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Overview

* Open-flavour production
* Inclusive quarkonium production
* Exclusive quarkonium production in ultra-peripheral collisions

* Spectroscopy



Open-flavour production



Charm and beauty production

PDF
p —
A fragmentation large mass:
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e — provides hard scale: (test) perturbative QCD
— probe nucleon/nucleus
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b, C — created at beginning of interaction
P > — investigate parton interaction with medium
PDF



D meson production
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Fragmentation of ¢ quarks
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Fragmentation of ¢ quarks
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Fragmentation of b quarks

Ratio to data
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b hadrons in jets from tt event sample

Complement data from e+e- annihilation j

Probe effect of QCD ISR, multiple partonic
interactions on fragmentation in more complex
environment of hadron colliders

Comparison of charged momentum of b hadron to

> charged jet components
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Inclusive quarkonium production



Quarkonium production

* Production mechanism of quarkonia not understood
« Usual assumption: factorisation between QQ formation and QQ hadronisation

» Different approaches for hadronisation: colour-evaporation model, colour-singlet model, non-relativistic QCD (NRQCD)
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Quarkonium production

* Production mechanism of quarkonia not understood
« Usual assumption: factorisation between QQ formation and QQ hadronisation
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* Universality of LDMEs from prompt production and b-hadron decays

* Relation between LDMEs of different quarkonium states
via heavy-quark spin symmetry (HQSS)



Quarkonium production

* Production mechanism of quarkonia not understood

« Usual assumption: factorisation between QQ formation and QQ hadronisation

» Different approaches for hadronisation: colour-evaporation model, colour-singlet model, non-relativistic QCD (NRQCD)
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Figures by Pietro Faccioli

* Universality of LDMEs from prompt production and b-hadron decays

* Relation between LDMEs of different quarkonium states
via heavy-quark spin symmetry (HQSS)
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Quarkonium production in pp
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Quarkonium production in pp
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Nuclear effects on guarkonium production

bottomonium
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Polarisation

angular distribution of positive lepton:
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(*) EPJC 69 (’10) 657; PRD 83 ('11) 056008.
See also: arXiv:1703.04752; EPJ C 78 ('18) 5;
PRD 99 ('19) 076013.



Polarisation

angular distribution of positive lepton:
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Polarisation

angular distribution of positive lepton:
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Polarisation in helicity frame through Xco/ X1
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Exclusive quarkonium production



Exclusive vector-meson production In ultra-peripheral hadron-hadron collisions
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Exclusive vector-meson production In ultra-peripheral hadron-hadron collisions

photon flux « Z2

pPb collisions
Z(p)=1
Z(Pb)=82
— Pb ion dominant photon emitter
no ambiguity in identity of photon emitter
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Study of exclusive quarkonium production

3D parton distributions Ty

Generalised parton distributions

M. Burkardt, PRD 92 ('00) 071503
Int. J. Mod Phys. A 18 ('03) 173

\4

Q 3D distribution in x and transverse position bt
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Study of exclusive quarkonium production

3D parton distributions

o(y p — JAp p) [nb]

Generalised parton distributions

M. Burkardt, PRD 92 ('00) 071503
Int. J. Mod Phys. A 18 ('03) 173

\4

3D distribution in x and transverse position bt

Approximate access to gluon PDF

t

:Oé [9($B)]2

M. G. Ryskin, Z. Phys. C57 (1993) 89-92;
S. P. Jones et al., arXiv:1609.09738

At low X
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Study of exclusive quarkonium production

3D parton distributions

Generalised parton distributions

M. Burkardt, PRD 92 ('00) 071503
Int. J. Mod Phys. A 18 ('03) 173

v
/4 B 3D distribution in X and transverse position br
~ f\{
At low X i . o N
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J/P photoproduction on nucleon

ALICE, Eur. Phys. J. C 79 (2019) 402

e 1072 107 107 107 » access to
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= 09E S E
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J/P photoproduction on nucleon

ALICE, Eur. Phys. J. C 79 (2019) 402
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J/P photoproduction on nucleon

ALICE, Eur. Phys. J. C 79 (2019) 402
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J/P photoproduction on nucleon

ALICE, Eur. Phys. J. C 79 (2019) 402
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J/P photoproduction on nucleon

ALICE, Eur. Phys. J. C 79 (2019) 402
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Coherent photoproduction in PbPb

T/

(25)

ALICE, 2101.04577

— — b-BK (BCCM) -~

ALICE, 2101.04577

- shadowingé
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Spectrum of cC and bb states

charmonium spectrum
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Exotic states

compact tetraquark

hadronic
molecule

glue—
ball
hadro—-
quarkonium
(
I gluonic
! excitations
5 hybrid

N. Brambilla et al., Phys. Rep. 873 (2020) 1-154
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Xc1(3872) from B? decay

