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1 Introduction1

Understanding the production mechanisms of cc bound states, from first principle calculations2

based on quantum chromodynamics (QCD), remains an open question in proton-proton (pp)3

and heavy-ion collisions [1–8]. In pp collisions, despite the extensive progress [9–11], none4

of the existing models can reproduce simultaneously the cross sections and polarization re-5

sults measured experimentally [12]. While the non-relativistic (NRQCD) approach can accu-6

rately describe the differential cross sections, it fails reproducing the polarization of prompt7

J/ψ measurements at LHC energies [13–18]. In relativistic heavy ion experiments carried out8

at SPS [6, 19, 20], RHIC [21, 22] and LHC [7, 23], a suppression of J/ψ and ψ(2S) yields over a9

wide rapidity and pT range has been observed for increasingly central collisions. Those results10

are consistent with expectations for the formation of a Quark Gluon Plasma (QGP) phase at11

temperatures where the cc bound state dissociates due to the screening of the color potential12

by surrounding quarks and gluons. [2, 24–26].13

Apart from effects due to the hot and dense QGP medium, several other processes can affect14

the quarkonia production yields. Initial-state modifications of the parton distribution function15

(PDF) of a nucleus compared to that from protons, in particular, in the shadowing regime at16

low Bjorken-x (x), the quarkonia yields can be reduced since gluon-gluon collisions are their17

dominant production mechanism. Also, some theoretical models attribute the quarkonia sup-18

pression to the modification of cc pair’s invariant mass [27, 28] or to the gluon radiation in-19

duced by multiple scattering with the surrounding medium [29–31]. In this context, the study20

of charmonia in proton-nucleus collisions is a basic prerequisite in order to understand the21

”cold nuclear matter” effects that can modify their production yields without the necessary22

formation of a QGP.23

This paper reports the analysis of J/ψ production in proton-lead collisions at
√sNN = 5.02 TeV24

collected with the Compact Muon Solenoid (CMS) detector in 2013. J/ψ’s are reconstructed via25

their dimuon decay channel, in the muon tracking system that covers a wide kinematic range26

of −2.4 < yCM < 1.93 and pT < 30 GeV/c. This corresponds to 2 · 10−4 < x < 10−3 for the27

forward region and 10−2 < x < 4 · 10−2 for the backward one, in case of 2→ 1 processes [32].28

Prompt J/ψ and non-prompt J/ψ from B-meson decays are separated by means of secondary29

µ+µ− vertices. The differential cross sections are measured as a function of pT and rapidity. The30

ratio of the yields in the forward and backward rapidities is used to probe rapidity-dependent31

cold nuclear matter effects. In addition, the dependence of the forward-to-backward ratio as a32

function of event activity is studied.33

2 CMS Detector34

A detailed description of the CMS detector can be found in Ref [33]. Its central feature is a35

superconducting solenoid with an internal diameter of 6 m, providing a magnetic field of 3.8 T.36

Within the field volume are the silicon pixel and strip tracker , the crystal electromagnetic cal-37

orimeter, and the brass/scintillator hadronic calorimeter. The silicon pixel and strip tracker38

measures charged-particle trajectories in the range |η| < 2.5. It consists of 66 M pixel and39

10 M strip sensor elements. Muons are detected in the range |η| < 2.4, with detection planes40

based on three technologies: drift tubes, cathode strip chambers, and resistive plate chambers.41

Because of the strong magnetic field and the fine granularity of the tracker, the muon pT mea-42

surement based on information from the tracker alone has a resolution between 1 and 2% for43

typical muons in this analysis.44

The CMS apparatus also has extensive forward calorimetry, including two steel/quartz-fiber45
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Čerenkov hadron forward calorimeters (HF), which cover 2.9 < |η| < 5.2. These detectors46

are used for online event selection and impact parameter-like characterization of the events in47

pPb collisions, where impact parameter refers here to the distance between the two centers of48

incoming projectiles.49

3 Definitions and Event Selection50

The pPb dataset used in this analysis corresponds to an integrated luminosity of 34.6 nb−1. The51

beam energies were 4 TeV for protons, and 1.58 TeV per nucleon for the lead nuclei, resulting52

in a center-of-mass energy per nucleon-nucleon pair
√sNN of 5.02 TeV. The direction of the53

higher-energy proton beam was initially set up to be clockwise, and was reversed after 20 nb−1
54

to study systematic effects. As a result of the beam energy difference, the nucleon-nucleon55

center-of-mass in pPb collisions is not at rest with respect to the laboratory frame. Massless56

particles emitted at |ηCM| = 0 in the nucleon-nucleon center-of-mass frame are detected at57

ηlab = −0.465 for the first run period(clockwise proton beam) and +0.465 for the second run58

period (counterclockwise proton beam) in the laboratory frame. In the center-of-mass frame,59

forward regions (positive pseudorapidity) are defined by the proton-going direction. Data from60

two different directions are fitted separately for the signal extraction and then merged after the61

acceptance and efficiency corrections. The result presented here are based on dimuon events62

selected by the Level-1 (L1) trigger, an online hardware-based trigger system requiring two63

muon candidates in the muon detectors with no explicit limitations in momentum or rapidity.64

