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* Quarkonium: Color singlet bound state of QQ (Q=c, b)*"

Introduction
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* Hierarchy of Energy Scales in QO:

m > mv >» va,AQCD (perturbative dynamics: Weakly Coupled)

(nonperturbative dynamics: Strongly

p~mv (Soft)

m > mv, Aqcp > mv?

Coupled)

* pNROCD: Relevant EFT for Quarkonium.

Bodwin, Braaten & Lepage (1994),

Brambilla, Vairo, and Rosch, Phys

. Rev. D72, 034021 (2005)
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Introduction
Quark Model:

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

QCD spectrum also allows for more complex
structures called as Exotics.

Mass (GeV/e?)

Exotic states: XYZ mesons

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

v In some cases exotic quantum numbers (charged Z¢ and Zy, states)
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)

Several new heavy quark exotic states have been

discovered since 2003 (masses & decay rates measured in various channels).
PDG 2021
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Introduction

* Exotics broadly classitied as

* Structures with active gluons ¢ Multiquark states

* Several interpretations of Exotics:

adjoint tetraquark compact tetraquark

Figure from ” g? @

W.K.Lai talk 3

diquark-diquark heavy-meson molecule hadroquarkonium

@
® &

Mass (GeV/c?)

* No single model completely describes all the XYZ states.

* Hybrids (QOg): Focus of this talk. Use EFT + lattice

to have model independent description.
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Quarkonium hybrids: EFT

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

* Separation of scales in hybrids:

m > mv > Agep > mu?

“ light d.o.f: AQCD
% Relative separation between heavy quarks: r ~ 1/mv

“* Heavy Quark K.E scale: muv?

1
Aocp

Braaten, Langmack, Smith

* Time-scale for dynamics of QQ: ~ miQ >

Born-Oppenheimer Approximation
Phys. Rev. D. 90, 014044 (2014)

* Appropriate EFT framework for Hybrids: Born-Oppenheimer EFT (BOEFT)
QCD — NRQCD — pNRQCD — BOEFT

light d.o.f.

(2) ()
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v

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

Berwein, Brambilla, Castella , Vairo Phys. Rev. D. 92, (2015) 6

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



Quarkonium hybrids: BOEFT

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

@ 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=|\=0,1,2,3,... (X, I, A, @, ...) ' ! — -
@ Eigenvalue of CP: n = +1(g), —1 (u) 61 B I -
@ o: eigenvalue of relfection about a plane containing 7 (only for X states)
* Static Energies (2,11, A): Eigenvalue of NROCD 3
o . . o o o +
Hamiltonian in the static limait. Tl
: : =
* 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)



Quarkonium hybrids: BOEFT

* 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=|)\=0,1,2,3,... (3,1, A, ®,...)

@ Eigenvalue of CP: n=+1(g), —1 (u)

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

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

Gluonic operators characterizing
Hybrids in Wilson loop

Hamiltonian in the static limit. A% | KPC O,
> 1= 7-B, 7 - (DX E)
: : I, 1+~ # X B, # X (D X E)
* For r— O: static energiles are degenerate. sl 1o 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: (KPC, A9) m, | 27 # x ((7- D)B + D(# - B))
1 - 2 L J A J(a i
Ai 2 (7 x D)* (7 x B)) + (# x D)) (# X B)
Berwein, Brambilla, Castella , Vairo Phys. Rev. D. 92, (2015) Eu 2+_ (7 - D)(7- FE)
I’ 2t — # 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

8




Quarkonium hybrids: BOEFT
* BOEFT d.of involve color singlet fields W,y (r, R,t) P;AOG’T(T’, R, )G (R,t)

o 0% (r, R,t)G*(R,t): Gluelump operator. Eigenvector of NRQCD Hamiltonian in (m— 0):

HO 0 (r, R, t)GI* (R, t)|0) = (Vo(r) + Ax) O%T(r, R, t)G'* (R, )|0)] Ay : Gluelump energy

o PL,: Projection operators of licht d.o.f along heavy quark-antiquark axis.
KA ) p g g yq q

* BOEFT Lagrangian:

. V2 .
3 3 2 :
K )\)\f

* Schrodinger Eq: Dynamics of QO at scale mv? « AQCD ebrid wf
ybria w

Schrodinger equation

pit Vi pi v g
—E N\ T (1) .

* Coupled Eq. due to projection operators. Mixes 2,, and I, states.

