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The Impact-Parameter dependent Color Glass Condens@® ())-and Saturation (IP-Sat) dipole
models incorporate key features of small-x physics prageend match smoothly to the pertur-
bative QCD regime at larg@? for a givenx. Although both models include saturation effects and
depend on impact-parameter, the former is based on theimearIBalitsky-Kovchegov equa-
tion, while the latter is based on DGLAP evolution. After mmting the models to the recently
released high precision combined HERA data, we show thabtin imodels, the typical impact-
parameter probed in the totglp cross-section is abotit~ 2+~ 3GeV ! and the proton satura-
tion scale iQs < 1 GeV in HERA kinematics. We show that most features of ineki®IS and
exclusive diffractive data at HERA are correctly reprodiige both models. Nevertheless, the
b-CGC and the IP-Sat models give significantly differendimgons beyond the current HERA
kinematics for the structure functions at very laand high virtualitiesQ?, and for the exclusive
diffractive vector meson and DVCS production at high
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1. Introduction

Exclusive diffractive processes such as exclusive vecsan production or deeply virtual
Compton scattering (DVCS) alongside with inclusive deeglastic scattering (DIS) are excellent
probes of the unitarity limit of QCD. An effective field thgodescribing the high-energy limit of
QCD is the Color Glass Condensate (CGC) [1]. A key ingredieipiarticle production at small-x
in the CGC approach is the universal dipole amplitude, thegimary part of the quark-antiquark
scattering amplitude on a proton or nuclear target. Thecehof impact-parameter profile of the
dipole amplitude entails intrinsically non-perturbatiphysics, which is beyond the QCD weak-
coupling approach to the CGC. It is well known that the smadlolution equations generate a
power law Coulomb-like tail, which is not confining at largistdnces [2, 3, 4] and therefore may
violate the unitarity bound. For these reasons, in pracsopported by thé-distribution of the
exclusive diffractive processes (fibf < 1), a Gaussian profile for the impact parameter dependence
of the dipole amplitude is assumed.

There are two well known impact-parameter dependent dipaldels in the market, the so-
called b-CGC [5, 6] and IP-Sat [7, 8] models. The IP-Sat dipohplitude can be derived at the
classical level in the CGC [1], contains an eikonalized gldgstribution which satisfies DGLAP
evolution while explicitly maintaining unitarity. In the 8GC dipole model, two well-known lim-
iting regimes are matched, the one of the BFKL equation aaddgion deep inside the saturation,
by simple analytical interpolations [9]. Both models alsatom smoothly to the higp? pertur-
bative QCD limit. The b-CGC and the IP-Sat models have bedm &ygplied to various reactions,
from DIS and diffractive processes [5, 6, 7, 8, 10, 11] to @neproton [12, 13] and heavy ion
collisions at RHIC and the LHC, see e.g. Refs. [14, 15].

The main purpose of this study is to confront the high preacisiombined HERA data [16]
with the b-CGC dipole model, in order to examine the effeédtthe tighter constraints on model
parameters. Since the IP-Sat dipole model was also receptigted with the recent combined
HERA data [8], we also compare the b-CGC and the IP-Sat sefuitboth DIS and exclusive
diffractive data at HERA, and provide predictions for vasabservable for a wide range of kine-
matics. Below, we summarize a few key results, the detailsbesfound in Ref. [6].

2. Inclusive DIS and exclusive diffractive processes; a ufied description

In the dipole picture, the scattering amplitude for the esisle diffractive procesg* + p —
E + p with a final-state vector mesda = J/W, @, p or a real photorE = y in DVCS, can be
written in terms of a convolution of thgq dipole-proton scattering amplitudé” and the overlap
wave-functions of photon and the exclusive final-stateigart’c W [5, 6],

1 - ;
Y PEP(x, Q,4) = 2i / 42 / dz / 0B (Wew)r e B-02T8 4 (xrh) (2.1)
’ 0

whereAZ = —t with t being the squared momentum transfeand b denote the dipole transverse
size and impact-parameter of the collision, respectivéhe differential cross-section for the ex-
clusive diffractive process can be then given,
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Figure 1: The exclusive diffractive processes (wigh% p’ ort # 0, andx << X' << 1) in the b-CGC dipole
model (left) and the IP-Sat dipole model (right) in the reahfe of the target.

with

i s 21 (545/2) din (%Tﬁpﬁvrv
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(2.3)

The total deeply inelastic cross-section for a gixeandQ? can be obtained from Eq. (2.1),
o/ (@2 x) = Ima7 P7EP(x. Q.0 =0). (2.4)

