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Belle experiment and data samples
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Selected topics

Conventional hadrons at Belle:
* Observation of Y(1S) = v xc1
* Search for ., (1D) in B decays

* Search forY (4S,5S) —» wny,(1S,2S)

Non-Conventional hadrons at Belle:

. Y(4626): ete~ > DI D,(2536)" /DI D%,(2573) +
C.C.

* X(3872)— w ™ J /Y in two-photon reactions

 Search for R"" - DT D§"



Y(1S) = yXc1

A novel method: PRL 124, 122001 (2020)

Tag Y(1S) via the Y(2S) » Y(1S)m*n™ transition.

v Suppress ISR and FSR backgrounds i The largest Y(2S) data sample in ete” collidors:
. . . ﬂ 24.9 fb~1[(157.3 + 3.6)x10° events]
v" Increase trigger efficiency :

Mee(n77) = \/ Mxpos) — E(z*a)]? = PA(a*n).
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PRL 124, 122001 (2020)
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The branching fraction is calculated to be B(Y(1S) — yx¢1) = (4.7753(stat) X9z (syst))x 107>,

This value is slightly higher than the previous upper limit of <2.3x107> [PRD 82, 051504 (2010)],
and much higher than the theoretical expectations of (0.45-0.9)x 107> [arXiv:hep-ph/0701009],
indicating the enhancement of x.; formation from the initial vector state with emission of photon.



Search for 1., (1D) in B decays

Motivation: JHEP 05, 034 (2020)

» Evidence for the Y, (1D) was first found by Belle in
B* = Y, (1D)(= Xc1 (= J/UY)Y)K™ [1].

* The masses of the Y, (1D) and n.,(1D) are very close [2-5].

* Then¢,(1D) is expected to decay predominantly via E1 transition to h.y [6-
9].

Rec]onstruction:

« BT - (1D)K', B® - 1, (1D)K?, B® - 1., (1D)n"K*, and Bt -
ncz(lD)T[-l_K(S)

* Mc2(1D) = hey and he = ney

* 1 is reconstructed by K*K3n~, K*K™n?, KIKIn®, K*K™n, K*K"K*K~,
n' (= nutn )t nT, pp, pprl, pprtnT, and AA.

Analysis strategy:

* The multivariate analysis using the multilayer perceptron neural network.
* A global optimization is performed. '

(@)
; Nsig

R

[1] PRL 111, 032001 (2013). [2] PRD 32, 189 (1985). [3] PRD 44, 2079 (1991). [4] PRD 52, 5229 (1995). [5] PRD 67,
014027 (2003). [6] PRL 89, 162002 (2002). [7] PRD 72, 054026 (2005). [8] PRD 80, 014001 (2009). [9] PRD 94, 034005 6
(2016). -6-

F opt




N, [ o :
S - 3 S 70
E 101 B* - n,,(1D)K™ E’ g B® — ncz(lD)KSO
i 6
3 81 1.30 § ; 1.50
£2) %) 5t
C o L
L% :>J’ 4t Ne2(1D) mass region:
3 (3795 - 3845) MeV / c*
of
No 1., (1D) signals
1 are observed.
441142 9 441142
M, GeV/c® M,,. GeV/c®
o f b 1ol + +3/0
% o5l B® 5 n,,(1D)n"K* % 12 B - n,(1D)n™ K
= i = 101
,? 20l 9 I 1.00
E 210 E st :
g 15 s N
i o 6]
10 4
i.“.I“x.linull....lnt.. 7.,A.1. Alxx}tllltlx[Hl%l
9.7 3.8 3.9 4 41 4.2 g.? 3.8 3.9 4 41 4.2
. . M, ., GeV/c® M, ., GeV/c®
90% C.L. upper limits: e "
B(B* - 1c2(1D)K*)B(1c2(1D) - hey) | 3.7x107° B(B® > 1:2(1D)K3)B(12(1D) - hcY) 3.5x107°
B(B® ~ 1(1D)T"K*)B(2(1D) — hey) | 1L0X10™ | B(B* > nep(1D)T*KOB(Me(1D) - hey) | 11x107




Y(4S,5S) - wny (1S, 25)

Preliminary results at Belle
Belle measured:

BF[T(4S) — hp(1P)n] = (2.18 £ 0.11 + 0.18) - 1073
(U. Tamponi et al. Phys. Rev. Lett. 115, 142001 (2015)).

