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EXCITED NUCLEON AS A VAN DER WAALS
SYSTEM OF PARTONS

Saturation in deep inelastic scattering (DIS) and deeply virtual Compton scattering
(DVCS) is associated with a phase transition between the partonic gas, typical of

moderate X and Qz, and partonic fluid appearing at increasing Q2 and decreasing
Bjorken X. In this article we review recent developments in the studies of the collective

properties of the nucleon excited in DIS.
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Introduction

Modern  high-energy,  relativistic-
invariant physics is essentially non-Euclidean.
The theoretical basis is local quantum field
theory, in particular quantum chromo-
dynamics (QCD), assuming the existence of
point-like particles — quarks and gluons,
comprised in a finite volume of hadrons. The
internal structure of the hadrons can be
scrutinized in deep-inelastic scattering (DIS)
of leptons on hadrons.
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Fig. 1. Change of regime in the behavior of the SF is
visible around X ~107%.

The idea [1], based on the observed
behavior of the DIS structure functions, is that
the partonic matter in a nucleon (or nucleus)
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as seen in DIS, undergoes a change of phase
from a nearly perfect gas, typical of the
Bjorken scaling region, to a liquid, where the
logarithmic scaling violation is replaced by a
power (see Fig.1). The presence of two
regions, namely that of Bjorken scaling and
beyond it (call them for the moment “dilute”
and “dense”), via an intermediate mixed
phase, are visible in this figure. They can be
quantified in various ways that will be
discussed in the next section. The relevant
variable here are the fraction of the nucleon
momentum, or the Bjorken variable x and the
incident photon’s virtuality Q?.

The coexistence of two phases, gaseous
and fluid, can be described e.g. by the van der
Waals equation, valid in a tremendous range
of its variables and applicable to any system
(e.g. molecular, atomic or nuclear) with short
range repulsion and long range attraction
between the constituents, see e.g. Fig. 2.

Dis structure functions, geometrical scaling
and saturation

Most generally, DIS structure functions
(SF) are sums of a singlet (S) and non-singlet
(NS) terms,

F,(x,Q%) =F’ (x,Q%)+F,*(x,Q%), each a
product of a low-x, ~ x“ and high-x, (1—x)"
factor, more specifically:
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Fig. 2. Universal van der Waals curves.

A related phenomenon in DIS is the so-
called geometrical scaling (GS) (not to be
confused with GS in hadronic processes!),
implying the existence of a ”saturation
radius” R, (x), given by

R; () {Xi] o

0

2

where QZ=1 GeV®
X, =3x107".

A=0.29 and

Substitution of (2) into the effective
intercept of the low-x factor in Eq. (1) (the
Pomeron contribution),

F(6,Q%) ~ xEm>l (g

Formally, saturation can be treated in
the context of the Balitsky-Fadin-Kuraev-
Lipatov (BFKL) egiation and its modifi-
cations. The production of partons in a
nucleon by splitting of partons, resulting in
the increase of their number N, is described
by the asymptotic BFKL evolution equation

ON(x,k?)

=a Ky @NIX,KZ), (4
2In(L/ x) AN ( T) (4)
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where Ky, is the BFKL integral kernel
(splitting function). It results in a power-like
increase of the SF toward smaller x,
F,(X)~x ", «, obeying the BFKL
pomeron intercept,
a,-1={@4a N In2)/z>0, «a, is the
("running”) QCD coupling and N_ is the
number of colors. Since the number of
partons increases with energy, at certain
“saturation” values of x and Q?, an inverse
process, namely the recombination of pairs of
partons comes into play, and the BFKL

equation is replaced by the following
(approximate) one

p

6N(x,k$)
=0 R gy
aln (1/x)

® N(X,K%)—aS[K ox. @ N(x,Kﬁ)]z,(5)

based on the simple idea that the number of
recombinations is roughly proportional to the

the number of parton pairs, N2.
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Fig. 3. Phase diagram of DIS.

» log(0?)

Statistical models of SF

The idea that DIS structure functions
(SF) can be treated thermodynamically by
means of statistical mechanics is not new,
moreover it continues attract attention,
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although several subtle points remain to be
clarified.

