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Exotic Hadron

* Quark Model: Mesons or Baryons

* QCD spectrum: more complex structures (EExotics)

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

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

v" Exotic quantum numbers:

= JPC= 0~7,0%t", 17 % 2%~ etc. are exotic

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

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

For review see Brambilla et al. Phys. Reports. 873 (2020)
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* X(8872): First exotic state discovered in 2008 by Belle. © = ' 17 07 17 2

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

e Dozens of XYZ mesons discovered since 2003.
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Exotic Hadron TI.ITI

* Multiple Models for Exotics:
It's a : :
Fan! Major challenge to understanding of
an.
~ f 3 QCD spectrum!!!
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’ . - Figure from Eric Braaten talk:
\ Hybrid ) It’s Charm 2020 conference
a Snake!

Pentaquark

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

ybrids (QQg): Extension of quarkonium. Isospin scalar exotic state. Focus of this work.
3

Use EFT + lattice for describing hybrid



Exotic: Hybrid candidates

State State . PC
(PDG) (Former) M (MeV) T (MeV) J 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 aTaT J/ib, 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 :IT+17_+11|",‘(QS], ATAL,
X (4660) D D,1(2536)
Ye1 (4685) ¢ 4684722 12675 1t 6.J /¢
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 2473 177 7Y (15,28, 3S5),
7t 7~ hy (1P,2P),
PDG 2022 (see PDG listings)

v" Isoscalar neutral meson states above the open-flavor

thresholds

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.

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

M. Ablikim et al, arXiv:
2211.08561.

Brambilla, Lai, AM, Vairo arXiv:2212.09187

TUTI

v" Candidates based on mass and quantum numbers.

R. Aaji et al, Phys. Rev. Lett. 127, 082001



Hybrids: BOEFT

TUTI

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

* Hierarchy of scales in hybrids:

light d.o.f.

(2) ()

-
r~1/muv

% Mass of heavy quark: m

% 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

% Heavy Quark K.E scale: muv?

A

Y

~ l/f’\QCD

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) 5



Hybrids: BOEFT

TUTI

* Hierarchy of scales in hybrids:

Scale

Y

[/ o light d.o.f. eeb -
1
im > mv 2 Aqcp > muy) (<) () —
-~ pNRQCD
. . . 1 1 r~1/muv -
* Time-scale for dynamics of QQ:|~ 0 > A — Mo
QCD B - BOFEFT
~ 1/‘\0(119 - m?
Born-Oppenheimer Approximation

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

 Born-Oppenheimer EFT (BOEFT): EFT for hybrids. Describes physics at the scale mv?~.

QCD — NRQCD — pNRQCD/BOEFT
* BOEFT: Extension of pNRQCD 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) 6



BOEFT: Quantum #,S Tu-"

* Static limit (m— ): heavy quarks are fixed in position. ‘;‘
Q Q
* BOEFT potentials ( Vp(r)): Potential between 2 heavy quarks given by
energy of LDF (light quarks, gluons) known as static energies

* Vr(r): I labelled by cylindrical symmetry (Dyp) representation (diatomic molecules):

v" Absolute value of component of angular momentum of light d.o.f j
|7 Kiight| =A=0,1,2, ......(or 5, ILA, @, .....)

v" Product of charge conjugation and parity (CP): L— F — AU
n=+1(g), -1 n

v' a: Eigenvalue of reflection about a plane containing static sources.
—

— Kjj —
o=P (_1) light = il Braaten, Langmack, Smith

Phys. Rev. D. 90, 014044 (2014)

* r— 0: dynamics independent of relative coordinate r. Characterized by spherical symmetry:

Labelled by gluon quantum #'s « = k7.

Brambilla, Pineda , Soto, and Vairo Berwein, Brambilla, Castella , Vairo

Nucl. Phys. B566 (2000) Phys. Rev. D. 92, (2015), 114019 7



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 Michealf(é}'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



BOEF' I ' Brambilla, Lai, AM, Vairo arXiv:2212.09187

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

* BOEFT Lagrangian:

LeoerT = Ly + Ly, + Lnixing;

2 .
Quarkonium: Ly = /d3R/d3r Tr \IJT(r, R, t) (i@t 4+ & _ pr(r)) U(r, R, t)] Trace over spin indices.
maq
i 3 3 T ~ i V% i
Hybrid: Lg,, = [ dR [ d’r Z Trq U, (r, R, ) |10y — Virn (r) + P v | Yen(r, R, 1)
KAN m
Hybrid-Quarkonium mixing: Lnixing = — /dSR/ dBr Z Tr [\IJT Vﬁrr;\ix kA T h.C.] r: relative Coor.dinate
KA R: COM coordinate

Hybrid-Quarkonium mixing: Hybrid states in the same energy range as quarkonium can mix (same
quantum #’s). O (1/m) term in BOEF'T.

