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Hard processes in hadronic collisions, which resolve théopi structure of hadrons, are
well described by the leading-twist approximation of QCthis weak-coupling regime, partons
in the hadronic wave function scatter independently, thiké essence of collinear factorization.
However, since the parton densities grow with decreasimgggnfractionx, the hadronic wave
function also features a lowpart where the parton density has become large and partatiersc
coherently, invalidating the leading-twist approximatior his weak-coupling regime, where non-
linearities are important, is called saturation, and itlsamprobed at high-energies since increasing
the energy of a collision allows to probe lower-energy pasto

In hadron-hadron collisions, by contrast with deep in@dastattering, hard processes are sin-
gled out by requiring that one or more patrticles are prodweid a large transverse momentum,
much bigger tham\qocp. When in addition the particles are produced at forwarddiéips, such
processes are sensitive only to high-momentum partordeimsie of the colliding (dilute) hadron,
whose QCD dynamics is well understood, while mainly smallhmentum (smalk) partons inside
the other dense hadron contribute to the scattering. Repl#tat hadron by a large nucleus further
enhances the gluon density, and the possibility to reachahgation regime.

In the case of single-inclusive hadron production, the seggion of particle production at for-
ward rapidities in d+Au collisions compared to p+p collissp experimentally observed at RHIC
[1], constitutes one of the most compelling indications tfee presence of non-linear QCD evo-
lution effects in presently available data. The Color Glassmdensate (CGC) provides a robust
theoretical framework to describe the smalilegrees of freedom of hadronic/nuclear wave func-
tions. The good description of, among other observablasydia hadron production in d+Au
collisions at RHIC [2] indeed lends support to the idea tlatistion effects may be a relevant
dynamical ingredient at present energies.

However, alternative explanations of the suppressed fohwadron yield in d+Au collisions
were proposed [3], suggesting that one is not yet sensiithe saturation of the nuclear gluon
density at RHIC energies, but that the suppression is rdimeto partonic energy loss through the
nuclear matter, neglected in CGC calculations. In spithefact that saturation-based approaches
were the only ones to correctly predict this phenomenon,ettistence of alternative scenarios
calls for the study of more complex observables. In the lafhtecent preliminary data in d+Au
collisions at RHIC, showing the production of forwambno-jetd4], calculating double-inclusive
forward hadron production in both frameworks could help ghirvn which is the correct picture.
In this work, we show that the CGC calculation predicts atttyethe azimuthal de-correlation
of forward di-hadrons in d+Au collisions compared to p+plis@ns [5], thus providing further
support for the presence of saturation effects in presdat da

1. Formulation

In the case of double-inclusive hadron production, degapin , po, andys, Y, the transverse
momenta and rapidities of the final state particles, theoparthat can contribute to the cross
section have a fraction of longitudinal momentum boundethfbelow, byx, (for partons from the
deuteron wave function) and (for partons from the nucleus wave function), which are gitg

Xp=Xi+%, Xa=X € dixe @  with x= % e . (1.1)
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The kinematic range for forward particle detection at RH#Csuch that, with,/s = 200 GeV,
Xp~ 0.4 andxa ~ 10-2. Therefore the dominant partonic subprocess is initiatedaignce quarks
in the deuteron and, at lowest orderdg, the dAu— hih,X cross-section is obtained from the
gA— ggX cross-section, the valence quark density in the deutgygnand the appropriate hadron
fragmentation function®y, andDy, 4

1 1 1
dNdAUhah2X =/ le/ de/X . dx [quA_’qu (XP,E,E) D, /q(21, ) D, g(22, 1)+
X1 X2 §+§ VAR

dNAa0 <XR 2—22, %) Dr, /g(21, H)Dhy /q(22; H)] faa(x H)(1-2)

Here we will use the CTEQ6 NLO quark distributions and the KKIFO fragmentation functions.
The factorization and fragmentation scales are both chegaal to the transverse momentum of
the leading hadron, which we choose to denote hadrgn-t,|ps, |. Note that we have assumed
that the two final-state hadrons come from partons which fragenented independently, therefore
formula (1.2) cannot be used wWhe = (y2 — y1)? + (A@)? is too small, wheré\g is the differ-
ence between the hadrons azimuthal angles. Computingdks section for smaR requires the
introduction of poorly-known di-hadron fragmentation &tions, we shall not do it, because as we
shall see the non-linear QCD effects we are interested infesithemselves arountid = 7.

