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Quarkonia production in pPb collisions at LHCb
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LHCb provides unique datasets for Heavy Ion 
physics studies.

!2Event display from the first lead-lead LHC collisions in 2018
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The LHCb detector is special
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Vertex Detector
reconstruct vertices
decay time resolution: 45 fs
Impact Parameter 
resolution: 20 μm

RICH detectors 
K/π/p separation 
ε(K→K) ~ 95 %, 
mis-ID ε(π→K) ~ 5 % 

Dipole Magnet 
bending power: 4 Tm 

Calorimeters 
energy measurement  
e/γ identification  
∆E/E = 1 % ⨁10 %/√E (GeV) 

Muon system 
μ identification 
ε(μ→μ) ~ 97 %, 
mis-ID ε(π→μ) ~ 1-3 % 

Tracking system 
momentum resolution 
∆p/p = 0.5%–1.0% 
(5 GeV/c – 100 GeV/c) 

20m

12
m

[ JINST 3 (2008) S08005 ]  
[ IJMPA 30 (2015) 1530022 ] 

❖ LHCb is the only detector 
fully instrumented in 
forward region

❖ Unique kinematic coverage

❖ A high precision device, 
down to very low-pT, 
excellent particle ID, 
precision vertex 
reconstruction and 
tracking.

2 < η < 5
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LHCb running modes and kinematic coverage
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Figure 1. Ion physics running modes and kinematic coverage of LHCb

based on information from the calorimeter and muon systems, followed by a software stage, which
applies a full event reconstruction.
Figure 1 (left) shows the heavy-ion operation modes of the LHCb experiment. With colliding beams,
p-Pb and Pb-Pb collisions can be studied at nucleon-nucleon centre-of-mass energies in the multi-TeV
regime. In addition, the LHCb SMOG system (System for Measuring Overlap with Gas) [6] allows
to inject small amounts of gas into the beam vacuum. Initially designed for luminosity determination
based on beam-profile measurements by means of beam-gas interactions [7], the SMOG system enables
in addition the study of fixed target interactions with p-A and Pb-A collision at nucleon-nucleon centre-
of-mass energies of O(102)GeV. The possibility of doing fixed target physics was first demonstrated
by recording p-Ne collisions in parallell to a test of the SMOG system during in the 2012 p-Pb pilot
run [8], showing that LHCb is able to span the physics from SPS and RHIC energies to the LHC in
a single experiment. The phase space where particle production measurements can be performed is
sketched in Fig. 1 (right). For symmetric configurations the detector has forward coverage between 2
and 5 units in rapidity for all centre-of-mass energies. In fixed target mode, with the forward direction
defined by the beam particle, the coverage is central to slightly backward, depending on the beam
energy and type of projectile. For p-Pb collisions, depending on the orientations of the beams, both
the forward and the backward hemisphere can be probed.

3. Proton-lead collisions

Analyses of p-Pb collisions performed to date by the LHCb collaboration cover quarkonium production
[9–11], Z-boson production [12], D0 production [13] and the study of long-range near-side correlations
in high multiplicity events [14].
Because of space limitations, the following focuses on charm production measurements in p-Pb
collisions, where J/ and  (2S) mesons are reconstructed via decays into two muon final states. Here
the excellent performance of the LHCb vertex detector allows to disentangle prompt from secondary
production via b meson decays by means of the so-called pseudo proper-time tz = Lzm/pz, where
Lz is the distance between primary vertex and secondary vertex along the beam direction z, pz is
the momentum component of the charmonium candidate along z and m the known mass of the
charmonium state. Figure 2 illustrates how prompt and delayed components are disentangled [9].
Signal and background are separated by means of the invariant mass. The sPlot technique [19] is
used to determine the lifetime distribution of the background, which is then fixed in the fit to the tz

distribution that determines the prompt and delayed components.
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Collider mode:  
          Forward and backward coverage 
Fixed-target mode:  
          Central and backward coverage 
          √sNN:  69 - 110 GeV, fills the gap between 
          SPS (20 GeV) and RHIC (200 GeV) energy 
          scales

Kinematic Acceptance
LHCb running modes and phase space coverage
q LHCb can operate in parralel collider mode or fixed target mode

Collider mode

Fixed target mode

p

p

Pb Pb Pb

Pb
Gas 

(He,Ne, Ar…) Gas (Ne, Ar)

sNN =110 GeV sNN = 69 GeV

sNN = 5.0 TeVsNN = 8.2 TeV

3

q Kinematic acceptance pp and p-Gas
pPb and Pbp
PbPb and Pb-Gas

Collider mode: forward/backward coverage
Fixed target mode: Central and backward coverage

Energy between SPS and RHIC

Bridge the gap from SPS to LHC with a 
single experiment

Collider Mode

Fixed-target Mode
(SMOG)

Both the collider mode and fixed-target mode 
running at the same time:
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Data samples
❖ Colliding beam mode (pPb and PbPb):

❖ Fixed Target mode (SMOG): 
❖ √sNN: 69-110 GeV 
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Z
Ldt ⇠ 5nb�1 ⇥ (protons on target)

1022

⇥ pgas
2⇥ 10�7mbar

⇥ Exp e�ciency

Z
Ldt ⇠ 5nb�1 ⇥ (protons on target)

1022
(1)

⇥ pgas
2⇥ 10�7mbar

⇥ Exp e�ciency (2)

(3)

Table 1: default

2013 2016 2015 2017 2018p
sNN 5.02 TeV 8.16 TeV 5.02 TeV 5.02 TeV 5.02 TeV

pPb Pbp pPb Pbp PbPb XeXe PbPb
L 1.1 nb�1 0.5 nb�1 13.6 nb�1 20.8 nb�1 10 µb�1 0.4 µb�1 ⇠ 210 µb�1

1

Samples used in this talk
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Setups for proton-ion collisions

❖ Rapidity coverage in center of mass frame considers a rapidity shift of about 0.47 w.r.t. the lab 
frame coverage 2.0 < y < 4.5

❖ Common range for the measurements: 2.5 < |y*| < 4.0 

❖ Center of mass energy in 2016: 8.16 TeV, L=34 pb-1, about 20 times of that in 2013 (5.02 TeV)
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p

p

Pb

Pb
p-Pb

Pb-p

❖ Forward production:

❖ Center of mass rapidity coverage:  
1.5 < y* < 4.0

❖ L = 13.5 nb-1

❖ Backward production:
❖ Center of mass rapidity coverage:  

- 5.0 < y* < -2.5

❖ L = 20.8 nb-1
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Quarkonium production in pPb collisions
❖ For PbPb collisions, deconfined states such as QGP give suppression of 

heavy quarkonia production (lower binding energies) 
❖ For pPb collisions, suppression is also observed due to cold nuclear 

matter effects (CNM), and possibly also hot media effects: 
❖ Nuclear effects on parton densities (shadowing/anti-shadowing) [Eur. 

Phys. J. C77 (2017) 77: 163,  also arXiv:1906.02512 [hep-ph]]
❖  Energy loss of incident partons [JHEP 03 (2013) 122]
❖ Saturation: Color Glass Condensate [Ann. Rev. Nucl. Part. Sci.

60:463-489, 2010]
❖ Nuclear break-up, Comovers [PLB 749 (2015) 98]
❖ Hot nuclear matter effects only on excited states [PLB 765 (2017) 323-327]

❖ Parton density largely unconstrained at the LHC energy in the forward 
region 
❖ ==> LHCb can explore low Bjorken-x region with high precision, 

especially at low Q2 down to 0 pT  

!7

https://arxiv.org/abs/1906.02512
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LHCb pPb Quarkonium Results
❖ √sNN = 8.16 TeV results:
❖ Upsilon production: [JHEP 11 (2018) 194]

❖ Prompt and nonprompt J/ψ production: [ PLB 774 (2017) 159 ]

❖ √sNN = 5.02 TeV results:
❖ ψ(2S) production:  [ JHEP 03 (2016) 133 ]

❖ Upsilon production: [ JHEP 07 (2014) 094 ]

❖ J/ψ production: [ JHEP 02 (2014) 72 ]

!8

Will focus on 8.16 TeV 
results in this talk
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Upsilon production
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This picture is constructed as LHCb event display that has passed through 
popular Deep Learning algorithm - Style Transfer - that borrows the style 
from Van Gogh’s ‘Starry Night’ (https://github.com/jcjohnson/neural-style).

