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Introduction

Exotic hadrons with heavy quarks

T ————__ X(3872) observed at Belle

X (3872) confirmed at DO, CDF
X(3915) [as Y (3940)] observed at Belle
Y (4260) observed at BaBar

xa(2P) [as Z(3930)] observed at Belle

Y (4250) confirmed at CLEO-c in the past decade a pletora of new

X (3940), Y (4008), Y (4660) observed at Belle

o ooec el o states with constituent heavy QQ

¥ (4350) confirmed at Bello
X(3915) [as Y(3940)] eonfirmed at BaBar R . .
X (3940) confirmed at Balle which is their structure?

Z%(4050), X (4160), Z*(4250), Z*(4430), X (4630)

observed at Belle
¥ (4140) obsorved at CDF . @ “plain”

2008 _% X(3915), X (4350), Y;(10888) observed at Belle ©
xe2(2P) |as Z(3930)] confirmed at BaBar
Y (4274) ohserved at CDF
2009 - X (3915) confirmed at BaBar
Z(10610)* observed and confirmed at Belle :
Z4(10650)* observed and confirmed at Belle ‘. diquark
2010 1 X (3823) [likely ¥2(1D)], Z5(10610)° observed and cc model

triquark
model

Z.(3900)*, Z,.(4020)* observed at BESIII
Z.(3900)* confirmed at Belle

Z.(3900)" observed at CLEO-¢

Z.(4020)° observed at BESITI

Y (4140) confirmed at Do, CMS

Y (4274) confirmed at CMS

Y (4660) confirmed at BaBar

Z.(4020)* confirmed at BESIII

Z*(4200) observed at Belle

Z*(4240) observed at LHCb

Z*(4430) confirmed at LHCh

X (3823) [likely ¥(2D)], Z.(3900)°, Z.(4020)° confir
Z.(4055)* observed at Belle

¥ (4230) obsorved at BESIT meson baryon
P} (4380), P} (4450) observed at LHCh n
Y3(10888) no longer observed at Belle

X (5568)* observed at DO meson model meeon
X (5568)* NOT observed at LHCh

¥ (4140), Y (4274) confirmed at LHCb

X (4500), X (4700) observed at LHCh

2011

2012 4
hydro-charmonium

e | model

2014

molecular

2016

‘ 4
(S C. Patrignani GHP17 - Feb. 1-3, Washington, D.C

T — EE—
T S i S VNS S T D S

v Lebed et al, arXiv:1610.04528 3 i -

What about other exotic states?
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2. Glueballs and glueball spectrum

e Gluons carry color charges: bound states of glue?
Curious: Higgs field has nothing to do with mass!
e Can we predict glueball spectrum? I 9
— quark models: quark-antiquark potential
— not so easy for gluons: gauge invariance

— models (constituent, flux tube, bag, etc.)

3 O

Cornwall and Soni, PLB120 (1983) 431
Hou and Wong, PRD67, 034003 (2003)

— since gluons have spin-one, all glueballs are bosons
e Lattice QCD, QCD Sum Rules, bag models, ADS/QCD, ...
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Glueball spectrum: masses

Old: lattice and model-dependent
12 JPe Constituent Lattice Experiment
{1730} (0.72) 1730 (0.72) 1500° (0.76)
o+t 2685 (1.12) 2670 (1.11) 2105° (1.06)
2710 (1.13) 2320° (1.17)
2790 (1.16)
{2400} (1.00) 2400 (1.00) 1980° (1.00)
2693 (1.12) 3290 (1.37) 2020¢ (1.02)
2+ 2700 (1.13) 22407 (1.13)
2730 (1.14) 23707 (1.20)
2810 (1.17)
0~ 2570 (1.07) 2590 (1.08) 21407 (1.08)
2765 (1.15) 2190° (1.11)
1-F 2605 (1.09)
2770 (1.15)
2= 2615 (1.09) 3100 (1.29) 20407 (1.03)
2775 (1.16) 3890 (1.62) 2300% (1.16)
1+t 2690 (1.12) 2340% (1.18)
3+ 2694 (1.12) 3690 (1.54) 20007 (1.01)
o | 11 22807 (1.15)
4T+ 2695 (1.12) 3650% (1.52) 20447 (1.03)
23207 (1.17)
3g(0~T) 3780 (1.58) 3640 (1.52)
0 0 39(177) 3680 (1.53) 3850 (1.60)
++ —t +— —_— 39(377) 3690 (1.54) 4130 (1.72)
PC

Morningstar and Peardon, PRD60, 034509 (1999)
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Hou and Wong, PRD67, 034003 (2003)
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Glueball spectrum: masses

e The predictions for the glueball masses “stabilized”...

