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Qarkonium: What and Where from?

What?
a bound state of two heavy quarks (c or b)
Where from?

prompt hadroproduction

Uy

decays of higher resonances
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Quarkonium production: Models

No consensus on the quarkonium production mechanism

Nearly all approaches assume factorisation between the QQ formation and its hadronization into o
meson

Essential difference in various approaches is in the description of the hadronization:

Colour evaporation model (CEM): application of quark-hadron duality; only the invariant mass
martters;

Colour-singlet model (CS): intermediate QQ state is colourless and has the same JPC as the final-state
quarkonium;

Colour-octet model (CO) (encapsulated in NRQCD): all viable colours and JF© allowed for the
intermediate QQ state;

non-pert. transition
(gluon emission)

to the observable state
N Quantum'numbers'change'!'
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https://indico.cern.ch/event/743635/contributions/3151716/attachments/1737228/2810185/LHCb-191018.pdf

Quarkonium production: NRQCD

Two scales of production: hard process of QQ formation and soft scale hadronization of QQ

Factorization: doy g pyix = Zn[daAJrB_)QQ(n)JrX]xk 01 (n) >]

Short distance: perturbative cross-sections + pdf for the production of @ QQ pair
Long distance matrix elements (LDMEs), non-perturbative part

Both CS and CO states are allowed with varying probabilities; LDMEs from experimental data

Universality: same LDMEs for different Vs, prompt production and

iy ] J
production in b-decays <(9717,8 (*So)) = 3 (O /¢( S1))
| . (0F(51)) = (07" (*50))
Heavy-Quark Spin-Symmetry: links between CS and CO LDMEs of
different quarkonium states (Ogc (1P1)> — 3<(’)§7/¢ (3 Py))
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Quarkonium production: Current status TR
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Qarkonium: How to access?
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Current status of quarkonium spectrum
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Hadronic final states allow to study different quarkonium states simultaneously
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The LHCb experiment: Detector [UMPA 30 (2015) 1530022

Single-arm forward spectrometer:
10-250 mrad (V), 10-300 mrad (H)

SPD + Presf®

=l

| |
XS

Forward region 2.0 <n < 5.0, ( IS
E

BEAM

~4% of solid angle,

but ~40% of heavy quarkonium (HQ) x-section Ve ' ‘ | el 19

RICH1

Magneto—/

Tracking

\won

RICH2 ECAL J HCAL
Forward peaked HQ production af the LHC, second b in acceptance once the first b is in

Key detector systems for production measurement:
Vertex reconstruction with VELO
Particle identification with 2 Ring Imaging Cherenkov Detectors (RICH) and Muon detector

Trigger
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The LHCb experiment: Luminosity IUMPA 30 (2015) 1530022

LHC provides large number of bb and c¢ pairs:
Ocec ~ 3.0 mb

in LHCb @ Vs =13 TeV S YR

Datasets for pp collisions: . I

N , ~ANN
Runl / 7TeV /1.0 fb Z il I8
Runl / 8TeV / 2.0 fb’! RICH1 |

ECALJ HCAL

Runll/ 5TeV /0.11 fo
Runll/13TeV / 5.4 fo'!

Absolute cross-section measurement requires high precision of luminosity determination:

LHCb provides ~2% precision [JINST 9 (2014) P12005]

Magnet o—/

Tracking o—/
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http://dx.doi.org/10.1088/1748-0221/9/12/P12005
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The LHCb experiment: Recent resulis

Measurement of J/g production cross-sections in pp collisions
ats=5TeV: JHEP11 (2021) 18]

Observation of multiplicity-dependent x.1(3872) and p(2S)
production in pp collisions: PRL126 (2021) 092001

Candidates/(1 MeV/c2)

Measurement of Xc1(3872) production in proton-proton collisions

at Vs=8 and 13 TeV: JHEPO] (2022) 131
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Quarkonium: Current status
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Current status of quarkonium spectrum
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J/y

Possible decays: I*I- or hadrons

The most studied charmonium state

Production and polarization measurements
in pp and heavy ion collisions

No consistent description of all
measurements
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https://journals.aps.org/rmp/abstract/10.1103/RevModPhys.90.015003

J/w: Production at Vs=5 TeV JHEP 11 (2021) 181

Cross-section determination in bins[pr,y] as a function of pr( 2< p1< 20 GeV/c) and y( 2.0<y<4.5)

d*c ETEYS)
dydpr &Hﬁ]x B(J/Y - utu~)X AyXApr

o infegrated o total o number of signal candidates « bin width
luminosity efficiency in the given (pr, y) bin

Prompt and b-decay production distinguished via combined mass-lifetime fits:
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Full kinematic range cross-section