No lattice calculations on mixing potential. Current work, ignore mixing, KH;X = (

More details on mixing, see Oncala & Soto, PRD (2017).



BOEF' I ' Brambilla, Lai, AM, Vairo arXiv:2212.09187

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

* BOEFT Lagrangian:

LeoerT = Ly + Ly, + Lnixing; —
P.;: Projection operators of
light d.o.t along heavy

V2 quark-antiquark axis. For
Quarkonium: Ly = /d3R/d3r Tr|¥(r, R, t) (i@t + m—T — Vq;(?“)) U(r, R, t) quarkonium it is Identity.
Q
. v2 Ell LN
Hybrid: Lg,, = /d3Rfd3r Z Tr {\I’LA(I‘, R, 1) [i@t — Vi (1) + P,?; —3 ;’)\,3 U (r, R, t)}
KAN mQ;llll Ii-/ — 1_|__

Hybrid-Quarkonium mixing: L yixing = — /dSR/ d’r Z Tr [‘IJT V,S\ix kA T h.C.]
2 A=0,+1

Hybrid-Quarkonium mixing: Hybrid states in the same energy range as quarkonium can mix (same
quantum #’s). O (1/m) term in BOEF'T.

No lattice calculations on mixing potential. Current work, ignore mixing, KH;X = (

More details on mixing, see Oncala & Soto, PRD 96 (2017).
10



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

LpoerT = Lw + Lw,, + Lnixing;

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'm + ...
Q
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

Phys. Rev. D. 101, (2020) Phys. Rev. D. 99, (2019) 11



BOEFT: Hybrids

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

TUTI

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

Schrodinger equation

it V2

P + Vﬁ)\)\f (T‘)] \1’2‘)\, (7‘) — En\l'z’)\(?")

P Zep
i k=1~ . : PC , T
r Multiplet J Mezg || Mg,
A=0,%1 H, 4155 [[ 10786
Hi |{177,(0,1,2)""}|[ 4507 |[ 10976
HY A812 ([ 11172
Hos 4286 || 10846
Hybrid H% {177,(0,1,2)7 "} 4667 :l:l(lGC'
Spectrum: H) 5035 [[ 11270
Hs 4590 [ 11065
Hj {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)

A- doubling:
__ opposite parity states
non-degenerate.

Brambilla, Lai, AM, Vairo arXiv:2212.09187

12



Mass (GeV)

BOEFT: Hybrids

Charmonium hybrids: comparison with experimental results:

[|JFC s =0,s =1}

1 {177,(0,1,2)" "}
0 {0t+,17—}
2| {2++,(1,2,3)7}

21{27.(1,2,3) "}

1[{17.(0,1,2) "} |z

50r _]_H
Hi‘
I —
4.8 - H; T
B r
4.6 ‘ ...........
: H2 + P e
44~ ey
_ H, — . i
: '''''''' =~ el H5
4.2+ * H
- ﬁ 4
40+ -
L DD threshold
3.8+
DD threshold
- ————— X (4160): e ~ " preferred :
| I | : | | | | | | | | | | | |
'M47-3") I X(4160) IX 1(41403 Xe1(4274) P(4360) $(4390) Y(4500) (4660) X(4630) Xe 0(4500) xo(4700)  X(4350) .1(4685) Y(4710)
[17] 177] [177] [177] [177] [274] [0%7] [0%7] [(0/2)*"] [1++] 1]

L---'

PDG 2022

Brambilla, Lai, AM, Vairo arXiv:2212.09187

13




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

14



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 15



BOEFT: Hybrids TUT

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

Results agree within error bars

Bottomonium hybrlds my = 391 MeV

AT o e = 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 | 0
S [|JPC{s=0,5=1}| EY
185 — &= (]
- _ = Hi|1|{17,(0,1,2) "} |=,, I,
150 =7 Ho|1{{17F (0,1,2)""}| 1L,
N = - H4|0 {0F+, 17} X
Hy|2({277,(1,2,3)7 }|E,, 11,
170 = dominant. & H' 2 {2__ {1 2 ? _+} [—I
m,, = 9398.7 MeV @-~w 1,2,3) " u
_ - D0 ~ daa
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 16



