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ABSTRACT

Nuclear Modi�cation Factors for Hadrons

At Forward and Backward Rapidities

in Deuteron Gold Collisions at
p
sNN = 200 GeV

Chun Zhang

We report on the charged hadron production in the deuteron-gold reactions at
p
sNN = 200 GeV. Our measurements in the deuteron-direction cover 1:4 < � < 2:2,

referred to as forward rapidity, and in the gold-direction �2:0 < � < �1:4, referred

to as backward rapidity, and a transverse momentum range from 0:5�4:0 GeV/c. We

compare the relative yields for di�erent deuteron-gold collision centrality classes. We

observe a suppression relative to binary collision scaling at forward rapidity, sensitive

to low momentum fraction ( x ) partons in the gold nucleus, and an enhancement

at backward rapidity, sensitive to high x partons in the gold nucleus.
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Chapter 1

Introduction

1.1 Structure of hadrons

1.1.1 Constituents of the matters.

In ancient China, philosophers speculated that all matter was made from �ve fun-

damental elements. They are water, �re, wood, earth and gold. In the meantime, a

similar concept, but closer to the modern sense, appeared on the other side of the

earth. In ancient Greece, philosophers gave birth to the concept of the atom which

was regarded as the unbreakable constituent of all matter. Since then technology

and science have developed to allow us to have a much deeper and more complete

picture of the matter. Now we know that all the matters in the universe are made

from quarks and leptons. Quarks build up nucleons, nucleons build up nuclei, nuclei

and electrons build up atoms. All macroscopic matter is made from atoms. In-

cluding neutrons, protons and electrons, there are over 100 particles and all these

particles can be divided into two big categories. Particles which undergo strong

interactions are called hadrons and the others which do not participant in strong in-

teractions are called leptons. Besides hadrons and leptons, there are particles which

mediate interactions. These particles are called bosons. All hadrons are made from

quarks. Depending on how many quarks hadrons are made from, they can be called

either mesons( quark and anti quark pairs) or baryons(three quarks). Analogous

to electrons carrying electric charge, quarks carry color charges. There are three
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Table 1.1: Summary of all fundamental particles in Standard Model. Q represents the
electric charge. B is Baryon Number. S is strangeness. C is the charm quantum number.
b and T are the quantum numbers for bottomness and topness. Iz is the third component
of isospin and IW

z is the third component of weak isospin. Le;�;� are the eletron/muon/�
lepton numbers.

down(d) up(u) strange(s) charm(c) bottom(b) top(t)

Q �1
3 +2

3 �1
3 +2

3 �1
3 +2

3

Iz �1
2 +1

2 0 0 0 0

B 1
3

1
3

1
3

1
3

1
3

1
3

S 0 0 �1 0 0 0

C 0 0 0 +1 0 0

b 0 0 0 0 �1 0

T 0 0 0 0 0 +1

Constituent
mass (MeV) 360 360 540 1500 5 � 103 174 � 103

electron e neutrino muon � neutrino Tau � neutrino
(e) (�e) (�) (��) (�) (�� )

Q �1 0 �1 0 �1 0

IW
z �1

2 +1
2 �1

2 +1
2 �1

2 +1
2

Le +1 +1 0 0 0 0

L� 0 0 +1 +1 0 0

L� 0 0 0 0 +1 +1

Mass (MeV) 0:511 < 7 � 10�6 105:7 < 0:27 1777 < 31

photon W boson W boson Z boson gluons
(
) (W +) (W �) (Z0) (gi(i = 1:::8))

Q 0 +1 �1 0 0

Spin 1 1 1 1 1

Mass (GeV) 0 80:22 80:22 91:187 0

di�erent color charges, i.e. RED, BLUE and GREEN. Unlike electric charges which

we can directly see, color charges are con�ned inside hadrons. So hadrons are color

neutral.