Molecular model = BF|[T(4S) — 15(1S)w] could be similar.
(M.B. Voloshin, Phys.Rev. D 85, 034024 (2012))

. | Data sample:
We search for: 711 fb~1 at Y(4S) resonance
T(45) — nb(]_S)w 121 fb~" at Y(5S) resonance

T(55) — np(1S)w
We reconstruct only o —» "t~ nt® and use the recoil
T(S 5 ) } 77b(25 )W mass of w to identify the signal.

Mrecon@) = (V5 = E,)2 = (Po)?
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Y(4S) » wnp(1S) (0.4 +6.0719)x103 3.1x10*
Y(5S) = wnp(1S) (0.5 + 1.0%19)x103 1.5%1073
Y(5S) - wny(2S) (0.8 +3.7738)x103 4.6x1073

The suppression of the Y(4S) — wny,(1S) transition relative to the Y(4S) — nhy (1P)
could be due to different overlaps between the initial state and the bottomonium in
the final state or the details of the n and ® meson production. -9-



Y (4626): eTe” — DI Dg;(2536)7 /DS D¢, (2573)~ + c.c.

Motivation: Y(4260) and Y(4660) have a ccss component

« Y(4260) - £,(980)(— w*n™)]/v, Y(4660) - £,(980) (- " )W(2S)
£5(980) has a ss component, and J/{ has a c€ component.

----------------
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It is natural to search for such Y states with a quark component of (cS)(Cs), e.g.,

D,D,,(2536) and D,D%,(2536).




Analysis method

e
7

ete” - ysrDDs;(2536) (- D*°K~/D*7K¢)

We require full reconstruction of the y;sg, DI , and K~ /KZ.

« Df - ¢nt, K*°K*t, KIKY, KTK ™ n?, KIn°Kt, K**K?, nm*, and n'w*
* For the signals, the spectrum of the mass recoiling against the D K™y;sg system

should be accumulated at the D*° /D*~ nominal mass.

Meee (s DEK/KS) = [(Bem, = By o ) = (P,

2
D'S"K‘/Kg)

* To improve the M¢.(Yisr) resolution, Mrec(yISRD;* K=/ Kg) is constrained to be the

nominal mass of the D*°/D*".

Data samples:

Vs (GeV) Luminosity (fb!)
10.52 89.5+1.3
10.58 711410
10.867 121.4+1.7
Total 921.9+12.9

-11-



M(D{D¢;(2536)7)

NO 40 ~ —e— Data
B ——— D,(2536) sidebands
S C (a) 5.90 &= D'D_(2536) contribution
[)) 30 - Total fit
E - MY weeess Total background
Y A PP Fit to D,(2536) sidebands
8 20 * + ------- Fitto D.'D, (2536) contribution
~ -
) N
P PR
o 10[ - Mt | ol
0 F | - - g
45 5 ) 55
+ .
M(D_Dy;(2536) ) (GeV/c9)
15
b —e— Data
—— D,(2536) sidebands
10 =~ D;D,,(2536) contribution

(&)

L I 1T 177 I T 1771

Events/20 MeV/c?

b hH’M Shan

48~ 5 52 54 56
M(D,'D,,(2536)) (GeV/c?)

O
D

PRD 100, 111103(R) (2019)

An unbinned simultaneous likelihood

fit:

* Signal: a BW convolved with a
Gaussian function, then multiplied
by an efficiency function

* D¢1(2536)™ mass sidebands: a
threshold function

« ete” = D§"Dg;1(2536)~ background
contribution: a threshold function

* A non-resonant contribution: a two-
body phase space form

M=(4625.982(stat.) + 0.4(syst.) MeV/c?

' = (49.87132(stat.) + 4.0(syst.) MeV

[,oXB(Y - DDy (2536)™) xB(Dy;(2536)" —
D*'K™)= (14.3%38(stat.) + 1.5(syst.) eV

One possible background is from e*e™ — D;"(— D{y)D4(2536)".
No obvious structure is observed in the ete™ - D" (- D}y)D,,(2536)". -12-
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PRD 101, 091101 (R) (2020)

An unbinned simultaneous

likelihood fit:

* Signal: a BW convolved with a
Gaussian function, then
multiplied by an efficiency
function
D5,(2573)™ mass sidebands: a
threshold function

* A non-resonant contribution: a
two-body phase space form

M=(4619.8182(stat.) & 2.3(syst.) MeV/c?

