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• Naïvely: “Cold Nuclear Matter effects as HI baseline” 

• Now, numerous new insights:  

➡ J/ψ production mechanisms 

➡ saturation scale in QCD 

➡ medium-induced gluon radiation 

➡ shadowing + other modifications of gluon PDFs 

➡ absorption of the QQ̅ pair  

➡ ion-direction observables vs. proton-direction
K. Karakostas 2

J/ψ, ψ(2S)  μ→J/ψ, ψ(2S)  μ→ ++ μ μ--

➢ Ever since the discovery of J/ψ in 1974 study of quarkonium probes hadron 

configuration and the non pertubative behavior of QCD.

➢ Existing theoretical calculations have limited ability to model properly the production 

and decay of these states. The Color Singlet (CS) mechanism alone is insufficient to 
account for experimental measurements

➢ In CS model only states with same quantum numbers as the resulting quarkonium contribute 
to the formation of bound state.

➢ Non-Relativistic QCD (Color Octet) in addition to CS provides the possibility of 

quarkonium formation in a colored state, which subsequently decays into a physical 
singlet quarkonium bound state through non-pertubative emission of gluons.

➢ LHC creates a test bench, highly populated with quarkonia, which will enable 

stringent tests of existing theoretical models across a large range of momentum.
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Method

• Measure dimuons 
• Trigger: 1+ MU0 at L1; 2 muons > 2 GeV, full scan Event Filter 
• Two largely independent analyses:  

➡ May 2015 J/ψ paper - arXiv:1505.08141 [hep-ex] 
➡ June 2015 J/ψ and ψ(2S) - ATLAS-CONF-2015-023 

• Separate prompt from non-prompt (b-quarks) J/ψ and ψ(2S) 
• Analysis ranges: 8.5 < pT < 30 GeV,  |y*| < 1.94 (1.5) 
• Perform weighted simultaneous fit to invariant mass and lifetime 

to subtract background, separate prompt/non-prompt charmonia 
• Weights: L1 trigger, Event Filter, reconstruction efficiency, 

acceptance

3

https://twiki.cern.ch/twiki/bin/view/AtlasPublic/HeavyIonsPublicResults#Preliminary
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Ingredients of  
simultaneous fit
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i Type Source f
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1 J/ S P !
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CB1(m) + (1 � !
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Table 2: PDFs for individual components in the central fit model used to extract the prompt (P) and non-prompt
(NP) contributions for the J/ and the  (2S) signal (S) and background (Bkg). The PDF can be written in a compact
form as PDF(m, ⌧) =

P7
i=1 i

f

i

(m) ·h
i

(⌧)⌦g(⌧). The composite PDF terms are defined as follows: CB - Crystal Ball;
G - Gaussian; E - Exponential; g(⌧) - double Gaussian resolution function; � - delta function.

4.4 Nuclear modification factor203

The nuclear modification factor, R

pPb, is used to compare the production of J/ and  (2S) in p+Pb to the204

same processes in pp collisions. It is defined as:205

R

pPb =
1

A

Pb

d

2�p+Pb
 /dy⇤dpT

d

2�pp

 /dydpT
(4)

where  refers to either prompt or non-prompt J/ or prompt  (2S), and A

Pb = 208. The nuclear206

modification factor may also be defined for a given centrality class as:207

R

pPb =
1

hT
pPbicent

1/Nevt d

2
N

p+Pb
 /dy⇤dpT cent

d

2�pp

 /dydpT
(5)

where Nevt is the total number of minimum bias p+Pb events and hT
pPbicent is the mean nuclear thickness208

function as described in Section. 4.1 in the centrality class, and N

p+Pb
 is the number of charmonium signal209

events in the same centrality class.210

In the absence of a measured pp reference cross section at
p

s = 5.02 TeV, an interpolation of the cross211

sections measured at nearby energies is used. The interpolation is based on the cross section measured212

at
p

s = 2.76 TeV, presented in this analysis, and the cross sections measured at
p

s = 7 and 8 TeV [28].213

Following the approach adopted by the ALICE [30] and LHCb [31] Collaborations, three functional forms214

in
p

s were used for the interpolation:215

�(
p

s) =

8>>><
>>>:

p0 +
p

sp1 linear
(
p

s/p0)p1 power law
p0(1 � exp(�ps/p1)) exponential

(6)

Observables, such as total cross-sections and total multiplicities [32] are well described in
p

s by power-216

law functions, Thus the central value for the cross section at
p

s = 5.02 TeV is derived from the power-217

law interpolation. The other functions are used in the calculation of an uncertainty associated with the218

interpolation. Results of the selected energy interpolation in data are shown in Fig. 3.219
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J/!-only Analysis 
p+Pb at 5.02 TeV 

May 2015 J/ψ paper - arXiv:1505.08141 [hep-ex]

5

d2#/dy*dpT, prompt and non-prompt 

Non-prompt fraction vs. y* and pT 

RFB vs. y* and pT, prompt and non-prompt
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Ion beam direction

Prompt drops faster than J/ψ from b 
Measurement precision quite good!

6

Differential production cross section vs. pT
J/! in p+Pb, in ion beam direction 
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Proton beam direction

Prompt drops faster than J/ψ from b
7

Differential production cross section vs. pT
J/! in p+Pb, in proton beam direction 
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FONLL: M. Cacciari, M. Greco and P. Nason, JHEP 9805 
(1998) 007 [arXiv:hep-ph/9803400]; M. Cacciari, S. Frixione 
and P. Nason, JHEP 0103 (2001) 006 [arXiv:hep-ph/0102134]. 

Data are ~consistent with the 
FONLL pp heavy quark 

calculation 
within (large) uncertainties

8

Comparison to FONLL (pp) calculation
Nonprompt J/! in p+Pb, in ion beam direction 
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FONLL: M. Cacciari, M. Greco and P. Nason, JHEP 9805 
(1998) 007 [arXiv:hep-ph/9803400]; M. Cacciari, S. Frixione 
and P. Nason, JHEP 0103 (2001) 006 [arXiv:hep-ph/0102134]. 

