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Multiple Models for Exotics:
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Exotic Hadron

Dozens of XYZ mesons discovered since 2003
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Physics Reports 873 (2020)

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




Exotic Hadron Tum
* Multiple Models for Exotics:

HADRO-
QUARKONIUM

TETRAQUARK

Hybrids (QQg): Isospin scalar exotic state.

Figure from https://www.fz-

juelich.de/en/iaélias- \ ol Use EFT + lattice for describing hybrld
4/research/exotic- ,l
hadrons/exotics_pad.jp ,l’
’,’ Brambilla, Lai, AM, Vairo Phys. Rev.
»
o D 107, 054034 (2023)
HADRONIC
MOLECULE Berwein, Brambilla, Castella , Vairo

HYBRID
J

Phys. Rev. D. 92, (2015), 114019

Non-zero isospin states. Can be described in the EFT.

However, lack of lattice inputs on the static energies for these states Brambilla, AM, Vairo arXiv 2402.xxxxx



BOEFT:

to obtain color singlet hadron

Exotic Hadron TI.ITI

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

Example: Quarkonium hybrids QG g, Tetraquarks Qaqﬁ H
~1/Mw

* Hierarchy of scales:

V~Mw

< D
~l/AqQep

BOEFT: Effective theory based on

r 51 - - - .
ym > mv 2 Aqop > mv2! Born-Oppenheimer Approximation

Heavy quark: slow-degrees of freedom X: fast-degrees of freedom

BOEFT: EFT focused at energy
scale mv?

QCD — NRQCD — pNRQCD/BOEFT

1

* Time-scale for dynamics of QQ ~ T2 >

1

Castella , Soto Phys. Rev. D. 102, (2020)

‘(‘2 CD Brambilla, AM, Vairo arXiv 2402.xxxxx

Born-Oppenheimer (BO) Approximation

Braaten, Langmack, Smith Phys. Rev. D. 90, 014044 (2014) 4



BOEFT: Quantum #’s

* BOEFT potentials ( Vp(r)): LDF (light quarks, gluons) static energies.
Potential between Q & 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

|7 Kiignt| =A=0,1,2,........(or 3, ILA @, .....)
v" Product of charge conjugation and parity (CP):
ge conjug parity (CP) _ 1= AC
n=+1(g), -1 — 1y
v o Eigenvalue of reflection about a plane containing static sources.

g = P (—1)Kight = 41 Braaten, Langmack, Smith Phys. Rev. D. 90, 014044 (2014)

—

* r— 0: Spherical symmetry restored: Labelled by gluon quantum #’s « = x7C.

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



BOEFT: EXOtiC Brambilla, AM, Vairo

arXiv 2402 .XXXXX
* Exotic hadron (QQX, QQX, .....), X is light d.o.f. TI'I."
Q QQX
° r °
lcolor: | 3®3 =18 Lcolor: | 3®@3=3®6

X=gluon - Hybrid X=q — Double heavy baryon
X=gg —» Tetraquark / Molecule X=4qq - Tetraquark
X= gqq — Pentaquark / Molecule and so on X=qqq — Pentaquark andsoon

BOEFT can address all these states with inputs from Lattice QCD on BOEFT (static) potentials



* BOEFT Lagrangian:
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Brambilla, AM, Vairo arXiv 2402.XxXXXX

TUTI

Lpoert = Lo + Loog + Logeg + Lmixing + -+ -

Castella, Soto Phys. Rev. D. 102, (2020)

* Gap ot order AQCD allows us to focus individually on

low-lying states corresponding to quarkonium, hybrid,
tetraquark etc.

Liixing: Mixing between difterent states with similar
masses and same quantum-numbers.

Ex: Hybrid-quarkonium mixing, Tetraquark-hybrid &
Tetraquark-quarkonium mixing etc.



