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We have analyzed 121.4 fb=! of data collected at the T (55) resonance by the Belle experiment using the
KEKB asymmetric-energy ¢ e~ collider to search for the decay BY — J /wa". We observe no signal and
report an upper limit on the branching fraction B(BY — J/yx") of 1.21 x 10~* at 90% confidence level
This result is the most stringent. improving the previous bound by 2 orders of magnitude.

DOL: 10.1103/PhysRevD.109.032007
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Theoretical Motivation for the Decay Bg — J/wwo

The B mesons, composited of a heavy anti-b quark and a light quark provide a rich
environment for the flavour physics analysis.

The B for decay B — J /17 is predicted from the measurement of B(B? — J/vym),
where 7 can transit to 70 under the assumption of isospin-zero admixture in 7°.
Suppression factor due to the violation of strong

isospin in the 77 — 70 transition is of the order of 1072. ? Wt /e
: : (/' =J/y7°) ¢

The factor is predicted fr.om F= 379 [PR’.D s.e, 002008

(2012)] and the corresponding theoretical prediction for B?

[(T(2S)—7(15)7°)

r(T(2S)—>T(1S)7’)) [Prog. Part. Nucl. Phys. 61, 455 (2008), PRL 101, 3

192001 (2008)]. . . n

Theoretical prediction of B(B? — J/170%) ~ 4 x 107°.
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® The contributions from W exchange and annihilation processes are of the order of

1078 or less (based on the measured branching fractions of B® — 7w~ and B — K"K~ [PRL 118, 081801 (2017)]).

b u
c

B I (0
c

5 u

(a)
® Any significant deviation from the theoretical prediction can hint to NP phenomenon.

® The existing limit on the branching fraction B(BY — J/17°) of 1.2 x 1073 at 90%
confidence level was first set by L3 collaboration in 1997 [phys. Lett. B 301, 481 (1997)].
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The Belle Detector

Belle Detector

peroqel Cherenkor ot @ Silicon Vertex Detector (SVD)
oy 011030 @ Central Drift Chamber (CDC)

sC solenond/ !1

1.5T
CoI(TI 16X, ~— i ©® Aerogel Cherenkov Counter (ACC)
TOF counter : ‘ o M» © Time-of-Flight scintillation counter
8GeV ¢ ‘r{;_"- - :? : (TOF)

@ Electromagnetic Calorimeter (ECL)
® K} and p detector (KLM)
@ Extreme Forward Calorimeter (EFC)

u/ K, detection

3lyr. DSSD - 14/15 lyr. RPC+Fe

® The first five sub-detectors are housed inside a solenoidal magnetic field of strength
1.5 T pointing along the electron beam direction.

e The Belle detector collected a total of ~1 ab™! of collision data during its operation.
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Particle Identification and Event Reconstruction

® We performed a “blind” analysis using simulated Monte Carlo (MC) data to optimize
the BB — J/¢7TO selection criteria: Event Generator (EvtGen) and Simulator (Geant3).
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Particle Identification

® e: Charged track matching with the energy
cluster deposited in the ECL.

® 4 The penetration depth and lateral spread
of the charged-particle hits in the KLM.

® ~: Electromagnetic clusters with no
associated charged tracks.

® J/1¢ mass-window cuts: Approximately +30 around the nominal J/1¢) mass.

o 70 selection: We require the photon candidates to have a minimum threshold energy
of 50 and 100 MeV in the barrel and both end-cap regions.
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BY — J/1m° Reconstruction
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REF: PRD87, 031101(R) (2013)
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Background Study

B—Jiyo s BloJdiyn®

%4 B->ooX (rest)

= Bi-Jdiyn®
# B->aoX (rest)

[
I B-JiyX(rest)

T I N 3 B
M, (GeVic) AE'(GeV)

B? — c&X background B — ccX background

The tagged components exist only at the generated level.

The selected events have correctly reconstructed J/1) more than 95% of the time,
whereas a random combination of photons or a 70 from the other end satisfies the
BY — J /47O selection criteria.

