A ICHEP2018 SEc UL

s

&
@ .ﬂ XXXIX INTERNATIONAL CONFERENCE
ON PHYSICS

Belle II

JULY 4 - 11, 2018
COEX, SEOUL

rospects

Exotic and-

Quarkonium(-like) Physics
at Belle Il

-..4,. ..

i
Y
.

J— Sl .
_ X 5
' | »
-
| -.. o | : L{ ‘-: |
) 8. " - 45 ! - \ '
. g . ". 2
2o --"'}. ’I-"v ‘ = ____
. o & . 2 J
- ) _yrey -
) " " Z ‘. ..: * '
. - ~ S : .3___ ¢~.‘. .
» R :
— o ST
- ..-..... T aa -ws . Kk a ..1 :
7 A T — N

- - - LA -l
' :.:- - LR ‘IM‘“?::“‘.“.. LI T N T ——

b - eidi x
B .
e 5 ....'.. : .:::-.“ - asnane ? 1 ‘.v- .o'; - e AdLAL
= e - - ' -~ .
= " i ,._... s 2 4 AL RN - .
= "" onSEI nlvel .Slt : s - annan [preeemensamnas. 1.0 001 | S
. 4 Z | M (R AR o .o-;.-' .'-- L. ‘o @ > ' - . ™ : -:-'-
- J : . 2 : Atmw W ” . q‘d ]..q seme oy N P 15 : . :thu
g S X . @ . ; s "o-. . .
% |24 E"'.T LYW Disw l”" . : = nuul:..:o; ! \ " i~
3 \ “Rwe - T2 R R e xpee \l-‘_ .
P ds @ 40 EERL [ ] R 5 . p im- - ...... a = -
y 2 5 . ’ -~ 3 LR L N : . Sa— [
e Sewlls. N - .- :.- .- ERaASE. L e Y ! : —_— --.......:. = e L —:'! - R A . : -. LR k2
' . L] IR s senay . Yoaster Ll g Xhes ‘S sent semame
- i -’m ) » o Y setas vuae o — . m § ‘ : La— - ' Dt ot
R ¢ . - - TR ""wesssee o i ! SEN ' . 13 ™ pess . 3 -
A i | = e o ¥ BT TR ¢ - ? 'o.'..‘ e P A ] b - o u Sral® = ~
po—" e me 2 - J : SSb _ltvessss - e i ' B . e - ! -
. e & — - - » e - . " . -t T - -
£x oo . .. ¢ ] » 3 "”'_ - . " > = b N :: s -— 2 . "' - e :
| e g -~ d ». Tl ; " . s P .9 &R ' « - ; :: - -
o STTELT vivel 9 b P ln AL : > 2B .. ) ba e . ' g ‘ -,y ’ « 2% b =~ .
. -“. ‘..__ - - ) 8 " . ST AL T TR | tam b i >N - f_ 2 3 =S ~x . " - r
. . ¢ v} . — ) x e R N N TN Y R TN o R ' .
- 2 8, A 2, 8 R S e ',‘"l"'---D‘-.J =3 - . " ' = ~ -
«.’d-- a2 o .' ] . 2 ST L .. s 'N..-d._. e s u L B e e e et L - 040" 50040 . : : o L UL
“rew . ' : ol <" f « A S e -2 L TRl Lo L T i ) '
' I Fam o - e = & . e B ! - s LI
O e i MY . TEONER G Lt ) e LA AS L L L L R . . B T e v, »F oy
“iu < PR . o "N e WS g 1 ois B = (R
- » =B R L . " 1 L= A v UV Casmane WS . - D 1 s 3 X i -
s - ’ K21 ma » » . P Pl i w N B —————— botoh s 0000 mrpidBien S 7 ™ . * s I . e ~
- - 2 e | » » ) ¥ 9 -“'5.1 Y 'knb_"“_.* : 1EFRI e gumy "m 2 e Y L L R e = J » . . — F— - £ TR O .. : ‘
- - : ey et L b el —mg .- - 4 -. - el 5.8 u - - .
Ty 1 nmm : L s S SN R — = - . - . “
‘00840 o0 *? i mliewd @ = & : . " ne
084 » £ 9 - : I_ . il ” r 7 LR w, L N o L“..;. 1B et L St B - s AN ™) ‘, -
e - D s [ g e ( s b S ——- TN e TR A TN LW - i - WDF ¥ 0 . ..': - 0
AREETIY u-".:‘ . - i o ) -~ . i' u-u-nm-p- E “Selvncscs --4 " . l“ R Y
T : ‘ ' WRNGIHT ¢ ,'-o-l‘ﬂ\. . LIl LI B S .,. e ' 1 1 i .
LLITT o — -~ . prs. . ( - e
> ’ ’ 5 ,_, T Kb REPL P p— = N ——. g& » Sad -a
- 1‘ -
= . : :.‘ - . IC E 20 I 8 J I
o 3 : I 1E| utry 4-1 | COEX Seoul Korea
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If | could remember the names of all these particles, I'd be a botanist.

