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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... 
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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 < Eta < 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: 69-110GeV 
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Z
Ldt ⇠ 5nb�1 ⇥ (protons on target)

1022

⇥ pgas
2⇥ 10�7mbar

⇥ Exp e�ciency

NEW!

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
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LHCb provides unique datasets for Heavy Ion 
physics studies.

!6Event display from the first lead-lead LHC collisions in 2018
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Recent LHCb Heavy Ion Results
❖ Charm production in fixed-target collisions:
❖ LHCb-PAPER-2018-023, arXiv:1810.07907 

❖ Anti-proton production in fixed-target collisions:
❖ PRL. 121, 222001 (2018) 

❖ Heavy flavor production in pPb collisions:
❖ D0 at 5.02TeV: LHCb-PAPER-2017-015, JHEP (2017) 090 [backup slides]

❖ Λc+ at 5.02TeV: LHCb-PAPER-2018-021, arXiv:1809.01404

❖ J/ψ at 8.16TeV: LHCb-PAPER-2017-014, PLB774 (2017) 159 [backup slides]

❖ B+, B0, Λb0 at 8.16TeV: LHCb-CONF-2018-004

❖ Υ(nS) at 8.16TeV: JHEP 11 (2018) 194

❖ Exclusive photonuclear J/Psi production in ultra-peripheral PbPb collisions:
❖ LHCb-CONF-2018-003 
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Fixed target 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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Charm production in fixed-target
❖ Access to the anti-shadowing region of nPDF and probe the intrinsic charm content in the nucleons.

!9

Charm production in fixed-target configuration

p-nucleus collisions with LHCb fixed-target:
I Baseline for future Pb-nucleus fixed-target studies for quark gluon plasma (QGP)
I Study of nuclear PDF (nPDF), nuclear absorption, ...

LHCb fixed-target collisions: large rapidity coverage at large Bjorken-x in the target
Valence-like intrinsic charm
content in the nucleonnPDF anti-shadowing region

Measurement of J/ and D0 production using 2 data samples

System
p
sNN Protons on target Target A Lint

pAr 110.4 GeV 4.1022 40 not available
pHe 86.6 GeV 5.1022 4 7.58 ± 0.47 nb�1

Émilie Maurice (LLR, LAL) Heavy ion and fixed target collisions at LHCb 5/19
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Charm production in fixed-target collisions
❖ J/ψ and 𝐷0 inclusive cross section in pHe collisions √sNN = 86.6 GeV: 

❖ Cross section measured in J/ψ → μ+μ- and 𝐷0 → 𝐾- 𝜋+ decays 

❖ Scaling the D0 cross-section with the global fragmentation ratio 
f(c→D0) = 0.542±0.024 , the cc̅ production cross section can be 
obtained: 

❖ LHCb results in good agreement with NLO NRQCD fit (J/ψ) and 
NLO pQCD predictions (cc̅) and other measurements 

❖ No strong intrinsic charm content is observed.
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Figure 2: (left) J/ cross-section measurements as a function of the centre-of-mass energy;
Experimental data, represented by black points, are taken from Ref. [38]. The band corresponds
to a fit based on NLO NRQCD calculations [38]. (right) cc cross-section measurements as
a function of the centre-of-mass energy; Experimental data, represented by black points, are
taken from Ref. [39]; The yellow band corresponds to NLO pQCD calculations [40]. Red points
correspond to the pHe results from the present analysis.

forward-backward symmetry. The full phase-space cross-sections are

�J/ = 1225.6± 100.7 nb/nucleon,

�D0 = 156.0± 13.1µb/nucleon,

where statistical and systematic uncertainties have been added quadratically and no
systematic uncertainties due to the extrapolation are included. In addition, the D0

