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Nucleon and Cold Nuclear Matter
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Abstract: This paper present a review on the dynamically generated sea quark and gluon distributions in
the free nucleon and the cold nuclear medium. In the dynamical parton model, all the sea quarks and
gluons come purely from the QCD fluctuations with DGLAP equations, where the small components of in-
trinsic sea quarks are neglected. The three valence quark distributions from maximum entropy method are
taken as the nonperturbative input at Q2 ~ 0.1 GeVZ2 The saturated strong coupling at low Q> (<1
GeV2) is used in this work. Nucleon swelling and parton-parton recombination enhancement are con-
sidered for the nuclear matter. The dynamical parton distributions of both nucleon and cold nuclear mat-
ter are consistent with the experiments. Furthermore, we show a preliminary application of the nuclear
parton distributions in the extraction of the parton energy loss penetrating in the cold nuclear medium.
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strong coupling constant; nuclear medium effect
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ment. For deep inelastic scattering (DIS), PDF varies
with Q% = —¢*

Introduction

defined as the minus momentum

Nucleon and nuclear matter (nucleon systems,
such as nucleus and neutron star) contains 99% mass
of the visible universe. However, their internal struc-
tures are not fully understood, such as where does the
nucleon spin come from[l]7 and how nuclear medium
environment modifies the quark and gluon distribu-
tions in the nucleon? Nucleon, referred as a proton or
a neutron, is a not point-like particle, but a confined
system around 1 fm (1/0.2 GeV~'). Under high en-
ergy collisions, the interaction happens on quarks or
gluons inside the nucleon instead of the whole nucle-
on. To interpret the inner structure of hadron and the
strong interaction system, collinear parton distribu-
tion is the classic and powerful tool.

Parton distribution function (PDF) is the parton
density distribution over x, where the variable
x =p/P is defined as the momentum fraction carried
by the parton. p denotes the light-front momentum of
the parton; P denotes the light-front momentum of
the proton. In quantum chromodynamics (QCD) the-
ory, PDFs depend on the energy scale of a measure-
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square of the virtual photon (Q? is the resolution
power of the photon probe). Within the factorization
theorem, many high energy processes involving had-
rons can be calculated using PDFs of the “soft” part
and the perturbative calculation of the “hard” part.

Nowadays, there are a lot of global analyses of
PDFsB % However complicated function forms are
used to model the initial parton distribution func-
tions with a lot of free parameters (~20). So many free
parameters increase the uncertainties of PDFs. The
other problem is that there is no connection between
the quark model and the parton distribution func-
tions probed at Q?. For nuclear PDFs, the uncertain-
ties of sea quark and gluon distributions are even lar-
ger[(’;ﬂ, for the nuclear effects are so intricate that
there is no commonly accepted model to describe the
nuclear medium corrections. Reducing the uncertain-
ties of nuclear PDFs is challenging and important.

A much simple way to reduce the uncertainties of
the initial parton distributions is to use the dynamic-
al parton model which parameterize the input PDFs
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at an extremely low scale Q3 where all sea quark and
gluon distributions are zerol®) (Q2 is the initial scale
for the perturbative QCD evolution). In this ap-
proach, only three free parameters are used to de-
scribe the valence quark distributions. The other ad-
vantage is that at extremely low Q32, all nuclear medi-
um corrections are performed only to the three
valence quark distributions, which reduces the uncer-
tainties of the nuclear sea quark and gluon distribu-
tions greatly. IMParton for nucleon PDFs) and nIM-
Parton for nuclear PDFs!!?) show some interesting res-
ults of the dynamical parton approach, and some suc-
cessful applications. In our previous works, we used a
leading order «, without any nonperturbative effects.
It is argued that at extremely low Q2 (< 0.5 GeV?),
the strong coupling constant is saturated instead of
going to infinity[ll]. We also had estimated the
valence quark distributions of proton at @32 using a
maximum entropy method (MEM)[IQ]. In this work,
we try to use the saturated strong coupling «, and
the valence distributions from MEM as the nonper-
turbative input.

