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Motivations

The high energy limit of QCD should be desribed by the BK/JIMWLK equation
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Forward heavy quark(onium) prodution in high energy proton-nuleus ollisions an

be a useful probe of these dynamis:

Probes very small values of x: down to x ∼ 10−6
at the LHC

Heavy quark mass should provide a hard sale → perturbative alulation

Experimental data to ompare with

Quarkonium suppression possible probe of QGP in AA ollisions: need to

understand old nulear matter e�ets in pA ollisions �rst
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Motivations

A projetile probing a hadron at very small x an aquire some transverse

momentum from the target via multiple satterings

In this ase 2 → 1 kinematis with non-zero �nal pT are allowed

The saturation sale Qs of the target orresponds to the typial transverse

momentum than an be aquired by the projetile

Qs inreases when x gets smaller

At high p⊥ ≫ Qs ollinear alulation should give the orret desription

Desription of the dense target in terms of lassial olor �elds: 'olor glass

ondensate' (CGC)

Simple example: single inlusive hadron prodution

P+

P−

xpP
+

xgP
−+k⊥

p⊥ = zk⊥, y
PDF FF

UGD
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Formalism

The hadronization of cc̄ (bb̄) pairs into J/ψ (Υ) mesons is not well understood

already in proton-proton ollisions

Hadronization long-range mehanism: should not be modi�ed in proton-nuleus

ollisions → study the nulear modi�ation fator

R
pA

=
σpA

A× σpp

CGC alulation: a large x gluon from the dilute projetile an split into a heavy

quark-antiquark pair either before or after the interation with the dense target

The x values probed in the projetile and the target are x1,2 =

√
P2

⊥
+M2

√
s

e±Y
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Formalism

Hadronization model 1: Color Evaporation Model (CEM)

Simple assumption: a �xed fration of all cc̄ pairs produed below the D-meson

mass threshold are assumed to hadronize into J/ψ mesons

dσJ/ψ
d2P⊥dY

= FJ/ψ

∫ 4M2

D

4m2
c

dM2 dσcc̄
d2P⊥dM2dY

where we have summed over spins and olors of the cc̄ pair, M is the invariant

mass of the pair and FJ/ψ is a non-perturbative onstant whih anels in R
pA

dσcc̄
d2P⊥dM2dY

in the CGC framework: Blaizot, Gelis, Venugopalan
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Formalism

Hadronization model 2: Non-relativisti QCD (NRQCD)

Systemati expansion in powers of v, the relative veloity of the heavy quark

pair in the bound state. The quarkonium prodution ross setion is

dσH =
∑

κ

dσ̂κ〈OH
κ 〉

where dσ̂κ is the ross setion for the prodution of a heavy quark pair with

given quantum numbers κ = 2S+1L
[C]
J , omputed perturbatively by applying

projetion operators on the heavy quark pair prodution amplitude

〈OH
κ 〉 are universal non-perturbative long distane matrix elements (LDME)

whih an be extrated from data

Contributing states for J/ψ and Υ prodution:

3S
[1]
1 ,

1S
[8]
0 ,

3S
[8]
1 ,

3P
[8]
J

3S
[1]
1 is leading power in v but suppressed by powers of p⊥ ompared to the others
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Formalism

Simplest ase: olor evaporation model in the large Nc limit and ollinear

approximation on the proton side (justi�ed at forward rapidity sine

x1 =

√

P2

⊥
+M2

√
s

eY is not small):

dσcc̄

d2pT d2qT dypdyq
=

α2
sNc

8π2dA

1

(2π)2

∫

k⊥

Ξcoll(pT + qT ,k⊥)

(pT + qT )2
φqq̄,g
Y=ln 1

x2

(pT+qT ,k⊥)x1g(x1, Q
2)

with φqq̄,g
Y

(lT ,kT ) =
∫

d2bT
Nc

2

⊥

4αs
S

Y
(kT ) SY

(lT − kT )

The gluon density in the projetile is desribed by a usual ollinear PDF xg(x)

