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CHAPTER1

INTRODUCTION

1.1 Overview

1.1.1 High energy nuclear collisions

The study of ultrarelativistic heavy-ion collisions can be thought of as an intradisciplinary field,
which primarily connects high-energy physics of elementary particles with nuclear physics, and in
addition has links to condensed matter physics, statistical physics, and astrophysics. Typically, high-
energy elementary particle physics deals with structureless particles, and the interactions, mediated
by gauge bosons, are derived from “first principles” (local gauge symmetries). Nuclear physics, on
the other hand, deals with extended, complicated objects (nuclei) of many degrees of freedom, and
the interactions are described by effective models. In the field of high-energy nuclear collisions, one
tries to analyze the properties of nuclear/hadronic matter in terms of fundamental interactions.

The first experiments with ultrarelativistic heavy ions (i.e., with energies exceédiigeV
per nucleon in the projectile beam) took place at Brookhaven National Laboratory (BNL) and at
the European Organization for Nuclear Research (CERNP#®6. In 2000, the first data from
the Relativistic Heavy lon Collider (RHIC) were collected. RHIC was designed to accelerate fully
stripped Au ions to a collision center-of-mass energR@i GeV per nucleon pair. The design
luminosity corresponds to approximatdl§00 Au+Au collisions per second. During the first year
in 2000, the maximum energy of30 GeV per nucleon pair was achieved. First collisions took
place in Jun€000 and the run continued till the end of August. In the yexi&1 — 2004 the next
three runs took place with the maximum energy206 GeV per nucleon pair. One of these runs
plus a high-statistics run 2008 were devoted to the study of deuteron-gold collisions, which were
studied in order to get the proper reference point for the more complicated gold on gold collisions.

Four experiments have taken data at RHIC: BRAHMS, PHOBOS, PHENIX, and STAR. The



two smaller experiments are BRAHMS and PHOBOS, and the two larger experiments are PHENIX
and STAR. The experimental aim of BRAHMS was particle identification over a broad rapidity
range (nearlyl2 units). PHOBOS was designed to examine and analyze a very large number of
unselected gold ions collisions. The PHENIX experiment measures electrons, muons, hadrons and
photons. The STAR experiment concentrates on measurements of hadron production over a large
solid angle. Future developments in the field are expected from the operation of the Large Hadron

Collider (LHC) at CERN.

1.1.2 Theoretical methods in high-energy nuclear collisions

In ultrarelativistic heavy ion collisions, very large numbers of particles are produced (referred to as
large multiplicities). For example, in Au+Au central collisions at RHIC, the total charged patrticle
multiplicity is about 4200. Hence the number of produced particles exceeds the number of initial
nucleons by a factor of 10. In this situation different theoretical methods are used, some borrowed
from the description of large macroscopic systems, e.g., thermodynamics, hydrodynamics, kinetic
(transport) theory, field theory at finite temperature and density, nonequilibrium field theory, Monte-
Carlo simulations.

Many estimates of effects in high-energy nuclear collisions are done on the basis of purely ther-
modynamics or statistical considerations. However, the hadronic systems produced in the collisions
are not static; thus the need for a dynamical description, which frequently involves rich applications
of relativistic hydrodynamics. Furthermore, since the matter produced in the collisions lives only
for a short while (thermalization or isotropization time= 0.17 fm at RHIC), it is natural to expect
that its space-time evolution proceeds far from equilibrium — thus the development and application
of transport theories, which are suitable for the description of nonequilibrium processes. To a large
extent, the successful modeling of ultrarelativistic reactions has been obtained with the help of mi-
croscopic Monte-Carlo simulations. Lastly, it is worth noting that the physics of ultrarelativistic
heavy-ion collisions has benefitted from, and has also been instrumental in, developments in both

equilibrium and nonequilibrium field theory.



1.1.3 Quantum Chromodynamics

In general, during high-energy nuclear collisions, a many-body system of strongly interacting par-
ticles is produced. The fundamental theory of the strong interactions is Quantum Chromodynamics
(QCD), the theory of quarks and gluons which are confined in hadrons (baryons and mesons). Con-
finement is the most striking feature of QCD, though its physical nature still remains unclear. The
intuitive picture of confinement can be illustrated by the concept of a string between quarks when
we try to separate them. If the quarks are pulled apart too far, large energy is deposited in the string
and it breaks into pieces. As a result the quarks form new hadrons from pieces of the initial string.

On the other hand, quarks and gluons interact weakly at small distances, or equivalently, at high
energies. This phenomenon is called asymptotic freedom. It allows us to “observe” the quark and
gluon degrees of freedom in highly energetic collisions. Indeed, the internal structure of hadrons
was revealed in the deep inelastic electron collision experiments performed in the late sixties. This
is the regime where perturbative techniques are applicable, termed perturbative QCD (pQCD).

At present, the nuclear force between baryons and mesons can be viewed as a residual of the
force acting between quarks and gluons, similar to the way the chemical (van der Waals) force is the
residual electromagnetic interaction. Since QCD is a complicated non-linear theory, the complete
description of relativistic heavy-ion collisions based exclusively on first principles is impossible in
practice. Thus very often effective models have to be employed, although QCD can be successfully

applied to describe many subprocesses of the complicated collisions.

1.1.4 Quark-Gluon Plasma

The main challenge of ultrarelativistic heavy-ion collisions is the observation of the two phase
transitions predicted by QCD, i.e., the deconfinement and chiral phase transitions. In the normal
world (i.e., at low energy densities) quarks and gluons are confined in hadrons. However, with
increasing temperature (heating) and/or increasing baryon density (compression), a phase transition
can occur to the state where the ordinary hadrons do not exist anymore, and where quarks and gluons

become the relevant degrees of freedom. Since the interaction of quarks and gluons is weaker at



high energies, we expect that this new state of matter may behave as a gas of weakly interacting
constituents, the so-called quark-gluon plasma (QGP).

The present experimental evidence indicates that an extended and very dense system of hadronic
matter is indeed formed in heavy nucleus-nucleus collisions. It behaves like a perfect fluid though,

not a gas of weakly interacting constituents. Further progress is expected at LHC.

1.1.5 Chiral symmetry

There exists six different types (flavors) of quarks: up, down, strange, charmed, bottom and top. In
our world the most common hadrons, protons, neutrons, and pions, are made of up and down quarks.
The masses of these quarks are very small, and so are usually ignored in practical calculations.
Consider now the subsector of QCD describing only these two quarks. In the limit of vanishing
masses, the left- and right-handed quarks become decoupled and QCD becomes invariant under their
interchange, leading to separate current conservations. This symmetry implies that each state should
have a degenerate partner of opposite parity, contrary to observations. The paradox is resolved by
the phenomenon of spontaneous breakdown of chiral symmetry, involving pseudoscalar pions as
the Goldstone bosons.

In a very hot and dense hadronic medium, ordinary hadrons lose their identities and the quark-
gluon plasma is produced. In this case the ground state of the strong interactions is significantly
modified and the chiral symmetry is expected to be restored. Observation of chiral phase restoration

is an exciting prospect of experiments with heavy ions.

1.1.6 Hot and dense nuclear matter

The study of high-energy nuclear reactions gives us important information about properties of hot
and dense hadronic matter. Heavy-ion collisions are the only way to compress and heat up nuclear
matter under laboratory conditions. Information extracted from data can be useful for construc-
tion of models of neutron stars and supernova explosions. Even at energies of tens of MeV per

nucleon, one encounters many interesting and well established phenomena like collective flows or



subthreshold particle production.

1.1.7 Parton model, pQCD, and factorization

The parton model is applicable, with varying degrees of accuracy, to any hadronic cross section
involving a large momentum transfer. Itis in essence a generalization of the impulse approximation.
We assume that any physically observed hadron, of momeptufeee Appendix A), is made up
of constituent particles, its “partons”, which can be identified with quarks and gluons, the QCD
degrees of freedom. At high energy the masses of hadrons and partons are neglected compared to
the scale) of the hard scattering. Furthermore, it is assumed that every relevant parton entering
the hard scattering from an initial-state hadron has momenfutmnwith 0 < = < 1; herep* is the
momentum of the parent hadron. Parton-model cross sections are calculated from tree graphs (no
loops) for partonic scattering, by combining them with probability densities, the parton distribution
functions (PDFs). The PDFs are the probability densities of finding a parton of a given type in a
hadron, with a momentum fractian In the naive parton model, these distributions depend only on
x, and are not explicitly dependent on the momentum transfé)fedhis is known as scaling. The
PDFs are determined from structure functions measured in deep inelastic scattering.

Scaling is only approximate. The structure functions are known to depend on the momentum
transferred?, although rather weakly. Thus the PDFs also depend)&na condition referred
to as scaling violation. This dependence is described by pQCD. Thus although the PDFs are not
calculable in pQCD, their evolution wit§)? is perturbatively calculable. Perturbative QCD also
gives the general framework in which to calculate higher-order terms in the hard scattering; thus the
parton model can be regarded as the lowest-order (only tree graphs) term in a systematic expansion
under pQCD.

The general picture is thus as follows: to describe processes involving hadrons one separates
the long distance (nonperturbative) parts from the short distance (perturbative) parts, a procedure
known as factorization. The perturbative part (hard scattering) is calculable order by order in pQCD.

The nonperturbative parts (for example the PDFs) are taken from experiments. This framework is



general enough not only for describing hadron-hadron collisions but also nucleus-nucleus collisions.

1.2 Outline of this work

In Chapter2 we review parton distribution functions (PDFs) of free nucleons. This is a very vast sub-
ject, spanning both perturbative and nonperturbative aspects of Quantum Chromodynamics (QCD).
An important topic is the technical definition of PDFs and their scaling violations, described by
complex integro-differential evolution equations. These are deeply technical subjects, and we limit
ourselves to a very brief review. More detailed and thorough treatments can be found in the various
references cited in Chapt@r Due to the inherently nonperturbative nature of the PDFs, first-
principle derivations are still lacking, and they are thus most economically determined from exper-
imental data on structure functions, especially from deeply inelastic scattering (DIS). We therefore
also briefly review DIS and the approach to global analyses (global fits) of parton distributions.

The review of parton distributions in free nucleons sets the stage for a discussion of nuclear
modifications to PDFs of free nucleons in Chagtdeading to nuclear parton distribution functions
(nPDFs). Due to the limited availability of data on nuclear deeply inelastic scattering (nuclear DIS),
nuclear modifications are parameterized in terms of ratios of the nuclear structure functions and free
nucleon structure functions, termed nuclear ratios. The nPDFs are then expressed as a convolution
of nuclear ratios and nuclear structure functions. We thus review in Chiapterlear DIS, nuclear
ratios and, similar to the case of free nucleons, global fits to huclear parton distributions.

Our original contributions are contained in Chapt¢m@nd5. These two chapters are in some
sense complementary, but the issues addressed in Chalitectly affect the calculations presented
in Chapter5. Chapter 4 deals with the theoretical description of nuclear modifications in a special
kinematic regime: smalt and lowQ?. This is the regime relevant to the currently available data
on smallz from fixed-target experiments. We utilize Gribov theory, suitably generalized, and infor-
mation on diffractive dissociation to describe nuclear modifications at snfaliclear shadowing).

We also investigate the mass dependence of these modifications. It should be borne in mind that

nuclear modifications are encoded in nuclear parton distributions, which are a necessary ingredient



for the calculation of observables in Chapier

We address ultrarelativistic nuclear collisions in Chaptdn view of the serious complications
and diverse effects present in relativistic heavy nucleus-nucleus collisions, we focus attention on
a relatively simpler and “cleaner” system: deuteron-gold (d+Au) collisions. Even in this simpler
system, the description of relativistic collisions is still quite complex. To this end we apply existing
nuclear PDFs (nPDFs) to calculate observables experimentally sensitive to nuclear modifications,
and compare with available experimental data. We use three different parameterizations of nPDFs,
first in order to assess their performances, and secondly to investigate the level of theoretical un-
certainty emanating from our present understanding of nPDFs. The observables calculated are the
deuteron-gold nuclear modification factors and the pseudorapidity asymmetries.

We summarize and conclude our investigations in Chapter 6.



CHAPTER 2

PARTON DISTRIBUTION FUNCTIONS OFFREENUCLEONS

2.1 Introduction

In this Chapter we review basic information on parton distribution functions: their technical defini-
tion and determination from deeply inelastic scattering (DIS). Parton distribution functions (PDFs)
give the probability to find partons (quarks and gluons) in a hadron as a function of the fraction
z of the hadron’s momentum carried by the parton. They are formally defined in terms of matrix
elements of certain operators. In practice they are determined from experimental results on high-
energy scattering of leptons and nucleons. The material presented in this review is essentially from

[1] and [2] where further details can be found.

2.2 Parton distributions
2.2.1 Intuitive meaning of parton distribution functions

Parton distribution functions are defined in the framework of pQCD dkelbe a cross section in-
volving short distances. For instance, we may consider the process hddréradronB — jet +
X atacollider. A jetis an arbitrary set of hadrons contained within a small cone of openingyangle
and with a fixed total momentunk” denotes other reaction products. Let the jet have a high trans-
verse momentun®y. Intuitively, the observed jet begins as a single quark or gluon that emerges
from a parton-parton scattering event with lafge as illustrated in Fig2.1 (Typically, this parton
recoils against a single parton that carries the opp@site The largeP; parton fragments into the
observed jet of hadrons.

The physical picture illustrated in Fi@.1 suggests how we may write the cross section to

produce the jet as a product of three factors. A parton of typemes from a hadron of typé. It
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Fig. 2.1:HadronA + hadronB — 2 partons.

carries a fractior 4 of the hadron’s momentum. The probability to find it is givenfQy, (z.4) dz .

A second parton of typé comes from a hadron of type B. It carries a fractign of the hadron’s
momentum. The probability to find it ig,/5(v5) dzp. The functionsf,, 4(z) are the parton
distribution functions that are the subject of this review. The third factor is the cross section for the
partons to make the observed jét, This parton level cross section is calculated using perturbative

QCD. (Parton-level variables conventionally carry a hat, dikeabove).

2.2.2 Factorization

We have been led by the intuitive parton picture of Rid.to write the cross section for jet produc-

tion in the following form

do do

Py ;/da:A faja(wa, p) /de foyB(xB, 1) ap (2.1)

Here the summation takes into account various partodsand 3, and the parton level cross section

has a well behaved expansion in powersgfthe strong coupling constant:

do as(w) \" b
M“’;( T > HN(.Z'A,.%B,PT,CL,I),M)- (22)

The coefficientdd 5 are calculable in perturbative QCD.
The principle offactorizationasserts that eq2(2) holds up to corrections of ordém /Pr)™

wherem is a typical hadronic mass scale and the powelepends on the process, a(m@(u))L
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from truncating the expansion @& /dPr. For the present study, we can regard factorization as an
established theorem of perturbative QCD. A review may be found in Blef. [

As we have seen, Eg2(l) has a simple intuitive meaning. However, the appearance of a
parametel: in eq. .1) hints that there is more to the equation than just a model. The parameter
u, which has dimensions of mass, is related to the renormalization of the strong coup(ing
and of the operators in the definition of the parton distribution functigns(x 4, 12). In principle
two separate parameters can appear in these two places. In practice it is sufficient to use the same
parameter. (This parameter is denoted by either Q2 in the following.)

At the lowest order (Born level), the parton cross secitiéyid Pr is calculated in a straightfor-
ward manner. At the next-to-leading order and beyond, the calculation is not so straightforward.
Various divergences appear in a naive calculation. By a procedure called renormalization, the diver-
gences are removed and, in any finite-order perturbative calculation, the dependence on {he scale
appears in their place. The precise rules for calculadihngi Py follow once the definition of the

parton distribution functiong, 4 (z, 1) has been set.

2.2.3 Significance of PDFs

Knowledge of parton distribution functions is necessary for the description of hard processes in
pQCD with one or two hadrons in the initial state. With two hadrons in the initial state, as at
Fermilab, RHIC, or the Large Hadron Collider (LHC), observed short distance cross sections take

the form
do ~ Z/dl’A faya(za, p) /de fo/B(xB, 1) dé . (2.3)
a,b

With one hadron in initial state, as in deeply inelastic lepton scattering at HERAAB)gthe cross
section has the form
do ~ Z/dm faja(za, ) dé. (2.4)
In either case, one has no prediction; without knowledge of the parton distribution functions.
The essence of Eq2.08) and @.4) above is that in high-energy short distance collisions, a hard

scattering probes the system quickly, while the strong binding forces act slowly. Thus one needs to



11

Fig. 2.2:Deeply inelastic scattering.

know probabilities to find partons in a fast moving hadron as seen by an approximately instantaneous
probe. This is the information encoded in the parton distribution functions. This information is not
only useful, but also valuable in understanding hadron structure. Parton distribution functions are
not everything, however. They provide a relativistic view only, a view quite different from the view
that might be most economical for the description of a hadron at rest. Furthermore, they provide no

information on correlations among the partons.

2.3 Translation to operators

We briefly review a technical definition of parton distribution functions. The detailed treatment is
quite involved and lengthy, here we summarize it for completeness. There are, in fact, two defini-
tions in current use. We will describe tiS definition, which is the most commonly used. (The
designationMS originally comes from “modified minimal subtraction” scheme). There is also a
DIS definition, in which deeply inelastic scattering plays a privileged role. This is treated thor-
oughly in the CTEQ Collaborationdandbook of Perturbative QCP4] . There are also different

ways to think about thtS definition. Here, parton distributions are defined directly in terms of
field operators along a light-like line, as iB][ An equivalent construction from a different point

of view may be found in§]. Also, moments of the parton distribution functions are related to ma-
trix elements of certain local operators, which appear in the operator product expansion for deeply

inelastic scattering. This relation could be also used as the definition.
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Fig. 2.3:World lines of the partons in a fast-moving proton.

