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Towards Theoretical Understanding

of Exotic Heavy Hadrons
from QCD

® Exotic heavy (XYZ) hadrons
e [attice QCD and Effective Field Theories
® Born-Oppenheimer approach

® Summary



Exotic Heavy Hadrons

more than 2 dozen new cc and bb mesons
and several new cc baryons
discovered since

® contain heavy quark and antiquark
plus additional light constituents

® tetraquark mesons with light quark, antiquark
pentaquark baryons with three light quarks

many are surprisingly narrow

major challenge to our understanding of QCD spectrum!
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Models for XYZ Mesons
meson molecule
quarkonium tetraquark

quarkonium hybrid QgQ

- ’ _q
hadro-quarkonium
q

kinematic effect -



Models for XYZ Mesons

a Snake!




Models for XYZ Hadrons

® little connection with fundamental theory QCD
constituents: degrees of freedom from QCD
interactions: purely phenomenological

® some success in describing individual XYZ hadrons

® no success in revealing pattern of XYZ hadrons



CHARM 2018
Novosibirsk May 2018

“The XYZ mesons: what they aren’t”

Compare properties for 6 XYZ mesons with established /¢
X(3872), X(3915), Y(4220), Z(3900), Z(4020), £(4430)

with model expectations for
molecule, tetraquark, charmonium hybrid, hadro-charmonium, kinematic effect

“No single model can satisfactorily explain all the results.
If we are ever to have a coherent comprehensive
understanding of the XYZ particles, a new idea is needed.”



Developments since CHARM 2018

Y(4220) = 11t DOD*  |st open-charm decay of Y
Z(4100) & nc 11° | st decay into 2 pseudoscalars

updated analysis of cc pentaquark decaying into J/\P p
new narrow state P(4312)

Y(4626) = Ds* Dsi- |st decay of Y into strange mesons

X(2900) = D~ K* | st tetraquark with 4 flavors

Z-~(3885) = DOD*0 |st strange cc tetraquark

structure in J/\P pair spectrum |st cccc tetraquark ?

there is still no
“coherent comprehensive understanding of the XYZ particles”
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Doubly Heavy Hadrons

heavy quarks: Q =b or c
light quarks: g =uordors

quarkonium:

quarkonium hybrids:
quarkonium tetraquarks:
quarkonium pentaquarks:

Q Q]

Qa a 09
Na)

doubly heavy baryons:
doubly heavy tetraquarks:

Q O QOO
QO QIQIQIO|

Q1 Q
Ha)

coherent comprehensive framework ??



Approaches within QCD

fundamental fields: quarks and gluons
parameters: O, quark masses

e [attice QCD

e [Effective field theories
(NRQCD, pNRQCD, BOEFT, ...)

e QCD Sum Rules 2?



QCD Sum Rules

tetraquark meson T

4-quark interpolating operator J (x) with (7|7 (x)|@) # 0

Operator Product Expansion: T 1(x)J (y) = Y.n Ca(x-y) On((x+y)/2)

vacuum expectation value, insert complete set of states, Fourier transform

D OITIXNX[THO) = ) C (0]0n|0)

X
Borel transform to suppress higher energy states

assume sum over X is dominated by tetraquarlk state I

Fierz transformations = there are meson-meson states M ;M> with
(MIM2|\T (x)|@) # 0
sum over X is actually dominated by meson-meson states!

fatal problem ??

for all previous applications of QCD sum rules to tetraquarks
|l




Lattice QCD

discretize QCD on a Euclidean spacetime lattice
® [attice spacing in time direction: d;
® |attice spacing in spatial directions: ds

calculate cross-correlators of many operators

(O00;0) — 3V Zonr/ Ty

® determine discrete elgenenergles En
e overlap factors v/Zi have information about structure

extrapolate to zero lattice spacing: a; = 0,a; = 0

chiral extrapolation to physical u,d quark masses:
mmn = 140 MeV

determine infinite-volume spectrum (masses, widths)
from discrete eigenelznergies



Quarkonium (hybrid) Spectrum

charmonium mq = 391 MeV 2012

Hadron Spectrum Collaboration charmonium  mn =240 MeV 2016
bottomonium myx = 391 MeV  202]

charmonium (hybrid) spectrum (mg = 240 MeV)
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Doubly Heavy letraquarks

QQqq tetraquark can have mass below strong decay threshold

stable in limit Mg — o0

bbqq (g = u,d) ground state: [=0, [P=]* binding energy (MeV)
Born-Oppenheimer —59+30_35
quark/diquark model =215 (212 7?)
heavy quark expansion  —122
* - 133 + 25%
lattice QCD —-128 + 24 +10

