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Belle Experiment

KEKB: world highest luminosity e+e- collider
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Charmonium production:
® B decay ~711 fb1 Y(4S)
® Bottomonium decay
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Charmonium(-like) states

cc bound states described well
with potential models below
DD threshold.

Several unpredicted states have
been reported above DD
threshold: XYZ ?

ass, GeV/ 2

To understand their nature, it is >
necessary to study their
production processes along with °
their decay channels.
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Y(1S) »XYZ + Anythings

PRD 93, 112013 (2016)
XYZ states always decay into a charmonium state such as J /Y or

Y (2S) and light hadrons.
B(Y(1S) - J/P(P(2S)) + anythings) ~10~*
World largest 102 x 10° Y(1S) sample in Belle

Reconstruct J /Y or P (2S) firstly, then combine them with K or
to search: X(3872),

Y(4260), Y(4360), Y(4660), Y(4140), Y(4350),
Z¢(3900),Zc(4200), Zc(4050), Zc(4430)
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Y(1S) > XYZ + Anythings

18
—+— Y(1S) Data ; —— Y(1S)Data 10F < Y(1S)Data
N 1 ;(a) N 14 Continuum (b) 3 Continuum (C)
9 2 12 L 8} &= Y(2S)sidebands D
= = = 5 BELLE
o © 8 o
° N X
o & 6 o 4
= 5 2
c c 4 c
w w } w2
2 |
Bt ! 0 o L] ZESLR ol L1
42 43444546474849 5 51 48 5 52545658 6 626466 48 5 52 54 5658 6 626466
MK'K'J/Y) (GeVIc?) M(K'K'Y(2S)[—1'T]) (GeVic?) MK'KP(2S)[—n"n J)) (GeVic?)
8 :
F —— Y(15) Data 5F —+ Y(15) Data 5 — Y(15) Data
o TF — Fit curve (a) - Continuum (b) - E Continuum (c)
|5} ] L i —— L e———
= gf - Background = 4} & sidebands = 4| & sidebands
E 5 Continuum E : E E
] 3 3F
2 4 BELE § %
F @ 2F g 2
g 2F { = £ .
L F (W] 1= . wi 1
1:-—. SNy | 'y . n
3 ¥ "in i it LN 1) s 0 A .ﬂj i i i D" 'E- LA L& .
EIU 42 43 44 45 46 47 48 49 5 5 48 5 52 54 EE 58 E EZ 6.4 EG 48 5 52545658 6 626466
M(pJid) (GeVic?) M(p(2S)[—1T) (GeVic?) M(p(2S)[—1 i) (GeVic?)
90¢
F —+ Y(1S) Data E —+— Y(1S) Data 90F —— Y(1S) Data
- 00 i Fit curve (a) e iod 3 Fit curve (b) ~ 80 Fit curve (c)
§ 500 - Background ‘S-’ 70F ....... Background §‘ 70E Background
g 400E Continuum D g 60:— (.:.onlinuum D g Continuum D
[ <O = <O = <O
P 300¢ BELLE 3 v , BELLE e % BELLE
E Q ST ) Q Ty o
% 200; -E ot = 1 % ]
* 100 - : S |
9658 4 4244 46 48 5 52 54 S T T R Y O R T S e R v g < T v

M(r=J/p) (GeVic?) M P(2S)[—1'T]) (GeVic?) M(m(2S)[—r'TJP]) (GeVicd) 7



Y(1S) - XYZ + Anythings

prod
§BR

=B(Y(1S) - XYZ + anythings)B(ZYX - J/Y(P(2S)) + hadrons)
State Nt Nup €(%) 0sysi (%) X(0) i
X(3872) > i J/v 4.8+154 314 326 187 03 <95x10°°
Y(4260) » wtn~J/p  —31.1£88.9 1346 3.50 356 — <3.8x107°
Y (4260) — w7~ 4(2S) 6.7429.4 569 0.71 350 0.2 <7.9x107°
Y (4360) — ntm(2S) —25.4430.1 456 086 500 — <52x107°
Y (4660) — ntn—4(2S) —55.0426.2 231 1.06 407 — <22x107°
Y(4260) - K*K—J/¢¥ —13.7+109 145 191 458 — <75x10°°
Y (4140) — ¢.J /9 —0.1+1.2 36 069 11.0 — < H2x 0
X (4350) — ¢J /¢ 2.34+2.5 76 092 104 12 <81x10°°
Z:(3900)* - ntJ/p  —265+39.1 575 439 473 - <13x107°
7Z.(4200)f — w*J/yp  —238.6+154.2 235.1 3.87 484 — <6.0x107°
Z.(4430)F — ntJ /v 0424714 1958 397 344 12 <49x107°
Z.(4050)* — n¥4(28)  37.0+47.7 1127 1.27 462 04 <88x107°
Z.(4430)F — 7%(25) 2324424 920 1.35 471 0.1 <6.7x107°
ZE -5 K*J/y -222+174 224 388 487 - <57x107°




