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LHCb detector

General purpose single-arm forward spectrometer
• Acceptance

• 2 < η < 5 with particle identification
• 0.1 < 𝑝! / GeV𝑐"#< 10

• Very good momentum and vertex resolution
• Very good discrimination of prompt charm & beauty

• Very accurate luminosity (world record for p-p 7 TeV)
• PID optimal for µ, p, K, p
• Flexible software trigger
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• p-p 𝑠 = 13 TeV
• Prompt charged particles New

• p-Pb 𝑠!! = 8.16 TeV
• Cross-section ratio σ(χc2)/σ(χc1) New
• Charm pair production

• Pb-Pb 𝑠!! = 5.02 TeV
• J/ψ photo-production in hadronic Pb-Pb collisions New

√sNN = 8.16 TeV

√s = 13 TeV

√sNN = 5.02 TeV



Muon Puzzle in air showers
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• Air showers are hadronic cascades driven by soft-QCD interactions
• Muon Puzzle: μ deficit in simulated showers starting at 𝑠$$ ≈ 8 TeV
• Muon production quantitatively linked to forward hadron production

and hadron composition
• Nuclear effects in target important, large interest in p+O

Example event from Pierre Auger Observatory EAS-MSU, IceCube, KASCADE-Grande, NEVOD-DECOR, Pierre 
Auger, SUGAR, Telescope Array, Yakutsk EAS Array Collaborations 
(HD et al.), EPJ Web Conf. 210 (2019) 02004

Tanguy Pierog, HD

Tanguy Pierog, HD

Tanguy Pierog, HD

ALICE, EPJC 68 (2010) 345
LHCb, EPJC 72 (2012) 1947
CMS, PLB 751 (2015) 143-163

Ulrich et al. PRD 83 (2011) 054026 Baur et al. arxiv:1902.09265

https://doi.org/10.1140/epjc/s10052-010-1350-2
https://doi.org/10.1140/epjc/s10052-012-1947-8
https://doi.org/10.1016/j.physletb.2015.10.004
https://doi.org/10.1103/PhysRevD.83.054026
https://arxiv.org/abs/1902.09265


Prompt charged particles
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detector surrounding the pp interaction region, a large-area silicon-strip detector located44

upstream of a dipole magnet with a bending power of about 4Tm, and three stations45

of silicon-strip detectors and straw drift tubes placed downstream of the magnet. The46

tracking system provides a measurement of the momentum, p, of charged particles with47

a relative uncertainty that varies from 0.5% at low momentum to 1.0% at 200GeV/c.48

The minimum distance of a track to a primary pp collision vertex, the impact parameter,49

is measured with a resolution of (15 + 29/pT)µm, where pT is the component of the50

momentum transverse to the beam, in GeV/c. Di↵erent types of charged hadrons are51

distinguished using information from two ring-imaging Cherenkov detectors. Photons,52

electrons and hadrons are identified by a calorimeter system consisting of scintillating-pad53

and preshower detectors, an electromagnetic and a hadronic calorimeter. Muons are54

identified by a system composed of alternating layers of iron and multiwire proportional55

chambers.56

The online event selection for this measurement is performed by an unbiased trigger.57

Therefore, no trigger-related systematic uncertainty arises. At the hardware stage, events58

are accepted at a fixed rate. The software stage then restricts the data sample to collisions59

of leading bunches of the LHC bunch trains, which rejects background from previous bunch60

crossings. The analysed data sample contains the events from two LHC fills, recorded61

with opposite magnetic-field configurations. The larger fill comprises 226 ⇥ 106 events62

and corresponds to an integrated luminosity of 3.0 nb�1, while the smaller fill comprises63

134 ⇥ 106 events and corresponds to an integrated luminosity of 2.4 nb�1. The results64

are obtained from the combined data sample, but as a cross-check, the analysis is also65

performed separately for each fill. Furthermore, beam-gas collisions, where only one of66

the two beams traverses the detector, have been collected for each fill. These are used to67

measure the background from interactions of the beams with residual gas in the beam68

pipe.69

Simulation is required to model the e↵ects of the imposed selection requirements and70

to study the background contributions. In the simulation, pp collisions are generated using71

Pythia [10] with a specific LHCb configuration [11]. Decays of unstable particles are72

described by EvtGen [12], in which final-state radiation is generated using Photos [13].73

The interaction of the generated particles with the detector, and its response, are im-74

plemented using the Geant4 toolkit [14] as described in Ref. [15]. For each of the two75

magnetic-field configurations, a trigger-unbiased sample containing 107 events has been76

simulated.77

3 Analysis strategy78

The cross-section of inclusive particle production is proportional to the rate at which79

particles are emitted into a local region of phase space. Based on a particle count, n, in a80

pseudorapidity bin with a width of �⌘ and a transverse-momentum bin with a width of81

�pT that is obtained from a data set corresponding to an integrated luminosity of L, the82

di↵erential cross-section is determined as83

d2�

d⌘ dpT
⌘ n

L�⌘�pT
. (1)

It is computed in bins with finite widths, which is also the case for the predictions from84

hadronic-interaction models. Uncertainties arise only from n and L. The particle count to85
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pp 13 TeV 5.4/nbLHCb-PAPER-2021-010-001, to be submitted to JHEP

• First double-differential forward charged particle spectrum at 13 TeV
• Fundamental measurement for (soft-)QCD, generator tuning, and astroparticle physics

• Loose candidate selection with high efficiency

• Total efficiency from data-adjusted simulation

• Backgrounds subtracted using data-adjusted simulation;
e.g. fake tracks, tracks from material interactions

• Analysis written completely in Python
• Numerical code accelerated with Numba
• Python scientific stack + Scikit-HEP tools

be measured is the number of prompt long-lived charged particles produced in beam-beam86

collisions, which constitute the signal in this analysis. A particle is classified as a long-lived87

particle if its lifetime is greater than 30 ps, and it is prompt if it is produced directly in88

the primary interaction or if none of its ancestor particles is long-lived [16].89

