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Introduction S .
; D) ! :
> 1. Exotic hadrons: g 9 | !
» tetraquark / pentaquark states and hadronic molecule. : |
> Glueball tetraquark pentaquark : hybrid I glueball
» hybrids (qqg ). 400

E 4 (a) x¥dof= 1.57
C b
300F ore

» 2. Experimental candidates for hybrids

> Isovector 1~ *states:
> 1,(1400) / 7,(1600), I',,, ~ 240MeV A ; |
> 71'1(2105) 15 I\%I(nn’)(Ge\Z/fcz) 3 15 2 25 3

— T (n(1855))
—

Events/(10MeV/c?)

M(m')(GeV/c?)
> Isoscalar 1~ states: 7,(1855). 11(1855) from J /Y — yn, = ynn'

> charmoniumlike 1~ counterpart 17,1 (ccg) of n,(1855). Exists? BESIII : PRD.107,079901 (2023)

. . : : BESIII : PRL.130,159901 (2023)
» 3. Insights of the masses of hybrids predicted by Lattice QCD
> m,; ~1.8-2.0GeV, m, ~2.0-2.3GeV,

> ' m,  ~42—-4.4GeV.'
c l



https://journals.aps.org/prl/abstract/10.1103/PhysRevLett.130.159901

Spectrum of charmoniumlike 1~

e Super-multiplet ((0,1,2)” *,177) observed around 4.2 GeV
* Consistent with the phenomenological expectation.
* Non-consistence appears in the spectrum of excited states
Flux-tube: Am(2P — 1P) ~ 0.38 GeV
QLQCD: Am(2P —1P) ~ 1.2 — 1.3 GeV

* The internal stucture of these hybrids reflected by the BS wave
functions seems different from the flux-tube picture.
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#node m(177) m(0™7) m(1~T) m(277)

(GeV) (GeV) (GeV) (GeV)
0 3.100() 3010(d) - :
0  3.703(82) 3.672(76)

4591(69) 4.551(63)  4.309(2)  4.419(3)
5.460(31)  5.393(28)  5.693(12)  5.779(12)
8.226(99)  8.286(109)  7.661(31)  7.708(29)

N = O

Y. Ma et al.. Chin. Phys. C 45 (2021) 093111
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Lattice methodology: M&M method (c. meneite & c. Michael, pLs 556 (2003) 177)

N scattering and the A resonance
G. Silvi et al., PRD103 (2021) 094508 (ar)(lv 2101.00689) and references therein

N th 24 % 4.8 106G — _ :.:‘:
B 3.31 I o
am,. |-009530| = — - =
amsg =0.040 | « — = - l';
a(fm] |0.1163(4) | ~** 5
L [fm] 2.791(9) 055 R .
My [L'IEV] 255.4{16) - - - - | = '
Neonjig 600 G.  H, G & A F P .
Nmeas 9600 R - _-.J .:-; - - B e

K-matrix rescaled: K = p'/2Kp*/?

K relates to the phase shift: K/! = tan 7 m, = (1378.3 + 6.6 £9.0) MeV
- = sI(s [h=( 164 + 1.4) MeV
Breit Wigner: KG/21) = —i— ) a=( )
(mgw-s)p 5
Giw K rLo oy EN +my K
) =——— T En + E, m?
6m s TN
Collaboration m~ (MeV] Methodology _“ma [MeV] gA-xN
Verduci 2014 [38] 266(3) Distillation, Liischer 1396(19)Bw 19.90(8:
Alexandrou et al. 2013 [37] 360 Michael, McNeile 1535(25 .0(0.6)(1.5)
Alexandrou et al. 2016 [39] 180 Michael, McNeile 0(50) 23.7(0.7)(1.1)
Andersen et al. 2018 [41] 280 Stoch. distillation, Liischer 1344(20)gw 37.1(9.2)
Our result 255.4(1.6) Smeared sources, Liischer 1323(7%3;::"‘ 23.8(2.7)(0.9)
Physical value [5] 139.5704(2) phenomenology, K-matrix 1232(1)sw, 1210(1)pole 29.4(3) [79], 28.6(3) [80]
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Flux tube model

A vibrational string along the QQ axis.
* The picture is originated from the
lattice QCD formulation.

In analogy with di-atomic molecule:
Aj; ——cylinder symmetry along the QQ axis

[ K| =0,1,2,=A=LILA,

1: CP of the flux tube, CP = +, — (g,u)

e: reflection symmetry with respect to the
plane including the Q@ axis

")
|8

, Spinofthemeson: J=L+S§

'\ 1\ I‘/" L=Lyy+K
' Lig=1L*—2A2 + K? + -

PC of the meson :
P = E(*I)L+A+1, C = ne(—l)““s

Figure 1: Quarkonium hybrid symmetries.

