by, the relativistic invariant, it forms,
unlike by, a metric space — the Lobachevsky space.

Total interaction cross sections of n-mesons, K-mesons, protons as functions of
particle-target relative rapidity are shown in Fig.6. The rapidity range between 1 and 4,
corresponding to the projectile momentum between 1 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:

lln_Eiﬂ

y= , ()]
2 FE -p

and transversal mass as:

m, =\m’ +pT2 , )

where p, is transversal momentum.

Define transversal rapidity 7 :

chr:-’i’ml, (10)
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Total rapidity p is related with longitudinal and transversal rapidities by the Pythagorean
theorem in the Lobachevsky space:

chp=chy.chr. (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):

5 (/713):?: =‘p12 ipzs}; (plz )::: z‘pzs ip,3| (12)

(Pza :?: =|plz o,

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:

ch(pp) = ch(py3)-ch(pz) = sh(py3)- sh(pys) - cos(as) (13)

and the law of sines:

sh(p;) - sh(p;3) - sh(py)
sin(e;)  sin(e,)  sin(qy)

(14)

Note, that the height of the triangle % (see Fig.7) is defined as:

sh(h) = sh(py}-sin(a, ) = sh(py3)-sin(a,)
Thus, # 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 of relative 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 p; distributions of protons for
the selected angle a3 intervals (see Fig. 7). The regions of p»; 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 a; between the rapidities p;; and py;.

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):

defect=m—-a, -a, ~a, (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 1 — projectile, point 2 — target and point 3 -
any registered particle. Fig.10 shows the defects of such triangles as functions of their
perimeters calculated for the experimental data on m-meson production in the reaction
p(10 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.
(p12-p13) for the experimental and simulated protons produced in the reaction p(10 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 n-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 N.I.Lobachevsky in his geometry
is the angle of parallelism

1, (h) = 2arcigle™) (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 /23 (see Fig. 7), where / and 2 denote colliding particles and 3 the registered particle.
Fig.14 shows the probability to register protons and z-mesons as function of the variable

2I1, — «; (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 z-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

v

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
ipectra, filling of phase space, is incapable of correct reproduction of two and three- particle
sorrelations.

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
wpinion that the Lobachevsky space is the most adequate for description of the processes of
varticle 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 of relative 4-velocities of the pairs of registered particles '

(p-p, p-n and 7-1t) in the reactions C+Ta, Het+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 =-m) 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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If 2 is a target at rest in the laboratory system, then the angle «; is equal to the laboratory

angle of the registered particle
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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 K2K%, KYK? and the correlations of "mixed” pairs
KK at small relative momenta upon the space-time parameters of the generation
region of K and K- 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 KK2 and K?K?,
produced in the same inclusive process, coincide, and the difference between the
correlation functions of the pairs K2K2 and K2K7 is conditioned by the production
of the pairs of non-identical neutral kaons KK?°.

1. Consequences of the strangeness conservation

In the work [1] the properties of the density matrix of two neutral K-mesons, following
Tom the strangeness conservation in strong and electromagnetic interactions, have been
nvestigated. By definition, the diagonal elements of the non-normalized two-particle
ensity matrix coincide with the two-particle structure functions, which are proportional
;0 the double inclusive cross-sections.

Strangeness is the additive quantum number. Taking into account the strangeness
sonservation, the pairs of neutral kaons K°K?® (strangeness S = +2), K°K° (strangeness
5 = ~2) and K°K° (strangeness S = 0) are produced incoherently. This means that
n the K% KO representation the non-diagonal elements of the density matrix between
he states K°K°® and K9K° K°K° and K°K° KOK° and K°K° are equal to zero.
Jowever, the non-diagonal elements of the two-kaon density matrix between the two
tates |KO)P)|K0)(P2) and [KO)P1)|KO)(P2) with the zero strangeness are not equal to
:ero, in general. Here p; and p, are the momenta of the first and second kaons.