cross-section is scaled with the global fragmentation factor f(c ! D0) = 0.542±0.024 [43],
in order to obtain the cc production cross-section �cc = 288± 24.2± 6.9µb/nucleon. The
last uncertainty reflects the limited knowledge of the fragmentation factor. An overview
of J/ and cc cross-section measurements at di↵erent centre-of-mass energies by di↵erent
experiments are shown in Fig. 2 including this measurement. The J/ cross-section is
compared to a fit based on NLO NRQCD calculations [38] and the cc cross-section to NLO
pQCD calculations [39,40]. The J/ di↵erential cross-sections per target nucleon obtained
for the pHe dataset, as functions of y⇤ and pT, are shown in the two top plots of Fig. 3 and
given in Ref. [35]. These results are compared with HELAC-ONIA predictions [44–46], for
pp (CT14NLO PDF set [47]) and pHe (CT14NLO+nCTEQ15 PDF [48] sets) collisions.
The predictions underestimate the measured total cross-section. The HELAC-ONIA
predictions are rescaled by a factor 1.78 in Fig. 3 to compare the shape of the distributions.
Data are also compared with phenomenological parametrisations, interpolated to the
present data energies, based on Refs. [11, 49]. Solid and dashed red lines are obtained
with linear and logarithmic interpolations, respectively, between the results from the E789
(pAu,

p
sNN = 38.7 GeV) [50], HERA-B (pC,

p
sNN = 41.5GeV) [51] and PHENIX (pp,

p
s = 200GeV) [52] experiments. The di↵erential yields of J/ as functions of y⇤ and pT,

obtained from pAr data, are also shown in Fig. 3. Since the luminosity measurement is
not available, only di↵erential distributions with arbitrary normalisation are shown.

The D0 di↵erential cross-sections per target nucleon obtained for the pHe dataset,
as functions of y⇤ and pT, are shown in Fig. 4 and given in Ref. [35]. The HELAC-
ONIA predictions underestimate the measured total cross-section. The HELAC-ONIA

5

 [GeV]NNs
210

) [
nb

/n
uc

le
on

]
ψ/J(

σ 210

310

This measurement

NLO NRQCD

LHCb

 [GeV]NNs
10 210 310

b/
nu

cl
eo

n]
µ

) [cc(
σ 

10

210

310

NLO pQCD

This measurement
LHCb

Figure 2: (left) J/ cross-section measurements as a function of the centre-of-mass energy;
Experimental data, represented by black points, are taken from Ref. [38]. The band corresponds
to a fit based on NLO NRQCD calculations [38]. (right) cc cross-section measurements as
a function of the centre-of-mass energy; Experimental data, represented by black points, are
taken from Ref. [39]; The yellow band corresponds to NLO pQCD calculations [40]. Red points
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Figure 4: Di↵erential D0 production cross-sections for (top) pHe and di↵erential D0 yields for
(bottom) pAr collisions, as a function of (left) centre-of-mass rapidity y⇤ and (right) transverse
momentum pT. The data points mark the bin centres. The quadratic sum of statistical and
uncorrelated systematic uncertainties are indicated by the vertical black lines. The correlated
systematic uncertainties are indicated by the grey area. Theoretical predictions are described in
the text.

substantial intrinsic charm content of the nucleon is observed in the data.
In summary, we report the first measurement of heavy flavour production

in fixed-target configuration at the LHC. The J/ and D0 production cross-
sections, measured in pHe collisions at

p
sNN = 86.6GeV in the rapidity

range [2, 4.6], are found to be: �J/ = 652± 33 (stat)± 42 (syst) nb/nucleon and
�D0 = 80.8± 2.4 (stat)± 6.3 (syst)µb/nucleon. No evidence for a substantial intrinsic
charm content of the nucleon is found.

Acknowledgements

We express our gratitude to our colleagues in the CERN accelerator departments for the
excellent performance of the LHC. We thank the technical and administrative sta↵ at the
LHCb institutes. We acknowledge support from CERN and from the national agencies:
CAPES, CNPq, FAPERJ and FINEP (Brazil); MOST and NSFC (China); CNRS/IN2P3
(France); BMBF, DFG and MPG (Germany); INFN (Italy); NWO (Netherlands); MNiSW
and NCN (Poland); MEN/IFA (Romania); MSHE (Russia); MinECo (Spain); SNSF

7



Hengne Li, 16 Feb. 2019,  Lake Louise, AB, Canada                                     Lake Louise Winter Institute 2019

Anti-proton production in fixed-target
❖ p̅-production measurement in fixed-target p-He collisions (2016, √sNN = 110 GeV) 

at LHCb can help to constrain the theoretical uncertainties for Dark Matter 
searches.