K. Juge et al., Phys. Rev. Lett. 82, 4400 (1999)

g 1 i +L(L+1)—A2+E1
- 2uor? 2ur? ()

4a [
E'(r)=-—>+c+br+ ;(1 — e~ /bV*r)

TABLE 1. Some low-lying meson hybrids.

Mass (GeV) —3—"}—3— Am® m®
Flavor JP or J* for f=1 (GeV) (GeV) (GeV)
I=1 ¥ |2F 0¥ 122 1.67 0,08 0.19 ~19
I=+ 2415012 1.80 0.10 0.17 ~20
[=0 |UE+dd JEF |EF OF |31 167 008 0.19 ~19
%)
1=0 (s5) ¥ |1F ptF 112 191 0.12 0.14 ~2.1
@ EEIR RN 4.19 0.18 0.06 ~43
bb 9tF |1F o1F 111 10.79 0.28 0.02 ~10.8

*Contribution to the mass from nonadiabatic effects, taken from Ref. 14.
°A “best guess” based on the previous columns.

Isgur & Paton, Phys. Rev. D 31 (1985) 2910



Hybrid in the Flux tube model

Flux-tube model has selection rule: (P.Pageetal, Phys.Rev.D 59 (1999) 034016 )

(AB|H,|H) o [ d3F(¢pyy (P) ) f dg cos(Em) - pa(EF) - Pp((1— EF)

1) Modes of two S-wave mesons are suppressed, SP-modes are favored.
2) Modes of two identical mesons are prohibited.

Open-charm and closed-charm decay modes _ ‘Al
1) SPmodes: DD, x.1n(n") b :i " ('
2) SSmodes: D*D,D*D*,n.n(n"), ]/ /vw(d) " ‘ B




Lattice setup

|
e Tadpole improved Symanzik’s gauge action <<E7<*77
(C. Morningstar, PRD60(1999)034509) o ¢
* Anisotropic Lattice

/t‘ as/ar = 5.3

(

* Nf = 2 clover gauge ensembles with degenerate u, d quarks

IE N2x N, B a,'(GeV) & m.(MeV) Ny Nege
L16 16% x 128 2.0 6.894(51) ~ 5.3  ~ 350 70 T08
L24 247 x 192 2.0 6.894(51) ~5.3 ~350 160 171

See: lJiang et al, Phys.Rev.D 107 (2023) 094510

e Distillation method:

(M.Peardon et al.(HSC.)(2009)PRD80,054506)
* disconnected diagrams are involved



N1 decay modes

open-charm decay

close-charm decay

open-charm decay: D D;(S-wave), D D*(P-wave), D* D*(P-wave).
close-charm decay: x.1m(S-wave), n.n'(P-wave), J/9Yw(P-wave).

* The flavor wave functions of the open-charm modes

=0 _ - o ) L 07y’0 1 -+ 100 D" = D*’El'
|DD )(C=+)—E(|D D'")+ |D°D ))ii(“‘) D'*) +|D°D"®)) «— |y for DD*
“” for DD,
* T)* (I=0) L * *— + 0% (§=1)
D*D*) ., =\/—§(|D *D7)+[D™D%)) ) L+S = even
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Decay amplitudes in M&M method

Effective Lagrangian:

1
L7 ~ gp, 0", H, 5 (DD + D'DY)

cC s <_> )
Ly ~ — gynmy,, H A" — 19, Hm. 0 "1 + QD*D*H”L (Dv’Ta Dl 13- @ DTDV)
' H v v p,
+ ZHPL (9¢u3vw” + g’wuaydj“ + gU’d)v 0 ,uwv) ) dp+p \/5 1
+ m—e“”’“(auH,,)E [(6,D1)D — D(8,D,)] .

Mel
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' |
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Lattice results

Cp.,a8(t) = (Q]|0,45(1)0;  (0)|2)

= (Q|0,45(0)e~t2H 0} (0)|Q)
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Numerical results

This observation is in striking contrast to
the expectation of the flux-tube model.

