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Summary of (some) of the on-going activities in France
1.  Me : heavy-flavour production and spectroscopy

2.  Aoife : Form factors




Heavy flavour production

A tool to test Quantum Chromodynamics QCD in high-energy hadronic collisions in different regimes:

1. Production in pp:

» (Open) heavy flavour production in pp collisions: partonic hard scattering process in pQCD (down to low pr)

» Quarkonium bound state: both perturbative (heavy-quark pair production) and non-perturbative (production of the bound
state gqq) process, comparison to experimental data crucial.

2. In nucleus-nucleus and p-nucleus collisions:

Hard scattering at early stage of the collisions, before Quark Gluon Plasma (QGP) forms.

Used to study the Cold Nuclear Matter effects :
» nuclear-modified parton densities
» multiple scattering of partons

» absorption or break-up of charmonium states by the colour screening mechanism: sequential suppression or
recombination of ccC pairs for charmonium production



Open heavy-flavour production

Factorization of the process . [ + ] - X+H Factorisation scale g = separates the long and short-distance physics.
— . H
do =Y, ® do(ij - kX) ® D} (2)

T

incident partons : , non hadronization process of these

perturbative (long distance) 1nelast¥c interaction producmg heavy quarks: hard quarks: fragmentation functions,
scattering cross section, computable perturbative :
non perturbative

» 1,] active partons and anti-partons in the proton: u, u , d, d,s, 5§ and eventually ¢, ¢
dominant at the LHC (~ 85% at VS = 14 TeV).

» At the leading order (LO) two subprocesses:

a b a
Q 9 9 Q9 q—e 222 f——
a7 - Q0 B8~ Q0 v v
b a b
22299 f—— 22 29 9 f——

> At the next-to-leading order NLO O(ad) :upto 0 < pp < 5 * mg, then need the fragmentation functions to account for the shift of

momentum between b quark and B meson
Real Emission Diagrams
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do(J/p) [nb/nucleon]

Heavy-flavour production

Activities in France:

ALICE : charmonium production as a function of charged-particle multiplicity.

Study multiparton interactions in a single hadron-hadron collisions

CMS : study of the fragmentation of jets (with / /1) in PbPb and pp collisions (see Batoul’s talk).

LHCDb : charmonium production in pp collisions, open and hidden charm production in
fixed-target collisions and baryon-to-meson ratio in PbPb collisions.
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* Belle II: bottomium spectroscopy
(see Pavel’s talk)
300 . : : -
- [ HCh-PAPER-2022-015 LHCb ]
= 250 5l =
% it sy =68.5GeV pNe
(‘2‘ 200 [l ; —=—— Data _:
‘ || [ Shao ]
‘ Vogt no IC ]
150 | [ Vogt 1% IC E
g ! :
100 =]
50 Y'E[-2290] _E
0 tr——p——p—f——p———r—— .
0 4 6 8
P, [GeV/c]

Candidates / (10 MeV)

Yield / (10 MeV)

30F

20

Sl

; N T T T ]
LHCb s L LHCb ]
V5 =13TeV o 8000 /5 =13 Tev J/qj E
3 F 5 o
] 8 6000 - nC ] .
Nc 1 5 P ]
- Iy 1 3 amf :
i prompt: 1 © [ from-b:
r t,<80fs 000E + >80fs, IPx2>16 | |
'} . A 1 0 C - | 4t i \l\ . 2 1 \g ol
2900 3000 3100 3200 2900 3000 3100 3200
My [MeV] M5 [MeV]
x10} =
3 . 7 % oo . 3
3 e 3 2 am0f Le 3
3 4 & 3 < 2000f ! -
3 4 % U.o ' ’ 3 = F s S Y 1
L L I T N YL 2 Opecseeceene Ctreeese?  laeeeeeecceced
2900 3000 3100 3200 2900 3000 3100 3200
Mpp [MeV] Mypp [MeV]

Theory (large contribution from France):

> Phys.Rev.Lett. 114(2015), 092005
> Phys.Rev.Lett. 114(2015), 092006
-» Eur.Phys.J.C 75(2015) 7, 313

-> Nucl.Phys.B 945(2019) 114662

» Phys.Lett.B 786(2018) 342-346

» JHEP 05(2015) 103

» Phys.Rev.Lett. 110(2013) 042002
> Phys.Rev.D 93 (2016) 034041

»
>
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Spectroscopy I: conventional