To select candidates for prompt long-lived charged particles, only reconstructed tracks90

that traverse the entire tracking system are used. Amongst these, fake tracks can be91

present, which do not correspond to a real particle. Their contribution is reduced by92

imposing a requirement on the fake-track probability, provided by a neural-network-based93

algorithm for each track. No further selection requirements are applied. However, the94

number of fake tracks is still non-negligible. Non-prompt tracks passing the selection95

are another source of background. These tracks originate from interactions of particles96

with the detector material, interactions of the beams with residual gas or from decays of97

long-lived particles.98

Consequently, the number of candidate tracks, ncand, is related to the number of signal99

particles, n, according to100

ncand = "n+
X

i

nbackgr, i , (2)

where " denotes the selection e�ciency, and the sum includes the number of background101

tracks, nbackgr, i, for each source. As " and nbackgr, i are not known in data, their values102

are taken from simulation. To correct for imperfect modelling, control measurements103

are performed, and the simulation is adjusted. For this purpose, proxy variables, Pi, are104

defined that are proportional to nbackgr, i and measurable in data. Then, the ratio of the105

background counts in data and simulation is equal to the ratio of the proxy variables in106

data and simulation,107

nbackgr, i

nbackgr, i, sim
=

Pi

Pi, sim
, (3)

which is used to replace nbackgr, i. The selection e�ciency in simulation is given by the ratio108

of the number of candidate tracks that can be matched to signal particles, ncand, sim,matched,109

and the number of signal particles. Therefore, the quantity of interest, n, can be expressed110

as111

n =

✓
"

"sim

◆�1 nsim

ncand, sim,matched

 
ncand �

X

i

Pi

Pi, sim
nbackgr, i, sim

!
, (4)

where "/"sim is the correction to the selection e�ciency in simulation. The background112

induced by beam-gas interactions, which are not simulated, is determined through the113

number of tracks that are produced in the recorded beam-gas collisions and pass the114

selection. This number consists of the track count obtained from the collisions where only115

the beam travelling from the vertex detector towards the muon system is active, denoted116

by ncand,BG, and that obtained from the collisions where only the beam travelling in the117

opposite direction is active, denoted by ncand,GB. The numbers of collisions with these118

configurations are represented by NBG and NGB, respectively, while NBB is the number of119

beam-beam collisions. This results in the final formula120

n =

✓
"

"sim

◆�1 nsim

ncand, sim,matched

 
ncand �

X

i

Pi

Pi, sim
nbackgr, i, sim

�NBB

✓
ncand,BG

NBG
+

ncand,GB

NGB

◆!
,

(5)

3

prompt particles

detection and selection efficiency

Control study on fake track probability

https://scikit-hep.org/
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• Uncertainty (2.3 to 15) %
• Fake tracks < 9.5 %
• Material interactions < 12 %
• Tracking efficiency < 5.1 %

• Full covariance matrix will be published for first time for 
charge particle analysis in LHCb

• Comparison with QCD generators
• Generators mostly overestimate forward density 
• Charge density: Best agreement with EPOS-LHC
• Charge ratio: Best agreement with Pythia-8.3

• Outlook: Extend to p-Pb and identified hadron spectra

pp 13 TeV 5.4/nbLHCb-PAPER-2021-010-001, to be submitted to JHEP

Outlook:
reduce each with 
improved techniques



Cross-section ratio σ(χc2)/σ(χc1)
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p-Pb @ 8.16 TeV 35/μbarxiv:2103.07349, submitted to PRC Letter

• First measurement of prompt χc1 and χc2 production in p-Pb at TeV scale
• χcJ with J=0,1,2 triplet of orbitally excited charmonia
• χc1 and χc2 small difference in binding energy, study final state effects with cross-section ratio

• Reconstruction via χcJ ➝ J/ψ γ followed by J/ψ ➝ μμ; two photon classes
• Converted photons in material upstream of magnet (high momentum resolution)
• Calorimetric photons (larger sample)

Figure 1: Mass-di↵erence spectra of converted �c1,2 candidates in forward (left) and backward
(right) configuration data. The data are superimposed with a fit (solid blue line) comprising �c1

and �c2 signals and combinatorial background (dashed black line).

250 300 350 400 450 500 550 600 650
]2c [MeV/MΔ

0

50

100

150

200

250

300
 )2 c

Ev
en

ts
 / 

( 5
  M

eV
/ Data

Total fit
Background

 signal
c1
χ

 signal
c2
χ

LHCb
 = 8.16 TeVNNspPb 

Calorimetric photons
* < 4.0y1.5 < 

250 300 350 400 450 500 550 600 650
]2c [MeV/MΔ

0

50

100

150

200

250

300

 )2 c
Ev

en
ts

 / 
( 5

  M
eV

/ Data
Total fit
Background

 signal
c1
χ

 signal
c2
χ

LHCb
 = 8.16 TeVNNspPb 

Calorimetric photons
*< -2.5y-5.0 < 

Figure 2: Mass-di↵erence spectra of calorimetric �c1,2 candidates in forward (left) and backward
(right) data. The data are superimposed with a fit result (solid blue line) comprising �c1 and
�c2 signals and combinatorial background (dashed black line).

(a convolution of a Breit-Wigner and a Gaussian function), and the background shape
is varied between second- and third-order Chebyshev polynomials. The natural widths
of the �c1 and �c2 states are narrow compared to the resolution, the Breit-Wigner
widths are therefore fixed to the known values [23]. The fit range is varied between
100 (150) < �M < 900 MeV/c2 and 200 < �M < 800 (850) MeV/c2 for the converted
candidates at forward (backward) rapidity. For the calorimetric candidates, the fit range
is varied between 250 < �M < 650 MeV/c2 and 300 < �M < 600 MeV/c2 in the two
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Figure 1: Mass-di↵erence spectra of converted �c1,2 candidates in forward (left) and backward
(right) configuration data. The data are superimposed with a fit (solid blue line) comprising �c1

and �c2 signals and combinatorial background (dashed black line).

