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Interpretations

f Hybrid

= Compact QQ with excited gluons

061 Tetraquark
¥ = Compact object formed from Q¢ and Qg
L Hadro-Quarkonium
a%e — Compact QQ embedded in light quark cloud
Molecule
".‘. = Extended object made of Qg and Qq

Size R ~ 1/+/Ep, with Ep the binding energy
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Properties of hadronic molecule

*

Probability to find a resonance in continuum 1 — 7,
with Z wave-function renormalization constant
Molecule: Z — 0; Compact: Z — 1

Large effective coupling g.g to continuum

ngrQ — 2490 4M2“/(1_ Z), vy =.2uER Weinberg (1963)
Exp: BR(Z,(10610) = BB* + c.c.) ~ 85.6% — BB}, 44

ate

Scattering length ¢ = —2 % (%/) +0 (%)

Effective range r = —14 ( ) +0 ( )
The pole counting approach
poles on k-plane: k1 =iy, ko= —ivy (2 Z)
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Properties of hadronic molecule

* Line shapes in inelastic channels

N VTo
E — Er + (ge2/2) (ik + ) + il /2

Tin.(E)

Symmetric—

Yeft J/

M M

= Directly relate to the experimental measurement
= Extract relevant physical quantities, e.g. poles, geg

= Shed light on the internal nature

+ Asymmetric

Geff T

. (2018)

with F = k?/(2u)
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Heavy Quark Spin Symmetry (HQSS)

*

*

Exotic XYZ states contain a heavy quark (HQ) pair
In the Agep/m¢g — 0 limit, spin of HQ decouples

= Heavy and Light d.o.f conserved individually

= Test different scenarios

Molecule spin w.f. expanded in terms of |H ® L)

— Spin partners related via C;, = (H ® L|Hy,|H ® L)

= Predictions for the partners using Cj,

Role of OPE for molecular partners can be non-trivial
= Diyp ~ V210 ~ 500 MeV > m,— Non-perturbative

with ¢ the energy gap between the relevant thresholds

= Tensor force — mixture of different partial waves
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Production of Z, and W,; in T(5S) decays

Baru et al. (2019)

M
T(10860)
00650 --" W Wi BB
I R :
wi - o
T(nS), hy(mP) Pid Xo1, o Xo1, Xb2
Z3,(10610) &~ BB*
"y
T(nS), hy(mP)
Wyo BB
"y
Xots 1o
; _
* Relevant thresholds * Exp.: ZZS) @ B®B™ myr, T
* Decay modes * Wyy with JPC€ = J++, J=0,1,2
= isotriplet « suppression vs. huge statistics
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(1)

Formalism for line shapes of T(55) — Z,”m — ar

* Input: experimental distributions for

1(55) = 2% — ax

with « = BB*, B*B*, hy(1P)r, hy(2P)m

branching fractions for

BB*, B*B*, hy(1P)7, hy(2P)m, Y (15)7, Y (25) 7, Y(39) 7
* Not include Y (nS)m7 distributions

— multi-dimensional analysis

* Production amplitudes by the Zb’s poles

T(55) -

T(ss‘)

h(mP
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Formalism for line shapes: effective potential for Z;
* Production amplitudes U = P — VGU
4 elastic « = BB*[3S1], BB*[> D], B* B*[*S1], B* B*[3D;]
5 inelastic i = hy(1P) 7w, hp(2P)m, T(1S)m, Y (2S)m, T(3S)m

* Neglect the direct interactions between ¢g and bb

* Effective elastic potentials: V;ff = Va%T + Vi + VO%
Contact terms: VacﬁT = VB — 2;—\/5 Zj mbI;TrLﬁgjagjﬂk:?lj+1

HQSS: divergence absorbed by the CT's

= gi1/gi3s=1 for i=1,2; —1 for i=3,4,5

= Production amplitudes: gy(55y1/9rs)s = —1

= CTs: O(1)-Cq,C;,  O(p?)-Dg, Dy, Dsp

HQSS violation: require more parameters

(The data do not require such parameters!) Wang et al.(2018), Baru et al.(2019)
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Fit scheme

