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Motivation for studying weak annihilation rare decays 1n BSO mesons
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. Heavy flavored hadrons decaying via “weak annihilation” Feynman diagrams are suppressed within the SM (O(4"

* In the last decade, study of these decays have gained impetus both theoretically and experimentally ( LHCb/Belle )

» Their predicted branching fraction () lies in the range of 107% — 107° PRD 91,344 014011 (2015)

« However, owing to rescattering effects their 98 can be enchanced upto a maximum of the order of 100  PRL 78,21 (1997)

* Pure annihilation diagrams are an excellent probe to investigate new physics (NP) PRD 87, 036008 (2013)
« Additionally, weak annihilation BS decays can be used to extract y angle of the CKM matrix PLB 459 (1999)
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The Belle detector

NIM A 479 117 (2003) / PTEP 2012 04D001 (2012)

Belle Detector

Aerogel Cherenkov cnt.
.\ n=1.015~1.030 o Greneral purpose 47 hermetic detector

SC solenoid

ko1 N | = o Asymmelric i enerqgy to provide Lorentz
Ly | boost ko B mesons required for CPV studies
CsI(T]) - T\ g 5.GeV et
" e s
TOF counter B L '“
s " Y e

sritral Drift Chamber c' SVD : Vertex reconstruction of B mesons

small cell +He/C,Hg CDC : Measure momentum of charged tracks :
\ TOF/ACC : Particle 1dentification together with CDC ;

ECL : Measure energy deposition of charged and
neutral particles
KLM : Identification of K; and u

Si vtx. det. u /'K, detection
3/4 lyr. DSSD 14/15 lyr. RPC+Fe
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Production of BY mesons near Y(5S) resonance
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. - T Hadronic events at Y(55)
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Outline / Analysis strategy
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Branching fraction predictions from theory: BY — 7°x

» It 1s a neutral, charmless, non-leptonic, strangeness non-conserving rare decay channel.

* Within the Standard Model (SM), 1t proceeds via W-exchange and ‘penguin’-annihilation topological diagrams.

b > > u .
= i}
- < <
u 0 ,
§ « “ 7 " 0
1
W-exchange ‘Penguin’ annihilation
* Previously searched by L3 experiment in 1995 by
producing BS from 3 million Z decays  PLB 363,127 (1995)
Quantity Flavor SU(3) pQCD QCDF  Did not find any significant signal yield and hence
B (10—6) 040+ 0.27 0.28 + 0.09 0.13 + 0.05 pllt an UL on the & of less than 2.1 X 10_4 at 90% CL

o First search at Belle with 121.4 fb~! of data collected

Phys. Rev. D 91, 344 014011 (2015) at Y(SS) resonance
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Signal MC study

M, distribution AE' distribution
_ | Reconstructed E Reconstructed - st
- — B Fiton 1
6000 — MC Truth B;k 0 B;k 0 (8 7 % ) 2500 MC Truth 5 = a5 . S a0 = -0.2854 + 0.013
N - % 3800 = frac = 0.7594 + 0.0040
5000 — - PR = mean = 0.133883 + 0.000030 (GeV/c?)
u 2000 2 = sigma = 0.006889 + 0.000035 (GeV/c?)
4000 — 0 px*0 - 2500 — .,
g B/B*" + cc (7.3%) g F 3
0 3000 — U - 1500 E—
- 1000— - 2 . 3 66 ,
2ot BOBO (5.7%) : -t
- S S . B 500 R i ~
- . S N o O
1000:_ 00— 0 :01115" ...... | 0.|12 — '0.1|25' — 0.|13 — I0.1|35I — 0.|14 — I0.1|45I — 0:i1‘;”"“V“rm'kii'.iss
- - M,, (GeV/c?)
0 :1 PR T T T AT T S S P L1 1 I L1 1 P - 0 N [ ' °
53 8% 54 3 T 4 e su 07 MCltruth : Correctly reconstructed signal
— — candidates
M, = AE'=E* —E* + M, —M
— — — — 0
bc B beam bc By

« AFE"has a greater mass dependency than M, .
« AL'provides greater discrimination than M,

ECM — \/E — 10.86 (GGV) * For correctly reconstructed signal candidates, AE’ should
peak around zero(0)

 However, neutrals in the final state cause shower leakage
El;keam — ECM/ 2 = Eg() in the ECL crystals which elongates the tail of the
S distribution
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Background MC study

Hadronic events at Y(55)

Y (55) resonance b continuum udsc continuum

\/

bb events

continuum

S

B ! 0 p+ bottomonium
s evenis B”,B™ events states

A\ J w Vi

BB BB’ B®B™ B®B BB

-0 — (% ) 7 -
BB, B®B™ 7z B®Br BBn

bsbs non — bsbs

Background MC statistics =6 x 121.4 fb~!