❖ AMS2 and PAMELA give precise measurement of anti-proton/proton ratio 
results. 

❖ But hard to draw a conclusion because imperfect knowledge of the p̅-production 
cross-sections when comparing with theoretical predictions

!11

PRL. 121, 222001 (2018) 

2.6 × 10−7 mbar, which is compatible with the expected
helium pressure.
Table I presents the list of uncertainties on the p̄ cross-

section measurement, categorized into correlated and
uncorrelated sources among kinematic bins. The corre-
lated systematic uncertainty is dominated by the uncer-
tainty on the luminosity determination. The net effect of
migration between kinematic bins due to resolution
effects is found to be negligible. A major difference
between the fixed-target configuration and the standard
pp-collision data taking in LHCb is the extension
of the luminous region. As a consequence, the result is
checked to be independent of zPV within the quoted
uncertainty in all kinematic bins. Furthermore, the results
do not show any significant dependence on the time of
data taking.
The p̄ production cross section is determined in each

kinematic bin from a sample of 33.7 × 106 reconstructed
p-He collisions, yielding 1.5 × 106 antiprotons as deter-
mined from the PID analysis. In Fig. 3, the results,
integrated in different kinematic regions, are compared

with the prediction of several models: EPOS-LHC [19], the
pre-LHC EPOS version 1.99 [26], HIJING 1.38 [27], the
QGSJET model II-04 [28] and its low-energy extension
QGSJETII-04m, motivated by p̄ production in cosmic rays
[29]. The results are also compared with the PYTHIA6.4
[30] prediction for 2 × ½σðpp → p̄XÞ þ σðpn → p̄XÞ%, not
including nuclear effects. The shapes are well reproduced
except at low rapidity, and the absolute p̄ yields deviate by
up to a factor of 2. Numerical values for the double-
differential cross section d2σ=dpdpT in each kinematic bin
are available in the Supplemental Material [31].
The total yield of p-He inelastic collisions which are

visible inLHCb is determined from theyield of reconstructed
primary vertices and is found to be compatible with EPOS-
LHC: σLHCbvis =σEPOS−LHCvis ¼ 1.08 ' 0.07 ' 0.03, where the
first uncertainty is due to the luminosity and the second to
the PV reconstruction efficiency. The result indicates that
the significant excess of p̄ production over the EPOS-
LHC prediction, visible in Fig. 3, is mostly due to the p̄
multiplicity.
In summary, using a p-He collision data sample,

corresponding to an integrated luminosity of 0.5 nb−1,
the LHCb Collaboration has performed the first measure-
ment of antiproton production in p-He collisions. The
precision is limited by systematic effects and is better than a
relative 10% for most kinematic bins, well below the spread
among models describing p̄ production in nuclear colli-
sions. The energy scale,

ffiffiffiffiffiffiffiffi
sNN

p ¼ 110 GeV, and the mea-
sured range of the antiproton kinematic spectrum are
crucial for interpreting the precise p̄ cosmic ray measure-
ments from the PAMELA and AMS-02 experiments by
improving the precision of the secondary p̄ cosmic ray flux
prediction [11,32].
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� Antiproton/proton ratio known with great precision in cosmic rays 
� AMS 2 result:     [PRL 117, 091103 (2016)]

� PAMELA result [JETP Letters 96 (2013) 621]

� Hint for a possible excess of the p/p ratio at high energies with less  energy 
dependence than expected

� The prediction for p/p ratio from spallation  of
primary cosmic rays on  interstellar medium 
(H and He) is limited by uncertainties on 
p-production cross-sections, particularly for 
p-He

� Predictions from soft QCD models vary 
within a factor  2 

¾ The energy scale of LHCb in fixed target mode is well suited to measure the     
p-He cross-section
Burkhard Schmidt Town Meeting  Relativistic Heavy Ion Collisions 10

[JCAP 1509, 023 (2015)]

❖ The unique and precise LHCb p̅-production 
results give a strong constraint to theoretical 
prediction.