Itis important to distinguish between the parton distribution functins(x, 1) and the struc-
ture functionsF (z, Q?), Fx(z,Q?), and F3(z, Q?) that are measured in deeply inelastic lepton

scattering. Their connection in the framework of the QCD-improved parton model is displayed in

Eqg. 2.39

2.3.1 Light-front coordinates
We use light-front coordinates and momenta defined by (see Appendix A)
ot = +2%)/v2, Pt=(P'+£P%/V2. (2.5)

Consider a highly relativistic (strongly Lorentz-boosted) proton, i.e. a proton with Bbjg small
P~,andPp = 0. The partons in such a proton move roughly parallel tatheaxis, as illustrated

in Fig. 2.3 PDFs are defined by taking a snapshot of the proton on a plane ofeqiraFig. 2.3

This definition is motivated by field theory quantized on planes of egtidB]. The A™ = 0 gauge

is used, whered# is the gluon field operator. The removal of this restriction will be discussed in
Eg. 2.9. One can treat™ as “time,” so that the system propagates from one plane of aqutd
another. For our fast moving proton, the intervakin between successive interactions among the
partons is typically large.

The invariant dot product betwed?t* andx* is

P.x=Pta~+P a2t —Pr Zr. (2.6)



13

2.3.2 The quark distribution function

Let | P) be the state vector for a hadron of tydecarrying momentunP*. Take the hadron to be
spinless in order to simplify the notation. Construct the unrenormali®edigtribution function

(renormalization will be discussed in S&c3.5 for finding quarks of flavoy in hadronA as

. . 1 . . .
f;%(z) (P*, Pp|P", Pr) = W/dk:TZ<P+/,P7’~|b;(xP+,kT;s;1:+)
S

bj(xP+,ET;s;x+)|P+,]3T> , (2.7)

whereb; and b} are quark annihilation and creation operators respectively. InZEd. there are
factors relating to the normalization of the states and the creation/destruction operators. There is a
quark number operatai b for flavor j. We integrate over the quark transverse momentyrand
sum over the quark spin

Introducing quark field operators that can be expanded in terms of creation/destruction operators
[7] and extensive algebraic manipulations translate this to coordinate space as

1 — —izPty~ a7 -q N Q)
fia) = - / dy” e (P Orldo 0,y 0r)y 40,1(0,0,00)[P10r) . (28)

wherey* is as defined in Appendix A andg ; is the quark field operator. Notice that the (still
unrenormalized) quark distribution function is an expectation value in the hadron state of a certain
operator. The operator is not local but “bilocal.” The two poif@sy —, 07-) and(0,0, 07), at which

the field operators are evaluated are light-like separated. The formula directs us to integrate over

with the right factor so that we annihilate a quark with plus momentuir.

2.3.3 Gauge invariance

As mentioned above, the definition as it stands in BB)(relies on the gluon field*(x) being
in the gaugeAt = 0. The formula is modified so that gauge invariance is restored. The gauge
invariant definition is

1 - _r — — - = — —
fj(?,)q(x) = E /dy € Pty <P+7 OTWJO,]'(an 7OT)’7+OO ¢0,j(07070T)‘P+a OT> ’ (29)
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where

Y- S
Oy = Pexp (igo/ dz~ Aaa(o,z—,OT)tG) . (2.10)
0
HereP denotes a “path-ordered” product, while theare the generators for the triplet represen-
tation of SU(3). There is an implied sum over the color indexEq. .10 is referred to as the

eikonal gauge operator. The gauge invariance of this generalization is pro&n in [

2.3.4 Interpretation of the eikonal gauge operator

The appearance of the operady, Eq. 2.10), in the definition 2.9) seems to be just a technicality.
However, this operator has a physical interpretation that is of some importance. Let us write this

operator in the form
Op = Pexp (—z’go/ dz~ Aata(o,z_,GT)ta> P exp (iQO/ dz" A(J)r,a(ov Z_yﬁT)ta> (2.11)
y~ 0

Inserting this form in the definition2(9), we can introduce a sum over stat@g (N| between the
two exponentials in Eq2(11). We take these states to represent the final states after the quark has
been “measured.”

Consider now a deeply inelastic scattering experiment that is used to determine the quark distri-
bution. The experiment does not just annihilate the quark’s color. In a suitable coordinate system,
a quark moving in the plus direction is struck and exits to infinity with almost the speed of light in
the minus direction, as illustrated in Fig.4. As it goes, the struck quark interacts with the gluon
field of the hadron.

We can now see that the role of the opera®gris to replace the struck quark with a fixed color
charge that moves along a light-like line in the minus-direction, mimicking the motion of the actual

struck quark in a real experiment.

2.3.5 Renormalization

We now review the renormalization of the operator products in the definizi@h (The subject of

renormalization is vast; here we give a brief treatment only for completeness. Everyvheeaor-
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Fig. 2.4: Effect of the eikonal gauge operator.

malized fieldsy(z) and A*(z) and the renormalized couplingare used. The field operators are
evaluated at points separated Ay with Az*Ax,, = 0 (light-like). For this reason, there will be
ultraviolet divergences from the operator products. The operator products are renormalized within
theMS scheme.

For instance, Fig2.5illustrates one of the diagrams for the distribution of quarks in a proton.
Before it is “measured”, the quark emits a gluon into the final state. There is a loop integration over
the minus and transverse components of the measured quark’s momentum. This loop integration
is ultraviolet divergent. To appliS renormalization, the integration is performeddin- 2¢ di-
mensions, including a factdpe” /47)¢ that keeps the dimension constant while supplying some
conventional factors. The integral will consist of a pole term proportiona)¢@lus terms that are
finite ase — 0. We simply subtract the pole term. Notice thdS renormalization introduces a
scaley.

The formal definition of the renormalized quark distribution function can then be written based
on Eq. .8 as

1

fj/A(xnu) = E /dy_e_imp+y_ <P+)6T|Q;Z)j(07y_)6T)’Y+O wj(OaOaGT)‘P+76T>ma (212)

where theMS denotes the renormalization prescription and where

y7 —
O ="Pexp (zg/ dz= AF(0,27,07) ta> . (2.13)
0
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Fig. 2.5: An ultraviolet divergent diagram when integration over components of the quark momen-

tum is carried out.

2.3.6 Antiquarks and gluons

We now have a definition of parton distribution functions for quarks. For antiquarks, we use charge

conjugation to define

1 — _—ix - N - N 7 N N
fyatea) = 1= [ dy e = PLGT 0,07 )0 55(0.0.00) P Oy

Here

y7 -
O =Pexp (—ig/ dz= AF(0,27,07) taT> . (2.14)
0

For gluons the procedure again begins with the number operatbr is 0 gauge. Proceeding

analogously to the quark case, an expression involving the field strength féfisaith color index

a is obtained:

1 — —ix - N - A v oy ~
fora(a,p) = W/dy e~ (PR 07| B0y, 07) T Oy F(0,0,07),"|P%0r) 35
Here

y7 —
O =Pexp (ig/ dz~ Aj(o,z—,oT)tc> , (2.15)
0

and thet. generate the octet representation of SU(3).
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2.4 Renormalization group

A change in the scale induces a change in the parton distribution functiffs (=, 1). The change
comes from the change in the amount of ultraviolet divergence that renormalization is removing.
Since the operators are non-locakjin, the ultraviolet counterterms are integral operatorgtiror
equivalently in momentum fraction. Since the ultraviolet divergences mix quarks and gluons, so
do the counterterms.

An extensive effort in th@970s by a number of leaders in the field of pQCD led to the equation

1
“2¢£2fa/f‘(’3’“) —/x df; Pap(x /&, as(pr)) fora(€ ) (2.16)

known as the Dokshitzer-Gribov-Lipatov-Altarelli-Parisi (DGLAB) 9, 10] equation. The DGLAP
kernel Py, the parton splitting function (where a and b are parton types), is expanded in powers of
as. Theal anda? terms are well known. This is how pQCD gives the scale evolution of the
nonperturbative parton distributions. Further discussion can be found /Sg&c.

The derivation of the renormalization group equati@nl is rather technical. Its intuitive

meaning can be summarized as follows. Parton splitting is always going on as illustrated?imb.Fig.

e

Fig. 2.6: A quark can fluctuate into a quark plus a gluon in a small space-time volume.

A probe with low resolving power does not see this splitting. The renormalization pargmeter
corresponds to the physical resolving power of the probe. At highteld operators representing
an idealized experiment can resolve the mother parton into its daughters.

One can use the renormalization group equathg to find the parton distributions at a scale

u if they are known at a lower scalg. Fig. 2.7 shows an example, the gluon distributionat 10
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GeV and atu = 100 GeV (using the CTEQ3M parton distribution sétl] 12]). Notice that with

greater resolution, a gluon typically carries a smaller momentum fragtimtause of splitting.

0.1 ]

x2(x)

100 GeV A

10 GeV

0.001 0.01 0.1
X

Fig. 2.7:Evolution of the gluon distribution between= 10 GeV andu = 100 GeV'.

2.5 Parton distributions of free nucleons

Deep inelastic lepton-nucleon scattering provides the bulk of experimental data needed for the de-
termination of parton distributions in free nucleons. Other important and complementary sources
of data are Drell-Yan lepton-pair production, lepton-induced production of heavy quarks, direct
photons at large transverse momenta, and neutrino scattering on nucleons. We review in detail deep
inelastic lepton-nucleon scattering in this section, while discussion of Drell-Yan and other processes

are presented in Chaptér
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Fig. 2.8: Inclusive deep-inelastic lepton-nucleon scattering. The virtual photon momentym is

The final hadronic state is not measured, and is denoted.by
2.5.1 Deep inelastic scattering: kinematics and structure functions

In a typical deep inelastic scattering (DIS) experiment, an incoming beam of leptons with energy
E scatters off a hadronic target. The energy and direction of the scattered lepton are measured in
the detector, but the final hadronic state (usually denoted bys not measured experimentally.
The lepton interacts with the hadron target through the exchange of a virtual photon; the target
hadron absorbs the virtual photon, to produce the final statd the target hadron remains intact,
the process is elastic scattering. Deep inelastic scattering corresponds to the case where the target
hadron disintegrates into many particles after interacting with the virtual photon.

The basic diagram for deep inelastic scattering is shown schematically th&-iget us con-
sider the scattering of a lepton (an electron or muon) with four-momehtus (E, E) and invari-
ant massn from a nucleon carrying the four-momentuRt = (£, P) and massV/. Inclusive
measurements observe only the scattered lepton with momeritum (E’, k), scattered into the
solid anglew.

To leading order in the electromagnetic coupling constast e? /47 ~ 1/137, and neglecting

weak interactions which are relevant at very high energies only, the differential cross section is given

by:

d*c o’ B Y
i = o e 2.17)



20

Here

=k k"=, (2.18)

is the four-momentum of the exchanged virtual photon, @id= —q?. The lepton-photon inter-
action is described by the lepton tendgy,. Let us denote the spin projections of the initial and
final lepton bys ands’. After summing oves’ the lepton tensor can be split into pieces which are

symmetric and antisymmetric with respect to the Lorentz indicaadv:

Lyw(k, s k') = L, (ki k') + i L), (k, s: K) (2.19)

with:
L5, (ki) = 2 (kK + kuk),) + g ¢ (2.20)
Lo, (k,siK) = 2meuass®q” . (2.21)

where the lepton spin vector is defined by s* = uy*ysu. For unpolarized lepton scattering
the average over the initial lepton polarization is carried out. Thus only the symmetricﬂé;m,
remains.

The complete information about the target response is contained in the hadroniciiépsor
With the nucleon spin denoted I8 gauge invariance and symmetry properties allow a parameter-

ization of the hadronic tensor,
Wy (a; P, S) = Wi, (¢; P) +iWis(q; P,S), (2.22)

in terms of four structure functiongly, Ws, GG1, andGs. The symmetric part is

qudv
W/fl/(Qa P) = ( 22 _g,u,l/) Wl(Pq,QQ)

P.q P-q \ Wa(P-q,¢%
+ (P/L - nglt) <PV - q2 qy) M2 ) (223)

and the antisymmetric part can be written

Go(P - q,q°
W@ P.5) = Guasd” [sﬁMal(P-q,qM(P-qsﬁ - 5-qP?) “’(“)]

M
(2.24)
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wheree,,. is the totally antisymmetric fourth-rank tensor and M is the mass of the target. The
structure function$V; » can be measured in unpolarized scattering processes, whereas the complete
determination of7; » requires both beam and target to be polarized.

It is convenient to introduce dimensionless structure functions

Fl(x7Q2) = MWI(P'(LQZ)) (225)
Fyr,Q?) = ZAWy(Pog. ), (2.26)
M
and
91(z,Q%) = MP-qGi(P-q,¢%) , (2.27)
2 (P'(I)2 2

which depend on the Bjorken scaling variable,

Q? Q?

= = . 2.29
v 2P-q 2Mv ( )

Here,v = E — E' = p- q/M is the energy loss of the lepton.

In terms of F; » the charged lepton scattering cross sectibhq) for an unpolarized lepton and

nucleon is:
d’o dra? Mzxy\ Fy
= 1—y— = 4+ *F 2.30
with
P-q
= —. 2.31
Y=g (2.31)

2.5.2 Bjorken scaling

The variabler was first introduced by Bjorken, and is crucial to understanding deep inelastic scat-
tering. This is because QCD predicts that structure functions are functiareaf do not explicitly
depend orQ)? to leading order, a property known as scaling.

In the Bjorken limit, i.e. at large momentum and energy transfers,

Q2 = —q2 — 00, P-q— oo, (2.32)
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but fixed ratioQ?/P - ¢, the unpolarized structure functions

Q*—o0

Fi(z,Q%) —— Fi(z), (2.33)
Fy(e,Q2) 25 By(a) (2.34)

are observed to depend to a good approximation only on the dimensionless Bjorken scaling variable
x. Variations of the structure functions with? at fixedz turn out to be small. They are discussed
further in Sec.5.5.

A similar scaling behavior is expected for the spin-dependent structure fungtioasd g-

which likewise reduce to functions efonly when the limitQ? — o is taken.

2.5.3 Parton model

The approximat&)?-independence of nucleon structure functions at l§gé&as led to the conclu-

sion that the virtual photon sees point-like constituents in the nucleon. This is the basis of the naive
parton model which gives a simple interpretation of nucleon structure functions. In this picture the

nucleon is composed of free pointlike constituents, the partons, identified with quarks and gluons.
Introducing parton distributiong (=) andg;(z) of quarks and antiquarks with flavband fractional

electric charge;, one finds:

1

F(z) = §Zef(qz‘($)+@(ﬂf))a (2.35)

Fy(z) = 2zFi(z). (2.36)
The Bjorken variabler coincides with the fraction of the target light-cone momentum carried by
the interacting quark with momentuim

Lo @ _la
2P.q P-q’

(2.37)

The Callan-Gross relatior2(36) connectingF;, and F; reflects the spiri-/2 nature of the quarks.

Corrections to the Callan-Gross relation occur at order
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For the spin structure functions the naive parton model gives:
1
glz) = 5 > el [Ag(x) + Ag()] (2.38)
g2(x) = 0. (2.39)

The structure function, vanishes identically; there is no simple interpretationgioim the parton

model. The helicity distributiondg;(x) = ¢! (x) — ¢! (z) andAg;(x) = g (x) — g/ (z) involve the

7 7 7
differences of quark or antiquark distributions with helicities parallel and antiparallel with respect

to the helicity of the target nucleon.

2.5.4 Virtual Compton scattering

The hadronic tensor2(22 can be expressed as the Fourier transform of a correlation function of
electromagnetic currents, with its expectation value taken for the nucleon groungistétenor-

malized ag P’, S|P, S) = 2E, (2)3 63(P — P') dgg
. _ 1 4, iq-z
Wuw(q; P,S) = Yy /d ze' 7% (P, S|[Ju(2), J,(0)]|P,S) . (2.40)
The forward virtual Compton scattering amplituds[14] is given by:
Tuw(q; P,S) =i / d*z e (P, S|T (J,(2)J,(0) |P,S), (2.41)

where7 denotes the time-ordered product. The hadronic tenso? BQ)\(is related to the forward

virtual Compton scattering amplitude, E&41), through the optical theorem:
2nM Wy, = ImT, . (2.42)

Thus, as a consequence, nucleon structure functions can be represented in terms of virtual photon-

nucleon helicity amplitudes,
AhH,h’H’ = 62EZTTMV(H, Hl) E?L . (243)

Heree;, andey, are the polarization vectors of the incoming and scattered virtual photon with he-

licities h and®/, respectively. They have valuesl, —1,0 (abbreviated as-, —, 0). Helicities of
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the initial and final nucleon are denoted Byand H’. Their values are:1, symbolically denoted
by 7, |. Choosing the:-axis in space to coincide wiify/|¢], the direction of the propagating virtual
photon, and quantizing the angular momentum of the target and photon along this axis yields the

following relations:

1

Bo= 5 (Im Ay 4 +Im Ay ), (2.44)
T

F, = Y. (Im.AH,_H + Im A+T7+T + 2Im AQT,OT) , (2.45)

wherex = 1 + (2Mx/Q)?. For the spin-dependent structure functions:

1
g1 = o (I A — I A+ V20— DIm Ay o) | (2.46)
LI P Ay 4|+ —— Tm A (2.47)
= —F m — 1m —— 1IN . .
92 ot +1,41 Hotl T —me— I Ao

In the scaling limit the structure functiorfs;, F> andg; are determined by helicity conserving
amplitudes. It is therefore possible to express them through virtual photon-nucleon cross sections

defined as:
1

= — T 2.4
OhH = 5y m Anmnm (2.48)

with the virtual photon fluxx = (2P - q — Q?)/2M. For example, the structure functiéi reads:

B 1—=x Q?
1+ (2M2/Q)? 4n2a

Fy (oL +o7) , (2.49)

where the longitudinal and transverse photon-nucleon cross seatigr(®, Q*) are given by:

1

o, = 5( 0T+00l)7 (2.50)
1

or = Z(GH—FUH—FU_T—FU_Q . (2.51)

An interesting quantity is their ratio:

oL _ B(1+(@M2/Q))

R =
ar 2£CF1

1. (2.52)

In the simple parton model the Callan-Gross relatt86) implies R = 0 asQ? — co. Due to their
interaction with gluons, quarks receive momentum components transverse to the photon direction.

