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Introduction
@000

Introduction

Charmonia are € bound states
Charmonium production is a powerful test of QCD

Even the most successful charmonium production model, non-relativistic QCD (NRQCD)
doesn't explain all observations in pp collisions

Additional speci c models for more complicated production: associated, in heavy ions,...

Therefore, tests from many di erent con gurations shown today: Direct production
(prompt) or in b decays (nonprompt), central exclusive production (CEP), associated
production, from pPb or PbPb collisions...
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Charmonium production models

d A+BIH+X = d A+Blc  T(n)+X h# H(n)i (FaCtorisation)

Improved Colour Evaporation Model: ¢ T hadronises to H with constant probability &
if it has a higher mass than H, with momentum corrections

Color Singlet Model: ¢ T colorless, same quantum numbers’J as H

NRQCD: all colors and J° allowed, giving H with probability given by Long Distance
Matrix Element (LDME) h#" (n)i, need experimental constraints

Universality: prompt and nonprompt LDMEs identical
Spin-symmetry: Colour Singlet (CS) and Colour Octet (CO) LDME links
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The charmonia considered

Many known
charmonium(-like) states
[Phys. Rev. D110 (2024) 030001]
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The charmonia considered

Many known
charmonium(-like) states
[Phys. Rev. D110 (2024) 030001]

Charmonium(-like) states
with mass above
open-charm threshold not
considered here, with the
exception of ¢1(3872) in

one analysis O

Also many spectroscopy OQ

results at LHCb, not the O O
focus today O

Many analyses study J=,

(2S) with clean * OO

nal state

Others usually studied with
hadronic decays at LHCb
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The LHCb detector in Run 2 (2015-2018)

Single arm spectrometer at the Large Hadron Collider (LHC)winsT 3 (2008) sosoos,
Int. J. Mod. Phys. A30 (2015) 1530022]

Rapidity range of 2< < 4:5
Forward peaked correlated heavy avour production
) 4% of solid angle, 25% of heavy quark pairs

Flexible trigger for di erent studies
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The LHCb detector in Run 2 (2015-2018)

Single arm spectrometer at the Large Hadron Collider (LHC)winsT 3 (2008) sosoos,
Int. J. Mod. Phys. A30 (2015) 1530022]

Rapidity range of 2< < 4:5
Forward peaked correlated heavy avour production
) 4% of solid angle, 25% of heavy quark pairs

Flexible trigger for di erent studies

Fixed target collisions with
System for Measuring
Overlap with Gas gas
injector pINST 9 (2014) P12005]

Highest energy xed target
experiment in the world
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Single arm spectrometer at the Large Hadron Collider (LHC)winsT 3 (2008) sosoos,
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Rapidity range of 2< < 4:5
Forward peaked correlated heavy avour production
) 4% of solid angle, 25% of heavy quark pairs

Flexible trigger for di erent studies

Tracking subdetectors:

Very good vertexing thanks to
the VErtex LOcator
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The LHCb detector in Run 2 (2015-2018)

Single arm spectrometer at the Large Hadron Collider (LHC)winsT 3 (2008) sosoos,
Int. J. Mod. Phys. A30 (2015) 1530022]

Rapidity range of 2< < 4:5
Forward peaked correlated heavy avour production
) 4% of solid angle, 25% of heavy quark pairs

Flexible trigger for di erent studies

Identi cation subdetectors: L x

Charged particle identi cation
with Ring Imaging
CHerenkov detectors

Trigger and neutral particle
information with calorimeters

Muon identi cation and
information with muon
stations
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Charmonium production with hadronic deca
channels

Raoul Henderson on behalf of LHCb (IJCLab) Charmonium production at LHCb January 10, 2026



Hadronic decays
0@000

gtudy of charmonium production via the decay t@mat
g = 13 TeV [Eur. Phys. J. C84 (2024) 1274]

Studying charmonium production using € ! p p with 2018 LHCb data (2.2 fb" )

Prompt and nonprompt studied, separated with requirements on £ D erzni
D, the distance own along the beam axis

Kinematic range 5:0 < pr <20GeVc and 2.0<y < 4.0

Looking at states ¢(1S), J=, o,
cl, ’ c2y C(ZS), (ZS)

Prompt Nonprompt
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Hadronic decays
0@000

gtudy of charmonium production via the decay t@mat
g = 13 TeV [Eur. Phys. J. C84 (2024) 1274]

Studying charmonium production using € ! p p with 2018 LHCb data (2.2 fb" )

Prompt and nonprompt studied, separated with requirements on £ D erzni
D, the distance own along the beam axis

Kinematic range 5:0 < pr <20GeVc and 2.0<y < 4.0

Production from b decays
Well constrained background
J= as normalisation

By .as)x =

5:64 0:31 0:18 0:73

Prompt Nonprompt
See later for co, c1, «c2
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Hadronic decays
0@000

gtudy of charmonium production via the decay t@mat
§ = 13 TeV [Eur. Phys. J. C84 (2024) 1274]

Studying charmonium production using € ! p p with 2018 LHCb data (2.2 fb" )

Prompt and nonprompt studied, separated with requirements on £ D er:ni
D, the distance own along the beam axis

