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» Beyond the quark model
» The compact vs. molecular “controversy”
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» Lineshape analysis
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Is that it?

PHYSICAL REVIEW D VOLUME 32, NUMBER 1 1JULY 1985

Mesons in a relativized quark model with chromodynamics

Stephen Godfrey and Nathan Isgur
Department of Physics, University of Toronto, Toronto, M5S 1A7 Canada
(Received 12 December 1983; revised manuscript received 10 May 1985)

We show that mesons—from the 7 to the Y—can be described in a unified quark model with
chromodynamics: The key ingredient of the model is a universal one-gluon-exchange-plus-linear-
confinement potential motivated by QCD, but it is crucial to the success of the description to take
into account relativistic effects. The spectroscopic results of the model are supported by an exten-
sive analysis of strong, electromagnetic, and weak meson couplings.

Problem: Why does this model work? Is there an underlying
symmetry?

If it is not forbidden, it is mandatory
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State superposition

|Meson) = /Aﬁcn + a1qqqq) + a2|qqg) + as|gg) + -

|Baryon) = chﬁ + a1|qqqqq) + azlqqqg) + -

co
> =1
1=0
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Understand resonances
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Exotic hadron

Quantum numbers cannot be obtained by gg or ggg combinations

* 11, (hybrid candidate)

Minimal quark content goes beyond gqq or qqq

» Tetraquarks, pentaquarks

Minimal quark content is ordinary but has nonquark model properties

- X(3872)
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Charmonia(-like)
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Charmonia(-like)
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Updated from JPAC, PPNP 127 (2022) 103981
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Compact vs. molecular

Simplest hadron molecule: deuteron Relates to how the strong
interaction confines quarks

How do quarks arrange
themselves to generate a hadron

* diquarks: quark-quark
* quark-antiquark

L

L
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The revolution: X(3872)

k endi
VOLUME 91, NUMBER 26 PHYSICAL REVIEW LETTERS b

31 DECEMBER 2003

Observation of a Narrow Charmoniumlike State in Exclusive B* — K*#* 77~ J /¢ Decays

—~aoF 3) -~
Three-body decays opened a new 3 | 3 3
era in hadron spectroscopy g | 8 g

Ephouttd| | 8 :

. §2 52 524 526 528 53 f2 384 385 388 35 3% 51005 0 005 01 015 02

The X(3872) has ordinary quantum Moc(GeV) My =) (GeV) 2E (GeV)
numbers Compatible with a cc state, FIG. 2 (color online). Signal-band projections of (a) My,
but. .. (b) M+ .- /4, and (c) AE for the X(3872) — =" 7~ J /¢ signal

region with the results of the unbinned fit superimposed.

Most cited physics paper from Belle >2000
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Why is X(3872) exotic?

Bt - K*X(3872) » K] /yn rm* X(3872) > J/Ypp-J/prmt
X(3872) - J/pw-> ]/t
A RN
Z1400f  — total ft p violates isospin
1200 3872 r i N
%1000 X ,(3872) W—— w respects Isosp
]
= 800 background If it were a quark-antiquark state
S 600 you expect w to dominate
400
200 v
Koo T o0 3950
Meerry IMEV] Data from LHCb, 2204.12597 [hep-ex]
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Lineshape analysis: p is the dominant component
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Lineshape analysis: p is the dominant component

M= (BWES(s,m,, 1) [L+ A BWL(s,mun L)) 3
pr(m,) 65 s = 350 — total fit
+ A7 €% BW (8>mp'an')} v
]
-1
% 250 B LHCb 9 fb
R4 =0.214 4+ 0.023 4+ 0.020 g 200 .
RO = 0.019 + 0.04 + 0.003 150 -+ p-o interference
Ry, = 0.025 £ 0.006 + 0.005 1;;]{]
50
400 500 600 700
m_.. [MeV]

LHCb, 2204.12597 [hep-ex]

CFR. Exotics hadrons in heavy-ion collisions 14



Lineshape analysis: p is the dominant component
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Prompt vs. non-prompt resonance production

j+
B+
X(3872)
I/
T nt

CFR. Exotics hadrons in heavy-ion collisions

g Estimating the size of states studying

X(3872)
J /Y

their behavior when immersed in QCD
matter
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Bottomonia in high multiplicity

Under the assumption that

the bottomonia are compact oaf — T T
(which is most likely correct) i ® T(25)/7(15)

~ 030} " 1(3S)/T(1S)
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Esposito et al, EPJC 81 (2021) 229 L 20 30 40 50
Data from CMS, JHEP 04 (2014) 103 Na
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The deuteron in high-multiplicity
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Esposito et al, EPJC 81 (2021) 229

CFR. Exotics hadrons in heavy-ion collisions

—~~

(o}

2d / (p +

0.006 T T T IIIIII T T T IIIIII T T T IIIIII T T T T T 71T
[ ALICE 7

C  [¢]p-Pb, sy, =5.02 TeV i
0.005—  voA Multiplicity Classes (Pb-side) -
- [#]|Pb-Pb, {5 =276 Tev ]

~ [mpp, (s=7TeV ]
0.004 — _ =
- pp, Vs =13 TeV ]

B VOM Multiplicity Classes ~___FF--~ _
0.003— % —
0.002— Thermal-FIST CSM (PLB 785 (2018) 171-174) —|
C =T, =155 MeV, V= 3 dV/dy .
0.001— —T,, =155 MeV, V, =dV/dy =
' - —Coalescence (PLB 792 (2019) 132-137) ]
0 1 1 | I | | 1 1 ) I | | 1 1 N N I | | | | L1 11 I_

1 10 102 10°
dN _/d
( ch nlab>|nlab|<0.5

ALICE, PLB 794 (2019) 50
ALICE, EPJC 80 (2020) 889

18



The X(3872) in high multiplicity

| ““F THO =
£ [k 5= 8 TeV +Prompt b decays .
S (& p.>5GeVic é . . B
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Ultra-peripheral heavy-ion collisions
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Particularly interesting would be the
X(6900) which could be produced
copiously in this process

State, JFC r,/B, (V) o(PbPb— PbPbX)/B, (nb)
X(6900), 0+ ~104 ~282
X(6900), 2++ ~86 ~1165

Esposito et al., PRD 104 (2021) 114029
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ALICE can keep contributing to hadron

spectroscopy

» Revealing resonance dynamics from high-
multiplicity processes

» Discovery and confirmation of resonances from
ultra-peripheral production
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