❖ Gives a decisive contribution to shrink 
background uncertainties in dark matter 
searches in space 
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Heavy flavor physics in p-lead 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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Prompt Λ+c production
❖ Baryon-to-meson cross-section ratio Λ+c /D0  is 

sensitive to charm hadronisation mechanism
❖ Forward rapidity: discrepancies at high-pT 

between data and models tuned to pp 
❖ Backward rapidity: good agreement between 

data and model predictions 
❖ Compared with nPDFs:  

EPS09LO: [Comput. Phys. Commun. 184 (2013) 2562]  
EPS09NLO: [Comput. Phys. Commun. 198 (2016) 238]  
nCTEQ15: [EPJC 77 (2017) 1] 
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Figure 14: RpPb of B+ mesons as function of (top) y and as function of pT in (bottom left) pPb
and (bottom right) Pbp compared with HELAC-onia calculations using di↵erent nPDF sets as
well as with the measurement of nonprompt J/ RpPb. For the data points, the bars (boxes)
represent the statistical (systematic) uncertainties.

values as well as for the three lowest pT bins, whereas the experimental uncertainties
are typically larger at negative rapidity. In case the assumption of dominance of nuclear
modification via nPDFs holds, the results in the pPb sample give an additional constraint
that can be used in future nPDF fits.

6 Conclusions

The di↵erential production cross-sections of B+, B0 and ⇤
0
b in proton-lead collisions atp

sNN = 8.16TeV are measured in the range 2 < pT < 20GeV/c in the rapidity range
2.0 < y < 4.0 for the proton beam direction or �4.5 < y < �2.5 for the lead beam

17

b - hadron production in pPb
❖ Exclusive decay modes:  

B+ → J/ψ K+, B+ → D0 π+, B0 → D−π+, Λb0 → Λc+π− 

❖ Pattern consistent with RpA of D0 mesons
❖ Significant suppression (≈ 25%) in fwd rapidity, 

suppression decreases at large pT 
❖ Consistent with unity at backward rapidity
❖ Measurements in good agreement with J/ψ-from-b 

decay data and calculations using nPDF sets [JHEP 
04 (2009) 065, EPJ C77 (2017) 1, CPC. 198 (2016) 238]

!14

forward backward

y
4− 2− 0 2 4

+ B PbpR

0.4

0.6
0.8

1
1.2

1.4
1.6

1.8
2

LHCb preliminary
 = 8.16 TeVNNs, pPb/Pbp
c < 20 GeV/

T
p2 < 

Data
EPPS16
nCTEQ15
EPPS16*

b-from-ψ/J

]c [GeV/
T
p

5 10 15 20
+ B PbpR

0.4

0.6
0.8

1
1.2

1.4
1.6

1.8
2

 = 8.16 TeVNNsPb, p
LHCb preliminary

 < 3.5y2.5 < 

Data
EPPS16
nCTEQ15
EPPS16*

b-from-ψ/J

]c [GeV/
T
p

5 10 15 20

+ B PbpR

0.4

0.6
0.8

1
1.2

1.4
1.6

1.8
2

 = 8.16 TeVNNsPb, p
LHCb preliminary

2.5− < y3.5 < −

Data
EPPS16
nCTEQ15
EPPS16*

b-from-ψ/J

Figure 14: RpPb of B+ mesons as function of (top) y and as function of pT in (bottom left) pPb
and (bottom right) Pbp compared with HELAC-onia calculations using di↵erent nPDF sets as
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values as well as for the three lowest pT bins, whereas the experimental uncertainties
are typically larger at negative rapidity. In case the assumption of dominance of nuclear
modification via nPDFs holds, the results in the pPb sample give an additional constraint
that can be used in future nPDF fits.

6 Conclusions

The di↵erential production cross-sections of B+, B0 and ⇤
0
b in proton-lead collisions atp

sNN = 8.16TeV are measured in the range 2 < pT < 20GeV/c in the rapidity range
2.0 < y < 4.0 for the proton beam direction or �4.5 < y < �2.5 for the lead beam
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Nuclear modification factor vs. B+ pT

Nuclear 
modification 
factor vs. B+ 

rapidity

LHCb-CONF-2018-004 
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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.