In the Standard Model, quarks, leptons and bosons are regarded as the funda-

mental particles. Table 1.1 summarizes all the fundamental particles in the Standard

Model.
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1.1.2 Strong interaction and gluons

The interaction that binds quarks together is called the strong interaction. It oc-

curs between two particles that carry "color" charges. Gluons are the carriers of the

strong interaction. Gluons, themselves, also carry color charges. We have a very

good theory to describe strong interactions, it is called Quantum ChromoDynam-

ics(QCD), a non-Abelian gauge theory. The underlying symmetry of QCD is SU(3)

symmetry, which means there are 8 di�erent gluons since there are 8 independent

generators in SU(3) group. Unlike quarks, gluons carry a color charge and an anti-

color charge. The nine di�erent color and anti-color combinations are RR, RB, RG,

BB, BR, BG, GG, GR, GB. But one combination of the nine bi-color states is

a colorless object, RR + BB + GG, it is not a real gluon. The major di�erence

between gluons and other bosons is that gluons can self-couple.

The self-coupling gluons result in the most interesting and unique phenomenon of

strong interactions compared to the other three interactions, "asymptotic freedom".

This phenomenon is such that the strength of the interaction between two color

charges increases with the distance between the two charges. When the distance

is very short, the strength of the interaction is so small that the particles carrying

color charge can be regarded as free particles. This phenomenon allows perturbative

calculations to be applied in small distance or high Q2 situations. On the other hand,

the increase of the interaction strength with the increase of the distance also imposes

the con�nement of the quarks.

The coupling constant of the strong interaction �s, like all the other coupling

constants, depends on the scale at which the interaction occurs. The solution of the

renormalization group equation in leading order leads to �s(Q
2) = 4�

�0 ln( Q2

�2 )
, where

Q2 is the scale at which �s is probed and � � 200 MeV is the QCD cut o� parameter.

�0 depends on the number of quark 
avors in the theory, Nf , �0 = 11 � 2
3
Nf .
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1.1.3 Static quark model for hadrons

In the early part of the last century, people thought nucleons( proton and neutron)

were the fundamental particles and pions mediated the force between them. After

the 1950’s, more and more particles were discovered along with the development

of new accelerators and detectors. Then people realized that nucleons and pions

happened to be the lowest energy state of a series of particles. In the study of the

properties of these particles, such as mass, spin etc., people found the spectra of

particles indicated new symmetries. Indeed, all the hadrons can be categorized by

these symmetries. In 1964, Gell-Mann and Zweig �rst proposed the Static Quark

Model for hadron structure. According to the quark model, all hadrons are made up

of a small variety of more basic entities, called quarks, bound together in di�erent

ways [1]. All the mesons we discovered so far are bound states of a quark q and an

anti-quark q0. All the baryons are bound states of three quarks qq 0q00.

The strongest experimental evidence for the quark structure of nucleons comes

from Deep Inelastic Scattering(DIS) experiments [2] and the observations of jets

production [3]. DIS experiments measure the total inelastic cross-sections of leptons

scattering from nucleons. What was found in DIS is that the cross-section is ap-

proximately independent of the Q2 of the collisions. This fact can be understood as

projectile leptons scattering from point-like objects inside the nucleons. Later when

people used point-like structure functions to calculate the DIS cross-sections, the

calculation �tted the data very well. In fact there are many interesting discoveries

from DIS experiments and we will discuss this topic further in the next section. In

the mean time, the jet production was discovered and it can only be explained as

two point-like constituents scattering elastically from each other. These point-like

constituents are called partons.

The early static quark model only included three generations of quarks, i.e. uds.

Figure 1.1 shows the lowest mass states of baryons with spin-parity JP = 3
2

+
, where

we plot the strangeness S against the third component of isospin, I3. This set of

baryons is called the Baryon Decuplet. Baryons parallel with the I3 consist of a
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ddd(Λ−)
t

ddu(Λ0)
t

duu(Λ+)
t

uuu(Λ++)
t

dds(Σ−)
t

dus(Σ0)
t

uus(Σ+)
t

6S

0

−2

−3

-
I3−1 1

dss(Ξ−)
t

uss(Ξ0)
t

sss(Ω−)
t

Figure 1.1: Quark label assignments in the baryon decuplet and the observed baryons
with spin-parity 3

2

+
.

isospin multiplet and have almost the same mass. The mass di�erences between

di�erent isospin multiplets is approximately equal to the di�erences between the

mass of strange quarks and the mass of up(down) quarks. Figure 1.1 was used to

predicted the existence of 
� and indeed the 
 was discovered in 1964 at Brookhaven

National Laboratory [4].

