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Hints before the discovery of X(3872)—>J/yn*n

CDF internal, 1994 591
Dec 1994 ‘ i Fingfsiao /A e E705, PRD 50, 4258 (1994)

120 __., P1 ............... ........ —109,4:t 59881 | E705 Saw W(3836) (2__)"1 1 994’ 3.836 +0.013 GeV
100 [ f b B 248 02082 PRI 115011803, PRL 111 032001
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M 2.5Mev c10+minpi+dr.4 |

BaBar internal, 2003

Bt — Jyrntm K*

L Tm— AWG meeting June 2003
3 SITEE S motivation: background to

Tlak Q.73

Bmi cameal Jhy K ; test factorization...

17334 1330

4 4.4
M(yron-)y  Gev/e

QSOTELR & O4181E.D3
P 588 % 060 .
100 ‘ P 2566k ONNEN M:’)" o ::\‘h(, +f

8
IRE = ®

3] TC‘ODTIEJ’E £  O.l9dtE.02

| CDF saw a hint in 1994, unpublished
“ \ ¥(3836) BaBar saw a hint in 2003, unpublished
. +
Both CDF and Babar spotted hints of
X(3872) before its discovery!

SRS Y
++-4*++++'ﬁ+.++ j * +++‘H++
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MAsS Jpsik

My ) (GeV)
From BaBar B-Factory Symposium (C. Hearty)

http.//www-conf.slac.stanford.edu/b-factory-symposium/talks.asp
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Y(4260) review in theory

2B 25 38
e Hadron-charmonium model M. B. Voloshin, PPNP61(2008)455
* Tetraquark model Maiani et al. PRD89(2014)114010
* |nterference model D.-Y. Chen, J. He, X. Liu, PRD83(2011)054021
 D1D hadronic molecular model . wang, c. Hanhart, Q. Zhao, PRL111(2013)132003
* Alight quark perspective Yun-Hua Chen, L.-Y. Dai et al., arXiv:181x.abcde

® Hadro-charmonium model for Y(4260) unlikely; tetraqguark model a la Maiani et al.
leads to too many states; so far data are consistent with a strong coupling of Y(4260)
to D, D+c.c.

® A new analysis of the 7t distribution of Y(4260) — J/ym*n~ shows about Y(4260)

contains a large SU(3) octet component
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FAQCDRKF MM RWEBRXRZX, HANEFIREGISRITTAER
'ﬁﬁ. ARE) T RN La™ (l.E [Qq]g, [Qq]p, [QQ]V [ CJ}A RBEIR
—.’E’”I‘Ti‘ JEAR, /&, MRERSTIRAR, c,b):
X*(3860) = Ecq] sleqls (with 077),
X (3872) = > ([eu] alca)s + [cd) aled]s + [culs[ca) 4 + [ed]s[ed]4) (with JPC =17T),
2:(3900/3885) = = (lculafidls — feulsedla) (with 1) 7 v/,
Y (3915) = [cs]alcs]a or [cs]s[cs]s (with 0F7F),
Z.(4020/4025) = [cu]afed]a (with 177 or 277),
Y (4140) = [cls]A[ csla (with 277),
Z:(4200) = E([cu] aled)s — [cu)s[ed]a) (with 177) 7,
V(4300/4320) = —= (ealvleals + feasfeav) (with 17),
Z(4430) = %([CU]A[EE]S— lcu)s[ed]a) (2S) (with 177),
X (4500) = {CS]A[C_S]A (2S) (with 0++),
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Y review in experiment
SIUTESS

'7T+Tl'_]/ll) e*e- — worhe at BESIII (direct) atpDOp*—

L ' e T -
100 N 80? —e— Belle: nt TL*JJ'.lp igtH? ;24558812 ((gg:g)) FltIWlth tV\}O F:OTISt'EIHt \l | l r_:
sl O PRL107, 041803 (2011)|  *“F width relativistic BW -
: z 60— CLEQ-c:xxhe Z e functions 3
of £ ] i -f
aof- 2 0 } o : =
20E g 201}{ }11{ { {{ }{ { 0 4.1 : 4.2; = ;341_3(0' V)AJL. = ‘4I_5' 41_6:

'— E { } I } onlUe

| s }iﬂ LSigngs
- Clearly different from zr] /4. .,

39 40 41 43 43 44 45 46 47
Ecy(GeV)