- E. Fermi



Various interpretations of the exotic states

o/ ® o8&
°a®
' 0.. /e.
@ C.
hadroquarkonium diguark-diantiquark
@
tetra-quark D-D* “molecule”

qq-gluon “hybrid”

Notable question on the exotic states
* What are the nature of these states? Quantum numbers?
* Why are they surprisingly narrow, even though they are above threshold?



2003

2004

2005

2006

2007

2008 -

2009 -

2010

2011

2012 H

2013 A

2014 A

2015

2016

JLAS \\\\\\\\/

3872) observed at Belle

X(
X (3872) confirmed at DO, CDF
X (3915) [as Y(3940)] observed at Belle

Y (4260) observed at BaBar
XCQ(2P) [as Z(3930)] observed at Belle \

Y (4260) confirmed at CLEO-c |
X (3940), Y (4008), Y (4660) observed at Belle

(4360) observed at BaBar
(4360) confirmed at Belle

Y
Y
X (3915) [as Y'(3940)] confirmed at BaBar
X(

3940) confirmed at Belle
Z*(4050), X (4160), Z*(4250), Z*(4430), X (4630)

observed at Belle
Y (4140) observed at CDF

X (3915), X (4350), Y,(10888) observed at Belle

Xc2(2P) [as Z(3930)] confirmed at BaBar

Y (4274) observed at CDF

X (3915) confirmed at BaBar

Z,(10610)* observed and confirmed at Belle

Z3,(10650)* observed and confirmed at Belle

X (3823) [hkely @Dg(lD)” 7,(10610)" observed and confirmed at Belle
Z,

+(3900)*, Z.(4020)* observed at BESIII
:I:

(
Z(3900)* confirmed at Belle |
Z.(3900)Y observed at CLEO-c
Z.(4020)° observed at BESIII
Y (4140) confirmed at D0, CMS
Y (4274) confirmed at CMS
Y (4660) confirmed at BaBar
Z.(4020)* confirmed at BESIII
Z*(4200) observed at Belle

\/\/\./\/

7Z*(4240) observed at LHCb

Z*(4430) confirmed at LHCb

X (3823) [likely v2(2D)], Z.(3900)°, Z.(4020)° confirmed at BESIII
Z.(4055)*F observed at Belle

Y (4230) observed at BESIII
Pt (4380), P (4450) observed at LHCb
Y, (10888) no longer observed at Belle
X (5568)* observed at DO
X (5568)* NOT observed at LHCh
Y (4140), Y (4274) confirmed at LHCb
X (4500), X (4700) observed at LHCb

{z+ (3895)

fb-l
1200 ————————— BRI ELELELa Earar ' '
: ——KEKB h,(1P, 2P)
1000 +
| Z.* (4430)
| Y(4660)
800 | Y(4008) 4
[ D,, (2860) |
600 D, (2700) f
X, (3090) Y(4320) |
| X2 |
400 1 'x(3940), Y(3940) — |
| 3 * baryon i Y(4260) |
200 {triplet IX(3872) | !
’ D & DD "(2317/2460) |
0 n. &e’e -> ccccl—rdl

Z," (10610)
Z,” (10650)

Coloured boxes: exotic candidates

1998 2000 2002 2004 2006 2008 2010 2012

e History of the quarkonium-like exotic

states

e Belle accounts for ~1/2 of the discoveries,
including the very first one, X(3872)

v adapted from Lebed, Mitchell, Swanson, PPNP 93, 143 (2017)




Overview

2 Introduction

o Action items for Belle ||

¢ Charmonium-like exotics

e Bottomonium-like exotics

@ Closing remarks



SuperKEKB

Interaction
Region Belle |l detector
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Quarkonium production in e*e

@ B decays b— ¢
e (cc) only ) " ‘
9 q

e all quantum numbers

Y
2 Initial-state radiation (ISR) e’#;v\<°9b
_ JPC = 11— ot ¥* b

» two-photon process

e— e_
o JPC = (Q—+, Q++, 2++ 'Y* %f
Y
e e

> double charmonium

* e.8. eTe” — J/1X(3940) Belle, PRL 98, 082001 (2007) eM%
2 quarkonium transitions e* !




Charmonium-like exotics



X(3872) — action items for Belle Il

@ Nature of X(3872)?