Then they can absorb also longitudinally polarized photons. This lea@sA®.
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2.5.5 QCD-improved parton model

Nucleon structure functions systematically exhibit a we€dkdependence, even at largé. These

scaling violations can be described within the framework of the QCD-improved parton model which
incorporates the interaction between quarks and gluons in the nucleon in a perturbative way (see e.qg.
[13, 14]). The scale at which this interaction is resolved is determined by the momentum transfer.
The Q?-dependence of parton distributions, e.g.

Fy(x,@Q%) = Y ez [g:(2,Q%) + Gi(x,Q%)] (2.53)

(2

g (z, Q%) = %Z e? [qu-(:c, Q%) + AG(z, QZ)} , (2.54)

is described by the Dokshitzer-Gribov-Lipatov-Altarelli-Parisi (DGLAP) evolution equations, in-
troduced in Se@.4. These equations are different for flavor non-singlet and singlet distribution
functions. Typical examples of non-singlet combinations are the difference of quark and antiquark
distribution functions, or the difference of up and down quark distributions. The difference of the
proton and neutron structure functiafiy — F3', also behaves as a flavor non-singlet, whereas the
deuteron structure functioRy = FJ + FJ' is an almost pure flavor singlet combination. For the
flavor non-singlet quark distributiogS, and the flavor-singlet quark and gluon distributiog,

andg, the DGLAP evolution equations (in a slightly modified notation compared toZEitg] read

as follows:
dNS 2 s 2 1d
T = el [ (2) S0, (2.55)
d C@Q%) | a(@? /1dy Py(%) Pyy(%) ¢ (y, Q%) (2.56)
dn@* | g(2,02) 2 Je 0\ P Py |\ g0

Herea;(Q?) is the running QCD coupling strength. The splitting functip(x/y) determines the
probability for a quark to radiate a gluon such that the quark momentum is reduced by a fraction

x/y. Similar interpretations hold for the remaining splitting functions.
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2.5.6 Global fits to nucleon parton distributions

Global analysis of parton distributions involves making use of experimental data from many phys-
ical processes and using the parton evolution equations to extract a set of universal parton distribu-
tions which best fit the existing data. These distributions can then be used in predicting physical
observables at energy scales far beyond those presently available, and for other processes. In this
sense the distributions are “universal”.

A typical procedure for global analysis involves the following necessary s#éps [

() Develop a program to solve the evolution equations numerically (a set of coupled integro-
differential equations);

(i) Make a choice of experimental data sets, such that the data can give the best constraints on
parton distributions;

(iii) Select the factorization scheme — the DIS or t& scheme (and make consistent set of
choices concerning a factorization scale for all the processes);

(iv) Choose the parametric form for the input parton distributions,aeind then evolve the distri-
bution to any other values of;;

(v) Use the evolved distributions to calculaté between theory and data, and choose an algorithm
to minimize they? by adjusting the parameterizations of the input distributions;

(vi) Parameterize the final parton distributions at discrete valuesaafi;:; by some analytic func-
tions.

In all high-energy data, deeply inelastic scattering of leptons on nucleons and nuclear targets re-
mains the primary source of information on parton distributions, because of its high statistics. Such
data are known to be mostly sensitive to certain combinations of quark distributions. Drell-Yan
lepton pair production and direct photons at large transverse momenta provide important compli-
mentary information on antiquark and gluon distributions. Most data used in obtaining parton dis-
tributions are at fixed-target energies, although the most recent fits incorporate data from colliders.

Several groups have performed “global fitting” of parton distributions, and in most cases several

versions and updates are available. We will focus our attention to the MRST, CTEQ, and GRYV fits:
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e Martin, Roberts, Stirling and Thorne (MRST)9],

e Botts, Huston, Lai, Morfin, Owens, Qiu, Tung, Weerts,...(CTEQ].

e Gluck, Reya, and Vogt (GRV)L[5]

As stated above, the idea of the global fitting is to adjust the parton distribution functions to
make theory and experiment agree for a wide range of processes. For example, recent CTEQ fits

have used the following processes:

e+p— X
w+p— X M+QH—>X
v+ Fe— X v+ Fe— X

p+p—p+p+X  p+H-p+p+X

p+Cu—pu+p+X

p+p—W > l+0+X

p+p—y+X .

We now illustrate the steps listed above. One chooses a startingugqakey 2 GeV). Then one
writes thef, /,(x; o) in terms of several parameters for= g, u, 4, d, d, s, 5. (Typically the heavy
quark distributions, for = ¢, ¢, b, b, t, £, are generated from evolution, not fit to data.) For example,

since it is known that the distribution has to vaniskxat 1, one may choose
f@;po) = AxP (1 — )€ (2.57)

wherez? dominates the smali-feature and1 — )¢ determines the large-behavior. Better fits

are achieved using a more general form:
fx; o) = Az (1 — 2)°(1 + E2P) . (2.58)
The parton distribution functions obey certain flavor and momentum sum rules, such as
1
|t (fuplas) = fupew] = 2

1
Z/o dr xfop(v,n) = 1. (2.59)
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These sum rules have a simple intuitive meaning, and formally follow from the defini@oh3,(
(2.14), (2.19. The parameterizations are chosen so that the flavor and momentum sum rules are
obeyed exactly.

Now one picks a trial set of parameters. This determifi@s 1), from which one calculates
f(z; ) for all u by evolution. Next, given thé¢(x; 1), one generates theory curves for each type of
experiment used. Finally, one compares the results to the data.

This sequence is iterated, adjusting the parameters to get a good fit. There are more than 2000
data points and only about 25 parameters to be fit, so the fact that this procedure works at all is an
indication that QCD is the correct theory of the strong interactions.

We show an example of parton distributions from a global fit. Bi§.is a graph of the gluon
distribution and the up-quark distribution in a proton, according to a parton distribution set desig-
nated CTEQ3M11]. The figure ShOWS:Qfa/A(x,,u) fora = ganda = u, A = paty = 20 GeV.

Note that

1
/0 a2 fojal) = [ dloge 2 fuyala,n). (2.60)

so the area under the curve is the momentum fraction carried by partons of gpecies
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Fig. 2.9:Gluon and up quark distributions in the proton according to the CTEQ3M parton distribu-
tion set atu = 20 GeV.



CHAPTER 3

NUCLEAR MODIFICATIONS

3.1 Introduction

We now consider parton distributions in the nucleus, as opposed to distributions in free nucleons.
The nuclear ratio, defined below, serves as a measure of nuclear modifications to parton distributions
of free nucleons. In this chapter we briefly review the different facets of these modifications and
their experimental manifestations. Most of the material in this review foll@yarid [L7], where

further details can be found.

3.2 Nuclear DIS and modifications of parton distributions

Nuclei represent systems with a natural, built-in length scale. The baryon density in the center of
a typical heavy nucleus igy ~ 0.15 fm—3. The average distance between two nucleons at this
density is

d~1.9fm. (3.1)

The nucleons have a momentum distribution characterized by their Fermi momentum,

32 1/3
pF = <2 pg) ~1.3fm™! ~0.26 GeV . (3.2)
A high energy virtual photon which scatters from this system can expect to see two sorts of genuine

nuclear effects:

i) Incoherent scattering from nucleons, but with their structure functions modified in the
presence of the nuclear medium. Such modifications are expected to arise, for example, from
the mean field that a nucleon experiences in the presence of other nucleons, and from its

Fermi motion inside the nucleus;

30
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i) Coherent scattering processes involving more than one nucleon at a time. Such effects can
occur when hadronic excitations (or fluctuations) produced by the high energy photon prop-
agate over distances (in the laboratory frame) which are comparable to or larger than the
characteristic length scate~ 2 fm of Eq. 3.1). A typical example of a coherence effect is

shadowing.

Incoherent scattering takes place primarily in the ralide< = < 1 of the Bjorken variable.
Strong coherence effects are observed at 0.1. Cooperative phenomena in which several nucle-
ons participate can also occuraat> 1. (In fact, the Bjorken variable can extend, in principle, up to

x < Ain a nucleus withA nucleons.)

3.2.1 Nuclear structure functions

The deep-inelastic scattering cross sections for free nucleons and nuclei have basically the same
form as given by Eq.4.17). All information about the target and its response to the interaction
is included in the corresponding hadronic tensor. For nuclei with $pinthe hadronic tensor
formally coincides with the one for free nucleons given in EQs222.232.24). In this case nuclei
are characterized by four structure functioﬁ% andgﬁ2. For spin® targets, only the symmetric
tensor .23 with the structure functioné“{f2 is present. In the case of spintargets the hadronic
tensor is composed of eight independent structure funct@nd=pr spind /2 nuclei the relations
between nuclear structure functions and photon-nucleus helicity ampliﬂ%&j%w are analogous
to the ones for free nucleons in Eq8.44-2.47). For spind targets, see e.gl1§]

Nuclear structure functions depend on the Bjorken scaling variable of the taxgetQ?/(2P-
q) with 0 < x5 < 1, and on the momentum transfé?. It should be noted, however, that these
functions are frequently expressed in terms of the Bjorken variable of the free nucleon which is
r = Q?/(2Mv) = zAMa /M in the lab frame, and which can extend over the intetval x <
My /M ~ A.

Experiments on deep-inelastic scattering from nuclei are reviewel®jr2Q)]. For a discussion

of the data it is convenient to use structure functions which depend on the Bjorken scaling variable
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for a free nucleony = Q%/(2Mv). In charged lepton scattering from unpolarized nuclear targets

these structure functions are defined by the differential cross section per nucleon:

d?o _471'@2 Maxy FQA(I',QQ) A ,
dedQ? ~  Q* [(1_?/— 2E> . +y T (2,Q7) | (3.3)

3.2.2 Nuclear Ratio

The nuclear ratio is defined as the nuclear structure function per nucleon divided by the nucleon

structure function,

FA ’ 2
Rléz (:E, Q2> = AF;id(:;nz,)QQ) ’

(3.4)

Here A is the nuclear mass number (number of nucleons in the nuélelibe nucleon structure
function is usually defined through measurements on deuteﬂ@ﬁ?}eo“ = Fgeuteri“m/z, assum-
ing nuclear effects in deuterium to be negligible.

The behavior o’rRé2 (z, Q%) as a function of: for a given fixedQ? is shown schematically in

Fig. 3.1 It can be divided into four regions:

R7 < 1forz < 0.1: the shadowing region.

R% > 1for 0.1 <z < 0.25 ~ 0.3: the antishadowing region.

RéQ < 1for0.25 ~ 0.3 < z < 0.8: the EMC region (EMC: European Muon Collaboration).

Rf}2 > 1for z 2 0.8: the Fermi motion region.

Note: the deviation of the nucle&h-ratios from one in all four regions af, is sometimes referred to

as the EMC effect. At other places in the literature, it is also sometimes referred to as shadowing.We
use the notation EMC only for the depletion observeddi@s ~ 0.3 < = < 0.8 and reserve the
name shadowing solely for the regions 0.1. We now discuss the phenomenology of each region

in more detail.

'Sometimes the ratio of nuclear ratios is used &@4/B) = Ra, /R, .
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Fig. 3.1: Schematic behavior ak}, (z, Q?) as a function of: for a given fixedQ?.

e Shadowing region

Measurements of E662], 22, 23] at Fermilab and NMCZ4, 25, 26, 27, 28, 29] at CERN
provide detailed and systematic information aboutithand A-dependence of the structure
function ratiosF;*/Fsl. Nuclear targets ranging from He to Pb have been used. A sample
of data for several nuclei is shown in g2 While most experiments cover the region

x > 10~%, the E665 collaboration provides data fof¢ / Fs! [21] down tox ~ 2-1075. Given

the kinematic constraints in fixed target experiments, the sraafion has been explored at
low Q2 only. For example, at ~ 5- 103 the typical momentum transfers apé ~ 1 GeV?

[25]. At extremely small values; ~ 6 - 102, one hag)? ~ 0.03 GeV? [21].

In the region5 - 1072 < z < 0.1 the structure function ratios systematically decrease with
decreasing:. At still smallerz one enters the range of small momentum transfgfs;- 0.5

GeV?, approaching the limit of high-energy photon-nucleus interactions with real photons.

Shadowing systematically increases with the nuclear mass numbior example, at ~
0.01 one findsFy* /FY ~ A*~! with a =~ 0.95 [28]. A similar behavior has been observed in

high-energy photonuclear cross sections whereltaependence is roughdy, . ~ A0‘9207N
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Fig. 3.2: Structure function ratio for some nuclei.
with o~ the free photon-nucleon cross section averaged over proton and nefyon [

The shadowing effect depends only weakly on the momentum tra@$feFhe most precise
investigation of this issue has been performed for the ratio of Sn and carbon structure func-
tions. R9]. It reveals that shadowing decreases at most linearly ig)? for < 0.1. The

rate of this decrease becomes smaller with risingt = > 0.1 no significant)?-dependence

of F5/FY is found.

Shadowing has also been observed in deep-inelastic scattering from deuterium, the lightest

and most weakly bound nucleus. At 0.1 this ratio is systematically smaller than one.

Antishadowing region

The NMC data have established a small but statistically significant enhancement of the struc-
ture function ratio ab.1 < x < 0.2. The observed enhancement is of the order of a few
percent. For carbon and calcium it amounts to typic2#y[29]. The most precise measure-
ment of this enhancement has been obtained§/ F;°. Within the accuracy of the data no

significantQ?-dependence of this effect has been found in this region. Note: from normal-
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ization considerations the existence of a shadowing region implies that of an antishadowing

one, in order for the exact conservation of sum rules.

Region of “EMC effect”

The region of intermediat®@2 < = < 0.8 has been explored extensively at CERN and SLAC.

In the range2 GeV? < @Q? < 15 GeV?, data were taken by the E139 collaborati®i][

for a large sample of nuclear targets between deuterium and gold. The measured structure
function ratios decrease with risingand have a minimum at ~ 0.6. The magnitude of this
depletion grows approximately logarithmically with the nuclear mass number. The observed
effect agrees well with data for the ratios of iron and nitrogen to deuterium structure functions
from BCDMS taken at larg€)? values,14 GeV? < Q2 < 200 GeV? [32, 33]. These data

imply that a strong)?-dependence of the structure function ratios is excluded.

Fermi motion region

At x > 0.8 the structure function ratios rise above unidt]; but experimental information is
rather scarce. The free nucleon structure functidnis known to drop agl — x)* when ap-
proaching its kinematic limit at = 1. Clearly, even minor nuclear effects appear artificially

enhanced in this kinematic range when presented in the form of thefAfid .

The regionz > 1

Data at large Bjorken: and large momentum transfd),7 < = < 1.3 and 50 GeV? <

Q? < 200 GeV?, have been taken for carbon and iron by the BCDN§ pnd CCFR B5]
collaborations, respectively. The results disagree with model calculations-atl which
account for Fermi motion effects only. FQ? < 10 Ge\? data have been taken at SLAC for
various nuclei. Both quasielastic scattering from nucleons as well as inelastic scattering turns

out to be important here.
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3.2.3 Other measurements of nuclear parton distributions

Nuclear deep-inelastic scattering is sensitive only to the sum of v&lemcesea quark distributions
(see e.g. Eq.253), weighted by their respective electric charges. In order to separate nuclear
effects in the valence and sea quark sectors, and directly measure nuclear gluon distributions, other

types of processes are required which we briefly summarize in the following.

3.2.3.1 Drell-Yan lepton pair production

In the Drell-Yan production of lepton pairs (mostly" 2~) in hadron-nucleus collisions, the un-
derlying partonic sub-process is the annihilation of a quark and antiquark from beam and target
into a time-like high energy photon, which subsequently converts into the observed dilepton. The

Drell-Yan cross section reads (see e4)):[

d?o

drrdxp

2
= 4;7;:2 Ky e dP(25,Q%) ¢ (21,.Q%) + @7 (x5, Q%) ¢] (+1,Q%)] ,  (3.5)
[

wherem; is the invariant mass of the produced lepton pair. The flavor dependent quark distributions
of the projectile and target are denoteddfyandq;, respectively. Seen from the center-of-mass
frame the active quarks carry fractiong and xp of the beam and target momenta. They are
determined by the momentum componegptof the produced dilepton parallel to the beam, its
invariant massn; and the squared center-of-mass energy
:L’Ta:B:nj, l‘F:%:IEB—ZET. (3.6)

Higher order QCD corrections to the production cross sec8ds) {urn out to be significant. They
are absorbed in the so-calle@t*factor” and effectively double the leading order cross section.

The E772 experiment at FNAL3P] has investigated Drell-Yan dilepton production in proton-
nucleus collisions at = 1600 GeV2. At zz > 0.2 the production process is dominated by the
annihilation of projectile quarks with target antiquarks. Outside the domain of quarkonium reso-

nances, i.e. fot GeV < m; < 9 GeV andm; > 11 GeV, this experiment explores possible mod-

2Valence quarks are distinguished from sea quarks based on the symmetry classifications of the simple quark model,

according to which mesons are (valengg)states, baryons appear@g bound states.



37

ifications of nuclear sea quark distributions. At > 0.1 no significant nuclear effects have been
observed within admittedly large experimental errors. This indicates the absence of strong modifi-
cations of nuclear sea quark distributions, as compared to those of free nucleans<Al.1, on

the other hand, the observed attenuation for heavy nuclei implies a substantial reduction of nuclear
sea quarks, in qualitative agreement with the shadowing effects observed in nuclear deep-inelastic
scattering atz < 0.1. The detailed comparison of shadowing in Drell-Yan versus DIS requires, of

course, a careful separation of valence and sea quark effects as well @’teealution [37].

3.2.3.2 Lepton-induced production of heavy quarks

The intrinsic heavy-quarkef or b-quark) distributions in nucleons or nuclei are expected to be
very small. Inelastic heavy-quark production is therefore assumed to receive its major contributions
from photon-gluon fusion, i.e. the coupling of the exchanged virtual photon to a heavy quark pair
which is attached to a gluon out of the target. This mechanism is a basic ingredient of the so-called
color-singlet model3§].

In this model the cross section for heavy quark pair production is proportional to the gluon
distribution of the target. A comparison of these cross sections for nucleons and nuclei can then be
directly translated into a difference of the corresponding gluon distributions.