9

Data are ~consistent with the 
FONLL pp heavy quark 

calculation 
within (large) uncertainties

Comparison to FONLL (pp) calculation
Nonprompt J/! in p+Pb, in proton beam direction 



Will Brooks  -  J/! and !(2S) Production in p-Pb Collisions at 5.02 TeV with ATLAS  -  Hard Probes 2015, McGill University, June 2015

FONLL: M. Cacciari, M. Greco and P. Nason, JHEP 9805 
(1998) 007 [arXiv:hep-ph/9803400]; M. Cacciari, S. Frixione 

and P. Nason, JHEP 0103 (2001) 006 [arXiv:hep-ph/0102134]. 
10

FONLL uncertainties are strongly correlated 
Hint of nuclear effect in shape difference 

Comparison to FONLL (pp) calculation
Nonprompt J/! in p+Pb vs. y* 
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nonprompt fraction(p
T

, y⇤) = N

nonprompt J/ (p
T

, y⇤)
N

total J/ (p
T

, y⇤)

Relatively precise measurement 
Hint of b-quark reduction in ion-beam direction, high pT

11

Nonprompt fraction for J/! in p+Pb vs. pT 
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Hint of larger b-quark reduction, ion-beam direction

Red horizontal line at 0.3 to guide the eye
12

Nonprompt fraction for J/! in p+Pb vs. y* 
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Differential production cross section for 
prompt and nonprompt J/! in p+Pb vs. y* 

Larger variation for J/! from b
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(R. Vogt)

14

ALICE: RFB~0.6, y*~3-3.5, pT<15 GeV, inclusive J/! 
Indicates strong kinematic dependence  

Forward-backward ratio
Prompt J/! in p+Pb vs. pT 
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Forward-backward ratio
Nonprompt J/! in p+Pb vs. pT 

LHCb results: ~0.9, nonprompt J/!, pT<15 GeV
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(R Vogt)
(EG Ferreiro,  

F Fleuret, JP Lansberg, A Rakotozafindrabe)

16

Forward-backward ratio
Prompt J/! in p+Pb vs. y* 

LHCb results: ~0.75 for y=2.8 for prompt J/!, pT<15 GeV
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Forward-backward ratio
Nonprompt J/! in p+Pb vs. y* 

LHCb results: ~0.9 for |y|=2.8 for nonprompt J/!, pT<15 GeV
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J/! + !(2S) Analysis 
p-Pb at 5.02 TeV 

June 2015 J/ψ and ψ(2S) - ATLAS-CONF-2015-023

18

d2#/dy*dpT, prompt and non-prompt, J/ψ and ψ(2S) 

pp interpolation to 5.02 GeV 

Non-prompt fraction vs. y* and pT, J/ψ and ψ(2S) 

RpPb vs. y* and pT, prompt and non-prompt, J/ψ and ψ(2S) 

Single and double ratio, prompt J/ψ and ψ(2S)

https://twiki.cern.ch/twiki/bin/view/AtlasPublic/HeavyIonsPublicResults#Preliminary
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Differential production cross sections
Prompt ψ(2S) and J/! in 2.76 TeV p+p vs. pT 
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Differential production cross sections
Non-prompt ψ(2S) and J/! in 2.76 TeV p+p vs. pT 
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Non-prompt Fraction
ψ(2S) and J/! in 2.76 TeV p+p vs. pT 

nonprompt fraction(p
T

, y⇤) = N

nonprompt J/ (p
T

, y⇤)
N

total J/ (p
T

, y⇤)
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Interpolation between pp at 2.76 TeV and at 7 and 8 TeV 
Interpolation used three functional forms to evaluate 

systematic uncertainty

Interpolation of pp data

23
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RpPb 
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~centrality

Prompt J/ψ

J/ψ from b

Prompt ψ(2S)

25

RpPb>1

RpPb>1 
mid-centrality 

RpPb>1 
low-centrality 

(note vertical scale change)

Phenix:  
RdAu =1    (NColl=3) 
RdAu =0.2 (NColl=15) 

>partN<
0 5 10 15 20 25

pP
b

R

0.6

0.8

1

1.2

1.4

1.6

1.8

2
ATLAS Preliminary

 = 5.02 TeVNNs+Pb p
ψPrompt J/

 = 0)σωGlauber (

* < 1.5 y-1.5 < 
 < 30 GeV

T
p10 < 

Data
  Data (No Bias Correction)

>partN<
0 5 10 15 20 25

pP
b

R

0.6

0.8

1

1.2

1.4

1.6

1.8

2
ATLAS Preliminary

 = 5.02 TeVNNs+Pb p
ψPrompt J/
 = 0.11σωGGCF 

* < 1.5 y-1.5 < 
 < 30 GeV

T
p10 < 

Data
  Data (No Bias Correction)

>partN<
0 5 10 15 20 25

pP
b

R

0.6

0.8

1

1.2

1.4

1.6

1.8

2
ATLAS Preliminary

 = 5.02 TeVNNs+Pb p
ψNon-Prompt J/

 = 0)σωGlauber (

* < 1.5 y-1.5 < 
 < 30 GeV

T
p10 < 

Data
  Data (No Bias Correction)

>partN<
0 5 10 15 20 25

pP
b

R

0.6

0.8

1

1.2

1.4

1.6

1.8

2
ATLAS Preliminary

 = 5.02 TeVNNs+Pb p
ψNon-Prompt J/

 = 0.11σωGGCF 

* < 1.5 y-1.5 < 
 < 30 GeV

T
p10 < 

Data
  Data (No Bias Correction)

>partN<
0 5 10 15 20 25

pP
b

R

0.5

1

1.5

2

2.5

3
ATLAS Preliminary

 = 5.02 TeVNNs+Pb p
(2S)ψPrompt 

 = 0)σωGlauber (
* < 1.5 y-1.5 < 
 < 30 GeV

T
p10 < 

Data
  Data (No Bias Correction)

>partN<
0 5 10 15 20 25

pP
b

R
0.5

1

1.5

2

2.5

3
ATLAS Preliminary

 = 5.02 TeVNNs+Pb p
(2S)ψPrompt 
 = 0.11σωGGCF 

* < 1.5 y-1.5 < 
 < 30 GeV

T
p10 < 

Data
  Data (No Bias Correction)



Will Brooks  -  J/! and !(2S) Production in p-Pb Collisions at 5.02 TeV with ATLAS  -  Hard Probes 2015, McGill University, June 2015

Prompt J/ψ

J/ψ from b

Prompt ψ(2S)

Check of centrality 
behavior by 

normalizing to 
number of Z bosons: 

Nψ/NZ vs. FCal ET

J/ψ appears to be flat 

Decreasing trend for ψ(2S)
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Check of centrality behavior 
using ‘self-normalized ratios’
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Ratio of prompt !(2S) to J/! vs. FCal ET

Evidence for centrality dependence  
Similar pattern as Z-normalized !(2S) 
Decreasing trend with centrality; magnitude > ALICE’s



Will Brooks  -  J/! and !(2S) Production in p-Pb Collisions at 5.02 TeV with ATLAS  -  Hard Probes 2015, McGill University, June 2015 29

Prompt double ratio vs. FCal ET and y*
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Conclusions
• Measurement of J/! and !(2S) production in p-Pb 

collisions at 5.02 TeV - first precise quarkonia results 
from ion beams in ATLAS! 

• Measured differential cross sections, RFB for J/!, RpPb 
for J/! and !(2S) via pp interpolation; nonprompt 
fraction, single and double ratios, for J/! and !(2S) 

• Separation: prompt and nonprompt (b) components 
• Nuclear medium effects seen in a number of 

observables and hints in others - most prominently: 
➡ RFB significantly larger than ALICE’s (at forward y*) 
➡ RpPb>1 for J/! and !(2S), ~all measured kinematics 
➡ Double ratio of !(2S)/J/! enhanced at low centrality

30
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Acceptance of J/! and !(2S) in ATLAS 

32
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Fitting weights for J/!