Andrey Ustyuzhanin, [Study Machine Learning through HEP] 

https://physikseminar.desy.de/sites2009/site_physikseminar/content/e408/e257234/e257264/e257266/2017.02.DESY.Zeuthen.Yandex.pdf
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Figure 1. Invariant-mass distribution of µ+µ− pairs from the (left) pPb and (right) Pbp samples
after the trigger and offline selections.

Samples Υ (1S) Υ (2S) Υ (3S) L
pPb 2705± 87 584± 49 262± 44 12.5 nb−1

Pbp 3072± 82 679± 54 159± 39 19.3 nb−1

Table 1. Yields of Υ (1S), Υ (2S), Υ (3S) mesons in pPb and Pbp samples as given by the fit. The
uncertainties are statistical only.

4 Event selection

The candidates reconstructed in the trigger are further filtered by means of an offline

selection. In the offline selection, there must be at least one PV reconstructed and each

PV must have at least four tracks measured in the vertex detector. For events with multiple

PVs, the PV that has the smallest χ2
IP with respect to the Υ (nS) candidate is chosen. Here,

χ2
IP is defined as the difference between the vertex-fit χ2 calculated with the Υ (nS) meson

candidate included in or excluded from the PV fit. Each muon track is required to have

pT > 1GeV/c, to be in the geometrical acceptance of the spectrometer (2.0 < η < 5.0), to

satisfy PID requirements, and to have a good track-fit quality. The dimuon invariant-mass

distribution of offline-selected candidates is shown in figure 1 for the pPb and Pbp samples.

The dimuon invariant-mass distribution is fitted with an exponential function for the

background and three separate peaking functions, each consisting of the sum of two Crystal

Ball functions [49] for the Υ (nS) peaks. The shape parameters of the double Crystal Ball

functions (n and α) are fixed to the values obtained in the simulation. The yields of

Υ (1S), Υ (2S), Υ (3S) mesons in the pPb and Pbp samples are summarised in table 1. The

probability that the background can produce a fluctuation greater than or equal to the

excess observed in data is calculated as the local p-value. For the exponential-background-

only fits in the range of ±100MeV/c2 around the expected Υ (3S) mass peak, the local

p-values are below 10−13 in pPb sample and below 10−7 in Pbp sample.

– 5 –

Υ(nS) production in pPb
❖ √sNN = 8.16 TeV new Run II pPb results:
❖ Cross-section, RpPb, RFB measured for all Υ(nS) states 
❖ Double / single differential in y and pT for Υ(nS)

❖ Comparing with models:
❖ EPPS16: Eur. Phys. J. C77 (2017) 163
❖ EPS09: JHEP 04 (2009) 065
❖ nCTEQ15: Phys. Rev. D93 (2016) 085037 
❖ Comovers: Phys. Lett. B749 (2015) 98 
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JHEP 11 (2018) 194
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Figure 1. Invariant-mass distribution of µ+µ− pairs from the (left) pPb and (right) Pbp samples
after the trigger and offline selections.

Samples Υ (1S) Υ (2S) Υ (3S) L
pPb 2705± 87 584± 49 262± 44 12.5 nb−1

Pbp 3072± 82 679± 54 159± 39 19.3 nb−1

Table 1. Yields of Υ (1S), Υ (2S), Υ (3S) mesons in pPb and Pbp samples as given by the fit. The
uncertainties are statistical only.

4 Event selection

The candidates reconstructed in the trigger are further filtered by means of an offline

selection. In the offline selection, there must be at least one PV reconstructed and each

PV must have at least four tracks measured in the vertex detector. For events with multiple

PVs, the PV that has the smallest χ2
IP with respect to the Υ (nS) candidate is chosen. Here,

χ2
IP is defined as the difference between the vertex-fit χ2 calculated with the Υ (nS) meson

candidate included in or excluded from the PV fit. Each muon track is required to have

pT > 1GeV/c, to be in the geometrical acceptance of the spectrometer (2.0 < η < 5.0), to

satisfy PID requirements, and to have a good track-fit quality. The dimuon invariant-mass

distribution of offline-selected candidates is shown in figure 1 for the pPb and Pbp samples.

The dimuon invariant-mass distribution is fitted with an exponential function for the

background and three separate peaking functions, each consisting of the sum of two Crystal

Ball functions [49] for the Υ (nS) peaks. The shape parameters of the double Crystal Ball

functions (n and α) are fixed to the values obtained in the simulation. The yields of

Υ (1S), Υ (2S), Υ (3S) mesons in the pPb and Pbp samples are summarised in table 1. The

probability that the background can produce a fluctuation greater than or equal to the

excess observed in data is calculated as the local p-value. For the exponential-background-

only fits in the range of ±100MeV/c2 around the expected Υ (3S) mass peak, the local

p-values are below 10−13 in pPb sample and below 10−7 in Pbp sample.

– 5 –

Signal yields
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Figure 3. Double-differential cross-section for the Υ (1S) meson as a function of pT for different
values of y∗ for the (left) forward pPb and (right) backward Pbp samples. The uncertainties are
the sums in quadrature of the statistical and systematic components. The horizontal locations of
the markers are roughly the centroids of the bins, with offsets from centre to aid in readability.
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Figure 4. Cross-section of (left) Υ (1S) and (right) Υ (2S) production as a function of y∗ integrated
over pT for the backward (negative y∗) and forward (positive y∗) samples, compared to the cross-
section measured in pp, interpolated to

√
sNN = 8.16TeV. In this and subsequent figures, the

uncertainties shown are the sums in quadrature of the statistical and systematic components.
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Υ(1S) double differential cross-section
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In bins of pT and y*
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configuration. The luminosities are determined using van der Meer scans [47], which were

performed for both beam configurations.

3 Definition of the observables

The observables are measured in bins of pT and y∗ of the Υ (1S) and Υ (2S) mesons, where

both pT and y∗ are defined with respect to the direction of the proton beam in the centre-

of-mass frame. For the Υ (3S) meson, due to the limited signal yield, only integrated

observables are measured.

The differential cross-section is measured in a fixed bin size of 0.5 units for y∗ and

variable bin sizes for pT in the 0–25GeV/c range. The Υ (nS) meson double-differential

production cross-section in the proton-lead collisions is defined as

d2σ

dpTdy∗
=

N(Υ (nS) → µ+µ−)

L× εΥ (nS)
tot × BΥ (nS)

µµ × ∆pT × ∆y∗
, (3.1)

where N(Υ (nS) → µ+µ−) is the raw yield of the Υ (nS) decays reconstructed in the

given rapidity and transverse momentum bin, εΥ (nS)
tot is the total efficiency in that bin,

including acceptance, BΥ (nS)
µµ is the branching fraction of the Υ (nS) state to the µ+µ− final

state, and L is the integrated luminosity of the data sample. The values of the branching

fractions used in this measurement are (2.48± 0.05)% for Υ (1S)→ µ+µ−, (1.93± 0.17)%

for Υ (2S)→ µ+µ−, and (2.18± 0.21)% for Υ (3S)→ µ+µ− [48].

The nuclear modification factor for 208Pb is defined for the pPb and Pbp configura-

tions as

RpPb(pT, y
∗) =

1

208

d2σpPb(pT, y∗)/dpTdy∗

d2σpp(pT, y∗)/dpTdy∗
, (3.2)

where σpp is the reference cross-section from pp collisions interpolated to
√
s = 8.16TeV

using the LHCb measurements at
√
s =2.76, 7, 8, and 13 TeV.

The forward-to-backward ratio is defined as

RFB(pT, |y∗|) =
d2σpPb(pT,+|y∗|)/dpTdy∗

d2σPbp(pT,−|y∗|)/dpTdy∗
, (3.3)

and is evaluated in the rapidity range of 2.5 < |y∗| < 4.0, which is common to pPb and

Pbp collisions.

The ratio of excited Υ (2S) and Υ (3S) states to the Υ (1S) ground state in proton-lead

collisions is defined as

R(Υ (nS)) =

[
d2σ/dpTdy∗

]
(Υ (nS))

[d2σ/dpTdy∗] (Υ (1S))
. (3.4)

In addition, the ratio of Υ (1S) to non-prompt J/ψ cross-sections in proton-lead collisions

is measured in the same way. The double ratio

RΥ (nS)/Υ (1S)
(pPb|Pbp)/pp =

R(Υ (nS))pPb|Pbp
R(Υ (nS))pp

(3.5)

compares the ratio R(Υ (nS)) in pPb or Pbp collisions to R(Υ (nS)) in pp collisions.