In this context NMC has analyzef/+«) production data from Sn and carbon nuclg®]] The
average ratio of the corresponding inelasti@> production cross sections was found slightly larger

than one;:
o(y*+Sn — J/¢+X)
o(y +C— I/ +X)

Within the color singlet model this implies an enhancement by ab@ftof the gluon distribution

=1.1340.08. (3.7)

in Sn as compared to carbon in the regior 0.1, though with large errors.

3.2.3.3 Neutrino scattering from nuclei

Deep-inelastic neutrino scattering, involving both charged and neutral currents, permits one to sepa-

rate valence and sea quark distributions. It is therefore a promising tool to investigate modifications
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of the different components of quark distributions in nuclei. The observed nuclear effects in neu-
trino experiments are qualitatively similar to the results from charged lepton scattering, although

their statistical significance is poor, given the large experimental uncertainties.

3.2.4 Global fits to nuclear parton distributions

Global fits do not try to address the origin of nuclear shadowing (or of modifications of parton

densities in nuclei in general) but to study thé-evolution of nuclear ratios of parton densities,

A 2\ sz($7Q2)
Ri (:EvQ ) - Afinucleon(x7Q2)

, fi=a4,4,9, (3.8)

through the DGLAP evolution equation®, P, 10]. From the very first attemptsgl{)], several analy-

ses have appearedl] 42, 43, 44, 45, 46, 47, 48]. They try to perform for the nuclear case the same
program developed for the nucleon: nuclear ratios are parameterized at som@¥aug Ge\?

which is assumed large enough for perturbative DGLAP evolution to be applied reliably. These
initial parameterizations for every parton density have to cover therfulinge0 < = < 1. In

the nuclear case, the nuclear size appears as an additional variable. Then these initial conditions are
evolved through the DGLAP equations towards larger valuégaind compared with experimental

data. From this comparison the initial parameterizations are adjusted.

Different approaches differ in several details, s&&:[

e The form of the parameterizations at the initial scale. For exampleidndp] shadowing
saturates for very smait, contrary to fi§]. Also the value ofQ3 varies e.g. from~ 0.4
Ge\” [48] to 2.25 GeV [43, 45]. The parametrizations for sea quarks and gluonstéj [
do not show any EMC effect. Special mention has to be made of the approath #?2]
where the initial gluon density is taken from diffractive nucleon dat@?at 4 GeV? and no

attempt is made to modify it from the comparison with experimental data.

e The use of different sets of experimental data. For example, Drell-Yan 8@tarfe used
in [43, 45, 47, 48] but not in [46]. These data give the main constraint to the valence and sea

contributions in the antishadowing region #3[ 45] but the parametrizations i}] do not



39

show antishadowing for sea quarks. HERMES dad &re used in47]. Also the data on
the Q2-dependence of nuclear rati®d[ are included in43, 45, 47, 48], but not in 46]; they

give the main constraint on the gluon distribution at small and moderatee below.

e The order of DGLAP evolution. The evolution is made at leading order (LO}345] and
at next-to-leading (NLO) order in4p, 47, 48]. This turns out to modify th&)?-dependence

of nuclear ratios.

e The treatment of isospin effects and the use of sum rules as additional constraints for evo-
lution. For example, isospin symmetry of the nuclear ratios is assumei8,id3|, but not
in [46]. Momentum, charge and baryon number conservation are uséé,iag], but charge

conservation is not used A3, 45]. In practice, these differences are numerically small.

e The different nucleon partons densities used in the analysis. In practice this choice is of little
importance at the level of the nuclear ratios, as its effect appears in both the numerator and

denominator ing.8) and cancels to a large extent.

Gluons are almost unconstrained for< 0.02, and sea quarks far < 0.005. The stronger
constraint on gluons in the regioN2 < = < 0.2 comes from th&)?-dependence of nuclear ratios.

The DGLAP equations establish a relation between the logarittyfievolution of the structure
functions and the gluon distributioB]]. Such relation, valid at LO and smal] has been extended

to the nuclear ratioH):

8Ré2($7Q2) _ 10as rg(2z, Q%)
aanQ ~ 271w %FQdeuterium(x7Q2)

{R;@xm R <x,cz2>} @9

Inthis way,R:' (22, Q%) > R (z, Q) implies a positive)? slope, whileR! (22, Q?) < Rf (z, Q%)

gives a negative slope. The available data or@Qhalependence of nuclear rati®g] allow to con-

strain within the DGLAP evolution scheme, the relation between the nuclear gluon distribution and
the nuclear ratio foFs. While in the parameterizatio® ] the ratio for all flavours is equal at the

initial scale@?, and thus it gives a too small but positive slope, in the parameterizatios4pthie
shadowing for gluons is much larger than that for sea and valence quarks so it results in a nega-

tive slope at the smallestand@?. Therefore, from the comparison with experimental dag, [
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DGLAP analysis favors those sets in which gluons are less shadowed than quarks iob1. This

is at variance with some approaches e4d, 2], where gluons are more shadowed than quarks.
The discrepancy between the data and the results of this model when evolved to smaller values
of @2 from Q2 = 4 Ge\” is considered as evidence of the existence of large power-suppressed
contributions.

While DGLAP approaches do not address the fundamental problem of the origin of shadowing,
they are of great practical interest. They provide the parton densities required to compute cross
sections for observables characterized by a hard scale for which collinear factoriz&tioar be
applied. Finally, the centrality dependence of shadowing is not addressed in these models as the
existing experimental data do not allow its determination, although some approachégl,es§] [

provide an ansatz for such a dependence.

3.2.5 Importance of Shadowing

The importance of the phenomenon of nuclear shadowing is twofold: First, on the theoretical side
it offers an experimentally accessible testing ground for our understanding of Quantum Chromo-
dynamics (QCD) in the high-energy regint€/[. Multiple scattering is unavoidable in a quantum

field theory as a consequence of such a basic requirement of the theory as unitarity. The nuclear
size gives the possibility to control the amount of multiple scattering at given values of momentum
fractionz and scalg). Besides, by varying the scale and the energy of the collision the interplay
between the soft non-perturbative and the hard perturbative regimes can be addressed. Second,
experimental studies on high-energy nuclear collisions like those at the Relativistic Heavy lon Col-
lider (RHIC) [58, 59, 60, 61] at the Brookhaven National Laboratory (BNL) are presently carried

out. New facilities like the Large Hadron Collider (LHCG)9] at CERN or the Electron-lon Collider

(EIC) [62] under consideration, will become available in the future. They test the behavior of par-
ton densities inside nuclei at larger energies/smalldgran those presently available in fixed target
studies like those at the Super Proton Synchrotron (SPS) at CERN. These new experimental data

offer the possibility to further constrain our knowledge on the behavior of nuclear cross sections and
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structure functions, both for observables characterized by a large scale for which standard pertur-
bation theory can be applied, and for those with intermediate and small scales where new methods

have been developed.



CHAPTER4

NUCLEAR SHADOWING AT SMALL x FROM GRIBOV THEORY

4.1 Introduction

In the region of smalk:, parton distributions are dominated by sea quarks and gluons. In most
approaches, the origin of the depletion of the nuclear ratios in this region is related with the hadronic
behavior of the virtual photor6p]. This resolved hadronic component of the photon wave function
at high collision energies — equivalent to small values of— and at relatively low values @)?,
will interact several times with the different nucleons in the nucleus, i.e. will experience multiple
scattering. As will be discussed below, this results in a reduction of the corresponding cross sections.
The cross section is related to the structure function through the nuclear analog2#Bgat very
smallx) as

Q*(1 -

FzA(JUaQ2) T T Anla Oy*A (4.1)

with « the fine structure constant. Thus, the phenomenon of multiple scattering is responsible for
the shadowing corrections.
Experimental data on shadowing indicate that:
i) shadowing increases with decreasinghough at the smallest available values:ahe behavior
is compatible with either a saturation or a mild decre24§ |
i) shadowing increases with the mass number of the nuckf]sdnd
iii) shadowing decreases with increasifig [29].
On the other hand, the existing experimental data do not allow a determination of the dependence
of shadowing on the centrality of the collision. The available experimental data on shadowing
at smallz (z ~ 10~%), from NMC[24, 25 and E665R1, 22] experiments, are all at smai)?
(Q? < 1 GeV?). At such small virtualities the photons can be considered quasi-real, and it is thus

a reasonable approximation to regard them as real photong#ith 0 GeV2. The center-of-mass

42
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energies are also lowV ~ 15 GeV for the NMC andV ~ 25 GeV for the E665 measurements.

The Gribov theory$4, 65], which relates shadowing to diffraction, is an efficient theoretical
framework for understanding nuclear shadowing. For deuteron and other sufficiently light nuclei,
the relationship involves the interaction of the diffractively produced hadronic excitations with only
two nucleons. In the case of heavier nuclei, triple and higher-order scattering may be important
and needs to be included in the formalism. This leads to some model dependence. In the Gribov
theory shadowing is expressed in terms of the diffractive dissociation cross section. For low masses
of the hadronic excitations, the diffractive dissociation cross section is well described by vector
meson dominance (VMD), while for higher masses, the triple-Regge model is usually employed.
The triple-Regge model involves parameters which are not given by the model. These parameters
are usually determined from various experimental data on diffraction and photoproduction.

Since the available experimental data on shadowing at smaatt all at very lowQ? (Q? < 1
GeV?), we need diffractive dissociation data at very sngillalso as input. Such data are available
from both the FNAL experimensf] (Q? = 0 GeV?) at energiedV ~ 12.8 GeV andW ~ 15.2
GeV and the experiments at the Hadron-Electron Ring Accelerator (HEGRABB, 69, 70, 71]

(Q? < 0.01 Ge\?) at average energid¥ ~ 187 GeV andiV ~ 231 GeV. In our work, as also in
[72] we employ a generalized form of the Gribov theory, incorporating the real part of the diffractive
scattering amplitude, to calculate the shadowing ratio at very small Bjark&he results have been

published in 3, 74
4.2 Shadowing Ratio and Generalized Gribov Theory

4.2.1 Nuclear Shadowing Ratio

From the previous chapter we have (see Bgdj

_ Fi@)
- AFQHUdGOH(w,QQ) '

Rip, (x,Q°) (4.2)

whereFy! (z, Q?) is the nuclear structure function afg c'o® (z, Q?) is that of a free nucleon.
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Writing Eq. @.1) for both the nucleus and the nucleon,

Q*(1—x)
FQA(xa Qz) = An2on On*A , (43)
and
2
nucleon 2 Q (1 — CC)
F2 (.’I}, Q ) = 47T2a Oy*N (44)
then
Fs'(z,Q% T A
RA (2,Q%) = 2\ = 4 45
F2( Q ) AFQHUCICOH(JI,Qz) AO-'y*N ( )
Since
_ @
T =g (4.6)
we see that in the real-photon approximati@? — 0), z — 0 and thus
U,Y*A - O—’YA (47)

Ao N Ao ’

the real-photon shadowing ratio.

4.2.2 Gribov Theory

In 1969 V. Gribov p4, 65] proved the following theorem: consider the hadron-deuteron scattering at
high energies within the approximation that the radius of the deuteron is much larger than the range
of the strong interaction. Then the shadowing correction to the total cross section can be expressed
in terms of the differential diffractive hadron-nucleon cross section. This is demonstrateddiri:Fig.
the forward hadron-deuteron rescattering amplitude giving rise to the nuclear shadowing correction
contains the hadron-nucleon diffractive amplitude (denoted by the shaded blob) squared.

The hadron-deuteron cross section is separable into a part which accounts for the incoherent
scattering from individual nucleons, and a correction (shadowing correction) from the coherent

interaction with the two nucleons:
Ohd = Ohp + Ohn + 0044 (4.8)

The shadowing correction turns out to be negative; thus the total hadron-deuteron cross section is

less than the sum of the incoherent hadron-nucleon cross sections.
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Fig. 4.1: lllustration of Gribov's Theorem: The forward hadron-deuteron rescattering amplitude
giving rise to the nuclear shadowing is proportional to the differential hadron-nucleon diffractive

cross section at small momentum transfer(0).
4.2.3 Shadowing Correction From Generalized Gribov Theory

Photon-hadron interactions exhibit characteristics similar to hadron-hadron interactions. This simi-

larity can be exploited to express the photon-deuteron interaction as
Oyrd = Oyrp + Oyrn + 0044q (4.9)

in analogy with Gribov’s description of hadron-deuteron interaction.

The generalization to photon-nucleus interaction is immediate. The (virtual) photon-nucleus
cross section is separable into a part which accounts for the incoherent scattering from individ-
ual nucleons, and a correction (shadowing correction) from the coherent interaction with several
nucleons:

Oy A =2 Oyrp+ (A= Z) Open, + 6042 (4.10)

The single scattering part is the incoherent sum of photon-nucleon cross sections Anbehe
nuclear charge number, ang-, ando.,-,, are the photon-proton and photon-neutron cross sections,
respectively. The multiple scattering correction is expressible as an expansion in the number of

nucleons in the target involved in the coherent scattering>( 2). Expressed in terms of the
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Fig. 4.2:Double scattering contribution to shadowing correctian, 4

corresponding multiple scattering amplitude$f)A we have (see Eq2(48):

A
1 (n)
50y A = S ;ImAw*A , (4.11)

where the photon flux is taken in the limit < 1. The dominant contribution to nuclear shad-
owing comes from double scattering, since the probability that the propagating hadronic excitation
coherently interacts with several nucleons decreases with the number of nucleons.

We generalize the original formulation of Gribov by including the real part of the diffractive
scattering amplitude. We denote bhyhe ratio of the real to imaginary parts of the diffractive scat-

tering amplitude. In this generalized form the shadowing correction at the level of double scattering

A(A-1) L—in)? [ o [ =
50’7*A:21412167['R€[1_{_772/d b/;oodzl/21 dZQ

w2 d? o dift - (21 — 29)
AM2 —— N @) (5 2 AL 22) 4.12
/47’7‘gr X dMg(dt Pa ( y 215 722) €Xp §1? A ( )

is given by

t=~0
with o—;“ff\, the photon-nucleon diffractive cross section arg the mass of the hadronic excitation.
The coherence length, is

A (4.13)

_ 1
[+ Q2 — /12— M2

The factor(1 — in)?/(1 + n?) is a correction for the real part of the diffractive scattering am-

plitude 7. Since the shadowing correction is proportional fa27)?, while the total diffractive
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cross section is proportional {@ |2, the factor(1 — in)?/(1 + %) emerges naturally, when nuclear
shadowing is expressed in terms of the total diffractive cross section.

As illustrated in Fig4.2 a diffractive state with invariant madgdx is produced in the interac-
tion of the photon with a nucleon located at posit@nzl) in the target. The hadronic excitation
is assumed to propagate at fixed impact pararrﬁam“rd to interact with a second nucleonzat
The probability to find two nucleons in the target at the same impact parameter is described by
the two-body density)(AQ)(l;, 21;b, z3) normalized agf d*r dr p(j)(ﬁ 7') = A% The phase factor,
exp{i[(z1 — z2)/A]} in Eq. @.12) implies that only diffractively excited hadrons with a longitudi-
nal propagation length larger than the average nucleon-nucleon distance in the\targety 2 fm,
can contribute significantly to double scattering. The limits of integration define the kinematically
permitted range of diffractive excitations, with their invariant m&ss above the two-pion produc-
tion threshold and limited by the center-of-mass enéfgy- /s of the scattering process.

We approximate the two-body densinf)(g, 215 b, z9) by a product of one-body densities,
pf)(l;, 213b,29) = pa(P)pa(7’), since short-range nucleon-nucleon correlations are relevant in
nuclei only whenz, — z; is comparable to the range of the short-range repulsive part of the nucleon-
nucleon force, i.e. for distances 0.4fm. However, shadowing is negligible in this case and
therefore short-range correlations are not important in the shadowing domain.

With increasing photon energies or decreasirpwn tox < 0.1, the longitudinal propagation
length of diffractively excited hadrons rises and eventually reaches nuclear dimensions. Thus, for
heavy nuclei, interactions of the excited hadronic state with several nucleons in the target become
important and should be accounted for. Followifi@][we introduce an attenuation factor with an

effective hadron-nucleon cross sectiegg. The shadowing correction can thus be written as

A(A—1 Pt
doyen = (2142)167T7€ [ /d2b/ dzl/ dZQ/ dM% dMQ(]i\;
2

p@ (B, 2135, 29) exp{ m;@)}exp{ (1/2)(1 — in)oe /Z1 dzpa(b, z)}] . (4.14)

The effective hadron-nucleon cross section; in Eq. @.14) is defined as

: (4.15)

Oeff =

167 /W2 A2 Ao dif?\,
ooN(L+72) Jome dMZ%dt 0
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whereo, v is the photon-nucleon cross section. The details of this approach and the approximations
inherentin the definition of .+ are treated thoroughly if7P]. For vector mesons as the intermediate
hadronic excitations, we taks,y aso.g in the attenuation factor in E4(14), whereoy v is the

vector meson-nucleon scattering cross section.

4.3 Diffractive Dissociation
4.3.1 Diffractive production

In single diffractive scattering of a (virtual) photon off of a proton (see Eig), the proton remains
intact and does not dissociate during the process. The photon, on the other hand, dissociates into a

hadronic final stateX, with a well defined rapidity gap relative to the proton,
NMONTING G (4.16)

Such diffractive processes are important at small momentum transfer, with cross sections which
decrease exponentially with the squared four-momentum transfer. In general they exhibit a weak
energy dependence.

