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Conventional and exotic hadrons

Conventional hadrons: mesons (quark-+antiquark), hadrons (3 quarks)
Exotic hadrons: virtually anything else

@ Glueballs
e Hybrids

e Tetraquarks

Pentaquarks

Hexaquarks

e ...and any other possible combination
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Hidden and explicit exotics

Hidden exotics

Minimal quark content "mimics"
regular hadrons structure

[ccua), [eedd)...

Careful study needed

Quantum numbers

@ Production cross-section

Unusual mass and/or width

Unusual decay pattern

Studied by many different experiments:

Belle II, BaBar, CDF, DO, ALICE...
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Explicit exotics

Minimal quark content
manifestly exotic

"Charged quarkonia' such as Z,
Z} with [ceud] or [bbud)

Open-flavour tetraquarks: [csud]
Doubly charm tetraquarks: [ccad)|
Fully charm tetraquarks: [cccc]

Pentaquarks: [ccuud], [ccuds]

LHCb, BESIII, ATLAS, CMS, Belle,
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Models for multiquark states

Mesonic (baryonic) molecule

20

e Low binding energy, narrow states
@ Only S-wave, few states predicted

o Independently decaying components

@ Mass close to two-body threshold Q

Compact multiquark

I~

e Tightly bound states

)
e Large prompt production at high pp %
e Rich isospin splitting (charged states)

A

1
—
Qi
<
=2

o Isospin partners never observed

[arXiv:1905.13156], [Phys. Rep. 668, 1-97 (2017)]
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Models for multiquark states

Hadroquarkonium
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@ Open heavy flavour decays suppressed

Binded quarkonium and light quarks

q

e No requirements on mass

o Not clear whether binding can happen

A mess
@ 7777
e 7777
e 7777

©.000)
Q)
Q‘Q =Y} @

You have made poor life choices

[arXiv:1905.13156], [Phys. Rep. 668, 1-97 (2017)]

Lorenzo Capriotti -

py at LHCb: experimental overview and pre



https://arxiv.org/abs/1905.13156
https://www.sciencedirect.com/science/article/abs/pii/S037015731630391X

Universita
degli Studi
di Ferrara

HIDDEN
TETRAQUARKS




A brief history of y.1(3872)

X (3872) is the first well-established
exotic candidate ever discovered

Observed by Belle in 2003 as a narrow
peak in m /., from
Bt = Kt J/yrtn™ decays

Observed in the following years by
many other experiments

Myxes — Mpo — Mpxo = 0.014+0.18 MeV
I' < 1.2 MeV/c?
JPC = 17+ measured by LHCb

No clear description of its nature:
compact tetraquark, mesonic molecule,
admixture...

Precise measurement of its mass and
width is paramount
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[PRL 91, 262001 (2003)], [PRL 110, 222001 (2013)], [PRD 92, 011102 (2015)]
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https://journals.aps.org/prl/abstract/10.1103/PhysRevLett.91.262001
https://journals.aps.org/prl/abstract/10.1103/PhysRevLett.110.222001
https://journals.aps.org/prd/abstract/10.1103/PhysRevD.92.011102
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First non-zero determination of the width of this exotic state!

=02, T T 1

T
sheet IV

@ Lineshape study finds 2 poles in the : R o
Riemann surface of the decay amplitude ~..[ i b

@ Only D°D*° channel considered s 2F ]
@ Bound state preferred, virtual “t ! It E
assignment cannot be ruled out “t N ]
[JHEP 08 (2020) 123], [PRD 102 (2020) 092005] e e
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w contribution in x.;(3872) — 7w~ J/4
Study of the resonant w7~ structure in the y.;(3872) "golden channel"
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E 350 LHCb #Iﬁ— E 350 - LHCb
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Using a single Breit-Wigner with a Adding an w contribution with a
Blatt-Weisskopf radius of 1.45 GeV~! 2-channel K-matrix model
Ratio of couplings
Ixc1(3872)—pJ
IxXe1B8T2)=pI/% (99 4 (.04
9xc1(3872)—w Iy

is one order of magnitude larger than expected for pure cc states

[arXiv:2204.12597], submitted to PRL
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https://arxiv.org/abs/2204.12597

