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Mini-review of exotic
Near-threshold states
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Mini-review of exotic candidates

Properties of near-threshold states
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Bottomonium sector

Y Molecular scenario

EZ® ~ 3 MeV

= Extended object

Size % ~ 1.56 fm > Ry

Ry <« 1 fm confinement radius
v = +/2uE binding momentum

w reduced mass

= Probability to find Z,
M.Cleven et al., EPJA47(2011)120
2.2
M 9bare -1
1 - [1 + 871"}’ ] S 1’gbare_>oo

Large coupling gz, p*

2,2 =
1+ P~ 9bare
8wy

EXpI Belle, PRL116(2016)212001
BR(Zy, — BB* + c.c.) ~ 85.6%

2
2 Ibare 8my
geﬁ B < 2 ‘gbare_)oo

% Cusp alone ?

% BW does not work,
Exp

= EZZ()/) < FZf)/)

= two Z, states



Cusp alone?
All the available data for the two Z; states

. (1 + (%) . . (1) . ;
Y(5S) = 2, 7T = (BXB*) £ xF, T(S)— 2, S — hy(mP)r* 7T withm =1,20
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Cusp alone?

Cusp interpretations of the two Z, states
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E.S.Swanson,PRD91(2015)034009,Int.J.Mod.Phys.E25(2016)1642010
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D.Y. Chen, X. Liu, PRD84(2011)094003, D.Y.Chen, X.Liu, T. Matsuki, PRD84(2011)074032
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Heavy quark symmetry and light quark symmetry

» mg > Agcop — physics at the mg scale is perturbative

» Heavy quark limit — spin symmetry & flavor symmetry

To the leading order,

[fQCD = Bviv - Dhy + O(AQCD/mQ)
No Dirac matrix:

= spin symmetry (HQSS)
=s5¢ and light degrees of freedom conserved individually
—><HL|[:II‘H/L/> = VHL5HH’5LL’

=-spin doublet: s; = %_ (B, B¥) with mp- —mp ~ Agcp

No heavy quark mass: — flavor symmetry (HQFS)

HQSS LQSS
* Vi, g \%:39 Q: Vi M.B. Voloshin, PRD93(2016)074011



Cusp alone? No!

= Narrow structure in Elastic Channels calls for nearby poles

Talk by Christoph Hanhart
= Some to them are observed in HQS flip processes
= T(55) = hy(mP)rr with SEO% =1 and S =0
— no direct two-pion transition

— all the possible bottomed meson loops are cancelled with
each other in the HQ limit, i.e. mp« = mp.

ks by ™ by ™

1 1
B 1
T(55) .I hy

(a)

Does NOT depend on (1) topology (2) multiplets



Cusp alone? No! Why?
From hadron basis to |H L) basis (SXj =1 and Sh—” =0)

’BB*>1+7 = f‘lH@OL f’OH®1L>
|B*B")1+- = EUH ®0L) — E\OH ®1L)
A.E. Bondar et al., PRD84(2011)054010
™ ™
1(55) B %)( %) % for BB* + c.c.
//_\ : _
HEa o
U )\ ") T T2

% for B*B*

(—%) = % for BB* + c.c.



Cusp alone? No! Why?

From hadron basis to |H L) basis (S;% =1 and Sél—é’ =0)

— 1 1
BB 4- = —1p®0;))——0pg1
| )1+ \/5\ 7 ®0r) \/5’ o ®1r)
_ 1 1
B*BY4+- = —|lp®0))—-—=|0g®1
| )1+ \/§| 7 ®0L) \/§| a®1r)
A.E. Bondar et al., PRD84(2011)054010

= HQSS breaking effect A%%

= Experimental fact:

Br(Y(5S) — hyrm) |MBB*+c.c._MB*B*|2

l’?
Br(Y(58) = Tam) — [MppetootMp.ge|?

~1e




Cusp alone? No! Why?

The effective lagrangians to the leading order
LYBBr = 9YBBr <T U’HTHT> Aob + H.c,
LyBBr = 9nBBr <h2 HanHb> e AN, + Hee.,
with H, = Hfo" = B, + o' B, E[g = ﬂ’ﬁgy = B, — c'B*
and o* = (0%,1), &" = (—0o%,1). The two-point functional
Zo[Y, Ay, hT] = igyBnghBBﬂ<al6“a”> <a”0j5'“>
[ atedty T (@) 4% () 1] () A, (1) Ao — ) Ay - 2

(dl5to”) (c¥oio)= BB(0), B*B + c.c.(86"),B* B*(—8'")

K;;%'fb:;:; ~ 1 = the intermediate genuine states

10 / 24



Parametrisation for near-threshold states

Multichannel LSE
Potential V

b=1,N, B=1,Ne i =1, Nin
Vb v,3(P") vai (k) a=T1,N,
V=[vw®) vas®.p) vailp k)| o=TN
vjo(K')  vp(K,p") vk k) j =T, N

Bare pole terms: with indices a, b, ...

Inelastic channels: hidden-flavor channels with indices 7, j, ...

Elastic channels: open-flavor channels with indices «, 3, ...