Figure 1.2 shows the lowest mass states of baryons with spin-parity JP = 1
2

+
.

The di�erence between the decuplet and octet are the wave functions of the con-

stituent quarks. For the decuplet states, the wave functions are symmetric under

interchange of either 
avor or spin of any quark pair, but for the octet states, the

wave functions are symmetric only under simultaneous interchange of 
avor and spin

of any quark pair. One should note that quarks have another quantum number, i.e.

color, and all the hadrons have to be the color singlet which means the color compo-

nent of the wave function is always asymmetric. Thus all other components of the

wave function, e.g. 
avor, spin, position, have to be collectively symmetric. In fact

the structure of the hadrons is far more complicated than what we discussed here.

Other than the valence quarks, there are gluons which mediate the interactions be-



CHAPTER 1. INTRODUCTION 6

udd(neutron)
t

duu(proton)
t

dds(Σ−)
t

dus(Σ0, Λ)
t

uus(Σ+)
t

6

S

0

−2

-
I3−1 1

dss(Ξ−)
t

uss(Ξ0)
t

Figure 1.2: Quark label assignments in the baryon octet and the observed baryons with
spin-parity 1

2
+
.

tween the valence quarks and these gluons in turn can split into quark anti-quark

pairs, so called sea quarks. Sea quarks can also radiate gluons. Sea quarks, valence

quarks and gluons together are called partons. The number of partons in a hadron

is not constant and is dependent on the wavelength of the probes one uses to study

the hadron. We will discuss the parton distributions inside nucleons and nuclei in

the following sections.

1.2 Parton distribution functions in nucleons

Dynamical models of hadron structure appeared after 1968, when more experimental

results came out from the DIS experiments revealing the nucleon’s substructures of

point-like constituents, i.e. quarks and gluons. It is found that this substructure,

usually described quantitatively as Parton Distribution Function(PDF), evolves with

wavelength or equivalently Q2 of the probe one uses. Thus the static quark model

for hadron structure which takes a nucleon as a compound of three valence quarks

is not a precise description for hadrons, especially when high Q2 collisions happen.

The idea of using PDF which evolves with Q2 to picture a hadron is a more precise
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l (k) l (k/)

γ,Z,W (q=k-k/)

p (P) X (p+q)

Figure 1.3: Feynman diagram for a typical electron proton deep inelastic scattering.

way.

1.2.1 DIS and Quark structure functions

A typical DIS process can be demonstrated by a Feynman diagram as in Figure 1.3.

An incoming lepton exchanges a virtual photon with the target proton, then scatters

o�. The virtual photon has a four-momentum q = k � k0, where k is the four-

momentum of the incoming lepton and k0 is the four-momentum of the scattered

lepton. In this picture, the virtual photon is the probe we use to investigate the

structure of the target proton. The four momentum of the proton is denoted as

P in the diagram. Some kinematic variables are often used in describing the DIS

experiments such as,

� Q2 = �q2 = �(k � k0)2, the virtuality of the virtual photon.

� s = (k + P )2, invariant mass of electron and proton collision system.

� W 2 = (q + P )2, invariant mass of photon and proton collision system.



CHAPTER 1. INTRODUCTION 8

� x = Q2

2Pq
Bjorken x, in in�nite momentum frame x = pparton

pproton
, the fraction of

proton momentum carried by partons.

� � = P �q
P 2 , energy of virtual photon, in proton rest frame � = Ee �E 0

e, where Ee

and E 0
e are the incident and emergent electron energies.

� y = P �q
P �k

, in proton rest frame y = �
Ee

, the fraction of incoming electron energy

carried by virtual photon.

