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Talk Outline

*

** The Color Glass Condensate EFT

» Quark pair production in the CGC

** Matching: to pQCD at large momenta and NRQCD at large distances

+* Sensitivity of Color Singlet and Color Octet channels to novel, universal
multi-parton correlators

+* Results for p+p collisions
{

+»» Expectations for p+A collisions

+* Outlook (A+A collisions, ...)



Color Glass Condensate EFT

Gelis,lancu,Jalilian-Marian,RV: Ann. Rev. Nucl. Part. Sci. (2010)

€ QCD light front EFT framework of static light front (large x) color

sources p? coupled to dynamical (small x) gauge fields A3,
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9 Wilsonian procedure in x (or rapidity) whereby fields are successively
absorbed into sources- at each step, one has a classical EFT

- whereby A’s are functionals of p
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€ Hamiltonian-describes functional “Fokker-Planck” —like evolution
(in rapidity) of hierarchy of Balitsky-JIMWLK multi-parton (Wilson line) correlators




Color Glass Condensate EFT

Gelis, lancu, Jalilian-Marian, RV: Ann. Rev. Nucl. Part. Sci. (2010)

» Dynamically generated semi-hard
scale Qg controls multi-parton
dynamics in the saturation regime

k; >> Qg , recover perturbative dynamics
k; < Qq, classical high occupancy regime

> In nuclei, the saturation scale
is enhanced: Q.2 ~ A3 A%, el

» Multi-parton dynamics encoded in

energy evolution of light-like Wilson line correlators
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These objects appear in
a number of final states in
DIS and hadron collisions
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Heavy quark pair production in the CGC

Blaizot, Gelis, RV, NPA743 (2004) 57
Fujii, Gelis, RV, PRL95 (2005) 16202 ; NPA780 (2006) 146

p+A collisions in the CGC:
i) Solution of Yang-Mills equations [Dp, FW] = J”  with

JY = g6 8(x7) ppal(xii) + 96" 8(x")p,a(xiy)

LF proton color charge density LF nuclear color charge density

i) Compute pair production amplitude in this background field

Tyq(p,q, k11, k1) Tg(p7 ki) =

are effective vertices, where
@L is the Lipatov vertex



Heavy quark pair production in the CGC

i) Compute pair production amplitude in this background field
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Analytical expressions derived in the
“dilute-dense” limit: >
pp/le2 <<land pA/szz = o

Forward p+p and/or p+A collisions




Heavy quark pair production in the CGC

iii) Average over color sources with RG-evolved weight functionals
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CGC meets NRQCD

Kang,Ma,RV, JHEP1401 (2014) 056
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<> CGC amplitude projected on state with quantum #’s k
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CGC meets NRQCD
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Dipole correlator

12 Previously only derived in a
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Good approx. to expression involving both
quadrupole and dipole correlators
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Parameters from NRQCD and pdf fits
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<> Unintegrated gluon distributions at large x >0.01 (at large rapidities and p,)
determined from matching to the CTEQ6M pdf set

For x > xo, Nyi(ku) — a/(ajp)N‘{%(li_)

2 —1
WRZ%NC

Q5 ~
a(xp) = Tpfpye(2p, Q7) m/ dki ki Ny (K1)

From matching of function and its derivative at x,, determine R =0.48 fm and Q,=5.1 GeV
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Results for p+p collisions

Ma, RV, PRL113 (2014) 192301

Total cross-sections
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Quarkonia in p+A collisions

<> The relative contribution of color singlet and color octet mechanisms can
be modified in nuclei — in the CGC, multiple semi-hard scattering is not suppressed

Kharzeev,Levin,Nardi,Tuchin, NPA826 (2009) 230
Dominguez,Mueller,Kharzeev,Levin,Tuchin, PLB710 (2012) 182

hadron — hadron  collisions hadron — nucleus collisions

<> We recover the results of Dominguez et al in a semi-classical approximation
of our expressions

<> Obtain in our CGC+NRQCD approach, color singlet enhancement of ~ factor of 2
-- 15-20% of the cross-section
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Quarkonia in p+A collisions
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Experimentally, ALICE R, shows patterns of suppression, also seen in LHCb and
RHIC experiments

The CGC calculation of Fujii and Watanabe shows too much suppression:
a) not matched to pQCD at large pT,
b) fragmentation via color evaporation model



Quarkonia in p+A collisions

LHCb data. JHEP 02 (2014) 072

F Vs=5.02TeV CGC+NRQCD

NLO NRQCD

a LHCD data for 1.5<y<4.0

2 LHCD data for 1.5<y<2.0

v 03xLHCD data for 2.0<y<2.5
o 0.1xLHCb data for 2.5<y<3.0
o 0.03xLHCD data for 3.0<y<3.5
0.01xLHCDb data for 3.5<y<4.0
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< Two “free” parameters-the transverse overlap area and saturation scale

at initial rapidities -- both are reasonable

<> The matching to NLO pQCD ensures (modulo small shadowing corrections)
that RpPb will go to unity — as seen in the data.

This will ensure better agreement with data relative to previous CGC calculations



First principles computation of Onium production
in A+A collisions

<> Too challenging for analytical computations — but can be computed
using real time lattice simulations of the classical EFT
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< Significant recent progress in classical statistical lattice simulations
in the CGC — heavy quark pair-production feasible now

Gelis, Epelbaum, PRD88 (2013) 085015
Berges, Schenke, Schlichting, RV, arXiv:1409.1638
Berges, Gelfand, Sexty, PRD89 (2014) 025001



Outlook

€ Very promising CGC/NLO pQCD + NRQCD approach gives good
agreement with p+p (and p+A) cross-sections in the entire p; range.

€ Very promising for quantitative studies — a wealth of data from RHIC
and LHC to compare to.

@ Include refinements to the approach (Sudakov logs for instance,
see Jianwei Qiu’s talk on Thursday).

€ Extension of framework to compute Onium production in the
initial stages of A+A collisions is feasible, if challenging.



