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Dijet productions in pA collisions

Saturation physics

Saturation physics describes the high density parton distributions in the high energy limit.

@ Dilute system

[ o

@ o

N2 ina?

Y=in i

o Initial condition plus small-x evolution = dense gluon distributions.
@ Use BFKL equation and BK equation instead of DGLAP equation at high energy.
@ BK equation is the non-linear small-x evolution equation which describes
the saturation physics.
@ Saturation phenomena is an inevitable consequence of QCD dynamics.
At what energy scale? How to identify the real smoking guns?
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Recent ALICE Data
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e Unprecedented new opportunities to study saturation physics both experimentally fs

theoretically.
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o Complete NLO level for the saturation calculation and phenomenology.
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Dilute-Dense factorizations

The effective Dilute-Dense factorization
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@ Protons and virtual photons are dilute probes of the dense gluons inside target hadrons.

@ For dijet productions in pA collisions (2 — 2), there is an effective &, factorization.

doP* = (o, ) n >1d&
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o At forward rapidity y, x, o €’ is large, while x4 o e is small.

@ Middle rapidity CGC at most is just an estimate. [Avsar, Collins, 12]
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Two Gluon Distributions

[E. Dominguez, C. Marquet, BX and F. Yuan, 11]
1. Weizsacker Williams gluon distribution
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@ Quadrupole = Weizsacker Williams gluon distribution;

@ Dipole = Color Dipole gluon distribution;

o [F. Dominguez, C. Marquet, A. Stasto and BX, 12] Dipoles and quadrupoles P
are the only two objects which enter the cross section in large N, limit for a set of

processes.
o Generalized universality in the large N, limit.
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Two Gluon Distributions

In terms of operators (known from TMD factorization), we find these two gluon distributions
can be defined as follows: [F. Dominguez, C. Marquet, BX and F. Yuan, 11]
I. Weizsacker Williams gluon distribution:
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II. Color Dipole gluon distributions:
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Remarks:
@ The WW gluon distribution is the conventional gluon distributions. In light-cone gauge 1t
is the gluon density. (Either initial or final state interactions.)

@ The dipole gluon distribution has no such interpretation. (Both initial and final statg
interactions.)

@ Two topologically different gauge invariant definitions.
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Two Gluon Distributions

In terms of operators, we find these two gluon distributions can be defined as follows: [F.
Dominguez, C. Marquet, BX and F. Yuan, 11]
I. Weizsacker Williams gluon distribution:
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xG = 2/ Q)P == LSLT(PIFT(E, ) UTTET(0)UT | P).
IL. Color Dipole gluon distributions:
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Questions:
@ Can we distinguish these two gluon distributions?
o How to measure xG") directly?  DIS dijet.  EIC and LHeC.
e How to measure xG® directly?  Direct y+Jet in pA collisions.
Drell-Yan lepton pair 4+ hadron correlation, see D. Zaslavsky’s talk N >
@ What happens in gluon+jet production in pA collisions?  Need both gluon dlstrlbutlons
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DIS dijet

[E. Dominguez, C. Marquet, BX and F. Yuan, 11]
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@ Quadrupoles are generically different objects and only appear in dijet processes.
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Dijet processes in the large N, limit

The Fierz identity:
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Graphical representation of dijet processes
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The Octupole and the Sextupole are suppressed.
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Gluon+quark jets correlation

Including all the gg — ¢g, 3¢ — gg and gg¢ — ¢g channels, a lengthy calculation gives
do (PA—Dijet+X)
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with the various gluon distributions defined as
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Remarks:

@ All the above gluon distributions can be written as combinations and convolutions
of two fundamental gluon distributions.
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Comparing to STAR and PHENIX data measured in dAu collisions

Physics predicted by C. Marquet. Further calculated in[A. Stasto, BX, F. Yuan, 11]
For away side peak in both peripheral and central dAu collisions
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Di-Hadron correlations in DIS

Di-pion correlations at EIC[J. H. Lee, BX, L. Zheng]
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o EIC stage II energy 30 x 100GeV.

@ Caveat: 1. NLO contribution? 2. Need more study on evolution of quadrupoles.

@ Physical picture: Dense gluonic matter suppresses the away side peak.
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One-loop Calculation for Forward Hadron Productions in pA Collisions

Forward hadron production in pA collisions

Consider the inclusive production of inclusive forward hadrons in pA collisions, i.e., in the
process: [Dumitru, Jalilian-Marian, 02]

p+A—H+X.

