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1. The LHCb collaboration at CERN


2. The LHCb detector and its particularities


3. Open questions on heavy-ion physics


4. Characterisation of heavy-ion collisions: centrality determination


➡ How-to at LHCb


5. Studying small systems at LHCb


6. A few illustrative results of global analyses


- trying my best to avoid those of topics already covered in future lectures 

7.  Outlook: a few words on the LHCb Upgrade

Outline

2

Please ask questions any time!
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• One of the four main experiments at the Large Hadron Collider (LHC) at CERN


• Located at point 8 

The LHCb collaboration at CERN
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Beam configurations during Run 1 
(2010-2013) and Run 2 (2015-2018)

p p

p Pb

Pb Pb

s = 0.9, 2.76, 5, 7, 8, 13 TeV

sNN = 5, 8.16 TeV

sNN = 2.76, 5 TeV

Figure from https://cds.cern.ch/record/2684277

https://cds.cern.ch/record/2684277
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The LHCb detector

4

1
η

-8 -6 -4 -2 0 2 4 6 8

2η

-8

-6

-4

-2

0

2

4

6

8
LHCb acceptance

GPD acceptance

 = 8 TeVs
LHCb MC

Forward spectrometer fully instrumented in  
- aimed to collect large statistics of  hadron production   
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b ⟶

 production cross-sectionbb
yellow: |η | < 2.4
red: LHCb acceptance

• Tracking system for charged particles


• Particle Identification systems (PID): hadrons , neutrals 
, and leptons 


• Flexible trigger, configured to measure down to low 

(π, K, p)
(γ, π0) (μ, e)

pT

Hershel detector: JINST 13 (2018) no.04, P04017

LHCb JINST 3 (2008) S08005
LHCb performance IJMPA 30 (2015) 1530022

https://doi.org/10.1088/1748-0221/13/04/P04017
https://doi.org/10.1088/1748-0221/3/08/S08005
https://doi.org/10.1142/S0217751X15300227
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Collider mode collisions at LHCb
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• Luminosity in  levelled in LHCb,  (pile-up, average number of interactions/bunch crossing)


• Lower rate in  and , 

pp μ ∼ 1

pPb PbPb μ ≪ 1

p Pb

: forward ( )pPb η > 0

pPb

: backward ( )Pbp η < 0 and :  pp Pb
|η | = | − η |

p p

• Different energy per nucleon of  and  beams:  


- Boost of nucleon-nucleon CMS system in proton-lead: 
Pb p EPb = (ZPb/APb)Ep ≈ 0.39Ep

η = ηlab − 0.465

Pb Pb

• Larger detector occupancy with more particles per  unit:         η pp < pPb < Pbp < PbPb

IJMPA 30 (2015) 1530022

https://doi.org/10.1142/S0217751X15300227
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• SMOG system: inject gas inside LHC vacuum, measure collisions 
between beam and gas nuclei at rest


- Used both for collider luminosity measurements 2014 JINST 9 
P12005 and for physics measurements!


• Noble gas injection:  , , 


• , energy gap between 

SPS&RHIC


• Rapidity in CMS system: 


• Luminosity measured with  elastic scattering events

He Ne Ar

sNN = 2EbeamMp = 69 to 110 GeV

−3.0 < y* < 0.0

pe

Fixed-target collisions at LHCb
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Phys. Rev. Lett. 121 (2018) 222001

Key feature: the SMOG system
“Fixed-target like” geometry very well suited for. . . fixed-target physics!

The System for Measuring Overlap with Gas (SMOG) al-
lows to inject small amount of noble gas in the LHC beam
pipe around (⇠ ±20 m) the LHCb collision region.
Turns LHCb into a fixed-target experiment!
Possible targets: He, Ne, Ar, and more in the future
Typical pressure ⇠ 2 ⇥ 10�7 mbar
Ë luminosity up to 1030cm�2s�1

Collisions at
p
sNN =

p
2EbeamMp

41-110 GeV for Ebeam = 0.9 � 6.5 TeV
Ë relative unexplored energy scale between SPS
and LHC experiments
at

p
sNN = 110 GeV, c.m. rapidity is

�2.8 < y⇤ < 0.2 backward detector with
access to large x value in target nucleon,
for different nuclear targets
Ë study nPDF in antishadowing/EMC region,
possible intrinsic heavy quark content in
nucleons

G. Graziani slide 5 Kruger 2018

Nominal LHCb vacuum pressure: 

Typical pressure with injection: 

10−8 to 10−9 mbar
∼ 2 × 10−7mbar

https://doi.org/10.1088/1748-0221/9/12/P12005
https://doi.org/10.1088/1748-0221/9/12/P12005
https://doi.org/10.48550/arXiv.1808.06127
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Summary of available datasets 

7

p p

p Pb Pb Pb
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backward modules forward modulesVELO XZ profile

The Vertex Locator (VELO)

8

LHCb JINST 3 (2008) S08005
VELO performance JINST 9 (2014) P09007

• Coverage of  (forward region) 
and around  (backward 
region)


• High efficiency and low fake track rate

2.0 < η < 5.0
−3.0 < η < − 2.0

• VErtex LOcator: silicon micro-strip tracking 
detector around the interaction point

- Primary Vertex (PV) reconstruction 


- Secondary Vertex (SV) reconstruction  high 
vertex resolution needed to resolve ,  vertex


- Provides first seed for track reconstruction

→
D B

2008 JINST 3 S08005

Figure 5.8: Exploded view of the module support and the modules (a), and the RF box (b). The
corrugated foil on the front face of the box, which forms a beam passage can be seen. Its form
allows the two halves to overlap when in the closed position.

the movement mechanism that is located outside the vacuum vessel. The module support, illus-
trated in figure 5.8, is mounted on bearings which lie in precisely machined slots inside the detector
support and is bolted into position against three precision surfaces. The positioning of the modules
on the module support is fully constrained with a combination of a slot and a dowel pin. The po-
sitioning of the modules relative to one another is determined by the precision of the machining of
the module support. The positioning of the two halves relative to each other is determined by the
precision of the module support, together with its positioning inside the detector support, which
is adjustable. To suppress wake field effects, the dimension of the beampipe as seen by the pro-
ton beams has to vary very gradually. To match the beampipe upstream and downstream from the
VELO, wake field suppressors made of 50 µm thick copper-beryllium have been constructed, so a
good electrical match is provided in both the open and closed positions.

The durability of the wake field suppressors has been tested by performing an opening and
closing movement 30,000 times, after which no damage was observed. A photograph of the down-
stream wake field suppressors is shown in figure 5.9. The exit foil of the vessel consists of a 2 mm
thick aluminum window (see section 3).