Figure 2: Mass-di↵erence spectra of calorimetric �c1,2 candidates in forward (left) and backward
(right) data. The data are superimposed with a fit result (solid blue line) comprising �c1 and
�c2 signals and combinatorial background (dashed black line).

(a convolution of a Breit-Wigner and a Gaussian function), and the background shape
is varied between second- and third-order Chebyshev polynomials. The natural widths
of the �c1 and �c2 states are narrow compared to the resolution, the Breit-Wigner
widths are therefore fixed to the known values [23]. The fit range is varied between
100 (150) < �M < 900 MeV/c2 and 200 < �M < 800 (850) MeV/c2 for the converted
candidates at forward (backward) rapidity. For the calorimetric candidates, the fit range
is varied between 250 < �M < 650 MeV/c2 and 300 < �M < 600 MeV/c2 in the two
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The e↵ects of the detector acceptance as well as of the reconstruction and selection
e�ciencies are investigated with simulated events. The �c1,2 signal is generated in
Pythia [26] with an LHCb specific configuration [27]. The �c1 and �c2 states are
generated assuming unpolarized production. The underlying minimum bias forward and
backward pPb collisions are generated using the Epos event generator configured for the
LHC [28]. Unstable particles are decayed via EvtGen [29]. The J/ ! µ+µ� decays
are corrected for final-state electromagnetic radiation using Photos [30]. The response
of the detector to the interactions of the generated particles is implemented using the
Geant4 toolkit [31]; for a detailed description see Ref. [32].

This Letter aims at measuring the ratio of the cross sections for prompt �c1 and �c2

production. The cross-section ratio is defined as

�(�c2)

�(�c1)
=

N�c2

N�c1

"�c1

"�c2

B(�c1! J/ �)

B(�c2! J/ �)
. (2)

Here, N�c2 and N�c1 represent the signal yields of the �c2 and �c1 states, respectively,
and "�c2 and "�c1 denote the e�ciencies to reconstruct and select the corresponding state.
The branching fractions for the �c1,2 decays are B(�c1 ! J/ �) = (34.3± 1.0)% and
B(�c2! J/ �) = (19.0± 0.5)% [23].

The �c1 and �c2 signal yields are determined by performing a binned maximum-
likelihood fit to the spectra of the di↵erence between the invariant mass of the µ+µ��
candidate and that of the µ+µ� pair, �M ⌘ M(µ+µ��) �M(µ+µ�). The fit function
comprises a Gaussian shape for the �c1 and �c2 resonances and a background component
described with a second-order Chebyshev polynomial. In the fit, the di↵erence between
the values of the �c1 and �c2 masses is set to the known mass di↵erence [23]. The widths
of the �c1 and �c2 peaks are set to be equal, following expectations from simulation, and
left as a free parameter. The �c0 peak is also included in the fit, however no significant
�c0 yield is observed. The fit to the spectra of converted candidates is performed in the
range 200 < �M < 800 (850) MeV/c at forward (backward) rapidity. For the calorimetric
candidates, the invariant-mass di↵erence spectrum is fitted between 250 < �M < 650
MeV/c in the two rapidity intervals. The mass-di↵erence spectra of the converted and
calorimetric samples are shown, together with the fit components, in Figs. 1 and 2,
respectively. In the converted samples, the yield ratio N�c2/N�c1 is determined to be
0.51± 0.23 at forward and 0.56± 0.26 at backward rapidity, where the uncertainties are
statistical. In the calorimetric samples, these ratios are found to be 0.63± 0.08 at forward
and 0.67 ± 0.10 at backward rapidity. Individual yields as well as their corresponding
significance are listed in Table 1.

Since the kinematics of �c1 and �c2 decays are nearly identical, various detector e↵ects
such as tracking and particle-identification e�ciencies cancel out in the ratio, so that the

e�ciency ratio in Eq. 2 can be expressed as
"�c1

"�c2

=
"acc�c1

"acc�c2

"reco�c1

"reco�c2

. The factor "acc expresses

the geometrical acceptance of the decay products to fall within the LHCb acceptance,
while the factor "reco represents the e�ciency of selection and reconstruction of the signal
candidates. These correction factors are computed from dedicated simulated events.

The systematic uncertainties on the cross-section ratios are determined as follows.
A systematic uncertainty on the signal extraction is determined by varying the models
used in the mass-di↵erence fits. Several di↵erent signal and background models are
tested. The signal shapes are varied between Gaussian functions and Voigtian functions

3

https://arxiv.org/abs/2103.07349
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Figure 3: Cross-section ratio, �(�c2)/�(�c1) as a function of center-of-mass rapidity y⇤, for the
�c2 and �c1 promptly produced in pPb collisions measured using converted photons (red circles)
and calorimetric photons (blue squares). The error bars correspond to the total uncertainties.
Blue points and vertical uncertainties are shifted horizontally to improve visibility. The pPb
data are compared with results of converted sample in pp collisions at

p
s = 7 TeV [15] (yellow

triangles).

comparison between the shown pPb and pp data is the rapidity range, where the pPb
results are shifted by �0.5 in rapidity. Bearing that in mind, we can express the relative
suppression of �c2 and �c1 states via the ratio of their nuclear modification factors

R ⌘
�(�c2)/�(�c1)|pPb
�(�c2)/�(�c1)|pp

. (3)

Using the more precise calorimetric pPb results, the ratio of nuclear-modification factors
amounts to R = 1.41± 0.21± 0.18 at forward and R = 1.44± 0.24± 0.25 at backward
rapidity, and is consistent with unity, suggesting that within the precision achieved with
current data the nuclear e↵ects have the same impact on both �c1 and �c2 states, as
expected.