For simplicity, we focus our attention
on the small-x singlet (gluon) component of
the SF, the extension to low-x and/or the non-
singlet (valence quark) contributions being
straight-forward

b
XoX

XG(X’Q2)~ exp[(x— X,)/x]+1’

(6)

where x is the Bjorken (light-cone) variable,
X, is the chemical potential, that for the

gluon component can be set zero, and X is
interpreted as the temperature inside the
proton.

The low-x factor in Eg. (6), will affect
the ideal Stefan-Boltzmann equation of state
(ES) only when it will be written in Eq. (6).

As a consequence, the ideal Stefan-
Boltzmann ES will be modified as

P(T) ~T*". (7)

The relative contribution of this

correction is negligible at small x, but it
increases with Q® and decreasing X,
resulting in a gas-liquid phase transition.

Gas-fluid phase transition in the
van der Waals equation of state

Having defined the statistical properties
of the SF, we now proceed to ES describing
the transition between a parton gas, via a
mixed foggy phase, to the partonic liquid. To
this end, we use the van der Waals equation

(P + ':';“j(v —Nb)=NT, 8)

where a and b are parameters depending on
the properties of the system, N is the number
of particles and V is the volume of the
’container”.

Alternatively, Eq. (10) can be written as

(P+\%)(V—b):RT,

123

or, equivalently,

RT o

“V_p V2

Following Ref. [1], we present two
example of ES, one based on the Skyrme
effective interaction and finite-temperature
Hartree-Fock theory, and the other one is the
van der Waals ES. Jagaman et al. start with
the ES

(2+0)

P=pkT—a,p® +a,(1+0)p ©)

where p=N/V is the density and «,, «,

and o are parameters, o =1 corresponding
to the usual Skyrme interaction.

Let us now write the van der Waals
(vdW) ES in the form

prNy)=4 | - N, (sz— T
SV, VBN V) -

where n=N/V is the particle number
density, a is the strength of the mean-field
attraction, and b governs the short-range
repulsion. We identify the particle number
density with the SF F,(x,Q?) of Sec. Il. Fig.

4 shows the pressure-density dependence
calculated from Eq. (9) with a o =2 GeV?
and b=0.2 GeV>. Representative isotherms
are shown in this figure: the dark blue line
(second from the top) is the critical one,
T, =8a/(27b). Above this temperature (top

line, in pale blue), the pressure rises
uniformly with density, corresponding to a
single thermo-dynamical state for each P and
T . By contrast, for subcritical temperatures

(0<T <T,) (red lines) the function P(n) has

a maximum followed by a minimum, see Fig.
4. Below the critical value P,, three density

regimes exists. The smallest density region
lies in the the gaseous phase below the
spinodal region, while the highest densities lie
in the liquid phase, above the spinodal region.
The coexistence phase can be determined by a
Maxwell construction.

-an %, (10)
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Fig. 4. The pressure-to-density dependence calculated,
in arbitrary units, from Eq. (9).

Mapping the saturation region in DIS onto
the spinodal region in the vdW ES;
metastability, overheating and
supercooling

The correspondence between the ES
with its variables P, T, # and the observables,
depending on the reaction kinematics, is the
most delicate and complicated point in the
thermo-dynamical description of any high-
energy collisions, especially of DIS. It needs
caution, further studies and numerical tests.
Attempts to link two different approaches to
hadron dynamics, one based on the S matrix
(scattering amplitude, cross sections) and the
other one on their collective properties
(statistical ~ mechanics,  thermodynamics,
equation of state) are known from the
literature [2, 3].
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Fig.5: P(T) and P(C), where C is the sound
velocity, dependence calculated from Eq.(11).
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Fig. 6. Meta-stable super-cooled and overheated states
calculated from a modification of the bag ES, see [2].

An original ES of the ultra-relativistic
nuclear matter based on the S matrix
formulation of statistical physics was derived
in Ref. [2,3]. For vanishing chemical
potential, x =0, it reads

P(t)= AT*—BT°+CT®, (11)
where the values of the coefficients A, B and
C (all positive!) were determined by the
hadron scattering data. Similarities between
the vdW ES and Eq. (11) were quantified in
Refs. [2,3], where the parameters a and b
appearing in the van der Waals ES were
assumed to be temperature-dependent,
a=a,/T*, b=T”. Note that the limiting
particle density is 1/b.