– 11 –

Υ(nS) production in pPb
❖ Υ(nS) suppression observed in PbPb and pPb/Pbp by 

CMS and ALICE at low-pT 
❖ LHCb results at 8.16 TeV:

❖ Clear Υ(3S) signal in both forward and backward 
rapidity 

❖ Υ(1S) forward suppressed by ~30% 

❖ Υ(1S) backward compatible with 1 within nPDF 
uncertainties 

❖ Υ(2S) additional suppression confirmed 
❖ Comparing with models: 

- EPPS16: Eur. Phys. J. C (2017) 77 163  
- EPS09: JHEP 04 (2009) 065  
- nCTEQ15: Phys.Rev.D93 (2016) 085037  
- Comovers: Phys. Lett. B749 (2015) 98 
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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 –

forward backward

Di-muon invariant mass

Υ(1S)

Nuclear modification factor vs. Υ(nS) rapidity

Υ(2S)
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Lead-lead collisions

!16

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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J/ψ production in ultra-peripheral PbPb collisions
❖ Ultra-peripheral collisions: Two nuclei bypass each other with 

an impact parameter larger than the sum of their radii.

❖ Photon-induced J/ψ production cross-section is enhanced by 
the strong electromagnetic field of the nucleus  

❖ Coherent (photon couples to all nucleons) J/ψ production 
gives constraints to nPDF 

❖ Cross section for coherent J/ψ production at 5 TeV: 

❖ Phenomenological models:  
PRC 97 024901 (2018), PRD 96 094027 (2017), PRC 93 055206 
(2016), PLB 772 (2017) 832 

!17

LHCb-CONF-2018-003 

Dimuon mass [MeV]
3000 3500 4000

C
an

di
da

te
s /

 ( 
13

 M
eV

 )

1−10

1

10

210

310 LHCb Preliminary
 = 5 TeVNNsPb-Pb 

data
ψJ/
(2S)ψ

non-resonant
sum

Figure 1: Dimuon invariant mass spectrum in the range between 2.7 and 4.0GeV. The contribu-

tion of (solid blue line) J/ , (solid green line)  (2S) and (black dashed line) nonresonant are

shown individually and the sum of all contributions is represented by the orange curve.
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Figure 2: Distribution of log(p2T) of dimuon candidates after all requirements have been applied.

The orange line represents the fit to the data points; the blue line shows the coherent contribution

and the green (black) line shows the incoherent and feed-down (nonresonant) component. A fit is

performed to data using three di↵erent templates obtained from the STARlight event generator.

and selection e�ciencies.123

The e�ciency of the hardware trigger is determined from simulated events. It is124

compared to the e�ciency obtained with a data-driven method on a smaller data sample125

selected by independent triggers, and the di↵erence taken as systematic uncertainty.126

The e�ciency of the software stage trigger is cross-checked by an independent estimation127

in data. Here, events are selected with a di↵erent trigger requirement. The e�ciencies are128
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Figure 3: Di↵erential cross-section for coherent J/ production compared to di↵erent phe-

nomenological predictions. The LHCb measurements are shown as points, where inner and outer

error bars represent the statistical and the total uncertainties respectively.

6 Conclusions and prospects189

The coherent J/ production cross-section times branching fraction in PbPb collisions at190 p
sNN = 5TeV, corresponding to an integrated luminosity of about 10µb�1, is measured191

to be � = 5.3±0.2 (stat)±0.5 (syst)±0.7 (lumi)mb. The measurement uses J/ mesons192

reconstructed in the dimuon final state with reconstructed pT < 1GeV and 2.0 < y < 4.5,193

where muons are detected within the pseudorapidity region 2.0 < ⌘ < 4.5. The cross-194

section is also measured in five bins of J/ rapidity and the results are compared to195

predictions from di↵erent phenomenological models.196

There are ongoing studies to increase the pseudorapidity coverage by using the197

HeRSCheL forward shower counters [27]. The HeRSCheL counters were used in198

Ref. [21], resulting in lower backgrounds. A reduction of the incoherent background is199

expected after vetoing significant energy detected in HeRSCheL, as shown in Fig 4.200
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Table 1: Relative systematic uncertainties considered for the cross-section measurement of

coherent J/ production. The first two contributions are taken from Ref. [21].

