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Exotic Hadron

* States beyond traditional classification of
mesons and baryons

* Exotic states: XYZ mesons (heavy-quark sector)

v’ States that don’t fit traditional QQ spectrum.

v" Exotic quantum numbers:

" Charged Z¢ and Zy, states: minimal 4-quark state:

JPe= 0~~,0%", 17 %, 27 etc. are exotic

7.(4430)* Z,(10650)*

Tetraquarks

For review see Brambilla et al. Phys. Reports. 873 (2020)

TUTI

* X(3872): First exotic state discovered in 2003 by Belle.

Dozens of XYZ mesons discovered since 2003.

Phys. Rev. Lett. 91, 262001 (2003)
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Castella , Soto Phys. Rev. D. 102, (2020)

EXOtiC Hadron Brambilla, AM, Vairo arXiv 2312.xxxx m

 Exotic hadron (QQX, QQX,.....), X: any combination of light quark and gluons
to obtain color singlet hadron

* Hierarchy of scales:

---------------------- -_— . p«]/Mw ‘

r
21
2 mu g haop 2> mu's
< >
% Mass of heavy quark: m % Energy scale for light d.o.f: AQCD ~1/AQCD

% Relative separation between heavy quarks: r ~ 1/mv

BOEFT: Effective theory based on

% Heavy Quark K.E scale: mu? Born-Oppenheimer Approximation
Heavy quark: slow-degrees of freedom X: fast-degrees of freedom BOEFT: EFT focused at energy
scale mv?
1 1

Aocp

BOI‘H—Oppenhelmel‘ (BO) AppI‘Oleathl’l Braaten, Langmack, Smith Phys. Rev. D. 90, 014044 (2014)

* Time-scale for dynamics of QQ ~ T2 >




uantum #’s
R Im

* BOEFT potentials ( Vp(r)): All effect of LDF (light quarks, gluons)

captured as potential between 2 heavy quarks Q
* Static limit (m— ): BOEFT potential are the static energies r
LDF
Cylindrical symmetry due to preferred quark-antiquark axis Q
* Vr(r): T labelled by cylindrical symmetry (Dgp) representation (diatomic molecules):
v" Absolute value of component of angular momentum of light d.o.f ﬁ
r - K|=A=0,1,2,......(or 3, ILA @, .....)
v" Product of charge conjugation and parity (CP): L— F - AU
n=+1(g), -1 'l
v o Eigenvalue of reflection about a plane containing static sources. _)

K .
o =P (—1)"lisht = +1 Braaten, Langmack, Smith Phys. Rev. D. 90, 014044 (2014)

* r— 0: Spherical symmetry restored: Labelled by light d.o.f quantum #'s « = /.

Brambilla, Pineda , Soto, and Vairo Nucl. Phys. B566 (2000) Berwein, Brambilla, Castella , Vairo Phys. Rev. D. 92, (2015), 114019



Exotic Hadron

Brambilla, AM, Vairo arXiv 2312.xxxx
* Exotic hadron (QQX, QQX, .....), X is light d.o.f. TI'I."
Q QQX
° r °
o] 35— 168 ] 359 =36
X=gluon — Hybrid X=qg — Double heavy baryon
X=gg —» Tetraquark / Molecule X=1qq —» Tetraquark
X=qqq - Pentaquark / Molecule and soon X=qqq — Pentaquark andsoon

OK(t, r, R)—)Z@K (’I", AQCD)\I/K(t, r, R)

NRQCD BOEFT

BOEFT can address all these states with inputs from Lattice QCD on the BOEFT potentials



B OEF I : Hyb ri d S Brambilla, Lai, AM, Vairo arXiv:2212.09187
. Brambilla, Krein, Castella , Vairo Phys. Rev. D. 97, (2018) m
* BOEFT Lagrangian:

Leoerr = Ly + Ly, ,

2
Quarkonium: Ly = /d3R/d3r Tr lIJT(r, R, t) (i@t + TZ_; -V (,r)) \IJ(I‘, R, t)] Trace over spin indices.
. 3 3 + _ it V% ; r: relative coordinate
KAN
(1)
_ pit 1rij () pi (0) Vo (1)
Hybrid potential: Viean: (T) — Pm];\v,.:j (T)sz)\; = Vﬂ)\ (T)'(S)\)\f + K'mQ + ...
Static potential  |ncudes spin-dependent
potentials

* Hybrid spin-dependent potentials: at order 1/mq (contrary to quarkonium O(* /’mé ))

Brambilla, Lai, Segovia, Castella, Vairo Brambilla, Lai, Segovia, Castella, Vairo Soto. Valls. arXiv 2302.01765
2 9 °
Phys. Rev. D. 101, (2020) Phys. Rev. D. 99, (2019)