10.95 T T T

BOEFT: Hybrids

Including spin-dependent hybrid potentials:

10.90

10.85

10.80

10.75

Mass (GeV)

10.70

10.65

nH; multiplets

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

10.55 Our results E=E2=23

Brambilla et al. EESs

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

Brambilla, Lai, Segovia, Castella, Vairo

Phys. Rev. D. 101, (2020)

Mass (GeV)

11.05

11.00

10.95

10.90

10.85

10.80

10.75

10.70

10.65

10.60

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 7
Brambilla et al. =S
HS5C E===3

1+ ot 1" ot

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

Seto, Valls, arXiv 2302.01765

l JPC{S =0,s =1}

Hyf2[{27.(1.2.3) } [

5|2 {2__?[1?2?3)__'_}

{177,(0,1,2)" T} |2
{1,(0.1,2)*"}
{o++ 1t}

Our results refer to
Soto & Valls
arXiv 2302.01765
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Hybrid Decays
* Several exotic states discovered from decays to low-lying quarkonium.

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

Energy scale related to decay
-1 _
v AE: Large energy difference > AE = Ey  — Eg_ % 1GeV. Ay = [(Qnlr|Him)l

v" Assume hierarchy of scales: A, > AE > AQCD > mv?
* 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 D(Hy — Qn) = —21m (Hp, [V[Hp) : Decay to states
n

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

Brambilla, Lai, AM, Vairo arXiv:2212.09187 18



Hybrid Decays

TUTI

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

hybrid and quarkonium:

~ 8luov\ AE= 1=, - Eg

r B A "

Color configuration of QQ pair:

Quarkonium ===== > Singlet

Hybrid ====- > Octet
\ J

P
| Y ]
octet single octet

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

Brambilla, Lai, AM, Vairo arXiv:2212.09187 19



Hybrid Decays

* H,, - Q,+ X : AE (energy gap) >> Aqcp: gluon resolves color configuration of QO pairTI'r"

in hybrid and quarkonium:

\\7 8[UOV\ AE: 'E.um" E&M

4 _ )
Color configuration of QO pair:
Quarkonium ===== > Singlet Brambilla, Lai, AM, Vairo arXiv:2212.09187
Hybrid ===--- > Octet —

\_ J Y J

* Hybrid decays to heavy meson pair threshold states: AE < Agcp

Selection rules: Hybrid decays to two S-wave mesons forbidden!

H,_ - DX DX

Kou & Pene, Phys Lett B 631 (2005) Page, Phys Lett B 407 (1997) Farina, Tecocoatzi, Giachino, Santopinto & Swanson, Phys Rev D 102 (2020)

Kou & Pene: Selection rule violated by 1/m dependent terms like hybrid-quarkonium mixing
Kou & Pene, Phys Lett B 631 (2005)

Computing decays of hybrid to threshold states in BOEFT framework ? 20



Hybrid Decays

TUTI

 pNROCD Lagrangian: d.o.f" are perturbative singlet & octet fields and gluons of energy scale mv?.

Weakly-coupled pNRQCD Lagrangian |

_ 3 3 t /. . T _
S  SL/VND LPNRQCD_'[d R{‘/.d T‘(TI‘ [S (i8y — hs) S + OF (iDg ho)o}
— Naqa . 1
O=0"T"/\/TF + gTr [STT-EO—}—OTT-ES—}— —OTT-{E,O}} + iTr[oTLQ@ 1B, 0]
2 dm
1
+ ZE 1r [st(8, — 82) - BO+0Y(81 - 82)- Bs+0fs; . Bo - 0fs,0.-B] - ZG?‘“,G“”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 21



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 22



Hybrid Decays

pNROCD Lagrangian:

TUTI

Weakly-coupled pNRQCD Lagrangian

pNRQCD_/d R{/dS sf(g.a.;,—h)SJro"‘(q,DD—h)o}

+ gTr [s*r "EO+0Oir-ES+ ~0Otr. {E,O}] + [OTLQ@ : [B,O]}
2 4m

1 "y
4+ I°F +ofs;, . Bo-0ts,0.B| - ~g* grval
m g kY

F
o

* Spin preserving decays [0(1‘2)] * Spin flipping decays [0(1/m2)]