Brambilla, Krein, Castella , Vairo Phys. Rev. D. 97, (2018) Berwein, Brambilla, Castella , Vairo Phys. Rev. D. 92, (2015)



Quarkonium hybrids: Spectrum

* Lattice potentials for solving the Schrédinger Eq:

Gluonic Static energies from lattice:

0.9 — : . . . Potential after fitting lattice data:
atEl—' B=2.5 N=4
a,~0.2 fm ' 5
os | Gluon excitations N=3 |
S N2
string ordéring /
’ CUN=1
0.7 . .
N=0 :‘; :

o

06 A - b,
S

mE
0.5 Mgt /A = z'S
g z=0.976(21)
s | 0 2 4 6 8 10 12 14
0.4 b I, .0 ' . -]
Yshort distance r {GEV :'
degeneracie
03 Rfas . Fig from R. Oncala, J. Soto, Phys. Rev. D96 (2017)

K. Juge, J. Kuti, C. Morningstar, Phys. Rev. Lett. 90 (2003) 10



Quarkonium hybrids:

* Lattice potentials for solving the Schrodinger Eq:

Gluonic Static energles from lattice:

Spectrum

N. Brambilla, W.K. Lai, AM, A. Vairo (in progress)

RS-Scheme Quarkonium Potential:

09 — VeSO mvy), <038 fm
a;E- B=2.5 N=4 V2+ (’l“) = '
ay~0.2 fm /// g or + Vp, r > 0.38 fm
08 | Gluon exmtatlons / grN=3 200
YA Ne2 o= 0.18GeV~, V; = —0.581 GeV
string ordérl ng /// 44 \/ Cheng et al Phys. Rev. D. 77, (2008)
o 7 A N=1 - : :
o | e RS-scheme: reproduce Y(1b) mass: 9460 MeV Phneda JHEP 06, (2000)
/ N=0
RS-Scheme Hybrid Potential:
06 F A _
My RS RS 2
o EO (1) Vi (ve) + Ay (ve) + bpre, 1 <0.25 fm
0.5  Lgt s/ = 2> n .
g 2=0.976(21) Tl -+ \/a2 r2 + a3 + aq, r > 0.25 fm
E- ] ¢ ¢ ~ ; ~
0.4 r nﬁ;hon D e T a¥ = 0.000 GeVfm , ay = 1.543 GeV?/fm?, a¥ = 0.599 GeV?,  aF = 0.154 GeV,
degeneracie R/ all = 0.023 GeVim, ay = 2.716 GeV?/fm?, af = 11.091 GeV?, af = —2.536GeV,
a ; .
0.3 S, by, = 1.246 GeV /fm?, br1 = 0.000 GeV /fm?

0] 2 4 6 8 10 12 14

K. Juge, J. Kuti, C. Momingstar, Phys. Rev. Lett. 90 (2003) v" Perturbative RS-scheme potentials VRS and VRS upto order a3.

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

11
Bali and Pineda Phys. Rev. D. 69, (2004)



Quarkonium hybrids: Spectrum

 Results for Hybrids from Berwein, Brambilla, Castella , Vairo Phys. Rev. D. 92, (2015)
mi® = 1.477(40) GeV

