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@ Introduction to the Belle experiment

@ Studies of excited = states
W =, =.(2645), =.(2790), =.(2815), =c(2980) — (7)y/7=c
B =_(3055), =.(3080) — AD

© Studies of the Al state
BAf — pKTn~
B A — ¢pr® and AT — K=t pr®

O Studies of the Q0 state and its excited states
[ | Q(c) — Q_7_T+7TO, Q_7_r+7r+7_r_,_E_K_7r+7r+, 0Kt
= Ko7t Z9KO, AKOK?, s *K- K=t
W Q9(3000), 22(3050), 29(3066), ©29(3090), 29(3119)
— =rK~

@ Summary

)
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Introduction to the Belle experiment

®Asymmetric energy e*e” collider
__ eGeneral purpose detector
Mt. Tsukuba e Detect charged particles and
photons
e Good momentum/vertex
resolution
® K/rn separation up to 3.5
GeV/c
& Data at Y (4S) and some other
Aerogel energies
Cerenkov ¢ Integrated luminosity ~1 ab!

Csl calorimeter ~ Time Of Flight

Onresonance: Y(55):121 fb~*

. . ?g;?ee‘f e Y(45): 711 fb!
- il Y(3S): 3fb
"= il Y(25): 25 fb1
8Geve g _ Y(1S): 6fbt
" S Central Drift Off resonance/ scan: ~100 fb~!
Silicon Vertex K p Chamber
Detector system



Study of excited =, States

decaying into Z? and =} Baryons

PRD 94, 052011 (2016)

=,(3080)
Z.(3055)

=,(2815)
2.(2790)

Z.(2645)

=.(2980) — =(2645)r
= (2815) — =(2645)1

o =(2645) — =
=.(2980) — =.x
=.(2815) — =&
=,.(2790) — =.x
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Introduction

e Like the ground =, each of the excited =. has an
isodoublet.

e Mass and width measurements of the first five isodoublets
of excited =, states are performed using 980/fb of Belle
data.

e Previous measurements (CLEO,BaBar, Belle) were with
low statistics. For widths, only upper limits were given for
many states.

e The ground =} and =2 are reconstructed from 10 and 7
decay modes, respect|ve|y.



M(E.m)/M(E.mrm) spectra

Mass and width of =.(2645)/Z.(2815) extracted from
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and width of =.(2980) extracted from M(Z.77) spectra

I 3o
% a0 % 30
§ 0 § 20
g uba W 1 o
Z.ISS 2.;8 Z.IQ 2.;2 2.‘94 Z.;S 2.;8 ; J.;Z J.(IM 3.;5 3.08 n.“ 288 2.‘9 2.‘92 2.;4 Z.;S 2.‘98 3‘ 3.(:)2 3.:)4 3.:)6 3.08
M(Z2r*r) GeV/c? M(Zi %) Gevlc?
m=2970.8+0.7(stat.) MeV m=2966.0+0.8(stat.) MeV
'=30.3+2.3(stat.) MeV =28.1+2.4(stat.) MeV

1Py = §7%)

The results support the new
name of the isodoublet, namely =(2970)" m = 2970.7 + 22 MeV (S = 1.5)

=.(2970) instead of =(2980). =c(2970)7m = 2068.0:+ 26 MeV (5 = 1.2
(PDG 2016)




Mass and width of =./Z.(2790) extracted from

M(ZEcvy)/M(E.m) spectra

Events/(1 MeV/c?)
Events/(1 MeV/c?)

588

200 [~

N A . . . . N . . T L
250 255 256 257 258 259 26 261 282 250 255 256 257 258 259 26 261 282
M(E2)(GeVic) M(E2)Gevic)

m=2579.2+0.1(stat.) MeV m=2578.4+0.1(stat.) MeV

250

g B

Events/(1.25 MeV/c?)
H

Events/(1.25 MeVi/c?)