33
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J/ψ production and nuclear effects in p-Pb collisions at √sNN = 5.02 TeV ALICE Collaboration

non-prompt contribution from B-decays. However, the pT-integrated non-prompt J/ψ fraction is small
(LHCb measured 7.1% at

√
s = 2.76 TeV in the kinematic region 2 < ycms < 4.5, pT < 12 GeV/c [58]

and 9.8% at
√
s = 7 TeV for 2 < ycms < 4.5, pT < 14 GeV/c [59]). The difference between RinclpPb and

RpromptpPb is well within the uncertainties of our measurement for a very large range of Rnon−promptpPb , from
almost complete suppression (Rnon−promptpPb = 0.2) to a rather strong enhancement (Rnon−promptpPb = 1.3). A
similar conclusion holds at backward rapidity.
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Fig. 2: The nuclear modification factors for inclusive J/ψ production at √sNN = 5.02 TeV. The error bars corre-
spond to the statistical uncertainties, the open boxes to the uncorrelated systematic uncertainties, the shaded boxes
around the points represent the partially correlated systematic uncertainties. The box around RpPb = 1 shows the
size of the correlated uncertainties. Results from various models are also shown. The theoretical uncertainties
for the EPS09 NLO calculation [55] are due to the uncertainty on the EPS09 shadowing parameterization and to
the mass and scale uncertainties on the cross section calculation. For the CGC model [57], the band is related to
the choice of the parton saturation scale and of the charm quark mass. Finally, the q0 value in the energy loss
model [56] represents the value of the transport coefficient in the target nucleons for xBj=10−2 gluons.

Both cross sections and nuclear modification factors for inclusive J/ψ have also been studied differen-
tially in rapidity, with six bins for each of the two y domains. The results are shown in Fig. 3 and Fig. 4,
respectively. The analysis procedure is identical to the one detailed above for the study of the integrated
quantities. In particular, a differential estimate of the systematic uncertainties for the various ingredients
has been carried out. The larger uncertainties visible at the lower edges of the rapidity ranges covered
in p-Pb and Pb-p are related to a larger uncertainty on the pp reference cross section, due to the fact
that these regions are not directly covered by the pp measurements and therefore an extrapolation has to
be performed [49]. No strong variation of the nuclear modification factors is observed, in particular at
backward rapidity, where models including coherent energy loss suggest a steeper behaviour.

Both σ J/ψpp and ⟨TpPb⟩ cancel out when forming the ratio RFB of the nuclear modification factors for a
rapidity range symmetric with respect to ycms = 0. In this way one is left with the ratio of the forward
and backward J/ψ yields. The drawback of this approach is that, due to the beam energy asymmetry,
the common y interval covered at both forward and backward rapidity is smaller than the acceptance of
the muon spectrometer, and limited to 2.96 < |ycms|< 3.53. The reduction in statistics by a factor ∼3 is
compensated by the cancellation of the reference-related uncertainties. The obtained value is RFB(2.96<
|ycms| < 3.53) = 0.60± 0.01(stat.)± 0.06(syst.). The systematic uncertainties which are uncorrelated

8

ALICE J/ψ results

J/ψ production and nuclear effects in p-Pb collisions at
√
sNN = 5.02 TeV ALICE Collaboration
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Fig. 3: The inclusive J/ψ production cross section, as a function of rapidity. The error bars correspond to the
statistical uncertainties, the open boxes to the uncorrelated systematic uncertainties, the shaded boxes around the
points represent the partially correlated systematic uncertainties. The bands correspond to the inclusive J/ψ pp
cross section, obtained with the interpolation procedure described in the text and scaled by the Pb-nucleus mass
number APb.
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Fig. 4: The nuclear modification factors for inclusive J/ψ production at√sNN = 5.02 TeV, in bins of rapidity. The
meaning of symbols and curves is the same as in Fig. 2.
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J/ψ production and nuclear effects in p-Pb collisions at
√
sNN = 5.02 TeV ALICE Collaboration
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Suppression of ψ(2S) production in p-Pb collisions at √sNN = 5.02 TeV 7

The study of the cross section ratio between ψ(2S) and J/ψ , and the comparison of this ratio between
different systems, offers a powerful tool to investigate nuclear effects on charmonium production. In
addition, several systematic uncertainties cancel, or are significantly reduced, when studying such ra-
tios. In particular, in the present analysis, the tracking, trigger and matching efficiencies, as well as the
normalization-related quantities, cancel out. For the MC input, the fraction of the uncertainty related to
the choice of the J/ψ kinematical distribution [35] cancels in the cross section ratios, and a remaining 1%
(2%) uncertainty for p-Pb (Pb-p) is assigned to this source. Finally, the uncertainty on signal extraction
is considered as uncorrelated between J/ψ and ψ(2S), and its value for the cross section ratios amounts
to 10% for both p-Pb and Pb-p. The resulting values are:

B.R.ψ(2S)→µ+µ−σψ(2S)

B.R.J/ψ→µ+µ−σ J/ψ
(2.03 < ycms < 3.53) = 0.0154±0.0019(stat.)±0.0015(syst.)

B.R.ψ(2S)→µ+µ−σψ(2S)

B.R.J/ψ→µ+µ−σ J/ψ
(−4.46< ycms <−2.96) = 0.0116±0.0018(stat.)±0.0011(syst.)

In Fig. 2 we compare these ratios with the corresponding ALICE results for pp collisions [36], obtained
in slightly different centre of mass energy and rapidity regions,

√
s = 7 TeV, 2.5 < |y| < 4, as no LHC

pp results are available in the same kinematic conditions of proton-nucleus collisions. The pp ratios are
significantly higher than those for p-Pb and Pb-p, which are compatible within uncertainties.
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Fig. 2: The cross section ratios B.R.ψ(2S)→µ+µ−σ
ψ(2S)/B.R.J/ψ→µ+µ−σ

J/ψ for p-Pb and Pb-p collisions, com-
pared with the corresponding pp results at

√
s = 7 TeV [36]. The horizontal bars correspond to the width of the

rapidity regions under study. The vertical error bars represent statistical uncertainties, the boxes correspond to
systematic uncertainties.

The double ratio [σψ(2S)/σJ/ψ ]pPb/[σψ(2S)/σJ/ψ ]pp is a useful quantity to directly compare the relative
suppression of the two states between various experiments. For this analysis, since the collision energy
and the y-coverage of the p-Pb (Pb-p) and pp measurements are different, we have estimated the possible
dependence of the σψ(2S)/σ J/ψ vs

√
s and y in pp collisions. We start from the empirical observation

that this ratio is very similar at collider energies over a rather broad range of y and
√
s. In particular,

from the LHCb data (
√
s = 7 TeV, 2< y< 4.5) [39, 40] one gets 2.11% for the inclusive ratio integrated

Suppression of ψ(2S) production in p-Pb collisions at √sNN = 5.02 TeV 9
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Fig. 3: Double ratios [σψ(2S)/σJ/ψ ]pPb/[σψ(2S)/σJ/ψ ]pp for p-Pb and Pb-p collisions, compared to the correspond-
ing PHENIX result at √sNN = 200 GeV [27]. The horizontal bars correspond to the width of the rapidity regions
under study. For ALICE, the vertical error bars correspond to statistical uncertainties, the boxes to uncorrelated
systematic uncertainties, and the shaded areas to correlated uncertainties. For PHENIX, the various sources of
systematic uncertainties were combined in quadrature.

clearly indicates that other mechanisms must be invoked in order to describe the ψ(2S) suppression in
proton-nucleus collisions.

