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Quarkonium production in pp and pA

Kinematics of quarkonium production
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e Large energy limit § — OO
Tp,Ta <1

e Asymmetric kinematics:
Forward production YV >1 — x, ~ 1,24 <1

Backward production Y < —1 — Ip < 17 T~ 1

Need to account for:

(1) Multiple scatterings due to high parton densities at low-x
(2) Resummation of energy logs In(s) o In(1/x Xp4)



Quarkonium production in pp and pA
The Color Glass Condensate in a Nutshell: anatomy of QCD at high-energy
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Artwork: T. Ullrich

Emergence of an energy and nuclear specie dependent momentum scale (saturation scale)

Multiple scattering (higher twist effects) Qg X A1/3:13_>‘ Tr X 1/8

Non-linear evolution equations (BK/JIMWLK) For a review see Mining gluon saturation

at colliders. FS, Morreale (Universe 2021)
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Quarkonium production in pp and pA

The Color Glass Condensate in a Nutshell: sources, field and Wilson lines

Large-x partons are effectively treated as a McLerran, Venugopalan (PRD 1993)
collection of recoilless localized and static ’
random color sources Source the back-ground field
A;;(wla Jf_) ~ 1/9
lly ' ajJ_ Z,Z ll: . CUJ_ l72
(%) > > (Z,%) GT) S ” > (Z,4)

-

Exponentiation
(within eikonal approximation)

TAWU) = @ms =17 )y sen(™) [ =)

L

Light-like Wilson line V;;(x1) = Pexp {ig / d:I;_A:rl’a(:BL, x_)ta}

Ayala, Jalilian-Marian, McLerran, Venugopalan (PRD 1995) Balistky (NPB 1996)
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Quarkonium production in pp and pA

The Color Glass Condensate in a Nutshell: non-linear energy evolution
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Tr [V(wL)V‘L(yL)} Tr [V(wL)taVT (yL)tb] Uap(z1)
Dipote: §C)(w:wy —y.) = 1 (Tr [V(w)Vi(wL)]),

Gluon emissions lead to evolution (B-JIMWLK)

Balitsky-Kovchegov equation:
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din(l/z) 272 Ty e |5 @) m ) =5 (@i71)



Quarkonium production in pp and pA

Charged hadron production

proton

R

Q——lﬂ_
b

nucleus

e ki -factorization for gluon production

AN, (b,) v, 1 / . A ,
_ ki1: R ko ;R — b, )6 — ki, —k
d2ng_dyg (27T2)30F pg%_ le,kz?)éﬁp7 11, J_)¢ (an 21 1 J_) (ng_ 11 2J_)

« Unintegrated gluon distributions ¢»” and ¢ constructed from Wilson lines
with x-dependence from running coupling BK with MV initial conditions
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e Hadronize using KKP dNen (b)) ! Dh( ) dN, (b))
fragmentation function q = dz—"=Ty=n 35— o
" P Pg | %Yg Pg, =P, /%

Zmln



Quarkonium production in pp and pA
J/y production in the Color Glass Condensate +ICEM

proton

nucleus

e C production in the CGC (at large N,)

dN,.-(b SN2 k1 R
( J—) _ - c / ¢ (mp 1L J_>‘9F (ankLwRJ_ _bJ_>SF (.%A,lJ_,RJ_ _bJ-)
k

deLquLdycdyé B 2(27T)10<N02 - 1) 11,k 1 RL li_

H(p_]_aq_l_;li_akJ_alJ_> 5(2)(PL +q, — ki, — ki — lJ_)

e Scattering of quarks contained in Sé constructed from Wilson lines
with x-dependence from running coupling BK with MV initial conditions

. rormatl%ncoflf/lé/ using y dNj/y(bL) _F/“m% e M2 dN.z(b) )
mpr r r jon =
Mo%e()lve olor Evaporatio 2P dY m2 m3,, AM2d2P" dY |p __m_p,



Quarkonium production in pp and pA
J/y production in the Color Glass Condensate + NRQCD

proton

R
— =
b, —
nucleus
e NRQCD: product of with long-distance matrix elements
T = Y ey 00
d?P  dY dQPLdY
. cC projected to a given quantum state k = *>*!LI¢))
dNZ(by) Qs ¢ (:cp,ku,RL)
d*Pdy  (2m)?(NZ — 1) /li_,kJ_,k’J_,lJ_,RJ_ Ky’ H(aiky kL b Ry —b)

