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1. Introduction

Exclusive diffractive vector meson production providesch itesting ground of many QCD
novel properties and probes the high-energy limit of QCDer€hs strong theoretical evidence that
QCD at high-energy (or small Bjorkex)-leads to a non-linear regime where gluon recombination
or unitarity effects become important [1, 2], resulting atwsation of parton densities in hadrons
and nuclei. An effective field theory describing the higlesgy limit of QCD is the Color Glass
Condensate (CGC) [2]. One of the advantage of the CGC framkea/that it is possible to simul-
taneously describe other high-energy hadronic intenastino a regime not currently accessible to
approaches that rely on collinear factorisation, see e=fg.IB, 4, 5, 6] and references therein.

The LHCb and ALICE collaborations have recently released data onJ/( photoproduc-
tion with photon-proton center-of-mass energies upto ab@iTeV [7, 8], the highest energy ever
measured so far in this kind of reaction. Alongside this,réwently released high-precision com-
bined HERA data that were not available at the time of previstudies of diffractive processes,
provide extra important constraints on saturation mod®l4(Q]. The main purpose of this study is
to confront the saturation based predictions with thosenedata from the LHC in order to exam-
ine the importance of the saturation effect. We systemitistudy elastic diffractive production
of different vector meson3/y, (2s) andp off protons and investigate which vector meson pro-
duction is more sensitive to saturation physics and whatsoreanent can be potentially a better
probe of the signal. In particular, we stugy2s) diffractive production by constructing thg(2s)
forward wave function via a fit to the leptonic decay, and mewarious predictions for diffractive
Y(2s) production as well as the ratio @f(2s)/J/y at HERA and the LHC. Below, we summarize
a few key results, the details can be found in Ref. [11].

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, with a final state vector meson = J/, P(2s),¢,p (or a
real photonV = y), can be written in terms of a convolution of the dipole amugale .+ and the
overlap of the wave functions of the photon and the excluBia state particle (see [9, 10, 11]
and references therein),

. . 1 .
A PVP =2 / or / &b /0 dz (Wi W) (rzmp, My: Q2) e 1b-(-208 g (x r by (2.1)

whereA? = —t with t being the squared momentum transfer. In this equatioris the imaginary
part of the forwardyq dipole-proton scattering amplitude with transverse dimter and impact
parametet. The parameter is the fraction of the light cone momentum of the virtual it
carried by the quark anah; denotes the mass of the quark with flavduin Eq. (2.1) summations
over the quark helicities and over the quark flavdue u,d,s,c are implicit and thedy, W is the
forward overlap wave function of photon and vector mesone differential cross-section of the
exclusive diffractive processes can then be written in savfithe scattering amplitude as [9, 10, 11],

y'p—Vp
dot 1 ‘%Wp—Np‘z
dt 16m |~ Tt

(1+B2RS, (2.2)
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Figure 1. Left: TotalJ/ cross-section as a function'¥,,, compared to results from the CGC/saturation
(orange band) calculated from the b-CGC and the IP-Sat m¢@gel0]. Right: Totall/ cross-section as
a function ofW,,, compared to the results from the IP-Sat (saturation) aRdriheron models with different
charm massn..The plots are taken from Ref. [11].
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For the forwardqq dipole-proton scattering amplitude in Eq. (2.1), we emglog impact-
parameter dependent Color Glass Condensate (b-CGC) [9Bandation (IP-Sat) [10] dipole
models which were recently updated with high precision HEf®®#/bined data. Both models in-
corporate key features of small-x physics properties antimamoothly to the perturbative QCD
regime at largeQ? for a givenx. Both models have been intensively applied to many reastion
including heavy-ion collisions, see e.g. [12, 13]. In ortfesingle out the implication of saturation
effect, we compare our results with 1-Pomeron model [11EWlaiorresponds to the leading-order
pQCD expansion for the dipole amplitude in the colour-tpamency region, as opposed to the
saturation case. For the forward vector meson wave fursitime employ the boosted Gaussian
wave-function with parameters determined from normabsatthe orthogonality conditions and
a fit to the experimental leptonic decay width [11]. Note thath W\, and.#" are external in-
put here which were constrained in other reactions tharetbhoasidered here. The details of the
overlap wavefunction®, W and the dipole amplitudes” can be found in Réf[11].