The break-up cross section of the final state resonance due to interactions with CNM is expected to
depend on the binding energy of the charmonium and such a mechanism would be a natural explanation
for the larger suppression of ψ(2S). However, this process becomes relevant only if the charmonium
formation time τf is smaller than the time τc spent by the cc pair inside the nucleus. One can evaluate the
average proper time τc spent in CNM as τc = ⟨L⟩/(βzγ) [25], where ⟨L⟩ is the average length of nuclear
matter crossed by the pair, which can be calculated in the framework of the Glauber model [50], βz =
tanhyrestcc is the velocity of the cc along the beam direction in the nucleus rest frame, and γ = Ecc/mcc. For
cc pairs in the charmonium mass range emitted at pT = 0 in the forward acceptance, one gets τc ∼ 10−4
fm/c, while the corresponding value at backward rapidity is ∼ 7 ·10−2 fm/c. Estimates for the formation
time τf range between 0.05 and 0.15 fm/c [24,25]. In this situation, no break-up effects depending on the
final charmonium state should be expected at forward rapidity, and even for backward production one has
at most τf ∼ τc which would hardly accomodate the strong difference observed between ψ(2S) and J/ψ
suppression. As a consequence, other final state effects should be considered, including the interaction
of the cc pair with the final state hadronic system created in the proton-nucleus collision.

The sizeable ψ(2S) statistics collected in proton-nucleus collisions allows for a differential study of the
various observables as a function of pT, in the range 0 < pT < 8 GeV/c. We have chosen a transverse
momentum binning which leads to similar relative statistical uncertainties in each bin over the pT range
covered. The analysis is carried out with the same procedure adopted for the integrated data samples. In
particular, the systematic uncertainties are evaluated differentially in pT, and their range is also reported
in Table 1. In Fig. 5 the differential cross sections at forward and backward rapidity are presented.
The systematic uncertainties on signal extraction, MC input and efficiencies are considered as bin-to-
bin uncorrelated. The uncertainties associated with the cross section normalization (NMB, σMBpPb ) are
correlated between the various pT bins, and partially correlated between p-Pb and Pb-p.
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correlated uncertainties. The filled box on the right, centered on RpPb = 1, shows uncertainties that are fully
correlated between J/ψ and ψ(2S). Model calculations tuned on J/ψ , and including nuclear shadowing [46] and
coherent energy loss [47] are also shown. The corresponding calculations for ψ(2S) produce identical values for
the coherent energy loss mechanisms and a 2-3% larger result for nuclear shadowing and therefore are not shown.
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ALICE ψ(2S) results (II)
arXiv:1405.3796 [nucl-ex] 

JHEP 1412 (2014) 073

Suppression of ψ(2S) production in p-Pb collisions at √sNN = 5.02 TeV 11

In Fig. 6 we present the pT dependence of the double ratio [σψ(2S)/σJ/ψ ]pPb/[σψ(2S)/σJ/ψ ]pp, with the
p-Pb J/ψ cross sections taken from [35] and the pp values from [36]. As for the integrated double ratio,
the systematic uncertainties related to efficiencies and to normalizations cancel out for both proton-
nucleus and pp, while the uncertainties on signal extraction and Monte-Carlo input are considered as
uncorrelated. The 8% uncertainty related to the

√
s and ymismatch between the two systems is correlated

as a function of pT, while the uncertainties on the ratio in pp collisions are correlated, for each pT bin,
between forward and backward rapidity.
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Fig. 6: The double ratio [σψ(2S)/σJ/ψ ]pPb/[σψ(2S)/σJ/ψ ]pp for p-Pb and Pb-p collisions, as a function of pT. The
horizontal bars correspond to the width of the transverse momentum bins. The vertical error bars correspond to
the statistical uncertainties, the boxes to uncorrelated systematic uncertainties and the shaded areas to correlated
uncertainties. The points corresponding to negative y are slightly shifted in pT to improve visibility.

Finally, in Fig. 7 the pT dependence of the ψ(2S) nuclear modification factor, calculated using Eq. 2, is
presented and compared with the corresponding result for J/ψ [51]. The uncertainties are obtained with
the procedure used in Fig. 4, and the results are compared to the same models quoted there.

Within uncertainties, no pT dependence of the double ratio can be seen, and consequently as a function
of transverse momentum Rψ(2S)

pPb has qualitatively a similar shape as that exhibited by RJ/ψpPb , but system-
atically characterized by smaller values. Theoretical models, which in this case also yield the same
prediction for J/ψ and ψ(2S), are in fair agreement with J/ψ results, but clearly overestimate the ψ(2S)
nuclear modification factor values.

It is interesting to note that different values of transverse momentum for the resonances correspond to
different τc, with the crossing times decreasing with increasing pT. In particular, for backward produc-
tion, τc varies by about a factor 2, between ∼0.07 (at pT = 0) and ∼0.03 fm/c (at pT = 8 GeV/c). As
a consequence, a larger fraction of cc pairs may form the final resonance state inside CNM at low pT,
and one might expect smaller values of the double ratio in that transverse momentum region due to the
weaker binding energy of ψ(2S). Although the results shown in Fig. 6 could be suggestive of such a
trend, no firm conclusion can be reached due to the current experimental uncertainties.

In summary, we have presented results on inclusive ψ(2S) production in proton-nucleus collisions at the
LHC. Measurements were performed with the ALICEMuon Spectrometer in the p-going (2.03< ycms <
3.53) and Pb-going (−4.46 < ycms < −2.96) directions, and the production cross sections, the double
ratios with respect to the J/ψ in p-Pb and pp and the nuclear modification factors were estimated. The

12 The ALICE Collaboration
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Fig. 7: The nuclear modification factor for ψ(2S), compared to the corresponding quantity for J/ψ [51], as a
function of pT. Plots correspond to p-Pb (left) and Pb-p (right) collisions. The horizontal bars correspond to the
width of the transverse momentum bins. The vertical error bars correspond to statistical uncertainties, the boxes to
uncorrelated systematic uncertainties, and the shaded areas to partially correlated uncertainties. The filled box on
the right, centered at RpPb = 1, shows uncertainties that are fully correlated between J/ψ and ψ(2S). For details on
model comparisons, see the caption of Fig. 4.