Diffractive dissociation of real photons,
y+N—>X+N, (4.17)

has been studied in both fixed target and collider experiments. Experiments were carried out at
Fermi National Laboratory (FNAL) at average photon-proton center of mass energi&s sf

12.8 GeV andW ~ 15.2 GeV[66]. Diffractive states with an invariant mass squared of up to
M?% ~ 18 GeV? were produced. This experiment measured the differential diffractive dissociation

. dodiff . .
cross section—%"-, in both the invariant masa/x and the squared four-momentum transfer

UM% dt’
Experiments at the Hadron-Electron Ring Accelerator (HERA)$S, 69, 70, 71] were carried out
at average energidd ~ 187 GeV andWW ~ 231 GeV. Diffractive states with mas&/x < 30
GeV were produced. Unlike the FNAL experiment, odlyg‘ifjf\,/dM% was measured due to poor

resolution int.
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P P

Fig. 4.3:Diffractive scattering from a proton.
4.3.2 Diffractive dissociation cross section

The analysis by the H1 collaborati@¥] divides the HERA photoproduction data into effectively
three intervals inl/%. We adopt this approach in the present study, taking the first internal ¢

1.58) GeV” to contain the region of the low-mass vector mesgns.and¢). The second interval
(1.58 — 4.0 GeV?) covers they’ resonance region. The third interval/§ > 4.0 GeV?) is that

of the high-mass continuum. The differential diffractive cross section is written as a sum over

contributions from these three mass intervals,

dagi]g _ Z day N Z day N daf{‘]’\?t (4.18)
2 = 2 2 2 '
dMsdt 0 Vepd dM<dt P dM3dt i~ dMdt i~

In the following, we briefly summarize the various treatments applied in the three regions.

4.3.2.1 Low-mass vector mesons

We utilize vector meson dominance (VMDJY] to describe low-mass region of the differential
diffractive cross section, i.e. the first term on the right-hand side of£&8), yielding [75]:

do’XN
2
dMzdt 0

My o
(@ Mzt

= SV (as3) (4.19)

with TV (M%) the vector meson part of the photon spectral funclign/% ),

1 o(ete™ — hadrons)
I(My) = : 4.20
(Mx) 1272 o(ete™ — ptu™) (4.20)
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In Eq. @.19, oy is the vector meson-nucleon cross section and e? /47 = 1/137 is the fine
structure constant.
Thew and¢ mesons are narrow and thus well approximated by delta functions. Their contribu-

tion to the photon spectral function can be written as

2
Y (M%) = (Z‘VV) (M3 —miy) ; V=wg, (4.21)

wheremy andgy, (V = w, ¢) are the mass and the coupling constant ofahand ¢ mesons,
respectively.

The p-meson, unlike they and¢ mesons, has a large width due to its strong coupling to two-
pion states. We have followed the approach7f] fand taken this into account through thér—

part of the photon spectral function:

1 2 2 gr G 22
M@(MX—4m7r) <1— > |Fr (M%)] (4.22)

I (M%) =
wherem,, is the mass of the pion antly = M, is the invariant mass of the™ 7~ pair. The
pion form factor,F}, is taken from Ref. 77]. A full discussion is given inT6]. We compared the
result from the delta function approximation to this more exact calculation and found that taking
into account the width of the-meson increases the differential diffractive cross sectior i %.

The vector meson-nucleon cross section in BdL9 has an energy dependence of the form
oy ~ W2ep©)—1) — ppr2e (4.23)

whereay, (t = 0) = 1 + ¢, with e = 0.08, is referred to as the soft pomeron intercefs[

4.3.2.2 Region of thg’ resonances

Thep' resonance region contains thg 450) andp(1700) mesons. These resonances were formerly
classified as the(1600) [79]. The FNAL data show an enhancement in this region. We treat this
enhancement in terms of an averageresonance, corresponding to the earlier classification of
p(1600), as done in Ref.g6]. We use the available information on th€1600) from Ref. [75] in

a VMD-type calculation to evaluate the contribution from this region. The avesagesonance



51

should have a finite width, but encouraged by the fact that a delta function in the case gfithe
a good approximation to the full-width result, we employ a narrow resonance approximation for the

p(1600). Thus, for the second term of.(L8 we have

do, M2
YN Oy a2 X 2
=YV X 4.24
dMZdt 7 X)(Q2+M§)2”VN (4.24)
with
2
v (M%) = (ZW) S(M2% —m?) (4.25)
1%

andV = p(1600).

4.3.2.3 High-mass continuum

An appropriate framework in which to model dissociation processes is offered by ‘triple-Regge’
phenomenologyd9d]. The details of this approach are summarized in Appendix B.

The differential dissociation cross section including both the pomeron and subleading reggeons
can be written as
1—ap, (0) 1—ap (0)

d2g GIP]P]P(O) So G]PIPIR(O) So o 20, (0)—2 B(W2 M2 )t
dtdM2 20, (0) Tap—zar@ | V)T Te Xt (4.26)
X M My

whereB(W?, M2 ) = 2b,p + 20/, In(W?2/M?2). The notation and meaning of the various symbols

in Eq. @.26) are given in Appendix B.

4.4 Data Analysis and Fits

At very smallz NMC has two data points, corresponding’to and '2C. ForSLi, z = 1.4 x 10~*
and the averag@?, (Q?) = 0.034 Ge\?, thus the virtual-photon energg,.. = 129.4 GeV. This
value is comparable to the photon energy from using the NMC cm ef&rgy200 GeV and energy
transferred fractionty) = 0.64, E.. = 128 GeV. In the case 0fC,z = 1.5x 10~* and the average
Q% (Q?%) = 0.035 GeV?, thus the virtual-photon energg;,.. = 124.3 GeV. Using the NMC cm
energylV = 200 GeV and energy transferred fractidm) = 0.65, £,, = 130 GeV. Therefore
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for both nuclei we usé-,, = 128 GeV, corresponding to a photon-nucleon center-of-mass energy
W = 15.5 GeW.

The E665 experiment, at very small(z ~ 10~%) has four data points!?C, 4°Ca, 3!Xe,
and2%8Pb. The reported photon energy is in the rafge< E.,x < 300 GeV, and virtualities
0.1 < Q% < 80 GeV2. For the smallest, (Q?) = 0.15 GeV~. Since for a fixed-target experiment
the smallest: corresponds to the smalle§® and largestt,*, we use@? = 0.15 GeV? and
E.* = 300 GeV in our calculations. Note that these values correspond-t02.66 x 10—, well
within the reported smali-values of EG65E.,x = 300 GeV gives a cm energyy/ = 23.75 GeV.

The free parameters to be determined from experimental data are the triple-pomeron coupling
Gprr(0) and the pomeron-pomeron-reggeon couplifigrr (0). We adopt a simple fitting proce-
dure: the experimental data are fitted to 26 at the average cms energies. Thesdlre: 12.8
GeV andWW ~ 15.2 GeV for the FNAL experimentiy ~ 187 GeV andW ~ 231 GeV for the

HERA experiment. In the following subsections the unit&gfpp (0) andGppr (0) areub/Ge\?,

4.4.1 FNAL Data

The FNAL data are presentedtat —0.05, thus the data are fitted to Ed..26) at this value of.
The best fit to Eq.4.26) is given byGppp(0) = 12.0 £ 0.4 andGppr(0) = 1.5 + 0.1 at
W ~ 12.8 GeV. ForlW ~ 15.2 GeV,Gpppr(0) = 9.5+£0.7andGppr (0) = 2.41+0.3 respectively.

The quality of the fits is shown in Fig..4.

4.4.2 HERA Data

The HERA data, unlike the FNAL data, are not presented at a specific valueTdfe data have
been integrated in over a kinematic range relevant to the HERA experiment. Thus the first job is
to deconvolute theé-integrated data to data &t 0.

As commonly done we assume dependence of the form

2 2
d g d (o B(WQ,M)Q()t

= e , (4.27)
dMZdt — dMZdt|,_,
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and then integrate both sides of E4.Q7) over the measured range ©f|t,;,| < [t| < 1 GeV~.
Here|t,,in| is the minimum kinematically accessible value ¢¥9]. In the following equations we

suppress thél/? ande( dependence aB. We can then write

d%0 ' B /1 d?o
Co |\ _ 5 [y . (4.28)
dMZ dt],_, e~ Plmnl —e=8 Jyy,,) dMZ dt

Making the identification

1 d%o do
dt = 4.29
/h:mm dMZdt — dMZ (4.29)
then
d%o ‘ B do
_ = — - — . (4.30)
dM)Q( dt =0 e Bltmml — e B dM)Q(

Eqg. @4.30 can now be applied to generate a new set of data=at) from the HERA¢-integrated
data.

The fit, based on Eq4(26), yields Gpppr(0) = 5.0 + 0.8 and Gppr(0) = 6.3 + 0.8 at
W ~ 187 GeV. ForlV ~ 231 GeV,Gppp(0) = 5.3+0.8 andGppr (0) = 8.54+0.7, respectively.

The fits are displayed in Fig..4.

443 W ~24GeV

There are no experimental datal&t ~ 24 GeV, the cms energy relevant to the E665 measure-
ments. Thus we are not able to extract b6thpp (0) and Gppr (0) directly from experiment.

We therefore use an indirect method to estimate these parameters: we plot the fit parameters from
Sec.4.4.1and Sec4.4.2as a function ofi’2(>*r(0)-2) the energy functional in Eq4(26) at

t = 0, and then estimate the valuesl&t = 24 GeV. We use the energy functional since it oc-

curs explicitly in the extraction of the fit parameters from experimental data. ApplyingdEx) (
Grrr(0) = 8.04 £ 0.79 andGpprr(0) = 2.65 + 0.32. This approach, of course, impacts on the
accuracy of the determination of the shadowing ratio at this energy due to greater uncertainties asso-
ciated with the approximate nature of the fit parameters. The fits and corresponding estimates of the

fit parameters are displayed in Fig5. Note thatil 2w (0=2) = 179272 ysinga,, (0) = 1.068.
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Fig. 4.4: (Color Online) Triple-Regge fit to the FNAL (12.8 GeV and 15.2 GeV) and HERA (187
GeV and 231 GeV) data in the nonresonant continudfi (> 4 GeV?). The dashed lines corre-

spond to pomeron+reggeons. The shaded circles are experimental data.
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Fig. 4.5: (Color Online) Estimates for the fit parametersiit = 24 GeV as discussed in the
text. The shaded upright triangles and squares aré&fhgr (0) and Gppr(0) from Eq. @.26)
respectively. The dashed and dot-dashed lines are fits to the parameters respectively. The vertical

dotted line corresponds to the values of these paramet@rs-at24 GeV.
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4.5 Results: Shadowing Ratio and Mass Dependence

The treatment outlined in the last three sections is now applied to calculate the shadowing correction,
and hence the shadowing ratio. The basic equation i) ( which involves the ratio of the real
to imaginary amplitudes, the photon-nucleon cross sectiony, the nuclear density4(r), and
the effective cross sectiang in terms of the diffractive dissociation cross section.

We use the energy-independeys for the vector mesons from Ref7%]. For bothp andw
mesons;) takes values betwedhand —0.3. Here we take), = 1, = —0.2 in accordance with
Ref. [79]. The results of our calculation are not very sensitive to the precise valugg of For the
¢ meson, we take, = 0.13 [80]. For lack of information, we take, 1600y = 0. For the high-mass
continuum, we follow Ref.72] and definejp as

T (ael0) 1), (31

nmp =
using the result of Gribov and Migda8]]. The ratio of the real to imaginary parts of the subleading
exchange amplituder, is given by

&+ cos(may, (0))
sin(may (0))

NR = (4.32)

with £ = £1 the signature factor of the exchanged reggeon. Using the vatyg(@ = 0.55+0.10

from [69], nr(§ = —1) = 1.17 andnr(§ = +1) = —0.854 respectively. The analysis 6]
assumes a single effective trajectary (¢) for the four subleading reggeons, thu8.854 < nr <

1.17. Due to the uncertainty i (0) and for reasons of symmetry we take the uncertainty range to
be—1<nr <1lasin[72.

The small difference between the photon-proton cross segtipand the photon-neutron cross
sectiono., is neglected in this study. We use the Donnachie-Landshoff parameterizatiop of
[78] as the generic photon-nucleon cross sectigR. For the nuclear densities, three-parameter
Fermi @pF’) distributions are applied:

1+w(r/Ra)?

pa(r) = POW ) (4.33)

with the parameter values taken from R&f2][ For mass numberd < 20 a harmonic oscillator

(HO) density distribution may be more appropriate than3hg distribution. For uniformity, we
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use the3pF' distributions for the whole mass range in light of the fact that uncertainties associated

with other parameters are at least comparable.

4.5.1 Shadowing: NMC

We carried out calculations d6.5 GeV, the cm energy relevant to the NMC measurements at
smallz. The results are displayed in Fig.6. At very smallz (z ~ 10~%), NMC has two data
points, corresponding téLi and '2C. In view of the large error bars of the data, the calculations
can be said to describe the experimental information adequately well in the applicable mass range.
The agreement with data at < 12 can be further improved by using a more realistic density
parameterization for that region. The shadowing ratio displays a systematic trend: a rapid decrease
at smallA and a more gradual one dsincreases.

The gap between the = 1 andn = —1 results can be taken as a measure of the uncertainty
of the calculated results due to the uncertainty in the determinationz of This uncertainty is
more pronounced for larger mass numbers, but it is reassuring that for the largest mass numbers

considered, the gap is small.

4.5.2 Shadowing: E665

At very smallz (x ~ 10~%) the E665 experiment has four data poirttc, “°Ca, 3! Xe, and®*8Pb.

The results of our calculations and the experimental data are shown i Eighe agreement with
experimental result is quite good considering the approximations inherent in the determination of
the fit parameters at this energy. The statement concerning dnaddove is also valid here. Also

the trend is the same: for smallthe shadowing ratio decreases rapidly withwhile for large A

the decrease is more gradual.
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Fig. 4.6: (Color Online) Shadowing ratio at FNAL energies. The thick lines correspond to
pomeron+subleading reggeons with= 1 while the dashed lines correspond to pomeron+reggeons

with n = —1. The full triangles are data from the NMC experiment.
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Fig. 4.7: (Color Online) Shadowing ratio di/ = 24 GeV. The thick line is the result from
both pomeron and subleading reggeons wijth= 1 while the dashed line corresponds to

pomeron+reggeons with with= —1. The full triangles are data from the E665 experiment.
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Fig. 4.8: (Color Online) Mass dependence of calculated shadowing ratio at snfiail both the
NMC (shaded squares) and E665 (shaded diamonds) kinematics. The dashed lines are fits according

to Eq. @.34) as described in the text.
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4.5.3 Mass Dependence of Shadowing At Small

The mass dependence of our calculated results is as shown ki &fgr both the NMC and E665.

The dashed lines represent a two-parameter fit of the standard form
Rty = AP 1 (4.34)

to the calculated results, with fit parametggsand3;. For the NMC kinematicsj, = 1.154 and
(1 = 0.881 respectively. In the kinematical regime of the E66%H, = 1.162 and3; = 0.885

respectively.

4.6 A simple approximate picture of smallshadowing

In this section we discuss a simple approximation to the formalism applied so far. This approxima-
tion furnishes a particularly simple picture of smalshadowing in terms of a single parameter, the
diffractive slopeB.

We consider Eq.4.12):

A(A-1) (L—an)* [ o [* >
50-7*A:2A216WR€[]_{—7’/2/d b/oodzl/Zl dZQ
w?2 d2 diff
2 <N @7 P (21 — 22)
/4m2r dMx dM)Z(dt . pa (b, 215, 22) exp {z}] (4.35)

A
in the limit \ — oo andn = 0. Then Eq. 4.39 simplifies to

507*14_ 16 [/al2 / dzl/ dZQpA b zl,b 29)

d?o
/ . dM?% IYE dt ] (4.36)
4mz ~0
Assuming a constant diffractive sloggin
d*o
T dt , (4.37)
X t~0
we can carry out the integral ova( to yield:
w?2 d2 dlf;[
* diff
/4m2 d X dM2 dt BO"V*N (438)
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Thus the shadowing correction becomes

A(A-1)
50 a = (2A 167 B oy [/d%/ dzl/ dzp? (B, 2130, 22)] , (4.39)

and the shadowing rati& is thus

A (A-1)  sON| [2
R*=1.0- Ve 16m B—— d“b dzl dzgpA bzl,b z9) | . (4.40)

O'»Y*N
Diffractive photo/leptoproduction of hadrons with mag§ > 3 GeV? at HERA and FNAL gives

a range of values for the slope parametdi66, 67, 83]:
B~ (5...7) GeV2 .

Diffractive production of low-mass vector mesons ¢, ¢) from nucleons gives a wider range of

values forB, depending or)? and incident photon energg, 84):
B~ (4...10) Gev2 .

From HERA atr ~ 10~%, the ratio of diffractive to total* NV cross section is39, 70, 71],

diff
O-’)’* N

O~ N

~0.1. (4.41)

We use this value an ~ (4...10) GeV~2. The result is shown in Figl.9. As can be seen
from the figure, values aB betweer and6 GeV—2 give good description of both NMC and E665

data.

4.7 Comparison with other related approaches and theoretical uncertainties
4.7.1 Comparison

We compare our results to two previous calculations similar in spirit to the present work.The ap-
proximate description treated in the last section is carried oi,i@89]. Gaussian and square-well
parameterizations are used to describe these nuclear densities. Thx,—@‘if%\ﬁovw ~ (.1 is used

with B ~ 8 GeV~2. The calculated results are in good agreement with experimental data from the

NMC and E665 experiments and are comparable to the results presented above.
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Fig. 4.9: (Color Online) Shadowing ratio calculated for different values of the diffractive si$pe

Data are from the NMC (shaded circles) and E665 (shaded triangles) collaborations.
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The approach indg] is slightly different from that adopted in the present study. The basic
equation is similar to Eq4(12 but a model form is utilized to describe the diffractive dissociation
process. This model form is constructed to describe the HERA data adequately well.2A85h [
the real part of the amplitude is neglected. The same formalism is adop&d were two models
are used to account for higher order rescattering effects. Our results are comparahtetoltbre?*
ratios of structure functions &% = 5.0 GeV? in [86] and the smallz Q2 = 0.5 GeV? structure

function ratios in 87] for the considered nuclei.