Glueball Ref. [795] Ref. [796] Ref. [797] Ref. [798] | Ref. [799] | QSR [807]
|GG; 0t ) 1730 & 50 + 80 1710 4 50 + 80 1475 £304+65 | 1795460 | 1653+26 | 17807120
|GG;2++) | 2400+25+120 | 2390+30+120 | 2150+30+100 | 2620+50 | 2376 £32 | 18601149
|GG;0—t) 2590 +40 +130 | 2560 4+35+ 120 | 2250 + 60 + 100 - 2561 +40 | 2170779
|GG;27F) | 3100+£30+150 | 3040 +£40+150 | 2780 +50+ 130 | 3460+320 | 3070 +60 | 22407119

|GGG;0++) | 2670+ 180 + 130 - 2755 £ 70 £120 | 3760 £240 | 2842 £40 | 4460170
IGGG; 2+ +) . < 2880 + 100 + 130 - 3300 £50 | 41807199
|IGGG;0-+) | 3640 + 60 + 180 - 3370+ 150 + 150 | 4490 + 590 | 3540 +80 | 4130733
GGG 2—) - - 3480 + 140 + 160 - 3970 £70 | 4290725
|GGG;1+—) | 2940 £30£140 | 2980 £30+ 140 | 2670465+ 120 | 32704340 | 2944 +42 | 4010712%0
|GGG; 2t~ | 4140 £504+200 | 4230 + 50 + 200 . B 4240 £ 80 | 44207230
|GGG;31t—) | 35504£404+170 | 36004+40+170 | 32704904150 | 38504350 | 3530 +£80 | 43007239
|GGG;177) | 3850 4£50+190 | 3830 +£40+ 190 | 3240 4 330 & 150 - 4030 £70 | 49107390
|GGG;277) | 3930£40+190 | 4010 +£454200 | 3660+ 130 +£170 | 45904 740 | 3920 £90 | 42507229
|GGG;3~~) | 4130490 +200 | 4200 + 45+ 200 | 4330 & 260 =+ 200 - - 55901330

LT e L VNS S D
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H.-X. Chen, W. Chen, X. Liu, Y.-R. Liu, S.-L. Zhu
arXiv:2204.02649 [hep-ph]
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Glueball spectrum: 0™ masses

e .. butthe accuracy seem not to improve much over time

3 - 3
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||
||
= 2 i x 2
[ X D) X é
: e DORE F s 1)
— [ X
@ 1 X% Eg . xI x i 2 x
|1
g 1 B | II _1
||
|1
|1
||
O ] L1 1 | | | 0
1970 1980 1990 2000 2010 2020 2030
Year H.-X. Chen, W. Chen, X. Liu, Y--R. Liu, S.-L. Zhu

arXiv:2204.02649 [hep-ph]

What do we know about glueballs” widths?

T S i S VNS S D .
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Glueball spectrum: widths

e Should we expect wide or narrow glueball states?
— difficult to say model-independently; lots of model-dependent results

— large Nc counting rules can provide guidance ('t Hooft limit)
1

T ég "-::::-' Each coupling: g~ \/ﬁc
: )k Each quark loop: NC
| A N\
— meson and glueball decay amplitudes
_n=2
2
{_’I Jig An(qq) ~ Ne
s L Apey ~ N7 =2
YWe_ ] e J ¢
T 7 —24+m—1
We. Vel AuG)mien) ~ Ne ?
_1 -1
~ NC 2 ~Y NC

e Glueballs are narrow in the large Nc limit, expect smaller widths?
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Experimental searches for glueballs

e |t appears that O+ glueball is the lightest glueball state

it must be produced copiously in the glue-rich environment and
couples strongly to the color-singlet di-gluon (radiative J/y decays)

its production in gamma-gamma collisions must be suppressed

the decay/production amplitude for the glueballs is flavor

symmetric
0) an an (V)

Q ¥ a a p M Qv
J
Q
J/Y o G G Y’
: Q G
Q b b D

it must be narrow (at least in the large Nc limit; also chiral)
Chanowitz, PRL95, 172001 (2005)

e All of this is generally true for other glueball states as well

L U Tt R RS P ST T TR EN T S e e T e U S T
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Experimental searches for glueballs

e Searches at dedicated and general-purpose detectors

BESIII Detector forward calorimeter

Gu ==

Collaboration:
I 13 members from
23 institutions from
8 countries

AP/P (%) =0.5-0.7%
(1GeV )
Gapras (V)= 6-8%

EMC : AENE(Y)=2.5-3 % (1 GeV)
G, 4(cm)=0.5cm-0.7 cm/VE

ﬁcﬁ The LHCb Detector
A forward single arm spectrometer

Calorimeter

e No convincing observation of a pure glueball state yet. Why?
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Problems with finding glueballs?