In Fig. 1, we compare the totdl/y cross-section as a function of centre-of-mass energy of
the photon-proton systeiw,,, obtained from saturation models and from a pQCD approach at
leading-order (LO) and next-to-leading-order (NLO) [14ijtwall available data from fixed target

1in the revised version of [11] (v3) we include the details ettor meson wavefunctions and show the values of
their free parameters determined via a fit to leptonic decays
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Figure 2: Total /(2s) andp diffractive photo-production cross-section as a functd\y,, compared to
results from the IP-Sat and the b-CGC models with differeiairf masses. The results of the CGC/saturation
(orange band) and 1-Pomeron models are also compared. diseapt taken from [11].

experiments to the recent ones from HERA, LHCb and ALICE. e ahow the LHeC pseudo-
data obtained from a simulation based on a power-law exdpo of HERA data. The band
labeled "CGC" includes the saturation results obtaineoh 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. 1 were not used for fixing the model paransetand therefore our CGC results
in Fig. 1 at high energy can be considered as predictions Adse that diffractivel /¢ production
is sensitive to the charm quark mass at Q& This is because the scale in the integrand of the
cross-section is set by the charm quark mass for low vittealQ? < m2. The CGC band in
Fig. 1 also includes the uncertainties associated with gihgathe charm mass within the range
m. = 1.2+ 1.4 GeV extracted from a global analysis of existing data atllssna < 0.01 [10, 9].
In Fig. 1, we compare with the LHCb updated data released 14 28] which are significantly
more precise compared to earlier measurements [7]. It istheé the ALICE and LHCb [8] data
are in good agreement with the CGC predictions while theeenseto be some tensions between
the experimental data and the pQCD results (labeled MNRT h@®NLO) at highW,,. In Fig. 1
(right panel), we show the charm-mass dependence of theltatacross-section as a function of
W,p. Itis seen that the combined ALICE and the LHCb updated 2Git4 [8] are more in favour
of the saturation than of the 1-Pomeron model results at\Wgh

In Fig. 2 (left panel), we show total cross-section of etasliffractive photoproduction of
Y(2s) as a function o¥V,, obtained from the IP-Sat and the b-CGC saturation modelsdifierent
charm masses corresponding to different parameter setedlipole amplitude. Note that the
experimental data [15] are for quasi-elasticX 0.95) photoproduction ofy(2s) while all theory
curves are for elastic diffractive production with elag§icz = 1. It is seen that within theoretical
uncertainties associated with charm mass, the 1-Pomembnhansaturation models give rather
similar results in the range of energy shown in Fig. 2. Thismi&@nly due to the fact that thg(2s)
is heavier thard/, therefore effective dipole sizes which contribute to thtaltcross-section are
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Figure 3: The ratio of the cross-section fgr(2s) andJ/y diffractive production as a function &%, at

Q = 0 (left panel) and as a function G at a fixedW,, = 95 GeV (right panel). The plots are taken from
Ref. [11].

smaller for(2s) than forJ/@. Note that although the scalar part of ti2s) wave function
extends to large dipole sizes, due to the existence of the,rtbdre is large cancellation between
dipole sizes above and below the node position. As a resdttdtal cross-section af(2s) is
suppressed comparedd@y production, see Figs. 2,3.

In Fig. 2 (right panel), we show total diffractive photoptmtion of o meson cross-section as a
function ofW,,, compared to results obtained from the b-CGC and the IP-8defs. The orange
band labeled CGC includes results from both the IP-Sat am848GC models with uncertainties
associated to our freedom to choose different light-quaaksas within a range, g s = 0.01+0.14
GeV. We also compare the CGC/saturation results with thbsgred from the 1-Pomeron model
with two different light quark masseas, 4 s = 0.01 and 014 GeV. It is seen that 1-Pomeron results
are significantly different from the saturation models, ah@ady HERA data can rule out the
1-Pomeron model with light quark masses. This may indidageeixistence of large non-linear
effects for the diffractive photoproduction of tliemeson. Note that, as we already pointed out,
the effective dipole size which contributes to the crosdise is proportional to the inverse of the
meson mass & = 0. Therefore, the total diffractive cross-section of lgh¢ector meson such as
p meson should be a better probe of saturation physics.

