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»  Color singlet bound state of QQ (Q = c, b).

* Hierarchy of Energy Scales:
v’ Mass: m

Relative separation: r ~ 1/mv

v
v Non-perturbative physics: AQCD
v

Nonrelativistic bound-state: v < 1 (m > mv)

v' Heavy Quark K.E scale: mv?

m > mv > mu® ~ Aqcp
(perturbative dynamics: Weakly Coupled)

4

Heirarchy for low-lying states (far-away from threshold)

Ex. J/, Y(1S).
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Hierarchy for all other cases.

(nonperturbative dynamics: Strongly Coupled)

e Potential-NRQCD (pNRQCD): EFT for quarkonium. Describes physics at the scale mv?2.

* pNROCD: Schrodinger description for the quarkonium states. QCD analogy of Hydrogen atom!!

Mehen and Fleming, Phys. Rev. D73, 034502 (2005)

Bodwin, Braaten & Lepage (1994)

Luke, Manohar & Rothstein (2000)

Brambilla, Pineda, Soto and Vairo, Rev. Mod. Phys 77, (2005) 2



Exotic Hadron

Quark Model:

Mesons: quark-antiquark states Baryons: 3-quark states

QCD spectrum: allows more complex structures
called as Exotics.

Exotic states: XYZ mesons (heavy-quark sector)

v" Quarkonium-like states that don’t fit traditional QQ spectrum.

v" In some cases exotic quantum numbers:

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

Z.(4430)*

" Charged Z¢ and Zy, states: minimal 4-quark state: 7, (10650)*
, +

Tetraquarks

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

X(8872): First exotic state discovered in 2003 by Belle. “—

Phys. Rev. Lett. 91, 262001 (2003)

TUTI

https://www.nikhef.nl/~pkoppenb/particles.html
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Several new heavy quark exotic states (around 30 XYZ mesons) have been
discovered since 2003 (masses & decay rates measured 1n various channels). 3

PDG 2022


https://www.nikhef.nl/~pkoppenb/particles.html

Exotic Hadron TI.ITI

* [Exotics broadly classified as

* Structures with active gluons  « Multiquark stat Major challenge to understanding of

* Multiple Models for Exotics: q;
Pl oK i

. QCD spectrum!!!

Figure from J. Castella talk
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hadroquarkonium
diquark-diquark heavy meson molecule

Figure from Eric Braaten talk:

Charm 2020 conference

and many more ...

* Individual success in describing some XYZ hadrons. No success 1n revealing general pattern.

AIM: Coherent comprehensive framework based on QCD for all X Y Z hadrons !!!



Exotic Hadron TIm
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* \ No single model completely describes all XYZ states.

3.0k 1,15)

Hybrids (QQg): Simplest extension of quarkonium. Isospin scalar exotic state. Focus of this work.

Use EFT + lattice to have model independent description



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 LHCb experiment.

M. Ablikim et al, arXiv:
2211.08561.

Brambilla, Lai, AM, Vairo arXiv:2212.09187 6



Hybrids: BOEFT

TUTI

Hybrids (QQg) Color singlet combination of color octet QQ + gluonic excitations.

Hlerarchy of scales in hybrids:

light d.o.f.

(2) (9)

>

% Mass of heavy quark: m “ Nonrelativistic bound-state system: v < 1

» Energy scale for light d.o.f: AQCD
¢ Relative separation between heavy quarks: r ~ 1/mv

% Hybrids are extended objects: <r >Z 0.7 fm

A
Y

2 ~1/Agcp
** Heavy Quark K.E scale: mv

Time-scale for dynamics of QQ ~ 2 >

Born-Oppenheimer Approximation

Q CD Braaten, Langmack, Smith Phys. Rev. D. 90, 014044 (2014)

Born-Oppenheimer EFT (BOEFT): EFT for hybrids. Describes physics at the scale muv?Z.
QCD — NRQCD — pNRQCD/BOEFT

BOEFT: Extension of pNROCD for hybrid states.