e Glueballs and some gg states have the same quantum numbers
— quantum mechanics requires mixing of those states
... which means that “pure glueballs” do not exist!
— let us still concentrate on scalar 0+ states
f0(500), f0(980), fo(1370), fo(1500), fo(1710)

— these states are admixtures |fo;) = &|N) + B;|S) + 7:|G)
N =nii = (uii+dd)/\/2
S =5

— fit to experiment (decays fy — #z, KK, ... Jly = yf, ...)
— various fits exist for the relative coefficients, here is an example
fo(1370)) 0.819(89)  0.290(91) —0.495(118)\ /|N)
( f0(1500))> — (—0.399(113) 0.908(37) —0.128(52) ) (|s>)
fo(1710)) 0413(87)  0302(52)  0.859(54) |G)

Cheng, Chua, and Liu, PRD92, 094006 (2015)
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3. Molecular states with glueballs

e Are there any other mechanisms for “glueball hadronization”?

— meson-meson and meson-baryon molecular states:
— why not glueball-meson or glueball-baryon molecular states?

— glueballs have smaller widths than mesons in the large N, which might

have implications for some observed highly excited states
AAP, 2204.11269 [hep-ph]

— some hints from Nature from observations of a few unusual states?
— for small binding energy:  mgo++) + Mz = Mr(1800)

mag--) + Mg X MX(3872)

— need non-relativistic description of components to build molecular
states (consider lightest glueball and lightest octet of pseudoscalars)
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Molecular states with glueballs

e Lifetime of the state is expected to be
governed by a lifetime of the glueball
component

— smaller widths, at least from the large
Nc arguments

— possible large mixing with highly
excited gq states

— expect unusually long-lived “highly
excited states”

e Alternatively can be viewed as a
“glueball excitation of a state”

e The lightest state (#G): 0+ or a
“pseudo-glueball” &

AAP, 2204.11269 [hep-ph]
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Components: non-relativistic states

e For a weakly-bound system need non-relativistic components

— not an unusual situation for pionic atoms!
Kong and Ravndal, PRD61, 077506 (2000)

— kinetic part

0 1
aY=m¥li—+ — V? |77
Lolm) = Yor 2m; ) !

1
— interaction part E,-,,,(fn)=4—A0(w3‘w3‘7r0w0)+Bo(7r§iwfw+w_)

+ ECO(W”;ﬂ'f Mo+ Ty TE T T_)

- ZDO(fn'Z’: m¥m ot ata_aw_

+2m¥af o myt2at wlw_m,)

— NR pion propagator

G(E k)=
(E.k) E-K2m_+ie

L S LR S VS S DS L U T RN I T I T I O S e e e U S T
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3a. Effective field theory for non-relativistic states

e Several constructions, all equivalent at the leading order

— introduce a new one, closest in spirit to HQET
— Klein-Gordon Lagrangian (Dﬂ = 6” — igAﬂ)

L= (Dug)' (D'¢) —m*¢l ¢
— KGL can be used to obtain equation of motion (DJ’f = DF — vty - D)
(D2 + m?) 6(x) = [(v- D) + D? +m?] o) = 0

— with ¢y = (v - D) ¢ KGE becomes

(v- D) ¢o(x) + DI ¢(z) + m*¢(z) =0

— this equation can be solved in the Feshbach-Villars approach

1
¢(z) = 7 (0(z) + x(x))

Alexey A Petrov (USC) ‘ 14 10 Years of MITP



Effective field theory for non-relativistic states

— Now, solution of KGE for ¢p(x) is a solution for 8(x) and y(x)

— the new fields, (x) and y(x), can be written as

1T : -
e A C) I

1T ; o with q)()_{x(x)]
x@)=s [6) - L0 DYoo)

— KGE takes the matrix form

1
iw-D ®(x) = 5 (o3 + i03) D3 ®(x) + mo3®(x)

— with the corresponding Lagrangian for the field ®(x) (with ® = CI)T03)

— 1
L= [’LU - D — 2— (0'3 + i02) Diq)(il?) — m0'3] d
m

— Mode expansion:

d3p 1 m —|_ E N —ip-,q; m — E 7 ip-x
o= [ paven (mog )+ (ke
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Effective field theory for non-relativistic states

e Constructing EFT for non-relativistic scalars

— consider HQET-like expansion of the “spinor” field

— project out large and small components of the field

1Mu-x 1 03
@ 6 1Mmuv-xT ( ] 5) \ 5 imu-x ]. — (73
— e -

2

)

