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Soft diffraction within the QCD color dipole picture

G. M. Peccini,” F. Kopp®,” and M. V. T. Machado®*

High Energy Physics Phenomenology Group, GFPAE. Institute of Physics, Federal University of Rio
Grande do Sul (UFRGS) Postal Code 15051, CEP 91501-970, Porto Alegre, RS, Brazil

D. A. Fagundes®*

Department of Exact Sciences and Education, CEE. Federal University of Santa Catarina
(UFSC)—Blumenau Campus, 89065-300 Blumenau, SC, Brazil

® (Received 11 February 2020; accepted 13 April 2020; published 29 April 2020)

In this work we consider the QCD parton saturation models to describe soft interactions at the high
energy limit. The total and elastic cross sections, as well as the elastic slope parameter, are obtained for
proton-proton and pion-proton collisions and compared to recent experimental results. The analyses are
done within the color dipole formalism, taking into account saturation models which have been tested
against deep inelastic scattering data. The main point is that the matching between soft and hard interaction
occurs in the saturation region which can be described by high density QCD approaches. Discussion is
performed on the main theoretical uncertainties associated with calculations.
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I. INTRODUCTION

Describing soft processes using the QCD degrees of
freedom is a quite difficult task as they are dominated by
long distance (nonperturbative) physics. It has been shown
that soft observables, as the total and elastic cross sections,
depend on the transition region between the high parton
density system (saturation domain) and perturbative QCD
region [1-3]. The parton saturation phenomenon [4-0] is
a well-established property of high energy systems and
gives a high quality description of inclusive and exclusive
deep inelastic scattering (DIS) data. As evidence for the
successfulness of such approach we quote the description
of the light meson photoproduction cross section [7—12]
and diffractive DIS (DDIS) [13,14]. Both are hard proc-
esses, in which an important contribution to the cross
section comes from the kinematic region in the vicinity of
the saturation momentum, Q,. This dimensional scale
increases in the high energy region. A well-known formal-
ism which is intuitive and where saturation physics can be
easily implemented is the QCD color dipole picture. A
seminal work on this approach is Ref. [15] where the
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unitarity corrections to the proton structure function at
small x were derived and predictions are done for DDIS and
nuclear shadowing. There it was demonstrated that the
factorization of the photon-induced cross sections between
the Fock states wave functions of photon and multiparticle
dipole cross section provides clear identification of the
partial waves of the dipole cross section as an object of the
s-channel unitarization. Moreover, applications to the soft
hadronic scattering within the same formalism have been
done in [16]. It is expected [1] that soft processes measured,
for instance, at the Large Hadron Collider (LHC) in hadron-
hadron collisions probe distances at about r ~ 1/Q¢ < R,
with R, being the hadron radius. In this context, hadron
scattering at the LHC could be described by color dipoles as
the correct degrees of freedom even at large transverse
distances. Moreover, it has been shown that the cross
sections for soft hadron-hadron collisions within saturation
approaches satisfy the Froissart-Martin bound [2,3]. In
addition, the role played by the unitarized hard Pomeron
contribution to the soft observables has also been carefully
discussed in Refs. [17,18]. The relationship and equivalence
between the Balitsky-Fadin-Kuraev-Lipatov (BFKL) and
dipole equation kernels are investigated by means of explicit
calculations in light-cone perturbation theory. A dipole
equation, equivalent to the usual equation for interactions
between four Reggeized gluons, is given in the large N . limit.
The leading trajectory of the four-gluon system is bounded by
2a;p — 1 with a;p being the BFKL Pomeron intercept. [19]

An important property of the saturation formalism is the
geometric scaling phenomenon [20], which means that the
scattering amplitude and corresponding cross sections can
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scale on the dimensionless scale 7 = u?>/Q?2, where u? is
the typical hard scale in the scattering process. For
instance, u*> = Q% is the photon virtuality in DIS (i.e.,
the nucleon structure functions F,, F;) and deeply virtual
Compton scattering (DVCS) processes or p?>=(Q>+M?%)
in the case of exclusive electroproduction (Q? # 0) and
photoproduction (Q? = 0) of vector mesons of masses
M. The treatment of vector meson production (including
production of their excited states) within the color dipole
picture in terms of the scanning radius, rg, was first
addressed in Ref. [21] with the identification of the
relevant hard scale (Q? + M%) (for a comprehensive and
pedagogical review about vector mesons we quote
Ref. [22], where experimental results are summarized and
theoretical formalisms are compared with emphasis on
the BFKL color dipole and k,-factorization approaches).
Deviations from geometric scaling are also known when
the system is far from the saturation domain. Geometric
scaling is an intrinsic property of nonlinear QCD evo-
lution equations [4—6] in the asymptotic energy regime,
\/s = oo. This scaling property has been used in recent
years to construct phenomenological models for the QCD
dynamics at high energies. A very intuitive picture of
inclusive or exclusive DIS processes is the color dipole
picture [23-26]. In that picture the deep inelastic scatter-
ing process can be seen as a succession in time of three
factorizable subprocesses: (i) the photon fluctuates in a
quark-antiquark pair with transverse separation r~ 1/Q
long after the interaction, (ii) this color dipole interacts
with the nucleon target, and (iii) the quark pair is
projected into the considered final state. The nucleon
structure function is related to the y*p cross section as