The internal states of K® -meson (S = 1) and K° -meson (S = —1) are the superposi-
ions of the states |[K2) and |K?), where K3 is the short-lived neutral kaon and K9 is the
ong-lived one. Neglecting the small effect of C P non-invariance, the C P-parity of the
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state K2 is equal to (+1), and the C'P-parity of the state K is equal to (—1); in doing
50,

1 ; N 1
|K°) = —\/3([1(.3> +|KD), K%)= 7§(IK§> ~|K2)).
It is clear that both the quasistationary states of the neutral kaon have no definite

strangeness.
It is easy to show that

1
|Ko>(m) ® ‘K0>(P2) - 3(1K2>(p1) ® IKg)(m) + |K2)<p‘) ® |K2>(pz)+

+|Kg)(m) ® |K2>(p2) + i[{E)(P}) ® |K2)(p”), (1)
_ _ 1
&K0>(pn) @ !K0>(P‘z) — 5(1}(2)@1) ® lKg)(‘”) + ‘K2>(p1) ® |K2>(P2)__

—IKS)(P" ® |K2)("2) - IKE)(P” ® ]Kg)“’”). (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 CP-parity
of the system K°K° is always positive [2] (the C-parity is (—1)%, the space parity is
P = (—1)*, where L is the orbital momentum).

The system of two non-identical neutral kaons KK in the symmetric internal state,
corresponding to even orbital momenta, is decomposed into the schemes [K2)|K3) and

\KDKE) [2]:
[pF) = %(‘K(J)(m) ® |KO)P2) 4 | K0PV @ | KO P2)) =
= SKHE @ KH® — K™ @ |15 3)

meantime, the system K°K? in the antisymmetric internal state, corresponding to odd
orbital momenta, is decomposed into the scheme |K2)|K?) [2):

1

™) = (}KO)("‘) ® |R0>(Pz) - !R0>(P1) ® |K0>(P2)) =

>

2

1 .
= %(|K2>(Pl) ® iKE)("?) - |KE>(px) ® {Kg)(pz))' (41

The strangeness conservation leads to the fact that all the double inclusive cross
sections of production of pairs K2K2, K?K? and K2K? (two-particle structure functions;
prove to be symmetric with respect to the permutation of momenta p; and ps:

fss(P1,p2) = fes(P2,p1)s  fro(Prp2) = fro(pP2P1);

fse(P1,p2) = fsr(p2,p1). 5

Besides, due to the strangeness conservation, the structure functions of neutral X-meson:
produced in inclusive processes are invariant with respect to the replacement of the short
lived state K2 by the long-lived state K9, and wvice versa [1]:

362



1
fss(p1,p2) = fro(pr, p2) = 1 [froxo(P1, P2) + frogo(P1, P2)+
1
+fxogo(P1, P2) + froxo(P1, P2)] + 3 Re pyogo_goro(P1, P2), (6)
1
fse(p1, p2) = frs(p:,p2) = 1 [fxoxe(P1, P2) + frogo(P1, P2)+

1
+frogo(P1, P2) + frogo(P1, p2)] — 3 Re progo_gogo(P1, P2), (7

where pyogo_,goxo(P1, P2) = (PRoxo_ gogo(P1, P2))* are the non-diagonal elements of the
two-kaon density matrix. The difference between the two-particle structure functions fsg
and fgy is connected just with the contribution of these non-diagonal elements.

It is evident that the one-particle structure functions for the production of K2 and K9
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
K2 and K9-states, as well as the mutual equality of the average squares of multiplicities:

(ns) = (nr),  (n3)=(n}). (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 KZK2
and K?K? we obtain the following expressions for the correlation functions Rss, Rir
(proportional to structure functions), normalized to unity at large relative momenta:

Rss(k) = RLL(k) = Aoxo [l + Fro(2k) + met(k)] +
+ Agogo [1+ Fio(2K) +2 bime ()] +

-+ )\Ko;'(o [1 -+ FKof{o(zk) + 2 Bim(k)] . (9)

Here k is the momentum of one of the kaons in the c.m. frame of the pair, and the
quantities Agoxo, Agogo and Agogo are the relative fractions of the average numbers of
produced pairs K°K°, K°K° and K°K°, respectively (Agoxo + Agogo + Agogo = 1) .
The ”formfactors” Fyo(2k), Fro(2k) and Fiogo(2k) appear due to the contribution of
Bose-statistics:

Fio(2k) = / Wio(r) cos(2kr) d®r,  Fgo(2k) = / Wio(r) cos(2kr) &r,

Fyogo(2K) = / Wioo(r) cos(2kr) d°r. (10):

where Wio(r), Wio(r) and Wyogo(r) are the probability distributions of distances be-
tween the sources of emission of two K®-mesons, between the sources of emission of two
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K°-mesons and between the sources of emission of the K% meson and K°-meson, respec-
tively, in the c.m. frame of the kaon pair. Meantime, the quantity b, (k) describes the
contribution of the S-wave interaction of two K% mesons, the quantity blm(k) describes
the contribution of the S-wave interaction of two K%mesons and the quantity Bin (k)
describes the contribution of the S-wave interaction of the K°-meson with the K% meson.
Due to the CP-invariance, the quantities by, (k) and by, (k) can be expressed by means
of averaging the same function b(k, r) over the different distributions:

mt /WK° )d r, mt /WKO )d;

The quantity Bj, (k) has the structure
Bim(k) = / Wiozo(r) B(k, r)d’r,

where B(k,r) # 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).9 Tt is essential that the ”formfactors”
(10) and the functions by, (k), bine(k) and Bi(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 g = 2|k| of two neutral kaons.