Reliable nuclear parton distributions are
pensable for the study of parton energy loss during

indis-

the process of a parton going through the nuclear
matter (a nucleus). The European Muon Collabora-
tion (EMC) effect, nuclear shadowing and the parton
energy loss make the per-nucleon Drell-Yan cross-sec-
tion of p-A smaller than that of p-D. Therefore, to
disentangle the parton energy loss from the nuclear
modifications on nuclear PDFs, reasonable and pre-
cise nuclear PDFs are needed. The dynamical parton
model introduces no uncertainty of parametrization of
sea quark and gluon distributions, which can give a
crucial implication of the parton energy loss in cold
nuclear matter.

2 DGLAP equations

The Q?-dependence of PDFs is governed by the
QCD dynamics, namely the Dokshitzer-Gribov-Lip-
atov-Altarelli-Parisi (DGLAP) equations with parton
splitting processes in leading logarithmic approxima-
tion"?. The Q?-dependence comes from summing the
leading logarithmic corrections and physically means
that the DIS with a photon probe of virtuality Q2
corresponds to the scattering of that virtual photon
off a quark of transverse size 1/Q. With the increas-
ing of @2, the photon probe can resolve more partons
of smaller size.

At low Q?, the parton size is big and the wave
functions of partons overlaps. Considering that the
running strong coupling is big at low Q?, the parton-

parton recombination processes should not be ignored
for this case. Toward small x, the densities of par-
tons go up very rapidly with no limit from the parton
splitting processes. Under the extremely high density,
two-parton fusion process happens with a significant
probability in the small = region, and it is supposed
to cease the increase of the cross-section near the unit-
arity limit. Gribov, Levin and Ryskin (GLR)[M} first
introduce the theoretical prediction of the parton-par-
ton interaction for the semi-hard process, and further
developed by Mueller and Qiu (MQ)!), and Zhu, Ru-
an, Shen (ZRS)!'! with different calculation —tech-
niques.

We are motivated to investigate the simplest ori-
gin of partons at an extremely low Q2, therefore in
this paper, DGLAP equations with two-parton fusion
corrections are applied to evolve the PDFs over Q2.
So far, ZRS have considered all the fusion probabilit-
ies for gluon-gluon, quark-gluon and quark-antiquark.
Our previous study shows that the gluon-gluon recom-
bination correction is dominant, as the gluon density
is much larger than the quark density at small z. So
we use the DGLAP equations with only the two-gluon
recombination correction!®: 9], as following,

a(Q?)

defqys(x,Q2)
Q dQ? = o Py ® fqli\f57 (1)

for the flavor non-singlet quark distributions f s,

) dqu?s (xa QQ) - as(QQ)
Q dQ2 T o

2(0)2 12 d o
%L jyquwq’(%w [wfy(y, Q)]+

[qu®fq?5 +Pq9®f9]_

2(()2 - -
40;_;;%?@)2 \L/2 gyxpggﬂq(l', Y) [yfg(% Q )} ) (2)

for the dynamical sea quark distributions f_ps, and

o daofy(z,Q%) _ a,(Q?)
dQ? o

2(0)2 172 d -
f&g@)a I. gymPgm@y) [yf,(y. Q)]+

2(0)2 : d -
46;-3;;2@)2\];/2 Zyxpggﬁg(xay) [yfg(yaQ )] s (3)

[qu®E+ng®fg]f

for the gluon distribution f,, where the factor
1/(4wR?) is from the normalization of the two-parton
densities, and R is the correlation length of the two
interacting partons. R is a little smaller than the had-
ron radius. ¥ in Eq. (3) is defined as X (z,Q?) =

> quNs (z,Q%) + 3, [fq?s (z, Q%) + fops (=, @%)]. The
splitting kernels of the linear terms are given by
DGLAP equations, and the recombination kernels of
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the nonlinear terms are written as[lﬁ], 3t
Pygg (z,y) =
9 (2y — z)(72y* — 48zy® + 14022y? — 11623y + 29z*) 51
64 xys ’ )
Pygq (z,y) = §
1 (2y — 2)?*(18y? — 21zy + 142?) 1l
ng*ﬂ?(xvy) = % y5 . (4)
The terms which have the squares of parton dis- 0 . . . . .
tributions are the nonlinear two-parton recombina- 10° 107 107 1 10' 10 10°
2
tion corrections. At small x, partons from different Q/GeV
Fig. 1  The running strong coupling «s from DSE.

nucleons also can combine into one parton. Therefore,
for the system of nucleons (cold nuclear matter), two-
parton recombinations are enhanced.