In summary, we present the first measurement of �c1,2 charmonium production in
nuclear collisions at the LHC. The cross-section ratio �(�c2)/�(�c1) is consistent with unity
for both forward and backward rapidity regions. This suggests that the final-state nuclear
e↵ects impact the �c1 and �c2 states similarly within the achieved precision. Moreover,
comparison with results measured in pp collisions hints at very similar suppression patterns
between the two states.
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forward

backward

• Cross-section ratios compatible with unity
• Forward and backward ratios consistent
• Similar final state effects for χc1 and χc2

• Ratio compared to pp 7 TeV
• Double ratio consistent with 1 within 

uncertainties (deviation < 2σ)

p-Pb @ 8.16 TeV 35/μbarxiv:2103.07349, submitted to PRC Letter

First error: stat.
Second error: sys.

• Selection of prompt χcJ via pseudo decay-time tz
• Efficiencies taken from simulation

(EPOS-LHC + Pythia-8.1)

The e↵ects of the detector acceptance as well as of the reconstruction and selection
e�ciencies are investigated with simulated events. The �c1,2 signal is generated in
Pythia [26] with an LHCb specific configuration [27]. The �c1 and �c2 states are
generated assuming unpolarized production. The underlying minimum bias forward and
backward pPb collisions are generated using the Epos event generator configured for the
LHC [28]. Unstable particles are decayed via EvtGen [29]. The J/ ! µ+µ� decays
are corrected for final-state electromagnetic radiation using Photos [30]. The response
of the detector to the interactions of the generated particles is implemented using the
Geant4 toolkit [31]; for a detailed description see Ref. [32].

This Letter aims at measuring the ratio of the cross sections for prompt �c1 and �c2

production. The cross-section ratio is defined as

�(�c2)

�(�c1)
=

N�c2

N�c1

"�c1

"�c2

B(�c1! J/ �)

B(�c2! J/ �)
. (2)

Here, N�c2 and N�c1 represent the signal yields of the �c2 and �c1 states, respectively,
and "�c2 and "�c1 denote the e�ciencies to reconstruct and select the corresponding state.
The branching fractions for the �c1,2 decays are B(�c1 ! J/ �) = (34.3± 1.0)% and
B(�c2! J/ �) = (19.0± 0.5)% [23].
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calorimetric samples are shown, together with the fit components, in Figs. 1 and 2,
respectively. In the converted samples, the yield ratio N�c2/N�c1 is determined to be
0.51± 0.23 at forward and 0.56± 0.26 at backward rapidity, where the uncertainties are
statistical. In the calorimetric samples, these ratios are found to be 0.63± 0.08 at forward
and 0.67 ± 0.10 at backward rapidity. Individual yields as well as their corresponding
significance are listed in Table 1.

Since the kinematics of �c1 and �c2 decays are nearly identical, various detector e↵ects
such as tracking and particle-identification e�ciencies cancel out in the ratio, so that the

e�ciency ratio in Eq. 2 can be expressed as
"�c1

"�c2

=
"acc�c1

"acc�c2

"reco�c1

"reco�c2

. The factor "acc expresses

the geometrical acceptance of the decay products to fall within the LHCb acceptance,
while the factor "reco represents the e�ciency of selection and reconstruction of the signal
candidates. These correction factors are computed from dedicated simulated events.

The systematic uncertainties on the cross-section ratios are determined as follows.
A systematic uncertainty on the signal extraction is determined by varying the models
used in the mass-di↵erence fits. Several di↵erent signal and background models are
tested. The signal shapes are varied between Gaussian functions and Voigtian functions

3

from alternating tiles of scintillating material and lead, and hadronic (HCAL) calorimeter.
The SPD and PS are designed to discriminate between signals from photons and electrons,
while ECAL and HCAL provide the energy measurement and identify electromagnetic
radiation and neutral hadrons. Muons are identified by a system composed of alternating
layers of iron and multiwire proportional chambers.

The pPb data were collected with the LHCb experiment in two distinct beam con-
figurations. In the forward configuration, the particles produced in the direction of the
proton beam are measured in a center-of-mass rapidity region 1.5 < y⇤ < 4.0, while in
the backward configuration, particles produced in the lead-beam direction are measured
at center-of-mass rapidity �5.0 < y⇤ < �2.5. The forward (backward) data sample
corresponds to an integrated luminosity of about 14µb�1 (21µb�1).

The analyzed events are selected by a set of triggers designed to record collisions
containing the decay J/ ! µ+µ�. The J/ candidates are reconstructed from a pair
of oppositely charged muons with momentum component transverse to the beam, pT,
larger than 700 MeV/c, originating from a common vertex and an invariant mass within
±42 MeV/c2 of the known J/ mass [23] (corresponding to three times the dimuon
mass resolution). The J/ candidates are combined with a photon candidate to form
a �c1,2 candidate. The photons used in this analysis are classified in two mutually
exclusive types: those that have converted in the detector material upstream of the
dipole magnet and of which the electron and positron tracks were reconstructed in the
tracking system (converted photons), or those reconstructed through their energy deposits
in the calorimetric system (calorimetric photons). The calorimetric samples are about
an order of magnitude larger than the converted samples but are a↵ected by worse mass
resolution. The converted photons are reconstructed from a pair of oppositely charged
electron candidates and are required to have a transverse momentum pT > 600 MeV/c
and a good-quality conversion vertex � ! e+e�. Calorimetric photons are identified
using the ratio of their energy deposited in the hadronic and electromagnetic calorimeters
and a pair of likelihood-based classifiers that discriminate photons from electrons and
hadrons [24, 25]. Calorimetric photons accepted for the analysis are required to have
pT > 1 GeV/c. The two measurements discussed in this Letter are independent given
the di↵erent reconstruction between the converted and the calorimetric photons. The
selected µ+µ�� combinations, which comprise the �c1,2 candidates, are required to be
reconstructed within the pseudorapidity window 2 < ⌘ < 4.5 and in the transverse
momentum range of 3 < pT < 15 GeV/c for the converted and 5 < pT < 15 GeV/c for
the calorimetric candidates. In order to select the �c1,2 candidates produced promptly at
the primary-collision vertex and to suppress nonprompt production from b-hadron decays
occurring away from the primary vertex, an upper limit is imposed on the pseudo-decay
time of the candidates, defined as