Conclusions

* The aim of our paper was not just
another parameterization of DIS structure
functions; instead we propose a new insight
into the properties of the interior of the
nucleon.

* For simplicity, we have concentrated
on the singlet component of the SF (gluons
and sea quarks), dominating the low-x region,
where saturation takes place. The inclusion
the nonsinglet and higher-x components
(valence  quarks), according to the
prescriptions given in Sec. Il, are
straightforward.

 We omitted any discussion of the

large-x (1—x)" factor in the SF. This is
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because the statistical approach is not valid in
the x —1 limit, on the one hand, and for
simplicity, on the other hand.

*Any phase transition may produce
fluctuations in the observed spectra of
produced particles. These fluctuations may
originate either from the gas-fluid-gas phase
transition under discussion, or from the
(de)confinement transition, beyond the scope
of the present paper.

*The gas-fluid transition does not
necessarily follow the van der Waals ES.
Possible alternatives are e.g. percolation or
clustering of partons similar to the case of the
molecule.

*Whatever the details of the transition,
the important point to realize is the existence
of a dense partonic substance, different from

the perfect partonic gas, associated with
Bjorken scaling in DIS or the so-called quark-
gluon plasma, predicted by perturbative QCD
and expected in high-energy hadronic and/or
nuclear collisions.

A general remark, concerning
collective properties of the nuclear matter:
matter is made of quarks, while gluons are
binding forces between them. In that sense,
strictly speaking, statistics should be applied
to quarks rather than gluons.
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3BYJKEHUHN HYKJIOH SIK BAH JEP BAAJIbCOBCHKA
CUCTEMA ITAPTOHIB

Hacwuenns B rimboko HempyxHOMy poscisHHi (I'HP) i rmuboko BipTyansHOMY

koMnToHiBcbkoMy po3cisiai (TBKP) mos'sizane 3 (ha3oBuM mepexoaoM Mix MapTOHHUM

. 2 o .
Ta30M 3 TUIIOBUMU CEPECIAHIMU X Ta Q 1 MAapTOHHOIO P1AWHOIO, IO MOABIAETHCA IPHU

. . 2. PR . . ‘v . :
301JIbIIICHHI] Q 1 BMCHIICHHI1 6H0pKeH1BCBK01 x. Y mi#t crarTi PO3rIAAAI0OTECA OCTAaHH1

JOCATHCHHSA B Z[OCHi,Z[)KeHHSIX KOJICKTUBHUX BJIACTUBOCTEH HyKHOHiB, HaCMYCHUX Y

I'HP.

Kuaro4oBi ciaoBa: HyKIOH, KBapKi,

KOMITOHIBCBKE PO3CISIHHSI.

II0OH, cuctemu Ban nep Baanbca,
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BO3BYKJIEHHbBII HYKJIOH KAK BAH JIEP
BAAJIbCOBCKASI CHCTEMA MMAPTOHOB

Hacwimenne B Tiy6oko Heympyrom paccesauu (THP) uw 1iry6oko BHPTyaibHOM
koMnToHOBCKOM paccessunu  ([BKP) cBsf3aHo ¢ (asoBBIM TEPEXOIOM  MEXKIY

2 o
NMapTOHHBIM Ta30M C TUIIUYHBIMU CPCIAHUMHU X U Q U MNapTOHHOU XUIKOCTBIO,

2 o o
TIOABJIAIOIUMCA ITPU YBCIIMYCHUN Q 1 YMCHBIICHUH 6I)epKeHOBCKOI/I x. B aT0#1 cTathe

PACCMOTPCHBI MOCJICAHUEC MOOCTHIKCHUS B HCCICAOBAHUAX KOJUICKTHBHBIX CBOICTB

HYKJIOHOB, HachlllleHHbIX B ['HP.
KiroueBble cjI0Ba: HYKJIOH, KBapKW, TJIIOOH, cHcTeMbl Ban nep Baanbca,
KOMITOHOBCKOE paccesHHe.
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