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Belle Il

EM Calorimeter (ECL)
Energy resolution: 4%-1.6%

B factories offer clean environment to study 7
and low-multiplicity physics
Well defined initial state conditions

positrons
(@ Gev)

=

Hermetic detectors allow determination of
missing energy & momentum

Belle Il operates since 2018: [Belle Il TDR: arXiv:1011.0352]
Excellent particle identification
ngh efﬁCienCy neutral reconstruction Belle Il Online luminosity Exp: 7-26 - All runs
e Integrated luminosity
Inclusive trigger scheme with dedicated low o e e w00

multiplicity triggers

Finished run1 data-taking in 2023:
424 fb—1 on tape

362fb~1 @ 7'(4S)

Total integrated Weekly luminosity [fo~*]
Total integrated luminosity [fb~]

2019 2020 2021 2022

Time
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https://arxiv.org/abs/1011.0352

7 physics at Belle Il

o(ee — bb) ~1.1nb 4 b

N tag A h
o(ee — 77) ~ 0.9 nb 1x3 tracks (prongs) ' A v
< Belle Il is not just B factory, but also 7 factory! . 4L— =
~ 4 - 10% 7 pairs recorded in run1 data Z
71 events are characterized by low track L £
multiplicities and large missing energies CM frame /r e A P
Identify 7 events by reconstructing thrust axis / _ -
Separate into hemispheres 2 SR
max Zl |Z7iCM * Mghrust | s *’ \l
Vinrust = USEoM Yo
u*vv
. . n* e*vw
Use one side to tag by reconstructing
decays with 1 charged track (1-prong)
or 3 charged tracks (3-prong) others
Reconstruct signal on other ‘o
hemisphere n* 3m=my
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Lepton flavor universality in 7~ decays

Measurement of coupling of light leptons to EW

gauge bosons:

(m2/m2) sm

R = B(t— — e~ Vevr)

1-prong decays on tag side:

f
f

M0 9726

(mp/m3)

Ve
tag side \ . 6

Require one charged hadron and at least one 7°

Large branching ratio, low backgrounds, high

trigger efficiency

x10° Belle Il Preliminary (2023)
JLdt = 361.6 bt

3 4 5 7 8 9

6
Egs [GeV]
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—— TTouxp

]~ rtroexp

—— Tr-Lxother

1~ trotherxp

i~ others
4 data

Suppress backgrounds using NN

Combined e — i sample: 94% purity at
9.6% signal efficiency
Main backgrounds:
~33%ete” — 77~ with 7+
faking lepton
~ 2.3% ete” — 7T 71~ with wrongly
reconstructed tagside
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Lepton flavor universality in 7~ decays

Extract signal yields with binned maximum likelihood fit in p, using pyhf?

X108 x10°

Belle Il preliminary BB (t™=u~3,v)(T" = h*nns,)
fLdt = 3627 ' other (true o
= other (fake 1)

Belle Il preliminary mss (t7> e Dau) (T - h*nnDy)
[Ldt = 362"

other (true e)
other (fake e}
772 Uncertainty
+ Data

7/, Uncertainty

¢ Data

Data/model Events/(0.167 GeV/c)
Data/model Events/(0.167 GeV/c)

1.01
1.0 Per A A AAANAAAN %
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0.99
1.

1.01
1.0 e«/,yw/vawﬁﬂ«f—ww/yw%
h
4.5 5.0
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pu [Gev/c] pe [GeV/c]

Challenge: careful treatment of leading particle identification (PID) systematic
Restrict to region least impacted by PID unceratinties:
0.82 < 0, < 2.13
1.5 < pr < 5.0GeV
Obtain correction factors and uncertainties from calibration samples
e efficiency 99.7 %, . efficiency 93.9%
« faking e: 0.9 %, 7 faking u 3.1%

— Implement systematic uncertainty as nuisance parameter on fit templates
| Leading systematics

Charged lepton identification 0.32%
Trigger efficiency 0.10%
0.37 % total relative systematic uncertainty