– 4 –



Hengne Li, 13 June 2019,  Bari, Italy                                                                                           Strangeness in Quark Matter  2019

J
H
E
P
1
1
(
2
0
1
8
)
1
9
4

0 5 10 15 20 25
]c [GeV/

T
p

10

210

310

410

510)]c
 [

n
b
/(

G
eV

/
T

p
/d

σ
d

LHCb

<4.0y*1.5<

)S(1ϒ

=8.16 TeV
NN

s

Pbp

 scaledpp

0 5 10 15 20 25
]c [GeV/

T
p

10

210

310

410

510)]c
 [

n
b
/(

G
eV

/
T

p
/d

σ
d

LHCb

2.5−<y*5.0<−

)S(1ϒ

=8.16 TeV
NN

s

pPb

 scaledpp

0 5 10 15 20 25
]c [GeV/

T
p

10

210

310

410)]c
 [

n
b
/(

G
eV

/
T

p
/d

σ
d

LHCb

<4.0y*1.5<

)S(2ϒ

=8.16 TeV
NN

s

Pbp

 scaledpp

0 5 10 15 20 25
]c [GeV/

T
p

10

210

310

410)]c
 [

n
b
/(

G
eV

/
T

p
/d

σ
d

LHCb

2.5−<y*5.0<−

)S(2ϒ

=8.16 TeV
NN

s

pPb

 scaledpp

Figure 5. Cross-section of (top) Υ (1S) and (bottom) Υ (2S) production as a function of pT inte-
grated over y∗ for the (left) forward and (right) backward samples compared to the cross-section
measured in pp, interpolated to

√
sNN = 8.16TeV.

evaluated as functions of pT and y∗ for the Υ (1S) and Υ (2S) states,2 and compared with

different theoretical calculations:

1. A calculation based on the “HELAC-Onia” framework [53–55], where the modifi-

cation of the parton flux due to CNM is treated within the collinear factorisation

framework using two different nuclear parton distribution functions (nPDFs), the

EPPS16 [56] and nCTEQ15 nPDFs set [7].

2. Calculations based on the comovers model of Υ (nS) production [17, 18], which imple-

ments final state interaction of the quarkonia states and nuclear parton distribution

function modification via EPS09 at leading order [6], and the nCTEQ15 set already

described.

2In the nuclear modification factors, the systematic uncertainty related to branching ratios cancels.
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Υ(1S) integrated cross-section
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forward backward

As a function of pT 
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Figure 3. Double-differential cross-section for the Υ (1S) meson as a function of pT for different
values of y∗ for the (left) forward pPb and (right) backward Pbp samples. The uncertainties are
the sums in quadrature of the statistical and systematic components. The horizontal locations of
the markers are roughly the centroids of the bins, with offsets from centre to aid in readability.

4− 2− 0 2 4

y*

0

5

10

15

20

25

30
3

10×

 [
n
b
]

y*
/d

σ
d

LHCb
)S(1ϒ

=8.16 TeV
NN

s

c<25 GeV/
T

p 

pPb, Pbp

 scaledpp

4− 2− 0 2 4

y*

0

1

2

3

4

5

6

7

8

9

10
3

10×

 [
n
b
]

y*
/d

σ
d

LHCb
)S(2ϒ

=8.16 TeV
NN

s

c<25 GeV/
T

p 

pPb, Pbp

 scaledpp

Figure 4. Cross-section of (left) Υ (1S) and (right) Υ (2S) production as a function of y∗ integrated
over pT for the backward (negative y∗) and forward (positive y∗) samples, compared to the cross-
section measured in pp, interpolated to

√
sNN = 8.16TeV. In this and subsequent figures, the

uncertainties shown are the sums in quadrature of the statistical and systematic components.
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Figure 7. Nuclear modification factors of the (top) Υ (1S) and (bottom) Υ (2S) mesons as a function
of pT integrated over y∗ for the (left) forward and (right) backward samples. The bands correspond
to the theoretical predictions for the nCTEQ15 and EPPS16 nPDFs sets as reported in the text.

with the comovers model calculations, and the numerical results are

RΥ (2S)/Υ (1S)
pPb/pp = 0.86± 0.15,

RΥ (3S)/Υ (1S)
pPb/pp = 0.81± 0.15,

RΥ (2S)/Υ (1S)
Pbp/pp = 0.91± 0.21,

RΥ (3S)/Υ (1S)
Pbp/pp = 0.44± 0.15.

For the double ratio of the Υ (3S) over Υ (1S) in the backward a clear indication of stronger

suppression is observed, in agreement with the comovers model as shown in figure 11 (right).

The ratio of the Υ (1S) and nonprompt J/ψ cross-sections in pPb and Pbp collisions is also

measured, where the nonprompt J/ψ cross-section was measured previously by LHCb [29]
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Figure 6. Nuclear modification factors of the (left) Υ (1S) and (right) Υ (2S) mesons as a function
of y∗ integrated over pT for the forward and backward samples. The bands correspond to the
theoretical predictions for the nCTEQ15 and EPPS16 nPDFs sets, and the comovers model as
reported in the text.

The measurements and the calculations are shown in figures 6 and 7. For the Υ (1S) state

the nuclear modification factor is about 0.5 (0.8) at low pT in the forward (backward) region,

and is consistent with unity for pT larger than 10 GeV/c, as predicted by the models. As a

function of rapidity, RpPb is consistent with unity in the Pbp region at negative |y∗|, while
a suppression is observed in the pPb region, where it averages around 0.7, consistent with

the models analysed. The nuclear modification factor for Υ (2S) is smaller than Υ (1S),

which is consistent with the comovers models. The corresponding numerical results can be

found in appendix C. The same trend as for the Υ (1S) state is observed for the Υ (2S)state,

although the suppression seems more pronounced for the Υ (2S) state, as already observed

by other experiments [22], especially in the backward region.

The forward-backward asymmetry is evaluated only for the Υ (1S) meson as a function

of pT and y∗, see figure 8, whereas for the Υ (2S) meson it is integrated over both y∗ and pT
as shown in figure 9. The corresponding numerical results can be found in appendix D.3

The ratio of the cross-sections of Υ (2S) and Υ (1S) mesons as a function of pT, in-

tegrated over y∗, and as function of y∗, integrated over pT, are shown in figure 10. The

corresponding numerical results can be found in appendix E. The ratios confirmed a larger

suppression for the excited states with respect to the ground state observed in proton-lead

collisions compared to pp collisions [51]. For the Υ (3S) state, due to the limited size of the

data sample, only an integral ratio is measured. In the determination of the ratio R(Υ (nS)),

most of the systematic uncertainties cancel, except that related to branching ratios.

The integrated ratios are summarised in table 3, where values are also reported for pp

collisions. The corresponding double-ratio results are shown in figure 11 (left), together

3In the forward-backward ratio, the systematic uncertainty related to branching ratios cancels.
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configuration. The luminosities are determined using van der Meer scans [47], which were

performed for both beam configurations.

3 Definition of the observables

The observables are measured in bins of pT and y∗ of the Υ (1S) and Υ (2S) mesons, where

both pT and y∗ are defined with respect to the direction of the proton beam in the centre-

of-mass frame. For the Υ (3S) meson, due to the limited signal yield, only integrated

observables are measured.

The differential cross-section is measured in a fixed bin size of 0.5 units for y∗ and

variable bin sizes for pT in the 0–25GeV/c range. The Υ (nS) meson double-differential

production cross-section in the proton-lead collisions is defined as

d2σ

dpTdy∗
=

N(Υ (nS) → µ+µ−)

L× εΥ (nS)
tot × BΥ (nS)

µµ × ∆pT × ∆y∗
, (3.1)

where N(Υ (nS) → µ+µ−) is the raw yield of the Υ (nS) decays reconstructed in the

given rapidity and transverse momentum bin, εΥ (nS)
tot is the total efficiency in that bin,

including acceptance, BΥ (nS)
µµ is the branching fraction of the Υ (nS) state to the µ+µ− final

state, and L is the integrated luminosity of the data sample. The values of the branching

fractions used in this measurement are (2.48± 0.05)% for Υ (1S)→ µ+µ−, (1.93± 0.17)%

for Υ (2S)→ µ+µ−, and (2.18± 0.21)% for Υ (3S)→ µ+µ− [48].

The nuclear modification factor for 208Pb is defined for the pPb and Pbp configura-

tions as

RpPb(pT, y
∗) =

1

208

d2σpPb(pT, y∗)/dpTdy∗

d2σpp(pT, y∗)/dpTdy∗
, (3.2)

where σpp is the reference cross-section from pp collisions interpolated to
√
s = 8.16TeV

using the LHCb measurements at
√
s =2.76, 7, 8, and 13 TeV.