B billa, AM, Vai
BOEF1 iy 2409 x0000 T|.|T|
e BOEFT Lagrangian:

?LBOEFT — [ &*R | &r Trd O' r, R, t)|i0; o — Vi (1)
: KA

KAN
" \v e
+ P\ (6, 9) m—g o\ (Q,gb)]\IJﬁN (r, R, t)
k= K¥% . Lightd.o.f quantum number A=—A-- A
X V(l) , T Phys.Re’V.D. 102, (2020)
BOEFT potential: Vi (1) = V&(;) (r)oan + K;i‘ (r) + ...,
Q@

Static potential

* Matching procedure: Ok(t,r, R)—Z¢,. (r, Aqcp) Vi (t, r, R)
NRQCD BOEFT

exotic hadron QQX: O (¢, r, 0) = x' (¢, r/2)¢(t, r/2,0)Hk (t, 0)(t, 0, —r/2)¥(t, —1/2)

Hy (t, 0) : Operator that characterizes the light d.o.f X corresponding to quantum # K, isospin, color etc.. 8



Brambilla, AM, Vairo arXiv 2312 .xxxxx

Light quark operators characterized by KP¢ essential Light quark operators Hypc relevant for lattice
for determinig BO-potentials VA > (7") computation of static energies for tetraquarks QQqq
)
[ a a
. o Ho+t(t,x) = [q(t, )T (¢, )| T
Gluonic operators HKPC in lattice .y .
characterizing Hybrids QQg H0—+ (t, QU) — [Q(t, 33)’7 1T Q(t, :L‘)] T
= 5a a
Hi+v (ta (B) — [Q(tv :13)")/’7 T Q(ta QC)] T
H,+-(t,x) = B(t,x I a a
Hl E ’ % E(( ’ 3 Hl__(tvw) o [C](t,fﬁ)"}’T Q(t,fE)]T
1--(t,x) = E(l, @ = a a
| | Hy - (t, @) = [q(t, ) (v xv) T(t, @) T
Light quark operators HKPC relevant for lattice computation of
StatiC energies for pentaquarks Q(_quq Castella , Soto Phys. Rev. D. 102, (2020)
HY, 12+ (t ) =
(0ap105,5, + 006205, 4, + 0ass0h,5,) (OrspiTrypy + 01 oTh gy + OLsisTh 1) (T2)1 0014 Similar operator list can be written for
‘ ‘ , ‘ ‘ ‘ Doubly heavy tetraquark QQqq and
+ (0ap,05,8, + 0apa0h,5 + 0a8,05,5,) (01 Thi + 06nTha + 05570z (T8)) 1 Pentaquark states QQqqq. List of operators

will be addressed in Brambilla, AM, Vairo
arxXiv 2402 .xXxXxxx

(P-Fq{lfl (f" m))ﬁl (P-i-qf:'s.ﬁ (f— :B))ﬁg (P-I-qf;if:i(t: 'T:J)ISJ Tﬂ . (5‘{;) 9

" 2 2 Iy 2 2 2 - 2
+ (éﬂ:ﬁl O—,c'i';n,,(i'z + 50.32 U_.'?;g;’h + at'l_-'?:io—;"il,{i'g) (513f1 Tf;;fz + (SI;;fz Tf;gfl + éf:!f:! Tfl f_}) (Tl)?l da.l3



BOEFT Brambilla, AM, Vairo

arxXiv 2402 . xxxxx m

* Adiabatic Radial Schrodinger equation: Mixing different static energies at short-distances:

1 1
Z {— O, 20, + My H &(22 1,/J(N) (r)=E&n wg)\\f,) (r),

Mixing term from angular momentum piece:
Coupling different static energies A7 at short-distance

* General expression of Mjr; (matrix in A’ — A basis) : M =—A - A

(l(l 2 1) - 2’\2 = k(k +1))8%* — VEE+1) — A+ DV +1) — A+ 1)5A’/\+1§
— 3/k(k + 1) = XA = )3/i(l + 1) — A — D)o > =

Angular wave-function:

K: angular-momentum of light d.o.f . :/ﬂ A
L=Lo+K |1, mi ks A) o210 9) 1%, ) Dign (4,6, )

L: orbital-angular momentum of QQ or QQ pair. 5
1



BOEFT

Brambilla, AM, Vairo
arxXiv 2402 . xxxxx

TUTI

* Lastly construct parity eigenstates (specifically for A > 0) : M/, in block-diagonal form.