0 Bt o B
277 278 279 28 281 282 283 284 285 286 287 277 278 279 28 281 282 283 284 285 286 287
M(=Pr*) (GeVic?) M(=£ ) (GeVic?)

m=2791.6+0.2(stat.) MeV m=2794.9+0.3(stat.) MeV
'=8.9+0.6(stat.) MeV '=10.0+0.7(stat.) MeV

No width of =. is given, because it decays electromagnetically and
its intrinsic widths are experimentally negligible.



First

Events/(5 MeVic?)

observation of =.(2980) in the =/x final state

signal yeild: 845+ 77 signal yeild: 276 £ 59

300 £ + (a)

250 E <

200 B E

150 z % E

100 f— E j: E

50 ;— 20 _

g.B-B 2.‘9 2.'92 2.‘54 2.'55 2.;5 C: 3.:)2 3.I‘)4 3.06 gB‘B 2.‘9 2.‘92 2.‘94 2.;6 2.'98 Cli 3.:)2 3.(]14 3.06

M(=P7*) (GeV/c?) M(=' 1) (GeVIc?)

e Signal shape: Breit-Wigner function convoluted with a
double-Gaussian resolution function

e Background shape: Polynomial function
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Particle Yield Mass Width
E.(2645)7 1260 = 40 2645.58 +£0.06 + 0.0770 2.06=0.13£0.13
PDG 26459 £ 05

=, (2645)0 975 + 36 2646.43 £0.07 £ 0,072 2 35 £ 018 £0.13
PDG 26459 £ 0.5 <55

=, (2815)* 941 + 35 2816.73 = 0.08 £ 0.06102 243+ 0204017
PDG 2816.6+09 <35
E(2815)" 125840 282020 +0.08 £ 0.07155 234+ 018 £0.17
PDG 28196+ 12 <65

=, (2080) 916 £ 55 2966.0 = 0.8 £ 0.257 28.1 £ 24740
PDG 2970.7 £2.2 17.9+35
=,(2980)" 1443 £ 75 2970.8+ 0.7+ 0.2197 30323110
PDG 29680 +£26+05 0+7

=+ 7055 + 211 2578.4 = 0.1 + 0.4127

PDG 2575.6 £ 3.0

=0 11560 £ 276 25792+ 0.1 £ 04503

PDG 25779+ 29

E(2790)  2231£103 27916+ 02+01+£047); 89+06+08
PDG 2789.8 £ 3.2 ) <15
=,(2790)° 124172 27949 £03£0.1 £ 0475 100207208
PDG 2791.9+33 <12

Masses: ~ 1 order
improvement of precision

widths: 5 first measurements

Measurement of the isospin
splitting consistent with
nonrelativistic quark model
(J. phys. G 29, 2685 (2003))

I

Particle M(E?) = M{Z0) (MeV /)
E,(2645) —0.85 = 0.09 & 0.08 £ 0.48
-3 0.12 £ 0.05 £ 0.48
1402405
14 0.1 £ 0.5
4401 £0.5

EQNEE




Study of excited =, States

in the AD final state

PRD 94, 032002 (2016)

=.(3080)
23055

E.(2980)

=.(2815)
2.(2790)

=,(2645)

—_—
=

=

c

e =.(3055) — AD

e =.(3080) — AD
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Introduction

¢ Relative branching fractions (BF) of £ K and AD
decays reveal the internal structure of = states.

¢ Chiral quark model: = (3055), Z,(3080) as D-
wave and S-wave excitation in N=2 (radial)
states. Small coupling to AD. PrD86,034024(2012)

¢ Relative BFs (AD/X.K) for £,(3055), £,(3080) are
studied using 980/fb of Belle data.

¢ Relative BF (2.’K /£ K) for £,(3080) is also studied.
& D" mesons are reconstructed in
¢® D' - Knnt

¢ D' Kn,D' - Knann,D? - Kntn®
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B ]
g &

Events / ( 0.002 GeVic”}
g

s Lol [T |
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(b)  [=(3055)
I =.(3080)°

-.

AD? (D°—KTr*)

I A N T DT T P T |
3505904 906 308, 9.1 912 314 916 518 5.2
M(ADY) (GeVic?)