Essential input for the study of nuclear effects in heavy ion collisions
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https://doi.org/10.1007/JHEP11%282021%29181

J/y: Integral and differential cross-section

JHEP 171 (2021) 181

J/w production in LHCb @ Vs=5 TeV

0< pr<20GeV/c,20<y<45

PromPt =8.154 + 0.0104, + 0.2834,,5; ub

T (28)

Jrom™P = 0.820 + 0.00234q; £ 0.034y, b

T (28)

Reasonable agreement between NRQCD

and data for high-py

Small tension with CGC+NRQCD

Good agreement for FONLL
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J/y: Ratios between different energies

JHEP 171 (2021) 181

The cross-sections at 5 TeV are compared with those at
8 and 13 TeV

cancelled systematic uncertainties: branching fraction and
radiative tail

partially correlated uncertainties: luminosity, fit model and
tracking correction

Good agreement between NRQCD and data at high-pr
Reasonable agreement with CGC+NRQCD
Good agreement with FONLL
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J/w: Nuclear modification factor

JHEP 171 (2021) 181

Previous calculation of Rpp, Was performed using J/y production
derived from interpolation of measurements @ 2.76, 7 and 8 TeV
[JHEP 02 (2014) 072]

Updated Ryp, Value based on the direct measurement
pPb: 1.5<y<4.0
Pop:-50<y<-2.5

For prompt J/p the measurement agrees with most theoretical
calculations except EPSO9 NLO

Good agreement for non-prompt J/y

Quarkonium production in LHCb at pp collisions
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Current status of quarkonium spectrum
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X(3872) aka x.,(3872)

First exotic state discovered in J/yt - decay
[PRL 91 262001 (2003)]

Charmonium hypothesis disfavoured by
measured mass and quantum numbers:

Mpp — Mx(3g72) = 0.07 £ 0.12 MeV/c?
[JHEP 08(2020)123]

JPC = 1*+, with f, < 4% @ CL 95%
[PRD92 (2015) 011102]

Other possible explanations:

hadronic molecule

70 X(3872)

tetraquark S o

something else?

i
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Production at Vs=8 and 13 TeV
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X(3872): Ratios at Vvs=8 and 13 TeV JHEP01(2022)131
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The absolute X(3872) cross-seciton was estimated using known
oy (2s) [Eur. Phys. J. C80 (2020) 185] and B(y(2S) = J /ypu*u~)
[PTEP 2020 (2020) 083CO01]

NRQCD here considers X(3872) to be a mixture of x.1(2P) and a DOD*0
molecular state. It shows good agreement with data at pr>10 GeV/c
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X(3872): Production vs Multiplicity at Vs=8 TeV

PRL126 (2021) 092001

Event-activity dependence may provide understanding of internal structure & 'F LHCbpp (s=8Tev 1
. o« qe s N\‘l 0.95_— 3
Decrease in fyrompe VS Multiplicity: osf- 4 +x,(3872) ]
. o I wsf T 4 v
higher multiplicity of events with bb - p.>5GeVie
08— -
suppression of prompt via interactions with other particles produced at the vertex sE ﬂﬁﬁ l :
Increasing supression of relative X(3872) to w(2S) production as multiplicity 07 Fale :
increases in prompt 065F- | oS
0 50 100 150 200
VELO
No significant dependence on multiplicity in b- V0313008 17 |
180 . 1.7 nb™ (PbPb 5.02 TeV S o THCH T — =
deCGYS et g,?’zt E JIF C pp (5=8TeV +Prompt 4 b decays ]
. o o g s a M FOEDIE0= TeV) 3 k0P :_P T>5GeV omover Interaction Model, Esposito et a _:
The result in pp collisions favours tetraquark nature 3177 ER N %’ o I 5 e g Conret g olomle
. ~ L TeE ) E (coalescence) tetraquark ~ **¥(geometric) 7
of the X(3872), when the CMS result in PbPb 1% ! SlhowE | e TS
< F 7 TeV, = E 3
favours molecular nature due to coalescence & o o |3 X oo B ‘_% =
mechanisms. % od n | Elg | e E
0.2F bx o 002 :— _,
CI 00_ 5I0 l(I)O ISIO . 2_00
. . N . Niacks
Upcoming LHCb result in pPb will fill critical gap
between pp and PbPb [LHCb-CONF-2022-001]
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Summary

Recent LHCb results on J/p and X(3872) production will be useful input to understand quarkonium
production mechanism in heavy-ion collisions and the nature of X(3872) and above states

Comprehensive HF production model is missing

new inputs are necessary to improve understanding: asociated production, extention of pr-region for ne...

Upcoming interesting results on single- and double-quarkonium production from LHCb
would it be possible to have new theory constraints?

new models?e

Thanks for your attention!
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