X¢1(3872) production in pp and pPb

Observation of multiplicity-dependence prompt production

Decreasing production wrt increasing # of tracks in the event

Comover Interaction Model: interaction with other produced particles

Breakup cross-section determined by radius and binding energy

Coalescence mechanism inconsistent with data, compact preferred

Cross-check: production from b decays seems flat

Furthermore, increased cross-section ratio from pp to pPb collisions

@ Different dynamics in the nuclear medium than conventional charmonia?

By J@mm

0, oy BOX_(3872)~ I ')

w(@s)

Molecule
% (coalescence)

Compact
tetraquark

i,

et

Molecule
geometric)

[PRL 126 (2021) 092001], [LHCB-CONF-2022-001]
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https://journals.aps.org/prl/abstract/10.1103/PhysRevLett.126.092001
https://cds.cern.ch/record/2807146/files/LHCb-CONF-2022-001.pdf?version=1

Hidden exotics in BT — J/9¢pK™
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Observation of X (4140) and evidence for X (4274) by CDF, confirmed by D0
and CMS, not confirmed by Belle, BaBar, LHCb
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Hidden exotics in BT — J/9pop K™

LHCb ¥ LHCb
New Model ¥ New Model
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Run 1 analysis: X (4150), X (4500), X (4700), X (4140), X (4274)
Run 2 analysis: X (4630), X (4685), Z.s(4000)", Z..(4220)"
First observation of exotic states with ccus content in the J/¢ K™ final state

[PRL 127 (2021) 082001]
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Amplitude analysis of Bt — DTD™K™*

o Amplitude model constructed with the isobar formalism

e Total amplitude dominated by coherent sum of subsequent 2-body decays
o All Well—motlvated DD resonances are 1nc1uded )
LHCb ] 80 LHCb
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3 35
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[arXiv:2009.00026]
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https://arxiv.org/abs/2009.00026

Amplitude analysis of Bt — DTD™K™*

@ Data not well described by considering only DD resonances
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e Two D~ K+ Breit-Wigners added to improve significantly the fit

@ Spin-0 and spin-

1, roughly the sam
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https://journals.aps.org/prd/abstract/10.1103/PhysRevD.102.112003
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Amplitude analysis of Bt — DTD™K™*

e No evidence for the x.0(3860) — D+ D~ state reported by Belle
@ x2(3930) contribution better described by 2 states: x.0(3930), x2(3930)

e Reasonable agreement with data when including 2 D~ K™ Breit-Wigners
@ MXx,(2900) = 2886 £ 7+ 2 MeV, FXU(2900) =57+12+4 MeV
@ mx,(2000) = 2904+ 5 £ 1 MeV, I'x, (2900) = 110 £ 11 = 4 MeV

e However, other models (i.e. rescattering) may also explain the discrepancy

If interpreted as resonances = first clear observation of exotic hadrons with
open flavour, and without a heavy quark-antiquark pair

Minimal quark content: [cd5u]

Lorenzo Capriotti - Spec ; at LHCb: experimental overview and prospects 16 / 30
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New open-charm tetraquarks
Study of the B — D°Dfn~ and B* — D~ D} x* channels
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e Joint amplitude analysis linked through isospin symmetry
e Two new states necessary (90) to describe the peaking structure
o 72,(2900)% and T%,(2900)**, J¥ = 0F favoured by >7.50

[PRL 125 (2020) 242001], [PRD 102 (2020) 112003], [aerv 2212.02716]
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https://journals.aps.org/prl/references/10.1103/PhysRevLett.125.242001
https://journals.aps.org/prd/abstract/10.1103/PhysRevD.102.112003
https://arxiv.org/abs/2212.02716
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Observation of a doubly-charmed tetraquark s