Brambilla,

Lai, AM, Vairo arXiv:2212.09187

23



Hybrid Decays

of Spm conserving dkcay due tor - E term : TI'I."
T T :
F(H — Q ) 2 4@3 (AE) TF Tij (T’U)T AEB : Decay to open-flavor threshold
- " 3N, : states not accounted here,
Sp=1>——|Sg=1> T = (Hy|r?|Qu) = [ d*r ol (x)r! 92 () |
H Q (m) (n) Ui Hvbrid wf
ISy =0>——>[S; =0> (m) + Hybrid w
(Hp,|71Qy) = A/ TH(TH)?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 Y



RCS l/(,LtS Brambilla, Lai, AM, Vairo arXiv:2212.09187

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

v" Decay to open threshold states not accounted !!!!

!

Our estimate of decay rate are lower-bounds for the total width of hybrids

!

For exotic states (which are possible hybrid candidates), our results sets
lower-bounds on the inclusive widths ot physical states.
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I' (MeV)

320

280

240

200

160

120

80

40

3

o

O PDG B H3(4590)

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

A Ho(4667)
W H(4812)

Results
Comparison: charm exotic states with corresponding charmonium hybrid state: TI-I."

-

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.

P(4230)
177]

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

X(4630) Xc0(4500) x(4700) X(4350) yx.,(4685)
[(1/2)~*] "

Y(4710)
[177]
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Res !/(_L'ts Brambilla, Lai, AM, Vairo arXiv:2212.09187
* Hybrid-to-quarkoniunium transition widths: TI-I."

Could have a
T (0) f—————
320 - e =002 1 B fm————— — ———— — — — i T — =4 signiticant hybrid
HH{. 0.1 L L) O PDG W H3(4590); + | _——*2F g // component.
Hol1| {1+, (0,1.2)"~ IL,, I ! - =T -
oL m H;(4155) B H,(4367) - == 4 e
280 |myfo|  fort 1+ b B B —— - : I £y N\
Hy(4286) A H (466?)' -1 -~~~ ] ! o
ml2| 2+, L2y so, | - 2( ) : ////// i : : :
- |
a0~ |mlele .z )| n | m_H@507) m H; (4812) : I I-=
- _ - /=/ 17 1 : | Decay to open-threshold
i---‘-TI _ - _ - - : ! : states could be significant or
200 ! : = - _ - ! : ! : expected to be large (?).
— 3 | I 1~ _-=I___<_/l | & ! : Q !
% 160 - : : : :l : : : I : v' See Farina, Tecocoatzi,
§, I : : i : I ! : ! Giachino, Santopinto &
e : I ! :: ! : . | : I Swanson, Phys Rev D 102
I : I I 1 [ I I I _Z .
120 - I 1 : n : I : - I : (2020) for 1 hybl‘ld decay
L] : I - T 1 :: T i : : - I to threshold states.
I i i i - i
: ] ' i : P : |
80 - ! I : " [ : ! : § ! ! | v No information on
: : : :: : ! ! N I : branching ratio (BR) for
Q I : [ g : oo Po- ! ! | ! decays to threshold states in
40 - i : | :i | ! i ! i |k PDG.
4 I
B g Poon B & nE
1,PC _ | n 1 1 i I 1
0- | :J L 2 E—+ | 1 : | :: 1 : 1 I : 1 : L ! 1 | : ! :
(4230) | X(4160) 1 x:1(4140) Xer(4279)] ¢(4360)" .p(q-sgu]: Y(4500) (4660) | X(4630) | Xco(4500) Xo(4700) X(4350) x.,(4685)! ¥(4710) : 27
[177] : I7?+ ] : [1+4] 1] L_ l_;]_ll_il__.l ] (1] 1] : [(1/2)" ol [0F+] [0++] [(0/2)**) (1] | (1] I



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

L 1 ]

:¢(42:§0) I X(4160) | ¥.1(4140)
I B e B I L B L e € € e N e R e N V]

