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The LHCb experiment
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• One-arm spectrometer at LHC fully 
instrumented in 


- Tracking system with excellent 
momentum resolution


- Excellent hadron and muon ID


- Precise vertex reconstruction, for 
primary and secondary vertices


- Calorimeters ECAL, HCAL


- Flexible trigger, down to low 

2 < η < 5

pT

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

The LHCb detector
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LHCb : single arm spectrometer fully 
instrumented in pseudo-rapidity range 2 < η < 5

10.1142/S0217751X15300227

❖ Track reconstruction down to pT = 0.

❖ Excellent pT and mass resolution.

❖ Excellent particle identification.

❖ Precision vertex reconstruction.

https://doi.org/10.1142/S0217751X15300227
https://doi.org/10.1088/1748-0221/3/08/S08005
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The LHCb experiment
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• SMOG system: inject gas inside LHC vacuum, measure collisions between beam and 
gas nuclei at rest


• Run1&2: noble gas only (He, Ne, Ar)


• , between SPS & RHIC, around  in cms


• Luminosity measured with  elastic scattering events

sNN = 69 to 110 GeV −3.0 < y* < 0.0

pe

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

A unique fixed-target configuration
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LHCb datasets from Run1&Run 2
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• Reconstruction limited in  up to 
centrality

PbPb
60 %
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• Major upgrade: replacement of tracking and particle identification detectors


- New tracking system should reconstruct down to centrality in 


• New SMOG2 system  up to  gas pressure and non-noble gases  ( )


• More details about in talk by Benjamin Audurier (LHCb prospects)

≈ 30 % PbPb

→ × 100 H2, O2, D2, . . .

The LHCb Upgrade I 
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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



Selection of recent  
LHCb results
(previous LHCb overview in rencontres QGP )
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https://indico.cern.ch/event/887304/contributions/4402308/attachments/2276224/3866863/audurier_lhcb_review.pdf
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Coverage in (x, Q2)
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p Pb

pPb

forward

• LHCb has a unique capabilities to study nuclear structure with a wide  coverage


• Access to the saturation and the high-x regions of nuclei

(x, Q2)

backward
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• LHCb  production in  at : JHEP 10 (2017) 090


• Effect on recent nNNPDF3.0 (arXiv:2201.12363)


• Data also considered in EPPS21

D0 pPb 5 TeV

LHCb constrains in nPDFs
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Figure 4.5. Comparison of the nPDFs of lead nuclei at Q = 10 GeV between nNNPDF3.0 (no LHCb D) and
nNNPDF3.0, normalised to the central value of the former.
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Figure 4.6. Same as Fig. 4.5 now presented in terms of the terms of the nuclear modification ratios R(A)
f (x, Q).

accounting for the correlations between proton and lead PDFs. In the case of the sea quark PDFs, the
enhanced shadowing for x

⇠
< 10�3 and the corresponding uncertainty reduction is qualitatively similar to

that observed at the lead PDF level. The preference of the LHCb D-meson production measurements for a
strong small-x shadowing of the quark and gluon PDFs of lead is in agreement with related studies of the
same process in the literature [86, 97,98].

Whenever the nuclear ratios deviate from unity, R(A)
f (x, Q) 6= 1, the fit results favour non-zero nuclear

modifications of the free-proton PDFs. However, such non-zero nuclear modifications will not be signific-
ant unless the associated nPDF uncertainties are small enough. In order to quantify the local statistical

21

https://link.springer.com/article/10.1007/JHEP10(2017)090
https://arxiv.org/abs/2201.12363
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• New measurements of  production in 


• Using sample x20 larger than previous 
measurement (JHEP 10 (2017) 090)


• Finer binning and extended kinematic range 
to 

D0 pPb

pT ∈ [0,30] GeV/c
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Open-charm production in pPb collisions
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New
 LHCb-PAPER-2022-007

❖ New results for D0 cross-section in pPb/Pbp collisions at 
√sNN = 8 TeV up to pT = 30 GeV/c.