As usual, due to parton fragmentation, the valueg'®frobed are generically higher than
Xp andxa defined in (1.1). For the proton, one hgs< x < 1, and ifx, would be smaller (this
will be the case at the LHC), the gluon initiated procesg&s— qqX andgA — ggX should also
be included in (1.2), they have been computed recently [6dr. tRe nucleus, we shall see that
the parton momentum fraction varies betwegrande 21 4+ e 22, Therefore with large enough
rapidities, only the smak-part of the nuclear wave function is relevant when calcatpthegA —
ggX cross section, and that cross section cannot be factonigubf: dNIA—49X £ £ /A®dN4999,
Indeed, when probing the saturation regirddl%4—99% js expected to be a non-linear function of
the nuclear gluon distribution, which is itself, througtokuion, a non-linear function of the gluon
distribution at highex.

Using the CGC approach to describe the smadrt of the nucleus wave function, thé —
ggX cross section was calculated in [7, 8]. It was found that theleus cannot be described
by only the single-gluon distribution, a direct consequen€ the fact that smak-gluons in the
nuclear wave function behave coherently, and not indiMiggualrhe gA— qgX cross section is
instead expressed in terms of correlators of Wilson lindsidlwaccount for multiple scatterings),
with up to a six-point correlator averaged over the CGC wawetion, while the gluon distribution
is the Fourier transform of only a two-point (dipole) coateir.4":

2 .
Fix,k )= / (gngz e kT [1— 4 (xr)], (1.3)

wherer denotes the dipole transverse siEéx k, ) is actually called the unintegrated gluon distri-
bution, due to the fact that it is;, dependent, a feature known to be necessary to describexsmall
partons, even in the linear regime.

At the moment, it is not known how to practically evaluate #ie-point function. In [8],
an approximation was made which allows to express the higbiet correlators in terms of the
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two-point function (1.3). This is done assuming a Gaussiatmibution of the color sources, with
a non-local variance. The resulting cross section for tietugive production of the quark-gluon
system in the scattering of a quark with momentxii off the nucleusA reads [8]:

quA—>qu aSCF
d3kd3q 42

S(xP" =k —q") F(%a,0) Y I{J‘,B(z,kL—A;Y(A)—L/JQB(z,kL—zA)2, (1.4)

AaB

whereq and k are the momenta the quark and gluon respectively, and &ithk, + g, and
z= k" /xP*. In this formula,xx denotes the longitudinal momentum fraction of the gluon in
the nucleus, anda™= x; e‘zyl/zl + X e‘2y2/22 > Xa When the cross section (1.4) is plugged into
formula (1.2).

The second line of formula (1.4) features the so-catledactorization breaking term, with

Bp(zkix) = [ dPa.gds2an)F ik ~au) (1.5)

and wherewé‘(ﬁ is the well-known amplitude fog— qg splitting (A, a and 3 are polarization
and helicity indices). While no additional information théhe two-point function is needed to
compute (1.4), since higher-point correlators needed iimciple have been expressed in terms
of F(x,k, ), the cross section is still a non-linear function of thatagiudistribution, invalidating
kr-factorization. The rather simple form of ttkg-factorization breaking term is due to the use
of a Gaussian CGC color source distribution, and to the {dkgkmit. However, the validity of
this approximation has been critically examined [9], asoés not allow to correctly implement
the non-linear QCD evolution, even in the layg limit. Finally, let us comment on the factor
O(xPT—k*—qg") in formula (1.4). This delta function is a manifestation lo¢ fact that in a high-
energy hadronic collision, the momentum transfer is mairdysverse, and it appears because
the eikonal approximation was used to computeghAe— qgX cross section. This is valid in the
high-energy limit, as for instance the energy loss of themning quark is neglected.

The CGC is endowed with a set of non-linear evolution equatiohich in the largeN. limit
reduce to the Balitsky-Kovchegov (BK) equation [10]. Thespiations can be interpreted as a
renormalization group equation for tRevolution of the unintegrated gluon distribution, and more
generally ofn-point correlators, in which both linear radiative pro@sand non-linearecombi-
nation effects are included. In this work, we compute the smalinamics of the dipole correlator
" by solving the running-coupling (rc) BK equation. The evmo kernel is evaluated accord-
ing to the prescription of Balitsky. Explicit expressiorisgether with a detailed discussion on
the numerical method used to solve the rcBK equation can twedfin [11], along with detailed
discussions about other prescriptions proposed to deferutining-coupling kernel.