100~ g
T 3 % 90f LHCD |
g 60; ; >-‘ 80? ; gID? 21]32:1 3.87 GeV/c? é
B 5o + 3 70? DD 3.75 < mpopo < 3.87GeV/c2 ]
=F ] 601 3
S 40r i S0 + + 3
206 J[ E 30? {LET : E
105— + *& H ] fg: + :
n ﬁmﬁmw%ﬁ +*+ *W ;AT

o= ‘ 0 100 200 300 400 500

3.87 388 389 39
Mpopot [Gev/e? N tracks

Narrow peak in the D°D%7t spectrum just below the D*+ DO threshold
Consistent with the ground isoscalar T tetraquark with quark content ccud
@ Measured pole position and width, scattering length, effective range...

o Weinberg compositeness parameter: Z < 0.52 at 90% CL
o Unexpected behaviour: no production cross-section suppression at high
multiplicity, although large size is measured - like for x.1(3872)

[Nature Physics 18 (2022) 751-754], [Nature Comm. 13 (2022) 3351]
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https://www.nature.com/articles/s41567-022-01614-y
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Structure in J/vy-pair mass spectrum

No interference SPS-BW interference
o 20 i : G 20 T T
o —4— paa o —1— oa:
20E | 1op . S 20F | Hep v
e L 180 — Resonence
. e Z 0 - Inetece
@ELMMBWQ [ 140 B nterterence BW
oo g 120
S 100
=]
5 =
60
B sof
£ 40§
g 20
=

7000 7000

8000 9000
Mgy [MeV/c?]
@ Threshold enhancement described by @ Threshold enhancement described by
two resonances interference

One BW, interference with SPS
™mMx(6900) = 6886 & 11 £ 11 MeV
FX(GQOO) = 168 + 33 £ 69 MeV

Significance >50

8000 9000
Mgy [MeV/cq]

S-wave BW X 2-body phase space
mx (e900) = 6905 £ 11 £ 7 MeV
I'x (6900) = 80 & 19 & 33 MeV

Significance >50

[Sci. Bull. 2020 65(23) 1983]
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Structure in J/vy-pair mass spectrum

Observation confirmed and extended to two peaks + evidence for a thlrd peak
by both ATLAS and CMS

o Feasibility for a joint analysis?

e Will we be able to see also peaks in Y-pair mass spectrum?

CMs pre/,mma,y 135fb(13TeV) >300i‘w‘.H|‘.H|H.‘|HH‘.H,
3 Fo T T T ] B SYVE ATLAS Preliminary { Data
;300:— { Data — Fit E 8250%E= 13 TeV, 139 fb" — Sig.+Bkg.
"o 250 ; é o zooédl'J/‘V — Background
$r —BW1 -~ BW2[X(6900)] 1 PYIR ---sig.wiolnt. 7
%2"0: 3 'qC_; 150? W Sig. Int. E
8wk BW3 — Background 3 @100- ,M 4 " 3
= ] Ef \
100t | £ = 50'5? R
TN : 52% ]
E -100F- @
SE 3 E a E
g ;@&&Mmﬁmﬁ%@w&ﬁﬂwﬁ s o
gt : 65 7 75 8 85 9
mJ,W sy [GeV] m°°" [GeV]

[CMS-PAS-BPH-21-003], [ATLAS-CONF-2022- 040]
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Pentaquarks: the origins
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Amplitude analysis of A) — J/¢K ~p for Run 1 data (left), narrow peaks for

Run 1-2 data (right)
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o 14 well established A* — pK ™~ resonances in the amplitude model

@ The large Pc(4450)" contribution is resolved into two separate peaks

o All states lie just below some mass threshold - molecules?

o Confirmed also with Legendre polynomial expansion

[PRL 115, 072001 (2015)], [PRL 122, 222001 (2019)]
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https://journals.aps.org/prl/abstract/10.1103/PhysRevLett.115.072001
https://journals.aps.org/prl/abstract/10.1103/PhysRevLett.122.222001
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New pentaquarks: P.(4337)"
Amplitude analysis of BY — J/vpp decays