In DIS experiments, the energies and momenta of scattered(emergent) leptons are

measured. Thus experimentally we can measure a di�erential DIS cross-section as

a function of q2 = k � k0 and � = Ee � E 0
e. In the mean time, theoretically we

can reconstruct a di�erential cross-section, if we believe that the leptons indeed are

elastically scattered o� of point-like objects(quarks) distributed inside the target

proton, such as

d2�

dq2d�
=

4��2

q4

E 0
e

EeM
[W2(q

2; �) cos2 �

2
+ 2W1(q

2; �) sin2 �

2
] (1.1)

where E 0
e and M are the emergent electron energy and invariant mass of proton,

respectively. W1 and W2 are arbitrary structure functions corresponding to the two

possible polarization states, transverse and longitudinal, of the virtual photon and

are determined by how the quarks are distributed inside the proton relative to the

process which is used in the study. By comparing the theoretical calculation and

experimental results, one can actually determine W1 and W2.

In fact it is more convenient to use Bjorken x instead of � to rewrite equation 1.1.

The relation between x and � is x = Q2

2Pq
= Q2

2M�
and dx

x
= �d�

�
. In the mean time,

we can de�ne two new structure functions, F1 and F2 as following, F2 = �W2

M
and

F1 = W1. After �, W1 and W2 are replaced by x, F1 and F2, the equation 1.1 now

looks like,
d2�

dQ2dx
=

4��2

Q4
[(

1 � y

x
)F2(Q

2; x) +
y2

2x
2xF1(Q

2; x)] (1.2)

. Here we also substituted E0

e

Ee
with 1�y(1�y = 1� Ee�E0

e

Ee
). In most DIS experiments,

the emergent electrons are measured at small angles, thus we have cos2(�=2) � 1 and
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Figure 1.4: F2 as a function of Q2 at x = 0:25. The scattered electrons are measured at
scattering angle 6; 10; 18; 26 degrees [6]. The choice of x = 0:25 gives exact "scaling".

sin2(�=2) � Q2

4EeE0

e
. Equation 1.2 is Lorentz invariant and both Q2 and x have much

clearer physics meanings. Naturally, if the lepton-parton scattering is point-like, the

F1 and F2 can not be dependent on the Q2 and are purely functions of x. This is

the so called Bjorken scaling hypothesis [5]. Figure 1.4 shows measured F2 structure

function as a function of Q2 at x = 0:25 [6] by SLAC DIS experiments. One can see

there is essentially no Q2 dependence. Bjorken scaling hypothesis mostly works in

the limits Q2 ! 1 and � ! 1. But in fact, at larger x > 0:6 and smaller x < 0:01,

the Q2 dependence starts to appear. We will talk about it later in this section.

In fact, besides exchanging a virtual photon with the target nucleon, the incom-

ing lepton can also exchange a weak interacting boson with the target nucleon in DIS

processes. In that case, equation 1.2 becomes more complex and additional structure

functions need to be put in. In general there are two types of cross-sections in DIS.

The neutral current cross-section is the cross-section for the process in which the

incoming lepton exchanges a neutral boson( photon or Z0 boson ) with the nucleon

and the charge current cross-section is the cross-section for the process in which

the incident lepton exchanges a charged boson( W� ) with the nucleon. Structure

functions are process dependent and can always be determined by comparison with

experimental measurements for each process. Based on Bjorken scaling hypothe-

sis, it would be better if we put the structure function in a more general forms as
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following

F1(x) =
1

2

X

i

qi(x)(v
2
i + a2

i )

F2(x) =
X

i

xqi(x)(v
2
i + a2

i )

F3(x) = 2
X

i

qi(x)(viai)

where vi and ai correspond to the vector type and axial-vector type coupling be-

tween quarks and the probe. The qi(x) is the parton distribution function of quarks.

It is important to realize that although both structure functions and quark parton

distribution functions describe how quarks are distributed in x inside a nucleon, they

are not quite the same. The structure functions are process dependent, but parton

distribution functions are not. For example in the virtual photon case, vi = ei, the

electric charge of the quark and for the charge current case, vi = ai = 1 for quarks

and vi = �ai = 1 for anti-quarks. The relation between each structure function is

mostly process dependent, but F1 and F2 ( i.e. magnetic and electric scattering)

always obey Callan-Gross relation i.e.