B T — X cC K T PRD 97, 012005 (2018)

X(3872) : Admixture of a molecular state and y.1(2P)?
Need B(B™ — X(3872)K™) to confirm pis.702.359 (2011)
World largest 772 X 10° BB pairs sample in Belle
XCZ‘ — ﬂc:]/‘/’» Xcor Xc1» ﬂc(zs); II)(ZS): ¢(377O)
X(3872), X(3915)
Neural network based hierarchical hadronic full

reconstruction algorithm applied to tag a B meson.
See: httg%éekp—invenio.physik.uni—karIsruhe.de/record/48181
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http://link.aps.org/abstract/PRD/v97/e012005
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Bt > X ..K*

Mode Yield  Significance (o) ¢(107?) B (107%) World average for B (10™*) [10]
e 12590 + 180 14.2 2.73+0.02  120+0840.7 9.6 +1.1
J/ib 1860 £ 140 13.7 2654002  89+0.6+05 10.26 4 0.031
Xeo | 430 +190 2.2 2.674£0.02 204+0.9+0.1 (< 3.3) 1.507015
Xe1 1230 +180 6.8 268+0.02  58+09+05 4.7940.23
1¢(25) 1050 + 240 4.1 2.774£0.02  48+1.140.3 34418
h(28) {1410 + 210 6.6 2794002  64+1.0+04 6.26 + 0.24
1h(3770) | —40 + 310 - 2.76 +0.02 —0.24+ 1.4+ 0.0 (< 2.3) 49413
X (3872) | 260 + 230 1.1 2.79+0.01 12411401 (<26 < 3.2
X(3915)| 80+ 350 0.3 2.7940.01 04+1.6+0.0 (< 2.8) -

Need more data or more advanced algorithm

/ \

Belle2 Full Event Interpretation (FEI)
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e T e - ]/'(l)D 5 PRD 95 112003 (2017)

X(3915): find in its decay into wJ /¥y, JF¢ = 0t
» Was identified as y.o(2P).
> Strong decay y.o(2P) — DD is expected to be the
dominant decay(r = 100mev). ThD 65, 098020 (2008
» But not observed for X(3915) (r = 20 + sMev)
> Xco(2P) = w] /Y is OZI suppressed
Where is y.o(2P)? => double-charmonium

production in association with the J /Y (C = +1)

Xco(zp)? Xc2(2P)

yy » DD : i il

12



e T e - ]/l/)D 5 PRD 95 112003 (2017)

Reconstruct:
J/p - £¢

one D’ > K nt, Kdn"n~, K'n*rn’, K- n*n nt

orDY - Kdnt, K-ntn*, Kdn*n®, K- n*n n"®
Kintmtm™

require / /YD recoil mass in D region

mass constraints fit for / /1 , D

Multivariate analysis used: MLP mode

18L
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e T e - ]/l/)D 5 PRD 95 112003 (2017)

X*(3860) Or xo(2P)?? PWA of the data, blue lines are fit with X*
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Pseudoexperiments

e T e - ]/l/)D 5 PRD 95 112003 (2017)

80

Value in data

Mass: 3862745710 MeV
width: 2011123185 pey

X*(3860) Or y.o(2P)??

JP¢ = 0** favored
over the 27 hypothesis

at the level of 2.50

X.0(3860) 0*(0++)

M
aka X(3872)

« Z.(3900) 1H(1")
was X(3900)

+  X(3915) 0+ (0

was x.4(3915) or 2t1)
|

15



Angular analysis of eTe™ = y;gpD () p*+
PRD 97, 012002 (2018)
og(ete™ - hadrons) measured past are model-dependent
with large uncertainties.