Search for a charged partner of X(3872)
can give crucial input, if found, for the nature of X(3872)
existing search (and null results) by BaBar

isovector hypothesis of X(3872) is excluded;
null hypothesis over isovector by a factor 1.1 x104

N%so'_(a') ] \ \ N%zo-(b',b '
240: \ l { AT - > |
UL
£l gl & g
_ 0 | -
X —=J/ym m V38385 39 3.0 V387385 39 395

m(J/yrn°) (GeV/c') m(J/yr ) (GeV/c)
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Connection with Y(4260)?
* Y(4260) = Z.(3900)* mt+ is observed
* Y(4260) = vy X(3872) studied by BESIII
 Detailed study of these by Belle II is necessary

o X4 effective luminosity from Belle II with
50ab-1

oB(yX(3872) —»yr'nJ/y) (pb)

V)

Lum (pb'/10 Me

0.5

0.4

0.3

0.2

0.1

X(3872) — action items for Belle Il
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2 Absolute branching fractions?

e Absolute measurement of BF(B+ = X(3872) K+) is useful to obtain BF of
X(3872) to a specific final state, hence understand its properties.

* This can be done in ete~ B-factory, by Mmiss.

)

» Proof of principle by BF(B+ = D) r+) .

Events / ( 0.0025 GeV/c

X(3872) — action items for Belle Il

PRD 97, 012005 (2018)

BELLE

Q..
L]
------

.......................
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=4 PRD 97, 012005 (2018)

<o

B+ — XCEK+ by Mmiss
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X(3872) — action items for Belle Il

® For other exotics

* Lineshape, e.g. for Y(4260)
* Determine JPC (not determined for many exotic states)
* dependence on production mechanism?

14



Production mechanism?

2 Belle two-photon
e observed X(4350) in yy = J/\ b

2 LHCb amplitude analysis of
B>J/wodK

e several resonant structures: Y(4140),
Y(4274), X(4500), X(4700)

¢ but did not see X(4350)

Belle Il should revisit this mode In
all ways possible (B, ISR, 2y)

Entries/25 MeV/c?

Candidates/(10 MeV)

(00)

D

” PRD 91, 032002 (2010)

[ Y(4140) L@ |

:i gy R R ey JK__;:1?1__ﬂ Bl .=
4.2 4.4 4.6 4.8 5

Phys. Rev. Lett. 118, 022003 (2017)

E_B — KX+Xi—> bJ /Y

y_ O

77
8,

r/

SO .l.."'

4100 4200 4300 4400 4500 4600 4700 4800
m,  [MeV]

ssees osogaX £
NN
e o~ P e ] wewe 5 w.:,ﬁ,'ﬁ"" ) l y
I D V. ' A A R w.”- (XS
J/ Yo
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Bottomonium-like exotics




exotic states: Z,(10610), Z,(10650)

PRL 108, 122001 (2012)

bbud) S o],
T(\5S) X ( z 8000 ;_hb(lP)w+7T_
\:“‘ Z—I— S 4000?—
‘ w ERAY

+ :
spin—flip T o O

-2000 lTTTl L lﬁ lﬁ"}

10.4 10.5 10.6 10.7

suppressed ‘\;{‘:‘ M, (), GeV/c?
T
% 17500: (b)
S %% hy (2P h’
— 12500:-
T(ZS) %100002— }F
Y (15) " ol .-

JP¢ =17 JgP¢ =1%- JP =1t f w

10.4 10.5 10.6 10.7
2
M _...(), GeV/c

Note: Y(5S) is an hp-factory! Y(5S) — hy(nP)rtm-

17



Bottomonia from e*e~ B-factories

Important past contributions

o discovery of hp, np

* anomalous st and n transitions

e discovery of Zy: exotic (charged), around B B* threshold

» Operation energies

Existing datasets in fb-' (M events)

Experiment  Y(15) Y(2S) Y(39) Y(4S) Y(5S) Y(6S)
CLEO 1.2 (21) 1.2(10) 1.2 (5) 16 (17.1) 0.1(0.4)

BaBar - 14 (99) 30 (122) 433 (471) R, scan R;, scan
Belle 6 (102) 25 (158) 3(12) 711 (772) 121 (36) 5.5

e With ~1.5 ab-! @ Y(4S) existing, it might be sensible to run for
non-B physics in early Belle II operations

18



action items for bb-like @ Belle |

) Energy scan — motivations

* Y(10860) has been interpreted to be a pure
S-wave, JPC = 1—-

e But d several questions to this:

peak shifts, anomalously high rates to Y(nS)mm,
non-suppression of spin-flip processes, etc.