* Parameters in the fit
2 elastic S-S wave contact terms at LO
3 elastic contact terms at NLO: 1 S-D waves, 2 S-S waves
5 inelastic-elastic constants

In total: 10 vs. 5*4=20 parameters in BW parametrization

* Fit schemes
Scheme I: pure S-wave momentum-independent CTs
Scheme II: plus full OPE and O(p?) S-D CT
Scheme III: plus OEE and O(p?) S-S at NLO
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The line shapes of Z;s
Blue, red and black curves for I (1.29), II (0.95), III (0.83)

3 B ] % Scheme I agrees with the

23“ ;30 . .

z %m parameterization cuo et al.(2016)
g &

" S * Scheme I+OPE+HQSS

10.60 10.62 10.64 10.66 10.68 10.70 wmms.n1065mssm,sﬂosxmﬁello'lo violation does not work

M(BB") [GeV/c’] M(BB’) [GeV/c’]
= O(p?) Dsp to LO

- = 3
E E = cancel the S-D OPE
g E
g %, = Scheme II
\"i \:EI 1
c 5, * small effect from Dy/; and
10.40 1045 10.50 1055 10.60 10.65 10.70 BT 10.60 10.65 10.70
M1 pmIGeV/c?] M(hy2pm) [GeV/e] OEE = Scheme IIT

= but ren. group invariant
Belle (2012)(2016)
Wang et al.(2018), Baru et al.(2019)
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Renormalization group invariance

Scheme II: blue dashed, red solid, red dotted and red dashed curves
for A =0.8 GeV,1.0 GeV, 1.2 GeV, 1.3 GeV

Scheme III: thick black dotted, black solid,

dr BE)/dM fa.ul
2 s

ArBE) /dM fau]

i il

! O L
T C

e ot 066 0e8 0.0 Ga 106 1063 T0e3 1061
M@BB') 1GeV/e') M(@BB) (GeV/e?]

[ e T
M(BB) [GeV/e?]

T

black dotted and black

dahsed curves for A = 0.8 GeV,1.0 GeV,1.2 GeV, 1.3 GeV

= Scheme

dar BE) /dM fa.ul
58 # &

ArBE) /M fau]

il

ArBB) /A [au]

f L0
o

06 068 1066 06 1070 T Y T )
M(BB') [GeV/e®) M(BEF) (GeV/e?]

IIT is ren. group invariant

[ T T
M(BB) (GeV/e?]

Cai

Baru et al.(2019)
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Lineshapes of W

Baru et al.(2019) * Taklng Xbl(lp)ﬂ-

: o o and n,(15)7 as an example
1.5]
— 3
2 : * Red: Scheme II
N 310
ES & Black: Scheme III
5 05
1
C ) * Bump above threshold
1056 10.58 10.60 10.62 10.64 10.66 10.650  10.655 10.660 10.665 10.670
M(BB) [GeV/c?] M(B'B") [GeV/c?]
N o » o sizeable distortion at thr.
:: 310
20 il . . .
- s * Asymmetric line shapes
=15 =2
s ® 0 .
i : * Taking Wyo as an example
= £o4
l; 03 IE 0.2] . —
) :¥ II: virtual st. below BBy
o 10.56 10.58 10.¢ 10.62 10.64 10.66 10.56 1058 10.¢ 10.62 10.64 10.66
M(xs, (7 [GeV/c?] M, 15 7 [GeV/e?]

III: resonance above BBy,
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Lineshapes of W

Baru et al.(2019)

re
b e

0

dr(BB’) /dM [a.u.]

dr (xp, 1 py 1) [AM [au]

~—

0.60 1061 10.62 10.63 10.64 0.65 - 10.59 1060 1061 1062 1063 10.64 10.65
M(BE') [GeV/c?] M(xp, (1py %) [GeV/e?]