1Documentation
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https://pyhf.readthedocs.io/en/v0.7.6/

Lepton flavor universality in 7~ decays

[ Ru = 0.9675 + 0.0007stat. + 0.0036yss. |

Converted to couplings (Z—‘e‘) = 0.9974 + 0.0019

World’s most precise measurement of x — e universality in 7!
Consistent with SM expectation within 1.40

Philipp Horak (HEPHY Vienna)
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R,M=0.9726 gu=0e

i CLEO (1997) CLEO (1997)
0.9777 £0.0063 £ 0.0087 1.0026 = 0.0055
BaBar (2010) . BaBar (2010)
0.9796 + 0.0016 + 0.0036 1.0036 + 0.0020

Y HFLAV fit (2021) . HFLAV fit (2021)
0.9762 +0.0028 1.0019 £0.0014
Belle Il preliminary (2024) Y Belle 1l preliminary (2024)
0.9675 + 0.0007 £ 0.0036 0.9974 +0.0019
0.96 0.98 1.00 1.02 1.04 099 1.00 1.01 1.02 1.03 1.04 1.05
Ry |9u/ Gel<




Search for 7 to three muons

7 lepton flavour violation decay modes:

Experimentally most accessible: 7 — pup
No expected SM backgrounds

Branching ratio in v mixing SM:
10753 ~ 10756

Enhanced in new physics models:

B(t— = £ £7¢7)
SM + seesaw 10-10
SUSY + Higgs (1]
SUSY + SO(10) 1010
Non-universal Z’ 108

Inclusive 1prong + 3prong tag at Belle Il

v ! Signal efficiency €44 = 20.42 £ 0.06%

T 20 Simple
T - YK, Ah
7 - V(= hh) Difficulty of
0 background
TP (=) reduction
T > fhh'
T f}’ Hard
Belle:
3x1 topology schema u
1 prong ¢ ta sig
Belle II:
Inclusive tagging schema

' u
sig

1prong tag
3
prongs "

Philipp Horak (HEPHY Vienna)

~ 3x higher than Belle at 0.51'(1):‘; expected

background events
More strigent expected limit with ~ 50% data
sample
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Search for 7 to three muons

™" 0.4 BellelI (Preliminary) 58 SR
Cb") [ Data: [Ldt=424fb—" — 205 SR
— [ —— Sidebands
LS 03¢ + Data
<
0k
0.1_
0.0F
—0afp"
—0.3h—=—= . .
170 175 1.80

Signal events

.55

M, [GeV /c?]
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Large background subtraction using
AE3/,L = ET,sig - Ebeam and M3,u
Observed 1 event in the signal region

Expected 0.571 4 background events

—0.5

[UL@QO%CL s B(T — ppp) < 1.9 x 10_8]

Most stringent limit up to date:

UL at 90% CL on B(T — 3u)

Belle
BaBar
CMS
LHCb
Belle II

2.1 x 1078 (Lip = 782fb7 1)
3.3 %1078 (Ljny = 468fh~1)
2.9 x 1078 (Ljpe = 131fb71)
4.6 x 1078 (Ljpe = 2.0fb7 1)
1.9 x 1078 (Lins = 424fb71)
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7 mMass measurement [Phys. Rev. D 108, 032006]

Precise determination of m. with
T s a T r,in £L=190 b7t

10°
Fundamental parameter, important input e.g. for 1601 Belle I e,
LFU tests o 1of J‘L dt=190 fo™"
2 120f s
Pseudomass method: > + Data E
E 100 [ <t backgrounds  ,*
Mo = \/ M2, +2(/5/2 — E§,)(E5, —pi,) <mr & sl
S eof
2
W 4of
Challenge: 2ok
High accuracy in p and /s S SRS S
: calibrate track momentum correction with 0f 08 1 1B v M2
p- M, [GeV/c?]
DY — K—nt
\/s: calibrate using B decays
o petien - Before momentum corection 1059 _
= T Aiter momentum correction Bello Il s
I 25f £L‘:"K'i°:b F e | J'Ldl:woib" Total uncert.
s 2f < 10.585 2]
2 asf 3
v — | O(T0KeV) 3 **§ O(60KeV)
¥ o b g €
“0sf ©
1308 06 04 02 0 02 04 06 08 1 1057 ) §
cos o 00200 500 00 50 e
DO N K_7T+7T+ validation Chronologically ordered events
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https://journals.aps.org/prd/abstract/10.1103/PhysRevD.108.032006