tz =
(zdecay � zPV)⇥M�c1

pz
, (1)

where zdecay � zPV is the di↵erence between the positions of the reconstructed vertex of
the �c1,2 candidate and the primary proton-nucleus collision vertex along the beam axis,
pz is the longitudinal component of the �c1,2 candidate momentum and M�c1 is the known
mass of �c1 meson [23]. The pseudo-decay time is limited to tz < 0.1 ps. The �c1 and �c2

candidates originating from decays of short-lived resonances, such as  (2S) produced at
the interaction point, are also considered in the analysis.

2
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• First measurement of charm pair production in p-Pb at 8.16 TeV
• Sensitive to double parton scattering (DPS)
• Sensitive probe of nPDF
• Test universality of σeff in DPS cross-section

• Single parton scattering (SPS)
• Produced hadrons correlated
• Cross-section scales roughly with mass number A

• Double parton scattering (DPS)
• Correlated and uncorrelated hadrons
• Cross-section scaling enhanced,  about factor 3 in p-Pb wrt SPS

• Analysis of kinematic distributions of  D1 D2 and J/ψD pairs (D = D0, D+, Ds
+)

• Opposite-sign pair, e.g. 𝐷%𝐷% SPS enhanced
• Like-sign pair, e.g. 𝐷%𝐷% DPS enhanced
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At high energy hadron colliders, particles are produced in fundamental collisions of
internal partons in the beam projectiles. The underlying parton densities are described by
parton distribution functions (PDFs). A collision event can produce multiple heavy-flavor
hadrons via a single parton scattering (SPS) or multiple parton scatterings. The latter,
generating on average a larger number of charged tracks, could explain the heavy-flavor
production rate in high-multiplicity events [1–4]. In a simple model, assuming that the
PDFs of two partons in the same projectile are independent, the associated production
cross-section of final-state particles A and B from two separate partonic interactions, i.e. a
double parton scattering (DPS) process, is related to the inclusive production cross-section
of A and B, �A and �B, as [5–14],

�
AB

DPS =
1

1 + �AB

�
A
�
B

�e↵
. (1)

Here, �AB = 1 if A and B are identical and is zero otherwise, and �e↵ is the so-called
e↵ective cross-section. The parameter �e↵ is related to the collision geometry and is
expected to be independent of the final state [15–17]. In proton-ion collisions, following
the Glauber model [18], SPS production cross-section is expected to scale with the ion
mass number in the absence of nuclear matter e↵ects. However, DPS production is
enhanced compared to a mass number scaling due to collisions of partons from two
di↵erent nucleons in the ion, and the enhancement factor is about three in proton-lead
(p-Pb) collisions [10, 19–25].

The production of two open charm hadrons, D1D2, and J/ D meson pairs is of
particular interest in the study of SPS and DPS processes, as the cross-section is relatively
large and the high charm quark mass permits perturbative calculations even at low
transverse momentum (pT). In this Letter, D and D1,2 refer to either a D

0, D+ or D+
s

meson and the inclusion of charge conjugate states is implied. Both like-sign (LS) and
opposite-sign (OS) open charm hadron pairs are considered. In an LS pair the two hadrons
have the same charm-quark flavor, while in an OS pair they have opposite charm flavors.
Pairs of OS charm hadrons can be produced from a cc pair via SPS, thus the kinematics
of the two hadrons are correlated, while DPS produces correlated and uncorrelated OS
pairs. The correlation in SPS production may be modified in heavy-ion data compared to
proton-proton (pp) collisions, due to nuclear matter e↵ects [26–33]. The OS correlation is
predicted to be sensitive to the properties of the hot medium formed in ultra-relativistic
heavy nucleus-nucleus collisions [34–44].

The two hadrons in an LS pair produced in a DPS process are expected to be
uncorrelated. Studies of LS pair production and correlation in di↵erent environments help
to test the universality of the parameter �e↵ and gain insight into the underlying parton
correlations [45]. Since DPS production involves two parton pairs, it is very sensitive to
the nuclear PDF (nPDF) in proton-ion collisions, including its possible dependence on
the position inside the nucleus [46].

Production of OS charm and beauty pairs has been studied in fully reconstructed
decays [47–51] and using partially reconstructed decays [52–59], and the hadron and
anti-hadron are found to be correlated; in particular, the azimuthal angle, ��, between
the two hadron directions projected to the plane transverse to the beam line favors values
close to �� = 0 or ⇡. Production of LS charm pairs, double quarkonium and multiple jets
at the Tevatron and the LHC revealed evidence of DPS signals [51, 60–68]. The e↵ective
cross-section is measured to be in the range of 10 to 20mb for most final states, however,

1

effective cross-section,
independent of final state

1 if A = B else 0

inclusive prod. cross-sections for A,B

SPS

DPS

https://doi.org/10.1103/PhysRevLett.125.212001
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Figure 2: Two-charm hadron invariant-mass distribution of (red) D0
D

0 and (blue) D0
D

0 pairs
in (left) pPb, (right) Pbp data and (magenta dashed line) Pythia8 simulation. Vertical bars
(filled box) are statistical (systematic) uncertainties.

shown for D
0
D

0 and D
0
D

0 pairs without any requirement on pT(D). The di↵erence
between D

0
D

0 and D
0
D

0 pairs is determined to be more than three (two) standard
deviations in pPb (Pbp) data, studied using a �2 test. For both D

0
D

0 and D
0
D

0 pairs,
the mDD distribution is compatible between pPb and Pbp data. The D

0
D

0 pair shows
a similar mDD distribution to that of the Pythia8 simulation, in which the fraction of
inclusive charm production that contains more than one charm pair within the LHCb
acceptance is about 7%.