Kinematic range 5:0 < pr <20GeVc and 2.0<y < 4.0

High background in prompt
production, possible with good
particle identi cation

Only (1S) and J= peaks visible

Prompt 1 c(2S) upper
limits (constraints on feed-down):

B p P
P P <0:12 (0:13)
= Bxp p Prompt Nonprompt

«2s) B s

? P <0:11 (0:14)
F B Fp p
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Hadronic decays
[e]e] le]e}

gtudy of charmonium production via the decay t@mat
g = 13 TeV [Eur. Phys. J. C84 (2024) 1274]

¢(1S) cross-section, J= normalisationiHep 10 (2015) 172)

.1s)= » =1:32 0:14 0:09 0:13

.as) = 1815 189 120 192nb
CS [Phys. Rev. Lett. 114 (2015) 092005] and mModi ed NRQCD p+er 05 (2023 1200 overestimation at low g
NRQCD CS+CO [Phys. Rev. Let. 114 (2015) 092005] Overestimation in entire range

3 positive slope in pr for  us)/ =
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Hadronic decays
[e]e]e] lo}

Measurement of inclusive production of charmonium states in b-hadron
decays via their decay into  reiminar)

Studying nonprompt charmonium production
in b decays usingc! with 2015{2018
LHCb data (5.4fb* )

Nonprompt selected with requirements on,t preimney

Looking at states ¢(1S), co, c1, c2
¢(2S) (others forbidden)

Considering possible interference e ects with
non-resonant in M t
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Hadronic decays
[e]e]e] lo}

Measurement of inclusive production of charmonium states in b-hadron
decays via their decay into  reiminar)

Studying nonprompt charmonium production
in b decays usingc! with 2015{2018
LHCb data (5.4fb* )

Nonprompt selected with requirements on,t preimney

Looking at states ¢(1S), co, c1, c2
¢(2S) (others forbidden)

Considering possible interference e ects with
non-resonant in M t

2D tof M+ Mys+, inbinsofM to
L. 1™ 2 "2
eliminate non- background

Preliminary Preliminary
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Hadronic decays
[e]e]e] lo}

Measurement of inclusive production of charmonium states in b-hadron
decays via their decay into  reiminar)

Studying nonprompt charmonium production
in b decays usingc! with 2015{2018
LHCb data (5.4fb* )

Preliminary

Nonprompt selected with requirements on,t

Looking at states ¢(1S), co, c1, c2
¢(2S) (others forbidden)

Considering possible interference e ects with
non-resonant in M t
2F) .tof M KiK, MK2+K2 in bins of M to
eliminate non- background

¢(1S) used as normalisation

[Phys. Rev. D110 (2024) 030001],

B.usy =(1:8 0:4) 10 3

Prefiminary Preliminary

By .esx B sy =
(3:91 0:59 0:57 1:07) 10 7
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Hadronic decays
[e]e]e]e] }

Measurement of inclusive production of charmonium states in b-hadron
decays via their decay into  reiminar)

Extracting Boe ox for co, c1, <2

Can compare results with ©!  2011{2012 (e phys. 3. c77 @017 609 @and CCT !
PP [Eur. Phys. J. C84 (2024) 1274] analyses

Runlct! Run2c T ! (Preliminary) 2018 ¢ Tlp p

B coX [10 3 ] 1:75 0:27 0:13 0:48 1:38 0:13 0:07 0:38 3:05 0:54 0:08 0:29
B c1X [10 3 ] 1:73 0:38 0:14 0:48 1:53 0:11 0:09 0:43 5:11 1:20 0:14 0:50
B X [10 3 ] 0:66 0:11 0:04 0:19 0:53 0:05 0:04 0:15 1:54 1:13 0:04 0:15
By X =B p1 X 1:00 0:22 0:02 0:06 1:12 0:12 0:08 0:07 1:68 0:66 0:05 0:10

: cl : cO
By X =B p1 X 0:39 0:07 0:01 0:03 0:39 0:05 0:03 0:03 0:50 0:36 0:04 0:03

: c2 : cO:

Some tension with € ! p p, likely due to normalisation
Assuming [P results as the true value, B s 5810 *

CS and CO LDMEs for ; proportional to (2J+1) at rst order, cannot reproduce ¢
production results (phys. Rev. s (1999) 054003]
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Charmonium production in jets
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In jets
oeo

Measurements of (2S) and ¢1(3872) production within fully
reconstructed jetSeu. ehys. 2. cas @o2s) s62)

Studying (2S) and  ¢1(3872)
production in jets using

(2S); c1(3872)1J=(!

) % with 2016 LHCb data
(1.64fbt)

Looking at

7 = Prlag=(25): c(3872)
pr (et)

Charmonium more isolated at
higher z
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In jets
oeo

Measurements of (2S) and ¢1(3872) production within fully
reconstructed jetSeu. ehys. 2. cas @o2s) s62)

Studying (2S) and  ¢1(3872)
production in jets using

(2S); c1(3872)1J=(!