HE(P ki kLK )P0+ — kil —ky—10)

—

e =" color correlator and #Z* depend on quantum state x
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Quarkonium production in pp and pA

Transverse momentum distribution

d*c/dp | /dy (nb/GeV)
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Proton-proton at RHIC and LHC
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Proton-nucleus at RHIC and LHC
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\5=5.02TeV for LHC pPb CGC+NRQCD
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CGC provides good description of experimental data at low pT (p; < O,)

For bottonia need to resum additional Sudakov logs in p, /M, see Watanabe, Xiao (PRD 2015)



Quarkonium production in pp and pA

Rapidity distribution
Proton-proton at LHC
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Proton-nucleus at LHC
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e Matching to PDFs is implemented for x = 0.01

4.5

S

o Distributions integrated over p, (low p, region dominates so CGC at leading order should be applicable)

CGC provides good description across different rapidities
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Quarkonium production in pp and pA

Nuclear modification ratio Ma, Venugopalan, Zhang (PRD 2015)
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Quarkonium production in pp and pA
J/y multiplicity vs charged hadron multiplicity

15

10

(AN /4 /dy)

® ALICE: p+p, 7TTeV, |y| < 0.9

JALICE: p+ A, 5.02TeV, —1.365 < y < 0.435
AALICE: p+p, TTeV, 2.5 <y < 4.0

+ ALICE: p+ A, 5.02TeV, 2.035 < y < 3.535

See also
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In the CGC multiplicity is controlled by
the saturation scales of the proton and

Y 2
nucleus: (o, and ).,

Minimum-bias events

ANPA\  dN,

dn dn Q2% us.

2
QSA,M.B.

Different multiplicity classes:
introduce multiplicative parameter &

NP4 AN,
dnp  dn Q% us

2
ngA,M.B.

Low-multiplicity: 0 < & <1
High-multiplicity: & > 1



Sub-nuclear fluctuations

Fluctuating nucleons, hotspots, and saturation

Previous works ignored impact parameter dependence, i.e. partons are homogeneously
distributed in transverse space

 Sample impact parameter vector b, of collision

T

e Sample nucleon position from
Woods-Saxon distribution

e Each nucleon consists of 3 hotspots sampled from a Gaussian distribution

1 2 .
P(R,;) = oo e~ R1:/(2Bqge)
qc

e Hotspots gluon density distribution

Tq(RJ_ — RJ_ Z) p— €Q26_(RJ‘_RJ‘77;)2/(2(£BQ)BQ)

?

fluctuating normalization fluctuating size

. §QS2 and ng sampled from log-normal distribution 1 In? p;
Pllap) = e [~ 5
2mo 202
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Sub-nuclear fluctuations

Transverse momentum and rapidity distributions
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Theory results include sub-nuclear fluctuations

Good description of experimental data at low pT (p; S 5 GeV), and
reasonable description of rapidity distribution (both forward and backward)
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Sub-nuclear fluctuations

Nuclear modification ratio

BK NRQCD

—— BKICEM

—— BK NRQCD no Bg ydep
BK ICEM no Bqg ydep

® ® ALICE 8.16 TeV I
1.0 A
2 08+
o
g
0.6 -
0.4
—— BK NRQCD y=2.62 B, = 3GeV~2 0.41
0.2 { == BKICEM y=2.62 B, = 3GeV 2 .
¢ ALICE 8.16 TeV 2.03<y<3.53 |
0.0 ' ' : - 0.0 . . , | |
0 2 4 §) 8 10 _4 > 0 2 4
prlGeV] Vems

Experimental data: S. Acharya et al. (ALICE, JHEP 2020)

Theory results include sub-nuclear fluctuations

Overall NRQCD results in more nuclear suppression than ICEM due to
different state projections in the former

FS, Schenke, Soto-Ontoso work in progress
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Sub-nuclear fluctuations

J/y multiplicity vs charged hadron multiplicity: saturation

FS, Schenke, Soto-Ontoso [PLB 827 (2022) 136952]
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@ m, ~05GeV Qﬁjﬁ Q?Pt;: prtjﬁz (Gevl { 3

typical Q; values at (dN_,/dn = 4(dNy,/dn))
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Sub-nuclear fluctuations