The �� distribution is shown in Fig. 3 for D0
D

0 and D
0
D

0 pairs with and without
the requirement pT(D0) > 2GeV/c. Without this condition, the �� distribution is almost
uniform for both LS and OS pairs, similar to that in Pythia8 simulation. However,
with the pT(D0) > 2GeV/c requirement, the D

0
D

0 pair favors values �� ⇠ 0, while that
of D0

D
0 pairs is still compatible with being flat, and both show inconsistency with the

Pythia8 simulation. In general, the behaviour thatmDD distribution in D
0
D

0 pairs peaks
at higher values compared to that of D0

D
0 pairs and the flat D0

D
0 �� distribution are

qualitatively consistent with a large DPS contribution in LS pair production. Distributions
of the pair transverse momentum and the two-charm relative rapidity are found to be
compatible in OS data, LS data and the Pythia8 simulation.

The e↵ective cross-section �e↵, pPb is calculated according to Eq. 1 using the D0
D

0 and
J/ D

0 cross-sections [6], assuming solely DPS production, where the prompt J/ and D
0

production are evaluated from LHCb measurements [77, 78]. The results are displayed
in Table 1 with a typical value of order 1 b. Table 1 (“pp extrapolation”) also provides

Table 1: The e↵ective cross-section �e↵, pPb (in b) measured using J/ D
0 and D

0
D

0 pair
production in p-Pb data and the extrapolated values from pp data [80].

Pairs �5 < y(Hc) < �2.5 1.5 < y(Hc) < 4 pp extrapolation
D

0
D

0 0.99± 0.09± 0.09 1.41± 0.11± 0.10 4.3± 0.5
J/ D

0 0.64± 0.10± 0.06 0.92± 0.22± 0.06 3.1± 0.3
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Figure 3: The �� distribution for (red) D
0
D

0 and (blue) D
0
D

0 pairs in (left) pPb, (right)
Pbp data and the (magenta dashed line) Pythia8 simulation, (bottom) with and (top) with-
out the pT (D0) > 2GeV/c requirement. Vertical bars (filled box) are statistical (systematic)
uncertainties.

the ! e! , pp result [80] scaled by the Pb nucleus mass number 208, which is valid under the
assumption of SPS production and absence of nuclear modiÞcation. The result conÞrms
the expectation that DPS production inp-Pb collisions is enhanced by a factor of three
compared to SPS production, consistent with the expectation from the Glauber model.
The ! e! , pPb value measured usingJ/ " D 0 production is smaller than that observed inD 0D 0

production, as measured inpp data [80], which may be due to SPS contamination [96]
or more than expectedJ/ " D 0 DPS production. The pPb data shows a higher! e! , pPb

value compared toPbp data, which may suggest a complicated structure of the nPDF, as
studied in Ref. [46].

The nuclear modiÞcation factor,R ! ! pPb

208! pp
, is measured forJ/ " D 0 and D 0D 0 pairs

with RH cH !
c = RH c " RH !

c " 208! e! , pp

! e! , p Pb
, where! pPb and ! pp are the cross-sections of charm

pairs in p-Pb and pp collisions, respectively. Assuming variations ofR and ! e! , pp as a
function of collision energy are small forpT -integrated production, using measurements of
! e! , pp [51], RJ/ " [77] andRD 0

[95], RD 0D 0
= 1.3 ± 0.2 (4.2 ± 0.8) and RJ/ " D 0

= 1.5 ± 0.5
(4.6 ± 1.3) for pPb (Pbp) data are obtained, where the uncertainties are the total. The
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• Cross-sections for all D1D2 and J/ψD pairs  
given in the paper, here:
• 𝐷%𝐷% SPS enhanced (opposite-sign)
• D0 D0 DPS enhanced (like-sign)

• Two-charm invariant mass mDD
• ! ! ! ! !""#$%!&''(')*$+,*-$./*-,%0
• D0 D0 1-%2'$#,33'&')*$4567

• Relative azimuthal angle Δφ
• ! ! ! ! ')-%)8'#$%*$9$%1$':2'8*'#$;<*$1*&")!'&$

*-%)$./*-,%50=>$2&'#,8*,")1

• Effective cross-section σeff consistent with 
expected factor 3 enhancement

Phys. Rev. Lett. 125 (2020) 212001 p-Pb 8.16 TeV 30.8/nb

Figure 2: Two-charm hadron invariant-mass distribution of (red) D 0D 0 and (blue) D 0D 0 pairs
in (left) pPb, (right) Pbp data and (magenta dashed line)Pythia8 simulation. Vertical bars
(Þlled box) are statistical (systematic) uncertainties.

shown for D 0D 0 and D 0D 0 pairs without any requirement onpT (D). The di! erence
betweenD 0D 0 and D 0D 0 pairs is determined to be more than three (two) standard
deviations in pPb (Pbp) data, studied using a! 2 test. For both D 0D 0 and D 0D 0 pairs,
the mDD distribution is compatible betweenpPb and Pbp data. The D 0D 0 pair shows
a similar mDD distribution to that of the Pythia8 simulation, in which the fraction of
inclusive charm production that contains more than one charm pair within theLHCb
acceptance is about 7%.

