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Introduction

o Rare decay b — (s, d)¢¢ are suppressed at tree level in the SM

@ These FCNC processes propagate through penguin loop and box diagrams
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@ Previous experimental and theoretical studies mostly focused on b — sé¢ decays

o Signature due to NP maybe uniquely observed in b — d¢¢ decays if NP is sensitive to quark flavors

@ b — d{/¢ transitions are suppressed relative to b — s¢f processes by the ratio

Typical B for b — d¢¢ decays are O(10~8) or smaller

B — (7%, n,w, p°)€¢ and BT — (n*, p )€ decays involve b — d quark-level transition
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Experimental Status

Channel UL or BR Collaboration Data size
B® — nee < 10.8 x 10~8 BaBar 428 fb—1!
B — nuu <112 %108 BaBar 428 fb—
B® — wee — — —

B® — wup — — -

B® — m0ee <8.4x108 BaBar 428 fb—1!
BY - mOuu <6.9x10°8 BaBar 428 fb~!
Bt — wtee <8.0x 108 Belle 605 fb—!
Bt — 7t pp (1.78 £ 0.22 £ 0.03) x 108 LHCb 3fb?
B® — plee — — —

B — pup (1.98 £ 0.53) x 108 LHCb 3 fb~!
Bt — pTee — — —
Bt — ptup - - -

B(B® — ntn~pu) = (2.1 £0.5+0.1) x 1072 using 3 fb~! data sample of LHCb

LHCb has observed final states with muons and no neutrals

Electron channels have not been searched yet

Searches with electrons and muons in the final state allow to probe the lepton-flavor universality in

b — d¢/ transitions
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Selection Criteria

-1 6 DD .
e 711 fb~—' data of Belle corresponds to 772 x 10° BB pairs My, = \/(Eltearn/CQ)z — (ps/c)>

o Signal MC is generated using BTOSLLBALL decay model AE =E} —E .
Selection Requirement
Charged tracks do < 1.0 cm
d, < 4.0 cm
eT candidate elDBelle > 0.9
Plab > 0.5 GeV/c
correctBremsBelle 50 mrad
p* candidate mulDBelle > 0.9
Plab > 0.8 GeV/c
> 0.6

atcPIDBelle(2,3)

7% candidate
Mo € [0.124,0.145] GeV

70 selection pi0:mdst

¥ goodBelleGamma -

w atn—n0 M,, € [0.7685,0.795] GeV

n vy, mtn— 0 M,, € [0.530,0.559] GeV

° i M, € [0.650,0.9] GeV

pt ntn0 M, € [0.650,0.9] GeV

Beam energy constrained mass My My > 5.2 GeV/c2

AE —0.15 < AE < 0.1 GeV

Energy difference
charmonium veto

8.8(8.5) < g% < 9.9(10.22) GeV?/c*
13 < g% < 14 GeV?/c*
> 0.045 GeV?/c*

/Y — pp(ee)
P(25) > pi(ee)

Converted photon/n® Dalitz decay e

@ Best candidate is selected using vertex x? probability, BCS efficiency is 70 — 90%
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Background distributions in generic MC

@ My, distribution in 6 streams (1 stream corresponds to Belle data size luminosity) of generic MC
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Mostly continuum background (uds + charm), but BB background (BBO+B*B~) is
non-negligible




Background Suppression

o FastBDT is trained with event shape, vertex quality, and kinematic variables: |Thrustg|,
|Thrusto|, cosThrust gg Ry, cosOg, dee, P(x?), AZy, Z(Xg — £1), E&EOE, M,z,,,-ss/EmiSSv AZ, to
suppress background

o Equal amount of signal and background (continuum and generic B) events are used for training

e BDT training is good and there is negligible correlation between input variables
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BDT Optimization