Movement system

Before the LHC ring is filled, the detectors have to move away from the interaction region by
30 mm in order to allow for beam excursions during injection and ramping. After stable beam
conditions have been obtained, the detectors should be placed into an optimized position centered
in x and y around the interaction region. This position is not exactly known beforehand; it may
vary over ± 5 mm in both x and y, even from fill to fill. Therefore, a procedure has been developed
to determine the beam position with the detectors not completely moved in, and then move to

– 26 –

https://iopscience.iop.org/article/10.1088/1748-0221/9/09/P09007
https://doi.org/10.1088/1748-0221/3/08/S08005
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Tracking at LHCb

9

• TT (upstream magnet) + T1/2/3 (downstream 
magnet)

- high resolution  measurement, specially for 

long tracks 

- Kinematic constrain: long tracks need 

 to reach T1/2/3


• Tracking optimised for low-occupancy (  
collisions with )

- VELO saturation in  most central  

events 

p

p > 2 GeV/c
pp

μ ∼ 1
60 % PbPb

Dipole magnet

March 5, 2015 12:10 IJMPA S0217751X15300227 page 22

The LHCb Collaboration

Upstream track

TT

VELO

T1 T2 T3

T track

VELO track

Long track

Downstream track
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Fig. 14. A schematic illustration of the various track types:25 long, upstream, downstream, VELO
and T tracks. For reference the main B-field component (By) is plotted above as a function of the
z coordinate.

the VELO tracks are combined with information from the T stations. The momen-
tum of a particle and its trajectory through the detector are fully determined from
the information provided by the VELO and a single T station hit. Further hits
in the T stations are then searched along this trajectory to find the best possible
combination of hits defining the long track. In the second algorithm, called track
matching,40,41 the VELO tracks are combined with track segments found after the
magnet in the T stations, using a standalone track finding algorithm.42 In order to
form such a track segment, particles traversing the T stations need to provide at
least one hit in the x layers and one in the stereo layers in each of the three stations.
The candidate tracks found by each algorithm are then combined, removing dupli-
cates, to form the final set of long tracks used for analysis. Finally, hits in the TT
consistent with the extrapolated trajectories of each track are added to improve
their momentum determination.

Downstream tracks are found starting with T tracks, extrapolating them
through the magnetic field and searching for corresponding hits in the TT.43,44 Up-
stream tracks are found by extrapolating VELO tracks to the TT where matching
hits are then added in a procedure similar to that used by the downstream tracking.
At least three TT hits are required to be present by these algorithms.45
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LHCb detector performance

Fig. 15. Display of the reconstructed tracks and assigned hits in an event in the x–z plane.25

The insert shows a zoom into the VELO region in the x–y plane.

In a final step, the tracks are fitted using a Kalman filter.46,47 The fit takes into
account multiple scattering and corrects for energy loss due to ionisation. The χ2

per degree of freedom of the fit is used to determined the quality of the reconstructed
track. After the fit, the reconstructed track is represented by state vectors (x, y,
dx/dz, dy/dz, q/p) which are specified at given z-positions in the experiment. If
two or more tracks have many hits in common, only the one with most hits is kept.
Figure 15 shows the tracks reconstructed in a typical event.

Mis-reconstructed (fake) tracks are those that do not correspond to the trajec-
tory of a real charged particle. Due to the large extrapolation distance in traversing
the magnet, most of these fake tracks originate from wrong associations between
VELO tracks and tracks in the T stations. The fraction of fake tracks in minimum
bias events is typically around 6.5%, increasing to about 20% for large multiplicity
events.48 This fake rate is significantly reduced, at the cost of a small drop in effi-
ciency, with a neural network classifier which uses as input the result of the track
fit, the track kinematics and the number of measured hits in the tracking stations
versus the number of expected hits.

2.2.1. Track finding efficiency

The tracking efficiency is defined here as the probability that the trajectory of a
charged particle that has passed through the full tracking system is reconstructed.
In particular it does not account for interactions with the material, decays in flight
and particles that fly outside of the detector acceptance.

1530022-23
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• Already discussed in previous lecture

- RICH1/2: , ,  separation

- Calorimetry:


✴SPD, PRS: hardware trigger

✴ECAL:   (and ) and  ID

✴HCAL: contribute to hadron ID

✴no saturation down to very central collisions 

 crucial detector for centrality determination

- Muon system:  ID

π K p

γ π0 → γγ e

→
μ

Particle identification systems

10

March 5, 2015 12:10 IJMPA S0217751X15300227 page 48

The LHCb Collaboration

4.2.1. Cherenkov angle resolution

One of the primary measures of the RICH performance is σ(θC), the resolution of
the Cherenkov angle with which the photons, radiated from the particles as they
traverse the various radiator volumes, can be reconstructed. The distributions for
∆θC , the difference between the reconstructed and expected photon Cherenkov
angles, are shown in Fig. 37 for 2011 data, after all detector alignment and calibra-
tion procedures have been performed.82 The expected Cherenkov angles for each
track are calculated using reconstructed momenta and radiator refractive index in-
formation. Only high-momentum tracks are selected, to ensure that the Cherenkov
angle is close to saturation.

The values of σ(θC), extracted from a simple fit to the ∆θC distributions, are
determined to be 1.618± 0.002mrad for RICH1 gas (C4F10) and 0.68± 0.02mrad
for RICH2 (CF4), comparable with the expectations from simulation of 1.52 ±
0.02mrad and 0.68 ± 0.01mrad respectively. The disagreement seen between data
and simulation for C4F10 are largely attributed to imperfect corrections for distor-
tions in the RICH photon detector images caused by the residual magnetic field
in the vicinity of the RICH1 detector. Enhancements to the procedures used to
compute these corrections are foreseen for Run II, thus improving the resolutions
achieved in data.

For the RICH1 aerogel radiator, where the distribution is not symmetric, the
standard deviation is estimated to be 5.6mrad. This value is about a factor of 1.8
larger than the expectation from simulation. This discrepancy is, at least partially,
explained by the unmodelled absorption of C4F10 gas by the very porous aerogel
radiator, with which it is in contact.

Due to the high average track multiplicity in LHCb events, a reconstructed
Cherenkov ring will generally overlap with several neighbouring rings. Solitary rings
from isolated tracks, where no overlap is found, provide a useful test of the RICH
performance, since isolated rings can be cleanly and unambiguously associated with
a single track. Figure 38 shows the Cherenkov angle as a function of particle momen-
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Fig. 38. Reconstructed Cherenkov angle for isolated tracks, as a function of track momentum in
the C4F10 radiator.82 The Cherenkov bands for muons, pions, kaons and protons are clearly visible.
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RICH 1 (  PID)1 < p < 60 GeV/c

LHCb JINST 3 (2008) S08005
LHCb performance IJMPA 30 (2015) 1530022

https://indico.tifr.res.in/indico/conferenceDisplay.py?confId=8594
https://doi.org/10.1088/1748-0221/3/08/S08005
https://doi.org/10.1142/S0217751X15300227


Heavy-ion (HI) 
collisions

11
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• Understanding of the evolution of a  collision:

1. Initial state

2. Hard scattering

3. QGP formation

4. Hydrodynamic expansion

5. Hadronization and freeze-out


• Characterisation of the Quark Gluon Plasma (QGP)

• Evolution of physics phenomena from small to large systems. Explanation for QGP-like 

signatures in small systems (  )

AA

pp → pA → AA

Heavy-ion collision and open questions

12

Figure of J. E. Bernhard from arXiv:1804.06469

CHAPTER 2. A PRAGMATIC OVERVIEW 7

are two main ways to form a color-neutral hadron: a quark and antiquark
of the same color charge, called a meson, and three (anti)quarks of di�erent
color charges, known as a (anti)baryon.