C. Hanhart et al.,

PRL115(2015)202001, F.K. Guo

et

a

1.,

PRD93(201

Note: v;;(k, k') =0, 7 — QQ scattering length < 0.02 fm

L. Liu et al., Proc. Sci., LATTICE2008(2008)112, W. Detmold, et al., PRD87(2013)094504

6)074031
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Parametrisation for near-threshold states

Multichannel LSE
Potential V

B=T,N.+N, i=T,Nn
o [vas® p)  vailp, k) A=TNe+ N,
vjp(k',p) 0

Capital greek letters A, B for elastic channels and bare poles.
Bare pole terms: with indices a, b, ...
Inelastic channels: hidden-flavor channels with indices 7, j, ...

Elastic channels: open-flavor channels with indices «, 3, ...
C. Hanhart et al., PRL115(2015)202001, F.K. Guo et al., PRD93(2016)074031
Note: v;j(k, k') =0, m — QQ scattering length < 0.02 fm

L. Liu et al., Proc. Sci., LATTICE2008(2008)112, W. Detmold, et al., PRD87(2013)094504
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Parametrisation for near-threshold states
LSE t = v — vSt can be decomposed into two sub sets

tip = ViB — >4 ViASAtAB
tAB =vaAB — Y _cvacSctes — Y, vaiSitiB

taj =vaj; — > ptapSpus;
ti; = =D 40iaSAvA; + > apviaSatapSBUB;

Define effective potential 1/

tap = vap— Y _vacSclop — Y vaiSi (UiB - ZviOSCfCB>
c i c
= vap— Y vaSvip—» (vAc -3 UAiSiviC> Sctes
i i

C

VaB Vac



Parametrisation for near-threshold states
LSE t = v — vSt can be decomposed into two sub sets

tip = ViB — 24 ViASAtAB
tAB =vAB — Y o vacSctes — Y, vaiSitiB

tij = — 24 0iaSavaj + > ApviaSataBSBUB;

laAB = vAB — Z v4;SiviB — Z (vAc - Z UAiSz'Ui(,‘) Sctes
i i

C

{tAj =v4j — > ptaBSBUB;

/

-~

Van Vac



Parametrisation for near-threshold states

= S; the ith (QQ)(qq) channel, enters V additively
= Arbitrary number of inelastic channels non-perturbatively
= The dimension of LSE is from N, + N, + N;, to N, + N,

= Other components of ¢ matrix can be obtained algebraically

= -y
B
A A B

= Satisfy unitarity and analyticity

= Separable interaction: the further analysis in experiment

13 /24



Apply to the two Z, cases
The wave functions of BB* + c.c. and B*B* with JF¢ = 1+—

_ 1 1
BB*)1+- = —|lp®0)——|0g®1
|BB*)1+ \/5\ H®O0L) \/5’ H®1L)
_ 1 1
|B*B*)1+- = EUH ®0r) — E|0H ®1z)

A.E. Bondar et al., PRD84(2011)054010

Direct potential between elastic channels
Vo= 1y @0p|Hi|ly ®01), Vi={(0g®I1p|Hi|0g®1L)

with redefined parameters
vt = @r)P Vo, st = (210

(27)2pu ( Yo Tt Tt -yt )

2 Yol —y b s 4yt

=10 = A =y — kika + 2 (vs + ) (k1 + ko)
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Apply to the two Z, cases

The wave functions of BB* + c.c. and B*B* with JF¢ =1t~

_ 1 1
BB*4+- = —|1p®0;)— —=|0g®1
|BB*) 1+ \/5\ ®0L) \/5! g®1L)
_ 1 1
|B*B*)1+- = %\1H ®0r) — E‘OH ® 1)

A.E. Bondar et al., PRD84(2011)054010

= Total spin of bb, S;% =1, Sé%’ =0

=-Potential between elastic channels and inelastic channels

vei:( gp Gp 1S G5 93 >
g1péip 92Péop 915615 925525 935835

with & = g;p-p+/9;pp-- In HQSS, {us = —1 and &np = 1.
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Apply to the two Z, cases
Hadronic molecular picture
HQSS limit = v5 &~ v = light-quark spin symmetry (LQSS)
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Apply to the two Z, cases
Hadronic molecular picture
HQSS limit = v5 &~ v = light-quark spin symmetry (LQSS)

©

2 2 2 3F 2
€50 @| o T s @
= =30} = =
s 40f s S, Sar
z + z }L H H
<30} + < b < <
20F 1t 2k
10f
o i !
[T i 0 H 0
oF LA U oF, B A ] | , ‘Jf TR \
10.6 10.65 . 10.7 10.65 . A10.7 104 10.5 10.6 10.7 10.6 10.65 10.7
M(BB), GeV/c® M(B'B), GeVic® M(h,(1P)m), GeVic? M(h,(2P)7), GeV/c®
Can accommodate Y (nS)m channels
2 0 2 f 100 T T T T T
S ® s ® (b) M(n'7)>0.14GevYc"
2100 > o 80
s g 60 id
H H N
<75F < 2 el E
40 o
50 8 wf B
§
25} 2o 8l B
oty F— ol B , o "
705 106 107 05 106 107 104 1045 105 1055 106 1065 107 107