The collision selection criteria developed in [34] are applied to remove beam-gas and multiple65

collision events (pile-up). The longitudinal and transverse distance between the primary vertex66

having the highest number of associated tracks and the secondary vertex is used for removing67

pileup events to avoid the bias in characterizing the event activity variables.68

4 Signal Extraction69

The signal extraction procedure is similar to those used in previous CMS analyses of pp [14] and70

PbPb [7] collisions. The dimuon invariant-mass spectrum is fitted with an exponential function71

representing the underlying background and the sum of a Crystal Ball [35] and a Gaussian72

function representing signal peak. The signal functions have independent widths σGaus and73

σCB to accommodate dimuon invariant-mass resolution, but share the common mean.74

To separate the J/ψ from B decay, a ”prompt-signal region” is defined using the pseudo-proper75

decay length, `J/ψ = Lxy mJ/ψ/pT, where Lxy is the transverse decay length in the laboratory76

frame [36, 37]. The resolution model of the pseudo-proper decay length exploits the per-event77

error information provided by the covariance matrices of the primary and secondary vertex fits.78

The prompt J/ψ component is described by the resolution function, the sum of two Gaussians.79

One of them with the narrower width describes most of the parts. The other one with wider80

width, with a very small fraction, parameterizes the tail components from imperfect primary81

vertex alignments. The non-prompt component is modelled by an exponential decay function82

convolved with the resolution function, and the continuum background component by the sum83

of three exponential functions, a single-sided left, a single-sided right and a double-sided, also84

convolved with the resolution function.85

The invariant-mass spectrum and the `J/ψ distribution of µ+µ− pairs are fitted simultaneously86

in an extended unbinned maximum likelihood fit, in bins of pT, rapidity and the multiplicity-87

related variables, where the fraction of non-prompt to prompt J/ψ is a free parameter. Before88
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the fitting procedure, the wider width of the resolution function is fixed by the prompt Monte-89

Carlo samples to retain the minimum of freedom and more stable fit results. The parameters90

describing the lifetime distributions of the background are determined by the fits to the side-91

bands of the invariant mass distribution, 2.6 < mµµ < 2.9 GeV/c2 and 3.3 < mµµ < 3.5 GeV/c2.92

Figure 1 shows exemples of fit projections onto the mass (left) and `J/ψ axes (right), for muon93

pairs with 5 < pT < 6.5 GeV/c in −2.4 < ylab < −1.97 and with 14 < pT < 30 GeV/c in94

−0.47 < ylab < 0.43 from the 1st run subset.95

)2 (GeV/cµµm
2.6 2.7 2.8 2.9 3 3.1 3.2 3.3 3.4 3.5

)2
C

ou
nt

s 
/ 0

.0
2 

(G
eV

/c

0

100

200

300

400

500

600

700
CMS Preliminary

 = 5 TeVNNspPb  
-1 = 21 nbintL

 < -1.97
lab

-2.40 < y

 < 4 GeV/c
T

3 < p

 69±: 3295 ψJ/N
2 3 MeV/c± = 54 σ

data

total fit

bkgd + non-prompt

background

 (mm)ψJ/l
-1.5 -1 -0.5 0 0.5 1 1.5 2 2.5 3

E
ve

nt
s 

/ (
0.

03
5 

m
m

)

1

10

210

310

410 CMS Preliminary

 = 5 TeVNNspPb  
-1 = 21 nbintL  < -1.97

lab
-2.40 < y

 < 4 GeV/c
T

3 < p

data
total fit
bkgd + non-prompt
background

)2 (GeV/cµµm
2.6 2.7 2.8 2.9 3 3.1 3.2 3.3 3.4 3.5

)2
C

ou
nt

s 
/ 0

.0
2 

(G
eV

/c

0

100

200

300

400

500

600
CMS Preliminary

 = 5 TeVNNspPb  
-1 = 21 nbintL

 < 0.43
lab

-0.47 < y

 < 30 GeV/c
T

14 < p

 39±: 1335 ψJ/N
2 1 MeV/c± = 21 σ

data

total fit

bkgd + non-prompt

background

 (mm)ψJ/l
-1.5 -1 -0.5 0 0.5 1 1.5 2 2.5 3

E
ve

nt
s 

/ (
0.

03
5 

m
m

)

1

10

210

310

410
CMS Preliminary

 = 5 TeVNNspPb  
-1 = 21 nbintL  < 0.43

lab
-0.47 < y

 < 30 GeV/c
T

14 < p

data
total fit
bkgd + non-prompt
background

Figure 1: Invariant-mass (left) and pseudo-proper decay length distributions (right) of µ+µ−

pairs. The top panel represents the pT range of 5 < pT < 6.5 GeV/c in−2.4 < ylab < −1.97, and
the bottom panel represents the high pT range of 14 < pT < 30 GeV/c in −0.47 < ylab < 0.43
from the 1st run subset. The projections of the two-dimensional fit function onto the respective
axes are overlaid as black solid lines. The red dashed lines show the fitted contribution of
non-prompt J/ψ. The fitted background contributions are shown by blue dotted lines.