BO — - @ Continuum background peaks around 0 and

18 signal around 1
166 3 Signal
1 B9B° . . .
ol = 58" e Each dte?ay channel is trained and optimized
N charm separately
g 2y [ uds
Z10f @ FOM is calculated using Punzi's method
g ol
2 €
S o6F M= ——,
uc'l at 3/2 —+ \/E
e= efficiency, B= background in the signal
2t region, & a= significance
%3 00 0z o0& 06 08 Lo 12
BDT response
channel [ BDT cut
BY — nee 0.65
0.012 : 17.5 B® — nuu 0.85
. {15.0 B® — wee 0.80
4 0.010 _ o
~ . {125 B — wup 0.90
= o008l £ BY — 70ee 0.75
: 1100
e} w B® — mOupu 0.90
@ 0.006] 175 & Bt — ntee 0.80
> 150 & B® — plee 0.80
iC 0.004f 15 B® — pOup 0.85
‘ ‘ ‘ oyt Bt — pTee 0.90
00025550 02 04 06 08 10 1570 Bt — pTup 0.95

BDT response

June 20,2024  7/26



Background Suppression

uds, charm, BOB9, B¥B—

w/o BDT cut with BDT cut
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e Optimal BDT requirement reduces the background by 93 — 98% with 25 — 55% signal efficiency
loss, over the decay channels
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Fitting strategy

@ Perform 2-dimensional un-binned extended maximum likelihood fit in My, and AE to extract the
signal yield.

@ Negligible correlation between fitting variables

B — m0ee
-0.000451538;

o= . 4

B® — mOup
b " -0.0136675 -

250 o

"';H“‘“
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o Fitting PDFs

Variable Signal Background
My CB or CB+Gaussian Argus
AE Johnson or Johnson+Gaussian | Chebyshev polynomial

Signal shape parameters are fixed from signal MC
o Signal shape fudge factor and mean shift are fixed from control sample

o Background shapes are floated
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Peaking background for Bt — wtee

o Background from B* — KTee, where kaon misidentified as a pion

@ Peaks in My signal region, but shifted in AE (~ —0.06 GeV)

o Studied using B* — K*ee signal MC generated using BTOSLLBALL decay model

Events / ( 0.000625 )
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10°
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Peaking background for Bt — p*puu

o Background from Bt — p"DO(K*+m~), where K™ and 7~ are misidentified as muon candidates

Bt —rhotutu-

3.5

Entries

'?484 1.85 1.86 1.87 1.88 1.89 1.90
My+,-[GeV/c?]

o Faking particle mass hypothesis is applied to decide on the veto window

o Applied M.~ ¢ [1.858 — 1.881] GeV/c? to suppress the background
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Peaking backgrounds for B® — plee and BT — ptpupu

o Either of the two leptons come from J/1, while kaon originated from K*°, KZ*O, KO*O, etc is
misidentified as the other lepton

o Events are shifted in AE (~ —0.09 GeV)

o Background is studied using inclusive J/v¢ sample which has 100 times more luminosity compared
to Belle data sample

o Applied loose LID requirement (> 0.1) on one lepton and standard LID on other

— plee
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Charmless peaking background for B® — nuu & B® — 7n%upu

e B® — nK7 background is studied by signal

MC using PHSP decay model

o Applied loose lepton ID of > 0.1 for

reconstruction

o Peaks in My, signal region, but shifted in AE

(~ —0.08 GeV)

Events / (0.0005 )

Events / (0.00375 )
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o BY - %K & B® — n°KK backgrounds are
studied by signal MC using PHSP decay

model

@ Applied loose lepton ID of > 0.1 for
reconstruction

@ Peaks in My, signal region, but shifted in AE

(~ —0.11 GeV)

Events / ( 0.000588235 )

Events / ( 0.00625 )
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Summary of peaking backgrounds

channel source
BY — nup BY — nKn
B® — mOupu B® — mOKm & B — mOKK
BT — ntee BT — KTee
B® — plee Jjp —e& K* > K+ e
Bt = ptup | J/p = p & K* = K<+ p, ptDO(KTr™)

o Peaking backgrounds are either vetoed or included in the fit by:

e applying invariant mass vetoes by assigning faking particle mass hypothesis to correct particle

e studying high statistics inclusive J/v sample

o generating signalMC for peaking contribution
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Control sample: B0 — J/1)(£0)n*0 in data

o Performed 2-dimensional fit in M. and AE to extract the signal yield

@ Introduced fudge factor and mean shift to the width and mean of signal distributions