2xF1(x) = F2(x)

. The Callan-Gross relation is the natural rationale from the assumption that quark

is spin1
2

and point-like particle, thus the ratio 2xF1

F2
can be used as a test from this

assumption. If quark is spin1 or spin0, this ratio will be either 1 or 0. Figure 1.5

shows this ratio measured in SLAC electron-nucleon scattering experiments [6].

1.2.2 QCD Evolution equations

The partons inside a hadron live in a very dynamic environment. In a very short

time period, a quark radiates a gluon and that gluon can split into a quark anti-

quark pair. Thus the local density of partons in such a short time period can


uctuate dramatically. The parton distributions we observe depend on the timing

resolution( 1
Q2 ) of the probe we use. In other word, F2(x) is dependent on Q2.
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Figure 1.5: The ratio 2xF1

F2
measured by SLAC en experiments. For spin 1

2 , with g = 2,

this ratio is expected to be unity in the limit of large Q2 [6].

The dependence is called the quantum evolution. From �rst principles of QCD,

we can not calculate how partons are distributed inside a hadron because of the

non-perturbative characteristic of QCD in long distance(> 1
MN

). But, fortunately,

we can separate the long-range e�ects(small Q2) from the short-range interactions

according to the QCD factorization theorem [7]. Thus the Q2 dependence of parton

distributions can be calculated within perturbative QCD at large Q2(> M2
N ).

The QCD factorization theorem states that for a hard scattering process the

cross-section can be decomposed into the 
ux of incoming partons and the cross-

section for elastic scattering between two partons. The latter can be calculated

perturbatively. For example, the cross-section of di-jet production in proton proton

collisions can be written as

�(p1p2 ! 2jets) =
P

a;b=q;g

R

dx1

R

dx2fp1
(xa

1; Q
2)fp2

(xb
2; Q

2)�̂(ab ! cd)

where �̂(ab ! cd) is the parton parton elastic scattering cross-section that one can

calculate.

The parton evolution equations built on the factorization theorem are referred to
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as the Dokshitzer-Gribov-Lipatov-Altarelli-Parisi(DGLAP) evolution equations [8].

The basic processes considered in these evolution equations are

� Gluons are radiated from quarks and gluons. The number of gluons at small

x increases with Q2.

� Gluons can split into quark anti-quark pairs. The number of quarks and anti-

quarks at small x increases with Q2.

The evolution equations can are as

@

@(ln(Q2))

 

q(x;Q2)
g(x;Q2)

!

=
�s(Q

2)

2�

Z 1

x

dx̂

x̂

"

Pqq(x̂; Q
2) Pqg(x̂; Q

2)
Pgq(x̂; Q

2) Pgg(x̂; Q
2)

# 

q(x̂; Q2)
g(x̂; Q2)

!

The key ingredients of these equations are Pjk, the splitting functions. One can

regard the splitting function as a probability of �nding a k type of parton with a

momentum fraction x from j type of parton with a momentum fraction x̂ (x̂ > x).

This probability can be calculated via perturbative QCD. In the DGLAP scheme,

the splitting function can be written as an expansion in �s(Q
2) as follows,

�s

2�
Pjk(x̂; Q

2) =
�s

2�
P

(1)
jk (x̂) +

�

�s

2�

�2

P
(2)
jk (x̂) + � � �

. Truncation after the �rst two terms in the expansion de�nes the next-to-leading-

order(NLO) DGLAP evolution. This approach assumes that the dominant contri-

bution to the evolution comes from subsequent parton emissions that are strongly

ordered in transverse momenta kT , the largest corresponding to the parton interact-

ing with the probe [9]. It is noted that the Callan-Gross relation is broken down in

the NLO.

The DGLAP equations are partial di�erential equations. A set of experimen-

tally measured PDF need to be put in as initial conditions. Thus, on the [Q2; x]

phase space, as long as we know the PDF in one phase space point, ideally we

can always get the PDF on another point from the evolution equations. But in

reality, at small x the higher-loop contributions to splitting functions are enhanced

since P
(n)
jk � 1

x
ln(n�1) x and these contributions will destroy the convergence of the
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DGLAP equations. Another set of evolution equations was proposed as Balitsky-

Fadin-Kuraev-Lipatov(BFKL) [10] evolution equations to allow the resummation

in the splitting function expansion of leading (�s ln x)n terms. Both DGLAP and

BFKL predict a rise in PDF with decreasing x. The rise in BFKL is faster than

DGLAP because the high power terms in DGLAP expansion grow faster with de-

creasing x than the high power terms in BFKL expansion and the high power terms

are ignored in both cases.