Bsbs and non-bsbs backgrounds do not survive the selection criteria

Continuum is the dominant background !
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x 1 + cos?0 x sin0
jets of quark Bs distribution
= o+ o+
Jet-like topology Spherical toﬁogy

Event shape distributions

Phys. Rev. Lett. 41, (1978)
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e ——
Associated Legendre’s Polynomial

Fox-Wolfram moments

J.Borah | [ITG



Continuum Suppression: Neural Network

16 mFW moments + thrust angle are given as inputs to neural network
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(a) Plot of event shape variable (b) Plot of thrust angle 0.1
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I o

NN Output

$ 1 [ Neural network is used to classify the signal and the background !
i - ——— Reconstructed Signal
-,E, " —— Background NN output 1s transformed for easier parametrization
g
; 0.1:

08 Gy = 0.90 — :

- NN , %NN CgNN(mm)

0.06 Signal loss = 53 % Cg — lgg(—)

5 W € €
0.04 Background loss = 99 % NN(max) NN
0.02
oz_l;—, o — . — 1 CgNN(min) — 090, %NN(maX) — 099

NN Output
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1D PDF parametrizations

Mbc AE/ Can
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Ensemble study : Fit bias, linearity and correlations

Signal Generated vs Signal Yield

Pull vs Signal Generated Plot

1 B 2
~ - | x4/ ndf 2.031/6
~| %2/ ndf 2105/ GSIM Stud u
08¢ zo ’ 0.03322 + 0 :15483 - " . i 20| PO 0.05003 +0.1435
06 5 —0. = 0. All signal parameters : fixed - | pt 1.059 + 0.01781
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Average correlation distributions for MC ( signal + background )

Correlation vs Signal Generated Plot Correlation vs Signal Generated Plot Correlation vs Signal Generated Plot
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0.004— 0.004 — 0.004—
3 0.002— E o.ooz:—l [ 2 0.002— { [
5 ol L] S — NS | 1 |
1 O 1 ) e B I G 8 ) S e B B AR
g - l L] 1 l g " { [ 1 = - ] ] 1 }
+* _0.002— +° —0.002— »° —0.002—
—0.004— -0.004— —0.004—
0.006 0.006 No significant correlation 0,006
~0.008-- | | | | | | | | | | ~0.008-- | | | | | | | | | | ~0.008 | | | | | | | | | |
0 2 4 6 8 10 12 14 16 18 20 0 2 4 6 8 10 12 14 16 18 20 0 2 4 6 8 10 12 14 16 18 20
N;, generated N, generated N;, generated

XXV DAE-BRNS HEP 2022 11 J.Borah | [ITG



Events / { 0.0266667 GeV )

Events / { 0.0266667 GeV )

1D Projection of AE
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Reconstruction efficiency, € = 11.16%

Expected signal yield = 91 (SVD2 data only)

Control sample : Bc? — 7979 (similar final state)

Events / { 0.00231667 GeV/c? )

Events / { 0.00231667 GeV/c?)

1D Projection of Mbc
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BF ( Belle ) = (1.31 4

BF ( PDG ) = (1.59 £0.26) x 107° [ 1.17 - 2.01 |

- 0.19(stat.)) x 1075 [0.74 - 1.88]

Misreconstruction
Signal region = 0.8%

Candidate region
—0.6 < AE(GeV) < 0.2
5.22 < My.(GeV/c?) < 5.29

Signal region
—0.23 < AE(GeV) < 0.15
5.27 < My.(GeV/c*) < 5.29
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Summary of MC study for BY — n'r

Discussion Remarks BCS : Best Candidate Selection
Event generation and simulation BB B*BY + cc and BYBY )
100k signal events for each expt. @ 121.4(fb)~1 _ M
of real data at Y(55) resonance )(2 _ (Mr €c rD G)
. L 2 O -
Selection criteria 0.118 < M (vv)(GeV/c*) < 0.152

E. > 0.050(0.100)(GeV) in barrel (endcaps)
—0.6 < AE’ < 0.15, My, > 5.30 in GeV units, C 5 > 0.90

Signal reconstruction efficiency 12.69%
Multiple candidates 10.4%(7.4%) in candidate ( signal ) region
BCS criteria x2(BY) = x2 . (7%) + x2... (7Y)
Overall BCS efficiency = 96%
Misreconstruction fraction 1.7%(1.2%) in candidate ( signal ) region
Background MC study continuum is the only surviving background

( expect 862 @ 121.4(fb)~1 )

Correlation among fit variables Negligibe ( 1D PDF parametrizations can be done )
( AE,? Mb07 CA/NN )

Perform 3D UML fit Extract signal in real data
Control sample study The B(BY — n%7Y) is obtained within 1o of the previous Belle result.
Ensemble study Fit is linear and is found to have insignificant correlation

among the fit variables
We will assign —3.3% as a source of systematic uncertainty
coming from the fit bias.
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Results for BY — 7'n

= —s 40 . = .
o BY — non0 elle preliminary - B » 1%z Belle preliminary - B - o  ; Belle preliminary
~ 3B ol --
o~ - - = e
o 60— = anl -
> E’ 30;; 4 . 40 ..
8 50 S el | | N
= a0 Q I e ! < 30
g n © 20— A B XV T o 3
m I r —— "l c L \
= 30 @ 4sf P s \
2 L c r w 200 3
c - ()] - u
o 20 o 10f - /|
w - - 10—
10:— 50— B .
N E i P
g ST O S S IR ca b L g a-_-l_l_l_l_ () b T R ..
3 532 534 536 538 54 542 %6 -05 -04 -0.3 02 0.1 0 0.1 -6 -4 ) o 2 4 6 8
M, . (GeV/c?) AE (GeV) Chn

Signal enhanced projections : Signal region selection criteria has been applied for each of the distributions for the other two variables.