) % with 2016 LHCb data
(1.64fbt)

Looking at
7 = Prltag=(25); 1(3872)
pr (jet)
Charmonium more isolated at
higher z

Prompt and nonprompt
production studied, separated
with toft ,
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In jets
ooce

Measurements of (2S) and ¢1(3872) production within fully
reconstructed jetSeu. ehys. 2. cas @o2s) s62)

z distributions measured in bins
of jet and tag pr

Nonprompt only peaks at
non-isolated production, and is
well-modelled
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In jets
ooce

Measurements of (2S) and ¢1(3872) production within fully
reconstructed jetSeu. ehys. 2. cas @o2s) s62)

z distributions measured in bins
of jet and tag pr

Nonprompt only peaks at
non-isolated production, and is
well-modelled

For prompt, two-pronged
structure visible for (2S) with
isolated and non-isolated
production

Hints for ¢1(3872) but high
uncertainties

Neither well-described by
Pythia 8.3 isciPost Phys. Codeb. 2022 (2022) 8}
already observed for

J= [Phys. Rev. Lett. 118 (2017) 192001]
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Associated production
®00000

Associated charmonium production
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Associated production
O@0000

Measurement of J=-pair production in pp collisions gtE = 13TeV, study
of gluon pr dependent PDF$er os oz4) oze)

Studying associated J= J= production
usingJ="! *  with 2016{2018
LHCb data (4.2fb* )

Prompt production studied, selected
with toft ,

Kinematic range 0 < pr < 14 GeVic
and 2.0<y <45
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Associated production
O@0000

Measurement of J=-pair production in pp collisions gtE = 13TeV, study
of gluon pr dependent PDF$er os oz4) oze)

Studying associated J= J= production
usingJ="! *  with 2016{2018
LHCb data (4.2fb* )

Prompt production studied, selected
with toft ,

Kinematic range 0 < pr < 14 GeVic
and 2.0<y <45

Associated production can come from
Single (SPS) or Double (DPS) Parton
Scattering

In DPS, charmonia are uncorrelated

Pocket formula:  RE° = 21— A8

. AB e
e assumed universal

[Phys. Rev. D57 (1998) 503{511, Phys. Rev. D60 (1999) 054023, SPS (Ieft) and DPS (l’lght) [AIP Conf. Proc. 1523 (2013) 255{2509]
Phys. Rev. D63 (2001) 057901]
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Associated production
[e]e] le]ele]

Measurement of J=-pair production in pp collisions gtE = 13TeV, study
of gluon pr dependent PDF$er os oz4) oze)

Di erentiating SPS and DPS
with y

Assuming no SPS in range
1.8<y<25

Data-driven template of DPS
from uncorrelated J=s

Rest assumed to be SPS
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Associated production
[e]e] le]ele]

Measurement of J=-pair production in pp collisions gtE = 13TeV, study
of gluon pr dependent PDF$er os oz4) oze)

Di erentiating SPS and DPS
with y

Assuming no SPS in range
1.8<y<25

Data-driven template of DPS
from uncorrelated J=s

Rest assumed to be SPS

e compatible with
previous measurements

rE 16:38 0:28 0:88nb
%}z 8:6 12 1:.0nb
rr 79 1:2 Lilnb
e 13:1 1:8 2:3mb
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Associated production
O00e00

Measurement of J=-pair production in pp collisions gtE = 13TeV, study
of gluon pr dependent PDF$er os oz4) oze)

SPS results compatible with
NLO* CS [Phys. Rev. Lett. 111 (2013) 122001]
Tension at low My and high
pr " with PRA+NRQCD

[Phys. Rev. D96 (2017) 096019,

Phys. Rev. Lett. 123 (2019) 162002]

Raoul Henderson on behalf of LHCb (IJCLab) Charmonium production at LHCb January 10, 2026 17159



Associated production
O00e00

Measurement of J=-pair production in pp collisions gtE = 13TeV, study
of gluon pr dependent PDF$er os oz4) oze)

SPS results compatible with
NLO* CS [Phys. Rev. Lett. 111 (2013) 122001]

Tension at low My and high
pr " with PRA+NRQCD

[Phys. Rev. D96 (2017) 096019,

Phys. Rev. Lett. 123 (2019) 162002]

Can test Transverse-Momentum
Dependant PDFs (TMDs) with

pr*  spectrum

TMD predictions
[Eur. Phys. J. C80 (2020) 87] peak at
higher pr than observed

No visible broadening of ﬁ“b
with increased M- »
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Associated production
[e]e]ele] Je]

MeasuremeBt of associated J=- (2S) production cross-section in pp
collisions at” s = 13 TeV phee o5 (2024) 259

Studying associated J= (2S) production using J=; (2S) ! * with 2016{2018
LHCb data (4.2fb? )

Insight into the feed-down into J= J=

Prompt production studied, selected
with toft ,

Kinematic range 0 < pr < 14 GeVic
and 2.0<y <45
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Associated production
[e]e]ele] Je]

MeasuremeBt of associated J=- (2S) production cross-section in pp
collisions at” s = 13 TeV phee o5 (2024) 259

Studying associated J= (2S) production using J=; (2S) ! * with 2016{2018
LHCb data (4.2fb? )

Insight into the feed-down into J= J=

Prompt production studied, selected
with toft ,

Kinematic range 0 < pr < 14 GeVic
and 2.0<y <45

E (28) = 4:5 0:7 0:3nb
Combined with J= J= results prep o3 (2024) 0se) tO give: % =0:274 0:044 0:008 nb