* Example of (adiabatic) mixing matrices M,s, (accounting for parity) :

e
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Hybrids

12



BOEFT: Hybrids

TUTI

Brambilla, Lai, AM, Vairo Phys. Rev. D 107, 054034 (2023)

* BOEFT Lagrangian:
LeoerT = Ly + Ly, + Lnixing;

Brambilla, Krein, Castella , Vairo Phys. Rev. D. 97, (2018)

. \ .
Quarkonium: Ly = /d3R/d3r Tr IIJT(rj R, t) (Z@t 4 m_Q —Vu (T)) \Ij(r, R, t)] Trace over spin indices.
i 3 3 ; _ it vg ; r: relative coordinate
Hybrid: Ly, = / PR / d’r »  Tr {\I!M(r, R, t) [z@t — Vi (1) + Pm\m—Q ,{A,] U,.v(r, R, t)} R COM coordinate
KAN
(1)
_ pit yrij . kA0) Vv (1)
Hybrid potential: Vh‘,)\)\’ (T) =P K}];\ V,.;j (T) P i N VR A (7“) AN T L + ... Brambilla, Lai, Segovia, Castella,
maqg Vairo Phys. Rev. D. 101, (2020)
Statlc pOtentIaI Sp'ﬂ'dependent Brambilla, Lai, Segovia, Castella,
potential Vairo Phys. Rev. D. 99, (2019)

Soto, Valls, arXiv 2302.01765

Hybrid-Quarkonium mixing: Lixing = — /dSR/dSr Z Tr [\IJT Vnrr)l\ix o+ h.C.]
KA

R. Oncala, J. Soto,
Phys. Rev. D96, 014004 (2017).

* No lattice calculations on mixing potential. Current work, ignore mixing, ;&D{ =0
13



Vep s () [GeV]

Brambilla, Lai, AM, Vairo Phys. Rev. D 107, 054034 (2023)

BOEFT: Hybrids

* Degeneracy at r — 0, mixes X2

* Coupled Schrodinger Eq:

L oeg s ( D+2 200+ 1) ) ( o)](

mgr? mQ'r2 l(l—l— 1) I(l+1) 0 En, ) |\
1 I(1+1
{_mQﬁ O Oy + anTZ) ]¢+n - EQQQw

Multiplet J¢ Meczg || My,

H, 4155 [[10786

H; {177,(0,1,2)""}|[ 4507 |[ 10976

HY 4812 (11172

H» 4286 [ 10846

Hybrid Hy  |{177,(0,1,2)7~}|[4667 || 11060

Spectrum: H) 5035 || 11270

Hj 4590 || 11065

Hy {0T, 177} 5054 [| 11352

HY 5473 (11616

Hy {277,(1,2,3)" " } || 4367 || 10897

Hs  [{27,(1,2,3)" T}/ 4476 |[|10948

and II,, potential

Berwein, Brambilla, Castella , Vairo Phys. Rev. D. 92, (2015)

TUTI

_ (m)
) — pQQg ( %J )
m w;n;[

A=0,41

A- doubling:

| opposite parity

states non-
degenerate.

14
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BOEFT: Hybrids

Charmonium hybrids: comparison with experimental results:

i Hy
Hl'

L H —_— .-
H, = E .......... -

I Hq ——l—— . g—

: ''''''' =] unel— H5

| e —

roorTrT ﬁ H,

o o o e e e e e e e e e e e e e ————————— DD threshold__ _

- DD threshold

[|JPC{s=0,5=1}| EY

Hi|1|{17,(0,1,2) "} |=,,

Ho|1[ {17+, (0,1,2)*~}| 1,

Hslo| {0+, 1t} -
Hy 2| {27+.(1,2.3)  } [,

Hs(2]{27,(1.2,3) " }| Il

Y(4230)  X(4160)  Xc1(4140) .1(4274) P(4360) P(4390) ¥(4500) WP(4660) X(4630) Xco(4500) Xxo(4700) X(4350) x,,(4685) Y(4710)
1] [7"*] 1] [17] 1] (1] [17] [177] [74] [0%] [0 [o/2)*"] (1t [177]

PDG 2022

Brambilla, Lai, AM, Vairo
Phys. Rev. D 107, 054034 (2023)

Spectrum with spin-dependence

potential: see J. Soto talk !!!