The information about the target is ontained in S
Y
(kT ), whih an be related

to its unintegrated gluon distribution and is the Fourier transform of S
Y
(r):

S
Y
(kT ) =

∫

d2reikT ·rS
Y
(r) , S

Y
(r) = S

Y
(x− y) =

1

Nc

〈

TrU†(x)U(y)
〉

where U(x) is a fundamental representation Wilson line in the target olor �eld
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Formalism

The evolution of S
Y
(r) as a funtion of Y = ln 1

x
is governed by the

Balitsky-Kovhegov equation:

∂S
Y
(x− y)

∂Y
=
αsNc

2π2

∫

d2z
(x− y)2

(x− z)2(z− y)2

[

S
Y
(x− z)S

Y
(z− y)− S

Y
(x− y)

]

Given an initial ondition for S at some x0, one an solve numerially the BK

equation to obtain S at any x < x0

The initial ondition involves non-perturbative dynamis and an't be omputed

It an be for example obtained by a �t to HERA data for F2 and FL whih an

be expressed as funtions of S
Y
(r) in this formalism

Typial value for x0 in suh �ts is 0.01
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Results: �rst CGC alulation

Preditions for R
J/ψ
pA

= σpA/(A× σpp) in pPb ollisions at the LHC in the CGC

formalism with olor evaporation model: Fujii, Watanabe

Measurement of this observable at the LHC by ALICE:
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y
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cms

y (4.46<
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L

EPS09 NLO (Vogt)

CGC (Fujii et al.)

/fm (Arleo et al.)2=0.075 GeV
0

ELoss, q

/fm (Arleo et al.)2=0.055 GeV
0

EPS09 NLO + ELoss, q 1308.6726

?

Muh smaller suppression than predited

We will see that some part of this disagreement an be attributed to the lak

of onstraints on the unintegrated gluon distribution in a nuleus
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Choie of the nuleus initial ondition

Initial ondition for the BK evolution of the proton (used for the proton-proton

referene): �t to HERA DIS data → relatively well onstrained

Initial ondition for a nuleus target (pA ollisions): no aurate enough DIS

data to perform a similar �t. Fujii, Watanabe: same initial ondition as for a

proton but with an initial saturation sale saled by A1/3

Argument: saturation sale related to the typial transverse momentum taken

by the projetile from the target. Proton-nuleus ollisions: the projetile will

see about A1/3
nuleons when rossing the nuleus and therefore an pik up a

p⊥ ∼ A1/3Q2
s0,p (initial ondition: rather large x → assume independent

satterings)

This is only approximate and neglets nulear geometry
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Choie of the nuleus initial ondition

Fit to NMC data by Dusling, Gelis, Lappi, Venugopalan for Q2
s0,A

= cA1/3Q2
s0,p

:

(x ∼ 0.01 lose to the initial ondition)
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0911.2720
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The best �t value for c depends on the exat form of the initial ondition

parametrization but is always smaller than the naive expetation c = 1. For a lead

nuleus this orresponds to Q2
s0,Pb

∼ (1.5 − 3)Q2
s0,p

Smaller initial saturation sale: expet less nulear suppression
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Choie of the nuleus initial ondition

Other possible approah to get the initial ondition for a nuleus: use of the

Glauber model. In this model the nulear density in the transverse plane is

given by the Woods-Saxon distribution TA(bT ):

TA(bT ) =

∫

dz
n

1 + exp

[√
bT

2+z2−RA

d

]

TA

|bT |

This introdues an impat-parameter dependene for the nuleus initial

ondition

The standard Woods-Saxon transverse thikness TA is the only additional input

needed to go from a proton to a nuleus target

(No need to introdue new parameters for the transverse area of the nuleus or the

total inelasti proton-nuleus ross setion)
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Choie of the nuleus initial ondition

Initial saturation sale at x0 = 0.01 of the lead nuleus in di�erent models:
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The saling Q2
s0,A = A1/3Q2

s0,p leads to muh larger saturation sales than the

optial Glauber model or �ts to NMC data → more suppression
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Results with the Glauber model

Using the Glauber approah (again with CEM) leads to a muh better

agreement with experimental data:
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Results in NRQCD