5 Acceptance and efficiencies96

Monte Carlo (MC) events are used to obtain acceptance and efficiency correction factors. J/ψ97

events are generated at 5.02 TeV using PYTHIA version 6.424 [38] and boosted in rapidity98

by -0.465 to account for the asymmetry of the beam energies. Samples for prompt and non-99

prompt J/ψ are independently produced using the D6T and Z2 tunes respectively. The prompt100

J/ψ samples are generated assuming no decay polarization, and the non-prompt J/ψ sample101

includes the polarization determined by the sum of the exclusive B hadron decays (B+, B−, B0
s102

and λb) from EVTGEN [39]. The final-state QED radiation of the decay muons is implemented103

using PHOTOS [40]. Finally, the CMS detector response is simulated using GEANT4 [41].104

5.1 Acceptance105

The dimuon signal’s acceptance, A, is defined as the ratio of detectable dimuon pairs in the106

CMS detector within a restricted mass interval M to all generated pairs in a given (pT, y) bin.107
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A(pT, y) =
Nµ+µ−

detectable,M(pT, y)
Ngenerated(pT, y)

(1)

where the numerator and denominator are defined in the following:108

• Nµ+µ−

detectable,M: Number of dimuon signals in the MC simulation. Signals are declared109

to be detectable according to the cuts defined in the previous quarkonia analysis [14].110

The mass interval M is [2.6, 3.5] GeV/c2 in a given (pT, y) bin.111

• Ngenerated: Number of generated within geometrical coverage of the CMS muon de-112

tectors.113

5.2 Efficiency correction114

The dimuon reconsctruction efficiencies are acquired from MC simulation with furhter cor-115

rection by a data-driven technique called tag-and-probe (T&P) in a similar way as in Ref. [7].116

The data-to-MC ratios of single muon efficiencies, as a function of pseudo-rapidity and pT, are117

calculated by T&P method. These ratios are applied as scale factors to convolve the dimuon118

efficiencies obtained in MC simulation, as accounted in Eq. 2.119

ε = εMC ⊗
T&P efficiency of (µ+µ−)

MC efficiency of (µ+µ−) (2)

,where

εMC =
Number of reconstrcuted dimuon pairs(pT, y)

Number of generated dimuon pairs(pT, y)
(3)

is the J/ψ efficiency without T&P correction. Only the dimuon pairs satisfying the acceptance120

criteria are considered in MC efficiency calculation. The amount of T&P correction is less than121

5% for pT above 5 GeV/c, and the largest correction is in 15% level for the lowest bins at the122

most forward and backward rapidities.123

6 Systematic Uncertainties124

The following sources of systematic uncertainties are considered in this measurement: signal125

extraction, acceptance and efficiency correction procedures. To estimate the systematic uncer-126

tainty due to the fitting procedure, the variation on the parameters or alternative fit functions127

have been considered for the mass and lifetime distributions. The differences compared to the128

nominal method are taken as systematic uncertainties. The detailed sources of the systematic129

uncertainty include the following:130

• Variation of the signal lineshape in the dimuon mass distribution: In our default fit,131

we set the parameters of the CB tail nCB = 2.1 and left αCB as a free parameter. As132

alternative scenarios, we have either decreased or increased nCB by 0.5. For αCB, we133

fixed its values to 1, 2, 3.134

• Variation of the background fit function in the dimuon mass distribution: the straight135

line is tested and compare to the nominal single exponential function.136

• Resolution model for the lifetime of prompt J/ψ: As a default, the width of wider137

Gaussian, σwide is fixed to prompt MC templates and the narrower width σnarrow is138
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left free. For alternative options, we set both σwide and σnarrow as free parameters.139

Secondly, both parameters are fixed to the MC templates.140

• B lifetime model: alternative B lifetime model, based on MC templates [7] is tested141

and the difference in the fitted non-prompt fraction is taken as the systematic uncer-142

tainty.143

The uncertainties tend to be larger for lower pT and higher rapidity region and reach up to144

24.2% for the prompt J/ψ component and 28.3% for the non-prompt. The data to MC discrep-145

ancy of the internal spectra in each pT bin is the dominant source of systematic uncertainty in146

the acceptance and efficiency correction where the correction factors steeply changes. In order147

to correct this, the pT distributions of MC samples are reweighted by the data/MC ratios for148

each rapidity bins to adjust the correction factors suitalbe for data spectra. The internal spec-149

tra ratio curve was interpolated by fitting data to MC ratio data points. The acceptance and150

efficiency uncertainties are estimated by comparing the values after pT weighting with those151

before weighting, MCtruth.152

In addition, the uncertainties of T&P corrections propagated to the uncertainties in efficiency153

are accounted by varying the fitting functions in the invariant mass distribution and by se-154

lecting higher quality T&P pairs to suppress the background level. The uncertainty due to155

acceptance correction is within 0.0 to 1.1% and those due the efficiency correction are within156

2.1 to 23.5%, and tend to be larger for lower pT bins.157

Table 1 summaries different sources of systematic uncertainties described above in addition to158

the luminosity and the J/ψ → µ+µ− branching ratio. The largest uncertainty comes from the159

efficiency correction procedure.