The forward-to-backward ratio is defined as

RFB(pT, |y∗|) =
d2σpPb(pT,+|y∗|)/dpTdy∗

d2σPbp(pT,−|y∗|)/dpTdy∗
, (3.3)

and is evaluated in the rapidity range of 2.5 < |y∗| < 4.0, which is common to pPb and

Pbp collisions.

The ratio of excited Υ (2S) and Υ (3S) states to the Υ (1S) ground state in proton-lead

collisions is defined as

R(Υ (nS)) =

[
d2σ/dpTdy∗

]
(Υ (nS))

[d2σ/dpTdy∗] (Υ (1S))
. (3.4)

In addition, the ratio of Υ (1S) to non-prompt J/ψ cross-sections in proton-lead collisions

is measured in the same way. The double ratio

RΥ (nS)/Υ (1S)
(pPb|Pbp)/pp =

R(Υ (nS))pPb|Pbp
R(Υ (nS))pp

(3.5)

compares the ratio R(Υ (nS)) in pPb or Pbp collisions to R(Υ (nS)) in pp collisions.
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Figure 5. Cross-section of (top) Υ (1S) and (bottom) Υ (2S) production as a function of pT inte-
grated over y∗ for the (left) forward and (right) backward samples compared to the cross-section
measured in pp, interpolated to

√
sNN = 8.16TeV.

evaluated as functions of pT and y∗ for the Υ (1S) and Υ (2S) states,2 and compared with

different theoretical calculations:

1. A calculation based on the “HELAC-Onia” framework [53–55], where the modifi-

cation of the parton flux due to CNM is treated within the collinear factorisation

framework using two different nuclear parton distribution functions (nPDFs), the

EPPS16 [56] and nCTEQ15 nPDFs set [7].

2. Calculations based on the comovers model of Υ (nS) production [17, 18], which imple-

ments final state interaction of the quarkonia states and nuclear parton distribution

function modification via EPS09 at leading order [6], and the nCTEQ15 set already

described.

2In the nuclear modification factors, the systematic uncertainty related to branching ratios cancels.
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Figure 4. Cross-section of (left) Υ (1S) and (right) Υ (2S) production as a function of y∗ integrated
over pT for the backward (negative y∗) and forward (positive y∗) samples, compared to the cross-
section measured in pp, interpolated to

√
sNN = 8.16TeV. In this and subsequent figures, the

uncertainties shown are the sums in quadrature of the statistical and systematic components.
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Figure 7. Nuclear modification factors of the (top) Υ (1S) and (bottom) Υ (2S) mesons as a function
of pT integrated over y∗ for the (left) forward and (right) backward samples. The bands correspond
to the theoretical predictions for the nCTEQ15 and EPPS16 nPDFs sets as reported in the text.

with the comovers model calculations, and the numerical results are

RΥ (2S)/Υ (1S)
pPb/pp = 0.86± 0.15,

RΥ (3S)/Υ (1S)
pPb/pp = 0.81± 0.15,

RΥ (2S)/Υ (1S)
Pbp/pp = 0.91± 0.21,

RΥ (3S)/Υ (1S)
Pbp/pp = 0.44± 0.15.

For the double ratio of the Υ (3S) over Υ (1S) in the backward a clear indication of stronger

suppression is observed, in agreement with the comovers model as shown in figure 11 (right).

The ratio of the Υ (1S) and nonprompt J/ψ cross-sections in pPb and Pbp collisions is also

measured, where the nonprompt J/ψ cross-section was measured previously by LHCb [29]
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Figure 6. Nuclear modification factors of the (left) Υ (1S) and (right) Υ (2S) mesons as a function
of y∗ integrated over pT for the forward and backward samples. The bands correspond to the
theoretical predictions for the nCTEQ15 and EPPS16 nPDFs sets, and the comovers model as
reported in the text.

The measurements and the calculations are shown in figures 6 and 7. For the Υ (1S) state

the nuclear modification factor is about 0.5 (0.8) at low pT in the forward (backward) region,

and is consistent with unity for pT larger than 10 GeV/c, as predicted by the models. As a

function of rapidity, RpPb is consistent with unity in the Pbp region at negative |y∗|, while
a suppression is observed in the pPb region, where it averages around 0.7, consistent with

the models analysed. The nuclear modification factor for Υ (2S) is smaller than Υ (1S),

which is consistent with the comovers models. The corresponding numerical results can be

found in appendix C. The same trend as for the Υ (1S) state is observed for the Υ (2S)state,

although the suppression seems more pronounced for the Υ (2S) state, as already observed

by other experiments [22], especially in the backward region.

The forward-backward asymmetry is evaluated only for the Υ (1S) meson as a function

of pT and y∗, see figure 8, whereas for the Υ (2S) meson it is integrated over both y∗ and pT
as shown in figure 9. The corresponding numerical results can be found in appendix D.3

The ratio of the cross-sections of Υ (2S) and Υ (1S) mesons as a function of pT, in-

tegrated over y∗, and as function of y∗, integrated over pT, are shown in figure 10. The

corresponding numerical results can be found in appendix E. The ratios confirmed a larger

suppression for the excited states with respect to the ground state observed in proton-lead

collisions compared to pp collisions [51]. For the Υ (3S) state, due to the limited size of the

data sample, only an integral ratio is measured. In the determination of the ratio R(Υ (nS)),

most of the systematic uncertainties cancel, except that related to branching ratios.

The integrated ratios are summarised in table 3, where values are also reported for pp

collisions. The corresponding double-ratio results are shown in figure 11 (left), together

3In the forward-backward ratio, the systematic uncertainty related to branching ratios cancels.
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configuration. The luminosities are determined using van der Meer scans [47], which were

performed for both beam configurations.

3 Definition of the observables

The observables are measured in bins of pT and y∗ of the Υ (1S) and Υ (2S) mesons, where

both pT and y∗ are defined with respect to the direction of the proton beam in the centre-

of-mass frame. For the Υ (3S) meson, due to the limited signal yield, only integrated

observables are measured.

The differential cross-section is measured in a fixed bin size of 0.5 units for y∗ and

variable bin sizes for pT in the 0–25GeV/c range. The Υ (nS) meson double-differential

production cross-section in the proton-lead collisions is defined as

d2σ

dpTdy∗
=

N(Υ (nS) → µ+µ−)

L× εΥ (nS)
tot × BΥ (nS)

µµ × ∆pT × ∆y∗
, (3.1)

where N(Υ (nS) → µ+µ−) is the raw yield of the Υ (nS) decays reconstructed in the

given rapidity and transverse momentum bin, εΥ (nS)
tot is the total efficiency in that bin,

including acceptance, BΥ (nS)
µµ is the branching fraction of the Υ (nS) state to the µ+µ− final

state, and L is the integrated luminosity of the data sample. The values of the branching

fractions used in this measurement are (2.48± 0.05)% for Υ (1S)→ µ+µ−, (1.93± 0.17)%

for Υ (2S)→ µ+µ−, and (2.18± 0.21)% for Υ (3S)→ µ+µ− [48].

The nuclear modification factor for 208Pb is defined for the pPb and Pbp configura-

tions as

RpPb(pT, y
∗) =

1

208

d2σpPb(pT, y∗)/dpTdy∗

d2σpp(pT, y∗)/dpTdy∗
, (3.2)

where σpp is the reference cross-section from pp collisions interpolated to
√
s = 8.16TeV

using the LHCb measurements at
√
s =2.76, 7, 8, and 13 TeV.

The forward-to-backward ratio is defined as

RFB(pT, |y∗|) =
d2σpPb(pT,+|y∗|)/dpTdy∗

d2σPbp(pT,−|y∗|)/dpTdy∗
, (3.3)

and is evaluated in the rapidity range of 2.5 < |y∗| < 4.0, which is common to pPb and

Pbp collisions.

The ratio of excited Υ (2S) and Υ (3S) states to the Υ (1S) ground state in proton-lead

collisions is defined as

R(Υ (nS)) =

[
d2σ/dpTdy∗

]
(Υ (nS))

[d2σ/dpTdy∗] (Υ (1S))
. (3.4)

In addition, the ratio of Υ (1S) to non-prompt J/ψ cross-sections in proton-lead collisions

is measured in the same way. The double ratio

RΥ (nS)/Υ (1S)
(pPb|Pbp)/pp =

R(Υ (nS))pPb|Pbp
R(Υ (nS))pp

(3.5)

compares the ratio R(Υ (nS)) in pPb or Pbp collisions to R(Υ (nS)) in pp collisions.
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Figure 10. Ratios between Υ (2S) and Υ (1S) cross-sections as a function of (top) pT integrated
over y∗, and as function of (bottom) y∗ integrated over pT, for pPb and Pbp collisions. The bands
correspond to the theoretical predictions for the nCTEQ15 and EPPS16 nPDFs sets as reported
in the text.