. - ]
320 Chin.Phys.C,46,111002(2022). === s -
- —— / 1| JPC{s=0,s=1}| EY
Recent BESIII result O PDG W H3(4590) -7 / II ts =l
|, — E— —4 —
280l for 1 (4230) decay: B H(4155) | H4(4E'6l)/; - -~ /// I Hy|1[{177,(0,1,2) " }|¥,. II
72 + 33 MeV - g Ho|1| {177, (0,1,2)7~ 11,
o e B H,(4286) x 15(4667) / / 1 T 01277
— - 4 Hslo|  {or+.1+} -
240 / - H;{4507)—~ @ H4(4812) m————lemm e / | -
/ _ - _-" LT T | | Hy|2[{2+F,(1,2,3)"} 27, 10,
/ - ~ I
w0, | - //// i i I Hsl2| 2. (1,23 )| m
—leT - : ! | o)
il ol
160
N | L Xeo(#500) &1co(4700)
3. R
120 : : : : : | - ! Decay to x.(1P) not seen !!!.
N ! I | T i : : : I Major contribution to
I : 1 - : : : : theoretical estimate from this
80 : : : I 1! : decay channel.
N - ] o
' I I
- I L 4 I b -
40 Q : : : g : : : : 1
A B | T
R S | L& .
: ! ' I 1 1
0 I I l - 1! :
‘ I I I I i
I
i

Xe1(4274) (4360) H(4390) ¥(4500) (4660)  X(4630) |Xc0(4500) )x.(4700

[0*7]

X(4350) ly.,(4685) Y(4710)

0] y[0/2)**] I 11+4 1]
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Results

Brambilla, Lai, AM, Vairo arXiv:2212.09187

TUTI

Comparison: bottom exotic states with corresponding bottomonium hybrid state:

I' (MeV)

50

40

30

20

10

: 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.

[177]

[177]

[177]

O PDG
B H;(10786)
i A H;(10976)
(o %
I i
i
P8 P8
- .
Y(10753) Y(10860) Y(11020)



Results

Hybrid-to-quarkoniunium transition widths:

I' (MeV)

50

40

30

20

10

Brambilla, Lai, AM, Vairo arXiv:2212.09187

~~7 | component.

Could have a m

> significant hybrid

[177]

[177]

[177]

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

P I = e e o e o e -~ /
1 - : : : e - / ‘/,\\
L : | 1 | _ 7~ / 3 ra
: : : : _ O PD G’ lm
1 |
| T seew =
[
L : : : /:, -~ - //A H1(10976) | Inclusive rate: 37 + 4 MeV. Branching
I - ' “ / fraction for d -b :
I I I - I . raction for decay to open-bottom mesons:
: Q : :/ A 1 ! T 76.6%. Decay rate to quarkonium: 8. Sf%jg MeV.
: : /I| : Good agreement with our lower-bound estimate
- ! ! : I y for H;[177](10786).
I : ! : /
i - v : V' N i // aH v Candidate for Y(55) state
[ I
- i : | .( Y(11020) & Y(10753)
1 I I || §
1 1 -
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
2 : - : L i - 106 (2022).
I Y(10753) | 1Y(10860) : Y(11020)
: l I :
! 1 8
' [
i |
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* 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 0(v)? compared to spin- conserving.

({QnlQm)|/m [(Qur|Qm)])? ~ v* < 1



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 32



Summary/Outlook

TUTI

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

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

1/(Qnlr[Hp)| > AE

T mmmmm—m—— 1
>iMqep > mu’,

pNRQCD and BOEFT matching

Neglect hybrids of higher gluonic excitations and mixing.

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[(17 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.

33



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: Hy, < Qy, = Q@ + X; n & m denotes quantum #’s

o Computing hybrid decays to heavy-meson pair threshold

o Extending BOEFT framework to study quarkonium tetraquarks (in progress).

BOEFT framework: Aim 1s to have unified framework for XYZ exotics !!l.

Thank you!!
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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




BOEFT

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

Brambilla, Lai, AM, Vairo arXiv:2212.09187 m

Quarkonium Potential: ns
Vio(r) = By (1), mBS = 1.477 (40) GeV

_ _Fg QQ mfS =4,
Viti(r) = En, (1) 5 6) = T Tt Eg = 4803 (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

(0|G% _ (R, T/2)¢™(T/2, —T/2)G?"_(R, —T/2)|0) = §7e AT

‘ : ' ' 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) 37



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

* Static limit (m— ): heavy quarks are fixed in position. Interquark potential given by gluon

conﬁguration.

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

K. Juge, J. Kuti, C. Morningstar, Results of nonperturbative

2 T T T T

Phys. Rev. Lett. 90 (2003) Gluonic Static energies from lattice:
PIoE. T e, Bali and Pineda Phys. Rev. D. 69, (2004)
atEl— B=2.5 N=4 ys. . U. 07,
a,~0.2 fm
0s | Gluon excitations N=3 . r | ,
s /-N=2
string ordéring g
' N=1 s
0.7 r . <)
N=0 <
ﬂ.a<
>
06 r A i
=
0.5 ‘[ﬁ]g- aglay = z"5 |
9 z=0.976(21)
5=
04 F 11 - " 1
short distance
degeneracie
0.2 0.4 0.6 0.8 1 1.2
R/ag r [fm]
0.3 : .