Predicted to be: 0:94 0:30 for SPS phys. Lett. B751 (2015) 479(486] and
0:282 0:027 for DPS with pocket formula 1Hep 10 (2015) 172, Eur. Phys. 3. C80 (2020) 185]

Result more compatible with prominent DPS contribution
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Associated production
O0000e

MeasuremeBt of associated J=- (2S) production cross-section in pp
collisions at” s = 13 TeV phee o5 (2024) 259

Uncertainties too large to
separate SPS from DPS

Di erential measurements
compatible with NLO* CS

predictions
[Phys. Rev. Lett. 111 (2013) 122001]

Not with PRA+NRQCD at

small My »
[Phys. Rev. D96 (2017) 096019,

Phys. Rev. Lett. 123 (2019) 162002]
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Associated production
O0000e

MeasuremeBt of associated J=- (2S) production cross-section in pp
collisions at” s = 13 TeV phee o5 (2024) 259

Uncertainties too large to
separate SPS from DPS

Di erential measurements
compatible with NLO* CS

predictions
[Phys. Rev. Lett. 111 (2013) 122001]

Not with PRA+NRQCD at

small My »
[Phys. Rev. D96 (2017) 096019,
Phys. Rev. Lett. 123 (2019) 162002]
Di erential =%
[3HEP 03 (2024) 088] Studied for

.o F (2S) .., F (2s
O yr @
No clear dependence within
current uncertainties
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Central exclusive charmonium production
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CEP
oeo

E{Ieasurement of exclusive J= and (2S) production at
g = 13 Tev [SciPost Phys. 18 (2025) 071]

Studying J= and (2S) CEP using
J=; (29)! T with
2016{2018 LHCb data (4.41f0" )

Kinematic range 2.0 <y; <45
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CEP
oeo

E{Ieasurement of exclusive J= and (2S) production at
g = 13 Tev [SciPost Phys. 18 (2025) 071]

Studying J= and (2S) CEP using
J=; (29)! T with
2016{2018 LHCb data (4.41f0" )

Kinematic range 2.0 <y; <45

CEP in pp: protons intact (elastic collision)

HeRSCheLuns 13 (2018 Poao171: Shower counters,
vetoing inelastic collision in extended range

J= (or (2S)) CEP (signal)
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CEP
oeo

E{Ieasurement of exclusive J= and (2S) production at
g = 13 Tev [SciPost Phys. 18 (2025) 071]

Studying J= and (2S) CEP using
J=; (29)! T with
2016{2018 LHCb data (4.41f0" )

Kinematic range 2.0 <y; <45

Continuous eliminated in M . p? t

Shape from simulation validated with low-p data

Continuous *
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CEP
oeo

E{Ieasurement of exclusive J= and (2S) production at
g = 13 Tev [SciPost Phys. 18 (2025) 071]

Studying J= and (2S) CEP using
J=; (29)! T with
2016{2018 LHCb data (4.41f0" )

Kinematic range 2.0 <y; <45

Inelastic pp eliminated in M. p2 t

Shape from t to control sample
(reversed HeRSChelL veto)

Inelastic collision
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CEP
oeo

E{Ieasurement of exclusive J= and (2S) production at
g = 13 Tev [SciPost Phys. 18 (2025) 071]

Studying J= and (2S) CEP using
J=; (29)! T with
2016{2018 LHCb data (4.41f0" )

Kinematic range 2.0 <y; <45

J= from ; estimated with M t

J= from ; feed-down
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CEP
[e]e] J

E{Ieasurement of exclusive J= and (2S) production at
g = 13 Tev [SciPost Phys. 18 (2025) 071]

= =400 2 5 12pb

NLO predictions . phys. Ga1 (2014) 055009, JHEP 11 (2013) 085]
tuned on previous J= measurementHep 10 (2018) 167]

Compatible with new J= results
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CEP
[e]e] J

E{Ieasurement of exclusive J= and (2S) production at
g = 13 Tev [SciPost Phys. 18 (2025) 071]

= =400 2 5 12pb

NLO predictions . phys. Ga1 (2014) 055009, JHEP 11 (2013) 085]
tuned on previous J= measurementHep 10 (2018) 167]

Compatible with new J= results
2s) =9:40 0:15 0:13 0:27pb

—=17:63 0:29 0:08 0:39%

Overprediction for (2S)  (Phys. Rev. D102 (2020) 114021]
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Production in heavy ion collisions, multiplicity
centrality dependant production
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Heavy ions
O@0000

Brompt and nonprompt (2S) production in pPb collisions at
ﬁ = 8:16 TEV wHep 04 (2024) 111

Studying J= and (2S) production in
pPb using J=; (2S)! T with 2016
LHCb pPb data (34 nb* )

Comparing (2S) and J= production in
pPb collisions to study the e ects of cold

nuclear matter on charmonia production
relative to pp collisions
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Heavy ions
O@0000

Brompt and nonprompt (2S) production in pPb collisions at
ﬁ = 8:16 TEV wHep 04 (2024) 111

Studying J= and (2S) production in
pPb using J=; (2S)! T with 2016
LHCb pPb data (34 nb* )