3 Strong coupling constant

The running coupling constant oy is a funda-
mental parameter of perturbative QCD, and it de-
pends on the Q2
mentum exchange during the interaction process. In
leading order, Gliick, Reya and Vogt (GRV) use the
following running strong coupling,

as,LO(Q2) _ 1
4m BoIn(Q?/A2)’
in which B, = 11 — 2n;/3 and Aj;">° =204, 175, 132,
66.5 MeV3. n; is the number of quark flavors in-
volved. For the «, matchings, m,=14 GeV,

my = 4.5 GeV, m, = 175 GeV are used as the masses
of the heavy quarks. This strong coupling is determ-

scale which describes the mo-

(®)

ined by the global fit to the deep inelastic scattering
data in a wide Q? range.

The coupling constant in Eq. (5) goes to infinity
approaching the cutoff A2. The nonperturbative ef-
fect should be considered at low Q2. In Dyson-
Schwinger equation (DSE), the quark and gluon gain
the effective masses from QCD dynamics. Based on
DSE, the strong coupling from the ghost-vertex with

the effective masses for gluon and quark is written
(1]
ast™

2 A2
o, pse(Q7) = mx
4 1 A? Q?
2972 + — —_
[ UERE (ln(Q2/A2) T Q2) AQ} !
(6)
where A2 =0.034 to match GRV's «a,,s at the

charm quark threshold Q% =1.96 GeV2 This DSE
strong coupling is used in this work, and shown in
Fig. 1.

4 Dynamical parton model

In dynamical parton model, the QCD evolution
starts at quite a low @ where the sea quark and
gluon distributions are small (less than ~ 30% in
total). Applying DGLAP equations with parton-par-
ton recombination corrections, we extend the dynam-
ical parton model to an extremely low starting scale
Q% , with no sea quarks and no gluons at the scale. In
our model, the sea quarks and gluons are purely from
the DGLAP evolution, which is illustrated in Fig. 2.

Measured in DIS
High 0?

(QCD evolution/fluctuation)

The input evolution scale
Low Q?

Fig. 2 (color online) In our model, all the sea quarks

and gluons are generated from the QCD fluctu-
ations.

For the nonperturbative input, we have com-
posed the initial parton distributions of mere three
valence quarks from the maximum entropy method,

which is given as[m,

vu,(z, Q)) = 458921 (1 — 2)"0,
xd,(x, Q%) = 7.1802"**7(1 — x)>*%°, M)

where w, is the up valence quark distribution, d, is
the down valence quark distribution, and x is the mo-
mentum fraction of the quark. Do the dynamical par-
ton distributions from the radiations of the initial
valence quarks agree with the experimental measure-
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ments? In this work, we answer the question by
evolving the input of only three valence quarks from
MEM [Eq. (7)] with the parton-parton recombination
corrected DGLAP equations.

5 Nuclear medium modifications

Generally, nuclear medium modifications have
four types: the Fermi motion correction (z > 0.7 re-
gion), the EMC effect (0.3 < z < 0.7), the anti-shad-
owing (region of x ~ 0.1), and the nuclear shadowing
(z < 0.05 region). Fermi motion affects the nucleon
structure greatly only near the elastic scattering kinet-
ic (z ~1). In our previous analysis, EMC effect and
anti-shadowing effect can be explained with the nucle-
on swelling model. The nucleon size is enlarged due to
the modification by the nucleons around. The width of
the spatial distribution of quarks in nuclei is bigger.
According to Heisenberg uncertainty principle, the
width of momentum distribution of quarks in nuclei
becomes narrower, which is shown in Fig. 3017, Based
on the three valence quark distributions of free pro-
ton, we can calculate the three valence quark distribu-
tions of the proton in nuclear matter, as long as we
know how much the nucleon size increased.