/>.\ I 1 I 1 1
60[-
S
5 I
o 40F
Z I
g 20p
3 L
= L

41 42 43 44

m(J/y p) [GeV]

Evidence for a structure in J/vp and J/vp
e Statistical significance is > 30
o mp, = 43377712 MeV, T'p, = 29725711 MeV
e No evidence for P.(4312)" nor for f;(2220) (glueball)

[Eur. Phys. C75 (2015) 101], [PRL 128 (2022) 062001]
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https://link.springer.com/article/10.1140/epjc/s10052-015-3317-9
https://journals.aps.org/prl/abstract/10.1103/PhysRevLett.128.062001
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New pentaquarks: P.,(4459)°

Amplitude analysis of Z) — J/AK~ decays

T

10° E —— Data9fb™ 3 [ ]
~ LHCb 1 = b ]
3wl 1 3 7t ]
= UF EE I 1
2 ) 1 & a«f ]
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o E i = r 1
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25 T a5

.0 ) 5.0
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states observed: Z(1690)~ and =(1820)~
Evidence for a new pentaquark with strangeness
Mass is 19 MeV below the Z2D*0, J¥ not yet determined

Limited yield, improvements foreseen in the next years

e Two new =*

[Sci. Bull. 2021 66(13) 1278]
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New pentaquarks: sz}s

Amplitude analysis of B~ — J/¢Ap

£ 180F LHCo ~ Data ] SMF !

] > LHCb > 140 ]
N — Nominal ] ol 2
S 160F 9 b TBaseline = 120F } om0k B
< 140F * N 40¢ { S
g —NRE < 100F 1 %
= —NRG, = 2 100 E
2 120¢ “Bikground ] 2 soF + + 1 g
S 100f - 2% ]
3 g E
5 80E E 5 60 + + 7 5 60 3
601 E 40F b 40 1
40F E imi
: reliminary E
b E 20 A p 4 20 3
P | T2
92 425 43 435 %05 0

m(J/wA) [GeV] m(Ap) [GeV] : m(J/yp) [GeV]

e Observation of a narrow pentaquark state with high significance
o J= %, odd parity preferred: J¥ = %+ escluded at 90% CL
e First observation of a pentaquark with strange quark content: [ccuds]

e Very close to the =% D~ mass threshold

[arXiv:2210.10346], submitted to PRL
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Prospects for the future: T.., Tj. and Ty,

T..: multiplicity dependence unexpected, what is the production mechanism?
@ Study production in pA and AA collisions

Ty and Tyy: stable and weakly-decaying states?

o Based on existence and properties of T,. there is consensus in theory

community that Ty, [bbud] must be stable
e Binding energy O(100 MeV)

@ T [bcud] might be stable

[arXiv:2001.01446], [PLB 814 (2021) 136095], arXiv:2008.11146

Lorenzo Capriotti - S

by at LHCb: experimental overview and prospects


https://arxiv.org/abs/2001.01446
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Prospects for the future: X (6900)

Double J/4 final state is perfectly suitable for all LHC experiments
e How about other charmonia? J/¥v/', J/vxe...

o It would be interesting also to check production in pA and AA
environments

Lorenzo Capriotti - S >y at LHCb: experimental overview and prosp
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Prospects: open-charm and pentaquarks

e Many new states are expected to exist

e With LHC Run 3 and beyond, many new channels will be available for
analysis

@ Mass resolution and PID are essential especially for pentaquarks

Prompt production still unobserved

Amplitude analysis is challenging now and it will get worse!

Lorenzo Capriotti - S by at LHCb: experimental overview and prospects 29 / 30
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Conclusions

o Heavy meson spectroscopy is an extremely rich and productive field, both
for conventional and exotic states

e New exotic hadrons are discovered every year, both hidden and explicit

@ Spectroscopy of heavy hadrons is crucial to understand QCD dynamics
and binding rules

e Exotics are not rare!
e However, still mostly unexplored territory!

e Most important aspect is to continue the close cooperation between the
major players (LHC experiments, BelleIl, BESIII) and theory community
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