Vector Charmonium state (y)’s) above open charm
threshold are not fully understood

T + —==> © Belle and BaBar results agree
: ; y 3 BaBAR .
' M“W L e 45 i w . with each other
oW . 0 : 1¢ e L .
sol "yt | eeJ;" sof BAE;’;; Statistics is too low to study the
“E ! "',-MN,.-... i m structure of the cross sections
8, M e . (ﬁk . BaBan More accuracy of cross section
(4160) . ' ; :
© o[ Whemen ol ¢ AMiatasal measurements
1.0 Belle : y(4415) DD=n .
osf iﬁé +,+’,1 measure separately cross
10 | Belle ; : Belle sections for all 3 possible
+ 0.5 f h
. * u ++++ b 4 T D™ED**helicity combination
0 4.5 5.0 0 4.0 4.5 5.0
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Angular analysis of eTe™ — ]/ISRD(*)iD*$

MethOd ol VISR I]))I?ﬂ!)) 97, 012002 (2018)

@ Partial reconstruction

@ Reconstruct D*, vsgr and 7Tgjow
] M(D(*H_D*_) = Mrecoil(’YlSR)

Tslow

DY decay channels:

e
K=
Mrecoil(’YlSR) — \/(Egm g K-K+
D _
951 fb~ldata
Q@ K nrta™
~ — ” ~ 400F " " KO tor—
< 400 eee ->D"'D I ! e'e DD °
Z : f = ;\' |. Q K ntx 0
E 300‘{‘ |. With combinatorial background E 300_ With combinatorial background e KO I{—l_ K_
Z 200/ ! S 200/ o KLg ’
- . - [ T
§ 1005} %ﬂ* § 100} *N (8] Kb—K+fr—w+
= +WM ‘ = ot *‘“‘*Wﬂu M 0 0
0 ). Y- WAttt Q Kgrimm
4 4.5 5 5.5 6 4 4.5 | 5* 5.5 6
MDD") GeVic’ MD D7) GeV/ic
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Angular analysis of ete™ — ]/ISRD(*)iD*$
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Angular analysis of the process efe” — D"D*"

@ Study D* helicity angle distribution
in each bin of M (DT D*")

@ D* are transversely polarized

— Check method

4.05 < M(D*D*7) < 4.3GeV /c?

O (nb)

N

D'D

200+

1505

100

50+

it M e
1 1 i A L 1

o N &~ O

0-.|.|I.|.|I
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Angular analysis of the process efe” — D*"D*"
@ Study of the D* helicity angle distribution in each bin of M (D** D*™)

@ Helicity composition of the D*" D*~

final state:

* *— *+ *— *+ *—
DXFDX, DD} and DD}

o D7 = transversely polarized D* meson
o D} = longitudinally polarized I2* meson
g " L, DD 2 !
1 M iy +++ HH|
HH{ el } b
0.5 : ++++++ H by Y
ol 0 = 0.5
: ‘11'L+ + 4 41 42 43 44 45 :
0= .+++. st 04
4 4.5 5 5.5 6
Vs GeV
g : DD > not trivial too fit the cross section
© 1} \N b ++++ because of the threshold and coupled-
H 05 4t +++ . channels effects
+ ++ . . —_ * *_
0.5 +# | o4.+ e *:*3*:: 4 » Only TL Helicity ofete —>.]/15RD tp*+
of ﬂww ' daded | have the component at higher energy
4 a5 5 5.5' 6 20
Vs GeV
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Summary

€Y (1S) —>XYZ + Anythings
No XYZ was found
BT > X K
No X(3872) signal
®cte” > J/YDD
observation of X*(3860) Or y.o(2P)
® Angular analysis of ete™ —= y;cp DIED*F
Helicity-dependent structure?

Thanks!
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Backup

charmonium: post B-factory era
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MASS [GeV/c?]

Y (1°D1)

O 1 1 O 4 D

>15 charmonium-like states found that do not
fit into any of the unassigned charmonium levels

- 2Mp~

Mo+Mp-+

established ct states

predicted, undiscovered
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Backup

If X(3915) # x/,, what is it?

X(3915)=2 wl/P violates OZI-rule unless it’s a 4-quark state
Mass is near 2my, threshold: M(X(3915)) = 2m;, -18 MeV

X(3915)=>DD decays are suppressed: [(X(3915)=>DD) < 1 MeV

D.-D, molecule?
Li & Voloshin, PRD 91, 114014

cc-gluon hybrid?

X(3915) as a D.-D, molecule?

Li & Voloshin, PRD 91, 114014

@ what binds it?
DS Al o

\q. Y

&

S

“BE”=2Mp, — Mys0,5=18 MeV

[cs][cs] tetraquark?