Let us emphasize that when the pair of non-identical neutral kaons K°K? is produced
but the pair of identical quasistationary states K3K% (or K? K?) 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 K2K? the correlation functions at small
relative momenta have the form:

Rgp(k) = Rps(k) = Agogo [1 4+ Fro(2k) + 2 bing (k)] +

+ Agogo [1 + Fio(2k) + Qi)im(k)] +
“f‘/\KO[(O [l— FKOR’O(ZR)} (11)

In accordance with Eq.(11), at the production of the pair of non-identical neutral kaons
KP°K? and the registration of the two-particle state K2K? 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 KK has odd orbital
momenta [2].

It follows from Egs.(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

D) In particular, at characteristic distances between sources of K% and K°-mesons ro 3 dy, where
dy is the radius of action of short-range forces between the K%-meson and K°- meson (really, already at
79 > do), we can use the approximation of the superposition of the plane and spherical waves [4]. Then

Blkr) = oo () 55 + 2 Re (i, (1) 2L

)

where fyogo(k) is the amplitude of the S-wave K°KC-scattering, k = [k, r = |r|.
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Rgs(k) + Rpp(k) — Rer(k) — Rrs(k) = 2{Rgs(k) — Rsr(k)] =
=4 gofo {FK(»[\»-Q (2k) + Bim,(k)] . (12)

We see that the difference between the correlation functions of the pairs of identi-
cal neutral kaons K2K$ and pairs of non-identical neutral kaons K2KY is conditioned
exclusively by the generation of K°K%-pairs.

3. Summary

1. It is shown that, taking into account the strangeness conservation, the double
inclusive cross-sections of the production 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 = Ryp; and Rg; = Rps are obtained, which involve the contributions of Bose-
statistics and the S-wave final-state interaction of two K (K®)-mesons as well as of a
K%meson with a K% meson, and depend upon the relative fractions of produced pairs
KK, K°K° and K°K°.

3. It is shown that the production of K°K%-pairs with the zero strangeness leads to
the difference between the correlation functions Rgg and Rsy 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-
selerator commissioning and optimum exploitation. It is often that the real accelerator
»ptics differs from the machine design. Knowing the correct values of the accelerator
»ptical 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
f charge position with respect to the reference orbit. CMs produce dipole kicks, that
listort the closed orbit.
Che 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
alled 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
inction.

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
eam oscillations. The response of the center of charge positions to kicks in closed orbit
orrectors is called Orbit Response Matrix ( ORM ). A general theorem sates that the
-ansfer function is a Fourier transfer of the impulse response.

369



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
chromaticity 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 Nuclotron 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 — [1].

A simplified block-diagram of the used equipement is shown on Fig.1.

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 Q 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 V. This corresponds to
1V 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 Q,, = 7.463 ,while the vertical is Q, = 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 Nuclotron

One powerful method for measurement of optical functions is based on the Orbit Response
Matrix (ORM).
The ORM is defined by - [2]:

_ 6£Z)i

&j - aﬁj

1 (1)

where dx; is the change of the center of charge position x; at the i-th BPM due to a
change de; in the kick at j-th CM
One should distinguish between theoretical ORM - R™*¢" | which reflects the properties
of the accepted linear optical model of the accelerator and measured ORM - R™e%.
The theory gives the following expression for the orbit response matrix:

BB, D:Dy
where
n = (/7" - o )3 9

and p 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 oy 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 (1/0;) in the fitting.
Summarizing we reach to the following system of equations:

D;D;

meas _ Lo (p dRy; A
R7* = a,-g‘(R”" + ; dk, Ak, + Tn ) 854 (4)

where Ak; are the errors in quadrupole strengths, g;i 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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Horizontal Orbit [mm)

Figure 4: Orbits due to excitement of corrector HK74

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) [1]. 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+e- < 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 < m. < 0.6 GeV/c?) 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 thermalization