4.7.2 Uncertainties

The uncertainties of our calculation are directly related to the various uncertainties and approxima-
tions inherent in the practical usage of E4.14) to determine nuclear shadowing ratio. There are
small but finite uncertainties in the nuclear density distribution parameters as well as the neglect
of short-range correlations. The parameterizations of the diffractive dissociation cross section in
differenth( regions are the dominant sources of uncertainties. In thd\@wegion described by
vector meson dominance model (VMD), the largest contribution to the uncertainties comes from the
vector-meson-nucleon cross sections. The delta function parameterization foatttky mesons
seems adequate, and the width of theneson has been taken into account. Refinements of the
spectral function4.22 and improvements of the treatment of flle@esonance region are possible.
In the continuum we have neglected interference between the pomeron and the subleading reggeons.
Also the fit parameters &t/ = 24 GeV are subject to greater errors than the parameters from fits
to actual experimental data. Furthermore, the use of an effective scattering cross section to account
for multiple scattering is an approximation, as is using real-photon informaf}én=( 0) at small,
but non-vanishing)?.

Quantitatively, we estimate the overall uncertainty of our calculations as follows: we place a
10% uncertainty on the values of the vector-meson-nucleon cross sections used in the VMD calcu-
lations. The uncertainties in the fit parameters are as reported id 8eErom Eq. §.14) it can be

seen that the uncertainties in the fit parameters propagate into uncertainties in the effective scatter-
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ing cross section. We have therefore not placed any explicit uncertainty on the effective scattering
cross section. We neglect the uncertainties in lagtki0) anda,, (0) as well as in the other poten-

tial sources listed above. Since there are no experimental data in the interval between the FNAL
energy (5.2 GeV) and the HERA energyi§7 GeV), we place an additionab% uncertainty on

the W = 24 GeV fit parameters to offset the lack of constraints on the estimation of these param-
eters. We use Eq4(26 with nr = 1 to estimate the uncertaintiesiat = 15.2 and24 GeV. The

nr = —1 results are very similar. The percentage uncertainties are diplayed ih. EQy.



66

16 I I I I I I I I I I I I I I I I | I I I I | I I I I
141 n W=24GeV | _
! ¢ W=155GeV!
_12F :
@)
S _—
- 10 ) _
= - a i n T
c L
g 8_ . n ‘o .0
q-’ Q" ¢ "
8 6— .‘# . ‘0 _|
= 4 |'. ow _
v
00
2}‘ i
0 | | | | | | | | | | | | | | | | | | | | | | | | | | | | |

0 50 100 150 200 250 300
Mass Number A

Fig. 4.10: (Color Online) Calculated uncertainties as discussed in the texgfor 1. From top:

W =24 GeV, W = 15.5 GeVW.



CHAPTERS

NUCLEAR PARTON DISTRIBUTIONS AND DEUTERON-GOLD (d+AU)

COLLISIONS

In this chapter we apply nuclear parton distributions to calculate some experimentally observable
guantities in d+Au collisions. These are the minimum bias nuclear modification fa¢tgxs,
central-to-peripheral ratioBcp, and pseudorapidity asymmetiy,,,. Experimental data for com-
parison are from the BRAHMS collaboratiofg and the STAR collaboratior8p]. Our results

have been partially published i8] and submitted for publicatiordfl].

5.1 Introduction

In the rapidly-developing field of relativistic nuclear collision physics, questions related to the dis-
tribution of partons in nucleons and nuclei are of great current interest. The madification of the
parton distribution functions (PDFs) in the nuclear environment has attracted growing attention ever
since the pioneering EMC experime2i] 92]. At the Relativistic Heavy lon Collider (RHIC), we

are well-positioned to study the nuclear PDFs (nPDFs) in a center-of-mass energy and transverse-
momentum domain where perturbative Quantum Chromodynamics (pQCD) is expected to work
well. Thus, hadron production in nuclear collision experiments at RHIC should provide information
on how such nonperturbative ingredients of pQCD as the parton distribution functions are modified
by the presence of the nuclear medium.

However, the description of nuclear collisions based on pQCD is a complicated task. Much
of the complication derives from the intrinsically complex nature of the nuclear environment in
collisions of heavy nuclei. In addition to the initial-state modification of the PDFs, the cross section
of high-pr hadron production is influenced by final-state effects (such as jet energy loss) and a

complicated geometry. To better understand the physics of pQCD in the nuclear environment, it is
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highly desirable to disentangle the different nuclear phenomena affectinghi@h- 2> 2 GeVi/c)
hadron production. These phenomena (not present in proton-proton collisions) manifest themselves
in e.g. the measured nuclear modification factors.

Deuteron-gold (d+Au) collisions provide a good compromise and testing ground for these pur-
poses. The deuteron, being the simplest “real” nucleus, affords a complexity higher than a proton,
but much less than that of a typical heavy nucleus like gold. Thus, a good understanding of d+Au
collisions is invaluable in elucidating the added complexity associated with collisions of more com-
plex heavy nuclei. Accordingly, d+Au collisions have been extensively studied at RHIC (see e.g.
[88, 93, 94, 95]). A new feature, offered by nonidentical colliding beams like d+Au, is the pseudo-
rapidity asymmetry, examined in some detail recently by the STAR collabor@¢n][

As we have seen in Chapt2r any pQCD calculation involves, in addition to partonic differ-
ential cross sections, parton distribution functions (PDFs) and (if final-state hadrons are measured)
fragmentation functions (FFs) to connect to the observable level. The latter ingredients are non-
perturbative, but universal in the absence of the nuclear environment. Typical pQCD-based calcula-
tions of nucleus-nucleus collisions use modified (nuclear) PDFs and deal with issues like jet energy
loss (jet quenching) and collision geometry. In this work, we focus on the PDFs (and of course can
not avoid treating the geometry of the collision). Even in the proton (nucleon), our knowledge of
the PDFs is naturally limited; the nPDFs are much less well known in the wide range of momentum
fraction z needed for reliable calculations. The nuclear gluon distribution, in particular, is poorly
constrained. The uncertainties in the nPDFs directly affect the accuracy of pQCD calculations. It is
therefore important not to rely on a single nPDF parameterization. Calculations utilizing different
parameterizations offer a useful check on the performances of the different nPDFs in describing
relevant observables.

In this chapter we compute nuclear modifications expressed in terms of theRRatipgnuclear
modification factor, see eg5(12) and Rcp (central-to-peripheral ratio, see e§.13). We also
calculate the pseudorapidity asymmelfy, (see eq.%.14) in certain pseudorapidity intervals.

We focus attention on the phenomenon of nuclear shadowing, the difference between PDFs and

nPDFs, leaving aside possible additional effects like jet quenching or intrinsic parton transverse
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momentum and its broadening in nuclear collisions. In this way we establish a minimalist base line
for experimental comparisons.

It should be noted that the nuclear modifications discussed in this chapter, as expressed in terms
of Rqau, are somewhat different from the nuclear modifications discussed in Cl3aptbeere the
modifications are with respect to parton distributions, whereas here the modifications are with re-
spect to cross sections, as will be discussed below. Since the calculation of cross sections necessarily
involves nuclear parton distributions, the modifications in Chapte inherent in the underlying

formalism and thus mainly responsible for the modifications manifeRyiq,.

5.2 Deuteron-gold Collisions: Basic Formalism

The invariant differential cross section for the d+Adn+X reaction, with respect to pseudorapidity

n and transverse momentym can be written as

h
doga,

2 2 7 2 =
lan _ Z/d b os Aoy, £a(3) tan([b — 51)F) ja(2as Q2.5 2)
dnd pr abed

do(ab— cd) Dh/c(zaQ?)

. $6(s+t+a), 5.1
™ P 50(8+t+a) (5.1)

F;;/Au(xlh Q27|g_ §|7 Z/)

wherez, andx; are parton momentum fractions in deuteron and gold, respectively;.asdhe
fraction of the parton momentum carried by the final-state hadromhe factorization and frag-

mentation scales a@ and(), respectively (see Sex3 and2.4). Here,

a(3) = [dzpas.2) (5.2)

is the Glauber thickness function of nuclediswith the nuclear density distributiop, (S, z) subject

to the normalization condition
/d23 dzpa(5,2) = A. (5.3)

The quantity d(ab — cd)/dt in Eq. 6.1) represents the perturbatively calculable partonic cross
section, and)h/c(zc,Qf2) stands for the fragmentation function of parioto produce hadron,
evaluated at momentum fractiap and fragmentation scat@ ;. Using thes-function in Eq. 6.1),

the integration over, can be carried out explicitly. Integration limits ovey and x; are then
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(%, 1) and @, (z4), 1) respectively. Note that,_, is a function ofz,. In addition,z. is also

a function of bothr, andx,.
In the present study, we are primarily concerned Wity (z, 2 5, 2), the nuclear parton dis-
tribution function (NPDF) for nucleud. In light of the nuclear modifications discussed in Set,
it is natural to assume that the nPDF depends on the location of the parton in the nutleu&@r(
at least on its position relative to the beam a®isTo connect this “inhomogeneous” nPDF to the

geometry-independent (homogeneous) nERF (, Q?), the normalization condition

[es € pa(5.2) Byal, @P.5.2) = Fopal, @) (5.4)

should be satisfied.
In the EPS0896], FGS [2], HIJING [54], and nDS §8] parameterizations the basic object
is the (homogeneous) shadowing funct®fr, @?) which encodes the nuclear modifications at all

relevantz and@?. The nPDF can then be written as
%/A('r:Q?) = S(A7$7Q2)fa/N(x7Q2> ) (55)
wheref, /n(z, Q?) is any available PDF of the nucleon, which can be expressed as
2 4 2 4 2
]L;L/N(IvQ ) = Zfa/p(x7Q ) + (1 - Z)fa/n(qu ) ) (5.6)

with fo (7, Q?) [fa/n(m, Q?)] being the proton [neutron] parton distribution function as a function

of Bjorkenz and factorization scal@. The HKNO7 P7] parameterization assumes this form at the
initial scaleQ3 to generate the nPDFs at this initial scale, and then evolves to obtain nPDFS at other
relevant?.

We can define an inhomogenous shadowing function as
S'(A,,Q%5,2) = 1+ No[S(A, z,Q%) — 1]d(5, 2), (5.7)

with ®(3, z) a dimensionless function of the relevant spatial coordinates\and suitable normal-

ization constant such that

S [#sd2046.2)8(4,2,Q%5.2) = 5(4,2,@). (5.8)
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HereS(A, z, Q?) denotes the homogenous shadowing function. The dimensionless fu¢tion
encodes the spatial dependence of nuclear shadowing. We take the thickness function as an assumed
form for ®(s, z). Another suitable form is using the local nuclear density.

We obtain the density distribution of the deuteron from the Hulthen wave funcligin(ds
in Ref. [99)), while a Woods-Saxon density distribution is used for gold with parameters from
Ref. [82]. Since the Nijmegen deuteron wave functid®(], which we also applied, gives simi-
lar results to the Hulthen wave function, we report only the calculations using the Hulthen wave
function here.

We fix the scales a@ = Qs = pr, wherepr is the final hadronic transverse momentum. We
also carried out calculations with the scalgs-= pr/z., Q¢ = pr. Results with the latter choice do
not differ significantly from those obtained by having both scales fixggh aThe partonic differen-
tial cross sections,«ab— cd) /df were evaluated at leading order (LO). For next-to-leading order
(NLO) applications, we use & factor to approximate the effects of higher orders. These effects
tend to cancel though, in the ratios calculated in the present study. For the fragmentation functions
we use the DSS sét)]] throughout. The DSS fragmentation functions are available in both LO
and NLO forms. We use the MRS98(2 LO and NLO nucleon parton distributions throughout
for consistency with the HKNO®[7] parameterization where the underlying PDFs are the MRS98
set.

We employ three different nPDFs in the present study: EFEED& N update of EKS{3], in-
corporating RHIC data at forward rapidity), FQGIZ], and HKNO7P7]. EPS08 is avilable only in
LO, whereas FGS is available only in NLO. HKNO7 is available in both LO and NLO forms. For
consistency, we use LO EPS08 and HKNO7 with LO DSS fragmentation functions. NLO DSS are
used in conjuction with FGS and NLO HKNO7. While EPS08 and HKNO7 are similar in the sense
that they are global fits to experimental data, FGS utilizes Gribov theory and diffractive deep in-
elastic scattering to derive nPDFs. Gluon shadowing is stronger in FGS than in EPS08 and HKNO7.
Because nuclear gluon distributions are poorly constrained experimentally, there are significant dif-
ferences between the EPS08 and HKNO7 gluon shadowing. On the other hand, since the Gribov

formalism is not capable to predict valence quark shadowing, FGS useg8l8adowing for va-
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lence quarks, and all three parameterizations are in agreement for valence quark shadowing. For sea
quarks, EPS08 and HKNO7 are in good agreemedtiat< = < 0.1. At x = 0.2 and in the small-
x regionz < 0.01 there are substantial deviations. The FGS predicts more nuclear shadowing for
sea quarks than EPS08 and HKNO7. Due tosthetegration, different nuclear effects [shadowing
(x < 0.1, depletion), antishadowin@(l < x < 0.3, enhancement), EMC effed.§ < = < 0.7,
depletion), etc] are superimposed, thus it is difficult to isolate these effects.

Since pQCD calculations are generally not reliable at jaw we do not wish to push our
calculations below; = 1.5 GeV/c. With our scale choice, this corresponds to a miningn
(Q?) of 2.25 GeV?, while EPS08, FGS, and HKNO7 gite69, 4.0, and1.0 GeV? for minimum@Q?,

respectively. The minimur@fc for the DSS fragmentation functions is givenlag GeV?.

5.3 Minimum Bias Nuclear Modification Factor

The d+Au nuclear modification factaRga, is defined as

1 dag Au
<Nbin> d"? d2pT
h M
dapp
dn d?pr

(5.9)

Raau(pr) =

where the average number of binary collisioffs},;,,) in the various impact-parameter bins is given
by
(Noin) = (o x Taau(b)) - (5.10)

Hereco't; is the inelastic nucleon-nucleon cross section, and

Tynu(b) = /d2std(§) ) (5.11)

represents the deuteron-gold nuclear overlap function. The nuclear modificationRggtais thus
just the ratio of the d+Au and proton-proton (pp) cross sections, normalized by the average number
of binary collisions,( Nyy)-

For minimum bias (integrating over all impact paramete{8),;,,) = Aq x A4, = 394 and
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thus the modification factor becomes
1 daé‘Au
394 dy dpr
do]’;‘p ’
dn d*pr
which is reminiscent of the nuclear ratio, E§.4), which encodes the nuclear modifications of

Raau(pr) = (5.12)

parton distributions. Here though, we are at the level of differential cross sections whereas the
nuclear ratio is at the level of structure functions.

The nuclear modification facto844,, have been measured at several pseudorapidities by the
BRAHMS Collaboration, and are presentedt< 0.2(n = 0),0.8 <n < 1.2(np =1),1.9 <
n < 2.35(n =2.2),and2.9 < n < 3.5(n = 3.2)[88]. At small rapidities § = 0, 1), the data are
given for the sum of charged hadrons, while at forward rapidities negatively charged hadron data
are available. The DSS fragmentation functions for average charged hadrons are employed for all
calculations. It should be remembered that the calculated results for all rapidities are therefore for
the average of charged hadrons.

We have calculated the minimum bi&g, , for total charged hadron production at the BRAHMS
pseudorapidities with the three nuclear parton distribution functions considered in this study. In the
case of the FGS nPDFs we use the strong gluon shadowing for the gold nucleus. We have only
calculated theyr distributions for final-state total charged hadrons in the present study, since we
are mainly interested in the performance of the different nPDFs. More detail for different hadron
species and fractional contributions from quarks, antiquarks, and gluons for EKS and FGS nPDFS
can be found in103. Here we limit our discussion of nuclear modification factors to the effect of

the different nPDFs. We make two general observations:

i) At midrapidity (smalln), processes initiated by both gluons and quarks are important. At
forward rapidities (largey), x3, the parton momentum fraction in gold becomes small and

gluon-initiated processes become dominant.

ii) In both, the data and the calculatioi&; »,, decreases systematically with increasing his
reflects the increasing role of shadowing since smaller valuasg afe probed at forward

rapidities.
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It should be kept in mind that the range of integration over the partonic momentum fraction in
the gold nucleusyy, iS (smin, 1). Thusz,_ . gives an indication of the relevant contributions of
the different regions (shadowing, antishadowing, etc) to the cross section. I5.Fige display
the variation ofz,_. with the transverse momentupy for the four BRAHMS pseudorapidity

intervals. For each interval we calculatg

Tin

for both the upper and lower limits of pseudorapidity.
Shadowing corresponds ig < 0.05.

The results of our calculations are displayed in Big, together with the experimental data.

At n = 0 andpr < 2 GeVlc, typicalz,,_. values are significantly belo@.1. Thus there is
substantial contribution from the shadowing region, and all three nPDFs pregigt< 1. Due to
their steeper rise oRqa, With ppr, the EPS08 and FGS nPDFs appear to describe the data better

at aroundpr = 3 ~ 5 GeV/c than the HKNO7 nPDFs. Atr = 4 GeV/c,x;, . is close to the

upper limit of shadowing, thus there is little contribution from the shadowing region. There is more
contribution from the antishadowing region, and consequeRily, > 1, with the HKNO7 being

the lowest. Atpr = 8 GeV/c, we have major contributions from both antishadowing and the EMC
effect. Thus, whileRqa, is still > 1, the trend is toward$ for both EPS08 and FGS. The HKNO7
parameterization predicts a higher value at around 1.1.

The behavior is similar at = 1. Forpr < 3 GeV/c bothz, . values are small, and thus

Raan < 1. Around thispr the HKNO7 is identical with the FGS. Aty = 4 GeV/c,z;_. ranges
higher, withRqa, > 1. The HKNO7 is significantly below EPS08 and slightly below FGS in this
region. Atpr > 8 GeV/c, Rqaw > 1 with substantial contributions from both antishadowing and
the EMC effect. All three are in good agreement with data except aplewvhere the data are
more suppressed than the calculated results.

The effect of increasing is already apparent at = 2.2, where all parameterizations predict
Raau < 1for pr < 4 GeV/c. The major contribution is from shadowing with the resulfant, <
1. The FGS is practically for pr > 5 GeV/c while Rqa, > 1 for both EPS08 and HKNQ7. This
is due to the stronger gluon shadowing in the FGS parameterization. The agreement with data is

reasonable, although the reach of the data is rather pgot. (4 GeV/c).