Combinatorial events from the continuum background are suppressed using the
reduced Fox-Wolfram variable.
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Maximum Likelhood Fit Analysis: Signal PDF

® E | 18,8,)= 0079 00013 % ol | dellaeCBaipha= 0449 2 0045
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é E mbeCBalpha = 1.470 + 0.040 : | deltaeCBsigma = 0.02110 + 0.00063 GeV'
g E~| mbcCBmean = 5.412328  0.000022 GeVic® = E | deliaeGsigma = 0.0341  0.0015
= E | mbeCBsigma = 0.004133 + 0.000018 GeVic* H E | deliaen = 367 + 053
5 E | mben= 23213 4 E | fracCB - 0.801 = 0.031
ki E 1200 £
2000 1000 =
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e Mean and width of the 2" & 3™ Gaussian components are fixed (Determined from Mc
T(5S) — B°B? and T(5S) — B® B? /cc signals).

e Crystal Ball function for the primary My, peak.

e Crystal Ball and Gaussian function for the AE’ distribution.
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Events / (0.0058 GeV)

Events / ( 0.0028 GeV/c?)

Fit Projections to the MC Simulated Backgrounds
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MC Simulation Validation: BY — J/¢7” at T(4S) Resonance
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Projections of the 2D fit to GSim data with three BY — J/17¥ input signals.

Ensembles of 5000 identical samples for different
pseudo-experiments having Nz = (1,2, .., 10)

signals are generated.
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The Linearity Test and Pull Bias

0= 0.00547586 £ 0.035158 250|
10} 1= 0.982968 + 0.00624623 " [Mean = 7.078 £ 0.059 0.055 £ 0.015
F [ |si 4150 +0.042 44 +0.010)
[ 200 180F-
s F o ~ 160
g 9 S 10 S 140F-
g bt ~ 120
z @
VoL £ r T 100
N & 100 g
L o o 8o
A L 60—
N 50 s
20
2 4 6 10 . Lenl | I |- 1
<N, Generated> 70 05 0 15 20 e I I R R )
Fitted Signal Yield Signal Pull

® The mean of the extracted yield is linear to the generated signals with a slope ~ 1.
® The Fit bias is computed for an input of 7 BY — J/17° signal events.

® Estimated bias of (5.5 &+ 1.5)% corresponds to an systematic uncertainty of 4-0.23
events in the signal yield extraction.
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Events/(8.3 MeV/c?)

Data Unblinding for the BY — J/¢7® Events
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Projections of the fit to selected BY — J/¢)7° events in the 121.4 fb~! of eTe™ collision data.
Based on the MC, the yields corresponding to B — c&X and BY — J/17° background
components are fixed to 4.33 4 2.0879:31 and 5.17 + 2.2779%3 events, respectively.

We obtain the signal and combinatorial background yields of 0.0 4 3.2 and 50.0 4 4.0, where the

uncertainties are statistical only. 1518



Systematic Uncertainties

TABLEL Additive systematic uncertainties on B(B® — J/wz°). TABLE TII. Multiplicative systematic uncertainties on
B(BY = J/yz°).

Source Uncertainty (events)
~ ~ a1 [
PDF parametrization o7 Source Uncertainty (%)
Fit bias 02 7% reconstruction 2.2
. _()'( Tracking 2 x0.35
Total (quadratic sum) 0% Lepton-ID selection 2 x2.25
MC statistics 032
Number of BY mesons Zlos
By — IT17) 0.77
. T . 0
e Additive and multiplicative Bz =) 0.03
.. J/w mass-vertex fit y~ < 60 2.25
uncertainties affect the measurements, o
Total (quadratic sum) j]ll}f

differently.
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Results

The upper limit on the branching fraction is calculated using the Bayesian approach:
NYield (at 90% CL)

B(BY — J/yr®) = o8

2 x Npopo X € X By X Bro’

NYield is 8.03 (7.64) BY — J /170 events with (without) systematic uncertainties.

sig

Npogo = (9.08¥095) x 10° and € = 0.310 + 0.001.