R. Oncala, J. Soto, Phys. Rev. D96 (2017) Berwein, Brambilla, Castella , Vairo Phys. Rev. D. 92, (2015) Brambilla, Krein, Castella , Vairo Phys. Rev. D. 97, (2018) 7




 Born-Oppenheimer EFT: Describes QO pair systems at energy scale mv?.
o d.o.f: quarkonium and hybrid fields.

o Focus only on low-lying hybrid states: lowest static energies X, and II;, corresponding to gluon
quantum # Kk = 17 7. Ignore mixing with hybrid states built out of higher static energies.

o Calculation of spectrum reduces to solving Schrodinger equation with potential V(7).

* BOEFT Lagrangian: LeorerT = Ly + L\I’m + Lmixing,

Trace over spin indices.

v2
Quarkonium: Ly = /d3R dr Tr [ U (r, R, t (i@t + — - V\;,(fr)) U(r, R, t)]
mqQ
r: relative coordinate
. 3 3 al V
Hybrid: Ly, = [ @R [ d’r ) Tr (0, R, 1)) i0, = Vi (r) + PATE Py | Pax (1, R, £) ¢ R: COM coordinate
KA

Hybrid-Quarkonium mixing: Lyixing = — / *R / d>r Z Tr [\IJT Vnrr)l\ix e T+ h.C.]

* No lattice calculations on mixing potential. Current work, ignore mixing, ,{nilx =0

Schrodinger equation with potentials from lattice as inputs

Brambilla, Lai, AM, Vairo arXiv:2212.09187 Brambilla, Krein, Castella , Vairo Phys. Rev. D. 97, (2018) Berwein, Brambilla, Castella , Vairo Phys. Rev. D. 92, (2015) 8
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BOEFT: Hybrids

Charmonium hybrids: comparison with experimental results:
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PDG 2022

Brambilla, Lai, AM, Vairo arXiv:2212.09187



Mass

Bottomonium hybrids: comparison with experimental results:
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BOEFT: Hybrids

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

PDG 2022
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Brambilla, Lai, AM, Vairo arXiv:2212.09187
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Hybrid Decays

TUTI

* Most of the exotic states discovered from decays to low-lying quarkonium. So, decays might provide
information on the structure ot XYZ.

* Dozens of XYZ states: clear theoretical understanding is still missing!!

* Consider the semi-inclusive process: Hy,, = Q,, + X; H,,: low-lying hybrid,
Q,: low-lying quarkonium (states below threshold) and X: light hadrons.

v' AE: Large energy difference = AE = E H, —Eq, = 1GeV. [ Energy scale related to decay ]
2

| A = {Qulr|Hin)
v" Assume hierarchy of scales: A, > AE > AQCD > mv

' : .Hierarchy required for performing

perturbative calculation !!!

2

* 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!!!

Optical theorem: Z F(Hm — Qn) = —2Im <Hm|V’Hm> ; Decay (o states
m

* Imaginary piece of hybrid potential: determined from matching weakly-coupled pNRQCD
and BOEFT eftective theories. 11

Brambilla, Lai, AM, Vairo arXiv:2212.09187




Hybrid Decays

TUTI

*  Weakly-coupled pNROCD Lagrangian: d.o.f are perturbative octet and singlet states:

Weakly-coupled pNRQCD Lagrangian

Two decay channels:
LpNRQCD = deR{ f d*n (Te [ST (80 — e} S + OF (225 — ho) O] * Spin pregerving chays [O(Tz)]

1
+ gTr [sfr " EO+O'r.ES+ EOTT -A{E, O}] + iTr [OTLQQ : [B,O]} . Spin ﬂip ing decays [0(1/m2)]

1
m 4 *

e BOEFT (only hybrid term): —»| Potential term 1n BOEFT

Ly, = deR/d?*r > Tr{\IJL)\(r, R, t)

KAN > e eeeas

* BOEFT and pNROCD matching: additional contribution to V,.; ;7 .