Sample R(Υ (2S)) R(Υ (3S))

pp 2.0<y∗< 4.0 0.328± 0.004 0.137± 0.002

pp −4.5<y∗<−2.5 0.325± 0.004 0.137± 0.002

pPb 2.0<y∗< 4.0 0.282± 0.050 0.11± 0.02

Pbp −4.5<y∗<−2.5 0.296± 0.070 0.06± 0.02

Table 3. Ratio R(Υ (nS)) in pp, pPb, and Pbp samples. The uncertainties are combinations of
statistical and systematical components.
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Sample R(Υ (2S)) R(Υ (3S))

pp 2.0<y∗< 4.0 0.328± 0.004 0.137± 0.002

pp −4.5<y∗<−2.5 0.325± 0.004 0.137± 0.002

pPb 2.0<y∗< 4.0 0.282± 0.050 0.11± 0.02

Pbp −4.5<y∗<−2.5 0.296± 0.070 0.06± 0.02

Table 3. Ratio R(Υ (nS)) in pp, pPb, and Pbp samples. The uncertainties are combinations of
statistical and systematical components.
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configuration. The luminosities are determined using van der Meer scans [47], which were

performed for both beam configurations.

3 Definition of the observables

The observables are measured in bins of pT and y∗ of the Υ (1S) and Υ (2S) mesons, where

both pT and y∗ are defined with respect to the direction of the proton beam in the centre-

of-mass frame. For the Υ (3S) meson, due to the limited signal yield, only integrated

observables are measured.

The differential cross-section is measured in a fixed bin size of 0.5 units for y∗ and

variable bin sizes for pT in the 0–25GeV/c range. The Υ (nS) meson double-differential

production cross-section in the proton-lead collisions is defined as

d2σ

dpTdy∗
=

N(Υ (nS) → µ+µ−)

L× εΥ (nS)
tot × BΥ (nS)

µµ × ∆pT × ∆y∗
, (3.1)

where N(Υ (nS) → µ+µ−) is the raw yield of the Υ (nS) decays reconstructed in the

given rapidity and transverse momentum bin, εΥ (nS)
tot is the total efficiency in that bin,

including acceptance, BΥ (nS)
µµ is the branching fraction of the Υ (nS) state to the µ+µ− final

state, and L is the integrated luminosity of the data sample. The values of the branching

fractions used in this measurement are (2.48± 0.05)% for Υ (1S)→ µ+µ−, (1.93± 0.17)%

for Υ (2S)→ µ+µ−, and (2.18± 0.21)% for Υ (3S)→ µ+µ− [48].

The nuclear modification factor for 208Pb is defined for the pPb and Pbp configura-

tions as

RpPb(pT, y
∗) =

1

208

d2σpPb(pT, y∗)/dpTdy∗

d2σpp(pT, y∗)/dpTdy∗
, (3.2)

where σpp is the reference cross-section from pp collisions interpolated to
√
s = 8.16TeV

using the LHCb measurements at
√
s =2.76, 7, 8, and 13 TeV.

The forward-to-backward ratio is defined as

RFB(pT, |y∗|) =
d2σpPb(pT,+|y∗|)/dpTdy∗

d2σPbp(pT,−|y∗|)/dpTdy∗
, (3.3)

and is evaluated in the rapidity range of 2.5 < |y∗| < 4.0, which is common to pPb and

Pbp collisions.

The ratio of excited Υ (2S) and Υ (3S) states to the Υ (1S) ground state in proton-lead

collisions is defined as

R(Υ (nS)) =

[
d2σ/dpTdy∗

]
(Υ (nS))

[d2σ/dpTdy∗] (Υ (1S))
. (3.4)

In addition, the ratio of Υ (1S) to non-prompt J/ψ cross-sections in proton-lead collisions

is measured in the same way. The double ratio

RΥ (nS)/Υ (1S)
(pPb|Pbp)/pp =

R(Υ (nS))pPb|Pbp
R(Υ (nS))pp

(3.5)

compares the ratio R(Υ (nS)) in pPb or Pbp collisions to R(Υ (nS)) in pp collisions.
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retical prediction for the comovers model as reported in the text.
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Figure 12. Ratio of Υ (1S) to nonprompt J/ψ cross-sections as a function of y∗ integrated over
pT, for pPb and Pbp collisions.

8 Summary

The production of Υ (nS) states is studied in proton-lead collisions at
√
sNN = 8.16 TeV

using data collected by the LHCb detector in 2016. The cross-sections, nuclear modi-

fication factors and forward-backward ratios are measured double-differentially (Υ (1S))

and single-differentially (Υ (2S)). The ratios of the production cross-sections of the dif-

ferent Υ (nS) states are also measured as functions of transverse momentum and rapidity

in the nucleon-nucleon centre-of-mass frame. The results are consistent with previous ob-

servations and with the theoretical model calculations, indicating a suppression of Υ (nS)

production in proton-lead collisions up to about 40%, more pronounced for the excited Υ

states, particularly in the region of negative rapidity.
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configuration. The luminosities are determined using van der Meer scans [47], which were

performed for both beam configurations.

3 Definition of the observables

The observables are measured in bins of pT and y∗ of the Υ (1S) and Υ (2S) mesons, where

both pT and y∗ are defined with respect to the direction of the proton beam in the centre-

of-mass frame. For the Υ (3S) meson, due to the limited signal yield, only integrated

observables are measured.

The differential cross-section is measured in a fixed bin size of 0.5 units for y∗ and

variable bin sizes for pT in the 0–25GeV/c range. The Υ (nS) meson double-differential

production cross-section in the proton-lead collisions is defined as

d2σ

dpTdy∗
=

N(Υ (nS) → µ+µ−)

L× εΥ (nS)
tot × BΥ (nS)

µµ × ∆pT × ∆y∗
, (3.1)

where N(Υ (nS) → µ+µ−) is the raw yield of the Υ (nS) decays reconstructed in the

given rapidity and transverse momentum bin, εΥ (nS)
tot is the total efficiency in that bin,

including acceptance, BΥ (nS)
µµ is the branching fraction of the Υ (nS) state to the µ+µ− final

state, and L is the integrated luminosity of the data sample. The values of the branching

fractions used in this measurement are (2.48± 0.05)% for Υ (1S)→ µ+µ−, (1.93± 0.17)%

for Υ (2S)→ µ+µ−, and (2.18± 0.21)% for Υ (3S)→ µ+µ− [48].

The nuclear modification factor for 208Pb is defined for the pPb and Pbp configura-

tions as

RpPb(pT, y
∗) =

1

208

d2σpPb(pT, y∗)/dpTdy∗

d2σpp(pT, y∗)/dpTdy∗
, (3.2)

where σpp is the reference cross-section from pp collisions interpolated to
√
s = 8.16TeV

using the LHCb measurements at
√
s =2.76, 7, 8, and 13 TeV.

The forward-to-backward ratio is defined as

RFB(pT, |y∗|) =
d2σpPb(pT,+|y∗|)/dpTdy∗

d2σPbp(pT,−|y∗|)/dpTdy∗
, (3.3)

and is evaluated in the rapidity range of 2.5 < |y∗| < 4.0, which is common to pPb and

Pbp collisions.

The ratio of excited Υ (2S) and Υ (3S) states to the Υ (1S) ground state in proton-lead

collisions is defined as

R(Υ (nS)) =

[
d2σ/dpTdy∗

]
(Υ (nS))

[d2σ/dpTdy∗] (Υ (1S))
. (3.4)

In addition, the ratio of Υ (1S) to non-prompt J/ψ cross-sections in proton-lead collisions

is measured in the same way. The double ratio

RΥ (nS)/Υ (1S)
(pPb|Pbp)/pp =

R(Υ (nS))pPb|Pbp
R(Υ (nS))pp

(3.5)

compares the ratio R(Υ (nS)) in pPb or Pbp collisions to R(Υ (nS)) in pp collisions.
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Figure 11. Double ratios for (left) Υ (2S) and (right) Υ (3S). The bands correspond to the theo-
retical prediction for the comovers model as reported in the text.
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pT, for pPb and Pbp collisions.

