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Figure 1: The color-dipole picture of diffractive production of vecimesons (left) and dijet (right).

1. Introduction

An effective field theory describing the high-energy limft @QCD is the Color Glass Con-
densate (CGC) [1, 2]. In the CGC approach, one systematitzdes into account the non-linear
gluon recombination (or saturation) and unitarity effastsich are important at small Bjorken-
The quest for experimental evidence of the possible sigaatugluon saturation phenomenon has
been the program of various past or existing experimenta ficRA and RHIC to the LHC, and
future experiments such as an Electron-lon Collider (ER&})gnd the LHeC [4]. Nevertheless,
experimental evidence that can unarguably point towandsrgsaturation phenomenon, has been
elusive so far. This is because the experiments currenthyiatlisposal are limited in their kine-
matic coverage, and often other approaches provide aliendescriptions of the same sets of
data. Here, we show that diffractive production in smalkgion, in particular, the measurments
of t-distribution of photo-production of diffractive pradtion provides a unique opportunity to
discriminate among saturation and non-saturation mo8gls [

2. Exclusive diffractive processesin the colour-dipole formalism

Similar to the case of the inclusive DIS process, the sdatfeamplitude for the exclusive
diffractive process/* + p — V + p in the CGC approach at small-x, with a final-state vector me-
sonV = J/y,Y(2s),,p (or areal photorv = y) or a dijetV = gq, can be written in terms of a
convolution of the dipole amplitude/” and the overlap of the wave functions of the photon and
the exclusive final state particle, see Fig. 1. The main idiffee between diffractive and inclusive
productions is that for the diffractive production one hapérform averaging over color sourges
of target at amplitude leved O |(.#),|> while for the inclusive production averaging over color is
performed at the cross-section lewel (|.#|2),. Therefore, in the color-dipole approach, we ob-
tain the following generic factorization for the inclusiiz@S cross-section; and for the differential
cross-section of diffractive vector meson (VM) [5] and dijg],

o' = Yl A (1) & W

dO'VM _
G = |Weg@ A (1) © W2,
odijet )
G = Y@ (b)), (2.1)
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Figure 2: Left: The impact-parameter profile of saturation scale atdifferent Bjorkenx in the IP-Sat and
the b-CGC models extracted from data shown on right panghtRA compilation of the value of the slope
of t-distribution of exclusive vector-meson electroprotion and DVCS processes. The plots are taken from
Refs.[7, 8].

with t being the squared momentum trandfer —A?. In the above equationy” is the imaginary
part of the forwardyq dipole-proton scattering amplitude with transverse digter and impact
parameteb. Note that the impact-parameterandt are related, namely we hawe~ 1/|t|. For
DIS we havet = 0, hence the integral over the impact-parameter can baltyiyperformed and
absorbed into the over-all normalization factor. Therefdne impact-parameter dependence of the
dipole amplitude is less important for inclusive procesgkge it is crucial for describing exclusive
diffractive ones. Note that the impact-parameter profilthefdipole amplitude entails intrinsically
non-perturbative physics, and unfortunately can only batéd phenomenologically at this time.
Supported by experimental data, it is generally assumedussgm profile for gluons where the
width of the profile, as only free parameter, is fixed via a fidiffractive data at HERA. For
the forwardqq dipole-proton scattering amplitude in Eq. (2.1), we empgloy impact-parameter
dependent Color Glass Condensate (b-CGC) [7] and SatardBeSat) [8] dipole models which
were recently updated with high precision HERA combineddsee also Refs. [6, 9]. Both models
incorporate key features of small-x physics propertiesraatth smoothly to the perturbative QCD
regime at largeQ? for a givenx. In both models by construction the impact-parameter erafil
the initial saturation scale is assumed to be a Gaussiappdep by the HERA data, see Fig. 2.
The t-distribution at small dipole sizes can be approxitgadetermined by the Fourier transform
of the dipole impact-parameter profile. Therefore, at sihiglble transverse size, in rather model
independent fashion, one can directly relate the saturatiale impact-parameter profil(x,b)

to the t-distribution of diffractive vector mesons,

~ e Pl (large@?) <= Q%(x,b) ~ Q¥(x)e ¥/%0, (2.2)

where t-slopeBp gives the width of saturation scale distribution in protblote that the above ex-
persion is only valid at larg®?, approaching the saturation region from the dilute DGLAGTe.
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Figure 3: Left: Total J/ cross-section as a function 84, compared to results from the CGC/saturation
(orange band) calculated from the b-CGC and the IP-Sat m¢@deB]. Right: Differential vector meson
cross-sections fal /Y, as a function oft| within the IP-Sat, b-CGC and 1-Pomeron models with a fixed
m; = 1.27 GeV at HERA. The plots are taken from Ref. [5].

At a fixed Q?, the typical dipole size is bigger for lighter vector mesberefore the validity of
the above asymptotic expression is postponed to a higheThis fact is remarkably in agreement
with the recent data from HERA, see Fig. 2 right panel. Th&#-and the b-CGC models have
been intensively applied to many reactions including haawmycollisions, see e.g. [10, 11]. In
order to single out the implication of saturation effect, @@enpare our results with the 1-Pomeron
model [5] which corresponds to the leading-order pQCD esjmamfor the dipole amplitude in the
color-transparency region, as opposed to the saturatie® deor the forward vector meson wave
functions in Eq. (2.1), we employ the boosted Gaussian viiawetion with parameters determined
from normalisation, the orthogonality conditions and adfitite experimental leptonic decay width
[5]. The explicit form of forward photon and vector meson wdunctions in Eq. (2.1) can be
found in Ref. [5].