Type MC Data Region
. . . . —1 o ndi . .
I;e}ta e?un;a{)ent kto lumc11n0§1lté/ of 12}3.1:4.fbd Signal 1 5.7+58 | Candidate . Solid blue - Total fit function
1gnd ;‘n ;‘]") fgﬁunMyleAglare ODLAE Beckground 362 989432 | Candidate » Red dashed : Continuum background
rom 1T 1O , , continuum . QO
be NN 327 338 + 19 Signal Cyan-filled : Signal
UL (90% CL) | <6.6x107° | < 7.7x 107
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Systematic uncertainties in B — n'z" analysis procedures

Source Value (%)
F'1t bias —-3.3
Fixed PDF parametrization 20
Fractions of B*0B{*" o
Reconstruction efficiency, €¢,.. 0.4
yN requirement +3.0
) — ~v selection efficiency +4.4
B(?TO — ’77) 10.03
bb cross-section, o7, +4.7
fs +15.4
Total Y
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Branching fraction and upper limit (UL) calculation

B(Bg — 7'('07'('0) — NSng ABS‘cat — ANSig x B
NBSBQ X €rec X | [j=1 B(T" = 77) Nsig
5.7 - 0.8 :
" 16.6 x 105 x 0.1269 x 0.9766 5.7 X 2.8 x 10
— 928 % 1076 — 9 R 10—6

Use Bayesian approach to set UL on the branching fraction Signiﬁcance — lo

(assuming null or background only hypothesis)
Without systematics

e B(BY — 7'7%) < 7.3 x 107°@90%CL

With systematics

e B(BY — n’xw?) < 7.7 Xx 107°@90%CL

Convoluted Likelihood

—

Without systematics
With systematics

&
[

o
o

o
»

e fs X B(B? —» n7n°) < 1.5 X 107°@90%CL

Convoluted Likelihood

(=
N
I

Or1 1T T 17 1T T T 1T T T T [T T T T 71

oo b o e by Y I
5 10 15 20 25 30
Signal Yield
16 J.Borah | [ITG
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Summary

e We have analyzed data for all the experiments to look at the results for
this analysis.

e The branching fraction obtained after un-blinding is (2.8 4+ 2.8 (stat.) -
0.5 (syst.)) x 107°.

e In absence of any significant signal yield, we use the Bayesian approach
to estimate the upper limit on the branching fraction.

e The upper limit on the branching fraction at 90% confidence level is calcu-
lated to be less than 7.7 x 107°%. This is an improvement by a magnitude
of twenty seven(27) from the previous upper limit set by L3 experiment

(< 2.1 x107% at 90% CL).

e The manuscript is ready for journal submission. (Belle publication council)

XXV DAE-BRNS HEP 2022 17
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Some recent BS publications from Belle ( 2021 - 2022 )

' « Search for the decay B) — 5’'K? , T. Pang, V. Savinov et al. , PRD 106, 051123 (2022)

i « Search for the decay Bf — nn, B. Bhuyan, K. J. Nath, J. Borah et al. , PRD 105, 012007 (2022)

/,' e Search for the decay BS — n'n, N. K. Nisar, V. Savinov et al. , PRD 104, 1.031101 (2021)

o Search for BS — 11’ X, at Belle using a semi-inclusive method, S. Dubey, T. E. Browder et al., PRD 104, 012007 (2021)
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https://doi.org/10.1103/PhysRevD.106.L051103
https://journals.aps.org/prd/pdf/10.1103/PhysRevD.105.012007
https://journals.aps.org/prd/pdf/10.1103/PhysRevD.104.L031101
https://journals.aps.org/prd/pdf/10.1103/PhysRevD.104.012007

XXV DAE-BRNS HEP 2022 19 J.Borah | [ITG



Additional slides
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Standard Model and B Physics

S =" v g = - Bl : v g = - ¢ - > - "

P — SUC(3) X SUL (2) X UY ( 1) ill\l/tlee::;;e;rse bound states of quark-antiquark pairs held together by strong
* B mesons are composed of a bottom quark and any of the other four anti-b quarks ﬁ,l?

Standard quel of Elementgry _Particle-s giving, B+(bu). B*(bc), BY(bd). BO(bs) ;

- three ge?firfr:\;?,?\ssf e ' e Bosons) ' » At Belle, B(bu), B(bd), B)(bs) are well studied with topics ranging from '
Cgﬁ;jz:’ | ' Sl | PG | ~iasr Gevle searches for rare decay modes, CP violation measurements, CKM matrix elements

spin % u g 1 C % t 1 0 H ¥ . . . . . .
} ©3 9 § determination, Lepton Flavor Universality tests (LFU) and many other interesting  §

up chay topﬁ) dluon higgs i . X
‘- . aspects of flavor physics.

b =4.7 MeVi/c2 \ =96 MeV/c2 =4.18 GeV/c? 0

== - i Y By it =" =19 Mg g A N

i —14 g —14 -4 0
- @ -9 (W ||| @
{ down strange | bottom | photon . . . o
‘ — * Decays which do not transit via usual b — ¢ transitions are rare
=0.511 MeV/c2 =105.66 MeV/c? =1.7768 GeV/c2 =91.19 GeV/c2 N
£ -1 -1 -1 0 =
§ electron § muon tau Z boson 8 Y g .
m S , m 8 ~2.2 Mevic: =128Gevir | [ =173.1 Gevic? ey
‘Z‘ <1.0 eV/c? <0.17 MeV/c2 <18.2 MeV/c2 =80.433 GeV/c? ‘HJ gj:” : u : C 2: t . e — O( l)
O 0 0 0 1 w ' ‘ / e Ml
E 1 Ve ” Vl.l ” V1t 1 W S % up | charm | top—J & Y p 2 mmema O(10~" )
| -— - ’ ~ -
LLl electron muon tau <L O =4.7 Mevic: =96 Movic: ~4.18 Gevic: e g — O(10-2
- neutrino neutrino heutrino W boson OB . . . & . & ,» ( )
down stranieJ bottom b A f o o t O(10™ %)
J _ ) - P
Image Courtsey : Wikipedia ¢ i Q= +2/3
arXiv :0802.2882