❖ Improved statistics by factor 20 compared to previous 
LHCb results.

 production in D0 pPb

]c [GeV/
T
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LHCbForward
 = 5 TeVNNs

 JHEP 10 (2017) 090Previous results:

LHCb-PAPER-2022-007 (in preparation)New result:

https://doi.org/10.1007/JHEP10(2017)090
https://doi.org/10.1007/JHEP10(2017)090
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 production in D0 pPb
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• Forward-to-backward ratio:


• Comparison with HELAC-Onia predictions with EPPS16 and nCTEQ15 weighted with 
LHC  measurements


• Discrepancy at high  with reweighted nPDF predictions


- Additional effects beyond nPDF?

D

pT
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Open-charm production in pPb collisions
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New
 LHCb-PAPER-2022-007

❖ Tension between data and theory predictions at high pT.

❖ Additional effect required?
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 production in D0 pPb
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• Nuclear modification factor:


• Reference  cross-section obtained from interpolation of  results at  and 


• Discrepancy with nPDF predictions in the backward region at high 

pp pp s = 5 13 TeV
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New
 LHCb-PAPER-2022-007

❖ Tension between data and theory predictions at high pT.

❖ Additional effect required?
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 RpPb =
1
A

d2σpPb/dpTdy*
d2σpp/dpTdy*
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Phys. Rev. Lett. 128, 142004

    
d2σ

dpTdη
pPb, pp

=
1
ℒ

⋅
Nch(η, pT)

ΔpTΔη
• Measurement of differential cross-sections and 


• Constrains to MC generators


• Test models of cold nuclear matter effects: nPDFs, 
saturation (CGC) models, energy loss, ...

RpPb

 RpPb(η, pT) =
1
A

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

https://journals.aps.org/prl/abstract/10.1103/PhysRevLett.128.142004
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• Continuous evolution of  with  at 
different , compatible with CMS and 
ALICE data


• Next step:


- Measure identified  spectra

RpPb xexp
Q2

exp

(π, K, p)

Phys. Rev. Lett. 128, 142004


Q2
exp ≡ m2 + p2

T and xexp ≡
Qexp

sNN
e−η

• Strong suppression at forward , 
down to  at low 


• Enhancement at backward for 



- Not reproduced by EPPS16 
prediction


- Clear pseudorapidity dependence

η
∼ 0.3 pT

pT > 1.5 GeV/c

Fo
rw

ar
d

Ba
ck

w
ar

d

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

- Disentangle effects from different hadrons  understand enhancement in backward

- Input to fragmentation functions (hadronization)

- Additional constrains to nPDFs and test of saturation effects

- Input needed for direct photon production measurement

π0

→

Neutral pion production in  and pPb pp

14

• Datasets:


-   and  data at 


-  reference interpolated 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

https://arxiv.org/abs/2204.10608
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Neutral pion : forward regionRpPb

15

• Strong suppression of  production


-  compatible with charged hadron 
result


- similar shadowing/saturation effects 
affecting all hadrons


• In agreement with nPDFs (reweighted with 
LHCb  data) 


• CGC LO prediction underestimates 
suppression PR D88, 114020

π0

RpPb
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π0

Motivation
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shadowing
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 parton saturation?

Constrain the gluon PDF at low-x. Potentially probe gluon saturation, CGC.

Provide more information about charged particle enhancement at backward rapidities.

Need ⇡0 pT spectra for direct photon searches.
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RpPb =
1
A

dσpPb/dpT

dσpp/dpT

JHEP 05 (2020) 037
JHEP 1710 (2017) 090
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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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• Cronin-like enhancement of  production  


- Enhancement less pronounced than for 
charged particles (   mixture)


- Indication of a mass-ordering in the Cronin 
enhancement, as observed by other 
experiments


- compatible with final-state recombination 
picture (Phys. Rev. Lett. 93, 082302)


• Excess over reweighted nPDFs predictions 
between  and 


- contributions from additional effects?

π0

π−, K−, p, . . .

2 4 GeV/c

Neutral pion : backward regionRpPb

16

Motivation
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 parton saturation?

Constrain the gluon PDF at low-x. Potentially probe gluon saturation, CGC.

Provide more information about charged particle enhancement at backward rapidities.