60 ,
o : PRD97, 052001 (2018) s E by Ryon Mitchel
E E .8- 80 E— T iy '3686 T T T T -E g iiz E_ “Y(4260)” f::::;;.
20 — o k. ==t o = = ! i
0E | ¢ 705 x 'w( ) 1 £ wf Washere O "v@220y"_,
OF B 60 xWrenon | ‘; o 160 - "Y(4320)"
20k 3 50F —+ 2xa%:%(3686) = 140~ O "Y(4220)° .,
30 - - w E 3 120 :— \ "Y(4390)".w, (28)
8 i 1 * 3 100 = "Y(4220)"
20F 1 & 30F + = b . "Y(4300)"
; 20F { 4 _f B E . . "Y(4220)
101 ¢ 3 E = Y(4390)

L 4 : 10 ;- b4 { -; 40 ;_ . "Y(4220)"
OE..‘,.L..E 0 R T 1. 1 & e - 20:_ l l l l I l“‘x,o
50; ' ' ' : 3 41 4 2 43 44 45 46 750304250 4300 4350 40044504500

- = r— "
: ) E 0..0 \s (GeV) Mass (MeV/c?)
. | mo(2S)
30f
Jumm® nmJdhy nh, YNe YXcj
10¢ C
of

open charm K,K*n~ pprn® pKsnK™



Y(2175) review in experiment

C —@— PDG 0(2170) e o Y, 01,080
250 - e oy 0w efe o v, K" K £,(980)
=y B e'e” o Yisg @ M —te JIY = M of“(‘)xm
> 200
§ e'e” - 1 ofol‘)SO)
< i
S
.= 150 [
S L
5 l
c -
100 =
5 " |
| +-
e— —_— —
50 | ]
0 | I | 1 | | 1 | | | | 1 1 1 1 \ 1 1 1 | | l 1 1 1 I |
2060 2080 2100 2120 2140 2160 2180 2200 2220 2240

®(2170) mass (MeV)

BECHR
® Theorists explain ¢(2170) as

v" sSg hybrid

v 23D, or 33§, s§

v’ tetraquark

v’ Molecular state AA

v' $f,(980) resonance with FSI

v' Three body system ¢KK

v’ Estimated or ruled out: not yet

11



Year

2008

2008
2008

2013
2013

2014
2014

2014
2014

Year

2015

2015

2015
2018

/C review In experiment

State
Z.(4430)*

Z,(4250)*
Z,(4050)*

Z.(3900)*
Z.(4020)*

Z.(4200)"
Z.(4025)*
Z.(4020)°

Z. (3885)%
State

Z.(4055)*

Z.(4025)°

Z.(3885)°
Z.(4100)~

M (MeV)
4458415

42481185
4051*2%3
3891.2+3.3
4022.9 + 2.8

4196133
4026.3 + 4.5

40239 + 4.3
3883.9 + 4.5

M (MeV)
4032.1 + 2.4

4025.5+4.6

3885.7 £ 9.8
4096+20%2%

I (MeV)
166%37

1771321
g2*21
40+8

7.9 + 3.7

37099

24.849.5

7.9 £ 3.7
25112

I (MeV)
26.1 +5.3

23.0 +6.1

3519

152 + 5852

Process

By » K=((25)n™),

B, » K~(/ym*)
By —» K~ (xe1m™)
By = K~ (Xc1m™)

Y(4260) - nt(J /ynh)
Y (4260,4360) > 7t (h.m)

By > K~(J/ym™)

Y(4260) - =~ (D*~D**)

Y(4260,4360) - n°(h, %)
Y(4260) » 7= (D*"D*)

Process

Y (4360)

-t 2S)nt)
ete” - n%(D*D*)°
ete” - n%(D*D)°

B >n.K*tn~

Exp. 2R

Belle, o EHE H

LHCb
Belle
Belle

BESIII
BESIII

Belle
BESIII

BESIII
BESIII

Exp.
Belle

BESIII

BESIII
LHCb



o, (fb)

10% ¢

10°
10°

10

XYZ review at Belle

TN
@ ete™ — v+ xes /e
@ Observation of x.o(2P)ineTe” — J/v + DD
@ Inclusive B — X K and B(X (3872) — f)
@ 7)-transitions between quarkonim(-like) states
18 —
16 X*
g o (3860)
- 2 12]
= -
[ —— Dependence of e’e'—n{xc1 8 10 N
- —e«— BESIIl resulis for e"e‘—)\mc1 E 8 ;
E — & BELLE results for e*&'ayx‘:1 § 6 |
L w 4 i
4 5 6 7 8 9 10 11 L
Js (GeV) 2
0