15




Mass

Bottomonium hybrids: comparison with experimental results:

(GeV)
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BOEFT: Hybrids

/
Hl
—
H1 ........................................
i
BB threshold
Y(10753) Y(10860) Y(11020)
[177] [177] [177]
PDG 2022

JPC{s =

0,s =1}

{17 (0.
{177, (0,

{0+,
{2+ (1,

{277, (1,

1,2) )|

1,2)7}
17—}
2.3)7"}

2.3)" "}

Spectrum with spin-dependence
potential: see J. Soto talk !!!

Brambilla, Lai, AM, Vairo arXiv:2212.09187

16



Hybrid D eC ays Brambilla, Lai, AM, Vairo Phys. Rev. D

107, 054034 (2023) m
o BOEFT can describe decays of hybrids to quarkonium.

o Semi-inclusive process: H,,, = Q,, + X; Qy: low-lying quarkonium (states below threshold) & X: light hadrons.

v' AE: Large energy difference = AE = E H, —Eq, = 1GeV. v' Hierarchy of scales: AE > AQCD > mv?
\ J

Perturbative computation

v" Constituent gluon of the hybrid is a spectator.

matching pNRQCD and BOEFT:

Virtual gluon resolves color structure of

" QO pair (r - 0) in quarkonium and
hybrid in short-distance limit

H,, Hp
) GO

Quarkonium ---3 Singlet
BOEFT :
PNRQCD Hybrid ---> Octet

o Decays are computed from local imaginary terms in the hybrid potential (BOEFT potential).

DISCLAIMER!!!
Optical theorem: Z I'(Hp — Qn) = —2Im (H,,|V|H,y,) : Decay to open-flavor threshold states  :
n



Hybrid D eC ayS Brambilla, Lai, AM, Vairo Phys. Rev. D 107, 054034 (2023)

o Spin-conserving decay due to r - E term : TI'I."
T AT — TSV T
1 F(Hm —> Qn) = i ( ) s T (T”)T AES i Decay to open-flavor threshold
SN L.states not accounted here,

W, : Hybrid wf

Tij = <Hm |7ﬂj ’Qn> = / dSI‘ ‘;[J? ) ( ) ’r'j CI)(%S? (r)
R. Oncala, J. Soto, J. Castella, E. Passemar,

“ : Quarkoni f
Phys. Rev. D96, 014004 (2017).  Phys. Rev. D104, 034019 (2021) —— D Quarkonium w
(Hplr|Qn) = VTU(TY)T

o Spin-flipping decay due to §. B term: [xz) : Hybrid spin wf

Ixo) : Quarkonium spin wf

Sn=1>——o15g=0> | [ =(Hul($]- 1) IQn) = { / drull (1) %, (r )} (el (81 - 82 Ixe)
1Sy =0>——>1Sy=1>

Depends on overlap of quarkonium and hybrid wavetunctions.

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 18
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W H,(4155)
B H,(4286)
W H,(4507)

A Hy(4667)
W Hq(4812)

Results

Brambilla, Lai, AM, Vairo Phys. Rev. D

:

1

-

107, 054034 (2023) m
Comparison: charm exotic states with corresponding charmonium hybrid state:
320 - T
O PDG B H3(4590) =

|
! H,->Q,+X

1

: spin-conserving + spin-
: flipping decays

I =

: lower bound on the total
I decay widths of hybrids
: which is compared with

: inclusive rate ot physical
| states in PDG.

h-----------------

P(4230)
177]

Xc1(4140) Xc1(4274)
(1%7]

X(4630) Xc0(4500) x(4700) X(4350) yx.,(4685)
+

[(1/2)~7] [(0/2)"]

Y(4710)
[177]

19



Results

Brambilla, Lai, AM, Vairo Phys. Rev. D

107, 054034 (2023) m

* Comparison: bottom exotic states with corresponding bottomonium hybrid state:

I' (MeV)

50

40

30

20

10

[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: Mixing with heavy-light

TUTI

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

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

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

1JPC s =0,s =1} E® Most quarkonium hybrids can decay into pair of s-wave mesons !!!