8 Summary

The production of Υ (nS) states is studied in proton-lead collisions at
√
sNN = 8.16 TeV

using data collected by the LHCb detector in 2016. The cross-sections, nuclear modi-

fication factors and forward-backward ratios are measured double-differentially (Υ (1S))

and single-differentially (Υ (2S)). The ratios of the production cross-sections of the dif-

ferent Υ (nS) states are also measured as functions of transverse momentum and rapidity

in the nucleon-nucleon centre-of-mass frame. The results are consistent with previous ob-

servations and with the theoretical model calculations, indicating a suppression of Υ (nS)

production in proton-lead collisions up to about 40%, more pronounced for the excited Υ

states, particularly in the region of negative rapidity.
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Figure 9. Forward-backward ratio for the Υ (2S) compared with theoretical calculations for the
nCTEQ15 and EPPS16 nPDFs sets as reported in the text.

using the same data sample. The ratio is shown in figure 12 compared to the corresponding

result observed in pp collisions. The numerical results are reported in appendix F. A small

suppression is visible, which could be attributed to final-state CNM effects. More data are

needed in order to have a more definite indication of a different suppression mechanism for

bottomonium and open beauty, such as Υ (1S) and nonprompt J/ψ states, as indicated by

refs. [57, 58].
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using the same data sample. The ratio is shown in figure 12 compared to the corresponding

result observed in pp collisions. The numerical results are reported in appendix F. A small

suppression is visible, which could be attributed to final-state CNM effects. More data are

needed in order to have a more definite indication of a different suppression mechanism for

bottomonium and open beauty, such as Υ (1S) and nonprompt J/ψ states, as indicated by

refs. [57, 58].
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configuration. The luminosities are determined using van der Meer scans [47], which were

performed for both beam configurations.

3 Definition of the observables

The observables are measured in bins of pT and y∗ of the Υ (1S) and Υ (2S) mesons, where

both pT and y∗ are defined with respect to the direction of the proton beam in the centre-

of-mass frame. For the Υ (3S) meson, due to the limited signal yield, only integrated

observables are measured.

The differential cross-section is measured in a fixed bin size of 0.5 units for y∗ and

variable bin sizes for pT in the 0–25GeV/c range. The Υ (nS) meson double-differential

production cross-section in the proton-lead collisions is defined as

d2σ

dpTdy∗
=

N(Υ (nS) → µ+µ−)

L× εΥ (nS)
tot × BΥ (nS)

µµ × ∆pT × ∆y∗
, (3.1)

where N(Υ (nS) → µ+µ−) is the raw yield of the Υ (nS) decays reconstructed in the

given rapidity and transverse momentum bin, εΥ (nS)
tot is the total efficiency in that bin,

including acceptance, BΥ (nS)
µµ is the branching fraction of the Υ (nS) state to the µ+µ− final

state, and L is the integrated luminosity of the data sample. The values of the branching

fractions used in this measurement are (2.48± 0.05)% for Υ (1S)→ µ+µ−, (1.93± 0.17)%

for Υ (2S)→ µ+µ−, and (2.18± 0.21)% for Υ (3S)→ µ+µ− [48].

The nuclear modification factor for 208Pb is defined for the pPb and Pbp configura-

tions as

RpPb(pT, y
∗) =

1

208

d2σpPb(pT, y∗)/dpTdy∗

d2σpp(pT, y∗)/dpTdy∗
, (3.2)

where σpp is the reference cross-section from pp collisions interpolated to
√
s = 8.16TeV

using the LHCb measurements at
√
s =2.76, 7, 8, and 13 TeV.

The forward-to-backward ratio is defined as

RFB(pT, |y∗|) =
d2σpPb(pT,+|y∗|)/dpTdy∗

d2σPbp(pT,−|y∗|)/dpTdy∗
, (3.3)

and is evaluated in the rapidity range of 2.5 < |y∗| < 4.0, which is common to pPb and

Pbp collisions.

The ratio of excited Υ (2S) and Υ (3S) states to the Υ (1S) ground state in proton-lead

collisions is defined as

R(Υ (nS)) =

[
d2σ/dpTdy∗

]
(Υ (nS))

[d2σ/dpTdy∗] (Υ (1S))
. (3.4)

In addition, the ratio of Υ (1S) to non-prompt J/ψ cross-sections in proton-lead collisions

is measured in the same way. The double ratio

RΥ (nS)/Υ (1S)
(pPb|Pbp)/pp =

R(Υ (nS))pPb|Pbp
R(Υ (nS))pp

(3.5)

compares the ratio R(Υ (nS)) in pPb or Pbp collisions to R(Υ (nS)) in pp collisions.
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This picture is constructed as LHCb event display that has passed through 
popular Deep Learning algorithm - Style Transfer - that borrows the style 
from Van Gogh’s ‘Starry Night’ (https://github.com/jcjohnson/neural-style).

Andrey Ustyuzhanin, [Study Machine Learning through HEP] 

https://physikseminar.desy.de/sites2009/site_physikseminar/content/e408/e257234/e257264/e257266/2017.02.DESY.Zeuthen.Yandex.pdf
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Fig. 3. Production cross-section for (top left) prompt J/ψ in pPb, (top right) J/ψ-from-b-hadrons in pPb, (bottom left) prompt J/ψ in Pbp and (bottom right) 
J/ψ-from-b-hadrons in Pbp. The data points are placed at the centre of the pT bins, the horizontal error bars indicate the bin widths and the vertical error bars the 
total uncertainties, calculated as quadratic sums of the statistical and systematic uncertainties.

Table 1
Summary of relative systematic uncertainties in pPb and Pbp on the cross-section of 
prompt J/ψ and J/ψ-from-b-hadrons. Uncertainties that are computed bin-by-bin 
are expressed as ranges giving the minimum to maximum values. The last column 
indicates the correlation between bins within the same beam configuration.

Source pPb Pbp Comment

Signal model 1.3% 1.3% correlated
Muon identification 2.0%–11.0% 2.1%–15.3% correlated
Tracking 3.0%–8.0% 5.9%–26.5% correlated
Hardware trigger 1.0%–10.9% 1.0%–7.4% correlated
Software trigger 2.0% 2.0% correlated
Simulation statistics 0.4%–7.0% 0.4%–26.2% uncorrelated
B( J/ψ → µ+µ−) 0.05% 0.05% correlated
Luminosity 2.6% 2.5% correlated
Polarisation – – not considered

sented in this letter. In this analysis, it is assumed that the J/ψ
mesons are produced with no polarisation in pPb and Pbp colli-
sions at √sN N = 8.16 TeV. No systematic uncertainty is assigned 
for the effects of polarisation.

The uncertainty on the J/ψ-meson yields, related to the mod-
elling of the signal mass shape in the simultaneous mass and tz fit, 
is studied using an alternative fit model. In this model, the signal 
mass shape is described by the sum of a Crystal Ball function and 
of a Gaussian function. The relative difference of the signal yields 
between the nominal and alternative fits amounts to 1.3%, which 
is taken as a fully correlated systematic uncertainty between bins. 
The uncertainty associated to the shape of the tz distribution is 
negligible.

The uncertainty on the muon identification has multiple con-
tributions. The statistical uncertainty of the efficiencies is derived 
from the calibration sample. The impact of the finite binning in 
muon momentum, pseudorapidity and detector occupancy on the 

efficiencies is estimated by varying the binning scheme. Finally, an 
uncertainty due to the method to determine the number of signal 
candidates in the calibration samples is also considered. The total 
systematic uncertainty due to these three sources varies between 
2% and 15%. It is assumed to be fully correlated between bins. This 
assumption is valid for neighbouring bins in acceptance. The bias 
introduced by this assumption in the evaluation of the total sys-
tematic uncertainty on integrated quantities is negligible.

The data-driven corrections to the track reconstruction effi-
ciency carry uncertainties related to the statistical uncertainties 
of the data, dominating in most bins. In addition, a systematic 
uncertainty is related to a potential bias of the selection criteria 
which are necessary to obtain a good signal over background ra-
tio for the determination of the efficiency corrections. A systematic 
uncertainty related to the method is applied similarly to pp colli-
sions and amounts to 0.8% per track [59]. The total uncertainty 
related to charged track reconstruction varies from 3.0% to 8.0% 
for pPb and 5.9% to 26.5% for Pbp, correlated between bins. The 
uncertainty in the Pbp case is larger due to the smaller signal 
over background ratio for the partially reconstructed candidates 
used in the data-driven tag-and-probe method compared to the 
pPb case. The assumption on the correlation is valid for neigh-
bouring bins. The introduced bias in the evaluation of the total 
systematic uncertainty on integrated quantities is negligible. The 
largest uncertainties appear at low track momenta and hence low 
J/ψ pT.