Decays are computed from local imaginary terms in the BOEFT Lagrangian. |

4

decay rate < Im (V,.3;7)

maq

_ - + V2
104 — Y"""AX(T :—I— P’;&—T ::)\’] \IJ,{AI(I‘, R, t)}

Brambilla, Lai, AM, Vairo arXiv:2212.09187 12



Hybrid Decays

* pNROCD Lagrangian: d.o.f are the perturbative singlet and octet fields and gluons TI-"-I
of energy scale mvZ.
Weakly-coupled pNRQCD Lagrangian |
_ 3 3 T s T s
S  SL/VND LoNRQCD = [d R{ /d r (Tr [S (189 — hs)S + OF (iDg — hy) o]
O0=0"T"/VTF + gTr [STT .EO+0Otr. Es+ %o’ffa {E, 0}} + 4iTr [0TLgq - (B, 0]

gcr f t L of t 1 a uva

+ Tr [5: (S1 —S3) -BO+0%(8, —8,)-Bs+0's; - Bo-0 SZO-B] = =G }

TrL

* Connection with non-perturbative fields: quarkonium and hybrid in short-distance limit r - 0
1/2
S(r,R,t) = Z¢%(r) U(r, R, 1),

Fields: it ~a ia 1/2
PO (r,R,t) G} (R,t) = Z./°(r) ¥r(r,R, )

By (r) = Ve(r) + bgr ° + ...,
Eg 1. (r) =Vo(r) + A+ bsur’ + ...

Potentials:

Brambilla, Lai, AM, Vairo arXiv:2212.09187 13



Hybrid DeCayS Brambilla, Lai, AM, Vairo arXiv:2212.09187
* pNROCD Lagrangian: d.o.f are the perturbative singlet (S) and octet (O) fields and gluonsTI-r"

of energy scale mvZ.
Weakly-coupled pNRQCD Lagrangian |
3 t _ T _
S  SL/VND LyNRQCD _fd R{ /d 8" (180 — hs) S + O (4D — ko) O]
=0T /VTF + gTr [sfr "EO+0Otr.-ES+ ~0Otr. {E, 0}} + L [oTLQ@ : [B,O]]
2 4m

gcr
+

L
TrL H

Tr [s*(sl ~85)-BO+0T(8; —85)-Bs+ofs; . BO—O]LSZO-B] - G‘ G“”}

* Connection with non-perturbative fields: quarkonium and hybrid in short-distance limit r - 0

S(r R,t) — 21/2( )\I,(r R t), =" Gif: Gluon fields
Fields: .. = mmmmmsem—ees

___________ & V,: singlet and octet

' tential
By (r) = Vs(’l“)—H:bzhi:t,,,, potentia
Potentials: ! - ,--::;\2\\ A: gluelump mass
E’l:;\H’u, (’r) — VO (T) + A —H bE;rpl-:t --~.~~~

---------- > Non-perturbative parameters 14



Hybrid Decays

TUTI

* Conceptually, for process: H,,, = Q,, + X, AE (energy gap) is large enough that gluon can resolve

color configuration of QQ pair in hybrid and quarkonium:

r — N "
Color configuration of QO pair:
Quarkonium ===== > Singlet
Hybrid ====- > Octet
\ J
‘ -
Y J
octet

* For this work, assume: quarkonium = singlet, hybrid = octet.

3

Generally not true. Holds only in short-distance limit.

