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- Paradigm shift in the hadron spectroscopy 2

Before the B-factory era, charmonium are well understood
by the constituent quark model.
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Homeworks from B-factory experiments (= Belle, BaBar):
* Nature of XYZ particles not understood.
= Missing “conventional” quarkonium. How well quark model works?
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- B-factory = hadron factory!
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Charmonium (-like)

n.(25) ¥,(3823)
X(3872) X(3915)

Z(4050) Z,(4250)
Z (4430) Z,(4200)

Y(4260) Z(3900)
Y(4008) Y(4360)
Y(4660)

X(3860) = x ,(2P)
X(3940) X(4160)

X2(2P)

“New hadrons” from B-factories

Hadron Type

Bottomonium (-like) D D Charmed baryon | Hyperon
D*,(2400) D,(2430)  =.(2930)

Belle

BaBar

D",,(2317) D,(2550)  £.(2800) A (2940)
D,"(2600) D,(2740)  =.(2980) =,(3080)
D,*(2750) D*,,(2700) Q (2770) = (3055)
D*,,(2860) D,,(3040)

Z,(10610) Z,(10650) 0(2012)
Ny(2S) h,(1P) h,(2P)

=(1620)

~40 new hadrons discovered!



Next generation: SuperKEKB

7 Gevlezid >

Nano—Beam
— SuperKEKB

Replace long TRISTAN : \
dipoles with shorter ones
(HER).

permanent final focusing
quads near the IP o.

* Add / modify rf systems

for higher currents.
Redesign the HER arcs to squeeze

the emitance. ’ - ‘ < Low emittance positrons to inject

Low emittance gun

Low emittance electrons to _Ecnﬁ New positron target / capture section

[NEG Pump)

[SR Channel)
[Beam Channel)

x40 Gain in Luminosity

TiN coated beam pipe with
antechambers
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Crossing angle: ~40mrad



— Belle Il experiment

KLong and muon detector:
Resistive Plate Chambers (barrel outer layers)

Scintillator + WLSF + SiPM’s (end-caps , inner 2
barrel layers)

Csl(Tl), waveform mm:‘_n_mym,. !

ﬁm_s Calorimeter:
R

electrons (7 GeV - tem (barrel)

w
Beryllium beam pipe A7
2cm diameter

Vertex Detector
2 layers DEPFET + 4 layets

.

positrons (4 GeV)

L

Central Drift Chamber
He(50%):C2He(50%), small cells, long levet:
arm, fast electronics (Core element) General purpose 4n detector

= Upgraded to cope with beam BG
 Better momentum/vertex

* Improved PID with RICH technique

More than 900 Physicists from ~ 100 institutes in 26 countries/region



MC production and

thsics analysis skim
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 Big data - huge computing resource needed!

- 0(10°) CPU cores, O(100 PB) storage

* Belle Il adapted distributed computing model
- MC production on-going with ~50 sites by automated system.
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- Global schedule 3

A
wT H@ T 1 _ _______________ _ ..... _ _| C@
XHG - r T H B
W L 50 a U- Calendaryear 2016 2017 2018 2019
N m.l 50 Japan FY JFY2016 JFY2017 JFY2018 JFY2019
m L[ — H:H . _l T - Summer shutdown| Summer shutdown| Power saving Summer shutdown
8] L “ = (power saving) (power saving) after mid July 20018 (power saving)
e
5 . 40 4 _ _ _
> 6l 1 . \ ! (end Feb. - mid Juj. 2018) R
oL 1 phase 1 Weoe | iphase 2 (MR); 'phase 3
1 1o — P — —
w I .wo X w/Qcs | .
o T - m. MR renovation for phase 2, including : R O] :
._m 4 ] o MR startup installation of QCS and Belle Il " I%m MMJ 1VXD installation
B ' | i
m - _I_ ere .Ne = | X .| Assumes phase 3 operation
| N- 1 - DR installation & startup R commissioningg | 9 months/year
— - | 1 1
! : 110 ] " " " J
o I ’n\l.\\ 1 1 1 1 [ 1 [
P o - — 4 _ | I _ I T I - _ I I I | _ _|>
og"es 17172021 1/1/2023 1/1/2625 1/1/2627
1/1/2019

* Plan to accumulate 50 ab™! (x50 times of Belle)

- Phasel: SuperKEKB commissioning w/o final focusing and w/o Belle |l detector
but beam background detectors (=BEAST) installed

- Phase2: Collision data taking w/ final focusing. No VXD
(2018 Apr-Jul, Achieved peak luminosity: 5x1033/cm?/s. Collected 0.0005 ab™)

- Phase3: Collision data taking w/ full Belle Il detector (2019 Mar): Just started!
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- Highlights in these 2 years 9

Belle Il roll-in First collisions at phase2!
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\ e 3

e*e>y*->BB
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Apr 11, 2017

VXD installation
Lo Koo 2 |

DIS 2019
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— Physics performance 10
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- Re-discoveries in Phase 2 data
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Role of Belle Il for quarkonium physics 12

Molecule? Tetraquark? Hybrid? Mixing?