1.Of
XupinCa
2 — —xdr
S -
= 05
0 . . . )
0 0.2 0.4 0.6 0.8 1.0
X
1.0r
S
b
£70.5
0 0.2 0.4 0.6 0.8 1.0
X
Fig. 3 (color online) The initial valence quark distri-

butions of the free proton and the bound proton
(in *°Calcium). The width of the nuclear valence
momentum distribution becomes narrower due to
the nucleon swelling in nuclear medium.

Our previous study shows that the magnitude of
the EMC effect is linearly correlated with the modi-
fied binding energy with the Coulomb contribution
and the pairing contribution removed, B™!/A =

(B — Bev- — Brairine) ) AU8] Hence we assume the nuc-
leon swelling ¢, scales with the modified binding en-
ergy per nucleon,

RA Bmod
fo=—2 1= 8
A Rp o X A s ( )

in which « is a parameter. « describes the mag-
nitude of nucleon radius modification in the nuclear
matter.

To model the nuclear shadowing is easy, as the
shadowing effect is proportional to the nuclear size
AY/3. In our model, the shadowing effect comes from
the enhancement of parton-parton recombination pro-
cess. Therefore the nonlinear terms in Egs. (1, 2, 3)
should be multiplied by an enhancement coefficient

Aghadowing » Which is modeled as[m},

Ashadowing = 1 + ﬁ X (A1/3 - 1)? (9)

in which 8 is a parameter. ([ describes the mag-
nitude of nuclear shadowing effect.

In all, we can calculate the nuclear parton distri-
butions with only two free parameters, in the dynam-
ical parton model.

6 Dynamical parton distributions of
the nucleon

With the pure valence quark input (Eq. (7)), we
obtained the starting scale Q2 to be 0.0464 GeV?2.
The parton-parton correlation length R = 3.61 GeV!
is taken from the previous study[g]. The proton struc-
ture function F, at small z is the product of sea
quark distributions and Wilson coefficients. In Fig. 4,
our predictions based on the dynamical sea quarks
agree with the measurement at small z. Fig. 5 shows
the predicted F, at large x compared with the exper-
imental data. The ratio of neutron structure function
and proton structure function is sensitive to valence
quark distributions. Our predictions for the ratio
Fy/F} and the ratio d,/u, are shown in Fig. 6 and
Fig. 7, respectively. The valence quark distributions
at high Q? are consistent with the experiments.

7 Dynamical parton distributions of
the nuclei

To depict the nuclear dependence of nucleon
swelling, « in Eq. (8) is determined to be 0.005 08, to
match the observed nuclear EMC effect. To depict the
nuclear dependence of parton-parton recombination
enhancement, § in Eq. (9) is determined to be 0.296.
With only these two parameters, we can generate the
nuclear parton distribution functions in the dynamic-
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\h\\ Fig. 7 Valence quark ratio d,/u, predicted from the
dynamical parton model, with the experimental
) ) measurements!23-2
10 1073
x al parton model. The nuclear PDFs are usually
Fig. 4  Comparisons of the predictions from the dy- demonstrated by the structure function ratios, which

are precisely measured in experiments. The predic-
tions of the nuclear medium corrections on F, are
shown in Fig. 8 and Fig. 9. The EMC effect in the
range 0.3 < x < 0.7 and the nuclear shadowing effect
at x < 0.1 are successfully explained with the dynam-
ical parton model.

8 Parton energy loss in cold nuclear
matter

Drell-Yan (DY) process describes the inclusive
production of a lepton-antilepton pair when two had-
ronic matter collide together. DY process is on the
parton level and expressed with a simple formula
q7 — y* — 1. One quark from one incoming hadron
and one antiquark from the other incoming hadron
annihilate into one virtual photon which sequently de-
cays into a pair of lepton and antilepton. In the DY
process of p-A collision, the quark in the projectile
proton possibly loses some energy propagating in the
nuclear matter before the annihilation with an anti-
quark in the nuclear target. To confirm the quark en-
ergy loss passing through the nucleus is not easy, for
EMC effect and nuclear shadowing give the same fea-
ture of quark energy loss in the experiment. In order
to separate the parton energy loss from the nuclear
modifications on PDFs, we need the nuclear PDFs
which are strictly constrained by theory. The dynam-
ical nuclear PDF's can be applied to this aim.