7 mMass measurement

10°

16 Belle Il
14F IL dt=190fo™"
12F m, = 1777.09 + 0.08 + 0.11 MeV/c?

Events / (1.5 MeV/c?)
3

MON o v A O

S e LT ety

Pull

17 1.72 1.74 1.76 178 18 1.82 1.84
M, [GeV/c?]

[Phys. Rev. D 108, 032006]

Measure m, = 1777.09 £ 0.08 + 0.11MeV /c?

World’s most precise measurement!

BES (1996)

1776.96 ‘350 ‘oir
BELLE (2007)
1776.61+0.13£0.35
KEDR (2007)

1776.81 ‘75 +0.15
BaBar (2009)
1776.68 £ 0.12 £ 0.41
BES Ill (2014)
1776.91+0.12 310
Belle Il (2023)
1777.09 +0.08 + 0.11

PDG Average (2022)
1776.86 +0.12

_—_

PR -
1776

Philipp Horak (HEPHY Vienna)

L1
1776.5
m, [MeV/c?]

24,2024
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https://journals.aps.org/prd/abstract/10.1103/PhysRevD.108.032006

(g — 2) of the muon

5.00
< 2
Significance will likely decrease Fermilab 1+2+3
with an updated SM prediction (2023)
< i =
+—o—
SM: e+e- HVP World Average
T.I. White Paper (2023)
(2020)
New results in tension
with White Paper (2020) SM: Lattice HVP
BMW Collab.
(2020)
SM: e+e- HVP
using only CMD-3
data below 1 GeV

18.0

18.5

190 195
a,x10° - 1165900

20.0

20.5

21.0

Tension between theoretical prediction of the muon magnetic anomaly

a, =

Tension reduces to ~ 1o with newly included data:

HVP,LO

ay, from lattice QCD

« form-factor from CMD-3 in a),

Philipp Horak (HEPHY Vienna)

(g — 2)#

2

_ EW
=a,

+a

HVP,LO

QED
“w

+a

QCD
“w
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(g — 2) of the muon

e~ — hadrons)
_9-2_  pw , QED, QCD R(s) = 2l e” > ha
p = "5 =y tayT Fag (s) o(efe” = ptpu~)
Hadron-contribution Measured R-ratio
QCD _ HLbL
a;” " = +a, i

Leading order HVP-term
2 lo'e)
« ds
o [ SREKE)
S

~ 32
3% Jm2

HVP = hadron vacuum polarization; 82% of aSCD

HLBL = light-by-light; 18%

Belle Il can provide
ete™ — hadrons cross
sections to improve
predictions

Second largest contribution
ete™ — ntn 70 presented
today

Philipp Horak (HEPHY Vienna)

0.001

0.0001

1e-05

Vs [GeV]

(a) The hadronic R-ratio.
HVP
a, (a,HVP Error)?
E>1.8 GeV E>1.8 GeV
KsKZW o T
KK
T O \

T TeTOT, \ \
~7% m

T

~73%
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olete™ — nta—7n0)

New for Moriond 2024!

