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

B factories offer clean environment to study t secrons 7 oon %

and low-multiplicity physics L
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Well defined initial state conditions o D s jpeicuson,
Hermetic detectors allow determination of a0 \\ f
missing energy & momentum o
Belle Il operates since 2018: )
Excellent particle identification [Be”e Il TDR: arX|V10110352]
High efficiency neutral reconstruction
Belle Il Online luminosity Exp: 7-26 - All runs
Inclusive trigger scheme with dedicated low 31 integrated aminsity

= Recorded Weekly
15.0 [ pecoigeqdlt = 424 [67]

multiplicity triggers
Finished runl data-taking in 2023:
424 fb~1 on tape
Tl [T'@VY(4S)
- Comparable to size of full BABAR data sample

Total integrated luminosity [fb~]

Total integrated Weekly luminosity (o]

2019 2020 2021 2022

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

TOJE N JO#XYX ..

o(ee —» bb) 1.1nb g =

o(ee -~ TT) 0.9nb 1x3 tracks /¥
- Belle Il is not just B factory, but also T factory! . J i

4 - 108 T pairs recorded in run1 data Z

TT events are characterized by low track LA <

multiplicities and large missing energies CM frame /r

Identify T events by reconstructing thrust axis /

Separate into hemispheres i

. A
S Nierust

signal

¥y

\% oo Zi IpiCM * Nehrust| o v
thrust — Zi |piCM| v
u*vv
n* e*w
Use one side to tag by reconstructing
decays with 1 or 3 charged tracks
(1-prong and 3-prong) others
Reconstruct signal on other
hemisphere n* 3n*n%
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Measurement of coupling of light leptons to EW

auge bosons:
gaug S
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1-prong decays on tag side:
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Require one charged hadron and at least one 1°

Large branching ratio, low backgrounds, high

trigger efficiency
x10° Belle Il Preliminary (2023)
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Visible energy of all particles in Event [GeV]
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TTouxp
TToexp
TT-1 x other
TT-other x p
others

data

Suppress backgrounds using NN
Combined e — L sample: 94% purity at
9.6% signal efficiency
Main backgrounds:
3.3%ete” - T~ withn®
faking lepton
2.3% ete” - T+t~ with wrongly
reconstructed tagside
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Extract signal yields with binned maximum likelihood fit in p using pyhf™™

x10° x10°

Belle Il preliminary B (1™~ u"0,v0)(T'>h'nn%:) |
[Ldt = 36275 W other (true
. other (fake )

Belle Il preliminary s (r™=e™0.vo)(t"=h*nn%,)

[Ldt = 362"

other (true e)
other (fake e)
7/ Uncertainty
+ Data

27/ Uncertainty
¢ Data

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

1.01 1.01
1.0 PAAAAAAANAANR A % 10 wy;y/ywy%yft,WWW%W%
5 20 45 5.0 45 5.0

25 30 35 40 20 25 30 35 40
pu [GeV/c] Ppe [GeV/c]

Most systematic uncertainties cancel in ratio
Challenge: careful treatment of leading particle identification (PID) systematic
Restrict to region least impacted by PID uncertainties:
0.82<6 <213
15<p <5.0GeV
Obtain correction factors and uncertainties from calibration samples
e efficiency 99.7 %, [ efficiency 93.9%
11 faking e: 0.9 %, Tt faking 1 3.1%
| Leading systematics
0.32%
0.10%

Charged lepton identification
Trigger efficiency

- Implement systematic uncertainties as nuisance
parameter on fit templates 0.37 % total relative
systematic uncertainty

WDPocumentation
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https://pyhf.readthedocs.io/en/v0.7.6/
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Converted to couplings 2

[RH = 0.9675 = 0.0007¢ar. + o.oosesyst_]

(Preliminary)

=0.9974 +=0.0019
T

e

World’s most precise measurement of pu — e universality in T
Consistent with SM expectation within 1.40