2N 2
Fz(x’ Q ) - 4”%1””
dipole cross section on the transverse and longitudinal
photon wave functions. The interaction is then factorized

in the simple formulation [23-26],

ol.P. The latter is the overlap of the

(W, Q%) = / dz Pr ([¥7(e.r) + ¥, (z.0)2)
X 0gip(X, 1), (1)

where z is the longitudinal momentum fraction of the
Q*+m3
W0
Bjorken variable and provides an interpolation for
the Q* — 0 limit. The mass of the quark of flavor f
is labeled as my. The photon wave functions
W, . (r,z; Q?) are determined from light-cone perturba-
tion theory and the dipole hadron cross section
64ip(x. 1) =2 [ d*bNgi,(x, r, b) contains all the informa-
tion about the target and the strong interaction physics
(including the impact-parameter b dependence). As an
example, the celebrated Golec-Biernat Wusthoff (GBW)
parametrization [14,27] takes the eikonal-like form,

quark in the color dipole, X = is equivalent to the

202
o4ip(x.7%) = 0y {1 — exp (_r 4QS

7)o

Q3(x) = (’ﬁf)ﬂ GeV?, (3)

where Q is the saturation scale. The parameters are
obtained from the fit to the HERA data producing
60 =27.43 mb, 1 =0.248, and x, = 0.40 x 10~ for a
five-flavor analysis (See Ref. [28] for an updated fitting
procedure). Here, additional parameters are the effective
light quark mass, m, = 0.14 GeV, which plays the role
of a regulator at the photoproduction limit. The charm
(bottom) mass is set to be m. = 1.4(4.6) GeV. The
GBW parametrization presents a geometric scaling form,
ogip & f(r*Q%). For small dipoles r* < 1/0Q%, it can be
approximated by o4, ~ 0o(r*Q%,/4), where the effective
anomalous dimension is equal to one, y, = 1.

The advent of the LHC opened a new window for the
studies on diffraction, elastic and inelastic scattering,
as they are not strongly contaminated by nondiffractive
events. This is translated in the Regge theory language by
saying that the scattering amplitude is completely deter-
mined by a Pomeron exchange. The current measurements
on these soft observables at the LHC in proton-proton
collisions span a wide range energies from 100 GeV
including the very recent LHC data at 2.76, 7.0, 8.0, and
13 TeV [29-37]. In the context of saturation physics the
soft Pomeron may be understood as a unitarized perturba-
tion Pomeron [38]. It can be shown that the trajectory of
the soft Pomeron could emerge as a result of the interplay
between perturbative physics of the hard Pomeron and the
confining properties of the QCD vacuum. Specifically,
local unitarization in the impact-parameter plane can lead to
a reasonable description of intercept and the slope of the
soft Pomeron [38]. In the present work, we investigate the
soft observable in the small-# regime within the color dipole
picture and parton saturation approaches. Of course, some
words of reservation are needed here. We are aware that the
saturation scale, in general, is relatively small and its role in
perturbative QCD (pQCD) is highly debatable. The issue of
the extension of the color dipole language from the hard
BFKL pQCD region of small dipoles to the soft Pomeron at
hadronic scales remains an open one (we quote Ref. [39]
and references therein a careful discussion of this problem).
The paper is organized as follows. In the next section we
summarize the theoretical information to compute the cross
section for hadron-hadron collisions in two color dipole
approaches. First, we consider the asymptotic cross section
following Ref. [3], where the pp cross section is assumed
to be dominated by two-gluon production in the final state,
pp — g9+ X. There, the main ingredients are the gluon
distribution of the projectile and the partonic cross section
associated to the interaction gN — gg + X. We also con-
sider the model presented in Ref. [1], where the cross
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section for the hadron-proton collision is viewed in a
similar way as Eq. (1), where the virtual photon wave
function is replaced by the corresponding wave function for
the hadron projectile. The hadron-proton interaction is
computed using the dipole-proton amplitude constrained
by DIS data. The numerical results from both models are
compared to experimental measurements focusing on the
LHC kinematic regime. In the last section we discuss
the main theoretical uncertainties and present the main
conclusions.

I1I. COLOR DIPOLE MODELS
A. Asymptotic model

Our first investigation will consider the color dipole
approach applied to the hadron-hadron collisions proposed
in Ref. [3]. For simplicity, we address initially the case for
proton-proton collisions in colliders. The formalism is able
to provide us with the production cross section of (heavy
or light) quark pairs or gluons at the final state. Namely,
similarly to photon-hadron interactions, the total quark
production cross section is given by [40,41]

2mg
)

— In( -
o(pp = q3X) = ZA P dy x,G (xy, 4%)
x 6(GN - qgX), (4)

where y = 11In(x; /x,) is the rapidity of the pair and py ~
my is the factorization scale. The quantity x;G(x;, u3) is
the projectile gluon density at scale yr and the partonic
cross section 6(GN — ¢gX) is given by [40]

G(GN - qu) = /dZ d2r|lPG—>q(_](Z7r)|20qQG(Z’r)’ (5)

with W_, 5 being the pQCD calculated distribution ampli-
tude, which describes the dependence of the |¢g) Fock
component on transverse separation and fractional momen-
tum. It is given by

= ) i
+ 2% + (1 = 2)2JmZKi(m,r)}, (6)

|LPG—>qc7(Z’r)| mqr)

where a,(ugp) is the strong coupling constant, which is
probed at a renormalization scale ug ~mgy. We notice
that the wave function will lead to a dominance of dipole
sizes around r~1/m, in the corresponding r integra-
tion. Therefore, for heavy quark production, the color
transparency behavior from the dipole cross section,
ogip(r) o r?, will be the main contribution (pQCD). In
the charm case, an important contribution should come
from the saturation region as the typical dipole size,
r~1GeV~!, can reach an order of magnitude similar

to the saturation radius, R,(x) = 1/Q,(x) « (y/5)7*/?
(with 1 ~0.3). On the other hand, for light quarks,
m, ~0.14 GeV, we are deep in the parton saturation (very
low x, and small scale of probe) and nonperturbative
regions. This will be the case in the following calculation.