O pair: Static Energies
QO p 8 T|.|T|

Static limit (m— ): heavy quarks are fixed in position. Interquark potential given by LDF energy.
Schlosser and Wagner Phys. Rev. D. 105, (2022)

2,

2 T S
/v|Degeneracy —» [First excited state gluon configuration: Hybrid
” e
’
/15 \
| - \
\ : > \
\ SL.7 = \ Gluonic operators characterizing hybrids
: A A | KPC O,
- \ o —
> Ground state >IN 1T 7 B, 7 (D X E)
% os luon: Quarkonium | I1,, 1+ - 7 X B, 7 X (D X E)
e Shild 1~ — 7 E, 7. (D x B)
> I, 1=~ #x E, #x (D x B)
0 Aot S, 27~ (# . D)(# - B)
AHYP2 mn, 7 # X ((#- D)B + D(# - B))
B A 27~ (7 x D) (# x B)) + (# x D) (# x B)*
N wh | ot- (7 D)(# - E)
-0.5 D i / +— o . o
Fit 1 —— 1L, 2 7 X ((7#-D)E + D(7 - E)) )
by Ay 2t (7 x D) (# x E) + (# x D) (# x E)*
Fit 3 Foster and MiChealj‘z’éQCD collaboration), Brambilla, Pineda, Soto and Vairo, Rev. Mod. Phys 77, (2005)
-1 ' : ' Phys. Rev. D 59, 094509 (1999)
02 04 0.6 0.8 1 1.2

r [fm] Focus on these two for low lying hybrids 3



Mass (GeV)

BOEFT: Hybrids

Charmonium hybrids: comparison with experimental results:

[|JPC{s =0,5s =1} EY
1 {177.,(0,1,2)" "} |, II,
1 {177, (0,1,2)" " }| I,
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Brambilla, Lai, AM, Vairo arXiv:2212.09187



Mass

Bottomonium hybrids: comparison with experimental results:

(GeV)

1.2

10.8 -

10.6 -

10.4 -

BOEFT: Hybrids

H)
H1 ............................... .,
...........................................
Y(10753) Y(10860) Y(11020)
[177] [177] [177]

PDG 2022

JFC s =0,5s =1}

Hs|o

S
] ]

(177,(0,1,2) "} |

[177,(0,1,2)" "}
fot+,1t-}
{2++,(1,2,3)"}

[277,(1,2,3)" "}

Brambilla, Lai, AM, Vairo arXiv:2212.09187
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* Including spin-dependent hybrid potentials:

10.95 T T T

BOEFT: Hybrids
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10.75

Mass (GeV)

10.70

10.65

nH, émultiplets

10.60 + -
n=1(10.690 GeV) ----
n=2 (10.886 GeV)

10.55 Our results 2222

Brambilla et al. EESs

. HSC E====a
10.50 1 1 1 1 i |
17 o 17 2

Brambilla, Lai, Segovia, Castella, Vairo

Phys. Rev. D. 101, (2020)
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Brambilla, Lai, Segovia, Castella, Vairo

Phys. Rev. D. 99, (2019)

nH; multiplets

n=1(10.761 GeV) - - - -
n=2 (10.970 GeV)

Qur results E=23

Brambilla et al. =S
HS5C E===3

L JPC{s=0,s =1} EY

Hy|1|{17,(0,1,2)" "} |2, II,
Ho|1| {177, (0,1,2)7 " }| II,
{o++,1+"} -
Hyf2| {27+, (1.2.3)7 "} |2 . 10,

Hs|2|{27.(1.2.3)""}| 1L,

1+ ot 1" ot

Lattice data from
Hadron Spectrum collaboration JHEP 02 (2021) 214

Seto, Valls, arXiv 2302.01765

Our results refer to
Soto & Valls
arXiv 2302.01765
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BOEFT: Decays m

* Semi-inclusive process: Hy,;, = Q,, +X; Hpy,: low-lying hybrid,
Qp: low-lying quarkonium (states below threshold) and X: light hadrons.

v AE: Large energy difference > AE = Ey  — Eg X 1GeV.

v' Assume hierarchy of scales: A, > AE »> Agcp > muv?
r ? A7 = [(QulrlHin)

Energy scale related to decay ]

* In BOEFT, all energy scales above mv? are integrated out. So, scale AE must be integrated out.

This gives imaginary contribution to hybrid potential:

: DISCLAIMER!!!
: Decay to states |

Optical theorem: Z F(Hm — Qn) = —2Im <Hm|V’Hm> : not accounted here.

* Imaginary piece of hybrid potential: determined from matching pNRQCD and BOEFT eftective
theories.