Philipp Horak (HEPHY Vienna)

R,SM=0.9726 9u=0e
i CLEO (1997) i 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) Belle Il preliminary (2024)
X 0.9675 £ 0.0007 % 0.0036 - 0.9974 +0.0019
L . L L L . L L . L
0.96 0.98 1.00 1.02 1.04 0.99 1.00 1.02 1.03 1.04 1.05
Ry 194/ Gel<
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T lepton flavour violation decay modes: Experimentally most accessible: T — ppp

T - P4f Simple No expected SM backgrounds
T - ¢K,, Ah Branching ratio in v mixing SM:
iep —53 —56
T - V(> hh') Difficulty of 10 10
T — PO =17 backgrqund Enhanced in new physics models:
reduction B(r S 0070
T t’hh' SM + seesaw 10-10
SUSY + Higgs (1]
T4y Hard SUSY +SO(10) 10-10
Non-universal Z’ 108
HXHX:
1 prong ,%iomlogy SChem;g ! Inclusive 1prong + 3prong tag at Belle Il
y::::' —o— : Train BDT to suppress residual backgrounds
Signal efficiency €sig = 20.42 £ 0.06%
_#Xhhx_ = 3% higher than Belle at O.Sté'é expected
Inclusive tagging schema .
1prong «_ tag sig A background events
+ }> - r " More strigent expected limit with ~ 50% data
3prongs sample
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Signal events

™" 0.4 BelleII (Preliminary) 55 SR
é) [ Data: [Ldt=424fb" — 205 SR
= f —— Sidebands
LE’ 03 + Data
<
0.1»
0.0F
_o1lh"
R —— :
1.70 1.75

.50

M3, [GeV /c?]

Philipp Horak (HEPHY Vienna)

55

Large background subtraction using

AE3

u = Ex,sig — Ebeam and Msp

Observed 1 event in the signal region

5+1.4

105 background events

Expected 0.

[UL@QO%CL B(T - pup) < 1.9 % 10—8]

(Preliminary)

Most stringent limit up to date:

UL@90% CLon B(T — 3p)

Belle
BaBar
CMS
LHCb

2.1% 10" 8(Lint = 78200714
3.3 x 1073 (Line = 4681071)°
2.9 % 107 8(Lint = 131007 1)°
4.6 % 1073 (Line = 2.0007 )¢

Belle Il

1.9 % 10 5(Lint = 424107 7)

“Phys. Lett. B 687 (2010) 139
®Phys. Rev. D 81 (2010) 111101
¢JHEP 01 (2021) 163

4JHEP 02 (2015) 121
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https://www.sciencedirect.com/science/article/abs/pii/S0370269310003576
https://journals.aps.org/prd/abstract/10.1103/PhysRevD.81.111101
https://link.springer.com/article/10.1007/JHEP01(2021)163##citeas
https://link.springer.com/article/10.1007/JHEP02(2015)121
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Precise determination of m: with

T° - ntnveinL =190t
Fundamental parameter, important input e.g. for
LFU tests

Pseugomass metf}od:
1 =
Mmin = M2 +2( s/2—E;)(Esp — P3n) < My

Challenge: v
High accuracyinpand s
p : calibrate track momentum correction with
R° - Kot

s: calibrate using B decays
*°F getlen - Before momentum correction|
o 25| ILdt:!Qoib‘ - After momentum correction
K3 D »Ka'a —
3 2t
2 1sf
& f -
T o) 70keV
T b } % =1
os|

T T T PRI T
1 08 06 04 02 0 02 04 06 08 1
costy

DO - K—rntnt validation
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Corrected s [GeV]

| €5 1E77 >XEl & aATy AT T Adg

10°
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Belle Il g

140 ij:190m" ]
)
I 120
% ¢ Data s
E 100 [ <t backgrounds  ,*
T g M@ !
) i Others
S eof
>
Wosf

20F -,

5 "o,
1 L £ S e
0.6 0.8 1 12 1.4 1.6 1.8 2
M, [GeV/c?]
10.59 -
Belle Il —\s
J',_ =190 " Total uncert.
10.585 2EE.

