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> Brief review of exotic states

» Triangle singularity (TS) mechanism
(see also Fengkun’s talk)

» Resonance-like structure “X(5777)” in Bc=2Bs
T

» Analysis of the background
»Summary
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Theoretical Interpretation

v'Molecular States

v’ Tetraquark, Pentaquark Genuine resonance interpretations

v'Hybrid

v Threshold effect (cusp, kinematic singularity) (Non-resonance interpretation)

Theoretical Methods

v" Phenomenological models (quark model, potential model, ...... )
v’ Lattice QCD
v' Effective Field Theory

(see also Christoph’s talk) 4



Triangle Singularity Mechanism
EarIX study 1n 1960s

»Connections between kinematic singularities and resonance-

like peaks: e.g. Peierls mechanism
R.F.Peierls, PRL6,641(1961);

R.C.Hwa, PhysRev130,2580(1963);

C.Goebel PRL13,143(1964);
P.Landshoff&S.Treiman Phys.Rev.127,649(1962);

»Some disadvantages:

v Few experiments to search for the effects;

v" Low statistics;

v" For the elastic scattering process, the effect of the triangle
diagram is nothing more than a multiplication of the
singularity from the tree diagram by a phase factor,
according to the so-called Schmid theorem

C.Schmid,Phys.Rev.154,1363(1967);
l. J. R. Aitchison & C. Kacser, Phys.Rev.173,1700(1968); A.V. Anisovich,
PLB345,321(1995)



Triangle Singularity Mechanism

>3,

P? =51, (pp+pe)? = s

Pb Pa — 53

6(1 —ay — as — a
Fg(Sl. S59. .5"3) — 2 / / / day day dag Dl — ?: 3)

D = Zaajy Yii :E[m +m; — (¢ — qj)°]

1,7=1

v Singularity in the complex space
Necessary conditions (Landau Equation)

D=0,
oD

cither a; =0 or i 0.
@ Landau, Nucl.Phys.13,181(1959)



Triangle Singularity Mechanism

>3,

P? =51, (pp+pe)? = s

Pb Pa — 53

v" Singularity in the complex space
The position of the singularity is obtained by solving

det|Y;:| = 0
]
Normal Threshold
Sy, S3, M, , 5 fixed
| | e,
55 |=] (my +ms)*H 5,2 [(m3 4+ m3 — s3)(51 — m3 —m3) — 4msmyms
2

+ M2(sp.m2 mI)AN 2 (ss.m? m3)]. M.y, 2) = (x—y—2)* — 4y
Anomalous Threshold

. = (mo +mg)* +

tS l

J_ ‘ i
20,2 (7 n.f + n-% — 53)(s9 — -mf — m2) — dm2mayms
b _
Sp 83, My 55 Tixed,

+ )\1/2(5:2, -m‘.‘f, -mg))\lfg (53, -m%, mg)].



Triangle Singularity Mechanism

Single dispersionoorepresentation

1 ds!
F3(51: 59, 53) — / 2 O'(S]_: 5,2: 83)

7 sh — So — 1€
(ml—i—m3)2

(s1.89.83) = 04 —0_

= 2 2 _ o,.2
16»‘,—1—)\1/2(51? So. 53)10g[_52(51 + 53 — S9 T my —+ ms — 27}12)

— (51— s3)(m3 —m32) £ XN2(s1, 59, 55) A2 (59, m3, m3)].
Work in the kinematical region
s1 < (ma + m3)?, s3 < (mg — my)? 0<so<(my + m3)?

By analytic continuation, it can be extended into the over threshold
region Fronsdal&Norton,J.Math.Phys.5,100(1964)

s1 > (mo + -m.g)gg (my + -mg)Q < 59 < (451 — \/?3)2 0 <53 < g —my

Brach points of the log function sy



Triangle Singularity Mechanism

Locations of s5 in the S,’-plane can be determined by

Os
. 2
Sy (51 +i€) = s9(s1) + i€
0]‘31
I singularity of the integrand so + i€ Trajectory of the branch
G l — points s, s,* with s,
' ‘B/ 2 increases from normal
N(—-— . ° " ° Re s, threshold to infinity in the
B- . complex s,’-plane

5 M3
AFSinsy = (g + 'TT?-:;)Q; BE . s = (1Mo + -'m..g) + —[(mg — ml)2 — s3] =S¢
my
A sy = (mq +ma)? + @[(mg —my)? — s3] — ie =S,c
o

B~ sy = (mq +ms3)* =SoN
s,”and P will pinch the integral contour

This pinch singularity is the triangle singularity (TS) ?