Branching fraction

UL at 90% CL

B(B® — J/17°) without systematic
B(B? — J/yr°) with systematic

< 11.51 x 107°
< 12.10 x 107

The reported UL is the most stringent limit and improves the previous upper

bound by two orders of magnitude set by the L3 collaboration in 1997.

17/18



Conclusion

In summary, we analyzed the 121.4 fb~1 of ete™ collision data at T(55) resonance
to search for the decay B — J /70,

As no signals are observed, we set a UL on the branching fraction B(BY — J/17) of
12.10 x 107 at 90% CL [prD 109, 032007 (2024)].

The reported UL is the most stringent limit and improves the previous upper
bound by two orders of magnitude set by the L3 collaboration in 1997.

The predicted branching fraction of BY — J/17° of order 4 x 1070 is within the
acceptable region of the measured UL.

The precise measurement of this branching fraction can be performed at the Belle Il
experiment, a successor of the Belle experiment, which plans to collect approximately
5 ab~! of data at T(55) resonance in the near future.
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KEKB Accelerator

The KEKB is an asymmetric-energy ete™ collider at KEK(Japan), which operated for
around 10 year (1999-2010) producing the BB mesons like in a factory.

X
m
X
@
Y
n

- Ty
[ T 6.0 5 i

\ oy !
\ Tsukuba E 200 .'"y IS 5 E: 1(55) b

Y\ (Belle) = o *
L % T F it sol flamffn

" S 151 4! i
2 \ T F ! 4.5} (6s)

£ < \\§ AR o He, 189
K £ t o i} 105_ 109 ]
a v\ & 18 I ;' :' v,.‘. o Eq m. (GeV) il
\ W [ LI ]
HER = L& % i % Foy i
A S . U O S =
3 -4 A R R, B S
7 ono o O = O T 2 A
9.44 10.00 10 10.53 10.62
9.47 10.0: 37

Mass (G-evn:?)
Results of CUSB Collaboration.
® The KEKB accelerator set a world record of instantaneous
luminosity of 2.11 x 10% cm~2s~! in 2009; Current holder:
SuperKEKB, 4.7 x 10%* cm72s7L,
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BY BY-mesons production

® T(5S) resonance is the 4t excited state of the bb system with a J”C value of 17~
and rest mass energy of 10.885 GeV//c?.

o o(e"e™ — bb) = 0.340 + 0.016 nb.
[PRD 87, 031101(R) (2013)]
\ Z

@ Fraction of bb events producing B?
w mesons, f; = 22.01@:(1) [JHEP 08, 131 (2023)].

ﬁ\t® o Total int. lum. = (121.4 4+ 1.6)fb~L.

© The number of analysed B2B? mesons:

2% Ngogo = 2x 1214 fb 1 x 0 > x f;

B B, B*B*1) (B* B BB
P = (18.161751) x 108
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MC Event Generation

We perform a “blind” analysis using simulated Monte Carlo (MC) data to optimize the
BY — J/vym° selection criteria.

Decay Table
Decay mode Decay Model
; EvtGen sinstation signal MC T(55) — B9 RO PHSP
Decay File Event Generator and Preliminary Sample ° _50,, s
Reconstruction T(55) — BS BS _+ cc PHSP
T(5S) — B?B? VSS
BY — By VSP_PWAVE
B — J/y =° SVs
e I/ — ptp~ VLL + PHOTOS
J/p — ete” VLL 4+ PHOTOS
° — vy PHSP

® We have generated 100,000 experimental dependent MC simulated events for each of
the |eptonic mode (Signals with J/¢ — pu" ™ and J/9 — e"e™ channels).

® For background study: MC samples dedicated for ete™ — qg (continuum), eTe™ —

() 500+ — B
Bg BSO ) and e+e — non-BB Bg events are analySEd. (six times more events than expected in the
data)
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Lepton Selection

® \We select oppositely charged particles whose closest approach to the nominal IP is
within 0.5 cm and 3 cm along the radial and z-axis, respectively.