Nature of each XYZ? 8 @ @ 8+®

Understand (part of) XYZ in a unified way?

New multiplet?

Understand charm and bottom in a unified way? .@
’@ & mmw

Further new multiplet?

What Belle Il can do is ..

- Measure properties of already observed states (J°¢, decay, production...)
- Establish the states whose evidence was not very strong.

- Discover new states.

Many topics covered by Belle |l Physics book




- B-decays: X(3872) 13

JHEP01(2017)117

* Firstly observed by Belle in B*>K* (J/mt*rt). The poster boy

pes g
- = : {s=8TeV, 11.4 b 3

- Decay into both of J/Pp (I1=1) and J/Yw (I=0): isospin breaking DD* T 100k PromptX(3872)
- Mass consistent with DD* with O(0.1) MeV presicion. molecule? & el 3
N

. . . . . —_ 2 ,~s| +ATLAS data N

- Differential cross section for prompt production cross section at LHC | cc? = ¢ )
. . 5 C NLO NRQCD ]
consistent with x,(2P) $ 0% x4(2P) o
S 10 20 30 40 50 6070

Decays and production play essential role

Many things missing in the decay property

- Total width:
only the upper limit of 1.2 MeV is determined.

- Branching fraction: Br(B*->K'X(3872)) x  Br(X(3872)->f)

Only the product of two branching fractions are measured.

2019/4/9 DIS 2019




- Importance of decay width and branching fraction 14

Known variables

Belle Il measurement

Br(B*—>X(3872)K*)

X(3872) Total width

Br(B*->X(3872)K*) X Br(X(3872)->)

\4

o(X(3872)) X Br(X(3872)—>f)

\ 4

QAwaww,N:

LHC, Tevatron...

2019/4/9
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mlxam,dviv —

[(X(3872)->f)

Newly determined variables
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* The mass resolution is important to measure narrow width.

-._.oﬁm_ width with X(3872)->DDn decay mode 15

As the Q-value becomes smaller, the mass resolution becomes better.

Q-value of DDm® decay has significantly smaller Q-value than J/{mn

The mass resolution is 680 keV: ~3 times better than J/{m* it mode.

- No width measurement at Belle (1) due to poor statistics

No bias seen up to O(100 keV) in the simulation.

Huge improvement is expected.

2019/4/9
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Br(B*->K*X(3872)) 16

- Extract Br (B*—>X(3872) K*) - Do not look for X(3872) decay Bellel full statistics result
- Reconstruct X from Missing mass:M,? = (Pyeam=Parag-Pis)? <2.6 X 10"

~5000

-

X(3915)
(®)  x@srz) 2

%&%&xﬂ

Reconstruct Detect

4000

Events / ( 0.005 GeV/c?

Hadronic decay
Phys. Jms D 97, 012005

a 3000
w 2000
g 1000

|

| | |
P 3.8 3.85 EX) 3.65
M. .. (GeVicH

~
o

Measurement only possible at ete” B-factory.

There is a lower limit of 1.0 X 10 -4 from the constraint that
all the product of branching fractions to be smaller than 1

Even in this lower bound 70 measurement is possible at Belle Il (naive expectation)

Measurement for X(3915) is also important to determine Br(X(3915)->J/Yw)

Better B meson reconstruction should improve sensitivity.
More realistic simulation on going.



- Search for partner states 17

- Molecule/tetra-quark scenarios predict existence of X(3872) partner states.

= Spin partner:
- B>K DD and K D*D* not studied in detail yet. 4

- C-odd partner: M(J/Wn)
- No structure observed in J/{n by Belle. ;w ©
The upper limit is around half of X(3872)>J/ym*m b |

E:f b %
i i%

10. Howw\uﬁmﬂv\vﬁcohw

IIIIIIII[I""

o

_Z n
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- B decays: States need confirmation 18

w+¢_A+NAhOmOV NENmOV ¢x ot BaBar reported m(x,mt*) can be described
, cl

7> by resonances in Krt channel only
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Phys. Rev. D 78, 072004 M(x . TT")

(in different M(Kt) bins Confirmation by Belle Il is needed
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- Initial State Radiation
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Also many “Z” states from “Y” decay.

—> Compatible with BES I
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One of the best probes to study 1~ quarkonium states.

Many “Y” states are reported from B-factories and BES IllI.

50 ab! data corresponds to 2000-2300 pb1/10 MeV at 4-5 GeV.