I = (47.01313(stat.) + 4.6(syst.) MeV

[, XB(Y - DD, (2573)7) XB(D%y(2573)" —
DOK™) = (14.7%33(stat.) + 3.6(syst.) eV

13-
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Evidence for X(3872)— n™n~]/{ produced in single-tag

two-photon interactions

arXiv: 2007.05696 (2020), submitted to PRL

+ X(3872) with JP¢ = 1** could be produced if one or both photons are highly virtual
[Nucl. Phys. B 523, 423 (1998)].

* The measurement of X(3872) in two-photon reactions help to understand its
internal structure.

X(3872): J*¢ =1 vy = X(3872) == Not allowed
But, v*y =2 X(3872) == Allowed

/ - tag
_ X et =
e QZ '//\V B or H H
e
X(3872) | Data sample:
825 b~ linete”
e+ p < e+ collisions near 10.6 GeV

—Q? is the invariant mass-squared of the virtual photon. -15-



The veto regions
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M(X(3872)) = (3.8723+0.0012) GeV/ c*
With 0.11+0.10 background events, the number of signal events is Ny, =

2.9%22(stat.) + 0. 1(syst.) with a significance of 3.2¢ (Feldman-Cousins
method applied [Phys. Rev. D 57, 3873 (1998)]).

I,,B(X(3872) - ntn~]/P) = 5.5 5 3(stat.) + 0.7(syst.) eV using the Q?
dependence expected from a cc meson model.

-16-



Search for R™" - DT D™

Preliminary results at Belle
A doubly-charged and doubly-charmed molecule R** decays to D™ D;*
with modest rates according to Refs. [PRD 99, 076017 (2019), PRD 101,
014022 (2020)].

 The mass of R++ is predicted to be in the range of 4.13 to 4.17 GeV/c?;
the width is (2.30-2.49) MeV.

A state decaying to D" D;" is also a good candidate for a doubly-charged
tetraquark according to Ref. [PRL 119, 202001 (2017)].

Data samples:

D (k) Dg (p1)
SO PRD 101, 014022 (2020) Vs (GeV) Luminosity (fb) Events
9.46 [Y(1S)] 5.74+0.09 (10243) million
y7(@)
10.023 [Y(2S)] 24.910.35 (158+4) million
D (k) , 10.52 89.5+1.3
bt D™ (p2) 10,58 [Y(4S)] 711£10
e DY K ntn IK)(» ntn)mt 10.867 [Y(5S)] 121.441.7
D S__ -~ D S__y_* 0t The Punzi parameter S/(3/2+VB)
* Dy - ¢ /KK [arXiv:physics/0308063] is applied to optimize the

mass windows of intermediate states. -17-
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No R** signals are observed.
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B(Y(2S) — R** + anything) B(R** — D*D$*)=(16.3 - 68.6)x 107>

o(ete™ » Rt + anything)B(R** — D*D}*) =

og(eTe™ - R** + anything)B(R** — D*D;*) = (218.9 - 1054.0) fb at /s = 10.58 GeV

o(ete™ - R*t + anything)B(R** — D*D;t) =

(202.8 - 880.4) fb at /s = 10.52 GeV

(346.6 - 1517.6) fb at /5 = 10.867 GeV

, T(R**) varying from 0 to 5 MeV]

4.2
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Although Belle has stopped data taking for ~10 years ago, we are still
producing exciting results.

We report the first observation of the radiative decay of bottomonium to
charmonium with B(Y(1S) = yxc1) = (4.7132(stat) T3 (syst))x 107>,

We report the first vector charmonium-like state decaying to the charmed-
antistrange and anticharmed-strange meson pairs DJ D¢ (2536)~ and
DI D;,(2573)~. The masses and widths are close to those of the Y (4660).

We report the first evidence for X(3872)—» n*n7] / Y produced in single tag
two-photon interactions with I wB(X(3872) » nfn~] /) = 5. 5+31(stat.) +
0.7(syst.) eV.

Belle II will reach 50 ab!, which will provide greater sensitivity and
precise measurements in hadron physics.

Thanks for your attentions!
-19-