In the partonic cross section, 6, is the cross section for
scattering a color neutral quark-antiquark-gluon system on
the target and is directly related with the dipole cross
section as follows:

9 B 1
%926 = g [Gaip (X2, 2) + 04 (X2, 21)] = gadip(x%r)' (7)

The equation above was first derived in Ref. [15] and the
main idea is that at high energies a gluon G from the hadron
projectile can develop a fluctuation which contains a QQ
pair. Interaction with the color field of the target then
may release these heavy quarks. Such an approach is valid
for high energies, where the coherence length /.~ 1/x,
is larger than the target radius. Hence, it is a natural
framework to include the parton saturation effects and to
make use of the fact that the dipole cross section is uni-
versal; i.e., it is processed independently. For the sake
of completeness, the parton momentum fractions are

written in terms of quark pair rapidity and masses, x; , =
2m

\/f exp(Ly).

Following Ref. [3], we obtain the asymptotic hadron-
hadron total cross section within the color dipole approach
considering the dominant process, pp — GGX, at high
energies. Now, the gluon G from the projectile hadron
develops a fluctuation which contains a two-gluon (GG)
pair which further interacts with the target’s color field.
Accordingly, the expression for the total cross section for
gluon production at final state is given by [42]

57
O ppoGGX = ZA dy x,G(x;,u%)o(GN - GGX), (8)

where j = —ln(Z%) and the effective gluon mass, mg,

has been introduced in order to regularize the calculation.

Thus, in this case one has x;, = 2%exp(j:y).

The new partonic cross section ogy_.ggy 1S given by

aw%mz/&%w%mmm%mmm<%

with W_ s being the corresponding distribution ampli-
tude associated to the |GG) Fock state. It is obtained
from Eq. (6) in the following way: |Pgogol*> =
2(N.—1)|W5_4/* The partonic cross section, 656
is the cross section for scattering a color neutral three
gluon system on the target and is directly related with the
dipole cross section in the following way [42]:
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1 _
066G = 5 [Caip (X2, 2F) + O4ip (X2, ZF) + Gaip(x2.7)].  (10)

The approach described above is derived from the non-
linear k | -factorization approach for the production of hard
gluon-gluon dijets in gluon-hadron collisions when the
coherence condition holds. This gluon-gluon dijet cross
section can be investigated in different color representa-
tions and their classification in universality classes can be
defined.

Now, we will present the corresponding phenomenology
using Eq. (8). From Ref. [3], basically we identify two main
shortcomings: the very low value for the effective gluon
mass, mg = 154 MeV < Agcp, and the identification of
the scale y with the starting evolution scale in the gluon
PDFs considered, 4*> = Q3. Here, we will use the value
mg = 400 MeV that is consistent with the usual values in
Refs. [43-45]. Moreover, the gluon parton distribution
function (PDF) probed in the low scale u?=m2 =
0.16 GeV? will be given by a prediction from the parton
saturation physics,

xG(x, Q%) = 30003 [1 - (1 +—2>e‘5_§} (11)

2 2
Az~ 0p

where updated values for the GBW model parameters have
been used [28]. Consistently, for the dipole cross section we
have used the GBW parametrization. It should be stressed
that the result is parameter free and corresponds to the soft
Pomeron contribution to the cross section.

Let us discuss quantitatively the main ingredients in the
asymptotic model. For example, take the LHC energy of
Vs=13TeV [y=—In(2mg/+/s) =9.7 and Ay =25~19].
At central gluon rapidity, y = 0, the longitudinal momen-
tum fractions will be x; =x, = 2mg/\/s # 6 x 107,
whereas at very forward rapidity x, ~4 x 10™°. The
corresponding saturation scale squared, Q2?(x,), will be
~0.9 GeV? (at y =0) and ~10 GeV? (at y = 7). As
/"2 S Q%» then XG(yZO) N3GOQ%/4ﬂ2as ~54/a,, 6666 ~
300/2 (limit is value deep in the soft region) and
Wool* o 2a,(N. —1)/(87)5(z — 1/2)8(r* — 1/2m3).
This will give roughly,

do-tot
dy

N 36003 (y = 0)

(y =0) o oo~ 12mb. (1)

where, in the simplified expression above, the integration
on rapidity is of order 2 x 1/4 ~ 8.1 [the rapidity depend-
ence comes mostly from Q2(x; = 2mge’/\/s) x e™™].
This would give quantitatively o, ~ 95 mb, which is an
order of magnitude similar to the measured cross section.

Finally, we have also considered another color dipole
approach addressing the soft scattering processes. In such a
case, other observables can be described as the elastic cross
section and the elastic slope parameter.

B. b-CGC and Eikonal models

We follow Ref. [1] and compute the total cross section in
the following way:

afgf(s) —2/dzbdzrdz|1//h(r,z)|2N(s,r, b), (13)

which depends on the color dipole amplitude, N (s, r, b),
and on the hadron wave function, ¥, (r, z). The expression
resembles the same equation for the DIS description within
the color dipole approach. That is, the photon wave
function is replaced by the hadron one. Furthermore, we
consider the exponential approximation of the elastic
differential cross section at the diffraction peak,

do'el ~ dael er’[ _ alzot(l +ﬂ2)

~ Bt (14
dr i |, or < 1Y

where t = —g? is the momentum transfer in a hp collision,
p 1is the real-to-imaginary ratio of the forward elastic
amplitude

_ReAy(s.t=0) 7 dog
~ ImA,(s,t=0) 2607 dIn(s/sg)

P (s) (15)
and the slope, BZ,”(S) = By + B'(s) with By = 7.8 GeV~2
and

[ D2dPbdPrly(r)PN(r. b, x)

1
Oiot 2

B'(s) (b%).  (16)

In Eq. (15) we invoke a first order derivative dispersion
relation to provide an estimate of the parameter p at LHC
energies, especially at 13 TeV. Once the leading terms in
the amplitude of dipole models are interpreted here in the
Regge language as Pomeron terms (soft + hard), we will
have not accounted for Odderon signatures. Therefore, our
predictions for pp and pp observables are degenerate (the
same being true for 77 p).