: . : see R. Bruschini talk !!!
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 P? 21




Hybrid: MiXing with heavy-light Brambilla, AM, Vairo

arXiv 2402.xxxxx

Hybrid decays to meson-pair threshold states: AE < Aqcp H,, » D) D)

Conventional Wisdom: Hybrid decays to two S-wave mesons forbidden!
Kou & Pene, Phys Lett B 631 (2005) Page, Phys Lett B 407 (1997) Farina, Tecocoatzi, Giachino, Santopinto & Swanson, Phys Rev D 102 (2020)

BOEFT: Mixing allowed if A% (BO-quantum numbers) are same.

Hybrid / eson-antimeson threshold

Light spin | Static energies . \7\ Static energies
e |+ Multiplets }{{P & H{P KT
KFC Do 1 4 \D-J-Lh
—
Ty |02ty | om (1/2)" @ /z)7| 077 Sy } } S-wavers-wave
’ | Yy, I, :
L) { (1 (0,1,2)+-) H, {Xg, Iy} Ex. DD threshold
1+- g d . (1/2)-@(/2)~| ot {Z4}
X7 0 O+, 1+~ H. —
(S {0177 3 1+- [To. I} s-wave+p-wave
{Z, L.} 2 | {27,(1,2,3)"} Hy (1/2)- ®(3/2)~| 11— {25, L} Ex. D,D threshold
(1L} 2 | {27,123} | Hs 2 || (T A}

2, component in hybrids mix with 2;; component in s-wave+s-wave threshold!!!!

Bruschini 2306.17120  Bruschini & Gonzalez, 1912.07337 J. Castella 2401.15333



Tetraquarks &
Pentaquarks
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BOEFT: QQqq multiplets

‘doubly heavy core ‘

p|n 1/2®1/2 —-

@ @ #@ |d0ubly heavy tetraquarks

33 =6@3"]

flavor:

Limited lattice inputs available on Born-Oppenheimer static potentials

light antiquarks

{aq’}, 17

[ag’], 07

TUTI

Brambilla, AM, Vairo arXiv 2402.xxxx

Defines the Born-Oppenheimer

static potentials

g, (Zg, 1y}

JP for T

QQ Light spin Static [sospin JE
[
color state KrPe energies I So=0| Sp =
0 — | 1" I
0" {3} 0 —J
anti-triplet 1 1~ —
3 0ff o0 —
1+ (£, 10,} 1
! 1| 1= |,1,2)"
+ (y-— Bicudo, Cichy, Peters, & W
Zg ’ {Zg ’ Hg } ng 83, 624%016(26(;6) o

24



Brambilla, AM, Vairo arXiv 2402.xxxx

BOEFT: QQqq multiplets

) ight spin Static JEC
Qe Light sp S JPC
. Multiplets
color state KPC energies {Sp =0,5¢ =1}
{{]++l1+_} l’ -r - —I‘D - ~
U =} 17=,(0,1,2) 34" 19
Octet {205,6472,3)77} 9
Jete — |

{57, Iy} {1+=)(0] 1f2)**} T}

- {Z57} {0-+,17} T}

(11,} G012y | o

{2y Iy} {27+,(1,2,3)7") 7!

Limited lattice inputs available on Born-Oppenheimer

static potentials Xy, {2, 4}

Prelovsek, Bahtiyar, & Petkovic

Phys. Lett. B 805 (2020)

TUTI

JPC for neutral partner of
- =Y Z.Z, states. Probably mixing
between both channels required ?

-

—> JPC for X(3872)

Mixing of BO-potentials with pair of heavy-light states

relevant for states near threshold. More on this mixing
see Brambilla, AM, Vairo arXiv 2402.xxxx