0 2 4 6 8 10 12 14



All states below the lowest open-charm DD

Exotic Hadrons: Charm

. | —
threshold are conventional hadrons > - o
o 4800
> [ Y(4660) 7 X700
Recently observed several new XYZ states — 4600 TET?l q;::
7 i -n-
T¢c(3875) Y(4710) Y(4500) X(4630) X 1(4685).... %f : vds) =730y X400 — PY(4450)
EREh = Y(4390 oy o Tel
4400 - — Y}43ﬁn; ;o p_ P (4380)
y J(4700) - y(2D i } te.. o .
oton) == 100k — Y220 S X@) T —7(4250)
oo [ — X(4160777 g\~ £ (4200) L m—X(4140) ",
154D D, Xco4500) Z,(4430) | - w(38) s J P /
.b.;.b.l.............._.(._..;.._.).ilj.[ - 4000 F _— — 2. @020) , x {IP} £:(4030) D*D
DDy SO oL G- 1 RSOOSR :_ X(3940) . | / .H:-I: " -—' { ]53-,-‘-,’ /
DD, w(4230) - - - Z(4200) | N7 2" (3900) e x{_v,g:rz) w (1ID)}— DD*
(4160) Xl Bo(4240)7 777 38001 JAS A\ T Lt , D“..m / TC
P 2,10) sy WY AT > DD
a0y HX2D0) P A ".' \ B .};*, // )
E DD Xal3SO0 352y T — 243900) 3600 ol ;i: h(1P) ™ %,(1P) Xy
B .pg_____i—lfi____________ T : A ] S sy T
oSS 1 sao0F M| i
" i RS
3.5} : L w07 5 = : i Ei J::":x":;{"t{'h
ol 1F) - bl [ va Sy
I X : 3200 I(1S)
I = - —
I " |  ( 18) Rev Mod Physics 90, 015003 (2018)
I Quajrl?il}llum States : Physics Reports 873 (2020) 3000 | -
I T
ol 208 1 i} -- +(- -

Hadrons in Charm sector:

TUTI

U t 1 1 t U t + 1 =+
JI"C

2+t 27~

0 1t

39



BOEFT: Hybrids

Comparison with lattice results (

my; ~ 400 MeV):

Mass(GeV i .
af_:{_ V) Charmonium hybrids

H, ::i:-
HI __:l_ +
+ e

4.0+

D, D, Threshold

LR

L . e e e e e e e e e e e e e . . — — — — — — m m — — — m m m  — m m mm  m m m m m mm mm m — —— — — ———

== o0* 1+ 27 1 0~ 1~ 2= 0 1 2* 1 2 3*

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

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

1|JPC{s=0,s =1} E

Hy|1|{177.,(0,1,2)" "} |, IO,
Ho|1| {177, (0,1,2)7"}| IL,
Hil0| {ot+, 177} I
Hy|2|{27+.(1,2,3)" } |E, 10,
H5|2|{277,(1,2,3) " }| IL

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

Brambilla, Lai, AM, Vairo arXiv:2212.09187
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Hybrid Decays
Connection with non-perturbative fields: quarkonium and hybrid inr — 0 TI-I."
S(r,R,t) = ZJ () U(r, R, t),

Fields: |
PHO™ (1, R, 1) GI4(R, 1) — Z1/2(x) Wr (v, R.1)
Potentials: EE; (r) = Va(r) + bz; r

Eg-n, (r) = Vo(r) + A+ bZ,Hf,r'Q 4. K: denotes quantum numbers

Gluelump mass definition:

(0|G _ (R, T/2)¢™(T /2, —T/2)G’"_ (R, —T/2)|0) = 67T

T/2 - ab
¢™(T/2,-T)2) = Pexp{—ig/ dt A2V (R, t)}

—-T/2

Eigenvalue of static NRQCD Hamiltonian
HoG'?(R.1)|0) = AyG'*(R,1)]0),

a 1
Hy = [d‘*Rg[E“ .E*+ B*-B"] .