Finally, the elastic cross section can be computed by
integrating Eq. (14) to give (as p*> < 1)

hp . \12
O'Zf(s) &~ o)l (hsp)] ) (17)

167B,;] (s)
Here, in the meson-proton scattering the meson is treated
as a gq pair and the calculations follow that of DIS; i.e., the
interaction of a color dipole with a proton target and
saturation physics can be embedded in the dipole ampli-
tude. Similar approaches have also been considered in
Refs. [46,47], where the Pomeron dynamics is written
in terms of the dipole-dipole cross section. For instance, in
Ref. [46] the large dipoles are dominated by a soft Pomeron
contribution, whereas small dipoles are driven by a hard
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Pomeron. On the other hand, in Ref. [47], based on
Mueller’s cascade model, the authors discuss several
contributions including the effect of Pomeron loops.

For the wave functions of mesons and baryons, we use
the phenomenological ansatz by Wirbel-Stech-Bauer [46],
which gives

wi(z,r) =

z(1-2) (z-3)° 7~
Dexp (20T g
2SNy, 4Az; 48,

where the hadron wave function is normalized to unity

/dza’zr|wh(z, =1

This condition yields the following normalization con-
stant, N:

1 2 2
Ny = / dzz(1 — 7)e~c3/23, (19)
0

Therefore, mesons and baryons are assumed to have a gg
and quark-diquark valence structure. As quark-diquark
systems are equivalent to gg systems, this allows us to
model not only mesons but also baryons as color dipoles.
The values of parameters in our case are the following:
Az, =0.3(0.2) and S;, = 0.86(0.607) fm, for p/p(z™),
respectively [46]. S, is a fit parameter which gives a
measure of the transverse hadronic radius. Hence, as the
hadron wave function has a Gaussian profile, which is
centered at S, [see Eq. (18)], it is expected that dipoles with
approximately the hadron radius dominate the contribution
to the cross sections.

At this point, some discussion is in order. In our
calculations the proton is considered as a quark-diquark
system having a mesonlike structure. Specifically, the
proton can be viewed as a bound state of an up quark
and an isospin zero, quark spin zero spatially extended two-
quark state, the diquark. In this case, quark-diquark systems
are equivalent to quark-antiquark systems and we accord-
ingly obtain (z) = 1/2 from the wave function for protons
in Eq. (18). The three-quark structure of a baryon makes the
model notably complex but produces similar phenomeno-
logical results as in the quark-diquark picture. A compari-
son between the three-body picture and the diquark one for
protons concerning soft observables has been done in
Ref. [48] (see, e.g., Fig. 1 and Table III in [48]). On the
other hand, in the literature different treatments for the
baryon wave function are considered. For instance, in
Ref. [49] the proton wave function is obtained by the
symmetric oscillator wave function of the valence three-
quark proton. In this approximation, the proton is viewed as
a 3/2 color dipole spanned between quark pairs. The
distribution of the size of color dipoles with transverse size
r spanned between gg in the proton is considered Gaussian,

200
T —— bcac
180~ - Eikonal _
[ e Asymptotic
C Broilo-Luna-Menon
160[— CD BFKL
140—
T 120
g 120f
6® 100/—
3 C
6 8o
60 =
a0
E Al
20—~
T T ] Ll Ll
10° 10* 10°
Vs [GeV]
FIG. 1. The total and elastic cross sections for pp collisions.

The upper cross sections are total cross sections, while the lower
ones are the elastic cross sections. Tevatron, SPS, LHC, and
cosmic rays data are presented [30-37,50,51]. The lines are
results from models considered with the fitted parameter Q3.

where (r7) = 0.658 fm?. This value is not far from the
value S7 = 0.740 fm? appearing in Eq. (18) for protons.
Accordingly, the average (z) = 1/3 is obtained. However,
as we will see afterwards, the calculation of a low mass
(LM) single diffraction cross section becomes a hard task as
three color centers from constituent quarks should be used
and the average amplitude squared, (N?), has to be taken in
each of these configurations.

Before discussing an impact-parameter dipole amplitude
extracted from DIS data, we would need to rewrite the
energy dependence from photon-hadron scattering in terms
of the appropriate Bjorken scaling variable x. In this work,
the following ansatz has been considered:

= 2 (20)

which has been successfully considered in Ref. [52]
and where s3~m3 and R.=0.2 fm. Such an ansatz

is numerically equivalent to the proposal )—1(: é with
0

Q% ~ (2m,)* ~m}, made in Ref. [1]. For simplicity and
faster numerical calculation, we consider the last relation,
where Q3 is a free parameter to be fitted to the total cross-
section data, above cm energies \/E > 100 GeV.

For the impact-parameter amplitude, we first consider
the parametrization based on the color glass condensate
ideas (called from now on the b-CGC model). In the b-CGC
model, the color dipole-proton amplitude is given by

Ny (rTQJ)ZJ/cff’
1 — exp [ Aln*(BrQ,)],

rQ; <2

, (21
rQg > 2 @)

N(x,r.b) = {

where the effective anomalous dimension and the satura-
tion scale, Q,, are defined as
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1 2
- — 1 22
Veff Vs +K/1Y n(’"Qs)’ ( )

XO % b2
0 (Wer{-pi) @
X P 4y Bcge ( )

where, accordingly, Y =In(1/x) and &=y"(y,)/
¥ (vs) = 9.9, with y being the leading-order BFKL char-
acteristic function. The updated values for the model’s
parameters are the following: Boge = 5.5 GeV™2, y, =
0.6492, Ny = 0.3658, x; = 6.9 x 1074, and 1 = 0.2023,
which have been published in Ref. [53]. That fit was per-
formed in the range x < 0.01 and Q% € [0.75, 650] GeV?,
with m, = 1.4 GeV, using high precision combined
HERA data.