25



BOEFT: Pentaquark multiplets m

Brambilla, AM, Vairo arXiv 2402.xxxx

QQqqq
QQ Light spin Static J¥
/
color state K" energies {Sg=0,8¢ =1} No lattice inputs available on Born-Oppenheimer
. (1/2)* (1/2), 2| f1/2-,(1/2.3/2)7) static potentials for pentaquarks
cCre
3/2t | (3/2), |3/2|{3/27.(1/2,3/2,5/2)7)
QQqqq
Light spin heavy spin
Q) color state »
Coupled Schradinger equation for K Sq = Sg =1
these pentaquark states derived in (1/2)~ {(1/2)7} {(1/2,3/2)",(1/2,3/2,5/2)}
Brambl||a, AM, Va|r0 arX|V 2402.XXXXX. sextet 1/2.3/2 + d(1/2.3/2.5/2 + i
(3/2)- (3/2)-} {(1/2,3/2)7},{(1/2,3/2,5/2)"},
{(3/2,5/2,7/2)"}
. (1/2)~ {(1/2)7,(3/2)7} {(1/2,3/2)7}
antitriple
(3/2)~ {(1/2)*}.{(3/2)"}.{(5/2)"} {(1/2,3/2,5/2)7}

26



Brambilla, Lai, AM, Vairo Phys. Rev. D

Take away 1N1ESS age 107, 054034 (2023)

Brambilla, AM, Vairo arXiv 2402.xxxxx m

o BOEFT provides a model-independent & systematic way to study heavy quark exotics.

o BOEFT results for hybrid-to-quarkonium transition widths

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.

: DISCLAIMER!!!
o Our analysis suggests: : All the above interpretation can differ accounting for decays to

> X(4160) : could be charm hybrid Hy[2-H|(4155). e b e B
> P(4390) : could be charm hybrid H4[1~](4507).

> P(4710) : could be charm hybrid Hy[(1™ 7)](4812).

> X(4630) : could be charm hybrid H{[(1/2~ 7)](4507).
> Y(10753) : could be bottom hybrid H{[(1™ 7)](10786).

o Obtained new results for tetraquark and pentaquark multiplets based on BOEFT.

o BOEFT: describes static potential (BO-potential) mixing with heavy-light states .

27
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Virial theorem: Nonrelativistic Bound State

TUTI
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Born-Oppenheimer Philosophy

TUTI

* Sharp difference between time or energy scales of heavy & light degrees of freedom.

Ex. H molecule: 2 protons &1 electron. my ~ 1 GeV>m,e ~ 0.5 MeV p

Protons (nuclel) move very slowly compared to electrons and can be r 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) W&; r) = 21 (1) Wél? r)

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

QCD states with 2-heavy quarks (XYZ mesons): analogous of molecules 1n atomic systems !!!

Heavy quarks < nuclei Gluons & light quarks < electrons
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I' (MeV)

Results

Comparison: charm exotic states with corresponding
charmonium hybrid state:

Distavors hybrid

interpretation !

1JFC s =0.5s =1}

1.(0.1.2)~*} 7. 1L,

{177,(0,1,2)7 7} | 1L,
{0+, 1t} ¥

{2++.(1.2.3)*"}

{2__f[1f2f3)_+} I,

Xc0(4500) &x(4700)

Decay to x.(1P) not seen !ll.
Major contribution to
theoretical estimate from this
decay channel.

M. Ablikim et al, P
320 Chin.Phys.C,46,111002(2022). _ ///// 7 | T
= -
Recent BESIII result O PDG B H3(4590) _ - - // II
050l for Y(4230) decay: m H4155) B H4(436D/ 1--~ / |
— — /
- -
240 / W H1(4507)~ W H;(4812) P — /
- - -~ | 1 I
200~ / — -7 i ! /
——L’—:I o : : I ( )
T : | O : ! |
160 I : ! | ! |
| 1 | I ___l__
O % . T
| 1 1 | 1
120 I i I ! T
I I om | - - I |
M I I : 1 : [
: : : = h !
I
oF (4| | . K-S
| 1 | 1 | !
- 1 1 N! 1 1 I : I I
a0 Q | | | g ! ¥ : 1
CBig 'y 15 GE R
L | X
0 ‘ | : | : | : I | 1 I L L : L L : : I : | !
I
::p(q-g_j.o) Ixr_4?1£.o) : Xe1(4140)0 y, (4274) Y(4360) P(4390) Y(4500) (4660)  X(4630) :xm(d-SﬂD) X:o(4700)::X(4350) Iy, (4685) ¥(4710)
R I i R i e S e i v R R T v i e

Brambilla, Lai, AM, Vairo
Phys. Rev. D 107, 054034 (2023)
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Results

Hybrid-to-quarkoniunium transition widths:

I' (MeV)

50

40

30

20

10

Brambilla, Lai, AM, Vairo Phys. Rev. D

107, 054034 (2023)

~~7 | component.