The " " distribution is shown in Fig. 3 for D 0D 0 and D 0D 0 pairs with and without
the requirementpT (D 0) > 2GeV/ c. Without this condition, the " " distribution is almost
uniform for both LS and OS pairs, similar to that in Pythia8 simulation. However,
with the pT (D 0) > 2GeV/ c requirement, theD 0D 0 pair favors values" " ! 0, while that
of D 0D 0 pairs is still compatible with being ßat, and both show inconsistency with the
Pythia8 simulation. In general, the behaviour thatmDD distribution in D 0D 0 pairs peaks
at higher values compared to that ofD 0D 0 pairs and the ßatD 0D 0 " " distribution are
qualitatively consistent with a large DPS contribution inLS pair production. Distributions
of the pair transverse momentum and the two-charm relative rapidity are found to be
compatible in OS data, LS data and thePythia8 simulation.

The e! ective cross-section#e! , pPb is calculated according to Eq. 1 using theD 0D 0 and
J/ $D 0 cross-sections [6], assuming solely DPS production, where the promptJ/ $ and D 0

production are evaluated from LHCb measurements [77,78]. The results are displayed
in Table 1 with a typical value of order 1b. Table 1 (Òpp extrapolationÓ) also provides

Table 1: The e! ective cross-section! e! , pPb (in b) measured usingJ/ " D 0 and D 0D 0 pair
production in p-Pb data and the extrapolated values frompp data [80].

Pairs " 5 < y (Hc) < " 2.5 1.5 < y (Hc) < 4 pp extrapolation
D 0D 0 0.99± 0.09± 0.09 1.41± 0.11± 0.10 4.3 ± 0.5
J/ $D 0 0.64± 0.10± 0.06 0.92± 0.22± 0.06 3.1 ± 0.3

5

σeff / b 
First error: stat.
Second error: sys.

assuming SPS scaling with A

https://doi.org/10.1103/PhysRevLett.125.212001


J/ψ photo-production in hadronic collisions

Hans Dembinski - LHCb Heavy-ion and QCD 11

Pb-Pb 5.02 TeV 210/μb

• First LHCb measurement in Pb-Pb: Prompt J/ψ yields at very low pT
• ?:8'11$"3$@AB %*$C'&/$D"+$2T ";1'&C'#$;/$EFGH?$,)$.;5.;$%*$4=IJ$K'L$%)#$MKEN$,)$E<5E<$%*$9=4$K'L
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• Analysis in centrality classes
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• Q.H$&'R'8*'#$;/$&'S<,&,)!$(,),(%D$#'2"1,*$,)$?HEF
• N'R'8*$;'%(5!%1$,)*'&%8*,")1$+,*-$8<*$")$2&,(%&/$C'&*':$D"8%*,")
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• Photo-produced J/ψ extracted via fit to background-subtracted di-muon pT spectrum
• Efficiency obtained from data-adjusted simulations (EPOS-LHC + Pythia-8.1 + STARlight)

LHCb-PAPER-2020-043, to be submitted to PRL

the z component of theJ/ ! candidate momentum andmJ/ ! is the J/ ! mass [20].1 During46

data taking, Neon gas was injected in the beam pipe near the interaction point using47

the LHCbÕs Þxed-target SMOG system [21]. The contamination from PbNe collisions48

is rejected with requirements on the position of the PV. In order to remove potential49

contamination from UPCs, which may bias the measurement especially for very-low event50

activity, a minimal energy deposit is required in the electromagnetic calorimeter (ECAL).51

An indication of the impact parameter of the PbPb collision is given by experimental52

quantities called centrality classes, which are deÞned as percentiles of the inelastic PbPb53

cross-section. The percentiles are determined from a Þt, using the Glauber Monte Carlo54

(GMC) model [22, 23], on the total energy deposit per collision in the ECAL (since55

this variable grows monotonically with the decrease of the impact parameter) in a MB56

data sample, collected with the same detector conditions as the signal sample. The Þt57

model uses a simulated energy deposition based on the GMC simulation, including the58

nucleon-nucleon cross-section, as a function of
!

sNN , the parametrisation of the nuclear59

density, and the mean particle energy deposited in the ECAL. From the GMC simulation,60

the number of participating nucleons (Npart ) and the number of binary nucleon-nucleon61

collisions (Ncoll ) are obtained for every collision. The Þt model for every deÞned class can62

then be mapped to the data, and applied in theNc ranges of [1000" 4000], [4000" 6000],63

[6000" 10000] and [1000" 10000]. Each event is classiÞed into one of theNc intervals,64

and then into a centrality percentile. After all events are classiÞed, the mean centrality65

for eachNc bin and the associated mean geometric quantities are obtained [24]. In the66

following, the centrality range used will be indicated by the mean value of the#Npart $67

variable in the i th bin of Nc, with the width of the distribution as uncertainty. In this68

Letter, the J/ ! photo-production di! erential yield Y i
J/ ! % Y i

J/ ! (pT , y) is measured, deÞned69

as70

dYi
J/ !

dy
=

N i
J/ !

B N i
MB " tot

i " y
,

d2Y i
J/ !

dpT dy
=

dYi
J/ !

dy
&

1
" pT

, (1)

wherei indicates theNc range,N i
J/ ! % N i

J/ ! (" pT , " y) is the number of photo-produced71

J/ ! mesons reconstructed through theJ/ ! ' µ+ µ! decay channel in the given interval72

of the J/ ! transverse momentum" pT and rapidity " y;2 B = (5 .961± 0.033)% [25] is73

the branching fraction of the decayJ/ ! ' µ+ µ! ; N i
MB is the total number of MB events;74

" tot
i % " tot

i (" pT , " y) is the total signal e# ciency. The invariant mass of the two selected75

muons is shown in Fig. 1, in one representative bin of centrality forJ/ ! mesons with76

pT < 15.0 GeV/c and 2.0<y< 4.5.77

Photo-produced signalJ/ ! candidates and the hadronically producedJ/ ! mesons are78

then disentangled through a Þt to the dimuonpT spectrum data after removal [26] of the79

non-resonant and combinatorial background events. The template Þt model consists of80

a double crystal ball (CB) function [27] for the photo-production contribution and an81

empirically-determined function function for the hadronic component82

f (pT ) =
pn1

T

(1 + ( pT
p0

)n2 )n3
, (2)

1The contamination coming from feed-down of excited charmonia states has been estimated to be negligible
and not removed in this analysis.