{

e cc be bb mi® = 4.863(55) GeV
multiplet g '
M- ":I.]-a'"r}' Epin| Pn ||mu ":15}""}' Ejin| Pn || mu ‘:]-I"Ir}' Ejin| Pn . .
Other notation of hybrid states
H, 115} 0.42 |0.16 |0.82[|7.48] 0.46 [0.13 [0.83[10.79] 0.53 |0.09|0.86 — -
(17=,(0,1,2)~*} 1JPC{s=0,s =1} EY
H! 1.51[0.34 |0.34]0.87[|7.76] 0.38 [0.27 [0.87[10.98] 0.47 |0.19]0.87 '
N(s/d);— =+ — 9)—+1 |5-
H, 1.28] 0.28 [0.24]1.00]7.58] 0.31 [0.191.00{10.84] 0.37 [0.13|1.00] Y&/ P2 Hy|11{177,(0,1,2)77"} (£, IL,
., (0,1,2)77} Npi— =t |1| {17+, (0.1.2)* )| &
H 1.67] 0.25 |0.42|1.00[|7.89] 0.28 [0.34 [1.00{11.06] 0.34 |0.23|1.00 1 2[1]{177,(0,1,2) u
H (0++,17=}  [4.59{ 0.32 [0.32[0.00[7.85| 0.37 [0.27]0.00[11.06] 0.46 |0.19[0.00f NPo— —(H3[0| {0FF, 177} Y.
Hy |{277,(1,2,3)" }[[4.37[ 0.28 |0.27]0.83]|7.65( 0.31 |0.22{0.84]{10.90] 0.37 [0.15|08T| N(p/2— =4 Hy|2| {277.(1,2.3)7 } |, 11,
H; |{277,(1,2,3)7%}[|4.48] 0.23 |0.33|1.00[ 7.73] 0.25 |0.27[1.00{10.95] 0.30 |0.18|1.00[  Nd,— —pH;[2| {27, (1.2.3)}| IL,
Hy |{37.(2.3.4) " }[4.57| 0.22 [0.370.85]|7.82| 0.25 |0.30{0.87|[11.01] 0.30 [0.20[0.89
Br , Langmack, Smith Phys. Rev. D. 90, 014044 (2014
Hy |{3++.(2.3.4)7}[l4.67] 0.19 [0.43|1.00[[7.89] 0.22 |0.35 [1.00[11.05| 0.26 [0.24|1.0pf e e, PR e e 01

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

12



Quarkonium hybrids: Spectrum

A- doubling: opposite parity states non-degenerate. Also
confirmed by lattice

Other notation of
hybrid states

JPC s =0,s =1}

]
EY

Comparison with lattice results:
MT:[}} v Charmonium hybrids
. H, —3—
[ H, == =
44 e —I— H;
[ H, o _I_
——
42t . N(s/d),— pH:
L Np;— —H:>
B S D,D, Threshold ___ Npo— —pH;
ol N(p/f)— 1H4
'__|____|____n____u____u____u____u____r___|____|____T___T__[lﬂrthirihlijlg__' Ndz_ _’H',
e L i e e

{177,(0,1,2)" 7}
[0+, 1t}

{277.(1,2,3)" "}

{2++,(1,2,3) "} |22,

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

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

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

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

Lattice data from
Hadron Spectrum collaboration JHEP 1207 (2012) 126

13




Inclusive Decays

Dozens of XYZ states have been discovered (mass and decay rates measured) but physics
still unknown.

Several theoretical models for exotic states but no general consensus.

Most of the exotic states discovered from decays to quarkonium. So, decays might provide
information on the structure of XYZ.

Consider the process: H,,, — Q,, + X; Hp,: low-lying hybrid, Qpn: low-lying quarkonium.
v A= my —mg Z 1GeV. For low-lying states, we observe that A > Agcp >»> mv?

v' Hierarchy of Scales: mv > A > AQCD > mv?

Start with pNRQCD eftective theory and obtain BOEFT by matching: Integrate out modes
of scale ~ Aand ~ AQCD'

14
N. Brambilla, W.K. Lai, AM, A. Vairo (in progress)



Inclusive Decays
* pNROCD Lagrangian:
LpoNRQCD = /d3 { /dg s"‘ (189 — hs) S + O (iDg — hy) o}
+ gTr [‘Jr " EO4+0Tr. . ESt —(JTT {E, 0}} + Ly [OTLQQ [B,O]}

4

gcr

L

_|_

Tr [s*(sl — S85)-BO+07(8; —83)-BS+0's;, BO-0'5,0.B } C’M,(‘*“”“}

_

 BOEFT: Potential term in BOEFT

BOEFT Hamiltonian

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

* Imaginary term in VS oft from 1-loop diagram in pNRQCD and then matching to BOEFT .

N. Brambilla, W.K. Lai, AM, A. Vairo (in progress)




Inclusive Decays
° pNRQ CD Lagrangian: N. Brambilla, W.K. Lai, AM, A. Vairo (in progress)
Weakly-coupled pNRQCD Lagrangian

LoNRQCD = fd R{ch’ S’r (id9 — hs)S + O (iDg — h,f,)o}

+ gTr [S*T-EO+OT1~-ES+ EOTT-{E’,O}} + Lo [otLgg - 1B,0]]