1= — Signal MC 15_ ——— Signal MC
—— Truth matched Signal MC F ——— Truth matched Signal MC
’ — Background MC 107 —— Background MC

Entries/0.01
Entries/0.01

® Tracks satisfying the ep > 0.01 and pp > 0.4 are identified as electrons and muons.
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Lepton ID optimization

Figure 2| shows the sensitivity of conditions on likelihood ratio (LH) to reject background
over signal events for (a) p;p and (b) e;p. We employ the loose requirements of y7p = 0.4 and
erp = 0.01 in contrast to the optimized values of 0.97 and 0.83, respectively.

15+
°
o
&
)

I L L L I 1 I L L L 1 ! L L I
0.1 0.2 0.3 04 05 06 07 08 0.8 1 0.2 0.4 06 0.8 1

0.035 (—

() (b)

Figure 2: Punzi’s FOM optimization: (a) uzp and (b) erp.
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Mass-Vertex constraint fit
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® Negative slope of the cluster positions is due to the unaccounted energy loss from

exotic states.

M. — AE distributions
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M,.(GeV/c?)

[-sector

the
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Correlation factor = -0.027967509 Correlation factor = -0.025299135

0.2

ul|\lwu|\\.u

e-sector J-sector
® \We redefine the AE variable as,
AE — AE = AE + (Mye — mpgo)c?
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Entries/0.01

Continuum Suppression

% —— Signal MC

3 — Background MC

=]

2

53]

2

=]

Topology of the continuum and BB events in the
CM frame

@

o et IR B ks P

!
0.1 0.2 0.3 0.4 0.5 0.6 0.7 0.8 0.9 1
R

® Reduced Fox-Wolfram: R, = % where H; = > |pil|pj| Pi(cos(;))-
® The continuum background is suppressed by R to be < 0.4

o
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Best BY — J/4m® Candidate Selection

E — p-channel
ok — e-channel

0’

0

Entries/Unit

S R R B | |
2 3 1
Multiplicity

® The best candidate with the least x? sum of the J/1) mass-vertex constraint fit and

70 mass constraint fit is kept.

® This procedure retains the correct BY candidates in more than 77.0% of time.

® The efficiency of selecting the BY — J /170 events is estimated to be
(31.02 + 0.10)%, which includes both leptonic modes.
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Control Sample (B — J/¢7° at T(4S) Resonance)

® To validate the selection criteria and estimating the discrepancy between the
simulated and actual data.
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El E | mbon= 147420 T LeuF_| deltaeGsigma= 0.03195 + 0.00099 GeV
5 00— H E | deitsen = 3.26  0.22
s E G M0 aceB = 0.763 £ 0.027
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E 1200 —
2000 F— 1000 ;
1500 800
E 600 —
1000 — E
E 400
s00F- 200 =
= n . " | | | |
£ it e i £ ] L' SE 0T .05 T 705
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& e
= SE 1 I
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7% 5 7% £ 7% 7 7 5 T oz =% =T =0 3 3

Projections of the 2D-fit to B — J/¢7® MC simulated data.
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PDFs for the Candidates in the Simulated Background Events

® |eft: The distributions are modeled using a non-parameterized 2D histogram PDF
determined from an MC simulated event sample, which is 100 times more than the
expected b — cCq events in data.

® Right: The distributions are parameterized using an ARGUS with an endpoint at
5.289 GeV/c? for My, and a first-order Chebychev polynomial for AE’.
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Correction Factors

[ Variable [ Function Parameter [ Value (MC) [ Value(Data) ]
- Crostal Ball Mean (MeV/c?) 5279.53 & 0.02 5279.6 £ 0.17
W ystal Ba Sigma (MeV/c?) 2.85 £ 0.01 252 £ 0.15
. Croetal Ball Mean (MeV) 253 £ 0.44 1.68 + 2.02
¥ Y Sigma (MeV) 19.88 £ 0.55 2071 £ 4.25
Gaussian Sigma (MeV) 31.95 + 0.99 34.04 £ 8.85
[ Variable [ Parameter [ Correction Factor ]
Shift in mean (MeV/c?) 0.07 + 0.17 oD
© ) p— ata
e Fudge factor for sigma 0.89 + 0.05 FUdge faCtor ~ omc
\ Shift in mean (MeV) -0.94 + 2.51 ® Sh|ft in mean = —
VQ/ Fudge factor for sigma 1.05 &+ 0.10 Hdata Hmc

e \We find that the statistical uncertainties dominate the slight difference between the
simulated and actual distributions.
® Small discrepancies between the simulated and actual data are accounted for in the
systematic evaluation after data unblinding.
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Systematic Uncertainty due to Fixed Parameters