X

error bars by taking all inputs from experiment or lattice QCD
See talk by Thursday at 13:00
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Doubly Heavy letraquarks

bbsq (q = u,d): I1=Va, [P=1+ binding energy (MeV)
heavy quark expansion  —49
* —48 * 26*

bedd (q = u,d): 1=, JP=1*

quark/diquark model —10 (12 7?)
heavy quark expansion  + 85
* +104 + 37%

ccqq (g = u,d): 1=)2, JP=1*

quark/diquark model +7(x127)

heavy quark expansion  +93
* +62 + | |*

* (with )



Effective Field Theories for QCD

QCD each quark flavor is Dirac spinor field: yi(x),i=1,2,3

( integrate out scale of heavy quark mass M )

Nonrelativistic QCD (NRQCD)

heavy quark/antiquark is two Pauli spinor fields yi(r t), yi(r, t),i=1,2,3

(integrate out momentum scale Mv)

Potential NRQCD (pNRQCD)

(for heavy-quark pair near lowest adiabatic potential)

heavy quark/antiquark pair is color-singlet field S(R;r ,1)
color-octet field O9(R, r, t),i=1,2,...,8

Born-Oppenheimer EFT (BOEFT)

(for heavy-quark pair near other Born-Oppenheimer potentials)



Born-Oppenheimer Approximation
for Quarkonium Hybrids

pioneered by

® heavy quark mass » Aqcp

¢ Q and Q move nonrelativisticly

® sluons respond almost instantaneously
to the motion of the Q and Q



B-O approximation: hybrids

® given the positions of the Q and Q,
the gluon fields are in a stationary state
in the presence of static Q and Q sources

e as the positions of the Q and Q change,
the gluon fields remain adiabatically
in that stationary state
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B-O approximation: hybrids

® energy of stationary state of gluon fields
in presence of static Q and Q sources
separated by distance r
defines Born-Oppenheimer potential V(r)

® Born-Oppenheimer approximation:
motion of Q and Q is described by
Schroedinger equation in potential V(r)



B-O approximation: hybrids

stationary states for gluon fields

in presence of static Q and Q sources
_>

separated by vector r

conserved quantum numbers: /\nE
® absolute value of component of angular momentum

IF Jiene| = A=0,1,2,.. (or %A, ..)

® product of charge conjugation and parity
(CPlighe =1 = +1,=1 (or g u)

e reflection through plane containing sources
Righe = €=+, =] (or + )



B-O approximation: hybrids

Born-Oppenheimer potentials
labelled by Ane = 2%, 1.5 2, ...

calculate using lattice QCD

® anisotropic lattice: 103 x 30
® |attice spacing: a = 0.2 fm
® quenched: no virtual quark-antiquark pairs!
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B-O approximation: hybrids

solve Schroedinger equation in Born-Oppenheimer potentials

energy levels labelled by nL
radial quantum number: n = [,2,3,...

orbital angular momentum: L > A
L=201,2,..or S,PD,..

energy levels in 2,* potential:
quarkonium

energy levels in 1,4, 2, ... potentials:

quarkonium hybrids

energy splittings: semiquantitative
agreement with lattice NRQCD
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Charmonium Hybrids

Mass(GeV)
4.6 —
* H, - —
i H, o e sl f
44+ —— -{:- H,
-
42 — -
40 - _
e e e e . DD, Threshold
38 o
e DD Threshold _ _
\ \ \ \ \ \ \ \ \ \ \ \ \ \

1=~ 0~* 1=+ 2°+t 1*t+ 0t 1t- 2t Ott 1t- 2t |t 9o+—  3*-

BOEFT

error bands from lattice QCD calculation of gluelump mass
Berwein, Brambilla, Tarrus Castella & Vairo arXiv:1510.04299

Lattice QCD

points with error bars for m+ = 400 MeV
Hadron Spectrum collaboration 23arXiv: 1204.5425



Charmonium Hybrids

possible identifications with X and Y mesons

Mass(GeV)
6, .