Need ⇡0 pT spectra for direct photon searches.
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RpPb =
1
A

dσpPb/dpT

dσpp/dpT

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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Phys.Rev.Lett. 128 (2022) 8, 082001
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• Measurement of  boson associated with 
charm jet


• 


• Data of  collisions, , 


•  measured by tagging secondary 
vertices


• Sensitivity to intrinsic charm at forward 
rapidity


• Result favours PDF prediction including 
intrinsic charm

Z

Rc
j =

σ(Zc)
σ(Zj)

pp s = 13 TeV 6 fb−1

σ(Zc)

Events with  boson 
+ charm jet

Z

Events with  boson 
+ any  jet

Z

https://doi.org/10.1103/PhysRevLett.128.082001
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 boson production in  and Z0 pp pPb

18

• Clean constrains to PDFs & nPDFs


•  cross-section in  at 


- Uncertainty of  ( excl. lumi)

- First double-differential measurement in 

forward region


•  cross-section in  at  

and 

Z pp s = 13 TeV
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Figure 2: The measured overall Z ! µ+µ� production fiducial cross-section compared to the
PowhegBox prediction using CTEQ61, EPPS16 and nCTEQ15 (n)PDF sets, for forward and
backward collisions, respectively.
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and backward (b) collisions. The theoretical predictions are calculated using PowhegBox with
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Figure 8: The nuclear modification factors (RpPb) as a function of y⇤Z (a, b), pZT (c, d) and �⇤ (e,
f), together with the PowhegBox prediction using EPPS16 and nCTEQ15 nPDF sets, where
(a, c, e) are for forward collisions and (b, d, f) for backward collisions.
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LHCb-PAPER-2022-009 (in preparation) 

https://arxiv.org/abs/2112.07458
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• Nature of  not clear (tetraquark, 
molecule, combination?)


- Study production with respect to the QCD 
medium


- Non conventional hadrons  new probes of 
hadronization mechanisms

χc1(3872)

→

Production of  in χc1(3872) pPb

19
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c)

LHCb-CONF-2022-001

LHCb has demonstrated excellent capabilities to discover new particles, such as T+
cc tetraquark [arXiv:2109.01056]

Investigation of Ȥc1(3872) state

¾ Nature : tetraquark, molecule ?

¾ Probe of QCD medium ?

Measurement of relative Ȥc1(3872) production with ȥ(2S), via their decays into J/ȥ�ʌ+ ʌ-

¾ In pp collisions at 8 TeV, with 2 fb-1 [Phys. Rev. Lett. 126 (2021) 092001]

¾ In pPb collisions, at 8.16 TeV, with 12.5 nb-1 [LHCb-CONF-2022-001]

Production of exotic hadrons in pp and pPb collisions

7

Eliane Epple, 7 Apr 2022, 10:00

Emilie Maurice (LLR) ± Highlights from the LHCb experiment

• Measure ratio of prompt with 



• Use full  dataset

χc1(3872), ψ(2S)
χc1(3872), ψ(2S) → J/ψπ+π−

sNN = 8.16 TeV

https://cds.cern.ch/record/2807146
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• Event multiplicity-dependent measurement tests dense medium effects


•  could be modified due to b-hadronization via quark coalescence


• Study of  ratio with , using  collisions, 


• Use two multiplicity metrics:

B0
s /B0

σ(B0)s /σ(B0) B0
(s) → J/ψπ+π− pp 5.4 fb−1

 ratio with event multiplicity in B0
s /B0 pp
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Figure 1: Distribution of the number of VELO tracks and backwards tracks for NoBias events
(red) and B0 signal events (blue), each with one primary vertex. The vertical scale is arbitrary.

the fit by a sum of two Crystal Ball functions, which have tail shapes constrained to values95

determined by simulation. The background contribution is represented by an exponential96

function, which is found to provide a good description of the purely combinatorial J/ ⇡±⇡±
97

mass spectrum with like-sign dipions. All multiplicity bins are fit simultaneously, where98

the signal shapes are constrained to be the same in each bin, but their normalization and99

the background parameters are allowed to vary. The B0

s and B0 line shapes are nearly100

identical, and variations of the fit functions have a negligible e↵ect on the extracted ratio101

of B0

s to B0 yields.102
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• Result in several  bins: 


- Increase of  with multiplicity at low  (slope significance = 3.4 sigma) 