The trigger efficiency is determined in data and in simulation 
by the data-driven method described in the previous section and in 
Ref. [49]. The uncertainties related to the trigger are estimated by 
comparing the results in simulation and in data. The uncertainty 
on the hardware trigger efficiency is found to vary between 1% 
and 11%, and the uncertainty on the software trigger efficiency is 

J/ψ production in pPb collisions
❖ √sNN = 8.16 TeV results:

❖ Double differential in y and pT

❖ Prompt and non-prompt J/ψ separated through 
pseudoproper time distribution 
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Fig. 1. (left) Invariant mass and (right) pseudo proper time distributions for J/ψ candidates in the bin 6 < pT < 7 GeV/c and 3 .5  < |y∗| < 4 .0 for the (top) pPb and (bottom) 
Pbp samples respectively. The black circles with error bars represent the LHCb data. The projection of the result of the fit described in the text is drawn on each distribution: 
the red solid line is the total fit function, the blue dashed line is the prompt J/ψ signal component, the purple solid line is the J/ψ-from-b-hadrons signal component and 
the green dashed line is the combinatorial background component.

Fig. 2. Total J/ψ detection efficiency, ϵtot , as a function of the J/ψ pT in different y∗ bins for (left) pPb and (right) Pbp.

4. Systematic uncertainties

The systematic uncertainties on the cross-section of prompt 
J/ψ and J/ψ-from-b-hadrons are summarised in Table 1 and 
described in the following. The total detection efficiency ϵtot for 
prompt J/ψ and J/ψ-from-b is found to be equal within the 

statistical precision of the simulation and all systematic uncertain-
ties apply both for prompt J/ψ and J/ψ-from-b. Acceptance and 
reconstruction efficiencies of the J/ψ vector meson depend on 
its polarisation at production. The ALICE and the LHCb measure-
ments in pp collisions [61,62] indicate a polarisation consistent 
with zero in most of the kinematic region of the analysis pre-
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Fig. 5. Absolute production cross-sections of (left) prompt J/ψ and (right) J/ψ-from-b-hadrons, as a function of y∗ , integrated over the range 0 < pT < 14 GeV/c. The black 
circles are the pPb and Pbp values and the red open squares the values for pp collisions at the same energy, multiplied by the Pb mass number A = 208. The horizontal 
error bars are the bin widths and vertical error bars the total uncertainties.

Fig. 6. Absolute production cross-sections of (top left) prompt J/ψ in pPb, (top right) prompt J/ψ in Pbp, (bottom left) J/ψ-from-b-hadrons in Pbp and (bottom left) 
J/ψ-from-b-hadrons in Pbp, as a function of pT and integrated over the rapidity range of the analysis. The black circles are the pPb and Pbp values and the red open 
squares the values for pp collisions at the same energy, multiplied by the Pb mass number A = 208, integrated over the same rapidity ranges. The horizontal error bars are 
the bin widths and vertical error bars the total uncertainties.

5.2. Nuclear modification factors

The nuclear modification factor R pPb defined in Eq. (1) is com-
puted from the prompt J/ψ and J/ψ-from-b-hadrons production 
cross-sections in pp and pPb or Pbp collisions. The systematic 
uncertainties are assumed to be uncorrelated between the mea-
surements in proton-lead and in pp collisions. The nuclear modi-
fication factors for prompt J/ψ and J/ψ-from-b-hadrons produc-
tion as functions of pT or y∗ , integrating over the other variable, 
are shown in Figs. 7 and 8, respectively. The numerical values are 

available in Appendix B. The results at √sN N = 5 TeV [27] are also 
depicted on Fig. 8 and are in good agreement with the new and 
more precise results at √sN N = 8.16 TeV.

At forward rapidity, 1.5 < y∗ < 4.0, a strong suppression of 
up to 50% is observed in the case of prompt J/ψ production 
at low pT (Fig. 7). This behaviour results in a strong suppres-
sion in the nuclear modification factor as a function of rapidity 
shown in Fig. 8. With increasing pT, R pPb approaches unity and 
the suppression is stronger at more forward rapidities. The pro-
duction of J/ψ-from-b-hadrons is also suppressed compared to 

J/ψ production in pPb collisions
❖ Differential cross-section in y and pT

❖ visible suppression in forward for prompt J/ψ
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Fig. 7. J/ψ nuclear modification factor, R pPb, integrated over y∗ in the analysis range, as a function of pT for (top left) prompt J/ψ in pPb, (bottom left) J/ψ-from-b-hadrons 
in pPb, (top right) prompt J/ψ in Pbp and (bottom right) J/ψ-from-b-hadrons in Pbp. Horizontal error bars are the bin widths, vertical error bars the total uncertainties. 
The black circles are the values measured in this letter and the coloured areas the theoretical predictions from the models detailed in the text with their uncertainties.

Fig. 8. J/ψ nuclear modification factor, R pPb, integrated over pT in the range 0 < pT < 14 GeV/c, as a function of y∗ for (left) prompt J/ψ and (right) J/ψ-from-b-hadrons. 
The horizontal error bars are the bin widths and vertical error bars the total uncertainties. The black circles are the values measured in this letter, the red squares the values 
measured at √sN N = 5 TeV from Ref. [27] and the coloured areas the theoretical computations from the models detailed in the text, with their uncertainties.

that in pp collisions at forward rapidities, although to a lesser de-
gree, as shown in Fig. 8. No dependence as a function of rapidity 
can be observed within the experimental uncertainties. The depen-
dence as a function of the transverse momentum is weaker for 
J/ψ-from-b-hadrons compared to prompt J/ψ , but the nuclear 
modification factor is also approaching unity at high transverse 
momentum.

At backward rapidity, −5.0 < y∗ < −2.5, a weaker suppression 
of prompt J/ψ production at low pT is observed, of up to 25%. 
Similarly to the forward-rapidity region, the suppression is weak-

ening and the nuclear modification factor is approaching values 
consistent with unity at high transverse momentum. The nuclear 
modification factor as a function of rapidity shows a weak suppres-
sion with no visible rapidity dependence within experimental un-
certainties. The nuclear modification factor of J/ψ-from-b-hadrons 
at backward rapidity is consistent with unity over the full kine-
matic region.

The measurements of prompt J/ψ nuclear modification factors 
are compared in Figs. 7 and 8 with three groups of calculations:
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Fig. 9. Forward-to-backward ratios, RFB, integrated over the common rapidity range 2.5 < |y∗| < 4.0 as a function of pT for (left) prompt J/ψ and (right) J/ψ-from-b-hadrons. 
The horizontal error bars are the bin widths and the vertical error bars the total uncertainties. The black circles are the values measured in this letter, the red squares the 
values measured at √sN N = 5 TeV from Ref. [27] and the coloured areas the theoretical computations from the models detailed in the text, with their uncertainties.

Fig. 10. Forward-to-backward ratios, RFB, integrated over pT in the range 0 < pT < 14 GeV/c as a function of |y∗| for (left) prompt J/ψ and (right) J/ψ-from-b-hadrons. The 
horizontal error bars are the bin widths and the vertical error bars the total uncertainties. The black circles are the values measured in this letter, the red squares the values 
measured at √sN N = 5 TeV from Ref. [27] and the coloured areas the theoretical computations from the models detailed in the text, with their uncertainties.
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Appendix A. Cross-section numerical results

A.1. d2σ
dpTdy∗ for prompt J/ψ in pPb

Table 2
Prompt J/ψ absolute production cross-section in pPb, as a function of pT and y∗ . 
The quoted uncertainties are the total uncertainties, and the breakdown into statis-
tical uncertainties, and correlated and uncorrelated systematic uncertainties.

pT bin 
(GeV/c)

y∗ bin d2σ
dpTdy∗

[nb/(GeV/c)]
stat. corr. uncorr.