Table 1: Summary of the relative systematic uncertainties on prompt and non-prompt J/ψ.
prompt J/ψ (%) non-prompt J/ψ (%)

Luminosity 3.5 3.5
Branching ratio 1 1
Yield extraction 1.0-6.3 1.6-15.8

Acceptance 0.0-1.1 0.0-0.8
Efficiency 2.1-21.6 2.1-23.5

160

7 Results161

7.1 Production cross section162

The production cross sections of prompt and non-prompt J/ψ are computed by163

d2σ

dpTdy
=

NJ/ψ
f it /(A · ε)

Lint × B(J/ψ→ µ+µ−)× ∆pT∆y
, (4)

where the variables are defined as follows:164

• NJ/ψ
f it is the raw yield of J/ψ extracted from the fit procedure in a given (pT, y) bin,165

• A is the dimuon acceptance,166

• ε is the dimuon efficiency,167
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• Lint = (34.6± 1.2) nb−1 is the integrated luminosity,168

• B(J/ψ→ µ+µ−) = (5.93± 0.06)% is the branching ratio to the µ+µ− channel [42],169

• ∆pT and ∆y are the widths of the (pT, y) bin.170

In Figs 2 and 3, the double differential cross sections are plotted as a function of pT in eight dif-171

ferent rapidity ranges for prompt and non-prompt J/ψ respectively. The bin abscissae are given172

by the bin-averaged values. Statistical uncertainties are displayed as vertical error bars, while173

the boxes represent the systematic uncertainties summmed in quadrature. The uncertainties174

from the luminosity and the branching ratio, that are global to all points are ± 3.6% which is175

not drawn on the plots.176
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Figure 2: Differential cross section of prompt J/ψ production in the three forward rapidity
bins(left) and in the five backward rapidity bins(right). The global uncertainties are ± 3.6%.
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Figure 3: Differential cross section of non-prompt J/ψ production in the three forward rapidity
bins(left) and in the five backward rapidity bins(right). The global uncertainties are ± 3.6%.

In Fig 4, single differential production cross sections are displayed as a function of the center-of-177

mass rapidity for prompt and non-prompt J/ψ with the integrated pT regions. Two pT intervals,178

6.5 < pT < 10 GeV/c (Low pT) and 10 < pT < 30 GeV/c (High pT) are investigated in order to179

study the evolution of the shape.180

The parton distribution functions in nucleus (nPDFs) is expected to have less values compared181

to proton PDF, increasingly for lower x1,2= mJ/ψ√
s e±y. The rapidity dependence of the J/ψ yields182

provides thus important information on the nPDF modifications. In this paper, the effect was183

quantified by computing the forward-to-backward production ratio RFB defined by:184
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Figure 4: Rapidity dependence of the cross sections for prompt J/ψ (left) and non-prompt J/ψ
(right) in the pT intervals of 6.5 < pT < 10 GeV/c (red) and 10 < pT < 30 GeV/c (green). The
global uncertainties are ± 3.6%

RFB =
N f it

f orward

N f it
backward

· Abackward · εbackward

A f orward · ε f orward
, (5)

where the variables are defined as185

• N f it
f orward/backward is the raw yield extracted from the fit procedure in the forward or186

backward rapidity bins,187

• Abackward/backward is the dimuon acceptance for the forward or backward rapidity188

bins,189

• εbackward/backward is the dimuon efficiency for the forward or backward rapidity bins.190

Fig 5 displays the ratio RFB as a function of pT in three different rapidity ranges for prompt and191

non-prompt J/ψ. The data points are plotted at the average of the dimuon pT inside of each192

bins. For the rapidity interval 1.5 < |yCM| < 1.93, the measurement extends down to 5 GeV/c.193

RFB increases monotonically with pT, especially for the most forward and backward rapidity194

bins.195

RFB as a function of rapidity for two pT intervals are shown in Fig 6. No strong rapidity depen-196

dence is observed within uncertainties for both prompt and non-prompt J/ψ within the rapidity197

coverage of the presented measurement, while other experiments in LHC found considerable198

dependence. It can be understood by the fact that the CMS covers a mid-rapidity region while199

ALICE[43] and LHCb[44] experiments cover more forward rapidities.200

RFB is further analyzed to investigate correlation with the multiplicity-related variable - the201

transverse energy deposited in the forward hadronic calorimeter in 4 < |η| < 5.2, EHF|η|>4
T . In202

table 2, the mean value for each bin is computed from a minimum bias sample. The table also203

includes the fraction of the minimum bias events in each bin.204

Fig 7 shows the ratio RFB as a function of EHF|η|>4
T for prompt and non-prompt J/ψ. The centers205

of the bin abscissae are plotted at their bin-averaged values, but shifted for 6.5 < pT < 30 GeV/c206

points so that they do not overlap with each other. RFB is observed to significantly decrease207

with EHF|η|>4
T in all rapidity bins.208
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Figure 5: pT dependences of RFB for prompt (left) and non-prompt J/ψ (right) in three rapidity
ranges.