QCD further predicts that the constituents become deconfined at su�-
ciently high temperature and density. Such conditions materialized in the
early universe, microseconds after the Big Bang, suggesting that the entire
universe was once a large progenitor QGP; in the present day, superdense ce-
lestial objects such as neutron stars may contain a QGP-like phase, although
their distance from Earth makes them di�cult to characterize. High-energy
nuclear collisions are the only way to create similarly extreme conditions in
the laboratory. The notion of performing these collisions in search of a hot
and dense phase of free quarks and gluons dates back to the 1970s [4].

Time
≠≠≠≠≠≠≠≠≠≠≠≠≠≠≠≠≠æ

Figure 2.1 A rendering of the stages of a heavy-ion collision. From left to right,
nuclei approach each other and collide, the QGP medium forms and expands while
particles are emitted, and the QGP dissipates as the hadron gas expands. Visual-
ization originally created by Hannah Petersen and modified by the author for this
work.

Back to the lead-lead collision, where the Lorentz-contracted nuclei are
receding along the z-axis with the created droplet of QGP between them.
Bjorken outlined the basic collision spacetime evolution in 1982 [5]. The
QGP is located near the origin, expanding hydrodynamically in both the
transverse (x-y) plane and the longitudinal (z) direction; at any given z
position, the fluid has approximate longitudinal velocity z/t. As the nuclei
continue to recede, the fluid forms at later times further from z = 0, roughly
on a spacetime hyperbola defined by a constant “proper time”

· ©


t2 ≠ z2 ≥ 1 fm/c. (2.1)

1 2 3
4

5

https://doi.org/10.48550/arXiv.1804.06469
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Effects of collision geometry

12/8/22 Matt Durham - Los Alamos National Laboratory 13

•Elliptic flow varies with centrality: peripheral 
collisions have larger !2 than central collisions 

•Prediction from hydrodynamics: !2 scales with 
eccentricity of collision for all systems: 

" = # × !2($%&'()*+',) 

• Not all  collisions are the same…


• Collision geometry affects QGP evolution and measured 
observables


• The medium created after the collision is heavily 
influenced by the impact parameter between colliding 
nuclei (centrality)

- QGP fluid subject to pressures gradients in peripheral 

collisions 

• Other QGP-signatures (quarkonia suppression) are also 

affected

AA

Characterisation of heavy-ion collision

13
Phys.Lett.B 790 (2019) 270-293

https://doi.org/10.1016/j.physletb.2019.01.006
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• Geometrical quantities of interest:

- : impact parameter (transverse distance between nuclei centre)


- : number of participant nucleons


- : number of binary nucleon-nucleon collisions


• No direct way to determine experimentally this quantities

- Model-dependent analysis, using the well-established MC Glauber model

- works well specially in central collisions

- in peripheral collisions, electromagnetic interactions are important

b
Npart

Ncoll

Centrality determination at LHCb

14

b

Before collision After collision

Spectators

Participants

Ann.Rev.Nucl.Part.Sci. 57 (2007) 205-243
Phys.Rev. C97 (2018) 054910

Ann.Rev.Nucl.Part.Sci. 71 (2021) 315-344

JINST 17 (2022) 05, P05009

https://doi.org/10.1146/annurev.nucl.57.090506.123020
https://doi.org/10.1103/PhysRevC.97.054910
https://doi.org/10.1146/annurev-nucl-102419-060007
http://10.1088/1748-0221/17/05/P05009
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1)r(
ρ

The MC Glauber Model

15

• Nucleons from nuclei  and  generated as hard 
spheres, simulate nucleus-nucleus collisions as:

- superposition of individual nucleon-nucleon 

interactions

- nucleons move in straight lines (even if they collide)


- nucleons collide if 


• Two key ingredients:

- Nuclear transverse density profile 


- Nucleon-nucleon cross-section   extracted 
from measurements

A B

d < σNN
inel /π

ρ(r)
σNN

inel →

Ann.Rev.Nucl.Part.Sci. 71 (2021) 315-344

Wood-Saxon distribution: 

;


: nuclear radius

: spherical shape deviations

: diffusivity (skin depth)

: density at nucleus centre

ρ(r)dr = ρ0

1 + w r2

R2

1 + exp( r − R
a )

dr

R
w
a
ρ0

JINST 17 (2022) 05, P05009

https://doi.org/10.1146/annurev-nucl-102419-060007
http://10.1088/1748-0221/17/05/P05009
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• Relate Glauber parameters with experimentally measured quantity 
( , …) with a mapping procedure

- Assume that  is monotonically related with particle multiplicity


• In LHCb, best option for experimental quantity is total energy 
collected in the ECAL

- No ECAL saturation down to  centrality in 

- ECAL energy does not depend on vertex position of  

collision


• ECAL energy proportional to  production, mean energy deposited 
per particle: ; 

dNch /dNevt dE/dNevt

b

0 % PbPb
PbNe

π0

⟨EPbPb⟩ = 10.4 GeV ⟨EPbNe⟩ = 10.4 GeV

Centrality determination at LHCb
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JINST 17 (2022) 05, P05009

https://doi.org/10.1146/annurev.nucl.57.090506.123020
http://10.1088/1748-0221/17/05/P05009
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Data selection

17
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• Low-energy events dominated by electromagnetic interactions


- Restrict fit to  ; 


• Background interactions in  collisions


- Simultaneous  and  data-taking in 2018

- Need to disentangle both contributions


✴Fixed-target collisions do not leave backward VELO activity

✴Remove SMOG interactions upstream the VELO and ghost 

 interactions

EECAL
tot |PbPb > 2 TeV EECAL

tot |PbNe > 0.5 TeV

PbNe
PbPb PbNe

PbPb

Upstream PbNe
Ghost PbPb

 in VELO PbNe

No activity in 
backward VELO

JINST 17 (2022) 05, P05009
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• We construct a model from the output of the MC Glauber to 
reproduce data distribution:





•   proportional to particle emitting sources. We sample 
a negative binomial distribution (NBD)  times:


• No large effect from , fixed to 


•   and  parameters obtained by fitting the obtained Glauber 
distribution to data

Nanc = f × Npart + (1 − f ) × Ncoll

Nanc →
Nanc

k k = 1.5

f μ

0 0.2 0.4 0.6 0.8
f

1.4
1.6
1.8

2
2.2
2.4
2.6
2.8

3
3.2

µ

210

 = 3.16µ = 0.98, fBest Fit: 
 = 3.17µ = 1.00, fBest Fit from fit minima: 

LHCb

Fitting the model parameters
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f
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310

 = 6.81µ = 0.87, fBest Fit: 
 = 6.85µ = 0.87, fBest Fit from fit minima: 

LHCb

: fraction of soft 
processes contributing 
to particle production

f

PbNePbPb

 Pp,k(n) =
(n + k − 1)!

n!(k − 1)
pk(1 − p)n; p = (μ /k + 1)−1
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PbPb
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Results: Glauber parameters in PbPb
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• 


• Centrality class definition ( ):   

PbPb; sNN = 5 TeV

p % (p × 0.01) IT = ∫
∞

Ep

dN
dE

dE
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Results: Glauber parameters in PbNe
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• PbNe; sNN = 69 GeV
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• Considered systematics:

- Bin-width dependence  from boundary 

 values to sample percentiles


- Hadronic cross-section  uncertainty


- Fit uncertainty: alternative  best fit results

- NBD sampling


• Additionally, contamination from 
electromagnetic events below  for  
central events in  (  central events 
in )


• Smaller than RMS from Glauber Model 

→
EECAL

σNN
inel

( f, μ)

5 % > 84 %
PbPb > 89 %

PbNe

Systematic uncertainties

21

2022 JINST 17 P05009

Table 4. Total uncertainties for the geometric quantities (#part, #coll and 1) of PbPb collisions for centrality
classes defined from a MC Glauber model fit to the data. The statistical and systematic uncertainties are added in
quadrature, denoted by f, with the statistical component being largely negligible in the combination in all bins.

Centrality % #part ± f #coll ± f 1 ± f

100–90 2.9 ± 0.5 1.8 ± 0.3 15.41 ± 2.96

90–80 7.0 ± 0.8 5.8 ± 0.6 14.56 ± 1.80

80–70 15.9 ± 0.6 16.4 ± 0.7 13.59 ± 0.52

70–60 31.3 ± 0.7 41.3 ± 0.9 12.61 ± 0.28

60–50 54.6 ± 1.1 92.6 ± 2.0 11.59 ± 0.24

50–40 87.5 ± 1.0 187.5 ± 2.4 10.47 ± 0.14

40–30 131.2 ± 1.2 345.5 ± 3.9 9.23 ± 0.08

30–20 188.0 ± 1.5 593.9 ± 6.6 7.80 ± 0.06

20–10 261.8 ± 1.8 972.5 ± 10.4 6.02 ± 0.04

10–0 357.2 ± 1.7 1570.3 ± 15.6 3.31 ± 0.01

Table 5. Total uncertainties for the geometric quantities (#part, #coll and 1) of PbNe collisions for centrality
classes defined from a MC Glauber model fit to the data. The statistical and systematic uncertainties are added in
quadrature, denoted by f, with the statistical component being largely negligible in the combination in all bins.

Centrality % #part ± f #coll ± f 1 ± f

100–90 2.5 ± 0.1 1.4 ± 0.0 10.85 ± 0.33

90–80 3.9 ± 0.2 2.7 ± 0.1 10.37 ± 0.41

80–70 6.8 ± 0.3 5.2 ± 0.2 9.69 ± 0.34

70–60 11.3 ± 0.3 9.7 ± 0.3 8.95 ± 0.22

60–50 17.9 ± 0.3 17.3 ± 0.4 8.19 ± 0.09

50–40 26.7 ± 0.3 29.0 ± 0.6 7.38 ± 0.06

40–30 38.0 ± 0.6 45.6 ± 1.1 6.48 ± 0.08

30–20 51.7 ± 0.6 67.8 ± 1.6 5.44 ± 0.03

20–10 67.3 ± 0.8 94.1 ± 2.3 4.14 ± 0.03

10–0 84.8 ± 1.0 120.4 ± 3.0 2.67 ± 0.03

Table 6. Uncertainty from each source considered relative to h#parti of the classes 10� 0% and 80� 70%, for
the PbPb and PbNe case.

Centrality class Bin-width
Hadronic

cross-section
Fit NBD

PbPb
80–70% 3.96% 0.44% 0.38% 0.25%

10– 0% 0.46% 0.08% 0.06% 0.03%

PbNe
80–70% 3.53% 0.74% 0.29% 0.29%

10– 0% 0.54% 1.01% 0.12% 0.06%

– 21 –

PbPb

PbNe

Summary of systematic uncertainties

JINST 17 (2022) 05, P05009
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• In  collisions,  can be 
produced both in electromagnetic and 
hadronic interactions between nuclei


• Measurement to quantify photo-
production


• Ratio between hadro-produced and 
photo-produced  depends on 
centrality

PbPb J/ψ

J/ψ

Example 1: photo-produced  in J/ψ PbPb

22
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µµ → ψPhoto-produced J/
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Phys. Rev. C105 (2022) L032201

https://doi.org/10.1103/PhysRevC.105.L032201
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•  is suppressed in low energy nuclear collisions 
due to nuclear absorption with respect to 


- Expecting an additional “anomalous” 
suppression if QGP forms in  collisions


• Trend fitted to , , 
compatible with values fitted with  collisions


• no anomalous  suppression is observed

J/ψ
D0

PbNe

Nα′￼−1
col α′￼= 0.76 ± 0.05

pA

J/ψ

Example 2:  ration in J/ψ/D0 PbNe
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Small systems: , 
, , , …

pPb
pp pHe pNe pAr

24
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• Small systems are the core program of heavy-ion physics at LHCb

- no centrality limitations such in , optimal performance of all subsystems


• Transition between small to large systems

- is there a connection between high multiplicity and low multiplicity?


• Centrality determination is challenging in small systems:

- low multiplicities subject to fluctuations in 

- no centrality analogue in 


• Generally, event multiplicity (i. e.  per event) is used directly as a metric

• Some complications:


- which  region is used to determine the multiplicity, effect in result?