Could have a m

> significant hybrid

[177]

[177]

[177]

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

_________ | o 7~
i T : i i -7 g y 4 o A:,\?;
- | : | _~"0 rog’
| T e raos
! : : : /E,/ - //A H1(10976) | v Inclusive rate: 37 + 4 MeV. Branching
: : : P ! 4 fraction for decay to open-bottom mesons:
: Q : :/ A 1 ! d T 76.6%. Decay rate to quarkonium: 8. Sf%jg MeV.
: : “ : Good agreement with our lower-bound estimate
- ! ! : i y; for H;[177](10786).
| | | e
] + L i A i / PS v Candidate for Y(5S) state
- i ! =( Y(11020) & Y(10753)
1 I 1 - g
i i i : Large branching fraction for decays to open-
! : ! : : bottom mesons expected. Different quark model
: ! : : calculations predict large branching fraction.
: ! : : Need experimental input on branching fraction.
| : : : See Hiisken, Mitchell & Swanson, Phys Rev D
- : - : L i - 106 (2022).
! Y(10753) ] 1Y(10860) : Y(11020)
i I I :
! : :
l |




pNROCD

SpNRQCD = /d3X1 d3X2 dt tr (@T(Xlﬁ X9, 1)

D2 D2
{?’DU+ =1 + XQ}\I](XI:'XQ:'t))

2m 2m

I (TG\IJ(XLXQ, HT U (x1, %o, t))
%1 — X

Upon making the local field redefinition,

ez’g f;;l Adx

qj(xlﬁx%t) :P[ _S(X:Xat)

4 P9 K AB O, X, ) P[0 Al

L X = X1 — X9, X = (X1 +X2)/2



pNRQCD
Under gauge transformations,
U (x1,X2,t) — g(x1,1)¥(x1,X2, )9 (x2,1)

S(x,X,t) — S(x,X,t)

O(x,X,t) = g(X,1)O(x, X, t)g (X, t)

Upon multipole expanding (up to O(x~)),

2

LoNROCD = /dSX tr{ST{ié‘g Py Cf“ﬂ}s+ OT{iDO B A }o

m x| m 2N, |x]|

2

+gxOE(X,1)ST + gxOTE(X,1)S + gxoo’fE(x, t) + %xOTOE(X, t)}

=



Hybrid D eC ays Brambilla, Lai, AM, Vairo Phys. Rev. D

107, 054034 (2023) m

v" Hierarchy of scales: AE > AQCD > mv?. Integrate out the scale AE perutbatively.

matching pNRQCD and BOEFT:
y gun AE= T, - Es,

Virtual gluon resolves color structure of
QO pair (r = 0) in quarkonium and
hybrid in short-distance limit

Il
)
P

Quarkonium ---3 Singlet

: ) BOEFT Hybrid --->» Octet

octet singlet octet
pNRQCD

Weakly-coupled pNRQCD Lagrangian

L,NRQCD = /dBR{ f d®r (Tr [8T (i09 — hs) S + OF (iDg — ho) O]

1
+ gTr [s‘fr- .EO+O»-ES+ —0O'r. {E, 0}] + L1y [ofLgg - 1B, O]
2 4m.

1 5
m 4

o
v

* Spin preserving decays [O(TZ)] * Spin flipping decays [0(1 /mz)] 36



Brambilla, Lai, AM, Vairo Phys.

Rev. D 107, 054034 (2023) T”'"

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

Hybrid Decays

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
. EE‘; (7") = Vs(”’) + bg; T+, potential
Potentials: EZ;,HU, (r)=Vo(r)+ A+ bz,n?“z N 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
37



BOEFT

Quarkonium static potential: V' (7“) = EZ+ (7”)
g

Brambilla, Lai, AM, Vairo arXiv:2212.09187 m

Quarkonium Potential: s
Vio(r) = By (1), — 1.477 (40) GeV

_ g QQ mFs — e
Viti(r) = En, (1) 5 6) = T Tt Eg o = 4.803(55) GeV

* Hybrid static potential:

Gluonic Static energles from lattice: kg = 0.489, o, = 0.187 GeV? ES = —0.254GeV, t‘_ff’ — _0.195 CeV.