13



XYZ review at LHCb

7K A2
= Exotic states
a Evidence of an n.n~ resonance in B® - n.K*n
a Model independent confirmation for ZZ in B® - J/YK*m~
o Other searches for exotic states s my = 4096 + 20718 MeV
. L~ and I' = 152 + 58%52 MeV
—>!IJ(23)11' K* Without Z(4430)_ L A S b — ]
+ 1000C ' ' 2 1o LHCb < aof. arXiv:1809.07416 H LHCb |
3 3 1 X(4700) o F +. + 1
g | T 120f -
- |} & ¥F8.4c — - ]
3 500 o 3 100 |- .
: | 0 S SOf E
0 0 4100 42 4300 ) 4400 4500 '*" 470 4800 U 40 - 3
m,, ¢[M6V| n n
201 E
800| 03 *

~
=3
S

e —
'---ﬁi‘(nc(lsm-) [GeV]

Events/(15 MeV)
2

o
=3
S

Significance is reduced to 3.4¢ after
considering systematics

14
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Y(2175) partner? g

® \\e diagonalize the two ss55 interpolating currents of JP¢ = 177,
and use QCD sum rule to study the Y(2175).

® It may have a partner state whose mass is 2.41 + 0.25 GeV.

C. P. Shen and C. Z. Yuan, BESIII, PRD91, 052017 (2015)
BaBar, PRD76, 012008 (2007) CPC34, 1045 (2010)

150
o I 2
= >
o [0}
o —_ . O +
5 o) o 100
S150 c 1} i - o100
g — P e
2 = P 2 T
s o oo s -H?}“ +
= o0 -'+ . @ Belle D 5ot '}f i + +
() - : * BaB il b
100 ~= L 5 - crar
e 05 1 . . e
= B | ======- Solution |
— N ¢ + S --e-e- Solution |l
5 L Nl g — e
50 0 P B s i TN 2 @24 22 23 24 25
‘ . 1 ' : : Bt 5
2 225 25 275 3 Wi 1500 (Beli')
ECM (GeV) (f)The ¢ fo(980) invariant mass spectrum. Taken from
. 4 - . BESIII [17].
0 18 S 23 24 26 28 (d)Fits to the BaBar [11, 12] and Belle [16] 7l
m(K'K f,) (GeV/c?) measurements of the eTe™ — ¢ fo(980) cross sections
(h)The K™K~ a7~ invariant mass distribution in the with two coherent Briet-Wigner functions, performed by
K+ K~ fo(980) threshold region. The fits are done by Shen and Yuan and taken from Ref. [19].

including no (dashed), one (solid) and two (dotted)
resonances. Taken from BaBar [12]. 16



A puzzle: X(4140) width ? =&

The large width of X(4140)

Experiment Np Mass (MeV) Width (MeV) o Fraction (%)
CDF [1] 58 4143.0+2.9 + 1.2 117155 +3.7 38
Belle [19] 325 4143.0 fixed 11.7 fixed 1.9
CDF [26] 115 41434122 + 0.6 1531004 £ 25 5.0 15+4+2

The deduced width of X(4140), 83+21 MeV, larger than the former
experimental measurements, and also the average of the PDG.

DO [25] 4152.5 + 1.7482 163 +5.6+ 11.4 4.7-5
Average 4147.1 +£2.4 15.7+6.3 PRL118,2017

X(4140) il 7 b COT i Ry
Seen by AALTONEN 2009AH, ABAZOV 2014A, CHATRCHYAN 2014M, AAlJ 2017C in Bt — XK* , X — J/v¢ , and

by ABAZOV 2015M separately in both prompt (4.7 o) and non-prompt (5.6 &) production in p p — J/1¢+ anything. Not
seen by SHEN 2010 in y v — J/v¢@ and ABLIKIM 2015 in e* €~ — vJ/1¢ at /3 = 4.23, 4.26, 4.36 GeV.