3
@
8

60keV

10575

100
Chronologically ordered events
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https://journals.aps.org/prd/abstract/10.1103/PhysRevD.108.032006

1 a) " axy AIXax«o | €5 1E77 >XEl & aATy AT T Adg

10°
16 Belle Il 3 t . Data — Fit
g 1E ILdt=1901b" {3Background
g 12F m, =1777.09 + 0.08 + 0.11 MeV/c?
10
2, Measure my = 1777.09 #+ 0.08 + 0.11MeV/c?
ge World's most precise measurement of tau mass
a ¢ . . .
2 Leading systematics: track momentum scaling
] and beam-energy calibration
17 1.72 1.74 1.76 178 18 1.82 1.84
M, [GeV/c?]
PDG Average (2022)
1776.86 +0.12
BES (1996)
1776.96 108 192 L
BELLE (2007)
1776.61+£0.13 £ 0.35
KEDR (2007)
177681 102 +0.15 —
BaBar (2009)
1776.68 £ 0.12 £ 0.41
BES Il (2014)
1776.91+0.12 310
Belle Il (2023)
1777.09 +0.08 + 0.11
ST S S S SO SN T ST SN S S A S N1
1776 1776.5 1777

m, [MeV/c?]
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https://journals.aps.org/prd/abstract/10.1103/PhysRevD.108.032006

(9—2) -Z°IX=A-«

<

<

—
SM: e+e- HVP
T.I. White Paper
(2020)

New resuits in tension
with White Paper (2020)

5.00 >
+—eo—+
Significance will likely decrease Fermilab 1+2+3
with an updated SM prediction (2023)
510 >
+—eo—+
World Average
(2023)

SM: Lattice HVP
BMW Collab.
(2020)

SM: e+e- HVP
using only CMD-3
data below 1 GeV

18.0 18.5

Tension between theory and exp

Tension reduces to

©@—2u _

160 195 200
a,%10° - 1165900

20.5 21.0

eriment in the muon magnetic anomaly

QCD

EW
an n

+a?"" +a

1o with newly included calculations and data:

aji V" from BMW Lattice QCD group [V

1t form-factor from CMD-3 in a

WNature 593, (51-55) (2021)
[2larXiv:2302.08834
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HVP,LO[2]
M
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https://www.nature.com/articles/s41586-021-03418-1
https://arxiv.org/abs/2302.08834

(9—2) -Z°IX=A-«

_9—-2  pw, QED, QCD
Ay = T = a# + a# + au
Hadron-contribution
QCD _ HLbL
ag; = +a,

Leading order HVP-term
2 lo'e)
« ds
[, SReKG)
S

LO _
- 2
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™ o mtn n° presented
today

Philipp Horak (HEPHY Vienna)

o(eTe™ - hadrons)
o(ete” - ptuT)

R(s) =

Measured R-ratio

0.001

0.0001

1e-05

E>1.8 GeV
KSKZ‘OV

s [GeV]
(@) The hadronic R-ratio.

a,fve (a,HVP Error)?

E>1.8 GeV

KK,
TCTU TCTT
nmw&
~1 5°/!E

T
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o(ete” - nrnnO)

Entries per 0.01 GeV/c?

Data
Simulation

| 6XC7-35-3 «TTA Q|

Reconstruct ete™ - tn n® decaysin L =190 fb!