=,(3055)°
11 E.(3080)°

ADP
(DO—K-mrmd)

| TR ST T T A |
SEGE 0T S0k aon a1 AIE A4 T8 3E 52
M(AD?) (GeVic?)

Resonance Mass (MeV/c?) Width (MeV) Significance ()
=,(3055)" 3059.0 £0.5+£0.6 64+£21=£1.1 8.6
=.(3055)" 3055.8 £04+02 7JO+12+£15 11.7
=.(3080)* 3079.6 £ 04 +0.1 < 6.3 4.8
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Widths of =.(3055) and =.(3080) extracted from Simultaneous

fit of AD, X K and X K modes

Mz K
. < ® = (3055) In the simultaneous fit, the
§™ 5 S 2OB0° | = (3080) masses are not constrained
g“ %: to be the same, because we
. R find inconsistency for the mass
AW M“Du W D0 of the =.(3080)™ among the
L e . e three decay modes.
r
§ .% Resonance Width (MeV)
Sttt E.(3055)* 78+ 12+1.5
Hc e =.(3080)* 3.0+£07+04

Tt sideband region
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BR(AD')/BR(E}*K™) and BR(E**+K~)/BR(E}*K™)

State BR(AD*)/BR(Z,"*K’) BR(*.*K)/BR(Z,K’)

=,(3055)* 5.09+1.01+0.76
=.(3080)* 1.29+0.30+0.15 1.07+0.27x0.01

The chiral quark model has been used to identify = QOSS as D-wave excitation
in N=2 shell, and predict D86,034024 (2012)

S. K E:2645)7 Elw S'K DA total

E.2D,,(3/2%)y 23 0.5 1.0 01 01 40
|I2.2D,,(3/27)) 56 0.8 33 03 - 100

Further identifies =,(3080) as an S-wave excitation mode in N=2 shell and
predicts that its decay into AD is forbidden.

o Belle results contradicts some theory results.
o Crucial input to understand the nature of excited =, baryons.
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First observation of the doubly Cabibbo

suppressed decay of a charmed baryon
AF — pKtm

PRL 117, 011801 (2016)

a< i cg}ﬂ_

External W-emission Internal W-emission

16 /33



Introduction

 Doubly Cabibbo-suppressed (DCS) DCS CF
decays seen in charm mesons, but not @ u
previously in baryons. __\;{;%;}a_ s e }:

. &
Naive expectation: B(0CS)

c dfT
BCF) " EE}K' " ;a}ﬁ'
tan* 0, = 0.285%

Since W-exchange diagram is absent in / }a / }p
DCS decay, 222 may be smaller than ‘“{st}" o / "

B(CF) .
the naive expectation. d} E}K
<+ This analysis uses 980/fb of data collected

at and near Y(15),Y(25),Y(3S5),Y(4S) and {d{ }F‘
’ G

Y(5S) resonances. i

L

W-exchange



udy of A — pK*rn~

Y o
- || After subtraction of
i \ AS—AK* —prK®,
; |l we observe
&= I 3379+£380+78

significance > 9c!

Eres -Bhg
wBEE _BEEEEE

t o | : DCS events with a
it st

Na{pK =) [Ge V]

;cxnnué::vﬂ =

1.45M events in Cabibbo 3587+380 events

favored (CF) decay A
E(A:r o pKJrﬂ,) Solute branching fraction

—_— = —3 — _.
B = pKt) (2351027 £0.21) x 10 B(AF - pKim) = (1.61 4+ 0.233307) x 1074
= (0.82 £0.12) tan* 8, (First observation)

After subtracting the contribution A*(1520) and A isobar intermediates, which only
contribute to CF decay, the revised ratio

B(AE - pKin) .
W =(1.10 £ 0.17) tan* 8,
compatible with naive expectation: no large W-exchange contribution in CF decay.

18/33



Study of AF — ¢pn? with a
search for the pentaquark state Pj
and measurement of A7 — K~ n+pn?