Source Relative uncertainty (%)
Reconstruction e�ciency 2.1–4.5
Selection e�ciency 3.2
Hardware trigger e�ciency 3.0
Software trigger e�ciency 1.6–5.3
Momentum smearing 3.3
Mass fit model 3.9
Feed-down background 5.8
Branching Fraction 0.6
Luminosity 13.0

consistent, and the statistical uncertainty of this test is assigned as systematic uncertainty.129

The systematic uncertainties related to the e�ciencies of the requirement on the130

multiplicity of SPD deposits and on the muon pT are estimated by assuming that the131

all events failing these requirements can be either background or signal. The systematic132

uncertainty related to the dimuon mass e�ciency is taken from the error of the integral133

of the double-sided Crystal Ball function. The VELO track multiplicity requirement is134

found to be 100% e�cient and no uncertainty is assigned.135

The signal and background templates used in the log(p2T) fit are a↵ected by the ad-hoc136

momentum smearing. An alternative smearing model is performed varying the smearing137

factor with the muon pT instead of the muon momentum. A di↵erence of 3.3% in the138

signal yield is observed and assigned as systematic uncertainty.139

The systematic uncertainty associated to the signal model in the fit to the dimuon140

mass spectrum is assessed using an alternative model. A single-sided Crystal Ball function141

is used for the signal and the di↵erence in the signal yields with respect to the nominal fit142

is assigned as systematic uncertainty.143

Since there is no dedicated template distribution for the feed-down background in144

the log(p2T) fit, a systematic uncertainty is evaluated. The J/ candidate selection is145

modified in order to allow for two additional opposite-sign tracks that are consistent with146

originating from a mixture of coherent and incoherent production of  (2S)! J/ ⇡+⇡�
147

decays. After requiring the reconstructed mass of the  (2S) candidates to be within148

65MeV of the known  (2S) mass, 22 candidates are observed. Using the ratio between 22149

and the number of observed  (2S)! µ+µ� decays, 78.5± 3.1 J/ mesons are expected150

to come from  (2S)! J/ X feed-down. Assuming that half of these candidates may be151

included in the signal yield, a systematic uncertainty of 5.8% is assigned.152

5 Results153

The cross-section for coherent J/ production within the fiducial region is calculated154

using Eq. 1 and found to be � = 5.3± 0.2 (stat)± 0.5 (syst)± 0.7 (lumi)mb, where the155

first uncertainty is statistical and the second is systematic and the third is due to the156

5
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Conclusions
❖ LHCb provides unique datasets for Heavy Ion physics studies.
❖ The collider mode gives unique constraints on nuclear modifications in proton-nucleus collisions at low-x 

and high-x
❖ The fixed-target mode covers the center-of-mass energy gap between SPS and RHIC, sensitive to nuclear 

modification of PDFs & intrinsic charm contents 
❖  Some recent results have been presented, and more results to come  

︎ 2016 pPb analyses ongoing  
︎ 2018 PbPb collisions have got 20 times more statistics than 2015  
︎ 2017 large pNe data sample to analyze and 2018 PbNe collisions

❖ Rich heavy ion program with LHCb upgrade and the fixed-target upgrade ! 

!18
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Fixed-target system (SMOG) upgrade!