-  without detector effects not always available


• At LHCb, we generally use VELO information:

- Very good performance (high efficiency, low fake track rate)

- best  coverage (  and around )

PbPb

pA
pp

Nch

η
Nch

η 2.0 < η < 5.0 −3.0 < η < − 2.0

Studying collectivity in small systems: multiplicity

25
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Di-hadron correlations in pPb

26

• Search for ridge-like structures in high multiplicity  collisions


- Sign of collectivity, considered a QGP signature


• Using hit (cluster)-multiplicity in the VELO detector as activity estimator


• Measure two charged particle correlations in :   


• Ridge observed both in forward and backward detector configurations

pPb

(η, ϕ)
1

Ntrigg

d2Npair

dΔηdΔϕ

η∆
-2

0

2

φ∆

-1
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φ
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 d
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∆
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ig
N

1 2.05

2.1
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 = 5 TeVNNs  Pb+pLHCb 
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 < 2.0 GeV/c
T

1.0 < p

Phys. Lett. B762 (2016) 473
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 = 5 TeVNNs

Δη = ηtrigg − ηassoc

Δϕ = ϕtrigg − ϕassoc

https://doi.org/10.48550/arXiv.1512.00439
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Other studies with multiplicity
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T
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et al.Comover Interaction Model, Esposito 

(coalescence)
   Molecule

  tetraquark
   Compact

 (geometric)
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• Study of exotic particle production with event 
multiplicity   Information


• Observed dependency of  
ratio with event activity


• Estimator: number of VELO tracks in the event 

→

χc1(3872)/ψ(2S)

NVELO
tracks

 Phys. Rev. Lett. 126 (2021) 092001

• Different models of comover interaction 
provide different conclusions 
(tetraquark vs molecule)

https://doi.org/10.1103/PhysRevLett.126.092001
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• Cold Nuclear Matter (CNM) effects: modifications of 
particle production yields in ion collisions with respect 
to  that are not due to formation of a deconfined 
medium, including:


- Final state effects


- Initial state effects


• Initial state effects can be treated with global analyses 
that parametrise modifications with respect to  in 
nuclear PDFs


- Need of experimental data as input!


• Experimental data is also needed to characterise other 
CNM effects

pp

pp

Study of cold nuclear matter

28

• Main observable: nuclear modification factor:  


RpPb(η, pT) =
1
A

d2σpPb(η, pT)/dpTdη
d2σpp(η, pT)/dpTdη

, A = 208
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• LHCb probes the frontier regions of the  diagram

- set additional constrains to nPDFs and other CNM models

- analyses generally aim to provide production cross-sections and  with respect to 


✴ Two examples with light probes: light hadrons and  production in  and 

(x, Q2)

RpPb (η, pT)
π0 pPb pp

Exploring  diagram(x, Q2)

29

p Pb

forward

pPb

fixed-target

p , , He Ne Ar
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Prompt charged particles production in  and pPb pp

30

• Datasets at 


• Measure  in common  range 

sNN = 5 TeV

RpPb η

    
d2σ

dpTdη
pPb, pp

=
1
ℒ

⋅
Nch(η, pT)

ΔpTΔη

: prompt charged particle yieldNch

: bin sizeΔη, ΔpT

: integrated luminosity of the datasetℒ

Beam Acceptance Luminosity
pp 2 < ⌘ < 4.8 3.49± 0.07 nb�1

pPb 1.6 < ⌘ < 4.3 42.73± 0.98µb�1

Pbp �5.2 < ⌘ < �2.5 38.71± 0.97µb�1
<latexit sha1_base64="u+wrrd3HN/Lc0Tv0m7u/a/l27Xo="></latexit>

• Prompt charged particles:


• Long-lived charged particles:    π−, K−, p, e−, μ−, Ξ−, Σ+, Σ−, Ω− (+cc.)

- long-lived particles (lifetime )


- produced in primary interaction or without long-lived ancestors
< 30 ps

Nuclear modification factor     ,      → RpPb(η, pT) =
1
A

d2σpPb(η, pT)/dpTdη
d2σpp(η, pT)/dpTdη

A = 208

Phys. Rev. Lett. 128, 142004

https://journals.aps.org/prl/abstract/10.1103/PhysRevLett.128.142004
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Prompt charged particles production in  and pPb pp

31

- Fake tracks, reconstruction artefacts not produced by charged particles 

- Secondary particles: particles from


✴ interactions with the detector material (  from  conversions and hadrons from hadronic 
interactions)


✴ daughters of long-lived particles ( )

e− γ

Λ0, K0
S , Σ+ . . .

Figure from JINST 10 (2015) 02, P02007 

•  measured with long tracks, covering 
,  


•

Nch

p > 2 GeV/c 0.2 < pT < 8 GeV/c

Nch = Ncandidates P
εrecoεsel

• Background contributions:

- : selected long tracks


- : signal purity


- : reconstruction efficiency


- : selection efficiency

Ncandidates

P
εreco

εsel

Phys. Rev. Lett. 128, 142004

https://doi.org/10.1088/1748-0221/10/02/P02007
https://journals.aps.org/prl/abstract/10.1103/PhysRevLett.128.142004
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Prompt charged particles production in  and pPb pp

32

• Background from fake tracks specially important


- Increases with event occupancy, large contribution in 


- Contribution rises strongly with 


• Remove most background with a tight track selection


• Selection efficiency measured on data using a calibration sample of  
decays


• Remaining background estimated with simulation and corrected with data

- use background-enriched proxy samples

Pbp
pT

ϕ(1020) → K+K−

• Reconstruction efficiency depends on relative particle composition 


• Charged particle composition not yet measured in LHCb acceptance for   use EPOS-
LHC simulation validated with ALICE data (Phys. Lett. B760 (2016) 720)

pPb →

Background description

Relative particle composition

Phys. Rev. Lett. 128, 142004

https://doi.org/10.1016/j.physletb.2016.07.050
https://journals.aps.org/prl/abstract/10.1103/PhysRevLett.128.142004
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• Measurement dominated by systematic uncertainties:


- particle composition in  for most bins


- tracking efficiency and signal purity in boundary  bins


• How to improve the precision?


- Measuring abundance of ,  and  using PID information, greatly reducing 
particle composition systematic

pPb
(η, pT)

π K p

Prompt charged particles production in  and pPb pp

33

Table 1: Relative uncertainties for pPb and pp charged particle cross-sections. The range
indicates the minimum and the maximum value among the two-dimensional ⌘ and pT intervals.
The systematic uncertainty due to luminosity is fully correlated across the intervals. The other
sources of systematic uncertainties are fully uncorrelated between di↵erent intervals.