GrIM suwréssed
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Event generation and event selection

. EvitGren
Hadronic events at Y(35) Decay process Physics models
m (generation)
Y(5S) resonance b continuum udsc continuum T(5S ) — B:OB : 0 N-body phase space GEANT
\/ Y(55) = B*BY + cc N-body phase space . -
bb events (55) T > P b (SLMMLQ%LOM)
é/\» Y(55) — BYBY Vector to scalar scalar
B ¢ 0 ot bottomonium «0 0
s events B",B™ events states B>® — By Vector to scalar photon p-wave
(. J 1\ v J
0 0,0
BB goe g0 “OF® BB BB B — mm N-body phase space
BB B®B®z B®Brn BBnr 0
T — Yy N-body phase space

| TT— T

* A large sample of signal MC events are generated and

simulated for experiments dedicated to Y (5S) resonance.

User Analysis

B+ | focmdstrofocts vents thatdonot | -] 50000 o S * They are then scaled to their corresponding luminosities.

gl

* Background MC study is performed with statistics which 1s

[ Level 4 trigger =

software trigger HadronBJ

six times the integrated luminosity of data collected at Y (5S)

Set of selection criteria selecting hadronic B: events ™" resonance.
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Signal MC study

oy .o ’ < v o <o ’ O g g v O Gl aii ’ < , e <o e ] ? NSRS i
R S - WPTNG ox > — o e s a o e o o D e S o a e - ool e e — g e oo ooz co e — 3 z

¥ Variables Selection Criteria Remarks % Misreconstruction
E, in barrel ECL E, in endcaps of ECL
§ Photon ID =911 (MC only) off-time QED effects 3: 0 — Roconstucte e — Roconsiucte
P * = 0.03 i- —— MC Truth = —— MC Truth
¥ o ru o =
$ B ! 5 ooy
£ 2 R £ oot £ 0.016
| M, 0.118 < M, < 0.152 (GeV/c?) 2.360 B R 5 ] J:Lf
% £ 0.02+ T
b ] - 0.012
¥ L 0.050 (0.100) GeV barrel(endcaps) | remove beam backgrounds : oo
, 1 3 0.015 [+ 0LE |
! £ v 0.008 =+
" My, Myp. > 5.30 GGV/C2 My, = \/Ef;gam — p*B2 : ] ‘”’“i
| & ooos 0004 d|
-‘ b ] : 0.002
; / / / o H _
‘ AE _O'6<AE<O.15(G6V) AE:AE+Mbc_M(B2) " oyll|Illll|IIIIIIIIIIIIllIIIIII[lIIIIIl o—vl||Illl|I||IllllIIIIIIIIIIIIIIIIIIIIII
, AE L E* « 3 0 0.5 1 1.5 2 2.5 3 , Egésrgy (Ge\’;‘ 0 0.5 1 1.5 2 25 3 3‘;/5Energy (‘t; V)
:’ — ~“B  “beam |
‘ / / . .
i Cn N Cyy > 0.90 remove continuum |
AE' distribution M., distribution t
- - Fiton T°
_ | Reconstructed - | Reconstructed _ n — M,
o 6000 — x() x() ( ) = — 4 _ga b 4 a0 =-0.2854 +0.013
2500 MC Truth - MC Truth B S B S 877 T - a2 frac = 0.7594 + 0.0040
- 5000 2 3000 L “. ¥ | mean = 0.133883 + 0.000030 (GeV/c)
2000— N z — . - sigma = 0.006889 + 0.000035 (GeV/c?)
: — O — *0 2500 :—
- g “°F B.B*" 4 cc (7.3%) =
1500 __ % - 2000 :_
- W 3000 =
: B 1500 —
1000[— - _ = )
- 2000 R0 RO ( ) 1000 — |
: - BOBO (5.7% -
soo E \ ]
B : ;“‘i ‘‘‘‘ I‘““‘I ..... | | | | | I | | | | | | | | | I | | | | | | | | | I | | | | Yui """ LN ) fereee
: | | | | | | | N | | | | | 0 0.115 0.12 0.125 0.13 0.135 0.14 0.145 0.15 Mo (G Vl[).2155
1 LI} L1 1 1 L1 11 L1 11 L1 1 1 L1 1 1 L1 11 L1 11 1 1 1 1 1 1 1 1 L] 1 1 1 1 1 1 | 1 1 1 ~ ( € C )
007 06 -05 -04 03 02 -041 0 01 02 053 532 534 536 538 54 542 544 !
AE' [GeV] M, [GeV/c?) ) —

MCetruth : Correctly reconstructed signal candidates
XXV DAE-BRNS HEP 2022 23

J.Borah | [ITG



Hadronic events at Y(5.5)

Y(55) resonance

b continuum

\/

bb events

B, events

0
)

BB BB

BB’

bsbs

B, Bt events

A

Background MC study

AFE' distribution for uds background

10000

8000

6000

Entries

4000

2000

udsc continuum

continuum

o

bottomonium
states

non — bsbs

Background MC statistics =6 x 121.4 fb™!

Continuum is the dominant background !