Triangle Singularity Mechanism

Locations of s5 in the S,’-plane can be determined by
dsQi

sy (51 +i€) = s9(sq1) + ?'.eaq
S1

|sinqularitv of the integrand so + e | Traiectorv of the branch
“The kinematic conditions for the existence of singularities on the
physical boundary are equivalent to the condition that the
relevant Feynman diagram be interpretable as a picture of an
energy and momentum-conserving process occurring in space-
time, with all internal particles real, on the mass shell and moving
“forward in time.”

“ Coleman&Norton, Nuovo Cimento 38,5018 (1965)
! Fronsdal&Norton,J.Math.Phys.5, 100(1964)



TS Kinematic Region

Normal threshold and critical point

m
sin = (ma +ms)?, s1c = (ma +ms)? + TB[(nzg —my)? — s3],
1

ms
son = (my + ms)?, soc = (mq +ms)? + H[(mg —my)? — s3],
2
Asl — A/ SIN:
Ay, = /Sy — /52N
When 52—52,\, .
max . ~ 3 _ 2 _
B = Vsio — Vs 2mq(mao + mg)[(m2 )" = sl
Amax B ~ ms B 2
Wh AL = sac — \/san R ST (o — my) s3].
en’s,=sy ~_

Enlarge

How to amplify the discrepancy between normal and
anomalous threshold?

Liu, Oka, Zhao, PLB753,297 (2016)
arXiv:1507.01674




TS Kinematic Region

Normal threshold and critical point

ms

SIN = (7712 + 7}33)2: S1c0 = (THQ -+ ?’]”}!,3)2 + H[(TRQ — ml)g - SgL
1

SoN = (’,rnl —+ 7}13)2: Socr = (’n?,l —+ ?113)2 -+ %[(?HQ — ’THl)Q — SgL
2

ASl - 'Sl_ — VSIN
Ay, = 1/S5 —/saN.

m:
AMEX 510 — /sIN ’

2
2my(mg + m3) [(ma — my) s3],

ms

Ag}ax = /Sac — \/Son ~ )[(mg —my)? — s3).

2ma(my + ms

How to amplify the discrepancy between normal and
anomalous threshold?

Liu, Oka, Zhao, PLB753,297 (2016)
arXiv:1507.01674

If the discrepancy is larger, it could be used to distinguish the
kinematic singularities from genuine particles. 2




Possible rescatterings to detect TS

Wu, Liu, Zhao & Zou, PRL108,081803(2012) Wang,Hanhart,Zhao,PRL111,132003(2013)

[MeV]|Fig. 3(a)|Fig. 3(b)|Fig. 3(c)|Fig. 3(d)
AMAXT0.089 | 96 19 16
AMAXT0.087 | 62 38 15

Liu, Oka, Zhao, arXiv:1507.01674 13



Possible rescatterings to detect TS

I\/Iovement of TS peak

dI'/dM3, .[arb. units]
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Observation of X(5568) at Fermilab
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DO Run II, 10.4 fb' +

i

N events / 8 MeV/c?
co

40
DATA
Fit with background shape fixed
20 Background
«  Signal
QY LYY VUV U0t GO0 S S 1 S0t S S S ST S S WM
5.5 5.55 5.6 5.65 5.7 5.75 5.8 5.85 5.9
m (B% ) [GeV/c?]
Significance S.1o DO Collaboration, arXiv:1602.07588,

PRL 117, 022003 (2016) "



Non-confirmation of X(5568) tetraquark at LHCDb

Z 900

LHCb PT(Bg) > 5 GeV . Claimed X(5568) state
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PLB760,627; Guo et al, 1603.06316; LHCb, PRL117,152003

Yang et al, PLB767,470 arXiv:1608.00435 0




Possible exotic structure “X(5777)” around BK-threshold

Mass [GeV] 6.276 5.367 5.279 0.892 0.498 0.135
Kinematic region of triangle singularity (TS)

max B ~ ms o 2 —
AL = Vsic —Vsin 2y (o +:m,3)[(m’2 my)” — s3l, 119 MeV
A?Qlax = \/52(7 — \/SQN ~ s

2 P~
2ma(my + mg) [(mg = my)” — s3], 71 MeV
\s,: 6.175 GeV ~ 6.294 GeV

\s,: 5.848 GeV ~ 5.777 GeV

The mass of B.~6.276 GeV perfectly falls into the TS kinematic

region! 17



B, Decay Modes

Case Coefficient CKM factor Branching ratio Decay modes
la a ViaVE] ~ 1 21072 BT, Bg_p
b a ViVl Vs VE ~ A 2 1073 B,K, By, Byp
lc ay Vs VA ~ N2 2 1077 ByK, ByK*
2 a s VogVE| ~ 1 > 1073 B/K' B{K"
21 ViV, ViV ~ A > 10~ B, Bup, B
2 ¢ s Vo Via] ~ A2 2 107° BfK', BfK*

In the factorization approach

ABS = BYK*) = V2GpFP7Pv freomp.