M(Y(2S)m), GeV/c? M(Y(2S)r), GeV/c? M(Y(28)7),,,,, (Gev/c®)



Apply to the two Z, cases

Nature of Z, and Z] (27 RS to 22 RS) o
RS-I: Imkp >0, Imky >0, L ’
RS-II:  Imk; <0, Im ks >0, A
RS-IIT: Imk; >0, Tm ko <0, Ev —i"\.u =T i e
RSIV:  Imk; <0, Imks <O,
v, ety
Conformal mapping from k-plane to w-plane

_ 1 _ L
k1= 2<w+w>, ko = 2<w o)

Energy relative to the BB* threshold

kK k3 ) 1
2 2,U+ 4<w +w2+>

Withész* —mpg. 16 /24



Apply to the two Z, cases

Nature of Z, and Z] (27 RS to 22 RS) o
RS-I: Imkp >0, Imky >0, L ’
RS-II:  Imk; <0, Im ks >0, A
RS-IIT: Imk; >0, Tm ko <0, Ev —i"\.u =T i e
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Apply to the two Z, cases
Pole positions of Z, and Z;

HQSS limit HQSS breaking

15 1.5]
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Apply to the two Z, cases

Pole positions of Z, and Zj

HQSS limit HQSS breaking

1. 15|

10 . . w(1) 10| . . w(1)

s s .
oop4 ’ ooy ;
—ost N —0sf N
1o R 1ol h
15 -15

ZT5510205 00 05 10 14 Zi5510205 00 05 10 15

Energies of Z;, and Z; (below the respective thresholds)

MeV HQSS limit HQSS breaking

ep(Zy) 1107055 4i0.06 07 0.607 )70 & i0.027 007
ep(Z}) 1107575 +i0.08%05 097 g 4084705
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Apply to the two Z, cases
Zp as a virtual state

Determinant of ¢V Parameter space ¥s-;

7
A = vy — kika + 5(% +79¢) (k1 + k2)

Bound state vs. Virtual state

¥ MeV

k1=0 1 -1
M=, = — 2/ (s
o (v /(19))

—150 -100 750}/; l\(;IEVSO 100 150
= Inelastic channels do not change the virtual state Z
= Indicate the hadronic molecular nature of Z,

= A similar conclusion holds for Zl'7
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Summary

» Relative large branching ratio in HQSF process indicates
the intermediate genuine states

» Practical parametrization for the line shape of
near-threshold states compatible with all requirements of
unitarity and analyticity

» Can include bare poles and an arbitrary number of elastic
and inelastic channels nonperturbatively

» A good description of Z;, and Z] as virtual state and
resonance, respectively

Thank you very much for your attention!
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Apply to the two Z, cases

LSE for a given momentum-independent direct interaction

tag = Vap = D Var oty
v

with loop integral J, = I, +il,. The real part R can be
absorbed into the renormalization of the direct potential

() =0T+ (R4 i]) = vy +
with vyen = Z v and Z = 1 + vR. The t matrix is

o L1 (5 Fike 5(ve— )
t’ = N 1 1 . ’
(27)2u A (=) 3+ ) Hik

with

)
A = vy — kiko + 5(’}/5 + 7)) (k1 + k2).



Apply to the two Z, cases
Switch on the hy(mP)m and Y (nS)m channels

The t matrix is (separable interaction)
t=1t" + 1[G — G771,

= dressed incoming form factor ¢og = dag — to, B‘fﬂ

= dressed outgoing form factor Vag = dap — Jatos

= Gap = Ja(bap — tapdp) = (0ap — Jatap)Js

Yap
b COn

Vo B

N
N

V]



Apply to the two Z, cases

= inelastic bubble loop reads as

Cor = 3 [enl@Si@esats

i(27r)2 in in\2l;+1
\/g ;mthinﬂi giagiﬁ(ki ) " ’

= 2>

The production amplitudes

Mip) = Falp) =Y [ Fal@Sslatan(a.p)d,
Ié]

MK = =3 [ Fu@Su@tala ks

= Elastic bare production amplitude

= Interaction between spectator and other particles is neglected



Decomposition of the P-wave charmonium

|BB* + cc)y——

* 5k s5=0
|B*B*)5=%

* HE\S=2
|IB*B*);=2

1 1 1 1 5
—1|0 1 —1 0 — —|1 1 —4/ =1 2 s
2|H® L>+2\/§|H® L) 2\H@ L)+2\/3\H® L)

1

1 1[5
1 ®0L) + -1y ®1L) 4+ —1/-11g ®2L) ,
\/g\H L) Z\H L) 2 3\1-1 L)

1 1 1 V5

—V3]0 1) — =1 0 — 1) — —|1 2.),
5 [0 ®1L) 6\H® L)+2\/§\H® L) 6|H® L)
V5

1[5 1
“~“n 0L) + —4/ =1 1) + -1 27) .
3\H® L) 2 3|H® L) 6\H® L)
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