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Introduction

* All flavor physics experiments (BaBar, Belle, LHCb run 1/2) in the recent
years had large contributions to hadron spectroscopy, in particular with
the emergence of exotics heavy-flavor states.

* Not the first goals of these experiments but attracted a lot of attention

» Together with heavy flavor production measurements, contributed
more generally to understanding of QCD, beyond the traditional area of
flavor physics (weak interactions)

* NB: other experiments not dedicated to flavor physics had also an
important contribution to these subjects, in the past (CDF, D0) or in the
recent years and in the future (BES Ill, ALICE, ATLAS, CMS, PANDA,

tau/charm factories...)



Exotics

X(3872) [Belle PRL 91 (2003) 262001]
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Conventional states of the cc spectrum

+ exotic states (X, Y, Z)




Exotics

> Standard States. A SCHEMATIC MODEL OF BARYONS AND MESONS

M. GELL-MANN Phys. Lett. 8
California Institute o} Technology, Pasadena, California (1 964) 214-215

Baryons can now be
w constructed from quarks by using the combinations

(@qq), [(aqaqd), etc., while mesons are made out
of (qd), (qqqq), etc.

> Exotic states: but also:
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Rev. Mod. Phys. 90 (2018) 015003
And near threshold kinematical effects: cusps, anomalous triangular singularities (ATS)

These states have clear
signature of content with 4
quarks : ccqq’

Not excluded by QCD, but exact
dynamics of quar?
arrangement is still unknown.

Most studied state X(3872) =
1c1(3872) is believed now to be
a mixture of a conventional
charmonium (23P,,,) and of a
D™-D% molecule

Study of more decay modes
with higher statistics needed to
conclude



>

>

>

LHCDb - Belle Il complementarity: production mechanisms
(conventional or exotic spectroscopy)

ete colliders

B decays
B Charmonium only
B All quantum numbers available
Direct production / Initial State Radiation (ISR)
B E.), or below
= so=1- (Y(4220), Y(4360), ...)
Two-photon interaction
B JPC=(, 0%, 2+

Double charmonium production
B Seen for JPC=1- (JIy, y(2S)) plus J=0 states

(he, N, -

Quarkonium transitions
B Hadronic/radiative decays between states

)

 Hadron colliders

» B decays

B Charmonium only
B All quantum numbers available

Direct (prompt) production (all
masses and quantum numbers):
* Decaying weekly: signatures
with displaced vertices
e Decaying strongly: large
background, difficult to
observe

(&)



Exotics in the baryon sector

* LHCb pentaquarks - produced in A, decays (ie not accessible at B-
factories), more states with increasing statistics

* Potentially the same rich spectroscopy of states (ccg;q,9g5) to be
explored in several decay modes

MosT CITED hep-ex 2019 PREPRINTS
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Exotics in the beauty sector

* First observation of (bbqq’) exotics (Zy,Z’p) at BELLE [PRL 117 (2016)
142001]: must have neutral partners (W,) unobserved so far.




Exotics in the beauty sector

 Strong decays: very difficult
(=impossible) to study them at
hadron colliders

* For Belle ll: requires dedicated
operation at a different center-of-
mass energy compared to Y(4S)
used for B physics

* Beyond: other similar states are
also expected with several heavy
quarks. For example, (ccqq’)
exotics in B.—D,*D°D° decays
requires LHCb Upgrade 2 statistics
to be searched.

Potential Belle Il Bottomonium Scenarios

Pacific Northwest
NATIONAL LABORATORY

dly Operated by Ballelle Since 1965

> Above Y(4S)
B Study of exotic four-quark states
B <6fb' accumulated by Belle at E,=Y(6S)
B 1 ab' @ Y(5S) = order of magnitude increase (also B, physics)
B 100 fb' @ Y(6S) plus ~400 fb' scan

> Below Y(4S)
B Bottomonium search/study
B New Physics in decays
B Scan for direct production of Y(n®D,)
B 300fb' @ Y(3S) = order of magnitude increase

» Dedicated operation <5% of total luminosity




Spectroscopy: conventional hadrons

* Many results also for the spectroscopy of conventional hadrons: their propertiesis a
powerful test of Lattice QCD computations

Charm bary

ons: Q. [PRL118 (2
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Spectroscopy: multi-heavy quark baryons

* The discovery of the double-charm baryon at
LHCb also attracted a lot of attention: first
baryon with two heavy quarks.

* Inthe end, itis an important confirmation of
the quark model, but it also means there are a
lot of heavier states with small production
rates to be discovered with the statistics of the
LHCb upgrades or with the Belle Il dataset

S A — — + equivalent baryons with b
quarks: ZEp., Qpe, ...