Brambilla, Lai, AM, Vairo arXiv:2212.09187 12



Hybrid DecayS Brambilla, Lai, AM, Vairo arXiv:2212.09187

* H,, — Q, + X : AE (energy gap) >> Aqcp: gluon resolves color configuration of QQ pair in

hybrid and quarkonium:

4 )

Color configuration of QO pair:
Quarkonium=====-- 2> Singlet
Hybrid ====-=-=2 Octet

. J

* Quarkonium and Hybrid fields in short-distance limit r = 0 (matching condition)

S (I’, R, t) — Z&I/Z(I') \IJ(I', R, t), singlet (S) and octet (O)
PO (r,R,t) GI8(R,t) — ZL/2(r) U,n(x, R, ¢) O Cluon fielde

13



Hybrid Decays

of Spm conserving dkcay due tor - E term : TI'I."
T T :
I‘(H s Q ) — 4CY3 (AE) TF T’LJ (T’LJ)T AES : Decay to open-flavor threshold
" " 3N, | states not accounted here,
Sy=1>——|Sp=1> T = (Hplr?|Qu) = [ d*r @l (r)r7 &F3(r) |
H Q (m) (n) Ui Hvbrid wf
|SH =0>—-—— |SQ =0> (m) - ybrid w
(Hp|7|Q,,) = A/ TU(TU)T d? : Quarkonium wf
R. Oncala, J. Soto, Phys. Rev. D96, J. Castella, E. Passemar, Phys. Rev. D104,
014004 (2017). 034019 (2021)
r __________ |xz) : Hybrid spin wf
Spln flipping decay due to S. B term: Ixo) : Quarkonium spin wf

Su=1>-=>15=0> | 7% = (1, (8] - 8]) |Qn) = U r Wi, () ) (x ﬂ bl (51 = 83) o)

* Depends on overlap of quarkonium and hybrid wavetunctions.

* Based on hierarchy: A, > AE >> AQCD Brambilla, Lai, AM, Vairo arXiv:2212.09187 14



I' (MeV)

Comparison: charm exotic states with corresponding charmonium hybrid state:
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Brambilla, Lai, AM, Vairo arXiv:2212.09187

Results

' O PDG B Hs(4590) =
i W Hq(4155) B Hy(4367) o -
|
B H,(4286) 4 H(4667) ! Hy,-Q,+X |
|
|
i W Hq(4507) W H1(4812) - - : spin-conserving + spin- I
: flipping decays :
L I = |
o) : lower bound on the total :
T Q I decay widths of hybrids !
B : which is compared with I
§ ] : inclusive rate ot physical :
- T | states in PDG. :
. == - B 1 e o o o o .
N i §
! ||
9 T g i
C ! 1 I 1 1 ! 1 L ! § ! !
$(4230) Xe1(4140)  x,(4274) h(4360) P(4390) ¥(4500) P(4660) X(4630) Xc0(4500) x.o(4700) X(4350) ., (4685) ¥(4710)
1] e e e I e T ¥ O T S N 1€ V73 N U B 1 IR Y3 e i E I T 15



Results

Brambilla, Lai, AM, Vairo arXiv:2212.09187

Comparison: bottom exotic states with corresponding bottomonium hybrid state:
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[177]

[177]

O PDG

B H(10786)

i A H(10976)
Q % e EEE T ]

1
i H;,-Q,+X :

_ 1
I 1
I spin-conserving + spin-flipping decays :
P 3 P N : = I
- I lower bound on the total decay widths of :
: hybrids which is compared with inclusive 1
e of phyeal st n P0G !

Y(10753) Y(10860) Y(11020)

[177]
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Hybrid Decays

* Hybrid decays to meson-pair threshold states: AE < Aqcp

Conventional Wisdom: Hybrid decays to two S-wave mesons forbidden! H,,, - D(*) D(*)

Kou & Pene, Phys Lett B 631 (2005)

Page, Phys Lett B 407 (1997) Farina, Tecocoatzi, Giachino, Santopinto & Swanson, Phys Rev D 102 (2020)

Born Oppenheimer quantum numbers for hybrids and ground state meson pair

does allow for decay to two s-wave mesons. Bruschini 2306.17120

1|JPC s =0,s =1} EY
1 {17,(0.1,2)" "} |25, 1,
L[ {17,(0.1,2)""}| 11,
0 {o++, 1t} ) D
2({2++,(1,2,3)* } |7, 11,
2({277.(1,2,3)""}| 1L,

Most quarkonium hybrids can decay into pair of s-wave mesons !!!

forbidden for decay into pair of s-wave mesons

Recent lattice computation for cc hybrid 1~ * decay to

D1D : 258(133) MeV i D*D : 88(18) MeV i Shi et al 2306.12834

Computing these decays of hybrid to threshold states in BOEFT framework ? 17



Brambilla, Lai, AM, Vairo arXiv:2212.09187

Hybrid: Summary m
Hybrids (QQg): Color singlet state of color octet QO + gluon. (Q = ¢, b)

v Isoscalar neutral mesons (Isospin=0)

v" Candidates for hybrids based on mass, quantum numbers, and decays to quarkonium:

Charm sector:
> X(4160) : could be charm hybrid H,[2~+](4155). » P(4710) : could be charm hybrid Hq[(1™ 7)]|(4812).