4dm

gcr

T

+ Tr [sT(sl —85) - BO+0%(8; —85)-Bs+0's; . BO—OTSEO-B} _ —G G“"’“

o

TR
=
AN
S

* Spin preserving decays * Spin flipping decays
* 1-loop diagram in pNRQCD contributing to Im VS oft N BOEI'T:
A Fal i ™

e e

- = .
= *

II"-.-"I ‘\.r" W A

Black dot: vertex of pPNRQCD Spectator glaon approximation example of ag correction




N. Brambilla, W.K. Lai, AM, A. Vairo (in

Inclusive Decays

progress)

Spin-preserving inclusive decay rate for H,,, — @, + X

_ 4 ;,-T _,
T(Hp = Qn + X) = ——F Z| . Z f dE / dE' f},(E)gl, (E

x4mt)ﬂbwnm+5ﬁ+Em—E)3

L(B)=| | drail(r)@,
Depends on several fmq(E) / r Wy, (1) b,q(r)] R, . :/‘dg’rfbﬂ;(r)fbg(r)

Overlap tunctions: P . o
i (E)= | [ d*r el (@

4
o Double integral over the energies E, E of the octet wave function CD% q

o Depends on overlap function of singlet w.f ®; and quarkonium w.f CD% :

, 3
o Last factor (A + £/, +E /, —ES )" ~ A3 parametrically. (A= my —mg)

o Above result different from the one in R. Oncala, J. Soto, Phys. Rev. D96, 014004 (2017). 17



N. Brambilla, W.K. Lai, AM, A. Vairo

Inclusive Decays (n progress)

Spin-preserving inclusive decay rate for H,, — Qn + X

4 .;T )
I'Hm = Qn + X) Sead Z‘ . Zde/dE j?,mj,(E)g-{‘;ﬂ(E

x g’} (E")f.ﬂqf(E")(A +E/2+ E'J2 — E5)3

q'n

Assumption:

f,flq(E) #OonlyforE,, ~ E + A hym = 1 and ET% ~ ES,

Spin-preserving inclusive decay rate for H,,, — Qn + X

dosT
D(Hpm — Qn + X) = T E (B — ER)3 T (T9)*

TY = [dg’*r U (p)rd ®9 (1)

o Above result looks similar to the one in R. Oncala, J. Soto, Phys. Rev. D96, 014004 (2017). In general has
tensor structure TY that agrees with J. Castella, E. Passemar, arXiv:2104.03975. 18



N. Brambilla, W.K. Lai, AM, A. Vairo

Inclusive Decays

(in progress)

Spin-preserving inclusive decay rate for H,;, — Qn + X

4&3 TF

I'(Hp = Qn+ X) = (B — EQ)3TY (T%)*

3N,

TY = /d‘?’r Ui (p)rd ®Q (1)

o R. Oncala, J. Soto, Phys. Rev. D96, 014004 (2017): only diagonal elements T are considered

Inclusive decay rate for H,, — @ + X computed by Oncala and Soto

4&3 TF

= (B — BR)* T (197)"

POncala(Hm N Qﬂ, 4 X) _

— E—

o T" leads to selection rule: TIybrresutiasp(H,) where L=J don’t decay to quarkonium.

—

o TY: allows for the decay of Np; (H,) hybrid decays. y



Pretlméwarg Results

N. Brambilla, W.K. Lai, AM, A. Vairo (in progress)

mi® = 1.477(40) GeV

* Spin conserving decay rates for Charm hybrids:
mit® = 4.863(55) GeV

ML;— NL || AE (GeV) | as (AE) | /T4 (T%)* (GeV ™) I' (MeV)
charmonium hybrid decay
1po — s 1.598 0.291 1.432 543.03 + 114.91
1py — 25 1.101 0.346 1.550 246.33 + 61.34
2p0 — 15 2.063 0.266 0.137 9.68 + 1.90
2po — 25 1.566 0.294 2.101 1108.97 + 236.71
3pg — 1s 2.482 0.249 0.005 4.62 + 0.86
Decays not | 3po—2s 1.984 0.269 0.009 0.04 + 0.01
Howced Ip; — s 1.295 0.320 2.366 863.911 + 200.122
R. Oncala, J. Sofo, 2p1 — 1s 1.675 0.287 0.705 148.85 4+ 31.05
Phys. Rev. D96, = 2p1 — 25 1.178 0.335 2.843 983.00 + 237.41
014004 (2017) 3p1 — 1s 2.044 0.267 0.311 48.77 £ 9.60
3p1 — 25 1.547 0.296 0.711 123.15 4+ 26.42
| 1(s/d); — 1p 0.844 0.398 5.268 1475.13 £ 416.36
2(s/d); — 1p 1.196 0.332 3.051 1174.56 + 281.83
A(s/d); — 1p 1.563 0.295 1.633 667.04 + 142.47

: : : 20
* Error bars from higher order corrections in a;.