In Fig. 3, we compare the total/y cross-section as a function of centre-of-mass energy
of the photon-proton systeWy,,, obtained from saturation models and from a pQCD approach
at leading-order (LO) and next-to-leading-order (NLO)Hwitll available data from fixed target
experiments to the recent ones from HERA, LHCb and ALICE. W§e ahow the LHeC pseudo-
data obtained from a simulation based on a power-law exatpo of HERA data. The band
labeled "CGC" includes the saturation results obtaineah fitee IP-Sat and the b-CGC models with
the parameters of models constrained by the recent combla#iA data. Note that the LHCb
data points in Fig. 3 were not used for fixing the model paransetand therefore our CGC results
in Fig. 3 at high energy can be considered as predictions. ClB€ band in Fig. 3 also includes
the uncertainties associated with choosing the charm miksuhe rangem. = 1.2 1.4 GeV
extracted from a global analysis of existing data at smadl<x0.01 [7, 8]. Note that diffractive
J/ production is sensitive to the charm quark mass at @ It is seen that the ALICE and
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Figure4: Differential diffractive vector meson photo-productiass-sections fo¥ /¢, ¢(2s), p andg, as

a function of|t| within the IP-Sat (saturation), the b-CGC and the 1-Pomarodels at a fixetlV,, = 1 TeV
andQ = 0. In the lower panel, we also show differential diffractdiget photo-production cross-section at a
fixed Ep =5 TeV andW,, = 4 TeV for rapidities interval of two jets within, € [6,7.4] andn; € [0,6]. The
plots are taken from Refs. [5, 6].

LHCb [12] data are in good agreement with the CGC predictioh#e there seems to be some
tensions between the experimental data and the pQCD réRbeded MNRT LO and NLO) at
highW,, [5]. In Fig. 3, right panel, we compare the saturation and-saturation models results
for thet-distribution of the exclusive photo-production &fy at Q ~ 0 with available data from
HERA. It can be observed that at Idtywhere currently experimental data are available, one danno
discriminate between the saturation and non-saturatiegPofheron) models and all three models:
IP-Sat, b-CGC and 1-Pomeron, provide a good descriptiorweder, at larget| the models give
drastically different results, namely both the IP-Sat dredld-CGC saturation models produce a dip
while the 1-Pomeron model does not. Note that theoreticedainties due to the charm mass are
less important for thé-distribution than for the total cross-section.

In Fig. 4, we compare the results obtained from the IP-Satlaadh-CGC models with those
from the 1-Pomeron model, for thalistribution of the elastic photo-production (fQr= 0) of vec-
tor mesonsl /Y, Y(2s), p, ¢ and dijetqq off the proton at an energy accessible at the LHC/LHeC.
Drastic different patterns for the diffractiviedistribution emerge between saturation and non-
saturation models for lighter vector mesons productiorhsagp and ¢, with the appearance of
multiple dips. The fact that thiedistribution of diffractive dijet production also exhibidip-type
structure within the saturation models, provide furthedemce that the emergence of dip structure
in the diffractive t-distribution is universal and does migpend on the details of the final-state
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particle wave functions.

The emergence of a single or multiple dips in thdistribution of diffractive vector mesons
and dijet production in the saturation models is directhatesl to the saturation (unitarity) features
of the dipole scattering amplitudg” at large dipole sizes [5]. In the 1-Pomeron model, since the
impact-parameter profile of the dipole amplitude is a Gausgir all values of, its Fourier trans-
form becomes exponential for all valuestoHowever, in a case that the typical dipole size which
contributes to the integral of cross-section is within théarity or black-disc limit, with.4" — 1,
the Fourier transform of the dipole amplitude in impactgvaeter space leads to a dip or multi-
dips. The saturation effect becomes more important at emBjorkenx or largerW,,,, and lower
virtualities Q where the the contribution of large dipole sizes become®rimoportant. For lighter
vector mesons, the overlap extends to larger dipole sizestirgy in a dip structure. In saturation
models, the dips in thedistribution recede towards lowét with decreasing mass of the vector
meson, increasing energy or decreasing Bjorkeand decreasing virtualit@Q. It is important to
note that the main difference between a dipole model witkdirand non-linear evolution (incor-
porating saturation effects through some specific modehaset employed in this work) is that
the former does not lead to the black-disc limit and, thersfthe dips do not systematically shift
toward lower|t| by increasingh,, 1/x, andr or 1/Q, while the latter does. Non-linear evolution
evolves any realistic profile ih, like a Gaussian or Woods-Saxon distribution, and makdesec
to a step-like function in thé-space by allowing an increase in the periphery of the hagtron
dilute region) while limiting the growth in the denser centiThis leads to the appearance of dips
with non-linear evolution even if the dips were not presdrtha initial condition at low energies
or for largex (e.g. a Gaussian profile), or to the receding of dips towanaet values oft| even if
they were already present in the initial condition (e.ghvetWoods-Saxon type profile).

To conclude: we showed that the recent LHC data on diffractju photo-production are
in good agreement with the saturation/CGC predictions evtiiere are some tensions between
recent LHCb and ALICE data with the 1-Pomeron model and pQ€sults, see Fig.3. This
can be considered as the first hint of saturation effects dt wodiffractive photo-production of
vector mesons off proton at the LHC. We showed thattigferential cross-section of diffractive
production of vector mesons and dijet in high-energy doltis offer a unique opportunity to probe
the saturation regime and discriminate between saturatiwhnon-saturation models, see Fig. 4.
Within saturation models, thedifferential cross-section of diffractive productionhésits dip-type
structure. The dip becomes stronger in a kinematic regianttte saturation scale is larger, and
the dip disappears in the dilute region (in non-saturatiadats). These features are universal and
persist independent of whether the final-state is a vectsom¥ ¢, {(2s), p, @ or aqq dijet.
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