X (ij‘ 'E%*)Vudv:‘sa%

A(B} — Blp*) = V2GpF 7" fym,

X (ij ) E:ck))vudv::*sala

Sun et al., arXiv:1504.01286

a2~ '04
a,~1.22 Form factor F~ 1

18



B, Decay Modes

TABLE III: The CP-averaged branching ratios for the B. = BP, BV decays.

decay mode | case| Ref. [12] | Ref. [18] *| Ref. [20] ©|Ref. [22] *| Ref. [23] © Ref. [24] f Ref. [25] 9| Ref. [26] "| Ref. [27] | Ref. [29] / QCDF

Be - Brt | 1-a| 10x1071 | 6:8x107% [ 1.8x1072 | 20x1072 | 40x107% |43x107% (43x1072)| 1.3x107" | 46x107% [ 1.9%10~1 | 8.8x1072 | (113 F) {070 6001 )x 107!
Be = BYK* | 1| 7.6x1073 [ 4.9x107% | 20x1073 | 2.4x107% | 3.3x107% [3.3x1073 (33x1073) | 8.5x107% | 3.4x107% | 12102 | 5.2x 107 | (T41F 0,70 50T o) x 1072

3.0x1072 (2.7x1072) ( )

Be = BIK**[ 1-b [ 3.2x10° 12x1079 [ 35x 107" [ Lox 107 [8.0x1077 (7.1x107°) [ 40x10~* | 13x 107 0.7x 107 [ (L2575 0, Ty oo e ) X107
Be— Bin% | 1b | 7.4x107% | 3.8x1073| 12x107% | 1.2x1073 | 13x1073 [ 18x107* (15x1073)] 8.4x1073 | 24x107% | 1.2x1072 | 6.9x 107> | (7.83F) 0,70 004 ) x 1073
B. = BYK* | L 3.0x107 | 12x107* [ L0x107* | LIx107* [ Lx107* (1.2x1074)| 5.9x 10 | 18x 10| 8.1x107*| 4.4x 1074 (5,200 060284007y x 10~
B. -+ Bt | 1-b| 83x107% | 6.9x107% | 331073 | 15x107 | 16x107% | 22x107% (1.7x107%)| 14x1072 | 24%107° | 11x107% | 43x103 | (5,327 (00T 12 x 107
B. — BYK**| 1 2.1x1074| 15x1074{ 4.6x107 | 4.4x107° {49107 (3.7x1077)| 35x10~" | 5.7x10" | 1.7x10~* | 8.3x10= | (L0610 1007 x 10~
B. = BT | 2| 21x1072 | 1.2x10°2 | 49x10-% | 42x10-% | 44x10-% | 6.0x10-% (49x10-%)| 23x1072 | 6.8x10-3 | 36x10-2 [ 22x10-3 | (197HLLLITH005 42
B. = B K" | 2 1.6x10~% (1.3x10~5 6.3%1076 | (5.71 700013204 0.15), -5

19x1073 (1.4x1073) ( )

B. = By K| 2c 5.0x1078 (3.7x1076) 56X 1077 | (LOTT T STl e 1073
Be— Bya” | 2b [ 40x107* [ 211074 6.4x1077 | 6.2x1077 | 6.7x107° [0.7x107° (8.1x107°)] 45x10~ | 13x107* | 6.6x107* | 5.2x107° | (4.23T ) (aT 340 T x 10~
B~ Byp" | 2b|44x107* [ 3.7x107* | L7104 | 8.7x 1077 | 89x107> | 1.2x10~* (9.4x107%)| T4x10~*| L3x10~* | 5.5x10~*| L8x 1075 | (28670170 0010 x 10~
) — -5 -5 -5 0.01+1.1540.12 —

B. = Byw | 2b|41x107 9.0x1073 (7.0x107°) L3x 1077 [ (2.05T 0, To 505 ) x107
- — _ - 4p+0.0140.824-0.13 -

B. = By 5.0x107 (4.1x107%) LA 1074 | (14670 T Gt ) x 1072
B. = Bjyf 6.7x10°6 (5.6x10-°) 42x107° | (T80 5 o ) X107

Sun et al., arXiv:1504.01286



DK interaction

Scattering length a,[fm] | LQCD [1] LQCD [2]