Uncertainty source
pPb [%] pPb [%]

pp [%]
(forward) (backward)

Track-finding e�ciency 1.5 – 5.0 1.5 – 5.0 1.6 – 5.3
Detector occupancy 0.0 – 2.8 0.6 – 2.9 0.1 – 1.6
Particle composition 0.4 – 4.1 0.4 – 4.6 0.3 – 2.4
Selection e�ciency 0.7 – 2.2 0.7 – 3.0 1.0 – 1.7
Signal purity 0.1 – 1.8 0.1 – 11.7 0.1 – 5.8
Luminosity 2.3 2.5 2.0
Statistical uncertainty 0.0 – 0.6 0.0 – 1.0 0.0 – 1.1
Total (in d2�/d⌘dpT) 3.0 – 6.7 3.3 – 14.5 2.8 – 8.7
Total (in RpPb) 4.2 – 9.2 4.4 – 16.9 –

Several sources of systematic uncertainty are considered. For candidates in the
range 5 < p < 200GeV/c the track-finding e�ciency carries an uncertainty due to the
limited size of the calibration samples and the di↵erence between hadron and muon
material interactions. For candidates outside this range, a 5% uncertainty is assigned.
An uncertainty is assigned accounting for the detector occupancy description, which is
estimated considering alternative weights. The uncertainty due to imperfect knowledge
of the relative particle composition is determined from a 30% variation in the relative
abundances of particles obtained from simulation. The uncertainty on the selection
e�ciency originates primarily from the limited size of the calibration sample. For the
purity, the systematic uncertainty is estimated from the background abundance in the
background-enriched samples and the data-simulation discrepancy in the background
fraction from the independent samples. This uncertainty has a large ⌘ and pT dependence:
while negligible in regions with a small background level, it is the dominant contribution
for intervals with large background contributions. These intervals correspond to high pT
for fake tracks in pPb collisions in the backward region. The uncertainties are given in
Table 1, where all uncertainties are treated as uncorrelated.

The measured prompt charged particle cross-sections for pp and pPb are presented
in Fig. 1. The total uncertainty is the sum in quadrature of statistical, system-
atic, and luminosity uncertainties. On average 0.1035± 0.0029 charged particles (with
0.961 < pT < 1.249GeV/c and 3.0 < ⌘ < 3.5) are produced in pp collisions, when scaled
by the total inelastic nucleon-nucleon cross-section of 67.6± 0.6mb at

p
sNN = 5TeV [48].

This is two orders of magnitude smaller than for pPb collisions, assuming the same total
inelastic nucleon-nucleon cross-section. The cross-section for pp collisions at

p
sNN = 5TeV

is compared with the result at
p
sNN = 13TeV [27]. Both results are consistent, showing

an increase in the cross-section at 13TeV of a factor 1 to 3, depending on pT.
The result for RpPb in di↵erent (⌘, pT) intervals is presented in Fig. 2, where the

uncertainties arise from statistical, systematic and luminosity sources. In the forward
region, the measurement indicates a suppression of charged particle production in pPb
collisions relative to that in pp collisions, which increases towards forward pseudorapidities.
In the low pT regime, RpPb reaches values of about 0.3 in the most forward pseudorapidities.

4

Phys. Rev. Lett. 128, 142004

https://journals.aps.org/prl/abstract/10.1103/PhysRevLett.128.142004
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Prompt charged particles production in  and pPb pp

34
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• Strong suppression at forward  (saturation region)


• Enhancement at backward for , not reproduced by nPDF 
predictions additional CNM effects there?

η
pT > 1.5 GeV/c

→

https://journals.aps.org/prl/abstract/10.1103/PhysRevLett.128.142004
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• Measurement of  production cross-section: 

- Disentangle effects from different hadrons  better understand enhancement in 
backward

π0

→

Neutral pion production in  and pPb pp

35

• Datasets:


-   and  data at 


-  reference constructed with  and  datasets

pPb Pbp 8.16 TeV

pp 5 13 TeV

• Detection technique fully independent from charged 
particle analysis:


- Measure 


✴ use  as cross-check and 
efficiency calibration

π0 → γcnvγcal

π0 → γcalγcal

1.5 < pT < 10.0 GeV/c

2.5 < ηCM < 3.5

−4.0 < ηCM < − 3.0

Kinematic coverage:   

arXiv:2204.10608
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Figure 1: Example M(��) distribution in forward pPb collisions at
p
sNN = 8.16 TeV for

2.5 < ⌘CM < 3.5 and 2.0 < pT(⇡0) < 2.2 GeV. Fit results are overlaid with the total fit shown
as a solid line. The combinatorial and bremsstrahlung backgrounds are shown as light and dark
shaded regions, respectively.

VELO are considered. Converted photons are required to have a small invariant mass,92

with a maximum that varies based on the position of the conversion vertex along the93

beam axis. The reconstructed converted photon momentum is also required to point to94

a reconstructed primary vertex. The ECAL photon must have pT > 400MeV and the95

converted photon must have pT > 500 MeV.96

An example ⇡0 candidate invariant mass (M(��)) distribution is shown in Fig. 1. The97

⇡0 yield is determined using a binned maximum likelihood fit to the M(��) distribution.98

The ⇡0 signal is modelled by a two-sided Crystal Ball function [43]. The parameters99

describing the tails of the signal distribution are determined from simulation, while the100

Gaussian mean and width are left to vary in the fit to the data. The combinatorial101

background is modelled using charged particles as proxies for neutral pions. Charged102

particles reconstructed in the tracking system are given the ⇡0 mass, and their decays103

to two photons are simulated. The simulated photons are combined with reconstructed104

ECAL photons to form background candidates. The mass distribution of the proxy105

background candidates accurately describes combinatorial backgrounds in simulation and106

is used as a background model in the fit. An additional background component arises107

when a converted photon is combined with its own bremsstrahlung radiation to form a ⇡0
108

candidate, producing a peak at low mass. This background is modelled by convolving the109

reconstructed converted photon mass distribution with the sum of two positive half-normal110

distributions. The width of the narrower half-normal distribution is left to vary in the fit,111

while the larger width is fixed using simulation.112

The ⇡0 yields are corrected for the e↵ects of the detector response using simulation and113

an iterative unfolding procedure. First, correction factors are calculated for each pT bin114

3

• Yields of  extracted from fit to mass spectrum 
for each kinematic bin


- Signal: two-sided Crystal Ball function


- Combinatorial background: constructed with 
proxy sample of charged tracks


- Bremsstrahlung: combination of the 
converted photon and its own brem. radiation


• Yields of  corrected by detector effects using 
simulation:


- Calibration to correct data-simulation 
differences (JINST 14 (2019) P11023)


- Iterative unfolding technique used to correct 
efficiency and resolution effects

π0

π0

arXiv:2204.10608
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Table 1: Relative uncertainties in d�/dpT and RpPb in percent. The ranges correspond to the
minimum and maximum values of the associated uncertainties across all pT intervals and both
⌘CM regions. The d�/dpT ranges cover the uncertainties for each of the pPb and pp samples.
All sources of systematic uncertainty are fully correlated across pT intervals.