We have also tried an eikonal-like expression for the
dipole amplitude, which has a different impact-parameter
dependence. The function S(b) is now described by the
dipole-profile function. Namely, the amplitude has the
following form:

N(x rb) = 1 —exp <—;6(x, r)S(b)), (24)
with
(25)

2pb

S(b) = 3 K (). (26)

Moreover, we have considered the parameters for 6 from
the GBW saturation model [28], taking R? = 4.5 GeV ™
and f = \/Tg.

The eikonal-like model above is strongly inspired in
the success obtained in Ref. [54], where a universal
expression of cross sections for the exclusive vector
meson production and DVCS in photon-proton and
photon-nucleus interactions based on the geometric scal-
ing phenomenon has been obtained. Using the same form,
Eq. (24), a theoretical parametrization based on the
scaling property where cross sections depend only on
the single variable 7 = (u?/Q3) (u* = Q? + m3, for vector
mesons and u> = Q? for DVCS, respectively) was found.
In that work, the saturation scale controls the energy
dependence and nuclear effects as well. The eikonal-like
model then describes all available data from DESY-HERA
for p,¢,J/w production and DVCS measurements.
Furthermore, the photonuclear cross sections for p and
J/w production extracted from the ultraperipheral heavy
ion collisions at the LHC; i.e., 6(yPb — VM + Pb), are
also quite well described.

TABLE L. Best fit parameter Q3 and y2/d.o.f. of fits to pp and
't p total cross section data for b-CGC and Eikonal models.

Model 02 [GeV?] 72/d.of.
b-CGC (pp) (9.444+0.57) x 10> 518.40/22 = 23.6
b-CGC (z* p) 0.10 £ 0.12 9.88/6 = 1.65
Eikonal (pp) 0.308 +0.019 70.25/22 = 3.19
Eikonal (7" p) 13+ 14 9.25/6 = 1.54

III. FIT RESULTS AND DISCUSSION

A. Total and elastic cross sections

Fits to the pp and pp total cross sections for the three
models presented in last section are shown in Fig. 1. Both
accelerator and cosmic ray data have been gathered from
the PDG2018 review [29], recent LHC measurements,
mostly by TOTEM and ATLAS Collaborations [30-37]
as well as from the Auger and Telescope Array Collabo-
rations [50,51]. All fits have been performed using the
TMINUIT class of the ROOT framework [55] through the
MIGRAD algorithm. Specifically, we minimize the total
cross section data, pp, pp, and ztp scatterings, for
/s > 100 GeV, using the chi squared per degrees of
freedom (d.o.f.), y?/d.o.f., criterium as a goodness of fit
estimator. As previously mentioned, the asymptotic model
has only fixed parameters and for b-CGC and the Eikonal
models, the only fit parameter to be tuned is Q3. Best fit
parameters of these models are thus given in Table I.

As shown in Figs. 1 and 2, the asymptotic model
provides a reasonable description of the data in the wide
energy range, 100 GeV < /s < 13 TeV. This feature can
be related to the dominant role of gluon production at very
low x, as the model has only four fixed parameters, namely,
me, 0p, Xq, and A.

—— b-CGC
...... Eikonal
............ Asymptotic
‘‘‘‘‘‘ CD BFKL
o n'p
A LHCf(p+p—-n+X)

920

80

70

60

50

Gy [Mb]

40

30

HH%..HH 8\\‘HH‘\\H‘HH‘HH‘HH‘HH‘HH

M| L P

10? 10°

FIG. 2. The total cross section for zp collisions. Data are
obtained from inclusive leading neutron spectra in the LHCf
Collaboration of the LHC [56,57]. Low energy data are also
presented.
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On the other hand, the b-CGC model gives a slowly
rising total cross section, with a preasymptotic form
oo ~ aln s. Such behavior is related to the fact that dipoles
with sizes nearly the proton radius dominate once the
hadron wave function has a Gaussian profile centered at
R,. For rQg > 2, the dipole cross section in b-CGC is
mainly driven by the Balitsky-Kovchegov (BK) asymptotic
solution [see Eq. (21)]. At high energies (small x) the
saturation scale grows. Thereby, the quantity rQ, becomes
larger and the dipole amplitude tends to the unity, which
leads to the saturation regime. At LHC and cosmic rays
energies, the system is saturated and the cross section has
already reached its limit.

Some words of caution are in order at this point. Most
saturation models [b-CGC, impact-parameter saturation
model (IPSAT), Golec-Biernat Wusthoff (GBW), and so
on] predict a total cross section proportional to quantity
0o ~27 mb which is quite small compared to the
typical values of the measured cross section (even for
the pion case). This was discussed already in Ref. [1] for
the GBW model and the numerical solution of the BK
equation. The situation is similar here for the b-CGC
model, where the smallness of overall normalization had
to be compensated by an unrealistic value of the Q3
parameter in pp case (see Table I). The situation is
different for the Eikonal model, where the overall
normalization is given by the integration over impact
parameter of the profile S(b) «x bK,(pb), which corre-
sponds to the proton dipole form factor in the momen-
tum transfer representation.