4

Future work: Relax this assumption: compute decay to threshold states (',)) and hence inclusive rate.
Brambilla, Lai, AM, Vairo arXiv:2212.09187 15



Brambilla, Lai, AM, Vairo arXiv:2212.09187

Hybrid Decays

of Spln conserving d.'acay due tor - E term : TI'I."
7 e :
I‘\(H RN Q ) — 4@3 (AE) TF T’LJ (T’U)T AES : : Decay to open-flavor thresholdé
- " 3N, : states not accounted here,

ISy=1>——> 1S, =1>
1Sy =0>——— 1S, =0>

(rn) HYbI'ld Wf

70 = (H,r71Qu) = [ e v, )17 85w

@g : Quarkonium wf

I feenar i

J. Castella, E. Passemar, Phys. Rev. D104, (Hm | r | QTl ) = V T l'] (T l]) -l- R. Oncala, J. Soto, Phys. Rev. D96,

034019 (2021) 014004 (5017). Ixf) : Hybrid spin wf
|xo) : Quarkonium spin wf

Spln flipping clecay due to S. B term:

/ vl (r)®F, (r)] (xH| (Sf - 5%) XQ)

T = (Hyl (51— $3) |Qu) =

* Depends on overlap of quarkonium and hybrid wavefunctions.

Hybrid-to-Quarkonium transition decay rate
= spin-conserving + spin-flipping decay rates.

Our estimate of decay rate are lower-bounds for the total width of hybrids
and thus lower-bound on inclusive width of XYZ exotic states 16
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Brambilla, Lai, AM, Vairo arXiv:2212.09187

------------------l
| spin-conserving + spin-

I flipping decays

i —

i =

: lower bound on the total
| decay widths of hybrids

: which is compared with

I inclusive rate of physical
: states In PDG.
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Res !/(_L'ts Brambilla, Lai, AM, Vairo arXiv:2212.09187

P(4230) |X(4?160) I xe1(4140) x¢1(4274)| EP(4360)" ¥(4390) | Y(4500) (4660) X(463D)|x¢a(4500) Xe0(4700)  X(4350) xﬂ(q.sas}: ¥(4710)
Il ] I I'J'+] : [1++] [1++] |- 1__] "_J].___l_ [l__] [1“] ||-(_1/'2) ] Iu++] IU-H,] [(ﬂf2)++] |_1++_| |'1-—'|

* Hybrid-to-quarkoniunium transition widths: TI-I."
11JPC{s =0,s =1}| EY -y
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I' (MeV)

Results

Comparison: charm exotic states with corresponding

charmonium hybrid state:
M. Ablikim et al,

| 1 1 1 1 1 1

Brambilla, Lai, AM, Vairo arXiv:2212.09187

interpretation !

Distavors hybrid m
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I R
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Results

Brambilla, Lai, AM, Vairo arXiv:2212.09187

TUTI

Comparison: bottom exotic states with corresponding bottomonium hybrid state:

I' (MeV)
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: spin-conserving + spin-flipping decays

I lower bound on the total decay widths of
: hybrids which is compared with inclusive
I rate of physical states in PDG.
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Results

Hybrid-to-quarkoniunium transition widths:

I' (MeV)
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-~
~~ 7 | component.

Could have a m

> significant hybrid

[177]

[177]

[177]

Y(10753): Candidate for Y(3D) state.

i P
I ! ! 1 - / £y
L I | I | - T
I ] ! : _ -0 PD&’ I
I ! | i Ve 1 !
: ] ! ! _ m, £4:(10786) _J
I ! - -
I | : ] P /A H;(10976) Y(10860)
I I I A
: (@) : : )~ - : / d v" Inclusive rate: 37 + 4 MeV. Branching fraction
! ! /} ] : i for decay to open-bottom mesons: 76.6%. Decay
i ! ! : : rate to quarkonium: 8. 815§ MeV. Good
I : ! : // agreement with our lower-bound estimate for
I ! ! L, H,[177](10786).
! - 7 l Y NiNe P N
- : : : I( v" Candidate for Y(5S) state
I
‘ i : : -
i : ! ] Y(11020) & Y(10753)
I l I -
B 1 1 -
i ! ! : Large branching fraction for decays to open-
] ! ! : bottom mesons expected. Different quark model
] ! ! : calculations predict branching fraction in the range
- ] ' ! ! ' : ! from 30-70 %. Need experimental input on
I Y(10753) | 1Y(10860) | Y(11020) branching fraction.
: [ I :
! 1 i
' I
: |