Measure at different s by using initial state radiation technique
Reconstruct ISR photonete™ - ntn—nly,sr
Pion invariant mass range from 0.62 to 3.5 GeV

Effectively suppress background by using kinematic fit:
Constrain sum of Tt~ 1% sr momenta to eTe™ beam momentum
Validate main backgrounds in control samples:

— — — — 0
ete” - mtn n’nly efe” - KFK™n

400 £ Belle Il Preliminary 4 Data 2 o E’L"d’{"_”l ;’l’ef't')"“”a’y + Data
350 F } JLdt=191 10" Bty 3 o {( =101 1" | WKy
300 1 4my control sample  [r*m %y 4 50 m°y control sample Orrn®y
250 £ [[]Others S 4
200 F g
150 | ' N 3
100 F g Py 5 2

50 0 G 10

. . TR
15 5 I ¢ } }

| I1TT+m¢ md' PNV SRV ) " o= 1 LTS A T U [ R N

P ORI - LI AR ARASSARARSAFNVRARR T

06 07 08 08 1 11 12 13 5 b5 T 15 2 25 3 35

M(37) (GeVic?) M(37) (GeVic?)
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o(ete” - mrnn0) | 6XC1-35-3«TTA Q|

Major analysis challenge is handling n° efficiency
Evaluate efficiency using partial reconstruction of w resonance decays:
_ N (0OO1 DO0OD000D0oo0 O visr ntnn°)
= N (0000000 D0000000000000 00 yysr TWHITT)

Determines 1t efficiency up to 1% — systematic uncertainty
Fit Myy in each bin of Msx:

Belle Il Preliminary
10% FlLdt =191 0"

6.7% or 2.50 higher than current global average,
obtained from BABAR, CMD-2 and SND

- Slightly smaller anomaly

Leading systematics are n° efficiency and
0.60.650.70.750.80.850.90.95 1 1.05 missing NNLO in generator
M, (GeV/c?)

} Data 2 Integrate over 3m cross section from
4 400, ° —
gt -E;"‘KTZ,’;’ M & 0.62 — 1.8 GeV (Preliminary):
3 ENonISRqg + 'x.’ R
= 43 LIEFSR $ ¥ J 37 10 —
10 ! o : < = + +
g K WWJ,W o \' [au’D_DDDDDD 10 48.91 + 0-23stat. =+ 1-07syst.]
- L
2o
k=
w
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Results

S8 =0.9974 + 0.0019
Jde T

B(T - pup) < 1.9 x 107%(90%CL)
my = 1777.09 = 0.085¢at. = 0.114ys¢. MeV/c?
aﬁ’fg;gmmg x 1010 =48.91 = 0-235tat. + 1-07syst.

Belle Il is providing leading precision in T and low multiplicity measurements
Precision measurements of T 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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AJA 2*C

Challenge in this analysis: careful treatment of leading particle identification (PID)
systematic
Restrict to region least impacted by PID unceratinties:
082<6 <213
1.5<p <5.0GeV
Obtain correction factors and uncertainties from correlation factors
PID Efficiency:
J/Yp -~ t —ete” metem t ~“landete” =~ T ~(y)
e efficiency 99.7 %, u efficiency 93.9%
PID fake rates:
K - mtn~andt - nnmv
Tt faking e: 0.9 %, 1t faking p 3.1%

- Implement PID uncertainty as nuisance parameter on fit templates

10?
] Belle Il [Ldt= 190 fb-? + Jwoutus
° KLM Barrel + eteroeterutus
=] + etemoptuy
¢ 10 F(0.82 =0< 222 rad) + Keomtn - mmisdD
.E e*e” > t*(1p)T7(3p) - m mis-ID
3 D** - DY%K~r*)n* - K mis-ID
B
| 10°
<
= —
9
S ——
5107
&
I
a i
1 -2 |
', 10
. . . .
1 2 3 4 5
p [GeV/c]
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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
Photon efficiency < 0.01
Photon energy < 0.01
Size of the samples
Simulated samples 0.06
Luminosity 0.01
Charged-particle reconstruction:
Particle decay-in-flight 0.02
Tracking efficiency 0.01
Detector misalignment < 0.01
Momentum correction < 0.01
Total 0.37

and Low Multiplicity at Belle and Belle Il
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