Regarding the Eikonal model, the profile function
considered, S(b) ~ 2K, (%), results in an asymptotic total
cross section, oy, ~ In” s, as long as 1/x ~ s, as stated by
the ansatz (20) [1]. This Froissart-bounded cross section
can be naturally obtained in structure function models with
the leading asymptotic form F,(x) ~In*(1/x), at low x,
such as in the model by Block-Durand-Ha [58,59], whose
analytical form ultimately leads to the dipole cross sec-
tion given in Ref. [3]. Thus, a deep link between the
dipole cross section (an its sizes) and the total cross section
cannot only be anticipated at very high energies, but it
is essential to understand low-x parton dynamics. In addi-
tion, the same asymptotic energy behavior is seen in soft
Pomeron models, such as BLM [60], COMPETE [61], and
PDG [29].

To establish a direct comparison with other popular
models of current Regge phenomenology we also plot in
Fig. 1 the prediction of the model by Broilo-Luna-Menon
(BLM) [60], in which the energy dependence of the soft
Pomeron is parametrized as follows (model II):

on(s) = A+ DIn?(s/sg), (27)

where A =29.6 1.2 mb, D =0.2514+0.010 mb, and
So = 4m%, ~3.521 GeV2. As this model is inspired in

the COMPETE analysis (pre-LHC) [61-63] we shall refer
to it as the BLM model.

We have also estimated the pion-proton total cross
section. Our predictions are shown in Fig. 2 compared
to recently extracted data from leading neutron production
in the TeV region [56,57] by using recent data from the
LHCf Collaboration [64]. The magnitude and energy
evolution predicted by the models tested is in quite good
agreement with the data, despite their large error bars.

For the asymptotic model, we use the additive quark
model, where 67 /6NN = 2/3. Regarding the b-CGC and
Eikonal models, we explicitly take into account |y (z, r)|?
from Eq. (18). The low energy data are also presented. In
the models discussed so far only the Pomeron contribution
is being computed. For low energy a nonperturbative
contribution as well as the Reggeon piece have to be added.

Predictions of models for the total cross section at LHC
energies of 7, 8, 13, and 14 TeV and at the cosmic ray
energies, 57 TeV (Pierre Auger Observatory) and 95 TeV
(Telescope Array), are shown in Table II. It is important to
mention that we have not presented the b-CGC predictions
because they did not have a good agreement with data, as it
can be clearly seen in Fig 1. Thereby, for the observables
calculated in the next sections, we will not take into account
the results presented by this model.

Before analyzing the p parameter and hadronic forward
slope in next subsection, we explicitly compare our predic-
tions to the color dipole BFKL-Regge expansion (CD-
BFKL) approach by Fiore et al. (Ref. [39] and references
therein). The main ingredient in this formalism is the BFKL
dipole cross section, ¢(Y = In(xy/x), r), which sums the
~a, In(1/x) multigluon production cross sections in per-
turbative QCD. The initial condition for the evolution at
Xx = xg and dipoles having transverse size r is the Yukawa
screened two-gluon exchange. The evolution equation for
the dipole cross section concerning the nonunitarized
running CD BFKL amplitudes is given by,

Oo(Y, . >
WD [ @) -

X[o3(Y, 7, 71, 75) —o(Y,r)] (28)

where y(7) « &K, (r/R,) is the radial light-cone wave
function of the dipole with the vacuum screening of

TABLEIL Predictions of 67%/?” for the asymptotic and eikonal
models.

Vs (TeV)  Asymptotic: ol /PP (mb)  Eikonal: 6”?/?” (mb)
7.0 96.9 95.4

8.0 99.0 97.2

13 106 104

14 107 105

57 128 126

95 136 134
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infrared gluons (infrared cutoff regulator is R. = 0.26 fm).
The ggg-nucleon three-parton cross section, Eq. (7), is a
function of 7 ,, which are, respectively, the quark-gluon
and antiquark-gluon transverse separations in the two-
dimensional impact-parameter plane for dipoles generated
by the quark-antiquark color dipole source.

In [39], the unitarity absorption corrections are computed
using the BK nonlinear BFKL equation in the impact-
parameter representation. The evolution equation in this
case reads as

0o(Y, . -
WD [ erin) - v

X {G(Y, 71)+0(Y, 7)) —o(Y,r)

wfal)

where By, = B((Y,r;) +By(Y,r,) and B; = B(Y,r;).
The authors consider that the diffraction cone slope B
drives the area populated with interacting gluons.
Specifically, the diffraction slope for the forward cone in
the dipole-nucleon scattering is given by the expression
B(Y,r) = (r*/8) + (R%/3) +2a)pY, with R ~ 12 GeV~2
and o)p~0.1 GeV~2.

Accordingly, in Fig. 1 the predictions of Fiore et al. [65]
for the total cross section (green dot-dashed curve) are
shown. We see that absorptive corrections are strong at
cosmic rays interaction and at the highest collision of the
LHC. Up to 2 TeV their results is very similar to ours. For
completeness, we also add the predictions from the CD
BFKL approach (without absorption corrections) for the
pion-proton cross section in Fig. 2. The dot-dashed curve
gives the hard contribution to zN cross section taken from
Ref. [49] [Eq. (28) and parameters in Table I from that
reference]. The low energy data is nicely described and the
high energy LHC values could be reproduced in case
absorption is included. The absorption effect should be
similar to the proton case in the same energy range.