|
CM

|y
0 0.2 0.4 0.6 0.8 1 1.2 1.4 1.6 1.8

F
B

R

0

0.2

0.4

0.6

0.8

1

1.2

1.4

ψPrompt J/

 < 10 [GeV/c]
T

6.5 < p

 < 30 [GeV/c]
T

10 < p

CMS preliminary

 = 5.02 TeVNNspPb 

  -1 = 34.6 nbintL

|
CM

|y
0 0.2 0.4 0.6 0.8 1 1.2 1.4 1.6 1.8

F
B

R

0

0.2

0.4

0.6

0.8

1

1.2

1.4

ψNon-prompt J/

 < 10 [GeV/c]
T

6.5 < p

 < 30 [GeV/c]
T

10 < p

CMS preliminary

 = 5.02 TeVNNspPb 

  -1 = 34.6 nbintL

Figure 6: Rapidity distributions of RFB for prompt (left) and non-prompt J/ψ (right) for two
selected pT ranges.

Table 2: Definition of the multiplicity-related bins in EHF|η|>4
T , the mean within the bin, and the

fraction of recorded events falling in the bin.

EHF|η|>4
T ( GeV) 〈EHF|η|>4

T 〉 Fraction in collision events
0–20 9.4 73%
20–30 24.3 18%
30–120 37.2 9%
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Figure 7: RFB as a function of EHF|η|>4
T in three different rapidity ranges for prompt (left) and

non-prompt J/ψ (right). The data are integrated over 6.5 < pT < 30 GeV/c, and the lower pT
data 5 < pT < 6.5 GeV/c is given in addition for the most forward bin 1.5 < |yCM| < 1.93. For
6.5 < pT < 30 GeV/c, the bin abscissae are shifted so that they do not overlap each other.
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7.2 Comparision with LHCb and ALICE209
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Figure 8: The double differential cross sections as a function of pT measured by CMS(violet) in
pPb collisions and compared to LHCb result(blue) at the same center-of-mass energy. They are
represented in log (Top) and linear (Bottom) scale.

The CMS results on RFB are compared with LHCb [44] and ALICE [43] experiments. LHCb210

collaboration measured the prompt and non-promt J/ψ in rapidity range of 1.5 < yC M < 4.0211

and transverse momentum range of 0 < pT < 14 GeV/c. ALICE measured the inclusive J/ψ in212

range of 2.96 < yC M < 3.53 and 0 < pT < 15 GeV/c. For the similarity in kinematic range,213

the CMS spectra result at the most forward region 1.5 < yCM < 1.93 was compared to LHCb214

result in the range of 1.5 < yC M < 2.0 as shown in Fig. 8. The top and bottom panel are same215

plots depicted in log and linear scale respectively. The CMS data points are equivalent to those216

in Fig. 2 and Fig. 3.217

In addition, the RFB as a function of pT measured by CMS, LHCb and ALICE are compared in218

Figure 9. Note that the CMS measuerment covers more central rapidity range 1.5 < |yCM| <219

1.93, whereas LHCb and ALICE coveres 2.5 < |yCM| < 4 and 2.96 < yC M < 3.53 respec-220

tively. The ALICE data points are inclusive J/ψ wihtout separating non-prompt. The similar221

pT dependence tendency is found for all 3 experiments in spite of inconsistent rapidity inter-222

vals. Finally, the rapidity dependence of the RFB is compared to LHCb and ALICE in figure 10223

by integrating double differential cross seciontion by pT. The RFB is observed to be close to224

the unity for mid-rapidity (CMS) and it gradually decreases at forward rapidity (ALICE and225

LHCb), which implies the significant modification of nPDF at low x region in lead nucleus.226



7.2 Comparision with LHCb and ALICE 11

 [GeV/c]
T

p
0 2 4 6 8 10 12 14 16

F
B

R

0

0.2

0.4

0.6

0.8

1

1.2

1.4

ψPrompt J/
| < 1.93

CM
CMS :1.5 < |y

| < 4.0 
CM

LHCb : 2.5 <|y
| < 3.53 (Prompt + Non-prompt)

CM
ALICE : 2.96 <|y

 [GeV/c]
T

p
0 2 4 6 8 10 12 14 16

F
B

R
0

0.2

0.4

0.6

0.8

1

1.2

1.4

ψNon-prompt J/

| < 1.93
CM

CMS :1.5 < |y

| < 4.0 
CM

LHCb : 2.5 <|y

Figure 9: Transverse momentum dependence of RFB measured by CMS(green), LHCb(blue)
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Table 3: double differential cross section of prompt J/ψ as functions of rapidity, and pT. Quoted
uncertainties are statistical and systematic.

yCM(J/ψ) pT(J/ψ) [ GeV/c ] 〈pT(J/ψ)〉 d2σ
dpTdy [µb/(GeV/c)]

1.5 ≤ y < 1.93

2.0≤ pT < 3.0 2.50 209.11± 7.63 ±47.06
3.0≤ pT < 4.0 3.49 116.33± 3.08 ±20.67
4.0≤ pT < 5.0 4.47 69.49± 2.24 ±5.66
5.0≤ pT < 6.5 5.69 31.93± 0.93 ±1.53
6.5≤ pT < 7.5 6.96 14.79± 0.57 ±0.91
7.5≤ pT < 8.5 7.96 8.32± 0.40 ±0.30
8.5≤ pT < 10.0 9,18 3.56± 0.19 ±0.12