In Fig. 3, we show the ratio of the cross-section dai2s) andJ/y for diffractive production
R= ¢(2s)/J/y as functions oV, at Q = O (left panel) andQ? at a fixedW,, = 95 GeV (right
panel). Itis seen that the rafincreases with virtualities at a fix&t . Itis also seen in Fig. 3 (left
panel) that the photoproduction raiRQ = 0) increase witW,,, and becomes sensitive to different
saturation models. Therefore, precise measurements oétibeof diffractive photoproduction of
Y(2s) andJ/Y at HERA and the LHC can provide valuable extra constrain endturation
models. We found that at fixed high virtualities, the raibas little dependence tg andW,, (not
shown here).

In Fig. 4, we compare the results obtained from the IP-Satlaad-CGC models with those
from the 1-Pomeron model, for thedistribution of the elastic photoproduction of vector mes
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Figure 4: Differential diffractive vector meson photoproductiomss-sections fod /(, (2s) andp, as a
function of |t| within the IP-Sat (saturation), the b-CGC and the 1-Pomerodels at a fixedV,, = 1 TeV
andQ = 0. The plots are taken from Ref.[11].

J/Y, Y(2s) and p off the proton at an energy accessible at the LHC/LH&&, = 1 TeV, for

Q = 0. Drastic different patterns for the diffractivedistribution emerge between saturation and
non-saturation models for lighter vector mesons prodactiach ap and @, with the appearance
of multiple dips.

The emergence of a single or multiple dips in theistribution of the vector mesons in the
saturation models is directly related to the saturatioritduity) features of the dipole scattering
amplitude.#" at large dipole sizes. In the 1-Pomeron model, since thedtrparameter profile of
the dipole amplitude is a Gaussian for all values ofs Fourier transform becomes exponential
for all values oft. However, in a case that the typical dipole size which cbatas to the integral
of cross-section is within the unitarity or black-disc ltwith .4~ — 1, the Fourier transform of
the dipole amplitude in impact-parameter space leads tp ardnulti-dips. The saturation effect
becomes more important at smaller Bjorkeor largerW,,, and lower virtualitiesQ where the
the contribution of large dipole sizes becomes more impartd-or lighter vector mesons, the
overlap extends to larger dipole sizes resulting in a dipcstire. In saturation models, the dips
in thet-distribution recede towards lowét with decreasing mass of the vector meson, increasing
energy or decreasing Bjorkeq-and decreasing virtualit§. It is important to note that the main
difference between a dipole model with linear and non-lir@alution (incorporating saturation
effects through some specific model as those employed imhik) is that the former does not
lead to the black-disc limit and, therefore, the dips do rystesmatically shift toward lowett|
by increasingW,p, 1/x, andr or 1/Q, while the latter does. Non-linear evolution evolves any
realistic profile inb, like a Gaussian or Woods-Saxon distribution, and makdgsec to a step-like
function in theb-space by allowing an increase in the periphery of the ha@tfendilute region)
while limiting the growth in the denser centre. This leadth®appearance of dips with non-linear
evolution even if the dips were not present at the initialditon at low energies or for large(e.g.

a Gaussian profile), or to the receding of dips towards lowéres ofit| even if they were already
present in the initial condition (e.g. with a Woods-Saxopetyrofile).

To conclude: we showed that the recent LHC data on diffracjuy photoproduction are in
good agreement with the saturation/CGC predictions whied are some tensions between recent
LHCb and ALICE data with the 1-Pomeron model and pQCD ressk® Fig.1. This can be
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considered as the first hint of saturation effects at workiffiagttive photoproduction of vector
mesons off proton at the LHC. We showed that the photopramucf p meson is an excellent
probe of small-x physics and already at HERA, 1-Pomeron irfaile to describe the data with a
reasonable light quark masses, see Fig. 2. We also provigelitpons for the ratio of diffractive
production ofy(2s) to J/, namelyR = ((2s)/J/y at HERA and the LHC. We showed that
while at high virtualitiesR has little|t| andW,, dependence, it moderately increases with virtuality
Q at a fixedW,,. We also found that the photoproduction raR¢Q = 0) increases withW,
and becomes sensitive to different saturation models, ge8.FFinally, We showed that the
differential cross-section of exclusive production ofteeenesons in high-energy collisions offers
a unique opportunity to probe the saturation regime andidhstate between saturation and non-
saturation models, see Fig. 4.
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