Ma, Venugopalan, Zhang also obtained good agreement with data using

Q2
s0,A = 2Q2

s0,p with NRQCD hadronization:
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The unertainty band is obtained by taking the envelope of R
pA

for eah

hannel (independent of the LDME values) exluding the olor singlet hannel

(small ontribution to the ross setion, espeially at large P⊥)
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Summary

Summary: forward J/ψ suppression in pPb ollisions at the LHC:
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Updated results by Fujii, Watanabe: use Q2
s0,A = 3Q2

s0,p

Reent alulations quite lose to eah other and to the data
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Comparison with other formalisms

Several alulations in di�erent formalisms are ompatible with data within

unertainties :
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Comparison with other formalisms

Reent proposal (Arleo, Peigné): study R
J/ψ
pA

/RDY

pA

1512.01794

The alulations based on nulear PDFs and oherent energy loss have very

di�erent behaviours → potential to disriminate between these approahes

It would be very interesting to ompare with results in the CGC formalism

(Maybe RD
pA

/RDY

pA

would be leaner with respet to hadronization)
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Heavier quarkonia: Υ

In the CEM one an in priniple ompute Υ prodution in the same way as

J/ψ replaing mc → mb and mD → mB

However this leads to a bad desription of p⊥ spetra at low P⊥

Possible explanation: for heavy states it may be neessary to resum logs of

M2

P2

⊥

(Watanabe, Xiao)
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Notieable improvement in the small P⊥ region where this resummation should

be valid

(J/ψ: smaller mass → muh smaller e�et)
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Exited states

ALICE: R
ψ(2S)
pA

signi�antly smaller than R
J/ψ
pA

. Can't be explained in the olor

evaporation model in whih the ratio of ψ(2S) and J/ψ is a onstant

NRQCD: same olor states ontributing but with di�erent relative weights → same

unertainty band as for J/ψ
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D-meson prodution

From

dσcc̄
d2pT d2qT dypdyq

one an also ompute D-meson prodution:

dσD0

d2P⊥dY
= Br(c→ D0)

∫

dz

z2
D(z)

∫

d2
qT dyq

dσcc̄
d2pTd2qTdypdyq

, pT = P⊥/z, yp = Y

Results in the following use the fragmentation funtion parametrization from

Kartvelishvili, Likhoded, Petrov: D(z) = (α+ 1)(α + 2)zα(1 − z)

From the point of view of saturation this proess is not as lean as J/ψ prodution sine the x

values probed in the projetile and target are not bounded:

x1,2 =

√

m2
c+p

2

T√
s

e±yp +

√

m2
c+q

2

T√
s

e±yq

21/24



D-meson prodution

Similar onlusions as for J/ψ: preditions by Fujii, Watanabe using

Q2
s0,A = A1/3Q2

s0,p leads to strong suppression. Glauber model: less

suppression, better agreement with data
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Experimental unertainties still quite large, only one bin in rapidity
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Conlusions

Forward heavy quark(onium) prodution at high energies probes very small

values of x → study of the saturation regime

Hadronization mehanism not well understood

The study of R
pA

an partially alleviate this problem

First CGC alulation: used Q2
s0,A = A1/3Q2

s0,p

→ too strong suppression ompared to data

More reent alulations: initial ondition for the BK evolution of the

nuleus more onsistent with other observables

→ less suppression, muh better agreement with data

Di�erent suppression of exited states di�ult to explain even in NRQCD
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Prospets

Better onstraints for the nuleus initial ondition ould ome from

aurate nulear DIS data (EIC)

The CGC alulations shown are still performed at leading order auray,

resumming terms proportional to (αs ln 1/x)
n

The extension of this framework to NLO, whih is neessary to have more

reliable preditions, is being worked on

Several formalisms (nPDFs, oherent energy loss, CGC) an reprodue

experimental data for R
J/ψ
pA

at forward rapidity

The study of R
J/ψ
pA

/RDY

pA

(or RD
pA

/RDY

pA

) ould help to disriminate

between these approahes
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