(Y. F)o(Y.F)
477,'312

B. Real-to-imaginary ratio and the forward slope

Furthermore, we also give predictions for two forward
energy-dependent observables: (i) pPPPP(s), the real-to-
imaginary ratio of the elastic amplitude, which follows in

Fig. 3, and (ii) Bflp’p_p(s, t = 0) the forward slope, which
is shown in Fig. 4. Both plots comprise very recent LHC
data and especially for p, an adequate description of the
LHC13 datum (within error bars) is achieved. On the
one hand, predictions from dipole models deviate signifi-
cantly from the data, especially the b-CGC model. Such
behavior is related to the very rapid decrease of the b
distribution at large impact parameters, N(r,x,b)~ 1—

exp"’(”)‘)h4, which approximately follows a black-disk

0.25
- ¢ Pp accelerator data
: ¢ pp accelerator data
B — b-CGC
0ol -~ Eikonal
o B N Asymptotic
- et T - -+ CD BFKL
Ck0.1577 .‘::;\\ + .
0.1 ‘—~
# .l 1 ‘4‘ .
0.05|— -
Ll L ol L ol L PRSI
10° 10° 10
(s [GeV]
FIG. 3. Real-to-imaginary ratio predictions the b-CGC, Eiko-

nal, and asymptotic models and prediction from the CD BFKL
approach together with recent LHC data [32].

shape, N(r,x,b) ~O(b — R), and leads to an almost flat
energy dependence of B,;. We recall that such behavior
is very similar to those presented in Ref. [1], where the
GBW and Glauber-Mueller models for the dipole cross
section were considered. In Ref. [65] no prediction is done
for the forward slope; however, an estimation can be done
using the forward cone in the dipole-nucleon scattering.
Taking for simplicity that the average dipole size is

(r)~y/(r3), the corresponding slope is Bg,(s, (r)) ~

((r3)/8) + (R%/3) + 2ajp In(sxo/m3). At 7 TeV a rough
estimation is B, = By + Bgi, ~ (7.8 + 8.87) GeV ™2 ~
17 GeV~2 which is close to the TOTEM measurement
(B;)’(7 TeV) = 19.9 £0.3 GeV~2).

Conversely, due to the smoother b distribution given in
Egs. (24) and (26), the Fikonal model shows a better
agreement with data, yielding a more acceptable trend of
rising for B,;(s). Indeed, as we show in Fig. 5, predictions
of this model for the elastic differential cross section
reproduce the general structure of the diffraction cone

40

= Eikonal
Y pp
¢ TOTEM
B ATLAS-ALFA
A pp

35

B, [GeV?]
)
o
TT Ty T T T T[T T T T[T T T[T IT T [TTT1

s [GeV]

pp
el »

FIG. 4. Energy dependence of the slope, B
Eikonal model.

predicted by the
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10°

—— Eikonal - 276 TeV (x 107)  *+ ATLAS-7 TeV (x 10% ATLAS -8 TeV (x 10')

107
VY TOTEM-276TeV (x 107) e Eikonal - 8 TeV (x 10') =+=+" Eikonal - 13 TeV (x 10%)
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FIG. 5. Differential elastic cross-section data measured by the
ATLAS and TOTEM Collaborations at /s = 2.76 [66], 7,
[35,67], 8 [33,34], and 13 TeV [68] and predictions of the
Eikonal model in the region 0 < — < 0.2 GeV?.

(0 < =1 <£0.2 GeV?) at LHC energies, especially at 7.0
and 8.0 TeV.

Finally, we present the corresponding p parameter for the
CD BFKL model based on the results for the total pp cross
section and make use of dispersion relations (derivative
dispersion relation). It is shown in Fig. 3 (black dot-dashed
curve), which is driven by the change of inflexion in the
total cross section in the high energy collider region. The
normalization is still in agreement with LHC data, whereas
the shape shows somewhat of a disagreement.

C. Low mass diffraction

For incorporating color transparency in a natural way,
color dipole models are a perfect framework to study
inelastic diffraction. Indeed, color dipoles can be regarded
as eigenstates of diffraction [69].

In the one-channel models we have developed so far, low
mass inelastic diffractive eigenstates can be treated using
the Good-Walker (GW) mechanism [70]. Since diffraction
arises from fluctuations in high-energy scattering ampli-
tude, we calculate the contribution of color dipoles to the
single diffractive cross section in the LM region through the
following relation:

osp (5) = (N?) = (N)?, (30)

o= ([ @ [ aceripwe),
(N) = /Jlb(/ dzd2r|‘Ph(r,z)|2N).

The first term in Eq. (30) encompasses the quasielastic
cross-section term, where excitations of the target (beam)

where

particle can occur in the interaction with dipoles within the
proton. The second term corresponds to the pure elastic
scattering term. The predictions for the dipole model are
presented in Fig. 6, as a function of the center-of-mass
energy. The theoretical curve (we choose the Eikonal model
as reference) is compared to non-LHC collider data (ISR
[71], UA4 [72], UAS [73], E710 [74] and CDF [75]) and
the recent LHC measurements. In particular, we consider
the ALICE data [76] at /s =0.9, 2.76, and 7 TeV
(My < 200 GeV/c?), the measurements of TOTEM [77]
(3.4 < My < 1100 GeV/c?) and CMS [78] (12 < My <
394 GeV/c?), as well. An approach similar to ours is
presented in Ref. [79], where fluctuations in the BFKL
ladder are taken into account. It was demonstrated that in
high energy proton-proton collisions these fluctuations are
strongly suppressed by parton saturation.

The Good-Walker formalism was originally conceived
so as to describe a system of a nucleon plus its diffractive
N* isobars. Clearly, this simplistic approach is not suitable
for high energy diffraction where M2 is bounded by
0.05s, leading to a continua of diffractive Fock states [80].

GW models shortcomings are amended once multi-
Pomeron interactions are included, leading to a high
mass diffraction [81]. If we consider a single diffractive
channel p+ p — p+ Mgp, Mueller’s triple Pomeron
mechanism yields high single diffractive (SD) mass which
is non-GW [80].