B TG

Events /(0.003)
Events /(0.01)

= J/(pp)m

e s = T A
2 521 522 523 520 525 5% 527 52 520 % T ETS g 3 o
My, [GeVic?] AE[GeV]
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Events / (0.002)
g

Evenis /(000833333 )

0
o
5

. H 7
< e I.-rl_lrl.u_.n-\_i- ey n _I_.ljrj,_.l —
channel [ Neig [ (%) ] B [ PDGB

BY — J/i(up)m® | 152+ 14 | 20.35 | (0.975 % 0.090) x 10-° | 0.990 x 10—°
B® — J/ip(ee)n® | 101411 | 12.09 | (1.09140.119) x 10~5 | 0.991 x 10~6
B¥ = J/y(up)w | 612130 | 32.04 | (2397 £0.118) x 10-° | 2.337 x 10~ ©
Bt — J/¢(ee)rt | 205+24 | 17.34 | (2.140 +£0.174) x 10~6 | 2.340 x 10~°

o Calculated B is consistent with PDG within the uncertalnty
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data-MC in My, sideband

o Compared the data-MC in the My, sideband (M,.<5.265 GeV/c?) region
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79 momentum for B® — 7lee

@ data-MC discrepancy for both on- and off- resonance samples

.« On-resonance
) J{ ue Off-resonance

MC offres.
2 | dataoffres

. }”HH}HHMHH’HW“
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Entries / (0.002)

@ Most of the difference in data and MC comes from lower pion momentum region

@ Contribution from two photon samples .
o Background distribution .
Background distribution 2 % twoPhoton Signal for control sample

Me
— Data

5 g
i

Entries /0.2
i

g8
i

o Signal momentum ranges from 1-3 GeV/c
o Applied pro > 1 GeV/c to suppress the two photon background

e Similar background for BY — mtee channel, and suppressed using pr+ > 1 GeV/c
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data-MC in My, sideband: B® — 7%ee

. w/o pro>1GeV/c  with po >1 GeV/c
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@ Background has reduced significantly with pion momentum cut, without significant impact on signal

o Data is now in much better agreement with MC simulation
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Data Unblinding




Fit result for Bt — mTee, B® — plee and Bt — pTee decays

@ Signal enhanced projection: My > 5.27 GeV/c? for AE plot and |AE| < 0.05 GeV for My, plot
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result for B — 70

@ Signal enhanced projection: My > 5.27 GeV/c? for AE plot and |AE| < 0.05 GeV for My, plot

signal, background, peaking background, total
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o Neg = 04874509 1057170 ~1.817,5, 326777, and 0.3972 40

for B® — net, BY — ,J//, BY — 790, B® — pP0¢, and Bt — ptee




B® — p°upu result

a’E‘ 24 = Nbkg = 252 +/- 16
S 22 % 25 F Npeaking = 17 +/-5
g 20 © Nsig= 1+/-2
o . ~ sk ay=-11+-8
o 16 . polt =-0.27 +- 0.1
= s 2 sk pol2 = 0.1+/-0.1
|2}
£ "” ¢
g 10 w
[ITI] 3 TORFI4~ l ‘
5 + ‘
: N T
2 4
0 T TV T TR TR R JPTY 0 L n 4 L
5.2 521522 523 5.24 5.25 5.26 5.27 5.28 5.29 -0.15 -0.1 -0.05 0 0.05 0.1
2
M, [GeV/cT] AE [GeV]
channel Belle LHCb

B(10-%) B (10-%)