The proton structure functioR,, the longitudinal structure functioRR and reduced cross-section
o can be then written in terms of the totglp cross-section [6]. As seen in Egs. (2.1, 2/2),
andb are directly related and the impact-parameter dependdrtbe dipole amplitude is crucial
for describing exclusive diffractive processes. A simpldependence for the dipole amplitude is
obtained by combining the Glauber-Mueller form [7, 8] of #maplitude

2

A (xrb) =1— exp( N
C

s (1) 9 ) To(o) ). @9

Wherexg(x,uz) is the gluon density evolved up to the scalavith leading-order (LO) DGLAP
gluon evolution. The scalg? is related to the dipole transverse sizefoy= 4/r? + p2 and the
initial gluon distribution at the scalpg, and the impact parameter profile are taken to be,

Xg (X, U3) = Agx M9(1—x)>8, Te(b) = 27;3@ exp(—b?/2Bg). (2.6)

The parameteBg will be fixed with experimental data for exclusig'¥ production. We take
the corresponding one loop running-coupling valuexgfwith Agcp = 0.156 GeV fixed by the
experimentally measured valueaf at thez® mass. The parametehg, Ag, ug andBg are the only
free parameters of our model which will be fixed by a fit to théueed cross-section [8].

The b-CGC model [5, 6] is constructed by smoothly interpotabetween two limiting behav-
iors which are analytically under control, namely the soluto the BFKL equation in the vicinity
of the saturation line for small dipole sizes<< 1/Qs, and the Levin-Tuchin solution [17] of



b-CGC versus IP-Sat and high precision combined HERA data Amir H. Rezaeian

T T T T T T T T T T T T T T
b-CGC — Q'=08GeV T |p.gat }
— - Q=368 + §
c= Q=506 [ 1
4
- x=10 T ‘ i
1/ o/ -
b |
L ) I ]
I W [ ]
V W)
A\ 1 * i
; W
0.04 ] N\ \ 1
L | | ol L 1. N PR R R
s ViR i o 0 2 4 6 80 2 4 6 8
100 10 10 10 9
1/x b (GeV')

Figure 2: Left: The saturation scal@®s in the b-CGC and the IP-Sat dipole models, as a function/af 1
at various impact-parameteos For comparison we also show the impact-parameter indepersatura-
tion scale obtained from the lancu-Itakura-Munier (1IM) deb [6, 9] and the running-coupling Balitsky-
Kovchegov (rcBK) equation [19]. Right: The impact-paraerétdependence of the totgt p cross-section,
at fixedx and variousQ?, in the b-CGC and the IP-Sat dipole models.

the Balitsky-Kovchegov (BK) equation [18] deep inside tlausation region for larger dipoles,
r >>1/Qs[9]. In the b-CGC dipole model, the color dipole-proton aituale is given by [9],

2Yett
No ()™ <2,
N(xr,b) = 2.7)

1 — exp(—/In?(%rQs)) rQs > 2,

with impact-parameter dependent effective anomalousmsina and the scal®s [5] defined as

B 1 2 (%02 b?
o =¥t G (ran ). @= () en{-gp_jeev. @

whereY =1In(1/x) andk = x”(ys)/x’(vs), with x being the LO BFKL characteristic function. The
second term (diffusion term) igt¢ enhances the anomalous dimension from its value at BFKL
Veit — Vs 10 DGLAP ye1f — 1, matching the BFKL region to the color-transparency regohthe
DGLAP for small dipole siz€'s(or high virtualities). The parameterg’ and % in Eq. (2.7) are
determined uniquely from the matching of the dipole amphitand its logarithmic derivatives at
rQs = 2. In the b-CGC dipole model we let the parametigrto be free along withy, Xp,A, and
obtain their values via a fit to the recent HERA combined datélfe reduced cross-section [6].
Although both models include saturation effects and depmmédnpact-parameter, the former is
based on the non-linear BK equation, while the latter is h@seDGLAP evolution, incorporating
the saturation effect via Glauber-Mueller approximatiéng]. Therefore, the underlying dynamics
of two models are quite distinct. The difference betweenkti@GC and the IP-Sat models is
illustrated in Fig. 1.

INotice that the anomalous dimension defined via Eq. (2.8pisnell-defined as — 0. However, this limiting
case has negligible contribution to the total cross-sectio
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Figure 3: Results for the structure functiofis(x, Q%), F£°(x, Q%) andF_ (x,@?) as function o, for various
values 0fQ?, in the b-CGC (solid line) and the IP-Sat (dashed line) dipnbdels. The plots are taken from
Ref. [6].