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 < my+,~ < 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 7~ - 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.5.8.) 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
pr dependences of the dilepton pair production [10]. These data have shown that the
dilepton enhancement comes from a low pr region of pairs. Theoretical description of this
enhancement for pr ~ 0 GeV [11] 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 pions 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
of dilepton masses and immediately in the center mass system. Tshe article [12] examines
the contribution of the thermalized dilepton source for energies SPS and RHIC. At these
snergies there are additional interesting region of masses 1 GeV < Mete- < 5 GeV
where the thermalized source of dileptons competes with the Drell-Yan annihilation. As
well 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
sirtual photons and as a consequence of the anisotropy in the lepton angle distribution.
Different 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
llow 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
rroton beams. These investigations will give an additional information about polarized
tructure of nucleons in the region z ~ 1072,

RHIC setups have possibility to detect hadrons, that is why we can propose to compare
iadrons and dileptons polarization characteristics in nuclear-nuclear collisions to investigate
afluence of formed nuclear matter. For example, the comparison polarization characteristics
f dileptons and w7z~ (K+K ™) - pairs gives new information about the QGP formation.
“here are many other hadron probes where polarization should be used to prove the
JGP 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
yrmation [13]. Article [14] proposed to investigate J/y polarization in nuclear-nuclear
sllisions. The QGP formation should give a huge value of the alignment for J/% dn
ontrast 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
tperimental information which can help to proof the QGP formation. Polarization
waracteristics are the thin tool and these experimental data will give possibility unequivocally
v speak about the detection of the thermalized state. The authors are grateful for
.L. Bratkovskay and O.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.1 gives a
schematic view of the GAMMA-2 experimental setup together with its beam monitoring
system.

Figure 1. Schematic view of
Foll— the GAMMA-2 setup. The
HC W= Scattered beam target is composed of 20 lead

ECW —— ™onitor G, G4, C5 disks with 8 cm diameter and

1 cm thickness, the paraffin

Al -~ monitor foils 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

. .. Protons
ety
370 mm
\Wi Chambers

X-Y beamprofiles  C

monitor C1,C2 Polaroid

Five scintillation detectors C1 to C5 and a 1 g/cm’ 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 um (1.883*10%° atoms*cm™ ) 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 >’ Al(p,3pn)**Na 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 140 2 as :

B(**’La) = Atoms of "**La produced in 1 gram of ***La sample by 1 primary proton
In order to compare neutron densities from various experiments we have calculated the
integrated B(**’La ) for *’La 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.

B values from La spectra: 0.53 GeV

Figure 2:

0.00004 1 B-values for “*La along the top of the
paraffin moderator in the irradiation
0.00003 4 1 with 0.53 GeV protons on the

0.00002 ] ] GAMMA-2 target. The distance d=0
cm corresponds to the upsteam end of
0.00001 ] the 20 cm long Pb target, i.e. the point
of proton impact

B value {g" proton”)

0.,00000

.10 0 10 20 30
Distance [cml

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 < E, <4.15 GeV range.

The integrated B(***La }-values divided by the proton beam energy Ep are plotted in Fig. 3 as
a function of proton ener%y Ep. This picture shows the effectiveness of the GAMMA-2 setup
for transmutation of '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:
La B-values / E on GAMMA-2
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Normalized B-values for '*°La 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 correction of measured B-values.

In Figures 4 and 5 the corresponding functions of B-values/E, are shown for the transmutation
of "I and ®"Np. In these experiments samples of approx. 1g 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.

lodine : B/E values on GAMMA-2 target Np: Brvelues [Ep on SAMMAZ
- ) . " . 0,00125 4 i ' ' ]
> . 7/2002 e
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Figure 4: Normalized B("*°I)/E, measured Figure 5: Normalized B(***Np)/E, measured
on the GAMMA-2 setup 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/E, (also called ,,neutron economy* [S]) 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 <« E.. = m?/|e|, the EPP density changes periodi-
cally with twice the field frequency v. Under these conditions, the residual density
n, 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 E. = 1.3 x 10'¢
V/cm for EPP. According to the Schwinger formula, the pair creation rate in a constant

electric field is ) oo
dN (eE) 1 E.,
Brdt  4n° Z 2 &P <_n7r_E )

n=1

and therefore exponentially suppressed when E < E.... 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

E’-B*=0, EB=0. (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 ccherent 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/cm?® 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 <« E.. 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
n,. 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 A* 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