B — poup | 2.1875%F  1.98+0.53

o Belle quoted uncertainty is statistical only

@ Our calculated B is consistent with LHCb within uncertainty
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Systematic Uncertainties

source [ nee [ N [ wee [ WL [ mee [ o [ mtee [ Plee [ ptee [ ot

o — 0.6 — 0.6 — 0.6 — — — 0.6

e 0.8 — 0.8 — 0.8 — 0.8 0.8 0.8 —

nt 1.0 1.0 1.0 1.0 - — 0.5 1.0 0.5 0.5

0 2.3 2.3 2.3 2.3 2.3 2.3 — — 2.3 2.3

¥ 4.0 4.0 — — — — — — — —
FastBDT 7.1 6.6 7.1 6.6 7.1 6.6 1.4 1.4 7.1 6.6
MC statistics 0.48 0.37 0.73 0.53 0.34 0.24 0.24 0.53 0.80 0.54
decay model 0.57 0.45 0.75 0.69 0.49 0.76 0.40 0.66 0.81 0.52
mass window 1.05 1.05 1.21 1.21 — — — 3.03 3.03 3.03
BCS 0.03 0.11 0.15 0.43 0.21 0.23 0.11 0.02 0.6 0.5
Tracking 0.7-1.4 0.7-1.4 1.4 1.4 0.7 0.7 1.05 1.4 1.05 1.05
PDF shape 0.04 0.04 0.43 0.07 0.10 0.09 0.50 0.20 0.34 0.32
f+—/00 2.45 2.45 2.45 2.45 2.45 2.45 2.45 2.45 2.45 2.45
NBE 1.4 1.4 1.4 1.4 1.4 1.4 1.4 1.4 1.4 1.4
Total 9.35 8.95 8.37 7.91 8.07 7.64 3.56 4.80 8.75 8.29

o Systematic uncertainty varies between 4 — 9% depending on the decay channel

o Dominate systematic is from FastBDT, because of B® — J/4(££)7° sample size
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Signal yield in the UL (N3F)

UL - ’ .
° Nsig is calculated using frequentist approach

o Generated 10,000 toys for each Ngig(gen) =0,1,2,...,10 considering data fitting PDF having
statistical significance equivalent to data sample

o Performed fit on these sets of events using data fitting PDF
@ Added the systematic uncertainty as width of Gaussian to the signal yield

@ Calculated the fraction of sets that have a fitted yield greater or equal to the one observed in data
fitting for each value of input signal yield

° Nslijé‘ is the value of signal yield with 90% CL

B® — nup
glOO; BPSRRTEEY L
d @
8o o~
[ s - stat
60—~ 7 .. stat+syst
s
40/
208
Lo B 1
O0 2 4 6 10
Ngq (gen)
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B0 — (n,w, 0, pt0)L results

UL
BYL — Nsig
Zfi(oo)NBBE

channel Naig NSE e (%)  BUE(1079) B (10%)
BY — nee 0.07L% 31 3.9 <105 00755 01
B® — nup 0875 42 5.9 < 92 1.8733 +£0.2
B — net 0570 18 4.9 < 47 13737 +0.1
B® — wee -03%32 37 1.6 <300 — 21759 +0.2
B® — wpup 1723 55 2.9 <243 7.5%1%5 £ 0.6
B® — wee 1.071% 36 2.2 <215 6.37193 £ 0.5
BY — mlee | —29%1% 40 6.7 < 77 —5.77%5+05
B® - n%up | —05735% 61 137 < 5.8 —043% +01
B® — 7% | —1.8715 29 102 < 37 —23720 102
Bt — mtee 0.172% 50 115 < 55 0.172% +0.1
B® — plee 5635 108 3.2 <444 23.07M2 £ 1.1
B* —ptee | —4473% 53 1.4 < 46.9 —38.472L8 134
Bt — ptup 3.079 87 2.9 <382 13.17758 £1.1
Bt — ptee 04723 3.0 2.0 < 19.0 2587 £0.2
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o Searched for rare decays B0 — (n,w, 7%, pE:0)ee and B0 — (n,w, 7%, pT)up using 711 fb—!
data sample of Belle

@ No evidence of signal is found and we set UL at 90% CL

o BYL are < (3.7 — 47) x 1078, depending on the decay channels

o BY — wet, B — poee, and BT — piN decay channels are searched for first time
@ World's best limits for all decay channels

@ Our B results for ee channels are consistent with pu channel, and B(Bt — ntup), B(B® — p°uu)
of LHCb: No LFU in b — d#/ transitions