The leading order result for producing a hadron with transverse momentum p ; at rapidity y,
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@ Only depends on dipole S<Y (xi,y1) = <TrU (x)UT(y1) > with Y ~ In 1/x,. /g

o The gluon channel with 7 (k1) defined in the adjoint representation.
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Issues with the leading order calculation

The comparison between the leading order calculation and the RHIC data:

Minmum b 0,1-22 Minomeis 32 STARMinimum Bis 14, K-03

qadaig

Comments: Why do we need NLO calculations?

@ LO calculation is order of magnitude estimate. Normally, we need to introduce the
artificial K factor to fix the normalization. Fails to describe large p | data.

There are large theoretical uncertainties due to renormalization/factorization scale
dependence in xf(x) and D(z). Choice of the scale at LO requires information at NLO.

o In general, higher order in the perturbative series in cy helps to increase the reliability of
QCD predictions.
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K = % is not a good approximation.

@ NLO is vital in terms of establishing the QCD factorization in saturation physics.
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NLO calculation for the ¢ — ¢ channel

[G. Chirilli, BX and F. Yuan, 11;12]

o Rapidity divergence and collinear divergence.
o The rapidity divergence does not cancel between real and virtual graphs.
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Factorization for single inclusive hadron productions

@ [G. Chirilli, BX and F. Yuan, Phys. Rev. Lett. 108, 122301 (2012)]Obtain a systematic
factorization for the p + A — H + X process by systematically remove all the divergences!

@ Gluons in different kinematical region give different divergences. 1.soft, collinear to the
target nucleus; 2. collinear to the initial quark; 3. collinear to the final quark.

Rapidity Divergence Collinear Divergence (P) Collinear Divergence (F)
o All the rapidity divergence is absorbed into the UGD F (k) while collinear divergences
are either factorized into collinear parton distributions or fragmentation functions.
@ Large N, limit = dipole amplitudes only. Easy to prove for all order.

e Consistent check: take the dilute limit, k% >> Q2, the result is consistent with
the leading order collinear factorization formula.
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Numerical implementation of the NLO result

Consistent implementation should include all the «; corrections.

NLO parton distributions. (Choose your favorite one, CTEQ or MSTW)
NLO fragmentation function. (DSS or others.)
Use NLO hard factors.

Use the one-loop approximation for the running coupling which is sufficient in this
calculation.

NLO BK evolution equation for the dipole gluon distribution. (Hard)

Alternate solution: Treat the dipole amplitude as an input, use GBW model or your
favorite parametrization of dipole amplitudes with appropriate energy dependence, and
then find the best fit by comparing with all the available data. Then make prediction for the
LHC data.

Looking at about 20 — 30 percent uncertainty. Large N, limit gives about 10 percent.

Comment on the numerical calculation of [T. Altinoluk and A. Kovner, 11].
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Outlook

Using this factorization technique, we can imagine that a lot of other NLO calculations can be
achieved in the near future.

NLO Drell-Yan productions NLO dijet productions NLO Single Inclusive DIS

@ NLO Drell-Yan lepton pair production and NLO dijet productions in pA collisions.

o Single inclusive DIS at NLO. (see similar work [Balitsky, Chirilli, 10], [Beuf, 11])

@ Direct photon production in pA collisions at NLO (straightforward) and NNLO (similar to
the DY case at NLO). Universality and large N.

@ The CSS resummation and Sudakov suppression factor in small-x physics.
[A. Mueller, BX and F. Yuan, to appear soon]
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Motivation for Higgs production in pA collisions

Consider also the forward massive Higgs productions in pA collisions:

— - =

Comments:
@ One-loop calculation allows us to do evolution together with multiple scatterings.
@ Is there any connection between CSS resummation and small-x resummation?

@ The one-loop calculation between Higgs productions and dijet productions are
very similar since both My >k, and M; >k, .

o Genuine k; factorization for Higgs production at NLO. Very hard, maybe possible.\z
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Sudakov factor

For pA — H(Q, k1) + X: Sua(Q”,r}) = 22 | 1in® £20 — 3y In 22
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@ Systematic separation of CSS resummation and small-x evolution.

@ Important application to the dijet correlation phenomenology.

o Competition between the Sudakov factor and saturation effect on the suppression \
of the forward dijet production.
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Conclusion

e LO dijet calculation in DIS and pA collisions probe different gluon distributions.

@ Inclusive forward hadron productions in pA collisions in the small-x saturation formalism
at one-loop order. The numerical implementation is being carried out. [D. Zaslavsky, BX,
A. Stasto]

@ One-loop calculation for massive scalar productions in pA collisions.
@ One-loop calculation for dijet productions is coming soon.

@ Smoking guns? I am more optimistic.
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