Comparing (2S) and J= production in
pPb collisions to study the e ects of cold
nuclear matter on charmonia production
relative to pp collisions

Two con guration:
pPb (forward, 1:5 <y <4:0)
or Pbp (backward, 5:0<y < 2:5)
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Heavy ions
O@0000

Brompt and nonprompt (2S) production in pPb collisions at
ﬁ = 8:16 TEV wHep 04 (2024) 111

Studying J= and (2S) production in
pPb using J=; (2S)! T with 2016
LHCb pPb data (34 nb* )

Comparing (2S) and J= production in
pPb collisions to study the e ects of cold
nuclear matter on charmonia production
relative to pp collisions

Two con guration:
pPb (forward, 1:5 <y <4:0)
or Pbp (backward, 5:0<y < 2:5)

Prompt and nonprompt production
separated with simultaneous t of mass
and t;

Nonprompt results compatible with pp
collisions
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Heavy ions
[e]e] lele]e}

Brompt and nonprompt (2S) production in pPb collisions at
ﬁ = 8:16 TEV wHep 04 (2024) 111

Production compared to baseline pp
collisions through the nuclear
modi cation factor:

Clear suppression compared to pp

Raoul Henderson on behalf of LHCb (IJCLab) Charmonium production at LHCb January 10, 2026 25/59



Heavy ions
[e]e] lele]e}

Brompt and nonprompt (2S) production in pPb collisions at
ﬁ = 8:16 TEV wHep 04 (2024) 111

Production compared to baseline pp
collisions through the nuclear
modi cation factor:

Clear suppression compared to pp

2s)

Rpr — Rppp((@S) _ F  pPb
(28)=F Rppp (=) (28)
F pp

Breaking more important for (2S)
than J=

Behaviour described by models featuring
late-stage interactions breaking
preferentially (2S) compared to J=

COMOVErSPhys. Lett. B749 (2015) 98(103] and/or
CGC+ICEM Phys. Rev. co7 (2018) 014909]
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Heavy ions
000e00

Multiplicity dependence of 55y = ;= in pp collisions at
§ = 13 TeV [JHEP 05 (2024) 243]

Studying J= and (2S) production using
J=; (2S)! * with 2016 LHCb
data (658 pb* )

Prompt and nonprompt production
separated with t of t,
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Heavy ions
000e00

Multiplicity dependence of 55y = ;= in pp collisions at
§ = 13 TeV [JHEP 05 (2024) 243]

Studying J= and (2S) production using
J=; (2S)! * with 2016 LHCb
data (658 pb* )

Prompt and nonprompt production
separated with t of t,

Decreasing normalised o5y = » with
multiplicity for prompt

Good alignment with comovers
[Phys. Lett. B731 (2014) 57(63] €Xcept very low
multiplicity

Already observed in ¢1(3872)= (2S)
analysis for compact tetraquark 1(3872)
model [phys. Rev. Lett. 126 (2021) 092001]
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Heavy ions
000e00

Multiplicity dependence of 55y = ;= in pp collisions at
§ = 13 TeV [JHEP 05 (2024) 243]

Studying J= and (2S) production using
J=; (2S)! * with 2016 LHCb
data (658 pb* )

Prompt and nonprompt production
separated with t of t,

Decreasing normalised o5y = » with
multiplicity for prompt

Good alignment with comovers
[Phys. Lett. B731 (2014) 57(63] €Xcept very low
multiplicity

Already observed in ¢1(3872)= (2S)
analysis for compact tetraquark 1(3872)
model [phys. Rev. Lett. 126 (2021) 092001]

Lower e ect at higher p
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Heavy ions
0000e0

p(28) to J= cross-section ratio as function of multiplicity in pPb at
SN = 8:16 TV tarxiv:2506.08624, submitted to JHEP

Studying J= and (2S) production in pPb using J=; (2S)! * with 2016 LHCb
pPb data (20.8nb! )

Prompt and nonprompt production separated with simultaneous t of mass and t

No visible e ect for nonprompt
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Heavy ions
0000e0

p(28) to J= cross-section ratio as function of multiplicity in pPb at
SN = 8:16 TV tarxiv:2506.08624, submitted to JHEP

Studying J= and (2S) production in pPb using J=; (2S)! * with 2016 LHCb
pPb data (20.8nb! )

Prompt and nonprompt production separated with simultaneous t of mass and t

No visible e ect for nonprompt

Decreasing normalised

sy = = Wwith multiplicity
for prompt pPb, not Pbp
Comparing with LHCb pp

WHEP 05 (2024) 243 and ALICE
PDbPD [phys. Rev. Lett. 132 (2024) 042301

pp , pPb: (comovers ?)