@ Paper is submitted to PRL, and available at arXiv:2404.08133
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https://arxiv.org/abs/2404.08133

Decay channels of interest

@ Decay channels of interest are:
o B® — 7%
o BY = ntee
o B — net, [n — 2y (~ 39%), 77w~ 7° (~ 23%)]
o BY — w(782)¢¢, [w(782) — w7 (~ 89%)]
o BY — p°(770)ee, [p°(770) — 7™ (~ 100%)]
o BY = ptee, [pt — nta® (~ 100%)]

o B® — wit, B — poee, and B — piM will be searched for the first time in Belle

Channel UL or BR Collaboration Data size
BY — nee < 10.8 x 10~8 BaBar 428 fb— 1!
BY — nup <11.2x 10°8 BaBar 428 fb—1!
B® — wee — — —

B® — wup — — -

B® — m0ee <8.4x108 BaBar 428 fb—1!
B® — mOupu <6.9x10°8 BaBar 428 fb—1!
Bt — wtee <8.0x 108 Belle 605 fb—!
Bt — wtpup | (1.78 £0.2240.03) x 10~8 LHCb 3fb!
B® — plee - — —

B® = p°pu (1.98 4 0.53) x 108 LHCb 3 fb?
Bt — pTee — — —
Bt — ptup - - -
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momentum for B® — w(r 7~ 7%)ee and B® — p°(7 7 )ee in
background

Pt 1 B — wee o Pr= B® — wee P BY — wee
s - e S ne Ses0 e
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o e o
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0
100f +
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E + — Data
n
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i =N
B e
E b
I I L L s SN
L

@ These modes are not affected by two photon background because of tight constraint on w, 7, p
masses

o Data-MC are in good agreement, no need of any m momentum cut

rch for rare b — d€£ de



o AE distribution (stacked histograms) for 6 streams of generic MC
o Applied same selection criteria as the b — d¥¢¢ analysis
B® — J/v(ee)n B® — J/¢(pp)n BY — J/¢(ee)w -~ BY = J/p(pp)w

Mol Moo sonal
W background W veciground W beciground

W background

B(J - J P(ee

o

1005 0

JIT —J wjmﬁ

s

grer e D 1
E ey

(e}t
Bt J z/;(ee‘)w+
-

$E<G 5t i

815 o1 005 0 % colf
B — J/1(ee)p?

I signal
I background

8350 oos o008 E«%

Bt — J/(ee)p
-

M background

0% 000 ot
o B — J/i(l)w is not generated in Belle
o Expect for BE0 — J/4p(£€)nE0, all decays are dominated with background
o Assign separate fudge factors and mean shifts for modes with or without 7°
°
°

P800 Gt

8k o

BT — J/y(€f)mt and B® — J/1(£€)m° have high statistics containing 7+ and 7°, respectively
Will use these two samples as control sample for b — d¢¢ analysis
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Signal yield extraction strategy

BE0 5 (w, 7, pT)up and BE O = (w, 750, p£:0)ee:

o Two dimensional fit with M. and AE
o BEO 5 (w,nE 0 pE0)pp:
+.,0 j:,D)

o Two dimensional simultaneous fit with My,. and AE between B (w, 7% p

B0 (w, a0, pi'o)ee

pp and
o B% — nuu and B® — nee

o Two dimensional simultaneous fit with My, and AE between B® — n(y)uu or B° — n(y+)ee and
B® — n(rt 7% up or B® — n(ntn " w0)ee

BY — nee

o Two dimensional simultaneous fit with My, and AE between B® — n(yy)uu, B® — n(yy)ee,
B® — n(rt 7~ 7% up, and B® — n(nt 7~ n°)ee samples
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Data-MC: B® — J/4p(pp)m®

@ Data and MC are compared in terms of BDT input variables in the My, signal region

Bt Jﬁﬁﬁﬁ htjt

AR

* Wm i ﬁm H

‘e b + I I
LT EE Y L |
3 ‘l# W t W* Y W ++Jﬂ Wik | 3 pi **ﬁm ﬁm ﬂﬁwﬂ

a ;+++ hw # +Hﬂ‘ ﬁﬁﬁwﬁhﬁf-;! Eéigﬂ*mw Mﬂﬁ + ! ;Q st *W% !