10.0≤ pT < 14.0 11.53 1.07± 0.06 ±0.08
14.0≤ pT < 30.0 17.76 0.065±0.005±0.004

0.9 ≤ y < 1.5

3.0≤ pT < 4.0 3.51 144.99± 4.65 ±15.04
4.0≤ pT < 5.0 4.50 77.76± 2.16 ±7.00
5.0≤ pT < 6.5 5.72 36.47± 0.75 ±1.92
6.5≤ pT < 7.5 6.97 16.28± 0.37 ±0.70
7.5≤ pT < 8.5 7.97 8.38± 0.22 ±0.23
8.5≤ pT < 10.0 9.17 4.48± 0.12 ±0.12

10.0≤ pT < 14.0 11.50 1.30± 0.04 ±0.04
14.0≤ pT < 30.0 17.69 0.080±0.004±0.002

0.0 ≤ y < 0.9

6.5≤ pT < 7.5 7.02 18.76± 0.61 ±1.30
7.5≤ pT < 8.5 8.00 9.64± 0.30 ±0.45
8.5≤ pT < 10.0 9.20 4.76± 0.13 ±0.15

10.0≤ pT < 14.0 11.57 1.35± 0.04 ±0.04
14.0≤ pT < 30.0 17.77 0.091±0.003±0.003

−0.9 ≤ y < 0.0

6.5≤ pT < 7.5 7.12 21.36± 1.19 ±2.13
7.5≤ pT < 8.5 8.01 10.59± 0.42 ±0.66
8.5≤ pT < 10.0 9.23 4.98± 0.18 ±0.21

10.0≤ pT < 14.0 11.63 1.38± 0.04 ±0.03
14.0≤ pT < 30.0 17.89 0.096±0.004±0.003

−1.5 ≤ y < −0.9

6.5≤ pT < 7.5 7.05 19.40± 1.02 ±1.91
7.5≤ pT < 8.5 8.00 10.55± 0.44 ±0.63
8.5≤ pT < 10.0 9.22 4.71± 0.18 ±0.17

10.0≤ pT < 14.0 11.56 1.42± 0.05 ±0.04
14.0≤ pT < 30.0 17.72 0.079±0.004±0.002

−1.93 ≤ y < −1.5

5.0≤ pT < 6.5 5.82 42.62± 1.65 ±3.75
6.5≤ pT < 7.5 6.98 17.00± 0.62 ±0.80
7.5≤ pT < 8.5 7.97 9.12± 0.37 ±0.31
8.5≤ pT < 10.0 9.19 4.29± 0.17 ±0.15

10.0≤ pT < 14.0 11.52 1.15± 0.04 ±0.04
14.0≤ pT < 30.0 17.41 0.065±0.004±0.002

−2.4 ≤ y < −1.93

3.0≤ pT < 4.0 3.53 139.64± 4.86 ±27.41
4.0≤ pT < 5.0 4.48 79.769± 2.18 ±9.68
5.0≤ pT < 6.5 5.69 34.23± 0.74 ±1.69
6.5≤ pT < 7.5 6.96 15.02± 0.42 ±0.70
7.5≤ pT < 8.5 7.96 7.64± 0.26 ±0.19
8.5≤ pT < 10.0 9.15 3.58± 0.12 ±0.09

10.0≤ pT < 14.0 11.47 0.93± 0.04 ±0.03
14.0≤ pT < 30.0 17.23 0.064±0.004±0.002

−2.87 ≤ y < −2.4

2.0≤ pT < 3.0 2.49 217.53± 7.05 ±52.61
3.0≤ pT < 4.0 3.48 132.87± 3.78 ±18.26
4.0≤ pT < 5.0 4.47 68.66± 1.96 ±4.10
5.0≤ pT < 6.5 5.68 29.94± 0.86 ±3.35
6.5≤ pT < 7.5 6.96 12.70± 0.52 ±0.61
7.5≤ pT < 8.5 7.98 6.29± 0.30 ±0.28
8.5≤ pT < 10.0 9.16 2.86± 0.15 ±0.13

10.0≤ pT < 14.0 11.51 0.76± 0.04 ±0.04
14.0≤ pT < 30.0 17.31 0.036±0.004±0.001
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Table 4: double differential cross section of non-prompt J/ψ as functions of rapidity, and pT.
Quoted uncertainties are statistical and systematic.

yCM(J/ψ) pT(J/ψ) [ GeV/c ] 〈pT(J/ψ)〉 [ GeV/c ] d2σ
dpTdy [µb/(GeV/c)]

1.5 ≤ y < 1.93

2.0≤ pT < 3.0 2.50 23.48± 2.26 ±6.65
3.0≤ pT < 4.0 3.49 18.37± 1.02 ±3.39
4.0≤ pT < 5.0 4.47 12.49± 0.93 ±1.40
5.0≤ pT < 6.5 5.69 6.86± 0.41 ±0.54
6.5≤ pT < 7.5 6.96 3.61± 0.25 ±0.32
7.5≤ pT < 8.5 7.96 2.17± 0.19 ±0.23
8.5≤ pT < 10.0 9,18 1.22± 0.12 ±0.07