- modification occurs at low , where most of the bulk particles are produced


- high  and low-multiplicity consistent  with  result

pT

B0
s /B0 pT

pT

pT e+e−

 ratio with event multiplicity in B0
s /B0 pp
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Figure 4: Ratio of cross sections �B0
s
/�B0 versus normalized multiplicity in the transverse

momentum ranges a) 0 < pT < 6 GeV/c, b) 6 < pT < 12 GeV/c, and c) 12 < pT < 20
GeV/c. The vertical error bars (boxes) represent point-to-point uncorrelated (fully correlated)
uncertainties. The horizontal bands show the values measured in e+e� collisions.

returned by the fit to the J/ ⇡+⇡� invariant mass spectrum, and the second is due128

to uncertainties on the various e�ciency corrections and the branching fractions. This129

measurement agrees with previous LHCb measurements of fs/fd using di↵erent decay130

channels [17] within 1.5 standard deviations.131

The multiplicity dependence of �B0
s
/�B0 is shown in Fig. 3, for two di↵erent multiplicity132

metrics. Here the vertical error bars (boxes) represent point-to-point uncorrelated (fully133

correlated) uncertainties, while the horizontal error bars represent the bin width. In the134

left panel, the ratio shows an increasing trend with the total VELO multiplicity, where135

multiplicity is normalized to the mean value found in NoBias collisions. Also shown are136

the �B0
s
/�B0 values measured in e+e� collisions at the ⌥ (5S) and Z0 resonances [48],137

which are in good agreement with the data at low multiplicity. The right panel shows138

the same ratio versus the normalized Nback

tracks
. No significant dependence is observed on139

the multiplicity measured in the backwards region. The dependence on total multiplicity,140

compared to the lack of dependence on multiplicity measured at backward rapidity, could141

indicate that the mechanism responsible for the increase in the �B0
s
/�B0 ratio is related to142

the local particle density in a similar rapidity interval as the B mesons themselves.143

The multiplicity dependence of �B0
s
/�B0 is shown in three di↵erent intervals of B144

meson pT in Fig. 4. In the lowest pT interval, 0 < pT < 6 GeV/c, at low multiplicity145

the �B0
s
/�B0 ratio is consistent with values measured in e+e� collisions, and increases146

with multiplicity. The slope of a line fit to this data di↵ers from zero by 3.4 standard147

deviations, thereby providing evidence for an increase of the the �B0
s
/�B0 ratio. The148

measurements in higher pT intervals, 6 < pT < 12 GeV/c and 12 < pT < 20 GeV/c, display149

no significant dependence on multiplicity and are consistent with data from e+e� collisions.150

This behavior is expected in a scenario where low-pT b quarks with relatively low velocity151

recombine with s quarks produced in high-multiplicity collisions, while the wavefunctions152

of higher pT b quarks have less overlap with the low-pT bulk of the quarks produced in the153

collision. These high-pT b quarks would thereby hadronize via fragmentation in vacuum,154

as in e+e� collisions, rather than via coalescence.155
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• Comparison between different multiplicity metrics


• No significant enhancement is observed for 


- Indication that mechanism behind enhancement is related with multiplicity in 
similar rapidity as  meson

Nbackward
tracks

B

 ratio with event multiplicity in B0
s /B0 pp
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where NB0
s
/NB0 is the ratio of B0

s to B0 signal yields returned by the fit, BB0/BB0
s
is104

the ratio of B0 to B0

s branching fractions to J/ ⇡+⇡�, and "accB0 /"accB0
s
, "trigB0 /"

trig

B0
s
, "PIDB0 /"PIDB0

s
,105

and "recoB0 /"recoB0
s

are ratios of the LHCb acceptance and the trigger, particle identification,106

and reconstruction e�ciencies for B0 to B0

s mesons, respectively. Due to the similarities107

of the B0

s and B0 decays, many systematic uncertainties partially cancel in this ratio108

of cross sections. The ratio of the LHCb acceptance for the decays "accB0 /"accB0
s
is found,109

using simulation, to be consistent with unity, with an uncertainty of ⇠ 1% due to the110

uncertainty on the weights applied to the simulation in order to match the data. The ratio111

of trigger e�ciencies "trigB0 /"
trig

B0
s
is determined from data to be consistent with unity, with112

an uncertainty of ⇠ 1%, using techniques described in Ref. [45], where the uncertainty113

comes from statistical uncertainties on the data sample. The ratio of particle identification114

e�ciencies "PIDB0 /"PIDB0
s

is found using calibrated samples of identified muons and pions115

obtained from the data, and is consistent with unity with an uncertainty of ⇠ 1% due116

to the finite size of the calibration sample. The only term with a significant di↵erence117

from unity is the ratio of reconstruction e�ciencies, which is found to be "recoB0 /"recoB0
s