» X(4630) : could be charm hybrid H{[(1/2” 7)](4507). >  %c1(4685) : could be charm hybrid H,[(1*+)](4667).
> P(4390) : could be charm hybrid H{[177|(4507).

Bottom sector:

» Y(10753) : could be bottom hybrid H{[(1™ 7)](10786).

: DISCLAIMER!!!
i All the above interpretation can differ accounting for decays to

meson-pair threshold states and hybrid-quarkonium mixing. 18



QQqq om

First doubly charmed tetraquark seen by LHCh cC

< 10¢ —_— I o
Tc—lc_: (3875) — DODO’]T_I_ %“ 605 i LHCh ?5-35— E
= U - 9fb7! ]
> Exotic quark content cciid % sob- 1» | :
> Consistent with isoscalar with JP=1* % § ; :
= 40n i f-
B | |£| Data _ . .
[ | T! — DDon* M PO+ V/e?
Mass below D**DO threshold and very narrow 305 === packground o (G .
- | D**+DY threshold :
mTCt o (mD*+ + mDO) — _0.27+0.06 McV. 205_ *+ i _____ D*OD+ threshnld + + _E
or B st W
b M ++ﬁ+ W iy M i R
_ , | | : : : L
3.87 3.88 3.89 3.9
M PO+ |GeV/c?|

LHCb (Nature Phys. 18 (2022) 7, 751; Nature Comm. 13 (2022) 3351) 19



‘doubly heavy core ‘

pm 1/2®1/2 —-

@ @ #@ |d0ubly heavy tetraquarks

33 =6@3"]

flavor:

Limited lattice inputs available on Born-Oppenheimer static potentials

QQqq

light antiquarks

TUTI

Brambilla, AM, Vairo arXiv 2312.XXXx

Defines the Born-Oppenheimer

. . + —_—
(aq, 1° [aq’, 0* static potentials Zg4, {24, 4}
QQ Light spin Static [sospin JE
[
color state KFC energies ! SQ =10 SQ =
o+ (£} N | L I JPTor Te
—
anti-triplet g 1 1~ .
3 . { | 0 0~ —
1 Yo 10 1
a 1 1= |12
g, (2g, Mg}

20



Assuming attractive Coulomb potential forms a compact diquark in 3* color state, use
1. Heavy quark-diquark symmetry (HQDQ)

predict Masses of doubly heavy tetraquark states
Braaten, He, AM, arXiv:2006.08650

2. pPNRQCD effective theory

- HQDQ symmetry: Light quark only sees the diquark as point source 3 color charge. Cannot resolve
iIndividual heavy quarks in the diquarks.

* Relevant terms for Triplet field T in pNRQCD Lagrangian:

Di V?
kinetic term: T7 : —| T . mim,
* cticte [2:1};,: + Emr.] my = m mg = my + my
+ spindependentterm: T7(S;/mqg, + S2/mq,) - BT
+ orbital angular momentum term (irrelevant for L=0 diquark):
[Brambilla, Vairo, and Rosch,
(mQQl + -m,QQg)/[lesz (-mQ1 + -mQQ)]_ TJTL - BT Phys. Rev. D72, 034021 (2005)]

21



QQqq

* Hamiltonian for doubly heavy hadrons ( QQq, QQqq ) :

H;:"]'QE = (ﬂ!ql -+ THQE) + Eg_@lqg -+

S0,

SE ":t?l't:?i* S jt

HQDQ symmetry: QQgg VAN ng

QRQq < Qq

* HOQDQ symmetry can relate the parameters for tetraquarks with parameters for doubly heavy

baryons Q;Q,q, heavy baryons Q7g and mesons Qg

Braaten, He, AM, arXiv:2006.08650

E0.01Qs

=€0,@x + &+

K¢

2 (mg, + mg,)

bb

TUTI

! my — 2m, My, Me 2my — me
Etece = Epr e + Eiz—Erz) + o — Eor N 1Eevb = Evrpp — Eez—Ep Ei— €
oc s 2(my — ”Ter}( \E -:?) 2(my — my) ( £.b £ .b] £.bb £ bb 2(my — m, }( £ ¢ r) E(HI& — mﬂ) ( £.hb { _[;.}
my — 2me my, - M 2my, —m,
= Mg = —— e g + M
Ms,t,cc i Ms,t,e i 2(my — m,) : 2(mp —m,) > b