10.0≤ pT < 14.0 11.53 0.46± 0.03 ±0.04
14.0≤ pT < 30.0 17.76 0.046±0.004±0.004

0.9 ≤ y < 1.5

3.0≤ pT < 4.0 3.51 21.60± 1.77 ±4.31
4.0≤ pT < 5.0 4.50 13.12± 0.68 ±1.97
5.0≤ pT < 6.5 5.72 7.27± 0.40 ±0.58
6.5≤ pT < 7.5 6.97 4.03± 0.17 ±0.15
7.5≤ pT < 8.5 7.97 2.25± 0.11 ±0.11
8.5≤ pT < 10.0 9.17 1.36± 0.05 ±0.06

10.0≤ pT < 14.0 11.50 0.55± 0.03 ±0.02
14.0≤ pT < 30.0 17.69 0.060±0.003±0.002

0.0 ≤ y < 0.9

6.5≤ pT < 7.5 7.02 4.64± 0.27 ±0.33
7.5≤ pT < 8.5 8.00 2.82± 0.15 ±0.15
8.5≤ pT < 10.0 9.20 1.76± 0.08 ±0.08

10.0≤ pT < 14.0 11.57 0.62± 0.02 ±0.03
14.0≤ pT < 30.0 17.77 0.065±0.002±0.003

−0.9 ≤ y < 0.0

6.5≤ pT < 7.5 7.12 4.99± 0.37 ±0.52
7.5≤ pT < 8.5 8.01 3.20± 0.18 ±0.23
8.5≤ pT < 10.0 9.23 1.72± 0.11 ±0.13

10.0≤ pT < 14.0 11.63 0.63± 0.02 ±0.02
14.0≤ pT < 30.0 17.89 0.063±0.003±0.002

−1.5 ≤ y < −0.9

6.5≤ pT < 7.5 7.05 4.58± 0.44 ±0.49
7.5≤ pT < 8.5 8.00 2.80± 0.20 ±0.21
8.5≤ pT < 10.0 9.22 1.68± 0.10 ±0.09

10.0≤ pT < 14.0 11.56 0.61± 0.03 ±0.03
14.0≤ pT < 30.0 17.72 0.064±0.004±0.002

−1.93 ≤ y < −1.5

5.0≤ pT < 6.5 5.82 8.30± 0.78 ±0.84
6.5≤ pT < 7.5 6.98 3.84± 0.19 ±0.26
7.5≤ pT < 8.5 7.97 2.41± 0.19 ±0.11
8.5≤ pT < 10.0 9.19 1.25± 0.08 ±0.11

10.0≤ pT < 14.0 11.52 0.44± 0.03 ±0.02
14.0≤ pT < 30.0 17.41 0.050±0.003±0.002

−2.4 ≤ y < −1.93

3.0≤ pT < 4.0 3.53 19.83± 1.85 ±4.08
4.0≤ pT < 5.0 4.48 12.11± 0.62 ±1.63
5.0≤ pT < 6.5 5.69 6.36± 0.34 ±0.56
6.5≤ pT < 7.5 6.96 3.00± 0.15 ±0.13
7.5≤ pT < 8.5 7.96 1.78± 0.12 ±0.07
8.5≤ pT < 10.0 9.15 0.99± 0.06 ±0.05

10.0≤ pT < 14.0 11.47 0.40± 0.03 ±0.02
14.0≤ pT < 30.0 17.23 0.036±0.003±0.001

−2.87 ≤ y < −2.4

2.0≤ pT < 3.0 2.49 20.90± 2.05 ±5.04
3.0≤ pT < 4.0 3.48 13.08± 1.15 ±1.22
4.0≤ pT < 5.0 4.47 9.49± 0.71 ±1.38
5.0≤ pT < 6.5 5.68 4.81± 0.37 ±0.48
6.5≤ pT < 7.5 6.96 2.82± 0.22 ±0.21
7.5≤ pT < 8.5 7.98 1.48± 0.10 ±0.20
8.5≤ pT < 10.0 9.16 0.87± 0.08 ±0.08

10.0≤ pT < 14.0 11.51 0.25± 0.02 ±0.02
14.0≤ pT < 30.0 17.31 0.023±0.003±0.002
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Table 5: RFB of prompt J/ψ as functions of rapidity, and pT. Quoted uncertainties are statistical
and systematic.

|yCM(J/ψ)| pT(J/ψ) [ GeV/c ] 〈pT(J/ψ)〉 RFB

1.5 ≤ |y| < 1.93
5.0≤ pT < 6.5 5.74 0.75±0.04±0.07
6.5≤ pT < 10.0 7.90 0.87±0.03±0.05

10.0≤ pT < 30.0 13.21 0.94±0.05±0.07

0.9 ≤ |y| < 1.5 6.5≤ pT < 10.0 7.96 0.85±0.03±0.08
10.0≤ pT < 30.0 13.31 0.93±0.04±0.03