Taking xp1 (1P)m

and n,(15)7 as an example
Red: Scheme II

Black: Scheme III

Bump above threshold
sizeable distortion at thr.
Asymmetric line shapes
Taking Wy, as an example
II: virtual st. below BBy,
III: resonance above BBy,
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Lineshapes of W

Baru et al.(2019) .
* Taking xp1 (1P)m
24
) 2 2+ and n,(15)7 as an example
— 15
=5 . * Red: Scheme II
% E 10
& 2| o
: s Black: Scheme III
1 =
_ 0_4{ * Bump above threshold
1061 1062 1063 10.64 1065 10.66 10.67 10.62 1063 10.64 0.65 10.66 10.67
M(BB) [GeV/c?] M(BB") [GeV/c?] . . .
- o sizeable distortion at thr.
i S * Asymmetric line shapes
=
§ 1.0} % 10 .
& s * Taking Wyo as an example
) £
2 =
503 5 05 —
II: virtual st. below BBy
10.645 10,650 10.655 10.660 10.665 10.670 10.645 10.650 10.655 10.660 _
MET) (G Mo am m [GeV/e) III: resonance above BBy,
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Results: branching ratios

* Branching fractions (Exp vs. Theor) relative to B(BB*)

B*B*rm YT(1S)nm T(2S)mmw YT(3S)nm hy (1P)mm hy (2P)wm
50 + 10 0.6 £0.3 4+1 2+1 9+2 15 +3

——T%. T01 ~-T73 TT6 T30 T6.0
54.17,%05 06703 35175 18710 9275, 149743

* Predicted branching ratios for Wj s

JPC T BB [ BB* +cc. | B"B* | xp1(1P)w
2T+ | 0.06 0.07 0.54 0.03
17 F 0.76 0.02
of¥ [ 0.73 — 0.14 0.05

= Furthermore

1++ L2ttt ot ot N . . .
FBE*(gsl) 'FB*E*(5SQ) FBB(lso)FB*E*(ISO)N151251
2+t .2t Lot e,

PBB(IDQ) : FBB*(?’DQ) . FB*E*(ISO) ~3:3:2.

— strong coupling to the nearby elastic channels
— the largest rates Y(55) — YWy (Wi2) — ~+B®) B*

— the first ratio is consistent with the results in
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Results: pole positions

Pole positions of Scheme III:

JPC  State  Threshold  Epole w.r.t. threshold [MeV]

Residue at Ej1e

17—z, BB* (—2.3£0.5) — (1.1 £0.1)
4 B*B* (1.8 4£2.0) — i(13.6 £ 3.1)
ot+ Who BB (2.3 £4.2) — i(16.0 & 2.6)
ott  w, B*B* (—1.34£0.4) — (1.7 £ 0.5)
1++ W1 BB* (10.2 £ 2.5) — i(15.3 & 3.2)
2t + Who B* B* (7.442.8) — (9.9 +2.2)

(—1.240.2) + (0.3 £ 0.2)
(1.5 +0.2) — i(0.6 + 0.3)
(1.7 + 0.6) — i(1.7 + 0.5)

(—0.9 +0.3) — (0.3 + 0.2)
(1.3 +0.2) — i(0.4 + 0.2)
(0.7 +0.1) — i(0.3 + 0.1)

* Zy and W, locate just @ the BB* and B*B* thresholds

%

Z} and Wy, as bumps

%

%

Difference from dynamic pion

>*

Wp1 and Wyo pronounced peaks above-threshold
Poles with only CTs: virtual states.

Large effective couplings — molecular nature
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Summary

%

A systematic EFT approach w.r.t chiral and HQ
symmetries

Satisfy unitarity and analiticity with inclusion of inelastic
and OPE dynamically

Molecular picture describes the existing data of the two Zps
well

= only one near-threshold pole
= large effective couplings

= asymmetric line shapes

* Predict the spin partners Wy in a parameter-free way

Outlook
= Proper inclusion of compact components

= Extension to SU(3) flavor group for light quarks
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Thank you very much for your attention!
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