XXV DAE-BRNS HEP 2022

uds

~06 -05 -04 -03 -02 01 00 01 02

AE' [GeV]

M

AE' distribution of charm background
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7000F

6000~

1000[—

5000(—
4000—
3000{—

2000(—

5.38 5.40

5.30 5.32

1 1 1 1 1 I 1
534 5.6
M, [GeV/c?]
R
M, distribution of charm background
1000{—
- charm
800 —
600 —
400[—
200{—
0 L L l 1 1 I 1 1 1 1 1 I
53 532 534 536 538 54 542 544
M, [GeV/C?]
| — S

J.Borah | [ITG




Normalized Entries

Continuum Suppression

Phys. Rev. Lett. 41, (1978)

2 )
x 1+ cos“0 x sin“0 3 mom. of ithand jth FSP

e et -
jets of quark s distribution B B
v . - . N |P;i| |Pj]
o S
— B Associated Legendre’s Polynomial
Jet-like topology Spherical topology

L Fox-Wolfram moments
Event shape distributions

* 16 modified Fox-Wolfram (mFW) moments are used to
differentiate between signal and continuum

* Thrust axis : Axis along which there 1s a maximum
projection of the 3-mom of the final state particles

* Thrust angle : Angle between the signal thrust axis and
the ROE ( Rest-of-event ) thrust axis.

—SIG -
—BKG

(=3
©

0.05 :—

(=
©

(=}
~

o
&
Illl I I Il Il Illlllllllllllll

Normalized Entries
© © o o

0.04—
0.03—

0.02—

0.01

1 1 1 : | — 1 1 ! 1 1 1 1 l 1 1 1 l 1 1 1
1 % 0.2 04 0.6 0.8 i

(Ohsot2 Cosine of the thrust angle Neural network is used to classify
(a) Plot of event shape variable (b) Plot of thrust angle the signal and the backgr ound !

16 wmiFW moments + thrust angle are given as Lnyu&s to neural nebworlke
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Neural Network (NN) output

'E Punzi FOM:nnout
0.9 + —_
— ;;: 0.016_—
0.8F 3 -
= o °'°14?F0Mmax = (.98
0.7 # = -
o.ef— T 0.012— —
£ osE b 0.01—
z 0SE : . €5
04E" + ; 0.008 - Punzi's FOM = Al
0.35—' + - 1.5_|_ \/ ka‘g
= 0.006 —
02— N
— + -
R P For reference
L - | R B ¥ S YR (- S e
Network OUtDUt B I | | | I | | | I | | | I | | | I | | | ll
e 0 0.9 0.92 0.94 0.96 0.98 - Ou1t t
pu
NN Output
.g _
s 0.14
U] = ——— Reconstructed Signal [ . . . .
3 012 NN output 1s transformed for easier parametrization
= _ ——— Background
E -
£ 0.1
2 T
008 Gy = 0.90 G — € .
- NN NN(min)

Signal loss = 53 %

= log(—————)
NN %NN (max) %NN

0.04— Background loss = 99 %
0.02
0:1.-—. ~ e | — |
1 0.5 0 0.5 1

NN Output
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Neural Network

2 — Modified FW moments PRD 66 092002 (2002)
2 014
g 0.12 Signal Training Sample 1
g - - —— - ::::’::::::‘;::::‘ ” h)"= 121 pip;P /(cos Oij)a
0.08 - —.- - Background Validation Sample

0.06

h?ozzk ppiPi(cos 6;),
7,

lll|Ill|lllllllllllllllllllll

w0 Validation Plot
0.02 |
[ LL:“"\:;—T_I_ﬁ S where i enumerates B signal candidate particles (s particles)
s : I and j and k he remaining particles in th
NN output Jj and k enumerate the remaining particles 1n the event (o
— particles); p; is the ith particle’s momentum, and P (cos 6,)

is the /th Legendre polynomial of the angle 6;; between par-
ticles i and j. The A;° terms contain information on the cor-
relation between the B candidate direction and the direction
of the rest of the event. The odd 4;° terms partially recon-
struct the kinematics of the other B in the event while the
even terms quantify the sphericity of the other side of the
event. We create a six-variable Fisher discriminant called the
super Fox-Wolfram defined as

hSO hOO
SFW= Y, az( ’)+ > ,31( ’),
=24 hgo I=1—4 hgo

where «a; and B, are the Fisher coefficients.
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Correlation among the fit variables ( Linear correlation coefficients )

Signal MC

Scatter plot of M,_vs AE' Scatter plotof C _, vs AE Scatter plotof C_ vs M,
s 02 z — s 02r ~ 3 — < T ——
\ugl o1b r.=0.095 —18 o 0.1 8 5421 I =
< - < - 2 -
- _7 b —
= O 5.4—
- —6 - .
0.1 ~0.1= 5.38—
-0.2 E— -0.2 E— B
- = 5.36—
~0.31— 0.3 _
- - 534
0.4 -0.4— B
a3 05F- 5.32—
- 1 1 1 I | 1 1 ' I 1 1 1 I 1 S T [T S MR i .' [:: E :
083 5.32 5.34 5.36 5.4 5.42 0.6~ 5.3 g~ ——
M,, (GeV/c?)
[ ] L J )
Background MC  No significant correlations are observed
Scatter plot of M_vs AE Scatter plotof C_, vs AE Scatter plotof C _ vs M,__
< 02 _ _ ' , , —2 s 02r —_— —3 — NN .,
2 - L = | 3 = S -
‘ugJ 04— Tc = 0.091 el T R -'® \% 0.1 e = 0.029 ﬂ % 5.42— o = —1.8
R = 2 S < F o 25 = T
= —1.6 — s | —11.6
oL o 5.4|— ' e
-0.21— —11 -0.2— 15 B L ) Se e o
= - 5.36— B
0.3 : - 08 0.3 1 : anali
- ~ R 0.6 - 5.34— BN C
_0.4:_ : | 0.011 _0.4:_ - ‘ SO ::I‘_
= | Sy L 0.4 - - S L
= . 0.5 532 LT T
_0.5:—' 0.2 —0.5:— - | XA |
_.0 :I 1 P 1 | l 1 1 1 [« 1 1 | 1 1 | 1 1 1 | 1 1 O _06:1 R B ||| 0 5.3_l e b v L el '.J"':']-I‘l“\'.:" e v e 0 Ly
f3 5.32 5.34 5.36 5.38 5.4 5.42 28 -6 -4 -8 -6 -4 -2 0 2 4 6
M,. (GeV/c?)
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0_0