Variable | B2 B | Function Parameter Yield(+0) \ Yield(—o) AYield
u* (GeV/e2) -0.20 + 3.10 ‘ 0.20 + 3.30 o1
o* (GeV/c2) -0.20 £ 3.10 +0.19
BY BY B o 20.05+ 310 | 0.00 + 3.20 oot
n 20.02+320 | 0.10 + 320 pEXH
/;q' 5o 0.00 +3.10 | -0.03 +3.20 +0.02
" 0.01 +320 | -0.01 +320 000
B0 Bo Double-G 7 (G1) (GeV/c?) 0.01+320 | -0.01+3.20 o0
< s ith
My or l"o‘m‘mm 7 (Gz) (GeV/c2) 20.01 =320 | -0.01+3.20 +0.00
0 307
BBy mean fraction (Gi) 0.01 £ 320 | -0.01 £3.20 o000
Sl go 0.00 + 3.20 | -0.06 + 3.10 008
Double-G I3 -0.01 £ 3.20 -0.01 £3.20 r 0
~ e o (G1) (GeV/c?) 20.01+320 | -0.01 %320 +
BYBY -
common o (G2) (GeV/c?) 0.01+320 | -0.01 %320 i
mean
fraction (G1) 0.01+320 | -0.01 %320 *
All ARGUS Endpoint (GeV/c?) 0.00 £320 | -0.05 %320 oot
u* (GeV) 019 +320 | 020+ 3.20 Ay
CBiG o* (CB) (GeV) 0.00 + 3.10 -0.01
N . with a -0.17 + 3.10 ‘ 0.20 + 3.30 A
common n -0.06 + 3.10 ‘ 0.10 + 3.20 +o08
mean
o* (G) (GeV) 0.00 +3.20 -0.01
fraction (CB) 0.00 + 3.20 \ -0.03 + 3.20 o2
Events corresponding to By — J/t/x0 PDF [ 026310 | 030+330 | 63 |
Events corresponding to BY — ¢cX PDF | 052310 | 060330 | FoE |
Total systematic due to the fixed PDF parameters (events) A
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Upper Limit Calculation

® With the absence of any significant signal yield, we report an upper limit (UL) on the
branching fraction using the Bayesian approach.

1 — Without systematics
r —— With additive systematics

With multiplicative systematics Convolution function: Gaussian(p = 0, 0 = sys-
tematic uncertainty)

H e Additive systematic = 0.8 events

e Multiplicative systematic = 0.12 X signal
oz yleld

Sig::)al Yield
® ULs on the yields at 90% confidence level (CL) are estimated to be 8.03 and 7.64

BY — J /7% events with and without systematic uncertainties, respectively.
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HadronB(J) skimming

The Hadron-B criteria select the B-meson and continuum events with an efficiency of
99% and 84% while rejecting the non-hadronic (two-photon, Bhabha, and lepton pairs) by
more than 95%.

Good charged tracks nTrk> 3; |dr| <2cm, |dz| <4cm, and |Pf| > 100MeV.
Esum(sum of good cluster's energy)> 0.184/s or HJM > 1.8 GeV.

|P*|(sum of z-comp. of good tracks and photon momenta)< 0.5/s.

nECL > 1.

HIJM/E,;s > 0.25 or HIM > 1.8 GeV.

Esum/nECL < 1 GeV.

J /1) Condition: An event with at least one combination of oppositely charged tracks
with momentum p > 0.8 GeV/c and invariant mass between 2.4 — 4.0 GeV/c?.
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