1=0 -0.86+0.03 -1.33(20) strong
=1 0.07 +0.03+0.17 i weak

[1]L Liu et al.,, PRD87,014508 (2013) D50(2317)/Dsl(2460) ’ isoscalar
[2]D. Mohler et al., PRL111,222001(2013) hadronic molecule of DK/D*K

See also Chen et al., 1609.08928 for a review

Heavy quark symmetry
BK interaction

B.,/B.;, Isoscalar hadronic
Scattering length a, (1=1)~0.02+0.23 i [fm] molecule of BK/B*K_ not

Geng et al., observed yet
PRD89,014026(2014):EPJC77,94(2017)

The relative weak interaction (I=1) does not support the existence of an

iIsovector hadronic molecule 20



BK — B.m interaction m
B MBS

Unitarized amplitude Oller&UGM, PLB500,263(2001);Oller,Oset&Ramos, PPNP45,157(2000)

T=(1-VG) 'V,

Leadin ' | :
eading order interaction Existence of a BK

L _ -
Ly = DuDD"D' — MDD (I=1)molecular state is rather
guestionable

Non-zero S-wave potential
1
Via(s) = 872 (35‘ — (M7 + M5 + mi + m3) -

A A
s
Oset et al., arXiv:1603.09230

cutoff~ 2.8 GeV, much larger than
the normal cutoff~1 GeV

L.S. Geng et al., arXiv:1607.06326



BK — B.mr interaction
NLO potential adopted in the covariant formalism of UChPT

Geng et al.,
PRD89,014026(2014);EPJC77,94(2017)
Vneo(P(p1)@(p2) = P(p3)d(ps)) No dynamically
8 Cy
:—7624(02192 P4—m—(l91 PapP2-P3+P1-P2P3e P4)> generated pOIES are
! . g found on the Riemann
——Css (03192 P4——2(P1'P4P2'P3 +P1'P2P3'P4)> sheets
0 Mp

——C6 2(P1 PaP2 P3— D1 P2P3" P4)
0o Mp

8
—f—OCOCo +f—061€1
L. Liu et al., PRD87,014508 (2013)

yS—wave _ %f_ll V (cos8)d cosf

Contributions of higher partial waves will be highly suppressed
for the near-threshold scattering. -



Invariant mass distribution of Bz

Rescattering amplitude via the triangle diagram
ROBYRY 1/ d'¢s  A(BS = BTK™)
BS —BYntm0 1 (271‘)4 (q% — m%—(* + imK*I‘R*)
AK* — K979 ABTK? — B2 1) _ \
2 2 2 2 F(q3), (S
(42 — mp+) (g5 — M)

F(q3) = (m3% — A%)/(q3 — A?)

X

Breit-Winger type propagator will remove the TS from the
physical boundary by a small distance, but the physical
amplitude can still feel the influence of TS. 1.J.R. Aitchison & C.

Kacser, PR133, B1239 (1964)

23



Invariant mass distribution of Bz

55 56 57 58 59 60 6.1

MB? 7 [GeV] Liu&Meissner, arXiv:1703.69043



Background Analysis

Br(B.— BK*) 1

Backgroﬁnd Br(B. — Bsp) 10

B,

A(Bf — BlrtnY) = ez'eA’tOree + Aloop]:(sﬂﬂ)

+ / \

Relative phase Account for i FSI

VMD model

o 2

L m, ~ 0.81GeV
Somx — m% +im,L),

Klingl et al., ZPA356,193

F(Smr) =~
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Background Analysis

[c,_0T] ** TP/ IP

578 580 582 5.84

576

. [GeV]

M o

27



summary

We Investigated the possibility of searching for a resonance-like
structure X(5777) in Bc-2Bs 7z, which may help us to establish a
non-resonance interpretation for some XYZ particles, i.e., the TS
mechanism.

» Advantages:

v Kinematic conditions of TS are perfectly fulfilled;

v The relative weak Bkbar(l=1) interaction does not
support the existence of an isovector hadronic molecule;

v The relevant couplings are under good theoretical control;

v The branching ratio of Bc 2B K* is relatively larger;

v The background is expected to be simple.

» Disadvantages:
v For LHCDb, it is difficult to detect the neutral pion in the
final states

28



Thanks!
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TS mechanism: Reflection in Dalitz plot
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(a)
X.H. Liu, Q. Wang, Q. Zhao, arXiv:1507.05359 31