41



* Spin-conserving:

'1

2g° T
I‘Incl - Rei_F
. 4045TF
m,q 3Nc

d3r f dt \IJ“T

d°1
(2m)°

Inclusive Decays

[zAtezhOt/Z,r,k6—zhst,r,kezhot/2/(

Using complete set of
octet and singlet states

1_‘Incl = Zrm,n’ + /

d?’ps

@m)°

I

m,ps

/

&
(2m)°

i k kY
m 1 glq g]’

ml’

N. Brambilla, W.K. Lai, AM, A. Vairo :in iroiressi

d’k
27)3

|k|e @|k|t}

il (A+ Bf /2 + EQ /2 — E2)®

W) (T

(r).

q=

(n, pS)l

42



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

Inclusive Decays in progress) T}

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

_ 4 ;r _,
I'(Hm — Qn + X) et Z\ . Z f dE f dE' fi (E)gl . (E

X ¢ J;;:” (E’)f.;;f(mm + E/2+ E'/2 - E})°

y

Assumption:

fnilq (E) # 0only for E,, =~ E + A hym = 1 and ET% ~ E,, (replace singlet with quarkonium)

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

4&3 TF

D(Hp — Qn + X) = (Em — EQ)3 T4 (T%)*

3Ne

TY = /dafr 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. 43



IHClu Sive D eC ays N. Brambilla, W.K. Lai, AM, A. Vairo Sin imiress‘

l T,
|SH =1>-— |SQ =1> e (27'!')
1Sy =0>——>1[5=0> \ ' )\ J
bound singlet continuum singlet
states states

'1

Ao Tr d°1 7 0 ; 513
ma = 3N | @n)3 ) (2n) /ml o Irg frny (A BP/2+ B0 /2= E)" g = (0, p, )

-
|

S = (Hal07) = [ @], @) 00),

g = (@9]r|B) = / Pra?t(r) r* &2 (r),

U, : Hybrid wf
®7 : Octet wf
®, : Singlet wf

Depends on several —=
Overlap functions:

-———J -

v Cubic factor (A + EY/2+ E} /2 — E;)g ~ AE?
v" Including continuum states can account for decay to meson-meson thresholds.

* For singlet wt : V; = — * aS(mv)/3, where v ~ 1/4/3 for charm and ~ 1/4/10 for bottom 44



Semi_in Clu Sive D e C ays N. Brambilla, W.K. Lai, AM, A. Vairo :in iroiressi

* Spin-conserving decay due to 1 - E term :

d°p,

F(Hm — Qn) = Z |wnn"2Fm,n’ + / — 3 | Wnp, 2 m,ps
- (27)

\ J
i \ ' l
bound singlet continuum singlet
states states
40{8TF dgl dgl, ; T kT -+ 3
— i 1 (0] (@) . S /
Fmg 3N, (2m)3 J (2m)3 " Ng Jvq Fmy A+ EV/2+ By /2 — By) a=(n,ps)

(Hal97) = [ @ vl @) 97 (r), A
w = [ Er e ©0g, )]

| |

I f(zm) 1
Depends on several _<:
Overlap functions:

I k k 3 0 k
k= @Ry = [ drafie) )
: Quarkonium wt
v Significant overlap between quarkonium and continuum singlet states except for 1s quarkonium.

Decay rate different from R. Oncala, J. Soto, Phys. Rev. D96, 014004 (2017) and J. Castella, E. Passemar,

Phys. Rev. D104, 034019 (2021).
45



Inclu SiVe D ec ay S N. Brambilla, W.K. Lai, AM, A. Vairo (in progress
rSpln ﬂlpplng.decay due to S. B term: I u I I

ps
l FIncl - Z m,n’ ‘|‘/ P Fm,ps

ISy=1>——> S, =0> (2)
Sy =0>——> 1[5 =1> ( ' 1 ' I
bound singlet continuum singlet
states states
4OéSTF d3l dgll ; 7 k+t it 3 /
Fqu: 3]\7077122 /(27r)3 / (27T) ?rfnlglq 91’ fml’ (A—l_ElO/Q—l_ElO’/Q_E;) |q — (n 7ps)|
flmy1 = (Hm|®7) = fd3r \I!Ejn)(r) ®{(r), |X0,s): Spin wf of octet

and singlet

of, = (@] (SF - S5) |@2,) = [ [ raiie) e, (r)} (ol (S = S5) Ixa)

-

I
I
I
Depends on several ==,
Overlap functions: |

|

o0 Qn = Qn + X spin-flipping decays: Decay rate suppressed by additional (7 E)? ~
vertex factor.
46