Ecm (GeV)

(&2}

Belle Il has advantage to access energy higher than 4.6 GeV, and take data simultaneously.



- Initial State Radiation golden modes 20

1
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= States needs confirmation - Jpreme

- Y(4008): inconsistent between Belle/BaBar 51 = 0" ]
- Many states observed by BES Il only.
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» State needs further studies o B L
+ - 2 '
- Z(3900): Resonance or cusp? M i) (GVIC ) roos \
A ) . . P . . e Rew et 99 DD*Cusp reproduce the peak?
Need Argan diagram with amplitude analysis 7t N 5 [(y  Thssudy B ) ]
b e Z(3900) Al g (a) BESIII x*Jhy —o—
3 s T |
o) S a0 5
" New States: S L
+K- 2 =
- J/U K*K for Z_, search. 3! g
- ISR events are observed, but no structure. bl ahitiatild 3, g4 36 38 40
0> 7 38 3 14 v e
- Need more statistics. Mnax(mdly) (GeVIc) Phys. Rew Lett. 117, 242001
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s | : ]
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- Double charmonium production

2

e- Mao ;%@
i Ne  Xe
Reconstruct =100
50
et Xz :
(C=+1) P i i il T EEN R BT

3.5

- Large cross section revealed importance of Myecon(J1)

next order correction in NRQCD.

21

J/¥ missing mass

X(3940)

4 45
GeV/c?

Phys. Rev. Lett. 98, 082001

J/P D missing mass

& —

o, __JADD
= Observation of two new states ms- v JADD”
- X(3940): observed both inclusive and exclusive DD msm. /
20 “

- X(4160): Observed in exclusive DD*

) DD* mass -
n/_m H @v b:&. Nwhwv&:. “ Wev H
> = |
S 20f X(3940) . 3 5|
S . + =
n SRR I ol : = =
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P T

e —

D

assoc

D

rec

5

GeVi/c?
Phys. Rev. Lett. 100, 2020(



- Interpretation of X(3940/4160) and beyond 22

= All the known states observed in missing mass are J=0.
X(3940/4160) should be J=0?

If J=0, C-parity = +1 and decay into DD* indicate they are n_family.

However, the mass of X(3940) is ~100 MeV lower than quark model prediction.

Also, the predicted mass of n(4S) is 4400 MeV/c?.

Could be a exotic candidate?

Full amplitude analysis at Belle Il is awaited for JP determination.

Recoiling against other charmonium (n,, X. ... ) is also very interesting.
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-._.<<o photon collision (1) X(3915) 23

Observed in both B-decay and two-photon

et +
B-decay Two photon e
r T T T T T T T T ZM lel '
30 -0) ] > L
L 0] r
- 20
5 7t
i 1 2
20 - - = 15
- . = L
o [
g 100
10 -
I s r +
] - Yol st
O| 1 1 1 | _+_ 1 | _| O\,,..j...*,?j.,.ﬁ,wl_rj,_;4,_:“_:_,___1,-__
2880 2080 2280 38 385 3.9 395 4 405 u.\A N_Mms 4.2
Phys. Rev. Lett. 94, 182002 M(wJAy) (MeV) Phys. Rev. D 86, 072002 M(//v®) (GeVie)

- JPC=0** by BaBar from two photon (good S/N ratio!)

- Difficult to identify as x,(2P)
- The width 20=%=5 MeV is too narrow for the state above DD

- Not observed in DD, but OZI suppressed J/bw only: Br(X(3915)->DD)/Br(X(3915)->J/bw) < 1.2
- J/Yw partial width > O(1 MeV): too large as a OZI suppressed decay.
- X.o(2P) candidate recently observed by Belle at mass of ~3860 MeV/c?

*Molecule is also difficult as pion exchange is not allowed for DD or D,D..

“ cscs tetraquark ?
Look for decay modes including n should be very interesting.



- Two photon collision (J/y )

- Belle reported evidence of X(4350) in J/U ¢ (3.20).
This needs to be confirmed together with J® determination.

= LHCb observed four states:
X(4140), X(4274), X(4500), X(4700).
Measurement of two-photon width must be useful.

Note X(4140) and X(4274) with JP¢=1** can not be produced.

This may make analysis simpler.