=118

0.86 ± 0.04 for the pT-integrated sample. This is due to the di↵erence in the dipion119

mass distributions produced in the B0

s and B0 decays: the B0

s decay is dominated by120

contributions from intermediate f0(980) and f0(1500) states [46], which are reconstructed121

with higher e�ciency than the lower-mass ⇢0(770) intermediate state that is significant in122

B0 decays [47]. The uncertainty on this correction is due to the statistical uncertainty on123

the weights extracted from the data that are applied to the simulation in order to match124

the measured B meson pT and dipion mass distributions.125

The ratio of cross-sections for the multiplicity-integrated samples is found to be126

�B0
s
/�B0 = 0.30± 0.01± 0.03. Here the first uncertainty is due to statistical uncertainties127
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Figure 3: Ratio of cross sections �B0
s
/�B0 versus the normalized multiplicity of a) all VELO

tracks, and b) backwards VELO tracks. The vertical error bars (boxes) represent point-to-point
uncorrelated (fully correlated) uncertainties. The horizontal bands show the values measured in
e+e� collisions.
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Detached antiproton production in  pHe

24
6DYHULR�0DULDQL�

��������������������������������������������������

$QWLSURWRQV�IURP�DQWL�K\SHURQ�GHFD\V�LQ�S+H��,�

�+HDY\�LRQ�DQG�IL[HG�WDUJHW�SK\VLFV�DW�/+&E

Ɣ �[jIgdgIj<jQ][�]N�����NYkr�Q[�
.h�ZI<hkgIZI[jh�¥Q[GQgIEj��!�hI<gEPIh¦�YQZQjIG�Ds�Z]GIYh�]N�
<[jQdg]j][�dg]GkEjQ][�Q[�
.h�E]YYQhQ][h�qQjP�jPI�Q[jIghjIYY<g�ZIGQkZ�¥����I¦

Ɣ �IGQE<jIG�ZI<hkgIZI[j�j]�jPI�E]Zd][I[j�Ng]Z�<[jQ�PsdIg][�GIE<sh�Q[�d�I��IrjI[GQ[O�<�
NQghj� �
D�gIhkYj�][Ys�GI<YQ[O�qQjP�dg]Zdj�dg]EIhhIh �
D�+�+�.�ÃÁÂÉ�ÁÄÂ

 �
D�dgIYQZQ[<gs  �
D�dgIYQZQ[<gs

• LHCb measured  production in  at 
  (PRL 121 (2018) 222001)


- Study of AMS excess of 


- Predictions rely on cross-sections of prompt and 
detached 

p pHe
sNN = 110 GeV

p

p

• Measure now antiprotons from detached sources 
(hyperon decays)


• Two approaches:

Phys.Rev.Res. 2 (2020) 2, 023022

Exclusive approach, measure Λ → pπ+ Inclusive approach, measure full 
detached contribution
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certainty in our baseline model, the covariance matrix of
data errors alone (Cdata) would already give enough free-
dom to allow for a very good agreement between the data
and the secondary flux prediction; (ii) Considering only
the statistical uncertainties in the data and the uncer-
tainties in the model (�stat and Cmodel), this prediction
is marginally consistent with the data at the 2� level,
with the KS test leading to an even better p-value. Also
note the relevance of the KS test (as opposed to the �2

test) to spot error overestimates, in the case of �tot and
Cmodel; (iii) In the most realistic case considering both
Cdata and Cmodel, p-values are very good for both the �2

and KS test. Thus, not only is a secondary origin for
the locally measured p̄’s statistically consistent with the
data, but, as shown by these considerations, it is also ro-
bust with respect to error mismodelling in either model
or data errors.

TABLE I. Respective p-values for di↵erent sources of errors.
We take dof= 57, i.e. the number of p̄ data. Total errors on

data are defined to be �tot =
q

�2
stat + �2

syst.