At n = 3.2 the dominant contribution is again from shadowing withy, < 1 for pr < 6
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Fig. 5.1: (Color Online)x,, . as a function opy for the four BRAHMS pseudorapidity intervals.

The horizontal dashed line corresponds:{g.;,, = 0.05, the approximate upper limit for shadow-

ing.
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Fig. 5.2: (Color Online) Minimum bias nuclear modification factBy 4., for total charged hadron

production at different pseudorapidities. The solid line represents the EPS08 nPDFS (upper panels)
and the FGS nPDFs (lower panels). The dashed line corresponds to the HKNO7 LO (NLO) nPDFs

for upper (lower) panels respectively. In the interyals< 0.2 and0.8 < n < 1.2, the data are for

average charged hadrons, while for the intertals< n < 2.35 and2.9 < n < 3.5, only negative

hadrons are measured. The error bars represent statistical errors.
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GeV/c for HKNO7 while both FGS and EPS08 gi¥& s, < 1 essentially for allpr. At low pr
the EPS08 describes the data best while at pight is similar to the FGS. The HKNO7 is less
suppressed at highy than both EPS08 and FGS. As in the case ef 2.2, the data is limited to
pr < 4 GeV/c.

5.4 Central-to-Peripheral Ratios

A related ratio, which dispenses with the need for a reference pp cross section and uses information
from the same experiment in numerator and denominator, thus canceling most systematic errors, is

the central to peripheral ratio defined as
1 dag/gu
(Nbin)c dny dpr
1 daé‘fu
(Nbin) P dip dpr
where (N, ) is as defined in Eq.5(10. The labelC stands for the central event class, white

Recp(pr) = , (5.13)

denotes the peripheral class. The centrality classes are chosen according to centrality cuts on the
experimental data.

The BRAHMS data are given in three centrality classes: central (0-20)%, semicentral (30-
50)%, and peripheral (60-80)% (as a percentile of the geometric cross section). With a Woods-
Saxon density for gold and the Hulthen wave function for the deuteron, a Glauber calculation of
Taau relates these classes to impact parameter interval®3s) < o < 3.81 fm for central,

4.66 < b < 6.01 fm for semicentral, an@.59 < b < 7.74 fm for peripheral. It should be noted

that our calculation assumes exact impact parameter cuts while, experimentally, impact parameter
is poorly measured on an event-by-event basid in Au collisions. We will use the notation

Rcp to refer to the central-to-peripheral ratio, whikgp will be used to denote the semicentral-to-
peripheral ratio in the following.

The results of our central-to-peripheral ratii(p) calculation are displayed in Fi§.3, together
with the BRAHMS data. Aty = 0, where the data indicate d&p > 1 at2 < pr < 4 GeV/c, the
calculated results are below the data, while at bpth 2.2 andn = 3.2 the data show significant

suppression, with the calculations givifgp close to unity. Aty = 1 the calculation can be said
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Fig. 5.3: (Color Online) Central-to-peripheral ratiB-p for total charged hadron production at
different pseudorapidities. The solid line represents the EPS08 nPDFS (upper panels) and the FGS
nPDFs (lower panels). The dashed line corresponds to the HKNO7 LO (NLO) nPDFs for upper
(lower) panels respectively. Solid triangles denote BRAHMS data. In the inténjais 0.2 and

0.8 < n < 1.2, the data are for average charged hadrons, while for the interndals n < 2.35

and2.9 < n < 3.5, only negative hadrons are measured. The solid error bars are systematic errors,

while dashed error bars represent statistical errors.
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to be in reasonable agreement with the data. Although the calculation exhibits the trend toward in-
creasing suppression in the datajascreases, the calculated variation witis much smaller than

the one shown by the data. This shortcoming becomes increasingly evident at forward rapidities.
Fig. 5.4 shows the calculated semicentral-to-peripheral ratig, using the three nPDFs, together
with the BRAHMS data. The situation here mirrors that of the central-to-peripheral ratios. The re-
sults underpredict the datarat= 0, but overpredict at forward rapidities. The degree of suppression

at forward rapidities is not as severe as in the central-to-peripheral ratios. In fact, due to the large
error bars, there is reasonable agreement with data atound 4 GeV/c.

Both Rcp and Rgp are geometry-dependent, thus the assumed spatial dependence of shadow-
ing is important. We have checked that shadowing proportional to the local density gives worse
agreement with data than shadowing proportional to the thickness function. A variation of the
thickness function dependence where we used higher powers gives better agreement aut
still overpredicts significantly at other rapidities. With these shadowing parameterizations, a more
radical spatial dependence is needed to describe the data for both ratios. Another factor that may be
responsible is a too-weakdependence of the available shadowing parameterizations.

The absence of spatial dependency in minimum bias nuclear modification factor calculations
plays an important role in the apparent better agreement of calculated results with experimental
data. Even though the central-to-peripheral ratios should be more reliable experimentally due to the
cancellation of systematic errors, the theoretical calculations of these ratios are heavily dependent
on the totally unknown spatial dependence of the parton distributions and also the necessity of
sharp impact parameter cuts. These constraints are primarily responsible for the apparently worse

agreement of the calculated results with experimental data.
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Fig. 5.4:(Color Online) Semicentral-to-peripheral rafity.p for total charged hadron production at
different pseudorapidities. The solid line represents the EPS08 nPDFS (upper panels) and the FGS
nPDFs (lower panels). The dashed line corresponds to the HKNO7 LO (NLO) nPDFs for upper
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(lower) panels respectively. Solid triangles denote BRAHMS data. In the inténjais 0.2 and

0.8 < n < 1.2, the data are for average charged hadrons, while for the interndals n < 2.35

and2.9 < n < 3.5, only negative hadrons are measured. The solid error bars are systematic errors,

while dashed error bars represent statistical errors.
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5.5 Pseudorapidity Asymmetry

As the mechanisms for hadron production in d+Au collisions may be different at forward rapidities
(deuteron side) and backward rapidities (gold side), it is of interest to study ratios of particle yields
between a given rapidity value and its negative in these collisions. The STAR Collaboration has

measured pseudorapidity asymmeti@&h[defined as

h
doja,

s (Au-side)
Vg = —1=PT 7 (5.14)

h
d“dQAu (d-side
dn d*pr

in d+Au collisions for several identified hadron species and total charged hadrons in the pseudora-
pidity intervals|n| < 0.5 and0.5 < |n| < 1.0. Rapidity asymmetries with the backward/forward ra-

tio above unity for transverse momenta upt® GeV/c are observed for charged pion, proton+anti-
proton, and total charged hadron production in both rapidity regions. We want to see if different
nPDFs give significantly different rapidity asymmetries for the various hadron species.

In d+Au collisions at small rapidities, particle production may include contributions from gold-
side partons that may have been modified by nuclear effects and from deuteron-side partons that
have experienced multiple scattering while traversing the gold nuc&s It should be kept in
mind that the latter effect is not included in the present calculations.

We have calculated,s, for charged pions#* + 7~), charged kaons, protons+antiprotons
(p + p), and total charged hadrons'(+ h~). Below 2 GeV/c, data are available for total charged
hadrons only. Above 2 GeV/c, separated data exist-for- 7= and forp + p. A benefit of using
a ratio is that the systematic errors largely cancel and<aé; for both pions and protons; 3%
for charged hadrons3p]. For pr < 4.2 GeV/c the errors are dominantly systematic and thus the
statistical errors are not displayed. At higherstatistical errors tend to become dominant. Since the
asymmetry is a ratio of the yields in two different rapidity intervals, the respegthgistributions

are mostly responsible for the global trends observed in the calculations.
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5.5.1 Pseudorapidity and nuclear modifications

Consider the (double) ratio of the forward and backward nuclear modification factérs:icolli-

sions for species:
Rh u br, —
R;L(pT) _ d}/l{ ( 77) _
RdAu(pT7 T])

EhdSUgAu/dSP‘_U Ehd30—(}1LAu/d3p"’] (5 15)
EpdPol [dp|_, E,dPol [dp|,,

As discussed in Ref9]l], since thepp rapidity distribution is symmetric aroung= 0, if the same
backward and forward (pseudo)rapidity ranges are taken in both direction$ing.g. < |n| <
Inmaz|), then thepp yields cancel in eq.5 15 and one obtains that the ratio defined 16 is

identical to the pseudorapidity asymmetby4):

RE, (o7, —7)
Y (pr) = RMpr) = —dAw2 O 5.16
y(pr) = Ry (pr) Rt (prom) (5.16)

As an illustration we display, in Figh.5, this connection for pion production in the two STAR
intervals,|n| < 0.5 and0.5 < |n| < 1.0, for both EPS08 and HKNO7 LO nPDFs. The features

displayed are common to all hadronic species considered in the rest of this study.

5.5.2 Minimum-bias asymmetryy| < 0.5

Fig. 5.6 shows the result of our pseudorapidity asymmetry ratio calculations for the intghvl

0.5, together with the STAR dat@@]. We plot the calculated results with the EPS08 (solid line,upper
panels), FGS (solid line,lower panels), and HKNO7 (dashed, LO upper panels, NLO lower panels)
nuclear parton distributions. Aroungd= 0 one expects the degree of asymmetry to be small. This

is borne out by both data and calculation. At very lpy, there is more contribution from the
shadowing region for the positive rapidity (deuteron-side) than the negative rapidity (gold-side).
Thus the ratio is expected to be above unity. Fpr> 3 GeV/c, thex, distributions are similar,

with less contribution from the shadowing regionzasincreases. Thus the asymmetry is not far
from unity. The EPS08 and FGS nPDFs give similar results for all hadronic species. The HKNO7

nPDFs yield a different curvature and pseudorapidity asymmetries that remain above unity for a
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Fig. 5.5:(Color Online) Nuclear modification®q ., (left panels), and pseudorapidity asymmetry,
Yasy, (right panels), for pions dt)| < 0.5 and0.5 < || < 1.0 using EPS08 and HKNO7 LO
nPDFs. Filled triangles denote the STAR data.
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Fig. 5.6: (Color Online) Pseudorapidity asymmetdy,,,, for different hadrons afy| < 0.5. The
solid line represents the EPS08 nPDFs (upper panels) and the FGS nPDFs (lower panels). The
dashed line corresponds to the HKNO7 LO (NLO) nPDFs for upper (lower) panels respectively.

Filled triangles denote the STAR data. The solid error bars are systematic errors, while dashed error

bars represent statistical errors.



85

wider range of transverse momenta. For the total charged hadrons ratio, the calculation is below the
data forpr < 5 GeV/c. Atthe present level of combined experimental and theoretical uncertainties,
we can claim that’,s, is reasonably reproduced far™ + =~ andp + p, in particular at large

transverse momenta.

5.5.3 Centrality-selected asymmetiy} < 0.5

We have also calculated pseudorapidity asymmetry in two centrality cladseg€d% and40 —
100%) for both pions and protons. The result of our calculations for pions is shown in Figtre
In general, the experimental data are clustered around unity, especially fidrthE00% centrality
class. All parameterizations show trends similar respectively to those observed in the minimum bias
case.

(i) pions: 0 — 20% centrality class
Both EPS08 and FGS follow the trend of the data with increagingdropping below unity at
higher values opr. The HKNO7 results, on the other hand, remain essentially above unity for all
pr considered. The HKNO7 underpredicts the data for the lopestvhere EPS08 and FGS give
better agreement. Fpr- > 3 GeV/c, all three parameterizations give good description of the data.
(i) pions: 40 — 100% centrality class
Here the data are heavily clustered around unity, and all three nPDFs considered give results reflect-
ing this. The trends observed in both minimum bias @rd20% are still evident, although much
less pronounced. In view of the magnitude of the error bars, all three parameterizations give good
agreement with data for git;.

The result of our calculations for protons is displayed in Figa& Unlike the pion case, all
data points are above unity for both centrality classes.
(i) protons:0 — 20% centrality class
The situation is similar to that of pion production. Both EPS08 and FGS give better reproduction
of experimental data at logyy than HKNO7. Fompr > 3 GeV/c, all three parameterizations give

reasonably good description of the data.
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Fig. 5.7: (Color Online) Pseudorapidity asymmetdy,,,, for pions in two centrality classes at
In| < 0.5. The solid line represents the EPS08 nPDFs (upper panels) and the FGS nPDFs (lower
panels). The dashed line corresponds to the HKNO7 LO (NLO) nPDFs for upper (lower) panels

respectively. Filled squares denote the STAR data.
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(i) protons: 40 — 100% centrality class
The agreement with data for all four parameterizations, while reasonable, is not as good as that of
the 0 — 20% centrality class. All the nPDFs considered underpredict the data gtdowand give

results close to unity.

5.5.4 Minimum-bias asymmetry.5 < |n| < 1.0

Figure5.9shows the result of our pseudorapidity asymmetry ratio calculations for the inbesval

In| < 1.0. Atlow pr, the situation is similar tgn| < 0.5. Thus the asymmetry is above unity.
However, appr > 3 GeV/c, ther, distributions start to become significantly different. While there
are still some contributions from the shadowing region for the positive rapidity even up to the highest
pr, the negative rapidity yield has no shadowing contributiorpfer> 8 GeV/c. Thus one expects

the asymmetry to be more substantial than|fgr< 0.5. This is borne out by the calculations. As

in |n| < 0.5, EPS08 and FGS give very similar results. The HKNO7 nPDFs also behave similarly
to what was seen &| < 0.5, the difference between EPS08 and FGS on the one side, and HKNO7
on the other, becoming more pronounced. All calculations underpredict the data forh~. For

7T + 7~ andp + p, the calculation agrees with the data within error for large transverse momenta.

It will be interesting to see the data for charged kaons, when they become availghle[

5.5.5 Centrality-selected asymmetty5 < |n| < 1.0

Figure5.10shows the result of our calculations for pions for both centrality classes under consid-
erations. The data shows a more pronounced asymmetry unlike the case of pion production in the
interval |n| < 0.5. This reflects the observed trend of increasing asymmetry as one moves away
from midrapidity.

(i) pions: 0 — 20% centrality class

The EPSO08 gives the best agreement with experimental data, reproducing nicely the trend of the
data withpr. The FGS shows a similar trend, but underpredicts the data especially ailothe

HKNO7, as usual, has a different curvature from both EPS08 and FGS. It underpredicts the data at
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Fig. 5.8: (Color Online) Pseudorapidity asymmety,,, for protons in two centrality classes at
In| < 0.5. The solid line represents the EPS08 nPDFs (upper panels) and the FGS nPDFs (lower
panels). The dashed line corresponds to the HKNO7 LO (NLO) nPDFs for upper (lower) panels

respectively. Filled squares denote the STAR data.
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Fig. 5.9: (Color Online) Pseudorapidity asymmetk,,, for different hadrons a.5 < |n| < 1.0.

The solid line represents the EPS08 nPDFs (upper panels) and the FGS nPDFs (lower panels). The
dashed line corresponds to the HKNO7 LO (NLO) nPDFs for upper (lower) panels respectively.
Filled triangles denote the STAR data. The solid error bars are systematic errors, while dashed error

bars represent statistical errors.
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Fig. 5.10: (Color Online) Pseudorapidity asymmetny,,, for pions in two centrality classes at
0.5 < |n| < 1.0. The solid line represents the EPS08 nPDFs (upper panels) and the FGS nPDFs
(lower panels). The dashed line corresponds to the HKNO7 LO (NLO) nPDFs for upper (lower)

panels respectively. Filled squares denote the STAR data.
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low pr, but gives good agreement fof > 3 GeV/c.
(i) pions: 40 — 100% centrality class
The results re quite similar to those®f 20% centrality class. The EPS08 still gives the best agree-
ment with data for most of ther considered. The FGS shows less underprediction than before.
The behavior of HKNO7 is the same as in the 20% centrality class, with results closer to unity.

The results of our calculation for proton production in the two centrality classes are displayed
in Figure5.11 Both data and calculations exhibit trends similar to the pion case.
(i) protons:0 — 20% centrality class
The calculated results are similar to the pion case. The EPSO08 still gives the best reproduction of
data, while the FGS underpredicts the data especially gifowhe HKNO7, while underpredicting
significantly at lowpr, gives quite reasonable agreementat> 3 GeVi/c.
(i) protons:40 — 100% centrality class
Except for the lowespr, the data is close to unity and all three parameterizations give reasonable
agreement with data. Thus both data and calculations suggest that the asymmetry for this centrality
class is consistent with unity. This implies roughly equal proton production in both negative and

positive pseudorapidity regions.
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Fig. 5.11:(Color Online) Pseudorapidity asymmethy,,,,, for protons in two centrality classes at
0.5 < |n| < 1.0. The solid line represents the EPS08 nPDFs (upper panels) and the FGS nPDFs
(lower panels). The dashed line corresponds to the HKNO7 LO (NLO) nPDFs for upper (lower)

panels respectively. Filled squares denote the STAR data.



CHAPTER®G

SUMMARY AND CONCLUSION

The subject of parton distributions, even in a free nucleon, is both fascinating and quite complex.
A detailed treatment involves the whole breadth of Quantum Chromodynamics (QCD): nonper-
turbative aspects are needed in the rigorous definition of PDFs (for example the moments of the
distributions, calculable using lattice QCD) and perturbative aspect are required in theii@tale
evolution. The modifications of PDFs in the nuclear environment add another layer of complexity.
Different regions in the Bjorker and scale)? plane correspond to different physical phenomena
(shadowing, EMC, Fermi motion, etc), which often involve quite diverse techniques to describe the
physics. Itis thus both necessary and economical to determine parton distributions, in free nucleons
and in nuclei, from global fits to experimental data. Since the distributions are universal, they permit
predictions of physical processes involving hard collisions, using the principle of factorization.