2019/4/9 DIS 2019
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24

Phys. Rev. Lett. 104, 112004
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- Bottomonium: Digest Belle achievements

Y(5S)>Z,n, Z,->Y(nS)n

A°° I_ LI — TT1 1T _ TT T 7T _ TT 1T _ T T 1T _ TT1 1T _ T 1T _#
S = a0f
r v : Y(28) % o 2V (¢
— 80 2 40000 F : T = ”
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= r £ : = ~ I
= 60 n m 30000 | Y(1s) : hy2P) | % 20+
wn r m 2 |
~ C : 1 kel i
S a0 20000 Pl 1 ED) 2
£ L ; = Y(ID) o 10r
=1 B 10000 F : N
20 - * | Lo _ _4____ , _ 1. = |
C o i ..*,_., ___,.“_*__ .__j_ e i i _. iRt _ P ok 'K MR T RPN PRI S
o [ Y IO VR i W v ML 11 0 VR 97 98 99 10 101
10.4 10.45 10.5 10.55 10.6 10.65 10.7 - o4 2 o8 10 102 o Phys. Rev. Lett. 109, 232002 MY (x*ny), GeV/c?
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Phys. Rev. Lett. 117, 142001
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Y(5S)>TX

25

Y(5S)>mnu h, (2P)->n,(2P)y

Figures by U. Tamponi



Conventional bottomonium below threshold 26
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1 2~ 3

* In contrast to charmonium, up to n=3 states or D, F waves are still below the BB threshold.

= SuperKEKB can reach Y(6S):

Many opportunities from transition other than nt

 Beam schedule still under discussion.



- Bottom partner of X(3872)? 27

. Y(4260)->y X(3872) N Y(5S) >y (wY(1S) )
. . - —4— data - _ _ | .+.Umﬁ_m .
8 05F BESIT — Y(4260) < 20F ey --vX MC -
M. : == v.:mmm Space M : e oy, MC :
2 o.Anl --= Linear = 15F [J o sideband =
S : =~ - ]
T 03g = 10F -
5 omnl m ] No X ]
X - ST T C 7
S T N 5 L FERn .
© N IR Direre 102 103 104 105 106 107
4 4.1 4.2 43 4.4 45 M(0Y(1S)) (GeV/c?)

cm

* BB* molecule with isospin=0 (isospin breaking is expected to be suppressed).
Primary decay mode should be wY(1S).

" Observation of Y(4260)—>y X(3872), but no X, in Y (55)->y (wY(1S))
- Not enough statistics ? Br(Y(4260)—>yX(3872)/Br(Y(4260)->J/ym*r) ~ 0.1
- Y(4260) and Y(5S) are not the analogue states (next page)?
- X(3872) comes from accidental coincidence of DD* mass and x,(2P)?

- C-parity Partner of Z, (= W,)) also predicted in
various decay modes such as Y(nS)p, n,mt
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Energy scan

Dip in R, and suggesting structure in Y(nS)mut:

= vasy - e Another Y, ? Leading another Z,?
A : A
RW “M i i ._ Lf\\\__‘: ./Lr .W. _._
= PN : * Final state other than Y(nS)/h, rur.
t E Y(2S)nr o ] .
% o _ ya - May shed light on the anomalous Y(5S)—>Y(1-3S)nnt
Rm Nm 0 > _4/.»\&..Eﬁm
2 E vasmm - Scan with open bottoms: B®)B), B.(")B.(*) indivisually.
i B Bl
24 et INE TN are expected have many features.
B 1 ] . . . .
i ] W/ - Belle statistics: < 1 fb™! per point with ~ 10 MeV step.
i iy / | 10 fb'1/10 MeV will be very helpful.
0.3 i I f
” BRI ff 1 =
Rb,:H frn P_&\ H = 4r h,(1P)rrt %
i : ] =t
- I . s, =
“ i K¢ =
i ! £
:H _ - o!lu. ©

Phys. Rev. D 93,011101(R)
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- Summary 29

* Belle Il has started!

- Many rediscoveries, good physics performances.

50 times statistics opens new door to reveal nature of XYZ exotics:

- Discover new states

- Confirmation of

- JPC determination

- Production/decay properties

Stay tuned for the coming result for Belle |11 !
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Backup
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Name L S Jre Mass., MeV/c? Emitted hadrons [Threshold, GeV/c?]
m(3S) 0 0 0" 10336 w [11.12], ¢ [11.36]

mBP) 1 0 1+ 10541 7t [10.82], 5 [11.09], 7/ [11.50]
me(1D) 2 0 2% 10148 w [10.93], ¢ [11.17]

m2(2D) 2 0 2- 10450 w [11.23], ¢ [11.47]

Y;2D) 2 1 (1,2.3)"~ 10441 — 10455 a7~ [10.73]. 5 [11.00], 5 [11.41]
hs(1F) 3 0 37 10355 7t [10.63], 5 [10.90], ' [11.31]

o (IF) 3 1 (2,3.4)*F 10350 — 10358  w [11.14], ¢ [11.38]

m(1G) 4 0 4+ 10530 w [11.31], ¢ [11.55]

Y;1G) 4 1 (3,45 10529 —10532  w+7— [10.81], 5 [11.08], ' [11.49]

2019/4/9

DIS 2019