Difficulties with continuum singlet states TI.ITI

W. Gordon, Ann. Phys. (Leipzig) 2, 1031 (1929)

° . . .
Dlp Ole matrix element' A. Maquet, Phys. Rev. A 15, 1088 (1977)

O

ooy, = (0 e105,) = 35 | [ 74 G B o) | [a00 21 (ko ) -1 (o)

[=01'"=0

After integrating over dQ: ' =1+ 1orl'=1-1

Continuum radial wf for Coulomb octet and singlet

v" Radial matrix element:

(+—2ips,—2ik,,1 )
Rl,l—|—1 (k07p8) — C,l,l—|—1 (kopps) ‘7l‘|‘2‘|‘75773,l‘|—1-|—7;770,2l-|—4,27 No = MQas/ 12k,
B 2k, ,—2ip.,1 ns = —4mgas/6ps
Rl,l—l (k’oaps) — Ol,l—l_(k’oaps) gl+1-|—’i’l70,l—|—’i773,21+2,2 )

! l

Smooth function of octet and Singular function:

singlet momentum k, and pq

“Diagonal Singularity” for k, — ps

Madajczyk, Trippenbach, J . Phys. A: Math. Gen. 22 2369 (1989)

Veniard, Piraux, Phys. Rev. A 41, 4019 (1989)
47



Difficulties with continuum singlet states TI.ITI
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_IMQ( ey des) TMQ( asydas)in(p k) () : :
—2ip,,—2ik,,1 (2‘! + 3)'8 4 \Gko T 3ps/e 4 Eko © 3ps Ps — ko ol . . . psko ( 37”’@0‘5)
; . = — + 24+ ins, l + 1 +iny, 20 + 2,:— 2ips +
Tzt et 4 (ps — ko)™ 17 Ko + s o ! T kel ?
POTTTRRR . PRI PR )
Ps — ko . . . 4psko : . . . 4p9ko ( . 3mQas Ps ko
+ 3m aes( ) Fi |14+ 14+ins, 1+ 1+, 2l + 2, —————1 +2F1 | +ins, 1 + 14+ 11,,20 + 2, = —2ips +
MRS ! ] L (pe ko) } ! L (e ko) 2 Ko+ Ps
LM g dog
—Tm o ag Mg ag g t—= ==+ - evEEEEEEEEEEEW .
j*%ko.—%ps 1 (20 + 1)!€TQ(W+?‘” )eiT(imJﬁ‘}"P_&)sgn(%ikO) ps — ko Sl Fy [+ 14 9n,,1 +ins, 21 L _2peko ( 2ik, + 3mQQS)
27 27 = 241 Mo, (R T R ——Y —<t
e A 4(pa— ko) 2 ko + s T ik T 2
eUEEEEEEEREEEEE . euEEEEEEEEEEEE . 2
Ps — ko . . : 4psko . . . H 4psk'o SmQOés Ps — k'o
—3m a,,,( )gFl [+ ino, I +ins, 21, = 2| o Fy [ — 14 in,, I +ins, 20, + 2iko +
“ ko +ps (05 ko)  (ps. ko) 2 Ko +ps

“Diagonal Singularity” for k, = ps: Singular Gauss hypergeometric 2F; function
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Inclusive Decays TUm

It is interesting to see how f} (E)= [f d3r ‘Iffvjt('r)@% q(fr)] 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 =t — Hybnd
) - Expected peak: 0.325416 , i Octet, Expectad
0 o : 20 = A0 1t extrema = 0.190666 . Octet, 15t extrema
' 10 15 20
01
C oy 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 fﬁnq(E) is
nonzero only when E,, =~ E 4+ A is not true.
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Singlet-Quarkonium overlap

2) Owr[alo DE Co o Sv'v-d(di loud shotec 4 Busrk snjuum

on = BN B>
\I/ \} Gudounb S""‘(j (et

Quovko nivm waa

) DVev{af f pr\-r.nuum 5\.-»8]21-‘{ am Ol dsam

Wy =| I’
@3
CJr\a,vm

" nz; | wnw | W0,
1s O.F2 0. R
25 0-2¢ O-F2
(P 0-18 |0-76
QP ©.20 O-"T':}

L%J sl—-:ré- LwJ[E
Cav-.:l"{,nuvm
ﬂ& | @ >l Swaidﬂﬁrﬁ
Bottom .
M %—lwnhr]i L;-'J,\
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