2(my — m,)

St.0o = Seg = Si -

E{mb —m, }

St0q = Seo = Sig

Q10,9,07q7 and Qq parameters determined by minimizing y? fit to lattice data and PDG

22




QQqq

Results for masses ot doubly heavy tetraquarks:

cc & bb tertaquarks

Braaten, He, AM, arXiv:2006.08650

TUTI

Havor JP Eichten-Quige  this work threshold No stable cc tetraquarks!!
[-:‘:-:‘:[ﬂ &] 1+ 3978 3063 + 13 3875 ! - Prediction .based on HQDQ
— T 1156 eSS 3075 symmetry incompatible
EE[SH]_ 1 56 5 5 3975 with T;(3875)

ce{ad} 0F,1+,2+| 4146 + (0,21,64) 4136 + (0.22,66) = 13| 3734 + (0,141, 0)

ce{su} 07,17,27
07,17,27
bb|ua 1
bb|su 1T
bb{uad} 07,1727

CCS85

Stable
Tetraquarks:
Masses below
Strong decay
threshold

bb{su} 07,17,27
bb{ss} 07,17 27

4268 + (0. 22,66) + 13
4400 + (0,22,66) = 15
10482 10476 =+ 25
10643 10655 + 25
10674 + (0,7,21) 10672 + (0,7,21) + 25
10793 + (0,7,21) + 25
10915 + (0,7,21) + 25

3833 + (0.142.0)
3937 + (0, 144,
10604
10692
10559 + (0, 45,
10646 + (0,45, 0)
10734 + (0,49, 0)

HQDQ symmetry captures short-distance limit of Born-Oppenheimer potentials

Going beyond HQDQ symmetry will require solving Schrodinger equation (multi-channel ?)

with full information on Born-Oppenheimer potentials 27, {X;, I}

23

Brambilla, AM, Vairo arXiv 2312.Xxxxx



Summary/Outlook
Y TUTI

o Born-Oppenheimer EFT: Tool based on QCD and Born-Oppenheimer approximation to study Exotic states.

o BOEFT: model-independent & systematic framework with inputs from lattice QCD.

o BOEFT prediction for hybrids:

Charm sector:
» X(4160) : could be charm hybrid H{[277](4155). > 1P(4710) : could be charm hybrid H{[(1™ 7)](4812).

> X(4630) : could be charm hybl‘ld H1[(1/2_ +)](4507) > Xcl(4'685) - could be charm hybl‘ld H2 [(1+ +)] (4667)
> 1P(4390) : could be charm hybrid H{[17"](4507).

Bottom sector:

» Y(10753) : could be bottom hybrid H4[(1™ ~)](10786).

o Doubly heavy teraquark QQ@qq states can be addressed in BOEFT framework with inputs from lattice QCD
required for Born-Oppenheimer potentials 27, {Z4, T }.

o Stay tuned for results.!! 24



Work in progress based on BOEFT TUM

o Addressing hybrid-quarkonium mixing

Hybrid states in the same energy range as quarkonium can mix (same quantum #’s). O (1/m) term in BOEFT.

Impact on decay: H,, < Qp, = Q@ + X; n & m denotes quantum #’s

ex. M1 |[177] (4155) «» cc [177] (39)
Effect on decay: H,,, <> Q,lm —> (77(3, J/?,D, e ) + (7, X )
o Understanding the tetraquark spectrum both doubly heavy and quarkonium tetraquarks.

o Computing quarkonium hybrid decays to pair of heavy mesons by solving
multi-channel Schrodinger equation.

BOEFT : Aim is to have unified framework for XYZ exotics !!!.

25
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New Hadrons: XYZ mesons

TUTI

https://qwg.ph.nat.tum.de/exoticshub/
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x._3|:3915,|- ®.;(3920) ® Z.(3900)*
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Date of ar¥iv submission

® bbb
® bb (qq)
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2018
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New Hadrons: XYZ mesons

TUTI

BESIII experiment

BESIII China
™ ® c(qq/g)
p v(4360) Y(4500) o
e Y(4320) : 2?
[ ]
2 w(4230)
X(4020)~  X(4020)°
[ ] L ] >
Z.(3900) _
(3900)7 . Z...(4000)
s o Z.(3900)
| y=(3823)
2012 2014 2016 2018 2020

2022

Date of arXiv submission
Observation of many newer heavy hadrons are expected 1n the near future !!