L H,
L H,

44k
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: e ‘ H,'
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_____________________________________________________________________________ D Threshold _ _ __ ___

2 Y(4008)[177]  Y(@4220)[177]  Y(4260)[17"]  Y(4140)[?**] X(4160)[2**]  X(4350)[0/2F] X(4360)[17"]  X(4630)[177]  Y(4660)[1~"]

BOEFT error bands

Lattice QCD data points
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Born-Oppenheimer potentials

B-O potentials
* include potentials that approach meson-pair thresholds at large r
* have avoided crossings
* both can be calculated using lattice QCD

0.2
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0.1

0.05

QQ (Z;*) and MM potentials
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[E(r) - 2 mg]a
o
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-0.15 ¢ state 12> —e— ]

_0.2 | | | | | | | | |
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r/a
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Quarkonium Tetraquarks

XYZ mesons with positive electric charge have constituents QQud

first discoveries

cc tetraquarks: £*(4430) Belle (2007)
bb tetraquarks: Zy*(10610), Zp*(10650) Belle (2011)
cc tetraquarks: Z:#(3900), ... BESIII (2013)

Q. How can charged quarkonium tetraquarks be reconciled
with Born-Oppenheimer approximation for QCD?

A. Light QCD fields in the presence of static Q Q sources
can have light-quark flavors g g ! Braaten arXiv:1305.6905




B-O approximation: tetraquarks

Light quarks can respond almost instantaneously
to the motion of the heavy quarks,
just like gluon fields

Quarkonium Tetraquarks
can be treated using the Born-Oppenheimer approximation
just like Quarkonium Hybrids
except that the stationary state of gluons and light quarks

has B-O quantum numbers /A\n¢

and also light-quark flavors
Braaten arXiv:1305.6905
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What is an XYZ Meson?

a Snake!




What is an XYZ Meson!?

It’s a
0 diquark- H
q onium!
V(r) 70
It’s an It’s a
adjoint — compact
meson! tetraquark!
+
2 |
” \ meson pair
tsa
hadro-

\ r

It’s a
meson

molecule!

quarkonium!
\

Each model describes some region
of the Born-Oppenheimer wavefunction
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Doubly Heavy Hadrons

Born-Oppenheimer approximation
Light QCD fields in the presence of static Q Q sources
can have light-quark flavor gor gg !

doubly heavy baryon doubly heavy tetraquark

Maiani, Polosa & Riquer Bicudo & Wagner
arXiv:1903.10253 arXiv:1209.6724
Soto & Tarrus Castella Maiani, Polosa & Riquer

arXiv:2005.00551 arXiv:1903.10253
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Diabatic Representation

0.2
0.15
Adiabatic representation 01 |
* heavy particles interact through % 0.05 |
Born-Oppenheimer potentials &« o2 o
with avoided crossings 5 -0.05 | |
0.1 | -
state 11> —e—
Diabatic representation e state [2> e

. . _0.2 ] ] ] ] ] ] ] ] ]
* heavy particles interact through 11 12 13 14 15 16 17 18 19

. . 7/
Born-Oppenheimer potentials that cross "
* can be obtained by a unitary transformation
* allows more accurate treatment of scattering states

may be essential for XYZ hadrons near hadron-pair thresholds
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Dynamical Diquark Model

Lebed arXiv:1709.06097

Giron et al. arXiv:1903.04551, 1907.08546
Giron & Lebed arXiv:2005.07100

Gens et al. arXiv:2102.1259

Model for Quarkonium Tetraquarks:
diquark Qg and anti-diquark Qg are assumed to interact

through same B-O potentials 2, 1.5, 2.7, ...
as Q and Q in quarkonium and quarkonium hybrid

32



Conclusions

The discoveries of Exotic Heavy (XYZ) Hadrons
have revealed a serious gap in our understanding
of the QCD spectrum

Constituent models for the XYZ mesons
have not provided a compelling pattern
and make little contact with QCD

Born-Oppenheimer Effective Field Theory

has not yet provided a compelling pattern for the XYZ hadrons
but it is based firmly on QCD
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What is needed from Lattice QCD

® Born-Oppenheimer potentials for

doubly heavy baryons

doubly heavy tetraquarks
Bicudo,Wagner et al.

quarkonium tetraquarks
Prelovsek, Bahtiyar & Petkovic

quarkonium pentaquarks

® avoided crossings with meson-pair thresholds
34



Conclusions
Future experiments on the XYZ hadrons

® ec*e” experiments
BESII|
Belle |l

® LHC experiments

ATLAS and CMS
LHCDb

e PANDA: pp annihilation at resonance
into charmonium (and hybrids and tetraquarks)

What is needed from experiment
® more [PCs
® more transitions (hadronic and radiative)
® more XYZ hadronsss



Conclusions

What is needed from non-lattice theory

use Born-Oppenheimer EFT to calculate

® spectrum of doubly heavy baryons
doubly heavy tetraquarks
quarkonium hybrids
quarkonium tetraquarks
quarkonium pentaquarks

® radiative and hadronic transitions to quarkonium

there is hope for a
“coherent comprehensive understanding of the XYZ particles”

that is based firmly on QCD
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