1.2.3 Results from HERA experiments and Gluon PDF

So far the most complete and accurate PDF measurements are from HERA ex-

periments [9]. HERA is the world’s �rst electron proton collider. It is located at

Hamburg, Germany. There are four experiments running at HERA, H1, ZEUS,

HERMES and HERA-B. H1 and ZEUS started to operate earlier, they have pro-

duced lots of PDF data. HERMES studies the spin structure of the proton by

colliding the polarized electron beam on polarized proton gas jet target. HERA-B

is more like an upgraded experiment of H1 and ZEUS. The typical beam energies at

HERA are 27:5 GeV for electrons and 820 GeV for protons. The machine has been

operated since 1992.

We now discuss the proton structure functions measured by the ZEUS and H1

experiments. Before HERA experiments, the �xed target experiments, e.g. the DIS

experiments at SLAC, CERN, were limited to x > 0:01 for Q2 > 10GeV . Therefore

they could not probe the proton structure down to very small x in the regime of

perturbative QCD. HERA can reach to very low x � 10�3 for Q2 � 103 GeV2, thus

we can test perturbative QCD calculations over a much wider range. Figure 1.6

and �gure 1.7 summarize the F2 measurements at HERA, together with �xed target

experimental results. These �gures are too busy to be visually clear, but they give

us an idea on how large the coverage in Q2 and x HERA experiments have achieved.

Also the curves on every small panels of Figure 1.6 represent the NLO DGLAP �t

performed by ZEUS, the �t works well down to Q2 = 1:5 GeV2 and x � 10�4. From
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Figure 1.7, one can see that the scaling law is broken at very small x( on the top of

the plot) and large x. F2 increases with Q2 at small x and slightly decreases with Q2

at large x. This can be understood from DGLAP evolution where large x partons

split into small x partons in the time period � � 1
Q

.

In DIS processes, the incident leptons do not directly interact with the gluons

in the target hadron, but gluons can still contribute to the total DIS cross-section

in the following way. A gluon can split into a quark anti-quark pair. This quark

anti-quark pair can be seen by the incident lepton. The contribution from gluons

has already been included into the DGLAP evolution equations by the splitting

functions and by the g(x;Q2) component. It is found that the gluon contribution

to the DIS cross-section starts to dominate when Q2 is large ( > 100 GeV2 ) and

x is small ( < 10�3 ) . By doing an NLO DGLAP or �rst order BFKL global �t

on the DIS data, one can automatically get the gluon structure functions together

with quark structure functions. A practical approach [9] for doing the global �t

is to parameterize at a �xed Q2 = Q2
0 the x dependence of the parton density by

x�(x;Q0) = Ax�(1 � x)�P (n)(
p
x), where � is parton density and P (n) are poly-

nomial functions. In this approach, each species of parton has a distinct set of

parameters. In the end, the parameterized densities are put into DGLAP or BFKL

evolution equations to perform the global �t on the DIS data. Figure 1.8 shows the

extracted gluon structure functions from applying the above approach to the DIS

data obtained by H1 and ZEUS from 1993 to 1994. In fact, HERA data itself is

not su�cient to constrain the gluon density. The normalization A and the large-x

behavior � are determined from �xed target experiments. Also the extracted gluon

density depends on �s, which evolves with Q2 too and is taken from other experi-

ments. Another thing one needs to keep in mind is that the gluon density is more

accurate at small x.
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Figure 1.6: The F2 structure function measured by HERA experiments. F2 as functions
of x are plotted at di�erent Q2. The small panels are organized such that Q2 increases
from left/top to right/bottom. F2 as functions of Q2 are plotted at di�erent x on the right
and x increases from top to bottom. Note Q2 coverage is from 1:5GeV 2 to 5000GeV 2 and
x range is down to 10�4.