-t T T T T T 1 5 1 k2
g I |IM(ne1 — AP)|? :§.‘1AP7”1)(~1(3 iz n;fz( ):
Mode k(IE) o ga | gas Tap | s &
(AB) (x10~%) I (ave.) (MeV) : IM(ne — PP)J2 :?(ﬁ, ok,
| :
~(0,0,0)(L16) 4.95(5) 4.27(5)] . I _—_—rr
DiD 70, 0)(L24) 3.10(26) 4.92(41y +06) 258(133) [M(ner = VP)[? =359y phex,
| I - 4 m?
* T (1,1,1)(]—_,16) 111(3) 835(21)' | M Ne1 — D*D*)|2 =— 21\‘2)( "'h‘l )
D™D (9 2.0)(L24) 0.78(7) 834(7a) ST 8UE) M7 P =397k m>,.
! ' 1 k
(1,1,1)(L16) 1.00(3) 3.44(12) ! _ 1 ke 5
prpe (LLOILIE) LI5(4) 379012 4o o qo01g) | LaB T | M (11 - AB)|
(2,0.0)(L24) 1.05(9) 5.06(42) ' ' | Nc1
(1,1,1)(L24) 0.67(7) 6.31(58) i
| | = .
0 (0,0,0)(L16) 2.04(26) 1.31(2), , or/ym B I e D. D dominates.
Xelll2)(0,0,0)(L24) 1.18(38) 1.39(45): 1.35(45) | %k_ iy .
: . e D"D and D”D" are important.
e (LLD(LIE) 0.20(6) 0.62(18) ( eo0y :
1<) (9 9 0)(L24) 0.10(3) 047(12): ' :
| l
I |
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This observation is in striking contrast to
the expectation of the flux-tube model.

I |
] |
Mode ff(IE) r1 JAB gas | las I , kZ
(AB) (x107?) (ave.) | (MeV) | IM(ney — AP)|? =394PMna (3 + n;‘%)
I |
) ‘ ‘ _
bip GO 490 S0 Lo Lz MG = PP =k
I l e 2.9 19
L~ (1, 1,1)(L16) 1.11(3) 8.35(21) IM(ncr = V P)|? = gv pkex,
PP (2i2,0)(L24) 0.78(7) s.34(7a) BP0 1 88U : ; 2
«D*\|2 — = 2L2 Ne1
(1,1,1)(L16) 1.00(3) 3.44(12) : : [M(ner = D*D*)I* =39 A“"‘mg.'
. me (1,1,0)(L16) 1.15(4) 3.79(12) o
DrD™(90,0)(TL24) 1.05(9) 5.06(42) 4-6(1-8):100(118) : 1 ke 5
(1,1,1)(L24) 0.67(7) 6.31(58) : : [ap = 8T m2 |M (01 — AB)|
N1
0 (0,0,0)(L16) 2.04(26) 1.31(2) . Lo, o) :
Xelll2)(0,0,0)(L24) 1.18(38) 1.39(45) L3545 - : — .
(1,1,1)(L16) 0.20(6) 0.62(18) : : ) Dlg dommites'
NN@ (9)9 0)(L2d) 0.10(3) 047(12) O ! e D*D and D*D" are important.
|
|



Results v.s. Flux-tube model

(Isgur& Paton 1985)

Flux tube model: light Isoscalar hybrid width ~150MeV

Mode k(IE) ™ gAB

the expectation of the flux-tube model.

, |
| |
| |

1 I I :
) r o - e
(AD) (x10-9) : (g:(f) (M‘Z%) : : cC lsoscalar hybrid width ~30MeV :
| I P
] 1+ D*D P 5 1
~(0,0,0)(L16) 4.95(5) 4.27(5)1 . I |
DD (0.0,0)(L24) 3.10(26) 4.92(401)| 46(6) 258(133) D**(27)D D — 5 :
| Lo D**(15)D S - 1.2
<~ (1,1,1)(L16) 1.11(3) 8.35(21) - I I L : |
DD 509 0y(124) 0.78(7) 8.34(74): 83(7) 88(18) D —~ 2.5 |
| xk (1 = |
(1,1,1)(L16) 1.00(3) 3.44(12): l : D*(1g)D [S) N 20‘) |
=+ (1,1,0)(L16) 1.15(4) 3.79(12) v e l — |
DED™ 9 0,0)(124)  1.05(9) 5.06(42): 4.6(1.8) 150(118) | : I 5 29 |
(1,1,1)(L24) 0.67(7) 6.31(58), I | : |
I | b o o e o e o e e e e e e e e e e e e e e e e |
0 (0,0,0)(L16) 2.04(26) 1.31(2), ¢ or/ e
Xetll2)(0,0,0)(L24) 1.18(38) 139(4%): 135(45) - :
v (LLI)LI6) 020(6) 0.62(18) s - : This observation is in striking contrast to
12 (2,2,0)(L24) 0.10(3) 0.47(12) :
|
|



Conclusion
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The m,  -dependence of partial decay widths

|D*D*) ( C‘:+)

L+ S = even

1 _
— \/_E(lD*-I-D*_) + |DO*DO*))

(5=1)
(L=1)
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« Form, = 4329(36) MeV, we have

[p,5 = 258(133) MeV
[pe5+ = 150(118) MeV
5+ = 88(18) MeV

[y..n = sin” 0 - 44(29) MeV

[, = cos? 6 - 0.93(77) MeV

» Given the mass above, n.; seems too wide to be
identified easily in experiments.