PY@LLM?«WQ Y% R.CSMLtS N. Brambilla, W.K. Lai, AM, A. Vairo

(in progress)

* Spin conserving decay rates for Bottom hybrids:

MLy — NL || AE (GeV) | oy (AE) | /T%(T%)* (GeV ™) I' (MeV)
bottomonium hybrid decay
1pg — s 1.605 0.292 0.732 143.56 + 30.34 | mi” = LAT7(40) GeV
1po — 25 1.218 0.329 1.295 221.67 + 53.75 | m/* = 4.863(55) GeV
200 — 1s 1.892 0.274 0.245 24.78 + 4.99
200 — 25 1.505 0.299 1.029 240.13 + 52.12
200 — 33 1.219 0.329 1.822 439.98 + 104.66
3po — 1s 2.156 0.262 0.132 10.18 + 1.97
3po — 25 1.769 0.281 0.202 14.04 + 2.88
dpy — 1s 2.403 0.252 0.084 5.46 + 1.02
dpy — 2s 2.017 0.268 0.117 6.70 + 1.32
dpo — 3s 1.731 0.283 0.124 5.02 + 1.04
Decays not [ 1p — 1s 1.386 0.310 1.082 215.01 + 48.07
allowed in 2p1 — 1s 1.600 0.292 0.645 110.48 & 23.37
Phys. Rev. D96, 3p1 — 1s 1.810 0.278 0.395 57.39 4+ 11.70
3p1 — 25 1.424 0.307 0.417 75.48 + 16.78
014004 (2017) [ 20s/d), > 1p || 1214 0.330 1.358 541.76 + 57.62
3(s/d)y — 1p 1.410 0.308 2.125 866.35 & 193.37
3(s/d)y — 2p 1.126 0.342 1.827 362.30 + 89.30
* Error bars from A(s/d)y — 1p 1.445 0.305 3.406 2371.45 &+ 523.723
higher order A(s/d)y — 2p 1.161 0.337 3.864 1750.64 + 425.58
corrections in ;. 5(s/d); — 1p 1.620 0.290 0.467 41.51 + 8.75 -
5(s/d)1 — 2p 1.336 0.316 1.347 303.21 + 69.28




II]Clusive Decays N. Brambilla, W.K. Lai, AM, A. Vairo

(in progress)

o Result for spin-flipping decays due to S. B term:

Spin-flipping inclusive decay rate for H,,, — Qn + X

4o T2 » .
D(Hm — Qn + X) = ——E T4 (T9)*(Ep, — EQ)?
SNCmQ

7 = [ drwii(r)sieR
* Spin-lipping decays implies |Sy = 1> ——> |S; =0>& |Sp =0>—— |55 =1>

* Above result agrees with J. Castella, E. Passemar, arXiv:2104.08975.

o Qm — Q, + X spin-flipping decays: Decay rate suppressed by additional (r - E)* ~ v?
vertex factor.

22



Pretlméwmg Results

N. Brambilla, W.K. Lai, AM, A. Vairo (in progress)

* Spin flipping decay rates for Charm hybrids:

ML, - NL | AE (GeV) | as (AE) ?1(1\&9\0/)) %l\f\g
Charmonium hybrid decay
mBS — 1.477(40) GeV 1po — 1p 0.993 0.365 | 35.60 £ 9.30 | 106.81 & 27.90
o 2po — 1p 1.426 0.307 1.44 + 0.32 4.31 & 0.96
my” = 4.863(55) GeV 200 — 2p 0.952 0.373 | 31.34 +8.35 | 94.03 + 25.04
3po — 1p 1.804 0.279 0.41 £ 0.08 1.22 + 0.25
3po — 2p 1.330 0.316 1.52 + 0.35 4.56 + 1.04
1p1 — 1p 0.653 0.467 | 46.57 £ 14.75 | 139.72 + 44.24
2p1 — 1p 1.018 0.360 | 14.51 +3.75 | 43.53 + 11.24
2p1 — 2p 0.544 0.531 | 26.13 £ 9.03 | 78.39 & 27.08
3p1 — 1p 1.369 0.312 5.69 £ 1.29 | 17.07 & 3.86
3p1 — 2p 0.895 0.385 | 10.97 £3.01 | 32.90 &+ 9.03
1(s/d); — 1s 0.944 0.374 | 74.98 + 20.05 | 224.95 + 60.16
2(s/d); — 1s 1.288 0.321 | 3251 £ 7.55 | 97.53 & 22.65
2(s/d); — 2s 0.678 0.455 | 18.86 & 5.87 | 56.57 & 17.61
3(s/d); — 1s 1.624 0.290 773 £1.63 | 23.18 + 4.88
* Error bars from 3(s/d); — 25 | 1.014 0.360 | 1.04+0.27 | 3.1+ 081
higher order A(s/d); — 1s || 1.650 0288 | 7.35+ 1.54 | 22.06 + 4.62
corrections in Q. A(s/d); — 2s 1.040 0.356 38.86 + 9.93 | 116.58 + 29.80 >




* Spin flipping decay rates for Bottom hybrids:

Error bars from
higher order

corrections in Q.

Pretlmiwarg Results

N. Brambilla, W.K. Lai, AM, A. Vairo (in progress)

ML; — NL || AE (GeV) | as (AE) F(l (i\/[g;]) F(O g/[‘i;f)
Bottomonium hybrid decay
Ipg — 1p 1.103 0.346 3.94 + 0.98 11.81 + 2.94
2po — 1p 1.391 0.310 0.54 + 0.12 1.61 4+ 0.36
2po — 2p 1.034 0.357 2.95 + 0.76 8.84 £+ 2.27
3po — 1p 1.643 0.289 0.19 = 0.04 0.56 £ 0.12
3po — 2p 1.286 0.321 0.50 + 0.12 1.49 £+ 0.35
dpy — 1p 1.872 0.275 0.09 £+ 0.02 0.28 + 0.06
dpg — 2p 1.515 0.299 0.19 £+ 0.04 0.57 = 0.12
dpg — 3p 1.226 0.328 0.45 + 0.11 1.35 £ 0.32
Ipy — 1p 0.853 0.396 6.32 = 1.77 | 18.96 £ 5.32
2p1 — 1p 1.062 0.352 3.22 + 0.82 9.67 £ 2.45
2p; — 2p 0.705 0.444 1.99 + 0.61 5.97 + 1.83
3p1 — 1p 1.266 0.323 1.62 + 0.38 4.85 + 1.13
3p1 — 2p 0.909 0.382 2.16 = 0.59 6.47 £ 1.76
1(s/d); — 1s 1.247 0.326 8.62 £ 2.03 | 25.86 £ 6.09
2(s/d)y — 1s 1.443 0.305 595+ 1.31 | 17.84 £ 3.94
2(s/d)1 — 2s 0.876 0.390 0.56 + 0.16 1.68 + 0.47
3(s/d); — 1s 1.642 0.289 3.56 = 0.75 | 10.67 £ 2.24
3(s/d)1 — 2s 1.075 0.350 0.95 + 0.24 2.84 + 0.71
A(s/d)1 — 1s 1.713 0.284 0.50 = 0.10 1.51 £ 0.31
A(s/d); — 2s 1.146 0.339 2.56 = 0.63 7.68 & 1.88
4(s/d); — 3s 0.799 0.411 0.37 £ 0.11 1.12 4+ 0.32

RS
m,.

m E’:f' 5

= 1.477(40) GeV
— 4.863(55) GeV
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Charm Hyébrids: Spin ﬂipping Decéys
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PYBLLMLW“ Yg Res MLtS N. Brambilla, W.K. Lai, AM, A. Vairo (in progress)

Spin-preserving inclusive decay rate for H,, — @, + X

D(Hp = Qu o+ X) = 52 5 o Z / 4E [ dB' iy (E)g} ()

X géTn(E Vo (B )(A+ E/2+ E'/2 — E3)3

frg(B)= | [ @ @iﬁ(ﬂ@%m)]

Depends on several Ryt = /di”'qﬂ 5T (r)DR (1)

Overlap tunctions:

o e)= | [ ot mrien)]
1 a

4
o Double integral over the energies E, E of the octet wave function CD% q

o Depends on overlap function of singlet w.f ®; and quarkonium w.f CD% :