384



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) = (07 0, E(t»v E(t) = _A(t) ’ (3)

where the vector potential is given in the Hamiltonian gauge 4* = (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]

P20 28,0 [o Ao, #) 1~ 250, )] cosbp, .0, (@
where
m? +p}
M.t = eB(OYGE, (%)
w(p,t) = fm?+p2 +[py — A, (6)
o.t,t) = 2 [ dnp,t) G

¢

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

: 1
f == 'é' A’Ul,
’l-Jl = A(l - Zf) - 2w’u2,
2)2 = 2w V1, (8)

where vy, vy are real auxiliary functions. The system (8) is integrated via the Runge-Kutta
method with the initial conditions f(p,ts) = vi(p,to) = va(p,to) = 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 Ap = 0.05 m (grid step) and pyer = (5—10) m (grid boundary). The particle number
density can be found after that as a moment of the distribution function

d®p
= Ty t) . 9
nt) =2 [ 551, ©
Let us consider a harmonic field which acts during N periods (laser pulse):
E : 2
E(t) = Bpsinvt, ~A=—Tcosyt, 0<t< N—;—r. (10)
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Figure 1: Time dependence of the density n(t) in the volume A® in the weak periodic field
E/E. = 1.5-1075 of an optical laser (solid line) compared to the near-critical field case
of an X-ray laser [20] with E/E,, = 0.24 (dashed line)

The time dependence of density for the field (10) with the parameters E,,/E. = 1.5-107°
and v/m = 2.84 - 107° is shown in Fig. 1 in comparison to the planned X-ray laser [20]
with E/E,. = 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, n, = n(27N/v), and it
is negligible in comparison with the density value n,, corresponding to the electric field
maximum, N, = n[r(2N —1)/2v]. The mean density per period (n}) is of the same order
as n,,, hence for the considered conditions the ratio of < n > /n, is approximately 3- 10
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,.. 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

ty i
_ 3 E(t) / E(t2) / :
n(t) = / dpe? / dt 3% [ dte oo | 2 [ dtante) ). (1)
io ta
and it can be transformed to [22]
. 2
n(t) = 27r /dspsL /dt1 E((t )) exp 9L/dt3w t3) . (12)

to
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Figure 2: The momentum distribution of the created pairs (left panel) and its f = const
sections (right panel) at ¢ = n/2v (maximum of the field) for the field strength E,, =
1.5-107%E,. and A = 100nm

Let us assume additionally that the condition

mv

le| Em

> 1, (13)

is satisfied, where 7 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 ~ 1/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

9 t
n(t)=?2—(§1;r—)—3 / a%p st / dty eE(ty) exp(2ity) | . (14)

The time integral is calculated analytically for the field (10) and t; = 0 with the result

S PPN G0 I R (PR £) + dw? sin? vt
n(t)—-m P\ i g v*(1 + cos®v w” sin® v
— 2v[v cos vt cos 2wt + 2w sin vt sin 2wt] } (15)

According to Eq. (15) the residual pair density after N periods is n, = n{2xN/v) and
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mean pair density per period (n) are estimated as

_ (eBnv)? 3 EL ? 2 w
Ny = —Er-i——/d P m sm (zﬂ'N;), (16)
- (eE’m)Z/ 3 €1 a2 2
D o A P 7o) I S )
3

wv w w
[~ —_— N = .
-+ (1/2 2) sin (271 y) CcoS [271 (2 + 1) l/} }

Now we shall be limited to the frequency range
v m, (18)

where the dependence of the densities (16), (17) on the number of periods N is negligible
and we get

2 E 2
n, =52 x 10‘4(—6—51—’;)—, <n>=16x 10—3(—%)—. (19)

This conclusion differs from the one obtained using the imaginary time method [9] where
n(2nN/v) ~ N. The latter approach allows to calculate n, but not (n).
According to (19), a very simple relation connects in our case the residual and the

mean densities,
| () (20)
n, v

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 E,, = 6 - 10'°
V/cm [24] we have m/v & 2 - 10%, so that the mean density exceeds the residual one by
more than 10 orders of magnitude. According to Fig. 1, there are ~ 3 - 10° 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 e (6?2 (%)4’"/" (21)

gives only a negligible creation probability =~ 1071 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 10'® cm™ for fleld strengths in the range of
10%° — 10" 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 ete™ quasiparticle pairs in the volume of the laser-
created EPP may result in an observable signal. The corresponding pair of y-quanta with
atotal energy of about 1 MeV 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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