— this leads to the Lagrangian for 7 and & fields

2

D? D4
L=nlliv-D—=L|n—¢"|iv-D+ == +2m|¢
2m 2m

D2
2m

2
—WT(@@)D—f + M (iog) ==

— integrating out &, after field redefinitions

n

2
+ DT
2m

r Di
1 )377+

L=n"(iv-D)n—n

Blechman, Gonderinger, AAP
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3b. Components: scalar glueball in EFT

e |tis sufficient to have an effective description of a 0** glueball

1 o
— consider massless QCD Lqcp = —7 G, GH + iq g

— use the fact that QCD is classically invariant under dilatations
g = Azt de(x) = A PY(Az) ,  A%(z) — AA%(Az)

— this symmetry is broken at quantum level

(Tym)p = —'34(5) G4, G # 0,

— can introduce a scalar dilaton field G describing the trace anomaly

Ly A\2 1mE |~ |Gl 14,
Edilaton == 5 (8“G) — Z_A2 lG 10g X — ZG
Salomone, Schechter, Tudron
NSRS T ATYGAL Y TSR L '._*Mi dal and Shifman

Alexey A Petrov (USC) 11 10 Years of MITP



Glueball-meson molecules

e To calculate the binding energy need to couple pions and glueballs

— use extended linear sigma model £ = Lism + Ldilaton + Lint
Jankowski et al, PRD84, 054007 (2011)

Lisw = Tr[(@"®)" (9,2)] - A (Tx [o'2])’
— %o Tr [ (@7)°] +Tr [H (0 + @)

+ ¢ (det(®@T) + det(®)),
Wlth (I):%(O'—l—’iﬁN)O'O—l—%(C_io—l—iﬁ)-O_:

(5)

e Small momentum transfer: match to determine 7#G coupling

— ... with the interaction term

2
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Glueball-meson molecules

e Matching to NR EFT for pions and glueballs

— expand G and ¢ about the minimum (G—= A +G, 0 — ¢ + (0))...
o mio)

2 2
Lone = =M1 (Tr[@10])" =)y T |(@10)”]

> ﬁﬁG = —)\71‘2G2

— ...resulting in

2 2
Eﬂ-G = —)\7T2G2 Wlth A= ;’TLT% [1 — <§22 (2)\1 + )\2)]

e Now we can calculate the low energy 7-G scattering amplitude

AAP, 2204.11269 [hep-ph]
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Glueball-meson molecules: binding energy

e Calculate binding energy from the pole of transition amplitude

— in guantum mechanics
41 1 41 a

lxG PCOLOs —ip  fing L + ipa

T’T('G —

— QFT: solve Lippmann-Schwinger equation to find the transition
amplitude

______

e Need to evaluate one loop integral: divergence?

Alexey A Petrov (USC) 8 10 Years of MITP




Glueball-meson molecules: binding energy

e Calculate binding energy from the pole of transition amplitude

. P ’ S. Weinberg
— resuming the “bubbles”...

B A
1+ i)A

— ...need to calculate (expect a divergence, move to d-1 dim), 1 — A,

T A [

2memy ) (27)3 @ — 2urgE — i€

T7TG

......

— We find a scattering amplitude with a pole corresponding to

2,2, 2
321 mamg

)‘%z NiG

Evound = Epole = AAP, 2204.11269 [hep-ph]

— NR bound state: small binding energy. Observed state of 7(1800)?

L T S i S VNSE S T D L U T R NEONR N TSI R T TR IS T s e e e U S T
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The 7(1800) puzzle?

n(1800) 0" Hybrid

(1800)— £ ,(980) 7, £,(500)7, a,(980)n, wp, nn'm, K,(1430) K

Rather narrow for 2™ Does not decay
excitation of m ~—_ /to prt &K'K

st : oty (1800)
1* radial excitation of the =t
w(1300)
e
| 1 1 1 | 1 | 1 | 1 |
1000 1200 1400 1600 1800 2000
Mass & Width® MeV/e

PDG mass and width values

Many' have suggested that the 7(1800)

is 2 0™ hybrid meson

'See for example T. Barnes, F E. Close, P. R. Page, & E. S. Swanson

Phys. Rev. D55 4157 (1997) . . .
P. Eugenio, talk at 2016 APS April meeting

| T—

Maybe it is not a hybrid, but a molecular state & ?
L T S L i SOV S D ¥
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7£(1800) as a glueball-meson molecule

e |t appears that most issues with understanding of 7(1800) would
go away if a dominant part of the 7(1800) wave function is built
up from a glueball-7 molecule