R@S l/(,LtS Brambilla, Lai, AM, Vairo arXiv:2212.09187

* Spin-lipping transitions: suppressed by powers of the heavy-quark mass due to the heavy- TI'I."

quark spin symmetry;
* Relative comparison between spin-conserving and spin-flipping decays: H,,, > Q,, + X :
v' Size of energy gap AE: final quarkonium states are different in both the decay process.

v" Depends on relative magnitude of matrix element (radial): [(Q,,|r|H,;,)| & [(Q,,|H,,)|/m
\ J

v
Ratio : ml(Qn\r!HmWHQn!Hm)!j

No obvious hierarchy relation between the two-decay process.

v" For bottom hybrids: spin-flipping transitions are smaller compared to spin-conserving.

v" For charm hybrids: spin-flipping transitions are not necessarily small: ™m {Qn|r|Hm)|/|{Qn|Hm)| ~ 1

-
{_
N

Spin-flipping ~ spin-conversing: indicating heavy-quark spin-symmetry violations!

* Quarkonium transition: Q,,, = Q,, + X :spin-flipping decay suppressed by O(v)? compared to spin- conserving.

[(Qn]Qum)/m [(Qnlr|Qum)| ~ v < 1



Summary/Outlook
Y TUTI

o BOEFT provides a model-independent & systematic way to study heavy quark hybrids (exotic) and decays.

o For the decay process, the hierarchy of energy scales :

1/(Qnlr[Hp)| > AE

T mmmmm—m—— 1
>iMqep > mu’,

pNRQCD and BOEFT matching

Negclect hybrids of hicher eluonic excitations and mixing.
g ) 2 2 g

o Our results for hybrid-to-quarkonium transition widths sets lower-bounds on the inclusive rate of physical

exotic states, 1If interpreted as pure hybrid states .

Hybrid-to-Quarkonium transition decay rate = spin-conserving + spin-flipping decay rates.

o Our analysis disfavors: Y(4230), x.1(4140), x-0(4500), x-0(4700), and X(4350) as pure hybrid states.

o Our analysis suggests:

» X(4160) : could be the charm hybrid H;[27*](4155).

> 1P(4390) : could be the charm hybrid H{[177](4507).

> X(4630) : could be the charm hybrid H{[(1/2” 7)](4507). » 1P(4710) : could be the charm hybrid H4[(1™ 7)](4812).

» Y(10753) : could be the bottom hybrid H1[(1™ 7)](10786). » Y(10860) : could be the bottom hybrid H,[(1~7)](10786).

> Nothing conclusive can be said about other exotic states.

23



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

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

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

for exotics.

ex. Hy [177| (4155) > ce [177] (39)
Effect on decay: Hm <~ Qfm — (T]C)J/wa...)_l_ (77"')

Hybrids with gluon quantum # k = 17 ~, mix Wlth quarkonium through heavy-quark spin
dependent operator. Mixing potential at 0(1 / m) in BOEFT.

Mixing potential VKH)I\IX : determined from matching NRQCD and BOEFT at 0(1/m)

Expression after matching:

, 3!‘{32, t) .

1 > ray > ! : JCF (0 5 0 -

| ) . B = g > (B (/2,000 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
e D =150 A, = 1m) -,

NRQCD BOEFT



Ongoing/Future prospects TUT

o Extending the BOEFT framework to include‘hybrid-quarkonium mixingl

¥

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

¥

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

o Computing decays to open-flavor states.

o Extending BOEFT framework to study quarkonium tetraquarks and pentaquarks and their decay
properties (In progress).

o Studying evolution of exotics (say hybrids) in medium using open-quantum systems.