PRD 96, 051102(R) (2017)

{ —»—&g}no ' "—Mf}n“ |
{io=—2> }ps

_’_\\}p _'_\\

NE — ¢pr® N — PFr0
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Introduction

4LHCb’s hidden-charm pentaquark (P.*) @
discovery in Jiyp of A —I/ypK- .
+ Strange analog state (P,*) may appear in .«::{ L HLS
¢p of A —¢pr” assuming production
mechanism is flavor independent )
@ V. Kopeliovich, arxiv:1510.05958 [hep-ph], R. F. -}U
Lebed, PRDS2, 114030 2
¢ Cabibbo-suppressed decay {
@ LEPS & CLAS observed a bump at v/s~2.2
GeV in ¢ photoproduction

+ PRL95, 182001, PRC89 055208, PRC90 019901 ® o L
¢ This analysis used 916/fb of data collected C_ME
at and near Y(4S) and Y(5S) A u_.*___‘q___’_i}p;
u

4 In addition, the precise measurement of d
branching fraction of Cabibbo favored decay
AS— ptKn'is presented

20/33



Study of A] — ¢pn®

#Exclude events of M(pn') within 10 MeV of mass of -+

+Two dimensional fit is performed to pK*K-n’ and K*K- invariant
masses in order to extract the A_* signal yield

¢ 148.4+61.8 for A — pén" with 2.40 statistical significance
¢ 75.9+84.8 for A, — pK*Kn° with 1.00 statistical significance
B(AT — ¢pr”) < 15.3 x 1077,
B(A] = KTK pr’)xe < 6.3 x 1077,

- - T T T
"y 3000 b (b)
% 7 W0 -
o 2500 =)
: g
= 0 -
o M0 =
Z 150 Z wE .
5 5
2 2
& 1000 & ok -
s00f E e p
s 1 1 1
0 135 23

235
m(K*K'pr) (GeVich)

L1
m(K*K) (GeV/ch)
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Search for P/ and measurement of A] — K7 pr?

Mps = (2.025+0.005)GeV /c?
Tps = (0.022 £ 0.012)GeV

# Select A/*— pK*Kn’ candidates in % wb _
which M(K*K") is within 20 MeV of the = ]
mass of ¢ T jl‘{’ ]
©77.6:28.1 evens HN i T i + 1

- il |

BAT = PHa®) x B(PF = ¢p) < 83x107° g + ]
of E

- 1 .:)ii 2 202 M 2 1‘?6 1.‘0&6 2!I

migp) (GeVic')

¢ Fit to M(pK-n*n’) spectrum

& Two crystal ball functions with a
common mean for signal, and a
linear function for background

BAf = K™ ntpr®) = (4.42£0.05£0.12+ 0.16)% ¥
+ World best measurement, p
consistent with BESIII (PRL116, 052001) e 3

B(A}

o KoatprY) =(4.53 £0.23 £0.30)% m(Kwpr’) (GeVie?)



Measurement of branching fractions of

hadronic decays of the Q0 state

Preliminary results to be submitted to PRD

Signal modes:
e Q0 — Q 7tq0
e Q0 Q rfatr
e Q¥ ="K rfat
e Q0 ZO0K—7

Q0 — =Kot

Q0 — =0KO

Q% — AKOKO

Q0 & SHK-K-nt

Normalizing mode:

e Q0 Qg
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Invariant mass distributions for signal modes

(

10E

@
=]
]

[
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Q
WU |
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255 26 265 2.7 275 2.8 285 55 28 265 2.7 275 2.8 285
Invariant Mass (GeV/c®) invariant Mass (GeWic’) 24 /33



Invariant mass distributions for resonant

substructures in parts of signal modes (

(b)
=*0(1530) from
==K rtrat

Events/10 MeVic

_:JI3 Ul‘l UIE UIB 0.7 UIB 09 1 = ,I ,J_L 0 .65 I7 1 75 1
Invariant Mass(x*x") Gewic? Invariant Mass({="n") Ge\l’rc

L0 © 3 ™)

48 (87922 f? ) K*0(892) from

= K ' b

=OK—7xt

Events/25 MeVic?