0.0 ≤ |y| < 0.9 6.5≤ pT < 10.0 8.25 0.90±0.03±0.09
10.0≤ pT < 30.0 13.62 0.97±0.03±0.04

Table 6: RFB of non-prompt J/ψ as function of rapidity, and pT. Quoted uncertainties are statis-
tical and systematic.

|yCM(J/ψ)| pT(J/ψ) [ GeV/c ] 〈pT(J/ψ)〉 RFB

1.5 ≤ |y| < 1.93
5.0≤ pT < 6.5 5.74 0.83±0.09±0.08
6.5≤ pT < 10.0 7.90 0.94±0.06±0.10

10.0≤ pT < 30.0 13.21 1.00±0.07±0.09

0.9 ≤ |y| < 1.5 6.5≤ pT < 10.0 7.96 0.84±0.05±0.09
10.0≤ pT < 30.0 13.31 0.91±0.05±0.05

0.0 ≤ |y| < 0.9 6.5≤ pT < 10.0 8.25 0.93±0.05±0.10
10.0≤ pT < 30.0 13.62 1.00±0.04±0.04

Table 7: RFB of prompt J/ψ as functions of rapidity, pT, and EHF|η|>4
T . Quoted uncertainties are

statistical and systematic.

|yC M(J/ψ)| pT(J/ψ) [ GeV/c ] EHF|η|>4
T [GeV/c] RFB

1.5 ≤ |y| < 1.93 5.0≤ pT < 6.5 0–20 0.90±0.06±0.08
6.5≤ pT < 30.0 1.00±0.04±0.07

1.5 ≤ |y| < 1.93 5.0≤ pT < 6.5 20–30 0.68±0.05±0.06
6.5≤ pT < 30.0 0.85±0.04±0.06

1.5 ≤ |y| < 1.93 5.0≤ pT < 6.5 30–120 0.63±0.05±0.06
6.5≤ pT < 30.0 0.78±0.04±0.06

0.9 ≤ |y| < 1.5 6.5≤ pT < 30.0 0–20 0.93±0.03±0.09
0.9 ≤ |y| < 1.5 6.5≤ pT < 30.0 20–30 0.86±0.04±0.09
0.9 ≤ |y| < 1.5 6.5≤ pT < 30.0 30–120 0.84±0.03±0.09
0.0 ≤ |y| < 0.9 6.5≤ pT < 30.0 0–20 0.94±0.03±0.09
0.0 ≤ |y| < 0.9 6.5≤ pT < 30.0 20–30 0.92±0.04±0.09
0.0 ≤ |y| < 0.9 6.5≤ pT < 30.0 30–120 0.85±0.05±0.09
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Table 8: RFB of non-prompt J/ψ as functions of rapidity, pT, and EHF|η|>4
T . Quoted uncertainties

are statistical and systematic.

|yC M(J/ψ)| pT(J/ψ) [ GeV/c ] EHF|η|>4
T [GeV/c] RFB

1.5 ≤ |y| < 1.93 5.0≤ pT < 6.5 0–20 0.87±0.14±0.08
6.5≤ pT < 30.0 0.93±0.07±0.05

1.5 ≤ |y| < 1.93 5.0≤ pT < 6.5 20–30 0.81±0.14±0.08
6.5≤ pT < 30.0 0.98±0.08±0.05

1.5 ≤ |y| < 1.93 5.0≤ pT < 6.5 30–120 0.70±0.14±0.07
6.5≤ pT < 30.0 0.83±0.07±0.05

0.9 ≤ |y| < 1.5 6.5≤ pT < 30.0 0–20 0.89±0.05±0.08
0.9 ≤ |y| < 1.5 6.5≤ pT < 30.0 20–30 0.86±0.08±0.08
0.9 ≤ |y| < 1.5 6.5≤ pT < 30.0 30–120 0.74±0.05±0.07
0.0 ≤ |y| < 0.9 6.5≤ pT < 30.0 0–20 1.07±0.06±0.11
0.0 ≤ |y| < 0.9 6.5≤ pT < 30.0 20–30 0.93±0.09±0.10
0.0 ≤ |y| < 0.9 6.5≤ pT < 30.0 30–120 0.83±0.12±0.09
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8 Summary227

The CMS detector at LHC has been used to investigate prompt and non-prompt J/ψ production228

in pPb collisions at
√sNN = 5.02 TeV. The data sample corresponds to an integrated luminosity229

of 34.6 nb−1. This paper reports the (pT, y) differential production rates of J/ψ measured in the230

rapidity range of −2.4 < yCM < 1.93. In addition, the ratio of forward-backward yields, RFB231

as a function of pT and rapidity, has been measured. The RFB is found to be ∼0.7 at low pT but232

increases to become consistent with unity at pT >∼10 GeV/c. The correlation between the RFB233

and the multiplicity-related variable, EHF|η|>4
T has been also studied. In the largest EHF|η|>4

T bin,234

the RFB in the rapidity range of 1.5 < |yCM| < 1.93 and 5 < pT6.5 GeV/c are 0.55 ± 0.04(stat.)235

± 0.02(sys.) and 0.66±0.11(stat.)±0.10(sys.) for prompt and non-prompt J/ψ, respectively.236
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