, 3
o Last factor (A + £/, +E /, —ES )" ~ A3 parametrically. (A= my —mg)

o Above result different from the one in R. Oncala, J. Soto, Phys. Rev. D96, 014004 (2017). 29



PreLLm’m,arg Results

N. Brambilla, W.K. Lai, AM, A. Vairo (in progress)

* Spin conserving decay rates from general decay rate: mES = 1.477(40) GeV

mi® = 4.863(55) GeV

MLy;— NL || AE (GeV) | as (AF) rever (MeV)
charmonium hybrid decay

1po — 1s 1.598 0.291 305.64 + 64.68
1pg — 2s 1.101 0.346 29.04 £+ 7.23
2pg — 1s 2.063 0.266 2.07 + 0.41
2pg — 28 1.566 0.294 43.18 £ 9.22
3po — 1s 2.482 0.249 26.59 + 4.93
3po — 28 1.984 0.269 30.94 + 6.14
1p1 — 1s 1.295 0.320 993.15 + 230.06
2p1 — 1s 1.675 0.287 17.82 4+ 3.72
2p1 — 25 1.178 0.335 204.18 + 49.31
3p1 — 1s 2.044 0.267 80.74 £+ 15.89
3p1 — 2s 1.547 0.296 92.86 & 19.92

2(s/d); — 1p 1.196 0.332 125.1 £ 24.7

4(s/d)1 — 1p 1.563 0.295 336.72 £ 42.0

* Error bars from higher order corrections in a;.

* Lower value of decay rate due to overlap functions that depends on octet & singlet wave-functions. 30



PYELLM?«V\/a Y8 RCSMLtS N. Brambilla, W.K. Lai, AM, A. Vairo

(in progress)

* Spin conserving decay rates for Bottom hybrids:

ML; — NL || AE (GeV) | as (AE) | To° (MeV)
bottomonium hybrid decay mES = 1.477(40) GeV
1pg — 1s 1.605 0.291 108.59 4 22.95 mi® = 4.863(55) GeV

1pg — 2s 1.218 0.329 50.33 = 11.98

2po — 1s 1.892 0.274 18.84 + 3.79

2po — 28 1.505 0.299 154.66 £ 33.57

2po — 3s 1.219 0.329 42.19 4+ 10.04

3pg — 1s 2.156 0.262 11.13 & 2.16

3po — 2s 1.769 0.281 24.96 4+ 5.12
. dpg — 1s 2.403 0.252 5.87 £ 1.10

Error bars from higher order Apo — 2s 2.017 0.268 | 34.13 + 6.74
corrections in Q. 4po — 3s 1.731 0.283 | 16.17 + 3.34
1p; — 1s 1.386 0.310 78.14 £ 17.57

2p1 — 1s 1.600 0.292 31.15 + 6.59

Lower value of decay rate due 2p1 — 28 1.213 0.330 | 124.88 &+ 29.77
to overlap functions that 3p1 — 1s 1.810 0.278 17.85 £ 3.64
depends on octet & sing]et 3p1 — 2s 1.424 0.307 27.11 + 6.03
wave-functions. 2(s/d)1 — 1p 1.214 0.330 | 43.0 £ 10.87
3(s/d)1 — 2p 1.126 0.342 13.9 + 3.54

A(s/d)y — 2p 1.161 0.337 | 236.5 & 43.20

5(s/d)1 — 1p 1.620 0.200 | 52.69 £ 12.72

31



Summary/Outlook

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

o General formula for the Hy, inclusive decay based on overlap functions:
7T N 50

Inclusive decay rate for H,,, —+ @, + X

F( m —>Qn—|—X 4aSTF Z|h’nn | Zde/dE frrz,q(E qqn(E)

)fm J(E"Y(A+E/2+E'/2—E3%)>

' (E
c; T )

o Computed preliminary results on decay rates for spin-flipping and spin preserving decays.

o Future and ongoing work includes:

* Computing decay rates using the formulae based on overlap tfunctions.

* Quantifying errors in the decay rates & comparing with the PDG data for observed exotic states.

* Exclusive decays: H = Qmm and include effect of mixing with excited quarkonia Q" —» Q + X .