Error considered �2/dof p-value (�2) p-value (KS)

�stat 23 0 0

�tot 1.69 8.3 ⇥ 10�4 0

Cdata 0.85 0.79 0.97

�stat and Cmodel 1.32 0.05 0.99

�tot and Cmodel 0.37 1.0 0.01

Cdata and Cmodel 0.77 0.90 0.86

Conclusions — Percent-level details in the model
predictions now matter, as do more subtle aspects of the
data error treatment. In this paper we have presented a
major upgrade of the p̄ flux prediction and analysis by:
(i) using the latest constraints on transport parameters
from AMS-02 B/C data, (ii) propagating all uncertain-
ties (with their correlations) on the predicted p̄ flux, and
(iii) accounting for correlated errors in p̄ data. The multi-
component nature of the systematic error, with di↵erent
R-dependencies and correlation lengths, has a crucial im-
pact on the analysis, and was not captured in more sim-
plified treatments as in Ref. [44]. With these novelties,
we unambiguously show that the AMS-02 data are con-
sistent with a pure secondary astrophysical origin. We
stress that this conclusion is not based on a fit to the
AMS-02 p̄ data, but on a prediction of the p̄ flux com-
puted from external data. Our results should hold for
any steady-stade propagation model of similar complex-
ity, as they all amount to the same “e↵ective grammage”
crossed to produce boron nuclei (on which the analysis
is calibrated), with roughly the same grammage entering
the secondary p̄’s. We have checked that this conclusion
is robust with respect to a variation by a factor of a few
of the correlation lengths of the AMS-02 systematic un-
certainties. Also, recent analyses of Fermi-LAT data are
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FIG. 2. Comparison of p̄ model and data (a), along with resid-
uals and 68% total confidence interval for the model (grey)
together with the transport (blue), the parents (red) and the
cross sections (green) contributions (b). The residuals of the
eigen vectors of the total covariance matrix as a function of
the pseudo-rigidity R̃, as well as their distribution are shown
in (c) and in the inset.

suggestive of a spatial dependent di↵usion coe�cient, no-
tably di↵erent in the inner Galaxy [77]. Moving to more
complex scenarios containing the 1D framework consid-
ered here as limiting case would broaden theory space,
but would not alter our conclusions on the viability of
secondary production to explain antiproton data. On the
technical aspects, more computationally expensive meth-
ods could allow one to go beyond the quadratic assump-
tion (i.e. assuming multi-Gaussian error distributions)
embedded in the covariance matrix of errors. For more
advanced applications, sampling techniques like Markov
chain Monte Carlo could be used (e.g., [78]). However,
a significant improvement in our perspectives for DM
searches in the p̄ flux can only be achieved by simul-
taneously reducing the systematics in the data and the
errors of the modelling. On the data side, a covariance
matrix of errors directly provided by the AMS-02 collab-
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suggestive of a spatial dependent di↵usion coe�cient, no-
tably di↵erent in the inner Galaxy [77]. Moving to more
complex scenarios containing the 1D framework consid-
ered here as limiting case would broaden theory space,
but would not alter our conclusions on the viability of
secondary production to explain antiproton data. On the
technical aspects, more computationally expensive meth-
ods could allow one to go beyond the quadratic assump-
tion (i.e. assuming multi-Gaussian error distributions)
embedded in the covariance matrix of errors. For more
advanced applications, sampling techniques like Markov
chain Monte Carlo could be used (e.g., [78]). However,
a significant improvement in our perspectives for DM
searches in the p̄ flux can only be achieved by simul-
taneously reducing the systematics in the data and the
errors of the modelling. On the data side, a covariance
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Figure 17: Fraction of antiprotons from decays of promptly produced ⇤ particles to the total
yield of detached antiprotons as a function of (top) their momentum for 0.55 < pT < 1.2GeV/c
and (bottom) their transverse momentum for 12 < p < 50.5GeV/c. The data, the black filled
circles, are compared to the Epos-lhc [22] prediction for this quantity, the green open circles.
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• Generators largely underestimate anti-
hyperon contribution