Pbp , PbPb: (other
e ects, QGP ?)
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Heavy ions
00000e

p(28) to J= cross-section ratio as a function of centrality in PbPb at
ﬁ = 5:02 TeV wHep o7 (2025) 235]

Studying prompt J= and (2S) production in pPb using J=; (2S)! * with 2018
LHCb PbPb data (230 b?! )

Centrality informs how central or peripheral the collision is
Colour screening in QGP formation ! quarkonia melting

Stronger e ect expected on (2S) due to lower binding energy
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Heavy ions
00000e

p(28) to J= cross-section ratio as a function of centrality in PbPb at
ﬁ = 5:02 TeV wHep o7 (2025) 235]

Studying prompt J= and (2S) production in pPb using J=; (2S)! * with 2018
LHCb PbPb data (230 b?! )

Centrality informs how central or peripheral the collision is
Colour screening in QGP formation ! quarkonia melting

Stronger e ect expected on (2S) due to lower binding energy

No centrality dependence observed
within current uncertainties

Results compatible with TAMU model

[Nucl. Phys. A943 (2015) 147{158, Universe 10 (2024) 244]
(Transport model with charmonium
dissociation and regeneration)

Small underprediction from SHMc

[Nature 561 (2018) 321{330, Phys. Lett. B797 (2019) 134836]

(cT produced at collision, thermalised in
QGP, hadronising at QGP boundary)
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Fixed targets
@00

Production in xed target collisions
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Fixed targets

gharmonium production in pNe collisions at
SNN = 685 GeV [Eur. Phys. J. C83 (2023) 625]

Studying J=, (2S) and D ° production in pNe using J=; (2S)! * and
DOIK with LHCb pNe data (21.7nb ! )

Kinematic range
2:29<y <0
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Fixed targets

gharmonium production in pNe collisions at
SNN = 685 GeV [Eur. Phys. J. C83 (2023) 625]

Studying J=, (2S) and D ° production in pNe using J=; (2S)! * and
DOIK with LHCb pNe data (21.7nb ! )

Kinematic range
2:29<y <0

= =506 8 46nb=A,
LO CSM with PDFs

[Eur. Phys. J. C77 (2017) 1,

Phys. Rev. D93 (2016) 085037]
underestimating data,
better with NLO

CEM [Phys. Rev. C103 (2021) 035204]
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Fixed targets

gharmonium production in pNe collisions at
SNN = 685 GeV [Eur. Phys. J. C83 (2023) 625]

Studying J=, (2S) and D ° production in pNe using J=; (2S)! * and
DOIK with LHCb pNe data (21.7nb ! )

Kinematic range
2:29<y <0

= =506 8 46nb=A,
LO CSM with PDFs

[Eur. Phys. J. C77 (2017) 1,

Phys. Rev. D93 (2016) 085037]
underestimating data,
better with NLO

CEM [Phys. Rev. C103 (2021) 035204]

B (s @) —
By

E
1:67 0:27 0:10%
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Fixed targets

Y

J= and D ° production in

SN = 68:5 GeV PbNe collisionsur. phys. 5. css 2023 ess1

Studying J= and D° production in PbNe
usingdk=! * andD°!K with
LHCb PbNe data

Looking at - = po and comparing with
pNe reSuItS[Eur. Phys. J. C83 (2023) 625]

If QGP formation ! ¢ T dissociation ! less
charmonia and more 3 produced
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Fixed targets

Y

J= and D ° production in

SN = 68:5 GeV PbNe collisionsur. phys. 5. css 2023 ess1

Studying J= and D° production in PbNe
usingdk=! * andD°!K with
LHCb PbNe data

Looking at - = po and comparing with
pNe reSuItS[Eur. Phys. J. C83 (2023) 625]

If QGP formation ! ¢ T dissociation ! less
charmonia and more 3 produced

Nuclear e ects more important in PbNe
than pNe
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Fixed targets

Y

J= and D ° production in

SN = 68:5 GeV PbNe collisionsur. phys. 5. css 2023 ess1

Studying J= and D° production in PbNe
usingdk=! * andD°!K with
LHCb PbNe data

Looking at - = po and comparing with
pNe reSuItS[Eur. Phys. J. C83 (2023) 625]

If QGP formation ! ¢ T dissociation ! less
charmonia and more 3 produced

Nuclear e ects more important in PbNe
than pNe

Decreasing trend with increased number
of collisions
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Conclusion
o

Conclusion

Many recent tests of charmonium production with LHCb:
Small (CS) or large (CS+CO) overestimation in prompt (1S) production
LDME constraints and tensions in honprompt ¢; production
Disagreement with Pythia 8 for prompt (2S), 1(3872) production in jets

Tension with TMD and PRA+NRQCD predictions in associated J= J=, J= (2S)
production, CS compatible with data

Model tuning in CEP using J=, but tensions with (2S)
Compatible with predictions for (2S) vs J= suppression in pPb

Mostly compatible with comovers in multiplicity dependant (2S) vs J= production
in pp, pPb similar to pp while Pbp more constant and closer to PbPb

CSM J= underestimation in xed target collisions, CEM closer to data
J= over D ° production lower in PbNe than pNe as expected

Precision of the tests to be improved with LHCb Run 3 thanks to improved
detector pinsT 19 2029) rososs) and higher statistics

Thank you for listening

Raoul Henderson on behalf of LHCb (IJCLab) Charmonium production at LHCb January 10, 2026 32/59



0000000000000 00000000000000

APPENDIX
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O@00000000000000000000O00000

gtudy of charmonium production via the decay t@mat
§ = 13 TeV [Eur. Phys. J. C84 (2024) 1274]

.(1s) extracted with J= normalisation
[JHEP 10 (2015) 172]