T e,

o —nab L
D.SO?DTSD&UBSUBDQS ‘I 1051] D? DEI DQ 1 I‘I 1.2 13 1.4
Invariant Mass{K 'n") Ge\i/c’ Invariant Mass{K 'n™) GeWic
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Results (

Mode Branching Ratio Substructure | Previous Measurement
with respect to Q"7
1.0
2.00 £0.17 £ 0.11 1.27 £0.3 £ 0.11 [3]
> T1%

0.32 +0.05 £+ 0.02 0.28 + 0.09 £ 0.01 [3]

0.68 +0.07 £+ 0.04 0.46 £ 0.13 +0.03 [3]
(55 £ 16)%
(33+9)%

1.20 £0.16 + 0.09 40+25+04 [2]
(57 £ 10%)

< 0.32

2124+0.244+0.14

1.64 £0.26 +0.12

1.72 4+ 0.32 +0.14

Most precise measurements of 4 branching fractions
First measurements of 3 branching fractions

Upper limit of 1 branching fraction

Clear observations of 4 resonant substructures
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Observation of excited 20 charmed
baryons in eTe™ collisions

Preliminary results to be submitted to PRD (RC)

This year, five excited Q0 states were discovered by LHCb in
=tK—:
=K

Q9(3000)
Q9(3050)
Q9(3066)
Q9(3090)
e Q9(3119)

We tried to confirm these states in et e~ collisions with Belle data.

27 /33
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Results (

e The masses and intrinsic widths of all six are fixed to the values
given by LHCb

e Strong confirmation of 22(3066) and ©9(3090)
e confirmation of 22(3000) and ©%(3050)

e No confirmation of Q9(3119) (but no disagreement due to the small
statistics)

e confirmation of wide excess at higher mass.

0. Excited State 3000 3050 3066 3090 3119 3188
Yield 37.7+11.0 282+ 7.7 81.7+13.9 86.6 +17.4 36+69 135.2 + 43.0

Significance, (o) 10 47 74 5.8 0.6 3.2
THCb Mass (MeV /c%) |3000.4 £ 0.2 0.1 | 3050.2 = 0.1 + 0.1| 3065.5 £ 0.1 + 0.3 3090.2 £ 0.3 £ 0.5 3188+ 5+ 13

Belle Mass (MeV/c?)
(fixed T)

3000.7 £1.0£0.2

3050.2 £0.4 £ 0.2

3064.9 0.6 £ 0.2

3089.3 £1.2+£0.2

3119+ .03+0.9

3199 £9+4

o Alternatively, the masses of the five signals are measured by fitting
the same distribution without constraining the masses.

e In all cases, the results are consistent with the LHCb values.
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4 Mass and widths of 5 excited =, states decaying into Z.x
4 Masses:~1order improvement of precision
& Widths: 5 first measurements (Z.(2645)°, ,(2815)", Z,(2815)°,
E.(2790)", E,(2790)?)
¢ Higher excited =, decaying into AD
# Relative BFs (AD /£ K ) for Z,(3055), Z,(3080)
# Relative BF (Z,"K/ Z.,K ) for £,(3080)
# Mass and width of = (3055)"
# Studies of A" decay modes
+ Upper limit on A" 2p¢n’ and Py
# Precise measurement of B.F. of A, >pK-n*n®
# First observation of DCS decay of A" >pK'n~

e Studies of the Q0 state and its excited states
e Four of the Q0 decay branching fractions are measured
most precise to date, and three are measured first time.
e Four of the five Q0 excited states discovered by LHCb are
confirmed. 30/33



Thanks for your attention !

= wac
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Study of Al — pK*n~ — Dalitz Plot

4.

IS o

»
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M (pK) [GeV3/c?)
Events / bin
M(pK) [GeVrcY)

w

04 06 0.8 1 12 14 16 18
MK [GeVc]
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