—> Conventional spectroscopy:
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Over the past 10 years more than 60 new hadrons discovered at LHC



Spectroscopy I: conventional

—> Conventional spectroscopy:

» production of doubly heavy baryons:

« Observation £/ - E;tpt  JHEP05(2022)038



Spectroscopy I: conventional

—> Conventional spectroscopy:

» production of doubly heavy baryons:

-

* Observation /¢ = EC' ™ jHEP05(2022)038

 Search for B}, - J/YES

arXiv: 2204.09541
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Spectroscopy I: conventional

—> Conventional spectroscopy:

» production of doubly heavy baryons:

+ Observation EXF — B+ JHEP05(2022)038

e Search for Eljc N ]/wgg- arXiv: 2204.09541

» amplitude analysis of mesons and baryons multi-body decays:

e D} ot gomt arXiv: 2208.03300
e DF o gt ot arXiv: 2209.09840
e A > pKn*

* Ap » p K™y (on-going)



Amplitudes analysis: France

« AmAn Af —» p K~n" : measure polarization for promptly produced (i.e. not from B decays).
LHCDb Run 2 (Only 2016): pp collisions at \/E =13 TeV https://tel.archives-ouvertes.fr/tel-03414369

* Challenge: model building
Overall

Particle  JF status Particle J P overall
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https://tel.archives-ouvertes.fr/tel-03414369

Amplitudes analysis: France
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Amplitudes analysis: France
AmAnA, > p K™y

» Helicity formalism studied in this paper :

> Similar to the pentaquark analysis A, = p K~J/y but at g = 0

input for interpretation of LFU measurement (R, ) and and ongoing angular analyses
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Spectroscopy II: exotics

. . . 11000 L L L
e The particle zoo is growing! :
10500 23 new exotic hadrons at the LHC
* Multiquark hadrons exotic:
o o 7000 R T
» Tetraquarks: minimal quark content qqqq - (6600)
. vy
* Pentaquark: minimal quark content qqqqq
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Spectroscopy II: exotics
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e The particle zoo is growing!

e Multiquark hadrons exotic:

» Tetraquarks: minimal quark content qqqq

* Pentaquark: minimal quark content qqqqq

* Not in the charmonium or bottonium spectrum

* New naming scheme proposed by LHCDb: arxiv2206.15233

» T for tetra and P for penta
» Superscript: indicate isospin, parity and G-parity
» Subscript: heavy quark content

Minimal quark

Current name

1@, jr©)

Proposed name

content
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Challenges: the nature of these states is not established
Compact Hadronic Molecules
tetraquark/pentaquark PLB 590 209 (2004)
PRD 77 014029 (2008)
Diquark—diquark PRD 100 0115029(R) (2019)
PRD 71, 014028 (2005)
PLB 662 424 (2008)
QCD state, Two hadrons bound by
size | fm QCD analog of Van der
Waals force,
Size 1-10 fm

PLB 671 82 (2009)

o Hadrocharmonium/
adjoint charmonium
‘ PLB 666 344 (2008)




Spectroscopy II: exotics

> First hints: Belle 2003 in B* - K*n*n~ decays > Candidate: DJ,(2317) BABAR 2003 in the D& °
PRL 91 (2003) 262001

Confirmed by LHCb in JP¢ = 1++
PRL. 110 (2013) 222001

PRL 90, 242001 (2003)
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Spectroscopy II: pentaquarks
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Spectroscopy 1I: tetraquarks 18

Minimal quark
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Spectroscopy I: conventional

—> Conventional spectroscopy:
» production of doubly heavy baryons:

Observation E}F
Search for £}, — J/YE}

» amplitude analysis of mesons and baryons
multi-body decays:
e D} > mtm T arXiv: 2208.03300
e DT gt gt arXiv: 2209.09840
« A{ - p K~ (on-going)
+ A, > p K™y (on-going)
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3 ° ) X'los' ' ' 1 ! ' ' i I ' ' ' i I ! ! ! N
—> Conventional spectroscopy: T s LHCD =
© - tData 1 S is domi
O 3F -Fit 154 L -wave 1S dominant
N C ] . .
» production of doubly heavy baryons: S »f DF —mtgptq 2 First observation of
2 b E w(782) > n'w
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» amplitude analysis of mesons and baryons multi-bg 'y " 1 C [GeV2]2
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sum of fit fractions 104.3
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