2The rapidity y of a particle is deÞned asy = 1
2 log( E + pz c

E ! pz c ), with E energy of the particle, andpz the
component of the momentum of the particle along thez-axis.
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the branching fraction of the decayJ/ ! ' µ+ µ! ; N i
MB is the total number of MB events;74

" tot
i % " tot

i (" pT , " y) is the total signal e# ciency. The invariant mass of the two selected75

muons is shown in Fig. 1, in one representative bin of centrality forJ/ ! mesons with76

pT < 15.0 GeV/c and 2.0<y< 4.5.77

Photo-produced signalJ/ ! candidates and the hadronically producedJ/ ! mesons are78

then disentangled through a Þt to the dimuonpT spectrum data after removal [26] of the79

non-resonant and combinatorial background events. The template Þt model consists of80

a double crystal ball (CB) function [27] for the photo-production contribution and an81

empirically-determined function function for the hadronic component82

f (pT ) =
pn1

T

(1 + ( pT
p0

)n2 )n3
, (2)

1The contamination coming from feed-down of excited charmonia states has been estimated to be negligible
and not removed in this analysis.

2The rapidity y of a particle is deÞned asy = 1
2 log( E + pz c

E ! pz c ), with E energy of the particle, andpz the
component of the momentum of the particle along thez-axis.
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Figure 1: Invariant-mass distribution of J/ ! candidates in !Npart "=10.59± 2.88, for
pT < 15.0GeV/ c and y # [2.0, 4.5] (left). Distribution of the log( p2

T ) of the J/ ! candi-
dates for !Npart "=10.59 ± 2.88. The result of the Þt to disentangle the photo-produced and
hadronically produced J/ ! is superimposed (right). Each of these distributions has the residual
plot represented underneath, which compare the data points to the Þtted function.

wheren1, n2, n3 and p0 are parameters that are left free to vary in the Þt. The results83

of the Þt on the data are shown in Fig. 1. A good description of the data spectrum is84

observed in all centrality bins. The photo-producedJ/ ! candidates are visible in the region85

deÞned by log(p2
T ) < 11, covering the transverse momentum range 0 to$ 250 MeV/c.86

Simulation is required to model the e! ects of the detector acceptance and the selection87

requirements on the signal. The PbPb collisions are generated using EPOS [28] and88

the hard process is generated withPythia [29] with a speciÞcLHCb conÞguration [30].89

An additional signal sample was produced using the STARlight [31] generator where90

the J/ ! is transversely polarised to study the dependence of the acceptance on theJ/ !91

polarisation in the photo-production scenario. The interactions of the generated particles92

with the detector, and its response, are implemented using theGeant4 toolkit [32] as93

described in Ref. [33]. The total e" ciency is determined independently in each bin of94

centrality, and it includes the e! ects of the geometrical acceptance, the trigger e" ciency95

" trigger , the reconstruction and selection e" ciency " rec&sel and the e" ciency of the particle96

identiÞcation (PID) criteria "PID . The acceptance is determined using the STARlight97

sample in the analysis kinematic range. The" rec&sel is estimated using simulation and98

data calibration techniques. The main component of the reconstruction ine" ciency is99

due to the tracking algorithms, that are a! ected by the high occupancy in PbPb-collision100

events. The tracking e" ciency is evaluated using two data samples ofD 0 mesons decaying101

in the K # and K ### channels, and assuming that the tracking e" ciency is the same102

for the # and for the µ track. The same decay modes are simulated and a correction103

factor k(Nc) (dependent on the event multiplicity) is then computed in order to obtain104

the relative reconstruction e" ciency between data and simulation. The latter factor is105

used to reweight the reconstructedJ/ ! simulation. An additional reweighting is also106

performed on the kinematic distributions of the simulatedJ/ ! to match the data. The107

e" ciency is Þnally determined by comparing the corrected samples at reconstruction and108

simulation level. The PID e" ciency "PID is evaluated using a dedicated package [34] with109

pp calibration samples. Those e" ciencies are used as a baseline to perform a 2D (pT ,110

Nc) extrapolation, using Þrst and second order polynomial functions, to estimate the111
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Figure 2: Di! erential yields of photo-produced J/ ! candidates as a function of (top left)
rapidity, (top right) Npart and (bottom) double di ! erential versus pT . The inner blue bars
represent the statistical uncertainty and the outer red bars the total uncertainty (statistical and
systematic uncertainties added in quadrature). The horizontal bars versusNpart corresponds
to the RMS of the Npart distribution of the minimum bias events. The yields are compared to
the predictions [37,38] that take into account an e! ect from the overlap region of the collision
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Table 1: Di! erential J/ ! yields coherently produced as a function ofy for !Npart "=19.71± 9.20.
The Þrst uncertainty is statistical, the second systematic.

y
dY J/ !

dy

[2.00, 2.83] (2.38± 0.16± 0.45)á10! 4

[2.83, 3.66] (1.38± 0.06± 0.13)á10! 4

[3.66, 4.50] (5.27± 0.56± 0.79)á10! 5

at high rapidity and it is consistent with being constant with respect to!Npart " for the156

region considered in the analysis. For the Þrst time, the shape of theJ/ ! meson transverse157

momentum distribution is measured with high precision at the LHC.158
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