Lebed & Polosa, PRD 93, 094024

o

L=0 lﬁ

C

24



Backup

0<-0 m-exchange violates Parity

X(3915) as a cc-gluon hybrid?

i2j+m
\ initial state
i P=1;J=0
/ toconserve B j&m
should be in a P-wave
& not conserve J

0- 0~ O vertices must be O 3915 MeV is too light for a 0** hybrid

1500 -
% 1000 -
2
SIE
= 500+
0

-- Lattice QCD calculation --
Iightesf M (MeV)
0** hybrid = 14500
@ a|E- =
= = B — =
— T ~500 MeV =
- 1) = == = 0,5, 44000
R X(3515) - 1
— ; DD
—_—— 13s00
m_~400 MeV
L - 43000
0 17" 27t 17t O0Ft 1T 1*t 2t 3t o 2+

Liu, et al (Had Spec Collab) JHEP07,126

too light for 0** cc-hybrid?

25



Backup

What is the X(3915)?

It is not the X/, charmonium state
Belle recently found a much better x;, candidate

It is not a threshold effect
18 MeV away from the nearest threshold (& a benign one at that)

It is not a good candidate for a D.D, molecule:
B.E. = 18 MeV, & needs a binding mechanism to produce this;

standard nuclear-physics-type forces do not work

It is not a ct-gluon hybrid:
unless current (m =400 MeV) LQCD mass calcs are wrong by ~500 MeV

If it is a [cs][cs] QCD tetraquark:
the X(3915)2>nn_ decay mode should be seen soon

26



Backup

Search forY (15,28) > Z! Z_ and e¢" ¢ —» Z} Z_ at /s =10.52, 10.58 and 10.867 GeV
» No clear signals are observed in the studied modes.
» Determined upper limits on product of branching fraction and cross section (90 % C.L.).

arXiv:1805.02308v1 [hep-ex] Accepted by PRD

Data Sample

5.74 b at Y(1S) peak

2491 fb™" at Y (2S) peak

89.5 tb! at s =10.52 GeV.,

711fb'at /s = 10.58 GeV (Y (4S) peak)
121.4 fb™ at /s = 10.867GeV (Y (5S) peak)

Decay Modes

Analysis Method

Z.., decays into wrJ/y, mhy., TTW(2S).

Z .- 1s simulated with inclusive decays.

(e" e —»>uu/dd/ss/cc)
= After requiring Z_, signal regions, we will extract
the signal events by f{fitting the invariant mass
spectraof Z_,.

Z >INy Z,—>TT Y 7 ,—>1hy (28)
Zc1 Zcz
e'e’ 7} (390004 Z;(3900)at 10.52,10.58,10.876GeV e o' 1052,10.58,10.876GeV
e 10.52,10.58,10.876GeV ;
€+E'_ —3 2:(42["] 22(4200] it 10.52.10.53.10.37609‘7 e+e— - IU.EE,IU.EH.ID.B?EGEV E+E- - 10.52.10.58.1&37668"
Y(15,25) = [Z(3900)H Z-(3900 . .
- % it e ot | [ TS5 2, decays o the fnl state conining | | ¥ (LSr2) ) S e Em ety
HUS29) ON F620) 10529 | (105294 LT
Y[IS,ZS)—) Z:GZUD) 2;[4200 After requiring 7, signal regions, we Y(].S 23}—) Y[IS ZS)—)
will extract the sigi g? m::b fitt ' After requiring 7., signal region, we will ! After requiring 7., signal region, we will
l l the ﬁwariant ;;gsn;:;m of ; Hine extract the signal events with fitting the extract the signal events with fitting the
T JAp(—I+H) anything . iovariant mass spectra o Z.  invariant mass spectra of 2,
T Xal=y)/y) anything T (2S)—mml/f)  anything
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Backup

Observation of 5,(2930)° and Updated Measurements of B~ —»> K~ A} A
> Z.(2930)"%s observed with a statistical significance greater than 5c.
» Precise Results M = 2928.9+3.0 +0.8/-12.0 MeV, I'=19.5+8.4+5.4/-7.9 MeV
BF. (B~ >K~ A7 A)=(4.80=0.43 +0.60) x 10" (consistent with PDG 2016, 2017).
> B.F.(B~—> K~ Y(4660)) x BF. (Y(4660) — AT A.)<1.2x10™* (90% C.L).
BF.(B-—>K Yy xBF. (Y, > A} A7) <2.0x10™*(90% C.L).
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