The only piece of information left to fully complete all thegredients in (1.2) are the initial
conditions for the rcBK evolution of#"(x,r). This non-perturbative input has been constrained
by single-inclusive forward hadron production data in [Zhe two parameters asg = 0.02, the
value ofxa below which one starts to trust, and therefore use, the C@@dwork, and the value
of the saturation scale at the starting point of the evoﬂu@(xo) = (530 = 0.4 Ge\A. Then, this
information was simply taken over in [5]. In this respectdh forward di-hadron calculations are
predictions, there are no free parameter to play with.
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Figure 1: The coincidence probability at a function &fp. Left: CGC calculations [5] for p+p and central
d+Au collisions, the disappearance of the away-side peglastitatively consistent with the STAR data.
Right: CGC predictions for different centralities of theAl+collisions, the near-side peak is independent
of the centrality, while the away-side peak reappears dsiools are more and more peripheral.

2. Comparison with data

We will now investigate the procestAu— hhp X, with /s=200 GeV In particular we shall
study theAg dependence of the spectrum, whargis the difference between the azimuthal angles
of the measured forward particlesandh,. To be more specific, we shall compute the coincidence
probability to, given a trigger particle in a certain momentrange, produce an associated particle
in another momentum range. It is given by

Npair(Aq))

dNPA—hiheX dNPA—hX
Ntrig "o /

5 W|th Npair(A(p) - / W 5 3 . (21)

CP(Ag) = &
Yis|PiL | Y, PL

In order to compare with the STAR measurement, the integrdibunds for the rapidities are set
to 24 <y < 4, which also ensures that only small-momentum partons aegaet in the nucleus
wave function. In addition, for the trigger (leading) peli|p1, | > 2 GeV and for the associated
(sub-leading) hadron 1 Ge¥ |pz.| < |p1L|- The single-inclusive hadron production spectrum,
used to normalize the coincidence probability, is cal@dads explained in [2].

To deal with the centrality dependence, we identify the redity averaged initial saturation
scaleQ?), extracted from minimum-bias single-inclusive hadrondurction data, with the value of
Q3 atb=5.47 fm, and use the Woods-Saxon distributifytb) to calculate the saturation scale at
other centralities: &1 (b)
2 0 ‘A

Q(b) = Ta(5.47 fm)
The result for central d+Au collisions is displayed in Figsft plot, along with preliminary data
from the STAR collaboration. As mentioned before, we do radtulated the complete near-side
peak, as our formula does not apply arodggl= 0. We see that the disappearance of the away-side
peak in central d+Au collisions, compared to p+p collisioissgquantitatively consistent with the
CGC calculations. The latter are only robust for central d-esllisions, but the extrapolation to
p+p collisions is displayed in order to show that it is qualitely consistent with the presence of
the away-side peak, and also with the fact that the nearpsidk is identical in the two cases and is

. Q% =04Ge. (2.2)
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not sensitive to saturation physics. Since uncorrelateidraund has not been extracted from the
data, the overall normalization of the data points has bdprsted by subtracting a constant shift.

In Fig.1, right plot, we show the centrality dependence &f ¢bincidence probability. Al-
though it is difficult to trust our formalism all the way to [jgneral collisions, we predict that the
near-side peak does not change with centrality, and thawvag-side peak reappears for less cen-
tral collisions. This is consistent with the fact that paepal d+Au collisions are p+p collisions.
The fact that the away-side peak disappears from periptecantral collisions shows that indeed
this effect is correlated with the nuclear density. Morealdiehadron correlations at mid-rapidity,
which are sensitive to larger values>qf, feature an away-side peak whatever the centrality. The
fact that for central collisions the away-side peak disappérom central to forward rapidities also
shows that the effect is correlated with the nuclear gluomsiig In a similar way, we predict
that for higher transverse momenta, the away-side peakeadfpear, as larger valuesaf will
be probed. These modifications of the away-side peak witlsterse momenta and rapidity were
already predicted in [8] as a time where there was no data.

We are not aware of any descriptions of this phenomena tlest ilot invoke saturation effects.
We note that apart from our CGC calculation, a successfurigi®dn based on the KLN saturation
model was also recently proposed [12]. While more diffeéeg¢mheasurements of the coincidence
probability, as a function of transverse momentum or rayigill provide further tests of our CGC
predictions and help understand better this theory of attur, the analysis of forward di-hadron
correlations presented in this work adds further suppothéoidea that the saturation regime of
QCD has been probed at RHIC. Future p+Pb collisions at the Wil@llow definitive tests.
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