CMS: first observation of B! — x.1(3872) ¢

Xc1(3872) — J/opm T~

CMS 140 fb (13 TeV)
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Xc1(3872) from B? decay

CMS: first observation of B! — x.1(3872) ¢

Xc1(3872) — J/opm T~

Phys. Rev. Lett. 125 (2020) 152001
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Comparison to other decays: information on nature of xc1(3872)
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Prompt Xc1(3872) production

LHCb: ppat /s =8 TeV; £ =2 fb~ !
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Xc1(3872) — J/¢W+7T_

Multiplicity dependence in pp collisions
LHCDb, Phys. Rev. Lett. 126 (2021) 092001
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Comover Interaction Model, Esposito et al.
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Prompt Xc1(3872) production

LHCb: ppat /s =8 TeV; £ =2 fb~ !

Xe1(3872) — J/ymtm™

Multiplicity dependence in pp collisions

LHCb, Phys. Rev. Lett. 126 (2021) 092001

First evidence of production in PbPb

CMS, arXiv: 2102.13048
1.7 nb (PbPb 5.02 TeV
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Prompt production (in pp and PbPb): complementary information to study structure of X.1(3872)
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Charged exotic states from BT — J/¢¢ K™ decay

_|_
- X (4630) o J/ wK
>__|"'|"'|"'|__
— X(4500 % 700F .
( ) > - Run 1+2 data LHCb 1
— X (4700)
— X NR
— X (4140)
— X (4274)
— X (4685)
— X (4150)
w7 (4000) =
>
- = 7.(4220) =
=

LHCb: ppat/s=7, 8, 13 TeV; £ =9 th~ !

LHCb, arXiv:2103.01803
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Charged exotic states from BT — J/¢¢ K™ decay

TIpK~*
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LHCb, arXiv:2103.01803
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Pentaquarks

» First observation for pentaquark states: A; — J/¢YpK ™
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Pentaquarks

» First observation for pentaquark states: A} — J/¢¥pK~ 2015 (LHCb): P.(4380)" P.(4450)™
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Pentaquarks

» First observation for pentaquark states: A} — J/¢¥pK~ 2015 (LHCb): P.(4380)" P.(4450)™
uudcc / \
2019 (LHCb):  P.(4312)7 P.(4440)"  P.(4457)"

see also ATLAS ‘19
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Pentaquarks

» First observation for pentaquark states: A; — J/¢YpK ™

* Search for pentaquark with strangeness:

uudcee

=, — J/YAK™

udscc

2015 (LHCb):

2019 (LHCDb):
see also ATLAS ‘19

24
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Pentaquarks

» First observation for pentaquark states: A; — J/¢YpK ™ 2015 (LHCb): P.(4380)" P.(4450)™
wadet / \
uudcc
2019 (LHCb):  P.(4312)* P.(4440)t  P.(4457)7"

see also ATLAS ‘19

* Search for pentaquark with strangeness: =~ — J/¢YAK™

S’
udsce

J/ YA LHCb, arXiv:2012.10380
> i ]
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Pentaquarks

» First observation for pentaquark states: A; — J/¢YpK ™ 2015 (LHCb): P.(4380)" P.(4450)™
wadet / \
uudcc
2019 (LHCb):  P.(4312)* P.(4440)t  P.(4457)7"

see also ATLAS ‘19

* Search for pentaquark with strangeness: =~ — J/¢YAK™

S’
udsce

J/ YA LHCb, arXiv:2012.10380
> i ]
P = |
> - |
S 60— —
< - |
3 I |
S 40| _
s - |
20 —

significance: 3.1 0 24



Pentaquarks

» First observation for pentaquark states: A; — J/¢YpK ™

 Search for pentaquark with strangeness: =~ — J/¢YAK™

Yield / (20 MeV)
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J/ YA LHCb, arXiv:2012.10380

-~ LHCDb -

- = [ 1z
I 9 1k | 2
i : c
N - =

P.,(4459)"

significance: 3.1 0
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Excited states of conventional baryons

Observation of new excited =, state
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Summary

* The study of heavy quarks and flavours covers a wide spectrum.

* Meson production better under control than baryon production.
Influence of medium on hadron production?

* Inclusive quarkonium production: complementary tool to open-flavour production to study
nucleon/nucleus. Yet, no consensus on production mechanism.

e EXxclusive quarkonium production in ultra-peripheral collisions:
- complementary probe to ep studies, with additional complication, but higher energy.
- can help to understand quarkonium production.

» Spectroscopy: wide spectrum of (new) states, without understanding of their nature.
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Inclusive J/Y production at PHENIX

PHENIX: pp at v/s = 510 GeV; £ = 94.4 pb™!

PHENIX, Phys. Rev. D 101 (2020) 052006
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J/P production in d Au UPCs at STAR
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Coherent Quarkonium photoproduction on transversely polarised proton
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