Compatible with previous bHCb
measurements at di erent’ s

Dierential 15)/ » as function of pr
and y shown, clear upwards trend in3 3
positive
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Measurement of inclusive production of charmonium states in b-hadron
decays via their decay into  reiminar)

No average with Run 1 branching fractions
provided due to added interference and new
systematics

Preliminary Preliminary Preliminary

Also extracted masses of.(1S), co, c1, <2
¢(2S), widths of ¢(1S), co, <(29)

Masses compatible with world average within
2

Widths compatible with world average within
2:5

Preliminary Preliminary  Preliminary  Preliminary  Preliminary Preliminary

Only competitive measurement is:
M c(18) =2984:1 0:5 05

Joint best measurement for M_ s
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Measurements of (2S) and (1(3872) production within fully
reconstructed jetSeu. euys. 2. cas @o2s) se2)

Nonprompt (2S) production in jet measured in pr of jet bins

Similar shape across bins, non isolated

More isolated at low pr
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O000@0000000000000000000000

Measurements of (2S) and (1(3872) production within fully
reconstructed jetSeu. euys. 2. cas @o2s) se2)

Can extract prompt fraction in jets for (2S) and ¢1(3872)

Mostly prompt charmonia, in particular at low g
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Measurements of (2S) and (1(3872) production within fully
reconstructed jetSeu. euys. 2. cas @o2s) se2)

Prompt (2S) production in jet measured in pr of jet bins

Prompt (2S) more isolated at low jet pr, non-isolated at high p

Two-pronged structure at intermediary p
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0O00000@00000000000000000000

Measurements of (2S) and (1(3872) production within fully
reconstructed jetSeu. euys. 2. cas @o2s) se2)

Nonprompt (2S) production in jet measured in pr of (2S) bins

Similar shape across bins, non isolated

More isolated at low @
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Measurements of (2S) and (1(3872) production within fully
reconstructed jetSeu. euys. 2. cas @o2s) se2)

Prompt (2S) production in jet measured in pr of (2S) bins

Isolated at low pr

Two-pronged structure at higher p
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Measurements of (2S) and (1(3872) production within fully
reconstructed jetSeu. euys. 2. cas @o2s) se2)

Nonprompt ¢1(3872) production in jet measured in p of jet or ¢1(3872) bins

Similar shape across bins, non isolated

More isolated at low pr
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Measurements of (2S) and (1(3872) production within fully
reconstructed jetSeu. euys. 2. cas @o2s) se2)

Prompt 1(3872) production in jet measured in p of jet or 1(3872) bins

Mostly isolated production

Hints of two-pronged structure in some bins
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Measurement of J=-pair production in pp collisions gtE =13 TeV, study
of gluon pr dependent PDF$er os o024 oze)

SPS and DPS separation of J= J= production

y used for SPS/DPS separation assuming no SPS at high 'y (hys. Rev. b4 (2016) 074033,
Eur. Phys. J. C79 (2019) 1006, Phys. Rev. D94 (2016) 054017, Phys. Rev. D84 (2011) 054012]

DPS template from uncorrelated J= J=
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Measurement of J=-pair production in pp collisions gtE =13 TeV, study
of gluon pr dependent PDF$er os o024 oze)

Predictions available for SPS production speci cally

SPS results compatible with NLO* CSpnys. Rev. Lett. 111 2013) 122001), large theoretical
uncertainties
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Measurement of J=-pair production in pp collisions gtE =13 TeV, study
of gluon pr dependent PDF$er os o024 oze)

Predicted production proportional to:
a+b cos2 cs+c cos4 cs

cs the angle of one of the J= in the
Collins-Soper frame@rhys. rev. p16 (1977) 2219)

So hcos2¢si = b=2a
and hcos4csi = c=2a

hcos2csi= 2:9 5:0 0:9%
hcos4 csi= 8:7 52 1:3%

Compatible with 0 or 0:9{1:3% predicted
azimuthal asymmetryteur. phys. J. cso (2020) 87
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MeasuremeBt of associated J=- (2S) production cross-section in pp
collisions at” s = 13 TeV phee o5 (2024) 259

Cannot separate SPS and DPS, can still compare with SPS predictions

Results compatible with NLO* CSiphys. rev. Lett. 111 (2013) 122001, large theoretical uncertainties

No dependence of - sy = 3 observed within uncertainties
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easurement of exclusive J= and (2S) production at
g = 13 Tev [SciPost Phys. 18 (2025) 071]

Measured (;s) = 5 in bins or rapidity

Compatible with previous measurements in
PP . Phys. G40 (2013) 045001] aNd POPD pHeP 06 (2023) 146]

Also looked at photoproduction

L Wop
cross-section plp

Results compatible with previous
measurements at di erent {p energies
W, and NLO

description (phys. Rev. D102 (2020) 114021]

Extracted the slopes b of the VF\,’!'}); pr

exponential dependence

Compatible with J= measurements from
other experimentsieur. phys. 3. cas (2006) 585(603,
Eur. Phys. J. C73 (2013) 2466, Eur. Phys. J. C24 (2002) 345{360]
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Brompt and nonprompt (2S) production in pPb collisions at
ﬁ = 8:16 TEV wHep 04 (2024) 111