Source d�/dpT [%] RpPb [%]
Fit model 2.0–12.6 0.9–15.8
Unfolding 0.3–6.4 0.4–6.4
Interpolation � 0.9–4.5
Material 4.0 �
E�ciency 1.3–1.9 1.9–2.1
Luminosity 2.0–2.6 2.2–2.3
Total systematic 5.4–15.0 4.3–17.4
Statistical 1.0–9.6 1.4–9.1

about 1% in most pT intervals. An additional unfolding uncertainty arises from di↵erences162

in ⇡0 pT resolution in data and simulation. This di↵erence is estimated to be less than163

10% by comparing the fitted widths of the ⇡0 peaks in data and simulation. The resolution164

is varied in the unfolding by ±10%, resulting in a systematic uncertainty of less than 1%165

in every pT interval. The e�ciency correction uncertainty arises from the finite size of the166

simulated data samples and results in a global uncertainty of about 1–2%. The luminosity167

has been measured in pp collisions with a precision of 2% and in pPb collisions with a168

precision of 2.6% in the forward configuration and 2.5% in the backward configuration.169

The luminosity uncertainty is 50% correlated between datasets. The di↵erential cross170

sections have an additional 4% uncertainty due to uncertainties in the detector material171

budget. This uncertainty is fully correlated between datasets and cancels in the nuclear172

modification factor.173

The fully corrected ⇡0 di↵erential cross sections and nuclear modification factors174

are shown in Fig. 2 and Fig. 3, respectively. The nuclear modification factor shows a175

Cronin-like enhancement at backward pseudorapidity and a strong suppression at forward176

pseudorapidity. These measurements are compared to next-to-leading order pQCD177

calculations [47] using the EPPS16 [2] and nCTEQ15 [3] nPDF sets and the DSS14 ⇡0
178

fragmentation functions [48]. The nPDFs have been reweighted to incorporate LHCb179

D0 production data [49–51], resulting in much smaller uncertainties than calculations180

using the default EPPS16 and nCTEQ15 nPDFs [51]. The measurement uncertainties in181

the forward region are much smaller than the nPDF uncertainties, indicating that this182

measurement could provide powerful constraints on nPDFs at low x. In addition, the183

forward results present tension with the CGC calculation [52]. The enhancement in the184

backward direction between 2 and 4 GeV is larger than the enhancement predicted by185

the pQCD calculation. This excess suggests that e↵ects not described by nPDFs may186

contribute to the enhancement.187

The ⇡0 modification factor is also compared to the charged-particle nuclear modification188

factor measured by the LHCb experiment in pPb collisions at
p

sNN = 5 TeV [15]. The189

forward ⇡0 measurement agrees with the charged-particle measurement. The enhancement190

at backward ⌘CM is much smaller than the enhancement seen for charged particles at191

the LHCb experiment. Because the unidentified charged particle measurement includes192
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Figure 2: Measured ⇡0 di↵erential cross sections versus pT in the (top) backward and (bottom)
forward ⌘CM regions. Statistical uncertainties are shown by error bars, while systematic uncer-
tainties are shown by boxes. The pp cross sections are scaled by the atomic mass of the lead ion,
A = 208.

heavier mesons and baryons, this ordering could indicate a mass-dependent enhancement193

consistent with radial flow or baryon enhancement from final state recombination [23].194

Studies of protons and heavier unflavored mesons, such as ⌘ and ⌘0 mesons, could help195

di↵erentiate between these explanations.196

In conclusion, the ⇡0 nuclear modification factor is measured at forward and backward197

rapidities in pPb collisions at
p

sNN = 8.16 TeV. The measured nuclear modification198

factor has a total uncertainty of less than 6% in most pT intervals, which will provide199

strong constraints on models of nuclear structure and particle production in heavy ion200

collisions. In particular, the forward measurement is sensitive to nPDFs for x as low as201

10�6 and could provide useful constraints in future nPDF fits. Furthermore, the backward202

measurement shows the first evidence of enhanced ⇡0 production in proton-ion collisions at203

the LHC. These measurements will help constrain nuclear parton densities and models of204

6

• Result for  cross-section


• Interpolation of  and  cross-section 
to construct the reference for 


• Correlated uncertainties across datasets cancel 
in :


- total uncertainty less than  in most  
intervals 

dσ/dpT

5 TeV 13 TeV
RpPb

RpPb

6 % pT

arXiv:2204.10608
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Figure 3: Measured ⇡0 nuclear modification factor in the (left) backward and (right) forward ⌘CM

regions. Error bars show the statistical uncertainty, while the open boxes show the pT-dependent
systematic uncertainties. The solid gray boxes show the overall normalization uncertainties from
the luminosity estimate and e�ciency correction factors. The results are compared to (top)
theoretical predictions [47, 49, 52] and (bottom) to charged-particle data from Ref. [15]. The
hatched regions show the nPDF uncertainties of the pQCD calculations. The vertical error bars
on the charged-particle results show the combined systematic and statistical uncertainties.
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[3] K. Kovař́ık et al., nCTEQ15 - Global analysis of nuclear parton distributions
with uncertainties in the CTEQ framework, Phys. Rev. D93 (2016) 085037,
arXiv:1509.00792.

[4] D. de Florian, R. Sassot, P. Zurita, and M. Stratmann, Global analysis of nuclear
parton distributions, Phys. Rev. D85 (2012) 074028, arXiv:1112.6324.

[5] J. C. Collins, D. E. Soper, and G. F. Sterman, Factorization of hard processes in
QCD, Adv. Ser. Direct. High Energy Phys. 5 (1989) 1, arXiv:hep-ph/0409313.

7

0.5

1.0

1.5

R
pP

b

LHCb

⇡0,
p

sNN = 8.16 TeV, �4.0 < ⌘CM < �3.0

nCTEQ15+LHCb D0

EPPS16+LHCb D0

CGC

LHCb

⇡0,
p

sNN = 8.16 TeV, 2.5 < ⌘CM < 3.5

102 3 4 5 6 7 8 9
pT [GeV]

0.5

1.0

1.5

R
pP

b

LHCb

⇡0,
p

sNN = 8.16 TeV, �4.0 < ⌘CM < �3.0
h±,

p
sNN = 5 TeV, �3.5 < ⌘CM < �3.0

h±,
p

sNN = 5 TeV, �4.0 < ⌘CM < �3.5

⇡0,
p

sNN = 8.16 TeV, �4.0 < ⌘CM < �3.0
h±,

p
sNN = 5 TeV, �3.5 < ⌘CM < �3.0

h±,
p

sNN = 5 TeV, �4.0 < ⌘CM < �3.5

102 3 4 5 6 7 8 9
pT [GeV]

LHCb

⇡0,
p

sNN = 8.16 TeV, 2.5 < ⌘CM < 3.5
h±,

p
sNN = 5 TeV, 2.5 < ⌘CM < 3.0

h±,
p

sNN = 5 TeV, 3.0 < ⌘CM < 3.5

⇡0,
p

sNN = 8.16 TeV, 2.5 < ⌘CM < 3.5
h±,

p
sNN = 5 TeV, 2.5 < ⌘CM < 3.0

h±,
p

sNN = 5 TeV, 3.0 < ⌘CM < 3.5

Figure 3: Measured ⇡0 nuclear modification factor in the (left) backward and (right) forward ⌘CM
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systematic uncertainties. The solid gray boxes show the overall normalization uncertainties from
the luminosity estimate and e�ciency correction factors. The results are compared to (top)
theoretical predictions [47, 49, 52] and (bottom) to charged-particle data from Ref. [15]. The
hatched regions show the nPDF uncertainties of the pQCD calculations. The vertical error bars
on the charged-particle results show the combined systematic and statistical uncertainties.