Control Sample Study: Bc(l) —> T

Target Sample Control Sample (MC) Control Sample (Data)
Variables Selection Criteria Variables Selection Criteria Variables Selection Criteria
Photon ID I =911 (MC only) Photon ID =911 (MC only) ECL timing 9000 — 11000 ns
M., 0.118 < M., < 0.152 (GeV/c?) M, 0.118 < M., < 0.152 (GeV/c?) M., 0.118 < M., < 0.152 (GeV/c?)
E, 0.050 (0.100) GeV barrel(endcaps) Ly 0.050 (0.100) GeV barrel(endcaps) L, 0.050 (0.100) GeV barrel(endcaps)
AE' —0.6 < AE’ < 0.15 (GeV) AE' —0.6 < AE' < 0.20 (GeV) AE' —0.6 < AR’ < 0.20 (GeV)
M. Mpe > 5.30 GeV/c? My Mpe > 5.22 GeV/c? My, My > 5.22 GeV/c?
Chn Clyn > 0.90 Chn Chn > 0.90 Chn Chyn > 0.90

——

e PDG Branching Fraction ( BF ) = (1.59 £ 0.26) x 10~°

MC sample Experiment Remarks
o Previous Belle result, BF = (1.31 £0.19 4 0.19) x 1076
. . Signal 55 100, 000 scaled to expt.55 luminosity
» Reconstruction efficiency, € = 11.16%
- ete” —qq, (g — u, d, sc) 55 6x real data
o Expected signal yield @ 619 x 10° BB pairs (SVD2) = 91
Y (4S) - BTB~ 37, 41, 43, 55 10x real data
e Use 3D unbinned maximum liklihood fit to extract signal from data Y (45) — BOB° 37. 41, 43, 55 10x real data
b — u (charged) 37, 41, 43, 55 50 real data
b — u (mixed) 37, 41, 43, 55 50 real data

Our aim is to test the analysis procedure using the control sample
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0.0

1D PDF parametrizations: BCE,) —> T

M, AFE Modified NN Output
900 ;_ — 450 E_ %= 0.890 £ 0.062 ) 400 E_ u Bif. Gauss = 0.51 + 0.44 (Gev/c?) «  Control signal MC Data
goob- | o 2 400 | 1 =-0.01927 +0.0030 (GeV) ¢ Control signal MC - | uGauss= 1.40+0.13 ‘} Gaussian
= | uGauss = 5.279772 + 0.000057 (Gev/c?) - . 0.0900 £ 0.0051 (GeV E Bifurontod Gaussi
- | o CBall= 0.00317 +0.00013 (GeV/c?) £ | ©u= 00900 £0.0051 (GeV) 350 —| © Gauss = 1.281+0.039 Hurealed maussian
o~ 700 i oy A 350 —| o, = 0.0556 +0.0016 (GeV) C | o, = 1.94+0.13 (GeV/c?)
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o — o — .y —
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z E  —— cBall - =
200 — 100 — 100
100 — 50 — 50 —
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eE SE Ll e eE
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S P IR 4 . I 4 TR T S 2wl
g - | |- S 10 J l ol @ :
2 10— * & 3 o l [ C e~
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Cut-flow table

Variables Selection Criteria Truth Signal uds charm bsbs nonbsbs Background
Matched
My (GeV/c?) Mp. > 5.30 147751 157279 1452869 239717 49 1757 1694392
AE' (GeV) —0.60 < AE' < 0.15 146274 154134 894766 140889 1 770 1036433
1%)  (2%)  (38%) (41%)  (83%)  (56%)  (39%)
E., (GeV) E, > 0.05(0.1) 140716 144732 831577 131537 1 705 963826
Barrel(Fwd/Bwd) (3.8%) (6.1%) (7%) (6.6%) (12.5%) (8.4%) (7%)
M., (GeV/c*) 0.118 < M., <0.152 131007 135470 771407 120707 O 653 892772
(6.9%) (6.4%) (7.2%) (8.2%) (28%) (7.3%)  (7.3%)
NN Output Cnn > 0.90 62359 63477 4439 723 - 0 5169
(52%)  (53%)  (99%)  (99%) (100%)  (99%)

Table 7: Cut-flow table. The figures in the parenthesis indicates percentage loss. The backgrounds are
considered for six streams.
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Rare BY decays