Hybrid Potential:

VR’S( ve) + Ars(vy) + bgjn’rz, r < 0.25fm

Vepe () [Gev]

E—- (’I") — >,1I
Yy 11 a E H 3,11 |
e 1,r + +a3 +a4 , r>0.25fm
at = 0.000 GeVfm, ay = 1.543GeV?/fm?, a3 =0.599 GeV?, a} =0.154GeV,
atl = 0.023 GeVim, ay = 2.716 GeV?/fm?, af = 11.091 GeV?, af = —2.536 GeV,
0 Ao | by = 1.246 (_}('\-",/fﬁnz. brr = 0.000 GeV f/fm Ags : 0.87 (15) GeV
AHYP2 s
B —s—
c Gluelump mass definition:
0.5 D —+—

Fit 1

(OIG: - (R, T/2)6(T/2, ~T/2)G.- (R, ~T/2)|0) = 677

‘ : ' ' v' Perturbative RS-scheme potentials VRS upto order a3.
02 0.4 0.6 0.8 1 1.2

r [fm] Berwein, Brambilla, Castella , Vairo Phys. Rev. D. 92, (2015) Bali and Pineda Phys. Rev. D. 69, (2004) 38



Hybrid_Qu arkonium IIliXil’l g and imp act on Brambilla, AM, Vairo, Wagner, Schlosser (in

hybrid interpretation of Exotics ? progress) TI_ITI

* Hybrid states in the same energy range and with same quantum #’s as quarkonium can mix.

* Mixing impacts spectrum and decay properties of hybrid. Implications for exotic hadrons !!.
Oncala & Soto, PRD (2017).

Ex. My [1__] (4155) <> cc [1__} (3S) Effectondecay: H,, <> Q,, — (ne, J/, )+ (v,--+)
* Hybrid-quarkonium mixing through heavy-quark spin dependent operator. Mixing potential at O(1/m) in BOEFT.
LBOEFT = LQQ + LQQQ + Lmixing, Lmixing = — /dSR/d3r Z Tr [UT VX, + h.c.]
KA

Matching two-point correlators in NRQCD and BOEFT:

Expression after matching:

, 3!‘{32, t) .

1 » vas > ! _ AR _ —

X = 1|B7 (r/2,0) 0 P},
m
0 B'(0.T/2)® - ﬁix Above expression can be computed on lattice if we
Yy KA identify: |0>(0) _ ‘E;)
-« . 0) _ |y— 0) _
NRQCD 2 BOEFT D=0 = 120 ) Wiz = M) 49



NROCD/BOEFT: Potentials
PRRS Tum

: PC ..
EO(r) = lim — log(X,, T/2|Xx, —T/2) k= K" (gntd.o.

& T — o0 T

Short-distance behavior of BO-Potentials:

X, t) = O} (t,r,0) |vac)

EE“; (T’) :VS(T)+bE-gFT2‘|_---,
By, (1) = Vo(r) + A+ bsnr + ...

(x1,—T/2) (x1,T/2) (x1,—T/2) (x1,T/2)

@10, -T/2) H(O,T/2) @ Long-distance behavior of BO-Potentials:

» String behavior (pure SU(3) gauge theory)

(x2,~T/2) (a) ¥ T/2) (e, =T/2) (b) G2 172) En(r) = \/o2r2 + 210 (N — 1/12)

0 = {ho (H(0.T/2) H{ /2 > Mixing with pair of heavy-light states
Wilson loop for quarkonium Wilson loop for exotics based on BO-quantum numbers or A
representations

Brambilla, AM, Vairo K. Juge, J. Kuti, C. Morningstar, Bali et al (SESAM collaboration),
arXiv 2402.xxxxx Phys. Rev. Lett. 90 (2003) Phys. Rev. D. 71 (2005) Bulava et al, Phys. Lett. B. 793 (2019) 40