- We suggest LHCb, Bellell and BESIII to search for 5., in D*D and D*D* systems !




300 ——

|D*D*)

4.2 4.3 4.4
my,, /GeV
The m,,_ -dependence of partial decay widths

(IZO) 1 * *— * 7y 0 *
) == (D7D + [0 D*))
L+ S = even

(5=1)
(L=1)
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For m,_ = 4329(36) MeV, we have

[p,p = 258(133) MeV

[ye5e = 150(118) MeV

[y5e = 88(18) MeV
[,y = sin®6 - 44(29) MeV
[, = cos? 6 - 0.93(77) MeV

Given the mass above, n.; seems too wide to be
identified easily in experiments.

However, I, | Is very sensitive to m, .

|f m,_ ~ 4.2 GeV,thenT,  ~ 100 MeV.

The dominant decay channels are D*D and D*D*.
Especially for D*D*, the measurement of the
polarization of D* and D* will help distinguish a
1~ * states from 1™~ states.

e We suggest LHCb, Bellell and BESIII to search for ., in D*D and D*D* systems !
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Possible production in experiments

1) n.1 production on e e~ collider experiments: (BESIII)
e"e” > Pns) - yn,
2) 1.1 production from B meson weak decay
B - n.4K (LHCb and Belle):

Summary

v'We give the first Lattice QCD prediction of the partial decay widths of the
charmoniumlike 1 4.
v'Disfavor the results of the Flux-tube model (Disfavor the S-wave suppression).

v'We provide the theoretical information for the experimental search for

charmoniumlike hybrid 1.4. -‘T E ‘
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Meson spectrum on our lattice

X w 7(2) e J /Y Xel D D* Dy el
mx (L16)(MeV) 857(10)  715(10) 2975.0(3)  3099.1(2) 3559.8(1.7) 1882(1) 2023(1) 2423(7) 4330(21)
mx (L24)(MeV) 845(7) 705(21) 2976.3(4) 3099.4(4) 3560.4(6.4) 1881(1) 2019(1) 2430(10)| 4328(68)
mx (PDG)(MeV) [42] 782 547/958 2983 3097 3511 ~ 1867  ~ 2008 2420 -

7-0 L | L L LI B B | LI N — | - 1 | L 1 LI}

| ” J ' ' fit : 4.330(21)GeV X naf
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OXp.ssp(k) = Z (L, Mp; S, Mg|JM)(SaMa: SpMp|S, Msg)
ML:MSaMA:MB

X > Vi, (Rok)ONA(Rok)OY®(—Rok).

/

ReOy,

Mode (AB) Eap (MeV) ai A ro r1 (x10° %) rs (x10°7)
L16 (my,, = 4330(21) MeV)

DD, (000) 4304(7) ~ 0.004 0.02077(38) 4.95(5) -5.1(1.3)
DD*(111) 4301(4) ~ 0.004 0.00210(19) 1.11(3) -2.2(8)
D*D*(111) 4405(10) ~ -0.011 0.00702(25) 1.00(3) -4.3(9)
D*D*(110) 4288(4) ~ 0.006 0.00702(25) 1.15(4) -4.1(9)
Xe17(2) (000) 4262(8) ~ 0.010 -0.0076(18) 2.04(26) -0.9(6.8)
nen(zy(111) 4347(39) ~ -0.003 -0.00057(39) 0.20(6) 1.6(1.6)
L24 (m,,, = 4328(68) MeV)

D D4 (000) 4310(10) ~ 0.003 0.0110(26) 3.10(26) -3.3(3.5)
DD*(220) 4361(5) ~ -0.005 -0.00027(69) 0.78(7) -1.07(97)
D* D*(200) 4269(2) ~ 0.009 0.00598(87) 1.05(9) -3.1(1.2)
D*D*(111) 4216(3) ~ 0.016 0.00234(62) 0.67(7) -2.50(83)
Xe17(2) (000) 4260(7) ~ 0.010 -0.0057(27) 1.18(38) -3.0(9.0)

Nen(2) (220) 4304(25) ~ 0.004 -0.00037(17) 0.10(3) 2.49(77)




Fitting stability
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