Serial No. Decay channel DECAY.DEC PDG Remarks
B(107°) | B(107?) B(107°)
1 Bs — ptp— — — 0.1(Theory)
2 B, — nm® — — 0.012(Theory)
3 Bs; — K2n® 0.02 — 0.23(Theory)
4 Bs -+ K2K? 0.79 1.76 Re-generated
5 By — K*(892)T K~ — 1.9 —
6 Bs — K*(892) "7~ — 0.29 —
7 Bs; — K3(1430)T K~ — 1.0 —
8 Bs — K}(1430) " K~ — 3.1 —
9 Bs — K}(1430)T K" — 3.3 —
10 Bs — K}°(892)K" — 2.0 —
11 Bs; — K2K*9(892) — 1.6 —
12 Bs — K*°(892)K*°(892) — 1.11 —
13 B, — Kgﬂ'+ﬂ'_ — 0.95 —
14 B; — K§K+7r_ — 0.84 —
15 Bs - KdKTK— — 0.13 —

Table 9: List of decay channels considered for rare MC B, background study.

Expt. No. | Luminosity | Events | Events Decay B Expected
(fb)~1 generated | passed channel (10)=° | events @ Y (5S)
53 21.513 100000 2 Bs — ptp~ 0.1 0.000032
1 | Bs— K% | 0.23 0.00038
67 27.22 100000 2 Bs — ptp~ 0.1 0.000032
1 | Bs— KoY | 0.23 0.00038
69 47.830 100000 5 Bs — ptp~ 0.1 0.000083
3 | Bs— K| 0.23 0.0011
71 22.938 100000 2 Bs — ptp~ 0.1 0.000032
1 | Bs— Km° | 0.23 0.00038
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0.0

Ensemble study ( Pull distributions ) : BS —> T

Signal Pull Distribution Signal Pull Distribution Signal Pull Distribution Signal Pull Distribution
C = . I — - | u=-0.0344 +0.037 .
4| 1 =-00335 £0.037 Gsim study 45 1 =-0-0263 +0.037 Gsim study - | n=-0.0138 £ 0.038 Gsim study - i 1155 + 0.026 Gsim study
| o = 1.163 £0.026 B 4 Lo = 1:155 £ 0.026 g 50[{ 0 = 1.204 +0.027 e so[LO = 1155 £0. o
B Ngegn - 0 - Ngen =1 B Ngen =2 - gen =
40— 35— — L
—_ —~ - —~ 40— ~ 40—
~ — - v B v —
z T i S ¥E S St
30— | ~ 25 ~ 30— ( ~ 30—
@w L I ¢ 3 r &z
§ T S 20 g [ S5 L
> 20— > - > — . > L
R L , = 15 /20— = 20—
- \ 10 - }l \ -
10/~ i ﬁ} . ]l - 10 | 10/
B \ S5 Mg % - -
0_ o I'I ol N T A AN AN NI NN A T A A A A |;| I I L ; 2 0 el hl“'.-; - ! 0_ oo 5 L N O Y I A AR } L o= '— > ; l - ol Alla ;
-5 —4 -3 -2 -1 0 1 2 3 4 5 -5 —4 -3 -2 -1 0 1 2 3 4 5 -5 —4 -3 -2 -1 0 1 2 3 4 5 0_5 ~4 “"‘ 4 . 5
Signal Pull Signal Pull Signal Pull Signal Pull
——— -_— L
Signal Pull Distribution Signal Pull Distribution Signal Pull Distribution Signal Pull Distribution
= 50 - 60—
[ = -0.0455 + 0.034 Gsim study C| k= -0.0701 = 0.036 Gsim study | n=-0.0638 +0.035 Gsim study ~ | p=-0.0771 £ 0.033 Gsim StUdy
50—Ts = 1.088 + 0.024 -1 o = 1.126 + 0.025 sig 50 o = 1.103 +£0.025 ) 50: c = 1.034 +£0.023 ]
- : - _ - sig - sig
B N;:_?n =5 40__ Ngen =7 B Ngen =10 - Ngen =20
40— ~ [ —~ 40— ~aF
: - H ! B | B - 40_— |
= B < 30— = - = -
2 ¢ ] ] % N P ’ %30—_ ]
2 F 2 20— S s [
= 20— % I K 20— }l \ K 20— ,
- r it B - J‘ - ]l \
- 10— — L
10: 0: " e } n3 “ “
0; 4 31|211|1|111|1$11|11|1|121|1 ” 0: h"" " . 0: ----- [|;|||||||||||||||[||1|||| ..:- pove R 0: pprsecceoweett T | L g L i -LJ»-
- R Signal Pull - 3 4 3 =54 3 2 -1 0 1 2 3 4 5 -5 4 3 2 -1 0 1 2 3 4 5
Signal Pull Signal Pull Signal Pull
— — K

All signal parameters and background ARGUS end point 1s fixed
All other background parameters are floated
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Signal Yield Distribution

Yield distributions from ensemble study

Signal Yield Distribution

0

Signal Yield Distribution
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Addition of three production channels : 1D PDF parametrizations

M, Mbc
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Data sideband/MC cross-check
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Systematic uncertainty due to PDF parametrization and NN selection criterion

Sl. No Variable Channel PDF Parameters Parameter Values | Yield (—10) | Yield | Yield (410)
1 G1 1 5.367053 £ 0.000083 5.7 5.7 5.7
2 Mpe (GeV/c?) BB o 0.00599 £+ 0.00011 5.7 5.7 5.7
3 fraction 0.703 £+ 0.012 5.7 5.7 5.7
4 G2 o 0.02023 £+ 0.00041 5.7 5.7 5.7
5 BYBY fraction 0.057 £ 0.022 5.6 5.7 5.7