X(4140) MASS 4146.8 + 2.5 MeV (S = 1.1)

X(4140) WIDTH 193 MeV (S = 1.4)
PDG2017

11
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A new decay mode of higer charmonium states
SALY

EPJC78,605(2018)

TABLE I: The A_A. partial decay widths (MeV) of the vector char- | M (Y(4660)) = 4643 £ 9MeV
monium with a mass of M = 4643 MeV. B represents the branching

- — +
ratio of the A A, pair. I ROl = B el Ll
State (43S ) B (538 1) B (635 1) B
L'x R 6.57 9% 2.44 3% 0.84 1%
State w(3°D)) B w(4°D)) B w(5°D)) B
L g, 0.33 0.4% 0.19 0.3% 0.09 0.1%

F(W(4S/5S/6S)—)ACKC) «~ afew MeV
I'(w(3D/4D/5D)—> A_A,) ~ lessthan one MeV

If the enhancement Y (4630) in the A A, invariant-mass distribution is the same atructure
as Y (4660), the Y(4660) resoannce 1s most likely to be a S-wave charmonium state.

18




Where is X, ?

Where is its counterpart in Bottomonium sector? Predictions:

@ Meson-exchange model
10562 MeV Tornquist, Phys. Rev. Lett. 67, 556 (1991), Z. Phys. C61, 525
(1994)
10561 MeV Swanson, Phys. Rept. 429, 243 (2006)
10585 MeV Karliner and Nussinov, JHEP 07, 153 (2013)
qualitative prediction Karliner and Rosner, Phys. Rev. Lett. 115, 122001
(2015)

o Effective Field theory
10604 MeV in an unpublished version AlFiky, Gabbiani, and Petrov, Phys.
Lett. B640, 238 (2006)

@ A lineshape peak at about 10615 MeV with a width about 10 MeV
above BB™* threshold is predicted. It could be regarded as Xp but it
main comes from the convolution of wave functions.

@ Another dynamically generated state at about 10672 + 39/ MeV
@ The physical xp1(4P) is at about 10771 + 3/ MeV

IH

19
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Productions and decays of Z.’
R B 55

v productions of Z!’

dominant from B;B™)/B,B* loops:
From Y(5S). From Y(6S)

Predictions for 6S:  BU(6S-Zym) o
B(Y(6S)—>Z,m)

fzb fZL

Y(6S) - hy(1P)t ™ 46% 54%

Y(6S) - hy(2P)ttm™ 40% 60%
B(1(6S) = Z,n7) ~ 5%, Need further check from Belle IT

BY(6S) > Z 1) ~ 3%,

20



On the existence of a doubly charmed
DDK bound state it

Total
----DD_

8 -—-DD

D{/D*(p1)

D*+/D* (p)

O N 1 N 1 N 1 N 1 N
413 414 415 416 417 418

R**(4140) Tec M(GeV)
« DDK molecule « Compact tetraquark Very preliminary result:
['~4 MeV
* %(0-) . 0(1%)
* ccds * ccqq Need search for them
* Decay strongly—10 MeV ¢ Decay weakly in experiments |
* Production mechanism °* Productionin
to be studied PP/e+e- collisions

studied extensively 21



2R 55 im‘ﬁxﬁ-ﬂéﬁ‘ﬂ?‘%ﬁ\@ %

Belle

-------- Bell fit
a0l No—No | |

- - = NooNg

Events/(0.01GeV)

198 200 202 204 206 208 210
m(p9) (GeV)

Three 3/ 2= nucleon resonances:
* N (1875):

2*K molecular state, partner of Pc(4380)
* N(2100) in & photoproduction:

ZK* molecular state, partner of Pc(4450)
* N (2120) in KA(1520) photoproduction

[N(3/2°)]; in constituent quark model )




LT e

o
7
iy
o
=
i
huad

4. FRIGFISE5y FE




Observation of an excited {1~ baryon

B(Q*~—>ECK ™)

Results & Summary R B0 SE-KO) 1.210.3
Data Mode Mass (MeV/c?) Yield I'(MeV) [x*/d.o.f.[ne
Y(1S5,25,39) | 2K, 2 Ko | 2012.44+0.7 [242448,279+ 71| 6.4757 |[227/230 (8.3
(simultaneous)
Y (15,25, 359) ="K 2012.6 + 0.8 239 + 53 6.1+26 |115/114 6.9
(15,25, 35) ="K / 2012.0 + 1.1 286 + 87 6.8 +3.3 |101/114 |4.4
Other =0K 2012.4 (Fixed) 209 + 63 6.4 (Fixed)| 102/116 3.4
Other = K 2012.4 (Fixed) 153 + 89 6.4 (Fixed)|133/116 |1.7

Combinations/2.5 MeV/c®

Combinations/2.5 MeV/c?

160
140
120

100

M(Z K) GeV/c?