J/y multiplicity vs charged hadron multiplicity: no saturation
FS, Schenke, Soto-Ontoso [PLB 827 (2022) 136952]

.9
i; §“ g | — Pbgoing NRQCD ]
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51 p+Pb 8.16 TeV -
4_
3_
2_
1 no saturation
0+ - -
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Artificially low values of (J; to mimic of no, or much weaker, saturation effects.
Correlator is much closer to the dlagonal incompatible with the data.
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Sub-nuclear fluctuations

J/y multiplicity vs charged hadron multiplicity: no size fluctuations
FS, Schenke, Soto-Ontoso [PLB 827 (2022) 136952]
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When turning off hotspot size fluctuations, high multiplicity events are reached only
by large fluctuations of the saturation scale, thus too strong saturation effects.
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Sub-nuclear fluctuations

J/y multiplicity vs charged hadron multiplicity: NRQCD vs ICEM

FS, Schenke, Soto-Ontoso [PLB 827 (2022) 136952]

9
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ICEM and NRQCD compatible in the backward region, but differ in the
forward region where the former leads to less suppression
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Quarkonium production in eA

e Studies of quarkonium production in DIS at small-x have focused mostly on diffraction, and
employ a non-perturbative model for the light-cone wavefunction of quarkonium

e Our goal: Employ CGC + NRQCD to study the nuclear modification factor of quarkonium
production in DIS

> Jly

In progress

Potential future projects:
CGC+ICEM, quarkonium in UPCs, polarization observables and quarkonium production at NLO
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Summary

e Quarkonium production in pp and pA collisions

CGC + NRQCD/ICEM provide successful descriptions of

rapidity and p, distribution, nuclear modification ratio, etc
in high-energy pp and pA collisions at RHIC and LHC

e Multiplicity-dependent J/y distribution

Sub-nuclear fluctuations in hotspots size and saturation
scale provide a natural framework to generate different
multiplicity classes that describe well LHC data

e Quarkonium production in eA

Production cross-section using CGC + NRQCD will come soon
with applications to the EIC
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Back-up (tables)

Only four LDMEs contribute to .J/v production: three

for the color octet state ((’)fé ?ﬁ]) =0.089 GeV?, ((’);’é f/;]) =

0.0030 GeV?, and (0;/%, )/m? = 0.0056 GeV?, and one

for the color singlet: (O;Iéﬁﬂ = 1.16/(2N.) GeV? [45, 46].

System |/sn~ [TeV]| J/4 rapidity range | J/+) rapidity used
N . ly| < 0.9 0

pp 25<y<4 3.03
446 <y < —2.96 352
5.02 “137<y <043 047
p+Pb 203 <y<3.53 2.62
e16 | —446<y<—296 352
' 203 <y < 3.53 2.62

Parameter | Value Parameter | Value

N, 3 Qs 0.16

ch 3 GGV_2 MR 0.2 GeV
B, 1GeV ™2 ||my/y 3.1GeV
OB, 0.7 me mJ/w/Z
02 0.1 mp 1.87 GeV
SL 13mb

Table I. Standard set of parameters used. To constrain the
normalization of multiplicities we use the experimentally de-
termined inelastic cross section i,y = 2161mb for /s =
8.16 TeV p+Pb collisions (extrapolated from result at 5.02 TeV
[64]), and 0, = 60 mb for 7 TeV p+p collisions [65].

Rapidity |p/Pb|Qs [GeV]
midrapidity I?b ;2?
. p 0.78
P8OME I pp [ 4.18
. 2.78
Pb-going I?b 1.18

Table III. Typical values of Qs in the proton and lead nucleus

Table II. Kinematic configurations of the experimental data
presented in [8, 12, 66], and rapidity values used in our calcu-
lations. p-going: y > 0, small z in the Pb nucleus, large z in
the proton; Pb-going: y < 0, large z in the Pb nucleus, small =
in the proton.

(in the region around the impact parameter) for dNcn/dn =
4(dNcn/dn).

For references see: FS, Schenke, Soto-Ontoso
[PLB 827 (2022) 136952]