In theory, there are two models describing the
parton energy loss in nucleus. Model-1: parton energy
loss is proportional to the penetrating length in nucle-
ar matter (o< L). Based on QCD bremsstrahlung and
the uncertainty principle of quantum mechanic, Brod-
sky and Hoyer (BH) set an upper bound of the en-
ergy loss, which is 0.5 GeV/meQ]. Model-2: parton
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Fig. 8

the experimental data[%], for some heavy nuclei, at Q2 = 2 GeV?.

Fig. 9
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the experimental data[%f‘)’l], for light nuclei and heavy nuclei, at Q% =5 GeV?2.

The predicted nuclear structure function ratios from the nuclear dynamical parton distributions compared with

The predicted nuclear structure function ratios from the nuclear dynamical parton distributions compared with
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energy loss is proportional to the square of the penet-
rating length in nuclear matter (o< £2)B3 3% Baier,
Dokshitzer, Mueller, Peigné, and Schiff (BDMPS) ar-
gue that both the number of radiated gluons and the
transverse momentum kr of the gluon grow with [,
so that the parton energy loss varies as oc L?. For
cold nuclear matter, they estimate the energy loss as
0.02~0.15 GeV /fm?P4,

In leading order, the differential cross-section of
DY process can be easily calculated in the parton
model, which is derived as,

d?o dra?

dardM K oOM? ;ei (@1 (1) @2 (22) + @ (21)g2(22)],
(10)

where “1”7 and “2” label the two colliding hadrons, A
is the invariant mass of the final di-lepton, and =x; is
the quark momentum fraction of the colliding hadron.
Due to the parton energy loss, we need to implement
the momentum fraction correction Az, for the pro-
jectile parton. According to model-1 of parton energy
loss, we have
_AE  mL

Ay = p- =~ (11)

p p

where k; is a free parameter. According to model-2 of
parton energy loss, we have

AE __ml?
E =~ E

p p

Axl =

(12)

where k, is a free parameter. The average passing
length is calculated as L = 3R, = 2(1.24"%) fm for
nucleus®4,

By fitting to E77250 and £8661%7 data, k; and
ko are obtained to be 0.39+0.19 GeV/fm and
0.074+0.04 GeV/fm? The qualities of the fits are
x?/N =0.89 and x?/N = 0.88 for model-1 and mod-
el-2 respectively. With no parton enery loss, x?/N is
0.98. Using dynamical nuclear PDFs, we find that the
values of k; and k. are consistent with BH's and BD-
MPS' estimations respectively. Fig. 10 only shows the
DY cross-section ratio of tungsten and deuterium for
an illustration. Judged by the data and the dynamic-
al nuclear PDFs, there is a hint that parton energy
loss is small but not zero.

9 Discussions and summary

The dynamical parton distributions of both nucle-
on and nuclei agree well with the experimental obser-
vations. In dynamical parton model, the only input in-
formation is the three valence/constitutent quark dis-
tributions at an extremely low energy scale (~ 0.1

1.2

—_
—_
T

DYr¥/DY?PP
s

54
=)
T

------- Nuclear PDF
Nuclear PDF+model-1 of E loss
Nuclear PDF+model-2 of E loss
0.8 . .
0.1 0.2 0.3
X
Fig. 10  (color online) The Drell-Yan cross-section ra-

tio between Tungsten and Deuterium based on
our nuclear dynamical parton distributions as a
function of the target parton momentum frac-
tion z;, compared with E772 datal?l,

GeV?). (1) our study shows that PDFs at high Q2
can be connected to the quark model picture via the
parton-parton recombination corrected DGLAP equa-
tions and the saturated running strong coupling ao.
(2) the input valence distributions from MEM is reas-
onable. (3) nucleon swelling and parton-parotn recom-
bination enhancement explain well the EMC effect
and the nuclear shadowing, respectively. (4) it is im-
plied that there is a small parton energy loss in cold
nuclear matter of ET772and
E866 data.

from an analysis
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