results show that ψ(2S) is significantly more suppressed than J/ψ in both rapidity regions, and that no pT
dependence of this effect is found within uncertainties. This observation implies that initial state nuclear
effects alone cannot account for the modification of the ψ(2S) yields, as also confirmed by the poor
agreement of the ψ(2S) RpPb with models based on shadowing and/or energy loss. Final state effects,
such as the pair break-up by interactions with cold nuclear matter, might in principle lead to the observed
effect, but the extremely short crossing times for the cc pair, in particular at forward rapidity, make
such an explanation unlikely. Consequently, other final state effects should be considered, including the
interaction of the cc pair with the final state hadronic system created in the proton-nucleus collision.
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Comparison of the two ATLAS J/ψ analyses

Elements in common: 
• Same pPb data sample, same triggers, secondary dimuon vertex refitting 
• Same muon selection criteria and reconstruction efficiency corrections 
• Same version of J/ψ acceptance map

Elements that are different: 
• Included ψ(2S) in fit model; fit model was kept as similar as possible to 7 

and 8 TeV analyses to reduce interpolation uncertainties 
• Included 2.76 TeV pp data for calculation of RpPb 
• Updated efficiency map from 8 TeV pp was used for L1 trigger correction 
• Finer-binned Event Filter efficiency map was used 
• Centrality dependence was studied using several centrality estimators
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Figure 2: Nuclear modification factor, R
pPb

, compared to other measurements and theoretical
predictions. The black dots, red squares, and blue triangles indicate the LHCb measurements for
⌥ (1S) mesons, prompt J/ mesons, and J/ from b-hadron decays, respectively [28]. The inner
error bars (delimited by the horizontal lines) show the statistical uncertainties; the outer ones
show the statistical and systematic uncertainties added in quadrature. The data are compared
with theoretical predictions for ⌥ and prompt J/ mesons from di↵erent models, one per panel.
The shaded areas indicate the uncertainties of the theoretical calculations.

6 Conclusions

The production of ⌥ mesons is studied in pPb collisions with the LHCb detector at a
nucleon-nucleon centre-of-mass energy

p
sNN = 5TeV in the transverse momentum range

of p
T

< 15GeV/c and rapidity range �5.0 < y < �2.5 and 1.5 < y < 4.0.
The nuclear modification factor for the ⌥ (1S) meson is determined using the cross-

section of ⌥ (1S) production in pp collisions at 5TeV interpolated from previous LHCb
measurements. It is compatible with predictions of a suppression of ⌥ (1S) production with
respect to pp collisions in the forward region and antishadowing e↵ects in the backward
region. The forward-backward production ratio of the ⌥ (1S) is also measured, and the
result is consistent with existing theoretical predictions, where the nuclear shadowing
e↵ects are taken into account with the EPS09 parameterisation, or a coherent energy loss is
considered. A first measurement of the production ratios of excited ⌥ mesons relative to the
ground state ⌥ has been performed. Due to the small integrated luminosity of the available

8

J/ψ and Upsilon in pPb from LHCb

Data are the same in each plot - Models differ 
Black circles - Y(1S), red squares - prompt J/ψ, blue triangles - J/ψ from b 
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Figure 3: Single di↵erential production cross-sections for (black dots) prompt J/ and (red
squares) J/ from b as functions of (a, b) p

T

and (c, d) y in the (a, c) forward and (b, d)
backward regions.

The integrated production cross-sections for prompt J/ mesons and J/ from b with
p
T

< 14GeV/c in the forward and backward regions are measured to be

�F(prompt J/ , +1.5 < y < +4.0) = 1168± 15± 54 µb,

�B(prompt J/ , �2.5 < y < �5.0) = 1293± 42± 75 µb,

�F(J/ from b, +1.5 < y < +4.0) = 166.0± 4.1± 8.2 µb,

�B(J/ from b, �2.5 < y < �5.0) = 118.2± 6.8± 11.7 µb,

where the first uncertainty is statistical and the second is systematic.
The J/ production cross-section in pp collisions at 5TeV, used as a reference to

determine the nuclear modification factor R
pPb

, is obtained by a power-law interpolation,
�(
p
s) = (

p
s/p

0

)
p1 µb, of previous LHCb measurements performed at 2.76, 7, and

8TeV [24–26]. For
p
s = 7 and 8TeV, measurements in the kinematic region p

T

< 14GeV/c
and 2.5 < |y| < 4.0, the common rapidity range of the forward and backward regions in the
nucleon-nucleon centre-of-mass frame, are available. The measurements at

p
s = 2.76TeV

are rescaled to this range. The fits give p
0

= 0.67 ± 0.10TeV and p
1

= 0.49 ± 0.18 for

8

40

J/ψ in pPb from LHCb
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Figure 5: Nuclear modification factor R
pPb

as a function of y for (a) prompt J/ mesons and (b)
J/ from b, together with the theoretical predictions from (yellow dashed line and brown band)
Refs. [2,42], (blue band) Ref. [3], and (green solid and blue dash-dotted lines) Ref. [4]. The inner
error bars (delimited by the horizontal lines) show the statistical uncertainties; the outer ones
show the statistical and systematic uncertainties added in quadrature. The uncertainty due to
the interpolated J/ cross-section in pp collisions at

p
s = 5TeV is 5.5% (8.4%) for prompt J/ 

mesosns (J/ from b).

J/ mesons, are given in Table 5.
Figure 6 shows the forward-backward production ratio RFB as a function of |y|, compared

with theoretical calculations [2–4,42]. The value of RFB for J/ from b is closer to unity
than for prompt J/ mesons, indicating a smaller asymmetry in the forward-backward
production. The results agree with theoretical predictions. The calculation [3] with the
EPS09 NLO nPDF alone predicts a smaller forward-backward production asymmetry for
prompt J/ mesons than observed. Figure 7 shows the forward-backward production ratio
RFB as a function of p

T

for prompt J/ mesons and J/ from b in the range 2.5 < y < 4.0
of the nucleon-nucleon centre-of-mass frame. Theoretical predictions [3,5] are only available
for prompt J/ mesons. The calculation [5] based on parton energy loss with the EPS09
NLO nPDF agrees with the measurement of RFB for prompt J/ mesons. The measured
values of the forward-backward production ratio RFB are given in Tables 6 and 7, where
the results for inclusive J/ mesons are also listed.