CDF analysis suggests a relatively large value for G;p.
Therefore, it is necessary to consider a very large family of
multi-Pomeron interactions (enhanced /P) which are not
included in the GW formalism. This dynamical feature
becomes significant above Tevatron energy and leads to
profound differences in the calculated values of soft cross
sections. As expected, it can be seen in Fig. 6 that GW
formalism does not show good results at high energies due
to the fact that high mass diffraction is not taken into

25
B —— Eikonal
L v ALICE
C ® TOTEM
20 m CMS
- A CDF
C E710
= " ® UA4
£ - UA5
'_é - A\
n
K C
105 * i
~ A
C o
S 4
ol . | . P

10° 10*
Vs [GeV]

FIG. 6. SD cross section for the reaction pp/p — pX as a
function of the center-of-mass energy, /s. The curve is the result
for the color dipole amplitude from Eikonal model and considers
only the low mass diffraction contribution.
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account. The GW approach just considers elastic processes,
i.e., on the forward direction. Hence, only the low mass
diffraction is taken into account. However, at high energies
the high mass contribution plays a significant role as
peripheral regions of the hadrons; i.e., inelastic processes
cannot be neglected in the computing of ogp.

Despite the high mass, diffractive dissociation is out
of the scope for the present study and it can be properly
addressed in a color dipole approach. For example, pre-
viously before both low and high mass excitations were
described by the Good-Walker mechanism in Ref. [79].
In that work, the high mass diffraction is connected to
fluctuations in the BFKL evolution and it is shown that in
pp collisions unitarity constraints and saturation decrease
those fluctuations towards the black-disc limit of the
scattering process. Moreover, the dipole cascade model
can reproduce the expected triple-Regge form for the bare
Pomeron with @;p(0) = 1.21 and o), = 0.2 GeV~2, and
the triple-Pomeron coupling is shown to be almost con-
stant, gy;p ~ 0.3 GeV~!. It is argued that GW and triple-
Pomeron formalisms for high mass dissociative diffraction
are just different aspects of the same phenomenon.
Specifically, in both approaches, diffractive excitation is
the shadow of absorption into inelastic channels. This
conclusion is not completely new as in the seminal work
in Ref. [82] where a direct computation of the triple-
Pomeron coupling for both diffractive photoproduction and
DIS at large Q® has been done within the CD BFKL
formalism already discussed. A weak dependence on Q2
was found, producing G;;p(Q?) ~0.23 GeV~2 at Q%> =0
and G3;p(0Q%) ~0.36 GeV™? for Q? >3 GeV% In the
context of the formulations presented here, within the
color dipole picture the high mass dissociation can be
understood as a three stage process. First, the penetration of
the projectile dipole through the target without inelastic
interaction then followed by the emission of one extra
gluon (considered a new dipole in large N, limit). Finally,
one has the interaction of two produced dipoles with the
target. The main ingredient in the last stage is the amplitude
of gluon-dipole scattering that has been investigated in
Ref. [83]. Starting from the dipole amplitude in Eq. (13)
written in terms of the opacity function €, one has
N(s,r,b)=1- exp[—%Q(s, r,b)]. For instance, in our
eikonal-type model, Eq. (24), Q(s,r,b) = 6(x,r)S(b).
For the proton considered as an effective color dipole
(the quark-diquark picture) the high mass diffraction cross
section reads as

otM(s) N, _afs
M2 Z[[)VIZ — S /dzbdZdzrh//p(r,Z)Pe Q(s,r,b)

‘ s
X [e‘g(“”*h)rzll (MZ’ r, b> —rL(s,r, b)] ,
(31)

with the following auxiliary integrals:

ood’,‘/Z S
112[2 W{l—exp[—<Q(W,r/,b>
1 s 2
-9 )|}
d2r 2
b= [ eyl - ew0br R (2)

where [, is related to a change for the elastic scattering
of the original dipole (with transverse size r) due to the
emission of an extra gluon. In 7, the expression in the curly
bracket is the amplitude for gluon-dipole scattering [83].
Applications of the above formalism to the pp scattering
will be postponed for future studies.

As a final comment on the expression, Eq. (30), for the
low-mass contribution to the SD cross section, we see that it
is suitable for computing the corresponding proton-nucleus
(pA) cross section. This can be performed by replacing
the proton profile function S(b) in our case by the one
extracted from nuclear form factors, S, (b) (Woods-Saxon
or similar parametrizations). The investigation about the size
of nuclear effects in a single diffraction is an open question in
the literature. For instance, in Ref. [84] predictions for the
SD cross section in pPb collisions at the LHC are obtained
in the context of the Glauber model for nuclear scatterings
and take into account Regge phenomenology (including an
effective Pomeron flux, which describes the measured SD
cross section in pp collisions). Recently, in Ref. [85] the
authors investigate the diffractive excitation in pA collisions
based on the dynamics of relativistic nuclear collisions
through the concept of hadronic cross-section fluctuations.
These fluctuations are related to inelastic shadowing and
diffractive dissociation and their effect decreases at larger
energies and heavier nuclei.

IV. SUMMARY

In summary, we have applied to soft hadron-hadron
scattering the color dipole picture including the parton
saturation phenomenon as the transition region between
soft and hard domains. We have shown that the inclusive
process is mainly driven for dipole sizes near the saturation
radius in the high energy regime. The main advantage is
that the corresponding phenomenology is almost free of
parameters as they are completely constrained from DIS
data in ep interactions. The models rely on the dipole cross
section or the b-dependent dipole amplitude and indicate
that the impact-parameter profile is crucial for a good data
description. In this context, our best results followed from
the eikonal model, for which a smoother impact-parameter
structure was built. In fact, the wealth of high energy elastic
scattering data can be nicely described by this model,
including oy, 6., p, do,;/dt in the diffraction cone and
ogp in the low mass region, using a one-channel eikonal
approach. These findings indicate a possible path of
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exploring even further the color dipole formalism as an
alternative approach to the more traditional Regge-
Pomeron calculus to handle soft hadron-hadron and
hadron-nucleus scattering processes, where, for instance,
the role of multiple parton interactions can be properly
addressed. We are currently investigating this possibility.
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