[PRL 121 (2018) 162002]
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Heavy flavor production

JHEP 08 (2013) 117

* At LHC energies, heavy flavor production is relatively well S e LHCb (20<y <45) ]
known. @ lgﬁ"f‘?ﬁ% -------- Egltlricl,er(tglgtiy <45) 3
* However heavy flavor production is a powerful probe for 2L e ]
the behavior of QCD in heavy-ion collisions: for these 5 e Sl :
measurements, precise experiment information aboutthe  £.5:L "oy |
same pI’OdUCtIOI’l In pp collisions is needed. I e
* For flavor physics itself, precise knowledge of production is E TR T —

important: +2RD.100(2019) 11 %65’(?
* Tuning of Monte Carlo generators

(b) LHCb 13 TeV 3
» Atthe LHC, absolute B branching fractions are obtained usually "+ Data )
from BO/B+ branching fractions (from B factories): need to know the —Fit
fraction of B, produced f,/f, with increasing precision Average
* Idem for the B, which has a very small production rate, but which

with the upgrades will become more and more important:
knowledge of f_/fy mandatory
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* Important to continue providing these inputs in the future
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Heavy flavour production
Reweighting with D° data [A. Kusina, J-P Lansberg, |. Schienbein, H-S Shao, PRL 121 052004]

Original [gcllaﬁggh?ed 1 LHCb datEP'-ESA1L6ICEdata . LHCDb [JHEP 1710 (2017) 090, 1707 .02750]
ALICE [PRL113, 232301 (2014), 1405.3452]

e Charm production measurements in hadron
collisions in particular can also provide constraint
to determine the nuclear PDFs:

* Input to simulation of interaction in targets of long
baseline neutrino experiments,

* Charm background for high energy cosmic rays, ...
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Heavy flavor production: SMOG2

* Injection of gas at the LHCb interaction to provide fixed target collisions

* Improved system to be installed during Upgrade Phase 1 of LHCb, with plans to
upgrade to a polarized gas target after LS3

* Measurement of heavy flavor production in this environment gives access to large x

quark and gluon pdfs.

Target Cell
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Quarkonium production

Despite huge progresses, QCD mechanisms for quarkonium production not well known.

Computations based on Non-Relativistic QCD give good theory-data agreement for J/y or
Y(nS) cross-sections, but still has problems to describe for example polarization in hadronic
collisions.

NRQCD relies on Long Distance Matrix Elements obtained from fits to all existing experimental
data (including Belle and future Belle Il ones) that must be improved and extended.

Large statistics foreseen will allow to measure new states, such as 1, with hadronic pp decay.

. First measurement of n_(1S) production measurement at 13 TeV in pp collisions
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LHCb Upgrade Il

LHC ERA HL-LHC ERA
3fbt +6fbt 23fb! 50 fb-! 300 fb! MAGNET STATIONS
20112012 | I 2015-2018 I | 2021-2023 I | 2027-2029 | 2031-... | New scintillating fiber stations
Run1 Run2 Run3 Rund Run5.. on the inside of dipole magnet
Current LHCb LHCb Upgrade 1(a) LHCb Upgrade 1(b) LHCb Upgrade ? Improved low-pr tracking
MIGHTY TRACKER
New silicon stations TORCH
LHCb around beamline for PID for pr < 10 GeV

Decay mode 23fb~! 50fb~'  300fb~! radiation hardness and with 15 ps timing

— granularity 70 ps per photon for
BT — X(3872)(— JiprTn )KT | 14k 30k 180k ., (3872) lineshape from multi-channels O oy
Bt — X(3872)(— %(29)y) K+ 500 1k Tk
BY— $(25) K~ 340k 700k 4NL | Z.(4430), also explore B > DD s)K~? T
Bg— N D;"DODO 10 20 100 Doubly-charmed tetraquark 7/, » D¥D° ¥ - [mpm\g—? l\Jh(IZ‘fhnu and
Ag—) J/’(/}pK_ [*1 680k 1.4M 8M M information for pentaguarks Phisse1l Upprade replacement of MWPC
— — ore in
=, = JWAK 4k 10k 55k pentaq
ShF o AFKptat 7k 15k 90k
:: — JWEH 50 100 600 [*] updated according to the latest result
e ) =

ECAL
Improved granularity,
timing of ~50 ps,
possible in upgrade Ib

* French LHCb members interested in participating to developments for

Real Time Analysis, DAQ and Calo (3 contributions to GT08 and GT09)
and to contribute to the VELO and Tracker projects.
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Conclusions

* Even if not the initial main goals of the experiments, many
measurements done in the area of spectroscopy and production with
heavy flavor, some of them having received large visibility.

* All LHCb French groups participated in several of these measurements
(Z., I/, Y(NS), %o, b, Ne, D, B and B, production in pp collisions or
with SMOG, exotics in A,—A.Dp or B—DDK)

* Belle Il and LHCb upgrades guarantee that this area will remain very
active in the next years:

 Continue understanding of exotic states
* Observation of many new conventional or exotic heavier states

 Connections to other fields (QCD theory, understanding heavy-ion
collisions, ....)