❖ Current LHCb fixed-target setup will be 
upgraded for Run 3 

❖ Plan for a storage cell, placed upstream 
❖ Injection of noble gases but also H2 and D2 

gas as references
❖ 10−100 times larger instantaneous luminosity 

per unit length 
❖ Other upgrades (crystal target, polarised target, 

wire target) under discussion 

!19

Fixed-target upgrade

Current LHCb fixed-target setup will be upgraded for Run 3

Plan for a storage cell, placed upstream

! Injection of noble gases but also H2, D2 as references

! 10�100 times larger instantaneous luminosity per unit length

Other upgrades (crystal target, polarised target, wire target) under discussion

Émilie Maurice (LLR, LAL) Heavy ion and fixed target collisions at LHCb 18/19

Stay tuned!
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Backup slides

!20
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Motivation for Heavy Ion Studies at LHCb
❖ Investigate the nucleon structure by comparing free p-p 

interactions versus bound nucleons (pA) inside the 
nucleus 
❖ nPDFs can be probed via quarkonia, electroweak 

bosons, Drell-Yan measurements, etc.. 
❖ Access to very small x (colliding beam mode) and large 

x (fixed target mode) 
❖ Dynamics of hadronization process [nuclear matter effects]
❖ Measurement of total cross sections, energy flow, particle 

multiplicities, etc… 
❖ Complementary probes of QCD
❖ Ultra-peripheral collisions: exclusive ρ0 production, 

exclusive photo-production of J/ψ... 

!21
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Prompt D0 modification factor
❖ D0 cross-section and modification factor in pPb at √𝑠 

= 5.02 TeV 

❖ D0 fully reconstructed through𝐷0→𝐾- 𝜋+ decays 

❖ RpPb suppressed in forward region (~30%), no 
suppression in backward region, hint of small 
excess at large backward rapidity (y*<-4) 

❖ Measurements consistent with predictions using 
nPDFs or CGC framework:  [ EPJC 77 (2017) 1, 
Comp. Phys. Com. 198 (2016) 238, Comp. Phys. Com. 
184 (2013) 2562 ] 

❖ At forward rapidity measurement also consistent 
with CGC models:  [Phys. Rev. D91 (2015) 114005, 
arXiv:1706.06728] 
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Figure 5. Nuclear modification factor RpPb as a function of pT for prompt D0 meson production
in the (left) backward data and (right) forward data, integrated over the common rapidity range
2.5 < |y∗| < 4.0 for pT < 6GeV/c and over 2.5 < |y∗| < 3.5 for 6 < pT < 10GeV/c. The uncertainty
is the quadratic sum of the statistical and systematic components. The CGC predictions marked
as CGC1 [67] and CGC2 [68] are only available for the forward region.
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Prompt J/ψ modification factor
❖ In forward region: up to 50% suppression at 

low 𝑝T , converging to unity at high 𝑝T 

❖ In backward region: RpPb closer to unity, 
intriguing low values at low 𝑝T

❖ Overall good agreement with models, but 
some have large uncertainties

❖ Results are compatible with LHCb results at 5 
TeV [JHEP 02 (2014) 072] 

❖ Result on Ψ(2S) modification factor is coming 
soon

!23

166 LHCb Collaboration / Physics Letters B 774 (2017) 159–178

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:

166 LHCb Collaboration / Physics Letters B 774 (2017) 159–178

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:

forward backward

Nuclear modification factor vs. J/ψ pT

Nuclear 
modification 
factor vs. J/ψ 

rapidity

PLB774 (2017) 159 



Hengne Li, 16 Feb. 2019,  Lake Louise, AB, Canada                                     Lake Louise Winter Institute 2019

Centrality of the PbPb collisions
❖ Detector limitation: Saturation in the Vertex Locator and the Tracking 

System for the most central PbPb collisions
❖ Current LHCb tracking algorithm, efficient for centrality above 50% 

❖ Centrality measured using the total energy deposited in the 
calorimeters: 

❖ A good centrality estimator.
❖ No saturation of calorimeter signals even for most central collisions 

!24

q 24 colliding bunches in LHCb
q Pb-Pb data taken without any global event cut

à Important for future determination of the collision centrality
àTrack reconstruction performed for events with number of clusters in the Velo up to 15000

(max number of clusters in the Velo ~ 45000)

First LHCb Pb-Pb data taking (2015) 

30

Phys. Rev. C. 88 (2013) 044909

à Related to the initial overlap region of the colliding nuclei
à Collision geometry determines the number of nucleons that participate in the collision 

Many quantities scale with Npart: particle 
multiplicity, transverse energy

Centrality is an important quantity in heavy ion collisions
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Pb-Pb data event displays (dec 2015)

50% 
less central