PRL 121, 052003 (2018)

The gap in the spectrum between the
ground state and this excited state (~340
MeV) is smaller than other {2~ excited

states, which is more close to the negative-

parity orbital excitations of many other

baryons.

The narrow width observed implies that
the quantum number J* =§ is preferable.




The number of expected ((2012) events at Belle

I
Nexpected — ytotal o pproduct x ¢ x B(2(2012) > KE/KET)
Channel £ Bdecay B(2(2012) > KE/KEm) | Nobs | Nexpected
ETKQ | 15.7% | BKS - ntmT)x REK® - KQ) 6.5% 279 -
FO0K- 4.0% Br® = yy) 7.8% 242
E K nt 9.4% - 28.6% - 2091
o BK - ntn~ )X Bm® - yy) 55
= 00 o S o) _
5-KOn° | 1.5%  R(KO > KO) 14.3%
~ _ Bm® - yy)x BKS > ntn”) 177
=0 0 - S 0 _
EOKOn~ | 2.3% e 28.6%
F%Kn° | 0.8% Bm® - yy)x B - yy) 14.3% - 82

* B(Q(2012) - KE): B(Q2(2012) » KEm) = 14.3 : 85.7 in Ref.[arxiv:1807.00997].

« T[E"K°]: T[E°K~] =1 :1.2 from PRL121, 052003 (2018)

« The isospin analysis shows T[E"K nt]: T[E"K°n°]: T[E°K°n~]: T[E°K ~n°] =
2:1:2:1

 In the calculation of Bl the common B, e.g., B(A — pr~) is cancelled.

R(K® - KQ) =

o If theoretlcal predlctlons are correct, we will most likely observe !2(2012) in
mode 2(2012) - ="K n* 25



Measurements of absolute Brs of E‘.Q

Summary of the measured branching fractions and the ratios of Z decays

preliusinary

B(B~ - A;E? (9.514+2.104+0.88) X 10*

B(B~ - A EY)B(E2 - E~n™) (1.71+0.28+0.15) X 10°® (2.4£0.9) X107
B(B~ - A;E%) B(E? - AK ")  (1.11+0.26+0.10) X 103 (2.1£0.9) X107
B(B~ - A E2)B(E2 - pK™ K w*) (5.47£1.78+0.57)X10°6

B(E2 - E rt) (1.80+0.50+0.14)%

B(E2 - AK™r™) (1.17+£0.37+0.09)% PDG

B(E? —» pK~K~7+) (0.58+0.23+0.05)% /

B(E? - AK~n*)/B(E? - E~*)  0.65+0.18+0.04 1.07+0.14
B(E? - pK"Kn*)/B(E? - E-r*) 0.32+0.124+0.07 0.34%0.04

We have performed an analysis of B~ — A ZQ inclusively and exclusively
First model-independent measurement of absolute Brs of £ decays
The branching fraction B(B~ — A Z0) is measured for the first time

The measured B(EQ - Z-m") can be used to determine the BR of other E? d&ayésg
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SuperKEKB and Belle II Schedule

Year 2016 2017 2018 2019
Japan FY 2016 2017 2018 2019
Summer Summer Summer Summer
shutdown shutdown shutdown shutdown
'Phase 1 Belle i Phase 2 Phase 3
| E— nsertion — I - - -
Main Ringi(MR) cifﬁﬁ ol
commissioning MR commissioning for phase 2 $ | installation

|
[

Damping Ring (DR) Ihstallation and commissioning

HER(e")
- .
circulating

DR commissioning

During phase 3, Belle Il
activity of 9 month/year
have been assumed

I l

=/

* Phase1l, Feb.-June, 2016
¢ Accelerator commissioning, no collision
e Phase2, Feb.-July 17,2018

Phase 3

¢ Installation of VXD

Collision w/o vertex detectors

Understand background and detector performance
Instantaneous luminosity reach ~0.5x1034 cm-2s-1

~0.5 fb-1 data at the Y(4S) regsonance was collected

e Start physics run with full detectors in Spring 2019

e Operate 9 months per year



Prospects of DCB in a nutshell
] 5
e LHCb (7.5 fb~1, 2018)
— :;f;f properties better known, >1k signal

— £/ probably observed
— O} evidence?

e LHCb upgrade (50 fb~1, 2030)

— EXF, 0(10Kk) signals, excited states, new
decays CPV study?

— 21, 0(1k) signals, properties better known
— Q/., observation

» LHCDb upgrade-Il, another factor of 6
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