Reconstruct eTe™ — 77~ 7% decays in £ = 190 fb~!
Measure at different /s by using ISR technique

Reconstruct ISR photo

Pion invariant mass range from 0.62 to 3.5 GeV

n

Effectively suppress background by using kinematic fit:
Constrain sum of 7+ 7~ 70,5z momenta to et e~ beam momentum

Validate main backgrounds in control samples:

— —,. 0_0
€+€ — 7T+7T T Ty

o

§ 400 B Belle Il Preliminary 4 Data

8 ws0p 4 [Ldt=1911" Mty
< 300 t 4my control sample  [n*wndy

g 250 E [ Others

5 200 F

o

o 150 4 4

2 100fF T
] il

c S

1.5

g% 1 | % TT*HH"...‘M"“‘ (TS P N st
82 osHitat *

n 0.6 0.7 0.8 0.9 1 1.1 1.2 1.3

M(37) (GeVic?)
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Entries (/100 MeV)

ete™ - KK 7070

80 b Belle Il Preliminary
JLdt =190 fo” { Data
70 | K'K'n% Control Sample -
OK*Kny
60 |- .
. -
ok [Or*wnty
wf | |
30 {
20 |
10F
t ¢ £
0 4
05 1 15 2 25 3 35
M(3m) (GeV)
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olete™ — nta—7n0) | New for Moriond 2024!

Major analysis challenge is handling 7° efficiency
Evaluate efficiency using partial reconstruction of w resonance decays:

N (Full reconstruction of yrsg 777w~ 7°)

L N (Partial reconstruction of yrsr wtm—)

Determines 70 efficiency up to 1% — systematic uncertainty
Fit M., in each bin of Ms,:

Belle Il Preliminary
10% FlLdt =191 0"

{ Data .
~10% [Ty Integrate over 37 cross section from

KKy N :‘. .:" 0.62 — 1.8 GeV (Preliminary).

M Non-ISRqg ¢ 5 ;
W

3 | Il FSR ;
" " e

A\l

[ai’foﬁz_l.s x 10'° = 49.02 + 0.23(stat.) £ 1.07(syst.)]

=,
-
-

6.7% higher than global fit with 2.60
significance

— Slightly smaller anomaly

Leading systematics 7° efficiency and generator
0.60.650.70.750.80.850.90.95 1 1.05

2
M, (GeV/c?)



Summary

Results
(j—“) — 0.9974 + 0.0019

B(T — ppp) < 1.9 x 1078(90%CL)
m- = 1777.09 £ 0.08 & 0.11MeV /c?
a0.62-1.8 X 10'0 = 49.02 + 0.23(stat.) &+ 1.07(syst.)

Belle Il is providing leading precision in 7 and low multiplicity measurements
Precision measurements of + properties
Studies of standard model parameters
Searches for beyond SM physics

Improvements on multiple frontiers

Results with 362fb—! of run1 data
Improved analysis techniques and reduced systematics

[Run 2 started on February 20, 2024!]
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Backup
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Tau LFU

Challenge in this analysis: careful treatment of leading particle identification (PID)
systematic
Restrict to region least impacted by PID unceratinties:
0.82 < 0, < 2.13
1.5 < pg < 5.0GeV
Obtain correction factors and uncertainties from correlation factors
PID Efficiency:
J/p =4t ete” s eTe 0t andete™ = 107 (5)
e efficiency 99.7 %, u efficiency 93.9%
PID fake rates:
Kg S ata” and T — mrTY
7 faking e: 0.9 %, = faking 1 3.1%

— Implement PID uncertainty as nuisance parameter on fit templates

10° 3
e [ Belle Il [Ldt= 190 fb~! + Jly-ptus
o i 4+ ete~-eteutu
a) . KLM Barrel 4 ete-outumy
9 10 F(0.82 <6< 2.22 rad) 4 KQomtm - mmisID
IE i ete™ - 1*(1p)T*(3p) - T Mis-ID
3 D** - DY%K~m*)m* - K mis-ID
T
. 100 b o
< N
>: | e
O

Philipp Horak (HEPHY Vienna) March 24, 2024



Tau LFU

Source Uncertainty [%)]

Charged-particle identification:

Electron identification 0.22
Muon misidentification 0.19
Electron misidentification 0.12
Muon identification 0.05
Trigger 0.10
Imperfections of the simulation:
Modelling of FSR 0.08
Normalisation of individual processes 0.07
Modelling of the momentum distribution 0.06
Tag side modelling 0.05
70 efficiency 0.02
Modelling of ISR 0.01
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