Uncertainty AR
6 G 1 5.390079 £ 0.000072 5.7 5.7 5.7
7 o 0.00498 + 0.00013 5.7 5.7 5.7
8 Mpe (GeV/c?) | BYB0 +cc o 0.01242 4 0.00033 5.7 5.7 5.7
9 CB o) 1.333 £0.089 5.7 5.7 5.7
10 n 50+14 5.7 5.7 5.7
11 fraction 0.406 £+ 0.022 5.7 5.7 5.7
12 BYB:9 + cc fraction 0.073 4 0.014 5.6 5.7 5.8

Uncertainty o
13 G i 5.41283 £+ 0.000051 5.6 5.7 5.8
14 o 0.00411 + 0.000083 5.6 5.7 5.7
15 7 5.41136 + 0.00020 5.7 5.7 5.7
16 My (GeV/c?) Bx0pBx0 o 0.00766 £+ 0.00023 5.6 5.7 5.7
17 CB o 1.134 £ 0.068 5.7 5.7 5.6
18 n 7.8+2.1 5.7 5.7 5.7
19 fraction 0.437 + 0.031 5.6 5.7 5.8
20 Bx0px0 fraction 0.87£0.017 5.6 5.7 5.4

Uncertainty R
21 all ARGUS | m (end-point) 5.434 £ 0.000095 5.8 5.7 5.8

(background)

Uncertainty 0T
22 1 —0.01695 + 0.0010 5.6 5.7 5.7
23 oL 0.0983 £ 0.0021 5.6 5.7 5.7
24 AFE' (GeV) all ACB OR 0.0507 £ 0.00056 5.6 5.7 5.7
25 o 0.916 + 0.027 5.7 5.7 5.7
26 n 6.38 £0.61 5.7 5.7 5.7

Uncertainty jgzg
27 1 1.475 + 0.025 5.7 5.7 5.6
28 BG oL 1.792 £ 0.054 5.6 5.7 5.8
29 Chn all OR 1.992 £ 0.032 5.7 5.7 5.7
30 7 0.66 £0.33 5.7 5.7 5.6
31 G o 2.77£0.27 5.7 5.7 5.7
32 fraction 0.106 + 0.049 5.6 5.7 5.8

Uncertainty tgi

+0.5
Total . —0.3
Uncertainty

Type | Selection Criterion Yield €Data/ EMC R
Data | Without Chy cut | 85023 292 | 0.011 £ 0.00035
With Ch > 0.90 | 989 + 31
1.100 £ 0.050
MC | Without Clyy cut | 86320 + 294 | 0.010 = 0.00033
With Clyr > 0.90 | 862+ 29
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Bayesian approach to calculate the upper limit on the branching fraction

791 21.3 Upper limit on the branching fraction
792 The process of obtaining the upper limit (UL) is enumerated below ( following the reference [20] ),

793 1. Construct the profile likelihood, —2inA = In(Ly) — In(Lna) Where, Ly and L,,,, are the plain

794 likelihoods considering background only( no signal ) hypothesis and maximum value obtained from
795 the 3D fit, respectively.

796 2. Convolute the plain likelihood, A with a Gaussian distribution of width equal to the total systematic
797 uncertainty estimated from the analysis. We find the total systematic uncertainty associated with the
798 procedures adopted for signal extraction to be T151%.

799 3. Integrate the convoluted plain likelihood upto 90% of its area to estimate the 90% confidence level
800 (CL) UL. Figure (47) shows the convoluted likelihood obtained from real data.
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Data/MC correction factors ( control sample )

Variable Parameter Data Signal MC Difference/Ratio = Comment

AFE GeV [ —0.02017 =0.0041 —-0.01927 =0.0030 —0.0009 =+ 0.0051 Floated

- 0.0083 0.0900 = 0.0051 1.1256 =0.1115 Floated

Ol 0.1013

t ( Common ) 5.27990 + 0.00065 5.27977 4+ 0.00038 0.00013 + 0.00075  Floated

My, GeV/c® o (CBall)  0.00320 +0.00038  0.00317 =+ 0.00013 1.00946 +0.11994  Floated

o ( Gaussian ) 0.00362 =+ 0.00039 0.0035 4 0.0002 1.0342 +£0.12612 Floated
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Inputs to the NN

cosine of B, flight angle
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Physics of the B-factories

decay vertex. The AZ variable is not applicable for the
decay modes with only photons in the final state, for in-
stance B® — 7970, It is possible to use photon conversions
to obtain the B vertex in a future super flavor factory. The
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Scatter plot of R2 vs kOhso02
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Scatter plot of R2 vs kOhoo2
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Variable | Correlation coefficients
My, AFE'
kOet 0.0150 0.0816
kOmm?2 | —0.0048 —0.0997
kOhooO | —0.0065 0.0790
kOhool 0.003 0.005
kOhoo2 | 0.0144 0.0237
kOhoo3 | —0.0022 0.0008
kOhoo4 | 0.0071 0.0067
kOhso0O | 0.0123 0.0692
kOhso02 | —0.0033 0.0019
kOhso04 | —0.0076 —0.0115
kOhsol10 | —0.0083 —0.0075
kOhsol2 | —0.0385 —0.0469
kOhsol14 | —0.0452 —0.0622
kOhso20 | —0.0196 0.0171
kohso22 | —0.0426 —0.0536
kohso24 | —0.0051 —0.0038
thrust | —0.0112 —0.0147
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