Measured sy = - pr dependence in pPb, Pbp, and ydependence

Smaller ratio at low pr
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Brompt and nonprompt (2S) production in pPb collisions at
ﬁ = 8:16 TEV wHep 04 (2024) 111

Absolute cross-sections obtained with previous J= measuremeptys. Let. 8774 (2017) 159]
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0000000000000 0000e000000000

Brompt and nonprompt (2S) production in pPb collisions at
ﬁ = 8:16 TEV wHep 04 (2024) 111

Measured Rpp( (2S)) and R rs( (25))

Reg is the ratio of pPb to Pbp production within same jyj region

Nonprompt Rypu( (2S)) compatible with 1, prompt below at low p 1

Lower forward than backward production

Raoul Henderson on behalf of LHCb (IJCLab) Charmonium production at LHCb January 10, 2026 50/59



0000000000000 00000eO00000000

Brompt and nonprompt (2S) production in pPb collisions at
ﬁ = 8:16 TEV wHep 04 (2024) 111

Measured R

Nonprompt RF(J;)):J: compatible with 1, prompt below at low g

Visible for all y , compatible with previous measurement-er o3 (2016) 133]
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Multiplicity dependence of (>5)y = ;= in pp collisions at
§ = 13 TeV [JHEP 05 (2024) 243]

Can look at forward (same y region to charmonia) or backward (opposite y) multiplicity
Forward matters for comovers model, backward doesn't a ect it

Lower e ect in backward multiplicity
Remaining e ect probably due to correlations with forward

Tested by plotting (»s) = » as function of mean value of forward multiplicity in each
backward bin

Compatible with correlation e ect only
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@s) = x as function of multiplicity in ppuee os coz9 2¢ and pPb
[arXiv:2506.08624], submitted to JHEP N0l Of Centrality in PbPhuker 07 2025) 2351

Mass ts for the multiplicity or
centrality dependant analyses

Much larger statistics for J= than
(2S)

Especially the case when not in pp
collisions
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Multiplicity dependence of (>5)y = ;= in pp collisions at
§ = 13 TeV [JHEP 05 (2024) 243]

Measured forward and backward multiplicity dependence of normalised,s) = »~ in
bins of pr and y

Same trend as global multiplicity for forward, and backward to a lesser extend
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rI\)/Iultiplicity dependence of (>5) = ;= in pp collisions at
§ = 13 TeV [JHEP 05 (2024) 243]

Measured overall multiplicity dependence of normalised;s) = » in bins of pr and y

Lower e ect at high pr, no visible y dependence

Also measured'agjif =1:894 0:039%

Compatible with previous
measurementsrhys. Rev. cos (2017) 034904 and model
predictions Phys. Rev. Lett. 113 (2014) 192301]
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p(28) to J= cross-section ratio as function of multiplicity in pPb at
SN = 8:16 TV tarxiv:2506.08624l, submitted to JHEP

Looking at total, forward and backward multiplicity in pPb and Pbp

Strong e ect in prompt total and forward pPb, similar to expectations from pp

No such e ect clear in Pbp
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p(28) to J= cross-section ratio as a function of centrality in PbPb at
ﬁ = 5:02 TeV wHep o7 (2025) 235]

B e .
(2s) €D)
Measured ————

depending of the centrality

Converted into number of
particles involved

Compatible with previous
measurements by LHCb in
PP [HEP 05 (2024) 243, pPb and
Pbp [JHEP 04 (2024) 111], QS well as
ALICE in

PDbPD [phys. Rev. Lett. 132 (2024) 042301
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Charmonium production aP SwNn = 68:5GeV in pNe collisions
[Eur. Phys. J. C83 (2023) 625] and PbNe CO”iSiOI’]&un Phys. J. C83 (2023) 658]

Far less statistics for (2S)
than J= in pNe collisions

In PbNe, mass tin
large enough range to
include possible (2S), but
no visible peak outside of
J=
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Charmonium production at * Syny = 68:5 GeV in pNe collisions
[Eur. Phys. J. C83 (2023) 625] and PbNe co“lslons [Eur. Phys. J. C83 (2023) 658]

0.02

VS = 68.5 GeVpNe
—=F— stat +uncorr. syst. LHCb

0.0151~ Correlated

(S = 68.5 GevpNe ]
T sacumor s TCP ]
0.03 [ corelated !

Suy/Spo
Suy!Spo

I

Looking at differential

0.02~

- : : = ]
= = po production in pNe b 1 oo
and PbNe collisions et 1 :
¥ [-2.29,0] p,1 [0.8] Geve
o o ‘ ‘ ; obi P08
Similar in both cases: ez plicevid 2os o s 2
noy dependence, upward
1 % g T T T 3 IS g T T T
trend in pPT @ Zoéﬁ:es.s GeV PbNe TS 2 1: VS = 685 GeV PbNe LHCb
> PE —F— st + uncor. syst E| 2 gE —F— stat +uncor. syst.
This is due to the different 7w Corelated 3 - Conelaie
distribution b J E :
Istribution between J= E E
pr dist Ty +++
and D E 3 3
E| 2
:LHHF+ v [-2.29,0] 3 1 p,1 [08] Gevk:
o z ; s ) R T S I
pT[Gevlc] v
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