• Dependency with  kinematics not 
predicted by models


• Ratio  well described by generators

p

RΛ /RH

Exclusive approach Inclusive approach

 0.55 < pT < 1.2 GeV/c  0.4 < pT < 4 GeV/c

 12 < pT < 50.5 GeV/c

Ratio exclusive/inclusive

preliminary

 LHCb-PAPER-2022-006 (in preparation)
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• New results of charm production in  and :


-  and  production in  at 
 (LHCb-PAPER-2022-014)


-  and  production in  at 
 (LHCb-PAPER-2022-011)


• See talk by Élisabeth Niel about charm in fixed target

pNe PbNe

J/ψ ψ(2S) pNe
sNN = 68.5 GeV

J/ψ D0 PbNe
sNN = 68.5 GeV

Charm in fixed-target mode
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• HELAC-ONIA using CT14NLO and nCTEQ15 under predicts the data 
• Good agreement with predictions with (1%) and without an Intrinsic Charm contribution [PRC103 (2021) 035204]

6

Charmonia in pNe collisions at 68.5 GeV

preliminary preliminary

LHCb-PAPER-2022-014
In preparation

Differential  production cross-sectionJ/ψ
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• Total  cross-section: extrapolation to full phase space using Pythia8+CT09MCS PDF, assuming forward-backward symmetry. 

•  shows a power-law dependency with the center-of-mass energy  

•  to  production ratio in good agreement with other proton-nucleus measurements at small values of target atomic mass 
number, A. 

• The first measurement of  to  production ratio with SMOG 

J/ψ
sNN

ψ(2S) J/ψ

ψ(2S) J/ψ
7

Charmonia in pNe collisions at 68.5 GeV
LHCb-PAPER-2022-014

In preparation

preliminary preliminary

1 10 210
collN
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0
D
σ/

ψ
J/
σ

LHCb  = 68.5 GeVNNs

PbNe

 0.07±' = 0.82 α

• Assuming and  

    ==>   

•  
• Agree with measurements from proton-nucleus 

collisions by NA50 

•  production affected by additional nuclear effects 
compared to  

• No anomalous  suppression is observed that 
could indicate the formation of QGP

σJ/ψ ∝ ⟨Ncoll⟩α′ σD0 ∝ ⟨Ncoll⟩
σJ/ψ /σD0 ∝ ⟨Ncoll⟩α′ −1

α′ = 0.82 ± 0.07

J/ψ
D0

J/ψ

 ratio as a function of J/ψ / D0 Ncoll

10

 and  in PbNe collisions at 68.5 GeVD0 J/ψ
LHCb-PAPER-2022-011

In preparation

preliminary

Phys. Lett. B 410 (1997) 337
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• New results in  collisions:


- Centrality determination in  and 


-  photo-production in peripheral collisions 
(Phys. Rev. C 105, L032201)


-  ratio in peripheral collisions


• See talk by Samuel Belin

PbPb
PbPb PbNe

J/ψ

Λc /D0

Results in  collisionsPbPb
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-to-D0 ratio in peripheral PbPb collisionsΛ+
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First -to-D0 production ratio measured in peripheral PbPb collisions at forward rapidity.Λ+
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• Most central point compatible 
with STAR measurements.

• Rising trend ?

• Similar pT trend between ALICE and 
LHCb for pT > 4 GeV/c.

• Difference between LHCb and ALICE 
data versus rapidity.

Systematically lower -to-D0 ratio in LHCb compared 
to ALICE due to different  rapidity range confirmed?
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Figure 19: (top left) Classification of events from PbPb data according to the defined centrality
classes, distribution of the (top right) impact parameter, (bottom left) Ncoll and (bottom right)
Npart quantities for the corresponding centrality classes.

Table 2: Geometric quantities (Npart, Ncoll and b) of PbPb collisions for centrality classes defined
from a Glauber MC model fitted to the data. The classes correspond to sharp cuts in the
energy deposited in the ECAL. Here � stands for the standard deviation of the corresponding
distributions.