BOEFT: A unified framework for XYZ exotics (hybrids, tetraquarks, molecules and pentaquarks) based on QCD !!??.

Thank you!!



Backup Slides
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uarkonium hybrids: BOEFT
N Y Tm

* Static limit (m— ): Quantum #’s for hybrid

Irreducible representations of D.p,

@ K: angular momentum of light d.o.f. _ _
A=7-K=0,41,4+2 +3,... K. Juge, J. Kuti, C. Morningstar, Phys. Rev. Lett. 90 (2003)

Gluonic static energies

M. Foster and C. Michael, Phys. Rev. D59 (1999)

A=|A=0,1,2,3,... (I, I, A, @, ...) ' i — -
@ Eigenvalue of CP: n = +1(g), —1 (u) 61 B I -
@ o: eigenvalue of relfection about a plane containing 7 (only for X states) =
v
* Static Energies (2,11, A): Eigenvalue of NROCD 3
. . . . o o +
Hamiltonian in the static limait. Tl
: : e
* For r— O: static energies are degenerate. L.
. 3
Characterized by O(3)xC symmetry group.
Labelled by: (KPC, A%) 2 | | | | | |
0 0.5 1 1.5 2 2.5
r'ro
Berwein, Brambilla, Castella , Vairo Phys. Rev. D. 92, (2015) Fig from G. S. Bali and A. Pineda,

Phys. Rev. D69 (2004) 27



uarkonium hybrids: BOEFT
N Y Tm

* Static limit (m— ): Quantum #’s for hybrid

Irreducible representations of D,

@ K: angular momentum of light d.o.f.

A=7r-K=0,%+1,£2, £3,... : ..
A=A =0,1,2,3,... (10, A, &, ...) Gluonic operators characterizing

@ Eigenvalue of CP: n = +1(g), —1 (u) Hybrids in Wilson loop

@ o: eigenvalue of relfection about a plane containing 7 (only for X states)

* Static Energies (2,1, A): Eigenvalue of NROQCD

Hamiltonian 1in the static limit. A | KFC o
> 1+— 7-B, 7. (D x E)
: : I1,, 1+~ 7 X B, # x (D X E)
* For r— O: static energies are degenerate. =t 1= 7. E, 7 (D x B)
Characterized by O(3)xC symmetry group, Mg | 177 # x E, # X (D X B)
I pn 27~ (7 - D)(# - B)
Labelled by: (KF®, AQ) m, | 27= |, #x((*-D)B+D(# B)
Ai 277 (7 x D)'(# x B)? + (¥ x D)) (# x B)"
Berwein, Brambilla, Castella , Vairo Phys. Rev. D. 92, (2015) Eu 2+_ (7 - D)(7- FE)
I’ 2t— 7 X (- D)E + D(# - E)) _
Ay 2t — (7 x D) (7 x E) + (# x D)/ (# x E)?

Focus on these two for low lying hybrids o8



BOEFT

Lattice potentials for solving the Schrédinger Eq:

Schlosser and Wagner Phys. Rev. D. 105, (2022)

2 T

__—¥Excited gluon static energies: Hybrid

_~Degeneracy

/
/15
| ‘ -
\ .
\ / iy
Y - 7 Zg+
> Ground state
O .
= osh Tuon: Quarkonium |
Q{n(r
>
A —o—i
0 AHYP2 5 | E(O) ( _
n T) T
B ——
C
05 D —+— ] s . -,
Fit 1 ay = 0.000 GeVfim,
Fit2 ----- at = 0.023 GeVim,
1 | | Flit3 by = 1.246 (_}('\-";”1"1112.
0.2 04 0.6 0.8 1 1.2

r [fm]

Hf}' — (]189 . O-U - () 1 87 (7;(..\.\:,-2

V¥ (vy) + AP (vy) + bur?,
U+ Varr? 4 a3 + aq,

Quarkonium Potential:

- _
Vs (r)=—2 40,7+ E;QQ

r

ES = —0.254 GeV, B = —0.195 GeV,

Hybrid Potential:

r < 0.25 fm
r > 0.25 fm

af = 0.599GeV?,  af =0.154GeV,
all = 11.091 GeV?2, ol = —2.536GeV,

ay = 1.543 GeV? /fm?,
(ri,' — 2.7[(5(}(\\--"2/”['1112.
brr = 0.000 GeV/fm?