BIG QUESTION:

How to understand XYZ states ? Can we theoretically predict the spectrum ??
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Born-Oppenheimer Philosophy

TUTI

* Sharp difference between time or energy scales of heavy & light degrees of freedom.
Ex. HJ molecule: 2 protons & 1 electron.  m, ~ 1 GeV>>m, ~ 0.5 MeV p

Protons (nuclel) move very slowly compared to electrons and can be Tl  electron

considered static (fixed) when considering the motion of the electrons
p

Electrons instantaneously adjust as r changes

1. Solve electron Schrodinger eq. for fixed r

He (r) ‘%13 r) = 21 (7) ‘%151’)

2. Solve nuclei (proton) Schrodinger eq. with E il (r) as potential.

QCD states with 2-heavy quarks (XYZ mesons): analogous of molecules in atomic systems !!!

Heavy quarks < nuclei Gluons & light quarks < electrons

Lattice input required for gluon and light-quark energies 29



Exotic Hadron TI.ITI

 Consider an exotic hadron QQX, X: any combination of light quark and gluons
to obtain color singlet hadron

o ° Spln 1/2@1/2:0@1
o] 353 =1cfs]
Let's say QQ pair in octet color, then the operator characterizing QQX

OK(t7 r, R) — Ly (I‘)Oa(t, r, R)H?((ta R) — Ly (I‘, AQCD)\IIK“:: r, R)

NRQCD Weakly coupled strongly coupled
oNRQCD PNRQCD / BOEFT

Note: Operators Hg: labelled by light d.o.f quantum number K. Characterizes BOEFT potentials.

* In case of quarkonium, Q@ pair in color singlet and K¢ = 0** (scalar), Hy++ =1

Berwein, Brambilla, Castella , Vairo Phys. Rev. D. 92, (2015) Castella , Soto Phys. Rev. D. 102, (2020) Brambilla, AM, Vairo arXiv 230x.XxXxX 30



BOEFT: Hybrids TUT

* Degeneracy at short distances r — 0, mixes hybrid states
corresponding to X, and Il potential

* Coupled Schrédinger Eq: Dynamics of QQ at scale mv? « AQCD

Schrodinger equation

it V2
EA m

[—P Do + Vn)\)\’(r)] Vin (1) = En Wiy (r)

r £=1""" Nultiplet Jre Mezg || M,
A=0,+1 H, 4155[[10786] |
Hi |{177,(0,1,2)""}|[ 4507 |[ 10976
HY 4812 |[11172
Ho 4286 || 10846
Hybrid H;  [{177,(0,1,2)" }|[ 4667 | TT060 A- doubling:
H; 503511270 L opposite parity states
Spectrum: Hs 4590 [[ 11065 non-degenerate.
H; {0+, 177} 5054 || 11352
HY 5473 [[11616
Hy |{277,(1,2,3)7 " }|| 4367 || 10897
H; {277,(1,2,3)" 7}/ 4476 || 10948 |
Berwein, Brambilla, Castella , Vairo Phys. Rev. D. 92, (2015) Brambilla, Lai, AM, Vairo arXiv:2212.09187 31



Exotic: Hybrid candidates

(%tg'g) {Fi';‘:‘;:r) M (MeV) T (MeV) JPC Decay modes
Xe1 (4140) X (4140) 4146.5+3.0 197, 1t ¢ J/1
X (4160) 4153723 13675 7 ¢ J /v, D*D*
¥ (4230)  Y(4230) 42227426 4948 177 aT1” J/4, wxeo(1P),
Y (4260) 7t 7 h.(1P)
Xe1 (4274)  Y(4274) 428675 5147 17T ¢ J/1
X (4350) 43506757 13t (0/2)tT & J /1
) (4360)  Y(4360)  4372+9 115413 17 ata I/,
Y (4320) T P(28)
P (4390)*  Y(4390)  4390+6 13970 17 nJ /b, 7t 7 h (1P)
Xeo (4500)  X(4500) 4474 +4 te ot ¢ J /1
Y (4500)® 448474275 111434 17~
X (4630) 4626733, 1matlT o ot 6 J /9
¢ (4660)  Y(4660) 463046 72715 177 T (28), ATAT,
X (4660) D D,1(2536)
Xe1 (4685) ¢ 4684712 12673 1t & J /1
Xco (4700) X (4700)  46947F}7 grtis ot ¢ J/Y
Y (4710)° 4704+ 87 1834146 17~
T (10753) 10752770 36t 17 ar (18,28, 35)
T(10860)  T(5S) 10885.2F3°% 3744 177 7Y (18,28,35),
7ta " hy (1P, 2P),
nY(18,28), #t 7Y (1D)
(see PDG listings)
T(11020) Y(6S)  11000+4 2478 17" 7Y (18,28, 3S),

7t 7~ hy (1P,2P),
(see PDG listings)

TUTI

v" Isoscalar neutral meson states above the open-flavor
thresholds which are potential candidates for hybrids

v' Table adapted from PDG 2022

v Y(4500): New state recently seen by BESIII experiment.