Centrality % E [GeV ] Npart �Npart Ncoll �Ncoll
b �b

100� 90 0� 310 2.9 1.2 1.8 1.2 15.4 1.0
90� 80 310� 800 7.0 2.9 5.8 3.1 14.6 0.9
80� 70 800� 1750 15.9 4.8 16.4 7.0 13.6 0.7
70� 60 1750� 3360 31.3 7.1 41.3 14.7 12.6 0.6
60� 50 3360� 5900 54.7 10.0 92.6 27.7 11.6 0.5
50� 40 5900� 9630 87.5 13.3 187.5 46.7 10.5 0.5
40� 30 9630� 14860 131.2 16.9 345.5 71.6 9.2 0.5
30� 20 14860� 22150 188.0 21.5 593.9 105.2 7.8 0.6
20� 10 22150� 32280 261.8 27.1 972.5 151.9 6.0 0.7
10� 0 32280�1 357.2 32.2 1570.3 236.8 3.3 1.2

16

arXiv:2111.01607

https://doi.org/10.1103/PhysRevC.105.L032201
https://arxiv.org/abs/2111.01607
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Summary

28

• Other LHCb-related 
talks:

• Élisabeth Niel (Charm in fixed target)


• Samuel Belin (Charm production in PbPb collisions)


• Benjamin Audurier (Physics prospects &  detector improvements)

• LHCb has unique capabilities for measurements in QCD & Heavy Ion physics


• Very interesting new measurements were presented (incomplete list!)


- Charged hadrons and production in  and  collisions


- New  production measurement in  at 8TeV


-   boson production with charm jets and  boson cross-sections in  and  collisions


- Production of  and  in  collisions


-  ratio with respect multiplicity in  collisions


- antiproton production from hyperons in  collisions


• Additional constrains to nPDFs and some tensions with predictions


• Better performance and larger datasets expected for Run 3

π0 pPb pp
D0 pPb

Z Z pp pPb
χc1(3872) ψ(2S) pPb

B0
s /B0 pp

pHe



Backup

29
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• Unique coverage in 

- constrains to nPDFs


• Precision and unique heavy-flavour measurements down to low 

- clean separation of prompt-nonprompt, angular measurements


• Study of the saturation region

- full capabilities in the very low-x region at forward region (charged hadrons, photon 

and neutral hadron reconstruction with very low  coverage)


• Spectroscopy and exotic hadrons


• UPC and CEP measurements 


- excellent  resolution

(x, Q2)

pT

pT

pT

Heavy-ion and QCD physics at LHCb

30

Some of the LHCb strong points:
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• Comparison with non reweighted nPDF predictions 

Neutral pion production in pPb

31

Supplementary material for LHCb-PAPER-2021-053367

This appendix contains supplementary material that will be posted on the public CDS368

record but will not appear in the paper.369

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

0.0

0.5

1.0

1.5

R
pP

b p
sNN = 8.16 TeV

2.5 < ⌘CM < 3.5
LHCb

Data
EPPS16
nCTEQ15
CGC

Figure A1: Forward results compared to pQCD predictions [47] using the EPPS16 [2] and
nCTEQ15 [3] nPDF sets, as well as a CGC calculation [52]. The data error bars show the
statistical uncertainties, while the open boxes show the systematic uncertainties that vary
bin-to-bin. The solid gray boxes show the overall normalization uncertainties from the luminosity
estimate and e�ciency correction factors.

Figure A2: Backward results compared to pQCD predictions [47] using the EPPS16 [2] and
nCTEQ15 [3] nPDF sets. The data error bars show the statistical uncertainties, while the open
boxes show the systematic uncertainties that vary bin-to-bin. The solid gray boxes show the
overall normalization uncertainties from the luminosity estimate and e�ciency correction factors.
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record but will not appear in the paper.369

Figure A1: Forward results compared to pQCD predictions [47] using the EPPS16 [2] and
nCTEQ15 [3] nPDF sets, as well as a CGC calculation [52]. The data error bars show the
statistical uncertainties, while the open boxes show the systematic uncertainties that vary
bin-to-bin. The solid gray boxes show the overall normalization uncertainties from the luminosity
estimate and e�ciency correction factors.
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Figure A2: Backward results compared to pQCD predictions [47] using the EPPS16 [2] and
nCTEQ15 [3] nPDF sets. The data error bars show the statistical uncertainties, while the open
boxes show the systematic uncertainties that vary bin-to-bin. The solid gray boxes show the
overall normalization uncertainties from the luminosity estimate and e�ciency correction factors.
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 LHCb-PAPER-2021-053  (in preparation)

preliminary preliminary
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 production in  at D0 pPb 5 TeV
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