The extracted values of ~ 0.65 andA ~ 0.20 from the new combined HERA [6] are now
approximately compatible with the perturbative expeotatin drastic contrast to old fit in Ref. [5].
Other key features of our novel fit [6] is that the preferretugaof light quark masses is close
to the current quark masses, ~ 102+ 104, and also smaller value for the parameBegc in
the impact-parameter profile of the saturation scale, coegpto the old analysis. In the IP-Sat
model, the key features of new fit [8] include the preferregdovalues for the light quark masses
my ~ 10-2=-10"“ and also positive value for the parameigr> 0 in Eq. (2.6) which are in sharp
contrast with the old fit in Ref. [7].

In Fig. 2 left panel, we show the impact-paramdieiependence of the totgt p cross-section
calculated by the b-CGC and the IP-Sat dipole models, at fixadd variousQ?. We see that
in both models the main contribution of the integrand in ttracture functions and the reduced
cross-section at various virtualiti€¥ comes from K b[Ge\Fl] < 4. Although theb dependence
of the dipole amplitude is different in the b-CGC and the H-®Bodels, remarkably both lead to
the same conclusion that the typitgbrobed in the totay* p (and the structure functions) is about
2+3 GeV 1. We define the saturation scalg = 2/r2, wherersis the saturation radius, as a scale
where the dipole scattering amplitude has the valtiéx,rs = v/2/Qs,b) = 1 —exp(—1/2) = 0.4
[5, 6]. Note that the saturation scale does not have a unigfiritibn, nevertheless, the above defi-
nition gives a useful baseline to compare relative mageitfdsaturation scale in different models.
In Fig. 2 (left), we show the saturation scale as a functiomgiact parametds, for different values
of xin different models. We see that the saturation scale asctifumof 1/x grows relatively faster
for more central collisionsh(~ 0). Moreover, the saturation scale at different impact petars
can be significantly different, even by one order of magm@tudhis non-trivial behavior shows
the importance of the impact-parameter dependence of tbeatian scale. It is remarkable that
although the b-CGC and the IP-Sat models are different, iwthsimilar saturation scales within
the x-region that they have been fitted to the HERA data, nawmighin x € [10-2,10~°]. However,
at smallerx aboutx < 102, they become significantly different and that leads to $iledifferent
predictions for the structure functions (and other obddes) at very small x as shown in Fig. 3.

With the parameters of the b-CGC and the IP-Sat model ertiacom they-squared fit to
the reduced inclusive DIS cross-section, we then compw@estiucture functiong»(x, Q?), the
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Figure 4: Differential vector meson cross-sections ig&, p and DVCS, as a function df|. Data for a
givenW with varyingQ?, are compared to the results from the b-CGC (solid lines)Briat (dashed lines)
models, using the parameter sets with= 1.27 GeV in both models. The plots are taken from Ref. [6].

charm structure functiof$€(x,Q?), the longitudinal structure functioR_(x,Q?) and compare to
the combined HERA data in Fig. 3. Note that experimental deta, F. and F2°°_ were not
included in our fit and therefore this can be considered asatnoal consistency check of the
model.

In Fig. 4, we show the-distribution of exclusive vector mesons production andd@3/ob-
tained by using the b-CGC and IP-Sat models. We fix the width@impact-parameter profile of
the saturation scale via a fit to the slope of tkdistribution of the diffractivel /W production at
low t (at a fixedW andQ?) , the other data points shown in Fig. 4 were not included théofit.

It is seen that the model predictions for theistribution becomes different at larg@vhere we do
not have currently data. Note that lafgeorresponds to smatl. On the other hand, as we already
stressed the typicdd probes in DIS is not central, see Fig. 2, as a result the sainmmodels are
less constrained at large.

For comparison of our results with other observables at HEBR#Athe LHC, see Refs. [6, 20].
It is remarkable that with only 4 parameters fixed to redugeds:section, the b-CGC and IP-Sat
models give excellent description of almost all availatdéacbn inclusive and exclusive diffractive
processes at HERA at smallx< 102). The b-CGC and also IP-Sat models have been intensively
applied to various reactions including heavy ion collisiorowever, the parameters employed in
these studies were determined from data from H1 and ZEUSpnedthe combined data sets for
the proton. It remains to be seen what the impact of the nevarfton final state observables in
heavy ion collisions. For example, it has been recently shihat while the old (2008) b-CGC fit,
does not provide a good description of the diffractive ppatduction data at the LHC, the new
b-CGC fit remarkably agrees with the recent LHC data [20, 2., 2
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