6 Conclusion

The production of prompt J/ mesons and of J/ from b-hadron decays is studied in
pPb collisions with the LHCb detector at the nucleon-nucleon centre-of-mass energyp
sNN = 5TeV. The measurement is performed as a function of the transverse momentum

and rapidity of the J/ meson in the region p
T

< 14GeV/c and 1.5 < y < 4.0 (forward)
and �5.0 < y < �2.5 (backward). The nuclear modification factor R

pPb

and the forward-
backward production ratio RFB are determined for the first time separately for prompt
J/ mesons and those from b-hadron decays. The measurement indicates that cold nuclear
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Figure 6: Forward-backward production ratio RFB as a function of |y| for (a) prompt J/ mesons
and (b) J/ from b, together with the theoretical predictions from (yellow dashed line and brown
band) Refs. [2, 42], (blue band) Ref. [3], and (green solid and blue dash-dotted lines) Ref. [4].
The inner error bars (delimited by the horizontal lines) show the statistical uncertainties; the
outer ones show the statistical and systematic uncertainties added in quadrature.
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matter e↵ects are less pronounced for J/ mesons from b-hadron decays, hence for b
hadrons, than for prompt J/ mesons. These results show good agreement with the
available theoretical predictions and provide useful constraints to the parameterisation
of theoretical models. The measured nuclear modification factor for prompt J/ mesons
shows that it is necessary to include cold nuclear matter e↵ects in the interpretation of
quark-gluon plasma signatures in heavy-ion collisions. The results for inclusive J/ mesons
are in agreement with those presented by the ALICE collaboration [43].
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Figure 6: Forward-backward production ratio RFB as a function of |y| for (a) prompt J/ mesons
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The inner error bars (delimited by the horizontal lines) show the statistical uncertainties; the
outer ones show the statistical and systematic uncertainties added in quadrature.
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shows that it is necessary to include cold nuclear matter e↵ects in the interpretation of
quark-gluon plasma signatures in heavy-ion collisions. The results for inclusive J/ mesons
are in agreement with those presented by the ALICE collaboration [43].
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FIG. 2: (Color online) The ψ′, χc, and J/ψ RdAu for 0–
100% centrality integrated d+Au collisions as a function of
the quarkonia binding energy, where the J/ψ RdAu has been
corrected for the effects of ψ′ and χc feed-down. The sys-
tematic uncertainties which are not correlated between the
three points and have been added in quadrature with the sta-
tistical uncertainties for plotting. The common global scale
uncertainty is quoted on the plot. The binding energies are
the differences between the quarkonium masses and the open
charm threshold, and are taken from Ref. [4].

sions and the J/ψ RdAu, the χc RdAu is calculated as

Rχc

dAu = RJ/ψ
dAu ×

F dAu
χc→J/ψ

F pp
χc→J/ψ

. (3)

The nuclear modification of χc production in d+Au colli-
sions is found to be Rχc

dAu = 0.77±0.41(stat)±0.18(syst).
With the ψ′ and χc nuclear modification in hand, it is

possible to correct the measured modification of inclusive
J/ψ production for their feed-down effects, thus giving
a closer representation of the modification of direct J/ψ
production. Here we use the ψ′ and χc feed-down frac-
tions in p+p collisions measured by PHENIX in Ref. [7].
The corrected J/ψ modification is calculated as

RdirectJ/ψ
dAu =

(

RinclJ/ψ
dAu − F pp

ψ′→J/ψR
ψ′

dAu − F pp
χc→J/ψR

χc

dAu

)

(

1− F pp
ψ′→J/ψ − F pp

χc→J/ψ

) ,

(4)

whereRinclJ/ψ
dAu = 0.77±0.02(stat)±0.16(syst) is the mod-

ification of inclusive J/ψ production, reported in Ref. [5].
This gives a feed-down corrected J/ψ modification of

RdirectJ/ψ
dAu = 0.81 ± 0.12(stat) ± 0.23(syst). While there

still remains a contribution from B → J/ψ +X decays,
its value is expected to be small (≈ 2.7% [14]).
Figure 2 plots the nuclear modification as a function

of the quarkonia binding energy. The χc measurement
has large statistical and systematic uncertainties, but the
J/ψ and ψ′ modifications suggest that there is a decrease
in suppression with increasing binding energy.
Figure 3 compares the PHENIX results to data

taken at different collision energies and species by plot-
ting the relative modification of ψ′ to J/ψ production

(Rψ
′

dAu/R
inclJ/ψ
dAu ) as a function of charged particle multi-

plicity. When taking the ψ′ to J/ψ ratio, a number of

FIG. 3: (Color online) The relative modification of the
ψ′ to the J/ψ as a function of dNch/dη|y=0. The plot-
ted data include (open [red] squares) NA38 [2] p+A at√
s
NN

= 19.4 GeV, (open [green] circles) NA50 [16] p+A
at

√
s
NN

= 27.4 GeV,(open [blue] diamonds) HERA-B [17]
p+A at

√
s
NN

= 41.5 with a global uncertainty of ±4.4%,
(closed [black] circles) PHENIX d+Au at

√
s
NN

= 200 GeV
with a global uncertainty of ±24%, (closed [magenta] upward-
pointing triangle) NA50 [18] Pb+Pb at

√
s
NN

= 17.2 GeV,
and (closed [cyan] downward-pointing triangles) NA38 [18]
S+U at

√
s
NN

= 19.4 GeV. The SPS and HERA-B results
are calculated using the extrapolated p+p ψ′ to J/ψ ratios
quoted in the respective references. There is a common global
uncertainty in the SPS points of 5% due to the uncertainty
in the p+p ψ′/J/ψ ratio. The dashed line is included only to
guide the eye.

uncertainties cancel or are reduced, such as the uncer-
tainty in ϵA. Nuclear effects that are common between
the J/ψ and ψ′ (such as nuclear shadowing) will also can-
cel. As there are currently no measurements available of
dNch/dη|y=0 for the majority of the data shown in Fig. 3,
we use HIJING [15] to calculate the dNch/dη|y=0 values
for all points. The consistent trend of results at the Super
Proton Synchrotron (SPS), Hadron-Electron Ring Ac-
celerator (HERA), and RHIC, suggests that interactions
with final-state hadrons may play a role. The ψ′ RdAu

is further calculated for different centrality bins matched
to those used in the previous J/ψ analyses [5, 6].

Figure 4 shows ψ′ RdAu as a function of Ncoll and also
shows the previously published J/ψ RdAu [5], here inte-
grated over the full rapidity coverage of the central arm.
We observe a strong suppression of ψ′ production with in-
creasingNcoll. The observed suppression in central d+Au
collisions (large Ncoll) is a factor of ≈ 3 times larger than
the observed suppression for inclusive J/ψ production.
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FIG. 4: (Color online) The ψ′ nuclear modification factor,
RdAu, as a function of Ncoll. Also included are the previously
measured J/ψ RdAu as a function of Ncoll [5]. Note that
the J/ψ RdAu plotted here is not corrected for ψ′ and χc

feed-down, and the Ncoll values are shifted slightly to aid in
clarity.