0 < pT < 1 1.5 < y∗ < 2.0 108 700 ± 16 000 2 700 15 700 1 700
0 < pT < 1 2.0 < y∗ < 2.5 94 300 ± 8 900 1 400 8 800 700
0 < pT < 1 2.5 < y∗ < 3.0 79 700 ± 5 400 1 100 5 200 500
0 < pT < 1 3.0 < y∗ < 3.5 69 800 ± 4 300 1 000 4 200 400
0 < pT < 1 3.5 < y∗ < 4.0 64 000 ± 4 100 1 100 3 900 500
1 < pT < 2 1.5 < y∗ < 2.0 212 200 ± 18 100 3 300 17 700 2 000
1 < pT < 2 2.0 < y∗ < 2.5 194 000 ± 12 000 2 000 12 000 1 000
1 < pT < 2 2.5 < y∗ < 3.0 166 400 ± 14 300 1 500 14 200 700
1 < pT < 2 3.0 < y∗ < 3.5 144 800 ± 7 900 1 400 7 700 600
1 < pT < 2 3.5 < y∗ < 4.0 126 100 ± 8 800 1 500 8 700 700
2 < pT < 3 1.5 < y∗ < 2.0 192 600 ± 14 800 2 800 14 400 1 900
2 < pT < 3 2.0 < y∗ < 2.5 180 000 ± 11 000 2 000 11 000 1 000
2 < pT < 3 2.5 < y∗ < 3.0 157 800 ± 8 900 1 400 8 800 800
2 < pT < 3 3.0 < y∗ < 3.5 131 400 ± 7 300 1 300 7 100 700
2 < pT < 3 3.5 < y∗ < 4.0 107 500 ± 7 600 1 400 7 400 800
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in these models, it can be significant in rapidity ranges with large 
particle densities.

The measurement of the nonprompt J/ψ production provides 
access to the production of beauty hadrons. The modification of 
their kinematic distributions in nucleus–nucleus collisions car-
ries valuable information about the created matter [3]. Simi-
larly to direct charmonium production, the production of beauty 
hadrons can be subject to CNM effects altering the interpretation 
of nucleus–nucleus collision data. Such effects can be precisely 
measured in proton-lead collisions.

The measurements of the production of prompt J/ψ and non-
prompt J/ψ mesons, called J/ψ-from-b-hadrons in the following, 
presented in this letter are important ingredients for the under-
standing of the imprints of deconfinement in nucleus–nucleus col-
lisions. They are based on larger integrated luminosities and on 
higher collision energies than the initial measurements with the 
2013 proton-lead data sample by the LHCb experiment at √sN N =
5 TeV [27].

2. Detector, data sample and observables

The LHCb detector [39,40] is a single-arm forward spectrome-
ter covering the pseudorapidity range 2 < η < 5, designed for the 
study of particles containing b or c quarks. The detector includes 
a high-precision tracking system consisting of a silicon-strip ver-
tex detector surrounding the interaction region [41], a large-area 
silicon-strip detector located upstream of a dipole magnet with 
a bending power of about 4 Tm, and three stations of silicon-
strip detectors and straw drift tubes [42] placed downstream of 
the magnet. The tracking system provides a measurement of mo-
mentum of charged particles with a relative uncertainty that varies 
from 0.5% at low momentum to 1.0% at 200 GeV/c. The minimum 
distance of a track to a primary vertex (PV), the impact parame-
ter, is measured with a resolution of (15 + 29/pT) µm, where pT
is the transverse momentum in the LHCb frame, in GeV/c. Differ-
ent types of charged hadrons are distinguished using information 
from two ring-imaging Cherenkov detectors [43]. Photons, elec-
trons and hadrons are identified by a calorimeter system consisting 
of scintillating-pad and preshower detectors, an electromagnetic 
calorimeter and a hadronic calorimeter. Muons are identified by a 
system composed of alternating layers of iron and multiwire pro-
portional chambers [44].

This analysis is based on data acquired during the 2016 LHC 
heavy-ion run, where protons and 208Pb ions were colliding at a 
centre-of-mass energy per nucleon pair of √sN N = 8.16 TeV. Since 
the energy per nucleon in the proton beam is larger than in the 
lead beam, the nucleon–nucleon centre-of-mass system has a ra-
pidity in the laboratory frame of 0.465 (−0.465), when the proton 
(lead) beam travels from the vertex detector towards the muon 
chambers. Consequently, the LHCb detector covers two different 
acceptance regions:

1. 1.5 < y∗ < 4.0 when the proton beam travels from the vertex 
detector towards the muon chambers,

2. −5.0 < y∗ < −2.5 when the proton beam travels from the 
muon chambers towards the vertex detector,

where y∗ is the rapidity in the centre-of-mass frame of the col-
liding nucleons, with respect to the proton beam direction. In 
this letter, the first configuration is denoted pPb and the second 
one Pbp. The data samples correspond to an integrated luminosity 
of 13.6 ± 0.3 nb−1 of pPb collisions and 20.8 ± 0.5 nb−1 of Pbp
collisions. The instantaneous luminosity for the majority of the 
recorded events ranges between 0.5 and 1.0 × 1029 cm−2s−1. This 

luminosity corresponds on average to about 0.1 or fewer collisions 
per bunch crossing.

In this letter, we describe the measurement of the double-
differential production cross-sections of J/ψ mesons as a function 
of pT and y∗ in the ranges 0 < pT < 14 GeV/c and 1.5 < y∗ < 4.0
for pPb and −5.0 < y∗ < −2.5 for Pbp. The measurement is per-
formed separately for prompt J/ψ mesons, i.e. produced directly 
in the initial hard scattering or from the decay of an excited char-
monium state produced directly, and for J/ψ mesons coming from 
the decay of a long-lived b-hadron, either directly or via an excited 
charmonium state.

Nuclear effects are quantified by the nuclear modification factor, 
R pPb, 

R pPb(pT, y∗) ≡ 1
A

d2σpPb(pT, y∗)/dpTdy∗

d2σpp(pT, y∗)/dpTdy∗ , (1)

where A = 208 is the mass number of the Pb ion, d2σpPb(pT, y∗)/
dpTdy∗ the J/ψ production cross-section in pPb or Pbp collisions 
and d2σpp(pT, y∗)/dpTdy∗ the J/ψ reference production cross-
section in pp collisions at the same nucleon–nucleon centre-of-
mass energy. The determination of the reference cross-section is 
described in Sec. 5.1. In the absence of nuclear effects, the nuclear 
modification factor is equal to unity.

In addition to the nuclear modification factor, the observable 
RFB quantifies the relative forward-to-backward production rates. 
The forward-to-backward ratio is measured as the ratio of cross-
sections in the positive and negative y∗ acceptances evaluated in 
the same absolute y∗ value ranges, 

RFB(pT, y∗) ≡ d2σpPb(pT,+y∗)/dpTdy∗

d2σpPb(pT,−y∗)/dpTdy∗ . (2)

3. Event selection and cross-section determination

The J/ψ production cross-section measurement follows the ap-
proach described in Ref. [45]. The double differential J/ψ produc-
tion cross-section in each kinematic bin of pT and y∗ is computed 
as

d2σ

dpTdy∗ = N( J/ψ → µ+µ−)

L × ϵtot × B( J/ψ → µ+µ−) × %pT × %y∗ , (3)

where N( J/ψ → µ+µ−) is the number of reconstructed prompt 
J/ψ or J/ψ-from-b-hadrons signal mesons, ϵtot is the total de-
tection efficiency in the given kinematic bin, B( J/ψ → µ+µ−) =
(5.961 ± 0.033)% [46] is the branching fraction of the decay 
J/ψ → µ+µ−, %pT = 1 GeV/c and %y∗ = 0.5 are the bin widths 

and L is the integrated luminosity. The luminosity is determined 
with a van der Meer scan, which was performed for both beam 
configurations. The luminosity determination follows closely the 
approach described in Ref. [47].

3.1. Selection

An online event selection is performed by a trigger system con-
sisting of a hardware stage, which, for this analysis, selects events 
containing at least one muon with pT larger than 500 MeV/c, fol-
lowed by a software stage. In the first stage of the software trigger, 
two muon tracks with pT > 500 MeV/c are required to form a J/ψ
candidate with invariant mass Mµ+µ− > 2.5 GeV/c2. In the second 
stage, J/ψ candidates with an invariant mass within 120 MeV/c2

of the known value of the J/ψ mass [46] are selected.
In between the two software stages, the alignment and cali-

bration of the detector is performed in near real-time [48]. The 
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Summary and Outlook
❖ LHCb successfully participated in pPb data-taking in 2013 and 2016 
❖ Collected good statistics: benefit from larger data samples in 2016
❖ Measurement of J/ψ and Υ(nS) performed 
❖ ψ(2S) and χc production upcoming and others are ongoing 
❖ Results compared with several theoretical predictions 
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Why study ultra-relativistic heavy ion collisions?
❖ It’s about understanding our Universe.
❖ Ultra-relativistic heavy ion collisions can help us to understand 

what happened in the very beginning after the Big Bang.
❖ Explore phase diagram of nuclear matter 
❖ Study QCD matter under extreme conditions 
❖ Formation of Quark Gluon Plasma at high T and/or energy 

density. 
❖ Many other things to explore in pA/AA: nucleon structure, 

intrinsic charm, QED at extreme field strengths, diffractive 
processes... 