* [Extending this analysis to study Quarkonium tetraquarks. Th @ m k y@ M g g 32
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Quarkonium hybrids: Spectrum

* Comparison with Experimental results:

JPC s =0,s =1}

0

]

]

{(177,(0,1,2) 7} |E

{177,(0,1,2)7}

[0++,1t)
{2++,(1,2,3)+}
{27—.,(1,2,3)" "}

Mass(GeV) Charmonium hybrids
“):_ — .
L H,
H,y
sal
F H, — ef—
I —— Hy'
42k i— =
“’I_____l e oo DD Thrcshold
asf
e e e o SRR
XY
3.-1:-
. Yi4008)[177] Yid2200[177] Yid260)[177] Y(4140)[7"7] (4160777 X(43500[0/27F]  X(4360)[17] Xid463M[177] Yid660)[177]

* Uncertainty in hybrid result (the bands) from gluelump masses

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

HBOEFT = /dgm/d3RTr [H” (h 64 + Voft) H:f]

met = A+ b9r? 4.

A = gluelump mass (= 0.87(15) GeV for lowest lying kK = 17~ gluelump)

For two insertions of the r - E vertex, the contribution to the two-point function is

I;:?) (r,R, v , R

T/2 . . .
— him 2 TF /‘ / g [* gt o—iho(T/2—t) k_—ihg(t—t') 1_—iho(t'+T/2)
T— o0 Ne J—Ty2 T/2

x (0|G*(T/2)6"" (T /2, ) EFP (1) E' (¢") o (¢, =T /2) G4 (=T /2)(0)18% (r — #)6° (R — R')

To seperate the scales A and Aqcp, write E = Ey, + Es, Ej, ~ A, Es ~ Aqgcep.
Replace E by E} to get the leading contribution.

(01G*(T/2)¢*" (T /2, ) EFP (1) B} (t) oY (t, —T/2)G7*(~T/2)|0)

= (0|G**(T/2)6"" (T /2, )¢ (t', =T /2)G7 (=T /2)|0) (0ER® (t) E}S (')]0)
=(0|G*°(T/2) (T /2, )" (', —T/2)G7 (=T /2)|0 il d’k klo—ilkl(t—t")
=(01G™(T/2)¢""(T/2,)6"" (¢, ~=T/2)G7* (= T/2)|0) — /(%)Bl le

§FY i Ai—th ib ab b d’k |k (t—t")
~ et (0|GH (T /2)6%0 (T /2, —T/2)G (—T/2)|O}f Gy le '
w

L /
_s5id 2 Jin(t—t —1)/ ke —ilk|(t—t’
3 (271')3

Decay Rate: Calculation

Details.

N. Brambilla, W.K. Lai, AM, A. Vairo (in progress)
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Inclusive Decays

It is interesting to see how f} (E)= [f d3r ‘Iffvjt('r)@% q(r)] looks like as a function
of E:

] N. Brambilla, W.K. Lai, AM, A. Vairo (in progress)
Ho-multiplet, [ = 1, JP¢ = [17F,(0,1,2)7 ]

H>(4145):
1py overlap integral 1py hybnd, Mass: 4.14542
Gluelump-subtracted Eigenenergy. 0335416
Integral 2 — Hybnd
) - Expected peak: 0.325416 , i Octet, Expectad
0 g : 20 = A0 1t extrema = 0.190666 . Octet, 15t extrema
' 10 15 20
01
.. i ; . . —1
Radial integral of f, (E) vs E (GeV) Radial hybrid wave function vs r (GeV ™ )

@ The actual peak is slightly off (at a lower F) from the expected peak at
E=F,, —A.

@ The peak is broad, with width ~ 1 GeV. The assumption that f! (E) is

mq
nonzero only when E,, =~ E 4+ A is not true. 26



Quarkonium spectrum

nL || Moz | Eep || My; | Eowp
1s || 2991 | 3068 || 9460 | 9445
2s || 3489 | 3674 || 9847 | 10017
3s || 3894 | 4039 || 10133 | 10355
4s || 4251 | 4421 || 10379 | 10579
5s || 4577 | 2 || 10602 | 10876
1p || 3311 | 3525 || 9762 | 9900
op || 3736 | 3927 || 10046 | 10260
3p || 4106 | 7 || 10295 | ?

dp || 4441 | 2 || 10521 | 2

5p || 4751 | 7 || 10731 | 2

N. Brambilla, W.K. Lai, AM, A. Vairo

(in progress)
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Ex. bf Chanh Hybrids: Spin éonservihg Decajrs
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