Ref. [3] presents a model that explains the lower en-
ergy E866/NuSea and NA50 results using an expanding
color neutral cc pair. As the cc expands, it has an in-
creased nuclear absorption due to its larger physical size.
Once the time spent by the cc pair traversing the nu-
cleus becomes larger than the J/ψ formation time, the
ψ′ will see a larger nuclear absorption due to its larger
size (r0 ≈ 0.9 fm for the ψ′ and r0 ≈ 0.5 fm for the
J/ψ [4]). This explains the transition from a similar level
of suppression between the J/ψ and ψ′ at high xF to a
larger suppression of the ψ′ relative to the J/ψ at xF ≈ 0
observed by E866/NuSea.
This idea is tested at RHIC energies by calculating

the average proper time, τ , spent in the nucleus by
the quarkonia (or cc precursor). This is calculated as
τ = β⟨L⟩, where ⟨L⟩ is the mean thickness of the target
nucleus, and β is the average velocity of the quarkonia
in the rest frame of the target nucleus. Here the J/ψ pT
is neglected. The ⟨L⟩ values for each centrality bin are
calculated as the average center to edge distance using
the same Glauber Monte Carlo model used to determine
Ncoll.
Figure 5 shows the relative modification of the ψ′ to

the J/ψ as a function of τ , where the E866/NuSea and
NA50 results have also been included. The solid curve
is the calculation by Arleo et al. [3], which is consistent
with the trends observed by E866/NuSea and NA50.
The values of τ for the PHENIX data are similar to the

cc formation and color neutralization time of≈ 0.05 fm/c,
and well below the J/ψ formation time of ≈ 0.15 fm/c [3].
Therefore the model cannot explain the strong differ-
ential suppression of the ψ′ in the PHENIX data. We
note that Ref. [19] shows that the extracted break up
cross section for the inclusive J/ψ displays a strong de-
parture of the E866/NuSea result from τ scaling below

FIG. 5: (Color online) The relative modification of the ψ′

to the J/ψ as a function of the proper time spent by the
quarkonia (or cc precursor) in the nucleus. The data in-
clude (open [green] circles) NA50 [16] p+A at 400 GeV/nn,
(closed [blue] squares) E866/NuSea [1] p+A at 800 GeV/nn
and (closed [black] circles) PHENIX d+Au at

√
s
NN

= 200
GeV which include a global systematic uncertainty of ±24%.
The E866/NuSea points are calculated for ψ′ and J/ψ modifi-
cations in similar rapidity intervals. The curve is a calculation
by Arleo et al. [3] discussed in the text.

≈ 0.05 fm/c, indicating the presence of different effects
that modify charmonium production at short time scales.
The PHENIX data further indicate that there are effects
at short crossing time scales that can differentially sup-
press the ψ′ relative to the J/ψ.

In summary, we have presented measurements of ψ′

production, as well as the J/ψ feed-down fraction from
χc decays, in d+Au collisions at

√
s
NN

= 200 GeV. Us-
ing the corresponding measurements in p+p collisions,
we have obtained the nuclear modification factor, RdAu,
for ψ′ and χc production. We find that the relative mod-
ification of ψ′ to inclusive J/ψ measured by PHENIX
follows the same approximate scaling with the charged
particle multiplicity measured at midrapidity as lower
energy data. We further find that ψ′ production is heav-
ily suppressed in central d+Au collisions relative to J/ψ
production. Because the nuclear crossing time is very
short, this cannot be explained by the difference in size
of the fully-formed ψ′ and J/ψ. It instead suggests that
there is a process occurring on the time scale of cc for-
mation that differentially suppresses the ψ′.

We thank the staff of the Collider-Accelerator and
Physics Departments at Brookhaven National Labora-
tory and the staff of the other PHENIX participating
institutions for their vital contributions. We acknowl-
edge support from the Office of Nuclear Physics in the
Office of Science of the Department of Energy, the Na-
tional Science Foundation, Abilene Christian University
Research Council, Research Foundation of SUNY, and
Dean of the College of Arts and Sciences, Vanderbilt Uni-
versity (U.S.A), Ministry of Education, Culture, Sports,
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Once the time spent by the cc pair traversing the nu-
cleus becomes larger than the J/ψ formation time, the
ψ′ will see a larger nuclear absorption due to its larger
size (r0 ≈ 0.9 fm for the ψ′ and r0 ≈ 0.5 fm for the
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of suppression between the J/ψ and ψ′ at high xF to a
larger suppression of the ψ′ relative to the J/ψ at xF ≈ 0
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cc formation and color neutralization time of≈ 0.05 fm/c,
and well below the J/ψ formation time of ≈ 0.15 fm/c [3].
Therefore the model cannot explain the strong differ-
ential suppression of the ψ′ in the PHENIX data. We
note that Ref. [19] shows that the extracted break up
cross section for the inclusive J/ψ displays a strong de-
parture of the E866/NuSea result from τ scaling below
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≈ 0.05 fm/c, indicating the presence of different effects
that modify charmonium production at short time scales.
The PHENIX data further indicate that there are effects
at short crossing time scales that can differentially sup-
press the ψ′ relative to the J/ψ.

In summary, we have presented measurements of ψ′

production, as well as the J/ψ feed-down fraction from
χc decays, in d+Au collisions at

√
s
NN

= 200 GeV. Us-
ing the corresponding measurements in p+p collisions,
we have obtained the nuclear modification factor, RdAu,
for ψ′ and χc production. We find that the relative mod-
ification of ψ′ to inclusive J/ψ measured by PHENIX
follows the same approximate scaling with the charged
particle multiplicity measured at midrapidity as lower
energy data. We further find that ψ′ production is heav-
ily suppressed in central d+Au collisions relative to J/ψ
production. Because the nuclear crossing time is very
short, this cannot be explained by the difference in size
of the fully-formed ψ′ and J/ψ. It instead suggests that
there is a process occurring on the time scale of cc for-
mation that differentially suppresses the ψ′.
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FIG. 9: (Color Online) J/ψ nuclear modification factor, RdAu,
as a function of pT for (a) backward rapidity, (b) midrapidity,
and (c) forward rapidity 0–100% centrality integrated d+Au
collisions. Curves are model calculations detailed in Sec. VIA.

bin as:

RdAu(i) =
c

⟨Ncoll(i)⟩
d2Nd+Au

J/ψ (i)/dydpT

d2Np+p
J/ψ /dydpT

, (6)

where d2Nd+Au
J/ψ (i)/dydpT is the d+Au invariant yield for

the ith centrality bin, d2Np+p
J/ψ /dydpT is the p+p invariant

yield for the same pT and y bin, and ⟨Ncoll(i)⟩ is the av-
erage number of binary collisions for the given centrality
bin, as listed in Table I.
The 0–100% centrality integrated J/ψ RdAu as a func-

tion of pT is shown in Fig. 9 for each of the three ra-
pidity regions. The numerical values can be found in
Table VII, VIII, and IX for backward, mid and forward
rapidity, respectively. Figure 9 shows a different behav-
ior for RdAu at backward (−2.2 < y < −1.2) as opposed
to mid (|y| < 0.35) and forward (1.2 < y < 2.2) rapidi-
ties. At backward rapidity, the RdAu is suppressed only
at the lowest pT , with a rapid increase to RdAu = 1.0 at
pT ≈ 1.5 GeV/c . The mid and forward rapidity data,
on the other hand, exhibit a similar level of suppression
at the lowest pT , but a much more gradual increase in

RdAu with pT , increasing to RdAu = 1.0 only at pT ≈ 4.0
GeV/c . Figure 10 shows the same 0–100% RdAu vs pT
at all rapidities overlaid. It is striking that the shape and
absolute scale for the mid and forward rapidity data is
nearly consistent across the entire pT range of the data.
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FIG. 10: (Color Online) J/ψ RdAu, as a function of pT for 0–
100% centrality integrated d+Au collisions at each rapidity.
The Type C systematic uncertainty for each distribution is
given as a percentage in the legend.