References
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[3] K. Kovař́ık et al., nCTEQ15 - Global analysis of nuclear parton distributions
with uncertainties in the CTEQ framework, Phys. Rev. D93 (2016) 085037,
arXiv:1509.00792.

[4] D. de Florian, R. Sassot, P. Zurita, and M. Stratmann, Global analysis of nuclear
parton distributions, Phys. Rev. D85 (2012) 074028, arXiv:1112.6324.

[5] J. C. Collins, D. E. Soper, and G. F. Sterman, Factorization of hard processes in
QCD, Adv. Ser. Direct. High Energy Phys. 5 (1989) 1, arXiv:hep-ph/0409313.

7

arXiv:2204.10608

0.5

1.0

1.5

R
pP

b

LHCb

⇡0,
p

sNN = 8.16 TeV, �4.0 < ⌘CM < �3.0

nCTEQ15+LHCb D0

EPPS16+LHCb D0

CGC

LHCb

⇡0,
p

sNN = 8.16 TeV, 2.5 < ⌘CM < 3.5

102 3 4 5 6 7 8 9
pT [GeV]

0.5

1.0

1.5

R
pP

b

LHCb

⇡0,
p

sNN = 8.16 TeV, �4.0 < ⌘CM < �3.0
h±,

p
sNN = 5 TeV, �3.5 < ⌘CM < �3.0

h±,
p

sNN = 5 TeV, �4.0 < ⌘CM < �3.5

⇡0,
p

sNN = 8.16 TeV, �4.0 < ⌘CM < �3.0
h±,

p
sNN = 5 TeV, �3.5 < ⌘CM < �3.0

h±,
p

sNN = 5 TeV, �4.0 < ⌘CM < �3.5

102 3 4 5 6 7 8 9
pT [GeV]

LHCb

⇡0,
p

sNN = 8.16 TeV, 2.5 < ⌘CM < 3.5
h±,

p
sNN = 5 TeV, 2.5 < ⌘CM < 3.0

h±,
p

sNN = 5 TeV, 3.0 < ⌘CM < 3.5

⇡0,
p

sNN = 8.16 TeV, 2.5 < ⌘CM < 3.5
h±,

p
sNN = 5 TeV, 2.5 < ⌘CM < 3.0

h±,
p

sNN = 5 TeV, 3.0 < ⌘CM < 3.5

Figure 3: Measured ⇡0 nuclear modification factor in the (left) backward and (right) forward ⌘CM

regions. Error bars show the statistical uncertainty, while the open boxes show the pT-dependent
systematic uncertainties. The solid gray boxes show the overall normalization uncertainties from
the luminosity estimate and e�ciency correction factors. The results are compared to (top)
theoretical predictions [47, 49, 52] and (bottom) to charged-particle data from Ref. [15]. The
hatched regions show the nPDF uncertainties of the pQCD calculations. The vertical error bars
on the charged-particle results show the combined systematic and statistical uncertainties.

References
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p Pb

pPb

• Forward region: similar suppression as charged hadrons, compatible with predictions


• Backward region: less enhancement than charged hadrons  effect stronger for , ?→ p K
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The LHCb Upgrade I 

40

• Major upgrade: replacement of tracking and particle identification detectors


• New SMOG2 system  confinement gas cell upstream VELO


- up to  gas pressure (  increase in luminosity)


- non-noble gases  ( )


- precise luminosity determination

→

× 100 × 100

H2, O2, D2, . . .

LHCb upgrade

18

Saverio Mariani, 6 Apr 2022, 11:30

LHCb is currently facing a major upgrade :
¾ Most of the detectors replaced

¾ Fully-software detector read-out and data processing

Æ LHCb is a brand-new general purpose experiment

Study of central PbPb collisions during Run 3 ? 
Simulation studies show that no saturation effects up to 30% centrality 

Next upgrades 
~2025 : New tracking station inside the magnet 

~2030 : Mighty tracker, no more centrality limitation 

LHCb-FIGURE-2022-002

Emilie Maurice (LLR) ± Highlights from the LHCb experiment

The LHCb fixed target upgrade

19

Saverio Mariani, 6 Apr 2022, 11:30

From 2022, 20-cm-long gas storage cell (SMOG2) upstream of the LHCb nominal IP
¾ Gas pressure up to x100 with the same flow as Run2 
¾ Studies ongoing to also inject heavy noble (Kr, Xe) and non-noble (H2, D2, O2) gases
¾ Opportunity to operate simultaneously in collider and fixed-target modes

Separation of the interaction region wrt beam-beam
¾ Dedicated reconstruction and trigger studies, with no-showstopper found

¾ First data-driven method for particle identification performance using fixed-
target data only [LHCb-DP-2021-007]

With the LHCb fixed target upgrade
unique opportunities to extend heavy-ion, QCD and astrophysics program
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• Expecting to be able to reconstruct down to centrality in 


- new VELO is a pixel silicon detector larger granularity  no saturation

- limitation expected to come from downstream tracker (SciFi) 


• Also expecting to reach full coverage with heavier gases  

30 % PbPb
→ →

→ PbAr

Expected improvements in  collisionsAA

41

LHCb-FIGURE-2022-002LHCb-FIGURE-2019-021
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The LHCb Upgrade I: SMOG system
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• Left plot: primary vertex  position in simulation


• Right plot: firsts plot from commissioning run (data!)


- Two independent interaction regions, separation of both types of 
collisions possible even with simultaneous data-taking


- much better control of systematic uncertainties

z

LHCb-FIGURE-2022-002
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• The LHCb detector:


- collider mode: , , 


- fixed-target mode: , , , 


• Centrality in  and  collisions at LHCb


- The Glauber Model and ECAL


• Studying small systems at LHCb: 


- Strategies to measure with respect to charged particle multiplicity


- Analysing data:  measurements of  spectra of charged particles and neutral pions


• Outlook: the LHCb Upgrade


- will increase our centrality reach in  collisions


- new SMOG2 gas storage cell: 

✴more luminosity 

✴more gases

✴simultaneous data-taking with 

pp pPb PbPb

pHe pNe pAr PbAr

PbPb PbNe

(η, pT)

AA

pp

Summary
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