Brambilla, Lai, AM, Vairo arXiv:2212.09187 29



BOEFT: Hybri dS Brambilla, Lai, AM, Vairo arXiv:2212.09187

* Degeneracy at short distances ¥ — 0, mixes hybrid states
corresponding to 2;, and Il potential

Aoep ‘

« Coupled Schrodinger Eq: Dynamics of QO at scale mv? « AQCD
) 1 [(ll+1)+2 2/1(+1) Ey- 0 (m) g [0
[_ mor? G Gip mQT2 (2 I(l+1) I(l+1) ) + ( 0 Enu)](w@ﬁ)) ET%Q ('l,b_

I(l+1 m 9 m
‘ {mQrz 8y 12 9, + anrz) +Enu] ) = EQQ9 )
r Multiplet JC Mezq || My,
Hybrid quantum numbers H} o 4 4155 10?86
_ — Hi |{17,(0,1,2)"*}|[4507|[10976
[|JPC s =0,5 =1} Ej HY 4812 ||11172
w012 £ m, Hybrid H 4286 | 10846 .

.. L Sy rum: H)  [{177,(0,1,2)" }|[4667 || 11060 A- doubling;:
Ho|1[{177,(0,1,2)7" }| II, pectrun: Héf 5035 111270 __ opposite parity states
H5|0 {D++.1+—} y, Hs 4590 || 11065 non-degenerate.

++ 1+— K
N S | (ot [0S
Hj 547311616
Hs[2|{277.(1.2.3)77}| ML Hy [{27F,(1,2 ‘)+—} 4367 [[10897
Hs [{27—,(1,2,3)" 7 }|[4476 ([ 10948| |

Brambilla, Krein, Castella , Vairo Phys. Rev. D. 97, (2018) Berwein, Brambilla, Castella , Vairo Phys. Rev. D. 92, (2015) R. Oncala, J. Soto, Phys. Rev. D96 (2017) 30



Exotic Hadron

conventional quarkonium. which consists of a color-singlet heavy quark-antiquark

pair: (QQ)1,

quarkonium hybrid meson, which consists of a color-octet QQ pair to which a
gluonic excitation is bound: (QQ)s + g,

compact tetraquark [7], which consists of a QQ pair and a light quark ¢ and anti-
quark ¢ bound by inter-quark potentials into a color singlet: (QQqq)1,

meson molecule [8], which consists of color-singlet Qg and Qg mesons bound by
hadronic interactions: (Qg), + (Qq)1,

diquark-onium [9], which consists of a color-antitriplet Q¢ diquark and a color-triplet

Qg diquark bound by the QCD color force: (Qq)s + (Qg)s,

hadro-quarkonium [10], which consists of a color-singlet Q@ pair to which a color-
singlet light-quark pair is bound by residual QCD forces: (QQ)1+(gG);. An essentially
equivalent model is a quarkonium and a light meson bound by hadronic interactions.

quarkonium adjoint meson [11], which consists of a color-octet QQ pair to which
a light quark-antiquark pair is bound: (QQ)s + (gq)s.

Braaten, Langmack, and Smith Phys. Rev. D90, 014044 (2014)

Molecule Tetraquark

Hybrid Glueball

Pentaquark

Figure from Nat Rev
Phys 1, 480-494 (2019)

(17 »”

Y(mass): producedinete”™ —» Y
Z(mass): has non-zero isospin
X(mass): everything else

31



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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