Due to the statistical limitations of the data at high
pT , it is unclear from Fig. 9 whether the RdAu increases
significantly above one. To investigate the high-pT be-
havior of the RdAu at each rapidity, the average RdAu

was calculated for pT > 4 GeV/c by fitting each distri-
bution with a constant. The results are shown in Table V
along with the fit uncertainties, which take into account
only the type A uncertainties on the data. Since the type
B uncertainties are roughly consistent in the fit range, we
have chosen here to add the average type B uncertainty
for pT > 4 GeV/c in quadrature with the type C un-
certainty. We find that at mid and forward rapidity the
average RdAu for pT > 4 GeV/c is consistent with 1.0,
while at backward rapidity the average RdAu is greater
than 1.0.
The production of a J/ψ at forward rapidity in A+A

collisions involves a low-x gluon colliding with a high-
x gluon. The symmetry due to identical colliding nuclei
results, essentially, in the folding of the forward and back-
ward rapidity RdAu. The production of a J/ψ at midra-
pidity results, essentially, in the folding of the midrapid-
ity RdAu with itself. This picture is simplistic and leaves
out many details, but it gives some expectation for the
result of the modification of J/ψ production in A + A
collisions due to CNM effects. If we extrapolate the ob-
served behavior of RdAu to the modification of J/ψ’s pro-
duced at forward rapidity in A + A collisions, we would
expect a RAA contribution from CNM effects to be simi-
lar to, or greater than, 1.0 at high pT and a modification
similar to 1.0 at midrapidity. The observation at midra-

Phenix/RHIC J/ψ

16

pression in the EMC region similar to that observed in
the quark distributions, and a larger anti-shadowing ef-
fect (see [30] for a comparison of nPDF sets). The larger
anti-shadowing combined with the inclusion of an EMC
effect in the EKS98 nPDF set cause a decrease in the
calculated RdAu as pT (and correspondingly, x) increases.
The lack of a strong anti-shadowing effect combined with
the absence of an EMC effect in the nDSg nPDF causes
the calculation of RdAu to remain roughly constant with
increasing pT .
In [39] the authors infer from measurements of Υ pro-

duction at RHIC that a strong EMC effect must be
present to explain the observed modification. Depending
on the mapping of the J/ψ y and pT to x, which is model
dependent, the high pT data at backward rapidity may
allow us to probe this region. The large uncertainties
present in the high pT RdAu, along with complications
from competing physics effects in this region, however,
prevent any strong conclusions from being drawn at this
time.
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FIG. 14: (Color Online) J/ψ RdAu, as a function of pT mo-
mentum for midrapidity 0–100% centrality integrated d+Au
collisions. The curves are theoretical calculations from [40]
described in the text.

A third set of model calculations by Sharma and
Vitev [40] is compared with the midrapidity 0–100% cen-
trality integrated RdAu in Fig. 14. This model describes
J/ψ production using nonrelativistic quantum chromo-
dynamics (NRQCD). The effect of nuclear shadowing is
calculated using EKS98 in the EMC region (x > 0.25),
while for lower values, power suppressed coherent final-
state scattering leads to a modification of parton x [41].
Initial state energy loss, which accounts for the radiative
energy loss of the incoming particles through multiple in-
teractions with the target nucleus is included. This effect
reduces the energy of the incoming parton, so, to achieve
the same final-state kinematics the parton must have a
greater momentum, and therefore a larger value of x.
This effectively shifts the portion of the gluon distribu-
tion sampled to higher x. Also included is a calculation

of the Cronin effect. The solid curve in Fig. 14 shows the
full calculation including the Cronin effect. The dashed
curve in Figure 14 is the same calculation without the
Cronin effect. This comparison gives a direct indica-
tion of the contribution from the Cronin effect, which
is evidently over predicted when compared to the data.
The results presented here will hopefully provide a much
needed constraint on the Cronin effect at RHIC ener-
gies. The calculation including the Cronin effect indicate
an RdAu that decreases at higher pT . This is consistent
with data, however the current statistical and system-
atic uncertainties make determining the precise trend of
RdAu difficult at high pT . Better data with a larger pT
coverage is needed to determine the J/ψ modification at
higher pT .

VII. SUMMARY & CONCLUSIONS

We have measured the J/ψ invariant yield and RdAu,
as a function of pT over three rapidity ranges in d+Au
collisions at

√
s
NN

= 200 GeV using the PHENIX detec-
tor. These measurements provide a large improvement
in statistical precision and pT reach over the previously
published PHENIX d+Au results [16, 17], and are the
first measurements of the centrality dependence of the
J/ψ pT distribution in d+Au collisions by PHENIX. The
∆⟨p2T ⟩ values determined from the data show a marked
increase with Ncoll that is similar at all rapidities.
The RdAu vs pT displays similar behavior at mid and

forward rapidity, showing suppression at low pT with a
gradual increase to a value consistent with 1.0. The RdAu

at backward rapidity has a different distribution with pT ,
showing a more rapid increase from suppression to a value
of 1.0, and transitioning to RdAu > 1.0 above 2 GeV/c .
These trends are greater for central collisions, while the
peripheral collisions show RdAu consistent with 1.0 across
all rapidities.
We find an average RdAu for pT > 4 GeV/c of 1.27 ±

0.06 ± 0.11 at backward rapidity, and an RdAu consis-
tent with 1.0 at mid and forward rapidity. This implies a
CNM contribution in A+A collisions that is likely con-
sistent with 1.0 at high pT across all rapidity. This could
potentially explain the reported increase in RAA with in-
creasing pT [26]. However more data and further work
to understand the propagation of RdAu to RAA is needed
to confirm this.
A comparison of the measured RdAu with three types

of theoretical calculations was shown. The parameter
independent dipole model of J/ψ production in p + A
collisions agrees well with the shape of the data at mid
and forward rapidities, while the shape of the predicted
pT dependence is different from the data at backward ra-
pidity. However the suppression is over-predicted at all
rapidities. The second model uses 2 → 2 J/ψ produc-
tion kinematics coupled with shadowing taken from both
EKS98 and nDSg nPDF sets as well as an effective ab-
sorption cross section of 4.2 mb. The calculations with
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y⇤ = �(ylab + 0.465) p+Pb run period A

y⇤ = ylab � 0.465 p+Pb run period B

Definition of y*

y* is defined as positive in the proton beam direction
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⌧ =
L
xy

m
µµ

pµµ
T

Definition of pseudo-proper time

where Lxy is the projection of the decay 
length on the transverse plane  