M. Ablikim et al,
Chin.Phys.C,46,111002(2022).

v X(4630): New state recently seen by LHCb experiment.

v' xc1(4685): New state recently seen by LHCb experiment.

R. Aaji et al, Phys. Rev. Lett. 127, 082001
(2021)

v Y(4710): New state recently seen by BESIII experiment.

M. Ablikim et al, arXiv:
2211.08561.

Brambilla, Lai, AM, Vairo arXiv:2212.09187 32



BOEFT: Hybrids TUT

* Lattice results for charm hybrids (m,; =~ 240 MeV):

Results agree within error bars

Charmonium hybrids ‘h;b-n;s- -----------\\ oe .
. !] : = J 7 =0"",0%"7,17F 2% etc. are exotic
g1 mEmmEmEmEETEN I 1 ’
Hmfhybrlds — I:I ' @I = - "\- ,' quantum H's
- I: | |
\--------_ L]
S = 1 e Em mm Em ] | JFPC s =0,5s =1} WY
< 1000f 1 — . Hql1 {1__ (0,1,2)" } ., I,
“é: — Ho|1| {177, (0,1,2)7"}| II,
= D
! — Hslo|  {ot+ 177} y-
s -
500 T — -—-] Hy|2({277,(1,2,3)7 }|E,, 11,
I T ]
my_ = 2983.9 MeV . H-|2 {2_1{1?2?3]_#} L,
I @ ~@
— 00 ~w
0f — T 1 Berwein, Brambilla, Castella , Vairo Phys. Rev. D. 92, (2015)
l -1—.— IU‘+ 1= 27+ 27— 3 4+ 4o+~ Tf‘lﬂ*‘ [ R L A A Brambilla, Lai, AM, Vairo arXiv:2212.09187
exotic

Lattice data from Box represents uncertainties
Hadron Spectrum collaboration JHEP 12 (2016) 89 in lattice computations 33



BOEFT: Hybrids TUT

* Lattice results for bottom hybrids (m,; = 391 MeV):

Results agree within error bars

Bottomonium hybrlds my = 391 MeV

AT oy = mEmm—_—_—ED
...uifhybr.ds:‘ - f Shybnds: [ hybrids 1w JP9=077,0%7, 17 %, 2% ete. are exotic
L__D___.D;' B 2y il - 0 ). quantum #’s
190 |- 0 a8 0
S [|JPC{s=0,5=1}| EY
185 - [ (]
- _ = Hi|1|{17,(0,1,2) "} |=,, I,
L8o N Ho|1|{1t%,(0,1,2)""}| 1,
N _ Hszlo| {0t+, 177} )V
Hy|2|{2+F.(1,2.3)7 } |2, 10,
1.70 = dominant. 2 H' 2 2__ {1 2 ? _+} [—I
m,, = 9398.7 MeV @ ~m 5)12[42 . (1L.2.3) )| 1L
- - 0 ~ e
165 =
O+ == g+ 9o 3o 4=t 4= GH — 4 gt ghe bt gbt mﬁ— e Berwein, Brambilla, Castella , Vairo Phys. Rev. D. 92, (2015)

{ ) Brambilla, Lai, AM, Vairo arXiv:2212.09187

Lattice data from Box represents uncertainties
Hadron Spectrum collaboration JHEP 02 (2021) 214 in lattice computations 34



Hyb I‘id Dec ayS Brambilla, Lai, AM, Vairo arXiv:2212.09187

TUTI

* Color configuration of QQ pair (r — 0 ): quarkonium and hybrid in short-distance limit

Quarkonium ----- > Singlet Hybrid ----- > Octet

* Quarkonium and Hybrid fields in short-distance limit r = 0 (matching condition)

S (I’, R, t) — Z&I/Z(I') \IJ(I', R, t), singlet (S) and octet (O)
Fields: : . ia,
PO (r,R,t) G%(R,t) = Z/%(r) Upp(r, R, t) G Cluon fields
5 V. &V, singlet and octet
. EZ; (7“) = Vs(”") + bg‘g" (A P potential
Potentials: EEu,Hu (r) = Vo(r) + A+ bz,n’l“2 + ... A: gluelump mass