The work presented in this study can be divided into two complimentary parts. The first part
deals with nuclear modifications of PDFs at smallwhile the second part tests nuclear PDFs in
deuteron-gold collisions. Since the subject of nuclear modifications to parton distributions is vast,
we focus attention on the kinematic regime relevant to the experimental determination of nuclear
modifications at very smadl in the first part. Due to the correlation betweeand@Q? at fixed target
experiments, smalt necessarily implies smaip?. Since data on smatl nuclear modifications are
only available presently from fixed target experiments, we investigate nuclear shadowing at both
smallz and smalkQ?. In the second part, we apply the most up-to-date existing parameterizations
of parton distributions (mostly from global analyses) to calculate experimental quantities which
directly manifest the influence of modifications to parton distributions.

In Chapter and3 we review basic facts about parton distributions: their technical definitions,
properties, and experimental determinations. These two chapters are not meant to provide a com-

prehensive overview; they are to summarize some definitions needed in later chapters and to give
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an initial orientation. The cited references provide a more detailed and thorough coverage of the
different aspects of parton distributions, in particular, areas not treated here.

Chapterst and5 contain our original work. In Chaptdrwe study nuclear shadowing at small
andQ?, the regime relevant to fixed target experiments (NMC and E665) which furnish the presently
available lowz data. The Gribov approach is particularly well suited for understanding small
nuclear shadowing. The physical picture is of the incident virtual photon fluctuating into an inter-
mediate hadronic state, which then interacts coherently with more than one nucleon in the nucleus.
The major requisite ingredient is thus the diffractive dissociation cross section, which includes both
the resonance region and the high-mass continuum region. For the resonance region we use vector
meson dominance, which accounts for the photon fluctuating into vector mesons. The high-mass
region is treated using the triple-regge phenomenology. We include both the pomeron and the sub-
leading reggeons to model the photon fluctuating into a continuum of quark-antiquark pairs. The
results of our calculations are compared with experimental data from both the NMC and the E665
experiments. We find reasonably good agreement with experimental data, especially for mass num-
bersA > 12. Better agreement with data may be achievedAfer 12, by using a different nuclear
density distribution.

There are currently two “most recent” global analyses of nuclear parton distributions on the
market: the EPS08 and the HKNOQ7 sets. The earlier FGS parameterization uses Gribov theory and
diffractive structure functions to generate parton distributions. In Chaptex use these nuclear
parton distributions to calculate various quantities of experimental interest. These are minimum bias
nuclear modification factors, centrality-dependent modification factors (central-to-peripheral and
semicentral-to-peripheral ratios), and pseudorapidity asymmetry, both minimum bias and centrality-
selected. The experimental data are from BRAHMS and STAR collaborations. The modification
factors from the BRAHMS experiment, both minimum bias and centrality-dependent, show a sup-
pression with increasing pseudorapidity. The centrality dependent ratios, in particular, show a strong
suppression as one moves to forward rapidities (large positive values of pseudorapidity). Our cal-
culations give reasonable agreement with data for both minimum bias modification factors and

centrality-dependent ratios around midrapidity (arowne= 0). The calculations are unable to
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describe the suppression of these ratios at forward rapidities, especially in the case of the central-
to-peripheral Rcp) ratio. The situation is slightly better for the semicentral-to-periphagalr|

ratio, especially at higherr. Using different parameterizations of the spatial dependence of parton
distributions is unable to cure this defect. Thus it seems likely that additional physics is needed to
be able to adequately describe the data at forward rapidities.

Pseudorapidity asymmetry reveals differences between the various parton distributions that are
not very apparent while considering modification factors. In general, both data and calculations are
close to unity in the intervaly| < 0.5, but are enhanced as one moves from midrapidity to the
interval 0.5 < |n| < 1.0. Both EPS08 and FGS show quite similar behavior in the prediction of
asymmetry as a function gf;, while FGS tends to give smaller values due in part to the stronger
gluon shadowing. The HKNO7 set in general exhibits a different trend withit consistently
underpredicts the data at lgw and stays above unity at transverse momenta where both EPS08 and
FGS are below unity. This feature is apparent for all measured hadron species and pseudorapidity
intervals considered in this study.

In the interval|n| < 0.5 and for minimum bias, all three parameterizations give reasonable
agreement with data for pions, protons and charged hadrons, especialfy o8 GeV. We make
predictions for the kaons. For the centrality-selected asymmetry, we also have good agreement for
both pions and protons. The same trend is seen in the intervak |n| < 1.0 where, in the
minimum bias case, the agreement is good for both pions and protons. For the charged hadrons
the calculations generally underpredict the data, for all parameterizations. We have good agreement
with data for both pions and protons for the two centrality classes presented in this study.

In conclusion, we demonstrate that a good description of nuclear shadowing at small values of
x is achievable using Gribov theory and data on diffractive dissociation. We also show that nuclear
modifications to parton distributions play an important role in describing experimental results on
modification factors and pseudorapidity asymmetry. This work contributes to the evaluation of
various competing PDF parameterizations on the market today. We can extend our calculations to
higher rapidities, higher energies, and different collision systems, if and when such experimental

results become available.



APPENDIXA

KINEMATICS

The use of light-cone variables, rapidity, and pseudorapidity is very common in treating high-energy
scattering, particularly in hadron-hadron and lepton-hadron collisions. The essential features of
these collisions that make these variables of utility are the presence of ultrarelativistic particles and
a preferred axis. We collect the basic formulae in this Appendix, starting with the usual Minkowski

space four-vectors.

A.1 Minkowski four-vectors and scalar product

Metric tensor.g,,, = diag(1,—1,—-1,—1)

Contravarianti-vector:a* = (ag, @)

Covariant4-vector:a,, = g,.a” = (ag, —a)

Scalar producta® = a,a* = a2 — |@?, a-b=aub' =ag-by—a-b

Momentund-vector:p# = (E, py, py, =), WhereE = (p? 4+ m?)1/?

A.2 Gamma Matrices

Anticommutation relations{y*, v/} = yHa¥ + y¥y# = 26" | {¥°,4*} =0
Definition of 7°: 75 = 7° = i7%9'72v% = —iny17273
Hermitian conjugatesy’t =~°, (%) = 4% (49)T =175, ()T = 404440

Squares(7°)? = —(v¥)2 = (y5)2 =1, k=1,2,3 I=2 x 2identity matrix
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A.3 Mandelstam variables

Two patrticles ofd-momentap; andp, and masses:; andms scatter to particles of-momentaps

andp, and massesi3 andmy; the Lorentz-invariant Mandelstam varaiables are defined by

s=(p1+p2)® = (p3s +ps)* =mi +2E1Ey — 2pi - pp — m3 (A1)
t=(p1—p3)?=(p2—pa)* =mi—2E1E3+2pi - p3 +m3 , (A.2)
u=(p1 —ps)* = (p2 — p3)*> = m? — 261 B4 + 2pi - pi +mj , (A.3)

and they satisfy
s+t+u=mi+m3+mi+ms. (A.4)

A.4 Light-cone coordinates
A.4.1 Definitions

Light-cone coordinates are defined by a change of variables from the(usua), z) or (0,1, 2, 3)

coordinates. Given a vectdf*, its light-cone components are defined by

V0+V3 Vo _y3 .
yro L -V g ey, A5
7 7 ( ) (A.5)
andV# = (V*+, V=, VT). Thus for example,
0., .3
+=2r A6
gl 7 (A.6)

Some authors prefer to omit the//2 factor in Eq. A.5). It can easily be verified that Lorentz
invariant scalar products have the form
V-w o= viw v wt-vT.wT

V.V o= 2ty — (V)2 (A7)
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What are the motivations for defining such coordinates, which evidently depend on a particular
choice of thez axis? One is that these coordinates transform very simply under boosts alang the
axis. Another is that when a vector is highly boosted along:taeis, light-cone coordinates nicely
show what are the large and small components of momentum. Typically one uses light-cone coordi-
nates in a situation like high-energy hadron scattering. In that situation, there is a natural choice of
an axis, the collision axis, and one frequently needs to transform between different frames related
by boosts along the axis. Commonly used frames include the rest frame of one of the incoming

particles, the overall center-of-mass frame, and the center-of-mass of a partonic subprocess.

A.5 Rapidity and Pseudorapidity
A.5.1 Rapidity
A.5.1.1 Boost of particle momentum

Consider a particle of mass that is obtained by a boost from the rest frame. Its light-cone

momentum is

2
- + M5
pro= <p ,2p+,0>

_ <;”§ew, %ew,ﬁ) (A.8)

Notice that if the boost is very large (positive or negative), only one of the two non-zero light-cone
components of* is large; the other component becomes small. With the usual components two of
the componentg andp?, become large.

Suppose next that we have two such partiglesndp-, with the boost for particle 1 being much
larger than that for particle 2. Then in the scalar product of the two momenta only one component
of each momentum dominates the result, thus for exaiaple- p2)? ~ 2p; p, . This implies that,
when analyzing the sizes of scalar products of highly boosted patrticles, it is simpler to use light-cone

components than to use conventional components.
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A.5.1.2 Definition of rapidity

Since the ratigpt /p~ gives a measure?” of the boost from the rest frame, we are led to the
following definition of a quantity called “rapidity”:

p"’_l1 E +p*

1
y—d)—ilnp 2n7E—pz’ (A.9)

which can be applied to a particle of non-zero transverse momentum. The 4-momentum of a particle

of rapidity y and transverse momentym is

2 2 2 2
. <\/m;pT Ry e-yﬁT) | (A10)

with |/m? + pZ being called the transverse enetfy of the particle. It can be checked that the

scalar product of two momenta is
p1 - p2 = ErrEor cosh(yr — y2) — pir - Por- (A.11)

In the case where the transverse momenta are negligible, this redueésdsh(y; — y2), which is
like the formula for the product of two Euclidean vectpisps = p1p2 cos 6, with the trigonometric

cosine being replaced by the hyperbolic cosine.

A.5.1.3 Transformation under boosts

Under a boost in the direction, rapidity transforms additively:

y—y =y+. (A.12)

This implies that in situations where we have a frequent need to work with boosts alongxisdt
is economical to label the momentum of a particle by its rapidity and transverse momentum, rather

than to use 3-momentum.

A.5.1.4 Rapidity distributions in high-energy collisions

It also happens that in most collisions in high-energy hadronic scattering, the distribution of final-

state hadrons is approximately uniform in rapidity, within kinematic limits. That is, the distribution
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of final-state hadrons is approximately invariant under boosts i thieection. This implies that
rapidity and transverse momentum are appropriate variables for analyzing data and that detector
elements should be approximately uniformly spaced in rapidity. (What is physically possible is to
make a detector uniform in the angular variable pseudo-rapidity that | will discuss below.) This is
in contrast to the situation far"e~ collisions where most of the interest is in events generated via
annihilation into an electro-weak boson. Such events are much closer to uniform in solid angle than

uniform in rapidity.

A.5.1.5 Non-relativistic limit

Observe that for a non-relativistic particle, rapidity is approximately the same as velocity along the

z-axis, for then

1. F ? 1 #
y = =1 P Nflnmzvz. (A.13)

2 nE—pZ_Q m — mv?

Non-relativistic velocities transform additively under boosts, and the non-linear change of variable
from velocity to rapidity allows this additive rule EqA(L2) to be transferred to relativistic particles
(but only in one direction, the direction of boost).

One way of seeing this is as follows: The relativistic law for addition of velocities in one di-

mension is

_ P2+ fBos
1+ B120923’

whereg, is the velocity of some object 1 measured in the rest-frame of object 2, etc. This formula

Prs (A.14)

is reminiscent of the following property of hyperbolic tangents:

tanh A + tanh B
1+ tanh Atanh B~

tanh(A + B) = (A.15)

So to obtain a linear addition law, we should write = tanh A;2, and then the rule EqA(14) for
the addition of velocities becomes simply; = A12 + As3. The A variables are exactly relative

rapidities, since

z + -
P _ P —P
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A.5.1.6 Relative velocity

Rapidity is the natural relativistic velocity variable. Suppose we have a proton and a pion with the
same rapidity apbr = 0. Then they have no relative velocity; to see this, one just boosts to the rest

frame of one of the particles. But these same particles have very different en@gies%’;Eﬁ.

A.5.2 Pseudorapidity

The rapidity of a particle can easily be measured in a situation where its mass is negligible, for then
it is simply related to the polar angle of the particle.

First let us define the pseudorapidity of a particle by
0
n = —Intan 3 (A.17)

wheref is the angle of the 3-momentum of the patrticle relative totheaxis. It is easy to derive

an expression for rapidity in terms of pseudorapidity and transverse momentum:

\/m2 + p2 cosh? ) + pr sinh 7

Y
w/m2+p%

In the limit thatm < pp, y — n. This accounts both for the name ‘pseudorapidity’ and for

(A.18)

the ubiquitous use of pseudorapidity in high-transverse-momentum physics. Angles, and hence
pseudorapidity, are easy to measure. But it is really the rapidity that is of physical significance: for
example the distribution of particles in a minimum bias event is approximately uniform in rapidity
over the kinematic range available.

The distinction between rapidity and pseudorapidity is very clear when one examines the kine-
matic limits on the two variables. In a collision of a given energy, there is a limit to the energy of
the particles that can be produced. This can easily be translated to limits on the rapidities of the
produced particles of a given mass. But there is no limit on the pseudorapidity, since a particle can
be physically produced at zero angle (orl&0°), where its pseudorapidity is infinite. The parti-
cles for which the distinction is very significant are those for which the transverse momentum is

substantially less than the mass. Note: from Bql9) it follows thaty < n always.



APPENDIX B

TRIPLE-REGGEMODEL OF HIGH-MASS CONTINUUM

In Sec.4.3.2.3 the diffractive dissociation cross section is needed as an input to calculate the shad-
owing ratio. In this Apppendix we summarize the treatment of the high-mass continuum part of this
cross section. The relevant diagram is shown in figide

ForW? > Mf( the processp — Xp may be treated with a so-called Regge expansion. The
amplitude at fixed\/, is then a sum of amplitudes for the exchange of “reggeorisat produce
all possible final stateX’. The corresponding cross section contains products of flux factors for
reggeons and; and amplituded’,,, ;) — x T';(ozj(t)ﬂX The generalised optical theorem relates the
sum overX of these matrix elements to the forward amplitude for the proges§) — ~vo;(t)
at an effective centre of mass enerd, . When Mf( is large by comparison with the hadronic
mass scale,, a Regge expansion is also appropriate for the photon-reggeon scattering amplitude,
such that the dissociation cross section may be decomposed into triple-Regge terms as shown in

figure B.1. The cross section may then be expressed as a sum of contributions with regigeons

Fig. B.1: Triple-Regge model of difractive dissociation cross section

andk as
) . ak(0)
do S, W2\ % ()4 (1) M}Q( k
dtdMz ~ Wt g el i) —¢;M] . (B.1
dtdm2 — wh %GW’“(” <M§> 5, cos[¢i(t) —¢;(t)] . (B.1)
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The functionsG;;,(t) ando;(t) are not predicted by the model and must be determined from
experimental measurements. The trajectotigg) are assumed to take the linear form(t) =
;(0)+ajt. The phase; (t) of reggeon is determined by the signature factgi(t) = ¢+e~ " ®),
where( = +1 is the signature of the exchange. The signature factors are writtep(tas=
n9(t) ™ with the modulin)(t) absorbed into the parameters introduced in equatidd.2).

For photoproduction reggeorisand j must have the same signature such that) — ¢;(t) =
T laj(t) — ai(t)]. As is customary the scalg is set tol GeV2. The functionsG;;x(t) may be

factored into products of couplings each of the form

Git(1) = 1= Bui(t) Bpi(1) B(0) gign(t) 8.2

where the g terms describe the couplings of the reggeons to external particles and
gi;1(t) is the appropriate three-reggeon coupling. TFraependence of the reggeon-proton and
three-reggeon couplings are parameterised hefg;&9 = 3,;(0)e’ andg;;x(t) = g;;1(0)ebi+.

The “pomeron”IP, with trajectoryay, (¢), is unique in Regge theory in that its intercept is
significantly larger than those of all other reggeons. In the limit in which BigthA/2 and M2 —

oo only theijk = IPIPIP term survives and equatioB (1) reduces to

ap(0)
i = ) Gy () e, 5
where B(IW? M2) = 2b,p + bppp + 2o, InW?2/M2. After the pomeron, the next-leading
reggeons have approximately degenerate trajectories and carry the quantum numbegs of the
ae and fo mesons. The reggeons under consideration are hereafter referrefPt@as, a and f.
Their isospin, signature and C- and G-paritieslB(@+++), p(1—++), w(0——), a(1++—) and
f(04+-++). In this analysis the symbdR is used to describe combinations of the four subleading
reggeons and a single effective trajectary(t) is assumed.

With the two trajectoriese, (t) anday, (), equation B.1) leads to a total of six terms with
distinct W2 and Mf( dependences. Diffractive contributions correspond to the case where both

reggeons andj are the pomeron. In addition to the triple-pomeron diagram, a further diffractive
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term arises from théjk = IPIPIR diagram. The reggeonmust have the quantum numbers of the
f meson in order to satisfy the requirements of conservation of C-parity at the photon vertex and C-
and G-parity at the three-reggeon vertex.

The pomeron ha® (0 + ++) and is thus identical to thé meson, leading to interference. We
neglect such interference effect in the present study.

The differential dissociation cross section including both the pomeron and subleading reggeons

can thus be written as
1—a (0 l1—a (0
d20' - GIPIP]P(O) Sy IP( ) G]P]p]R(O) Sy ]R( )
dt dM}Q( o MQO‘]P (0) M4a]P (0)—2a (0)

X X

(W2)2a1p(0)—2 eB(WQ,M)Q()t’ (B.4)

whereB(W?2, M2) = 2b,p + 2o/, In(W?/M?2). Hereb,p is the proton-pomeron slope parameter
anda/, is the slope of the pomeron trajectory, anda,, are the pomeron and (effective) reggeon
intercept respectively. We use the valuesaf] for these parameters. Note that the valuexpf0)
(ap (0) = 1.068+0.0492) agrees within error with the soft pomeron intercept in Reg] (o, (0) ~
1.081). The usual triple-pomeron approximation corresponds to putfipgr (0) = 0in eq. B.4).
Note that the subleading reggeons are expected to have appreciable effectsMéﬁ lewce their

contribution goes likel/ _* and is thus negligible at high/? .
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