e Moreover, all cross sections around Y(10860)
and Y(11020) show similar structure

v Just two peaks — “55” and “6S”’

v This difference, to charmonia, is not understood

* The exclusive scan results (wop 3) are certainly
limited by statistics

3
RY(1S)1mX1 0

o

3
Ry 28)<10

N

—

o
B o B a M O hoaNdMws oo oul_\mnmwm-h

3
Ry 38)<10

|
o

0.4

0.3

&

0

B 5 5 5 5 Moo 5 IR
01— Ak Mty o IRREREEER RoTreeees P Mg —
o 5 5 5 5 o v 5 K

106 10 65 107 10.75 10.8 10.85 10.9 10.95 11

/s (GeV)



action items for bb-like @ Belle I

D
PRL 117, 142001 (2016)

@ Energy scan —recent Belle results

hy(1P)mm hy(2P)mm
5 | N « -
o } hy(LP)mm | £ . S
~ | @ (a) O (b)
A : = 4L = %
B o |=g O I
< o 2r 1 ©
° ge] i anis ; ge] 5 B
[ T e 7
. > e == > -
8 e | & [ YEdST---
g S S8 AR Y e == SR a1
:t: _C'Q 2L —o— SQ i | i
<3 i e
& e T T N e R
& 10.5 106 107 10.8 10.7 10.8
% M_..(), GeV/c M. (), GeV/c®
A R SR S single Zy(10610) hypothesis is excluded at 3.30
10.8 10.85 109 10.95 11 _ o
E.., (GeV) single Z(10650) hypothesis is not excluded

For more on Belle energy scan results (esp. 1806.06203), see L. Piilonen talk. 20



action items for bb-like @ Belle I

®
@ Run at 6S

e Understand Y (6S) — Z; processes

* T(6S) » ntn hy(mP), 777~ T (nS)

* transitions with 7%79?

e Search for W,, molecular partner of Z,

bb-like molecular states

B*B*

B*B

* 1(585,68) = YW, T(6S) = nrm~ Who,

where Wy — MyT, XbpT, Tp

I16(J5):

T(59)

Z[; Wb/o » ’// ’,':l ll/VbQ _
b -
Y, hpym, mp M7, Xom, Tp xom, Tp

2y ,’ Wy *_

T T
T, hym, nypp /,’l o, Tp
Wio y'/
T
T, Xom, Lp
(1) 17(07) 1= (17) 17(27)

from Voloshin, PRD 93, 143 (2017) 5



action items for bb-like @ Belle I

®
®
@ “Energy frontier” ( > 11.24 GeV)

* Previously unexplored
e To study potentially interesting baryon-antibaryon dynamics
3 Ay Ay threshold at ~ 11.24 GeV

e Transitions from new vector states possibly provide a way of producing
partners of X(3872), Z»(106*0), etc.

Necessary to go beyond ~11.5 GeV to access such transitions
kinematically

But, it requires a Linac upgrade, which costs a lot.

22



action items for bb-like @ Belle I

®
o
o
@ Full amplitude analyses to determine JP of exotics

23



Closing remarks

There is no consensus about the interpretation for the

observed exotic states, and different assumed structures lead
to different predictions.

. A'lot of work Is waiting for Belle Il, to complete our
experimental knowledge of the exotic states.

Belle Il shall search for missing quarkonia and for expected
partners of exotic states, search for new decay channels of
known states, and detailed measurement of all accessible
properties, including J*, absolute BF, line-shapes, efc.

24






bb-like molecular states

I¢(J¥) Name Content Co-produced particles Decay channels

‘Threshold, GeV/c?]
17(17) Zy BB* 7 [10.75 T (nS)m, hy(nP)m, np(nS)p
17(17) Zy B*B* 7 [10.79 T (nS)m, hp(nP)m, np(nS)p
17(07) Wy BB p [11.34], v [10.56 T (nS)p, np(nS)m
17(0T) ' B*B* p [11.43], v [10.65] T (nS)p, np(nS)m
1=(17) Wy BB* p [11.38], v [10.61] T (nS)p
1-(2%) Wy,  B*B* p [11.43], v [10.65] T (nS)p
0= (17) Xy BB* n [11.15 T (nS)n, np(nS)w
0—(17) X}, B*B* n (11.20 T (nS)n, np(nS)w
07(0") X BB w [11.34], v [10.56]  T(nS)w, xps(nP)nT 7=, ny(nS)n
07 (0") X, B* B* w [11.43], v [10.65] T (nS)w, xps(nP)nT7=, ny(nS)n
07(17) X, BB* w [11.39], v [10.61] T (nS)w, xpg(nP)r 7~
07(27)  Xpo B*B* w [11.43], v [10.65] T (nS)w, xps(nP)mm™
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