For decay rate computation, start with effective theory of singlet and octet fields and match to
BOEFT of quarkonium and hybrid fields
35



Hybrid Decays

. Brambilla, Lai, AM, Vairo arXiv:2212.09187 m
pNROCD Lagrangian:
Weakly-coupled pNRQCD Lagrangian
pNRQCD_fd R{fd3 sf(zag—h)SJroT(e,DD—h)o}

+ gTr [S‘fr .EO0O+0O/r . ES+ EOTT AE, O}] + iT:r [OTLQQ - [B,O]]

m 4

_V_

F.
o

* Spin preserving decays [O(TZ)]  Spin flipping decays [0(1 /mz)]

Perturbative computation can be performed to compute decay rate

of hybrid decays to low-lying quarkonium !!!

Perturbative computation at order 0(1‘2) or 0(1 / mz)
36



Singly Heavy Hadrons

* Hamiltonian ( predict masses with accuracy upto ~ 5 MeV ):

Se.0

HP =mg+ &g+ QmQS e,
* Parameters determined by minimizing y* fit to data ( PDG 2020 )
Q | Eag MeV] myo [MeV]  Sg [GeV?] | dof x?/dof
¢c @3 | 3134420 1023+35 0472+0.012| 3  0.28
b q 3 | 3064+02  87.6+0.5 0455+0.004| 2  1.20
lqq'], 0T 626.5 = 1.1 1829+ 1.4 1 1.09
lqq'], 0" 612.5 £ 3.2 174.7 == 4.0 1 0.40
{qq'}, 17 | 837.7+0.7 124.0 0.8 0.147+0.003 | 9 0.85
{qq'}, 17 | 820.8 +2.2 117.74+ 2.3 0.136 £0.028 | 5 0.30

Braaten, He, AM, arXiv:2006.08650 3/



Doubly Heavy Baryons
* Hamiltonian for doubly heavy hadrons ( QQq, QQqq ) :

810,10,
8“@1@3

K
2 (mg, + mg,)

HP'®? = (mg, + mo,) + £6.0,0. + S - Je- §€e.010. = €. +Ec +

* Parameters determined by minimizing ¥ fit to lattice data for DHB.

[Briceno, Lin, Bolton, Phys. Rev. D86, 094504 (2012), Alexandrou, Drach, Jansen, Kallidonis, Kostou, ,

Phys. Rev. D90, 074501 (2014), Brown, Detmold, Meinel, Orignos, , Phys. Rev. D90, 094507 (2014), Mathur,
Padmanath, , Phys. Rev. D99, 031501 (2019)]

Q1Q2 { | Euja0,0, IMeV] me0,0, [MeV] So,0, [GeV?] | dof x?/dof
ce ¢ 17| 3195+11.0 1249+134 0363+0.024 [12 029
be] ¢ 17| 275.8+£37.2  55.0+£47.0 0

{be} ¢, 37| 309.3£27.3 7354343 0.181+0.046 [ 2 8x 1075
bb ¢, 47| 1520+£251  130.0+336 0472+0.075 | 2 2x 1075

Braaten, He, AM, arXiv:2006.08650 38



Brambilla, AM, Vairo..... (in progress)

Hybl'id-qllal'kOnium miXing (in progress) m
Hybrid states in the same energy range and same quantum #’s as quarkonium can mix.

Mixing impact spectrum and decay properties of hybrid. Implications on hybrid interpretation for

eXOtICS Oncala & Soto, Phys. Rev. D. 96, (2017)

ex. Hy [177| (4155) > ce [177] (39)
Effect on decay: Hm <~ Qfm — (77c, J/wv T ) + (77 e )

Hybrids with gluon quantum # Kk = 1% ~, mix with quarkonium through heavy-quark spin
dependent operator. Mixing potential at 0(1/m) in BOEFT.

Mixing potential Vﬁn)l\ix : determined from matching NRQCD and BOEFT at 0(1/m)

Expression after matching:

Bi(r/2,1) .
Y1 » X - ! : gcr (o ] ]
mix — I OB (r/2,0)]0) O P,
m m

A B'(0,T/2)® = ﬁix Above expression can be computed on lattice if we

L KA identify: |0> (0) _ ‘E;>

- 0 — 0

2 12 =13), 1, = L)

NRQCD BOEFT 39



What is an XYZ Meson!?

It’s a
Q diquark-
q onium!
V(r) o)
It’s an It’s a
adjoint compact
meson! tetraquark!

meson pnir

It's a
hadro- / \\ r
quarkonium!
It’s a

neson

molecule!

Figure from Eric Braaten talk:

Charm 2020 conference

Each model describes some region
of the Born-Oppenheimer wavefunction
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