— lifetime of a glueball-pi molecule is driven by a glueball lifetime

— expect smaller width than usual gg excitations

— m(1800) mass is tantalizingly close to that of a G(0++)-7 molecule

— for small binding energy, as considered before,

Mg o++) T Ma = My (1800)

If it looks like a duck, swims like a duck, and quacks like a duck, then it probably is a duck.
Wikipedia’s definitions of a “Duck test”
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4. Phenomenology of glueball molecules

e Phenomenology of glueball molecules: a word of caution
- note: quantum mechanics requires that the states of different nature but the
same gquantum numbers mix
- we can only make definite statements if molecular component dominates!
- assume: 7(1800) is mostly a glueball molecular state

e Phenomenology of glueball molecules: production

- the molecular state & can be produced where the glueballs can be produced
- heavy ion collisions
- decays of the heavy quark states such as J/y — yn s

e Phenomenology of glueball molecules: decay patterns
- decays of the molecular state & are driven by the glueball decay
- decays & — 31, P - KK, etc. can be related
- decays in the f; states can be related

Alexey A Petrov (USC) | 4 10 Years of MITP



Glueball molecules: decays into f, states

e Study decay patterns into the f, states:
- assume: 7(1800) is mostly a glueball molecular state

- decays 7(1800) — 7zf,(1500) and z(1800) — 7zf,(1370) can be related

e Recall: the f; states seem to contain varying amounts of glue

| £o(1370)) 0.819(89)  0.290(91) —0.495(118)\ /|N)
(| f0(1500)>) = (—0.399(113) 0.908(37) —0.128(52) ) (|S))
1£o(1710)) 0.413(87)  0.302(52)  0.859(54) G)

e ...then the decay amplitude for a decay into an f; state can be written as
A(m(1800) = mfo) = (fo|G)(wG|H|m(1800)).

e ...where for different f, states we can write (must invert the matrix above)

= (fo(1370|G) | fo(1370))
+ (f0(1500)|G) | fo(1500))
+ (fo(1710)|G) | fo(1710))

G)

L T S i S VNSE S T D L U TS E R R T R T TR L T e e e I e N
Alexey A Petrov (USC) 3 10 Years of MITP



Glueball molecules: decays into f, states

e Recall: the f, states seem to contain varying amounts of glue

F=M Q:
0.78 0.51 —0.36 0.79 —0.54 0.29
M; = | —0.54 0.84 —0.03 M, = 0.49 0.84 0.22
0.32 0.18 0.93 —0.37 0.023 0.93

e ...then the ratios of the branching ratios can be written as

2
rp  With Tp = Pfo(1500)/P fo (1500)

B(m(1800) — 7 f5(1500)) ‘ (fo(1500)|G)
B(m(1800) — = fo(1370))

~ | (f0(1370)|G)

e ...then numerically

B(m(1800) —  fo(1500))

B(r(1800) —  fo(1370)) — (4+7) %107

AAP, 2204.11269 [hep-ph]
L T S i S VNSE S T D L U TS E R R T R T TR L T e e e I e N
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Things to take home

e Glueballs are expected to be there from QCD
— smaller widths, at least from the large Nc arguments
— possible large mixing with highly excited gg states
— expect unusually long-lived highly excited states

e Proposed a new mechanism for “glueball hadronization”

e Alternatively can be viewed as a “glueball excitation of a qg-bar
or a qqq state”

— opens up new opportunities in identifying gluon degrees of
freedom of ordinary hadrons

e How do you know that X(3872) and other molecules/tetraquarks
contain charmed quarks? What about new pentaquark states?

Alexey A Petrov (USC) 1 10 Years of MITP
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Pushing the Limits of Theoretical Physics
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Effective field theory for non-relativistic states

e Mode decompositions of the effective fields

3
n= / dp 1 m+|El 4; ei(Bl-m)—p7
(2m)° 2/[E[m 0
n [ m — | E| ] bt o Hil(El+m)t—7Z }
0 p

3
¢ = / d p__1 0 45 e~ i(El-m)-p&
2m)"2{/|E|m | | m - |E]|

+ 0 B;; e t(([E[+m)t—p'Z
m + |E|
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Introduction

e Lingo: what do we mean by “exotic” (quark model-driven)?

— exotic states:

— quantum numbers are not allowed in gg’ or gq'q”

— states require more than 2 or 3 quarks

— cryptoexotic states:
— mass/width do not fit in meson or baryon spectra

— production or decay properties incompatible with ordinary states

We often do not follow our own definitions. This talk included.
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