+g+ww,f ]

o g e ’9“‘

Jr# #H'#Jr H+ ﬂj

@ Shape of the distributions in data is consistent with MC

@ Good agreement between data and MC
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Fit result for B® — nee

@ Signal enhanced projection: My > 5.27 GeV/c? for AE plot and |AE| < 0.05 GeV for My, plot

signal, background, peaking background, total

0 0 0 0
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B® — plee, Bt — ptee, and BT — ptup
@ No significant excess of signal is found for any of the decay channels
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Bt — pt(rt7n0)ee & BT — pt (a7 uu
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Systematic Uncertainties

o lepton identification: 0.3% and 0.4% for muon and electron, calculated using inclusive J/1¢ sample
o m+: 0.5% using D** — DY(K~x+)n* sample
o 79 2.3% using 7~ — 7 7wlu,

@ 7: 2% determined from radiative Bhabha and B® — K*0

o FastBDT: Ratio of efficiency between data and MC from simultaneous fit between the samples
having BDT>optimal and BDT<optimal, used B*0 — J/4p7r*:0

o MC statistics: Uncertainty in efficiency due to limited MC statistics is < 1%

o decay model: Difference in efficiency by changing BTOSLLBALL decay model to LCSR and
QUARK models

@ mass window: Difference in signal yield in MC by setting the mass resolution of data to MC for p,
7, w resonances is assigned as mass window systematic, 1 — 3%

e BCS: Change in signal yield by changing best candidates selection to random candidate selection
o Tracking: Assigned a systematic of 0.35% per track

o PDF shape: Parameters fixed in the fit are varied by 10 and the difference in signal yield from
nominal fit is given as systematic, effect is < 1%

o fT=/%. B[T(4S) — B+*B~](B[T(4S) — B°B°)) is 2.4%

o Ngz: Uncertainty in the number of BB pair is 1.4%
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ToyMC study
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Charmless peaking backgrounds

@ Charmless peaking background is found for the modes with muons in the final state

o Peaking background is studied in rareMC

channel | background | MC (B) [ Npecak (50x) | Npcak (Belle) status

BY — nup BY — nKn 1.15 x 10—° 14 0.28 included in PDF
B — nrw 0.62 x 10~—° 4 0.08 negligible

BY — wup BY = wKn 0.30 x 10~° 2 0.04 negligible
BY — wrm 0.10 x 105 0 0 no contribution

Bt = ptup | BY = pTKr | 0.80 x 10~° 7 0.14 negligible

B — mOuu B® - mKxr | 0.94 x 10—° 13 0.26 included in PDF
B® — n%7r | 0.95 x 10~° 3 0.06 negligible
BY — KK 1.89 x 10~° 24 0.48 included in PDF
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Control sample: B(B*? — J/v(£4)x*+0

o Performed 2d fit in My, and AE to extract the signal yield

o Shape parameters of Bt — J/1(¢¢)K™* peaking background for BT — J/1(£f)7" decay is fixed

from signal MC B TR

Events / (0.003)

52 E s o
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-.,i-“_llql IlIL'-' : s s TN L B _—

1
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AL L N il'l 1 e o | -
channel Naig e (%) B decay.dec B

BY — J/4p(up)m® 1301 £38 | 21.45 | (1.309 £0.093) x 10—% [ 1.311 x 10~°
B — J/v(ee)n® 773+ 29 12.20 | (1.36840.126) x 10~ | 1.313 x 10~°
BT — J/¢(up)n™ | 4590 £74 | 35.18 | (2.817+0.111) x 10~° | 2.861 x 10~°
Bt — J/y(ee)r™ | 2257 £56 | 17.79 | (2.739+0.166) x 10~ | 2.866 x 10~
o Fitted yield for each stream is consistent with truth match value within the uncertainty
o Calculated B is consistent with decay.dec within the uncertalnty
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