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Introduction
Muon g-2 and HVP

® Anomalous magnetic moment of muon in SM:

SM — . _ .QED , _EW , _HVP , _HLBL
a,” = (g, 2)/2 = a +a," +a, " +a,

H H

B Uncertainty is dominated (>85%) by the leading order (LO) Hadronic Vacuum Polarization (HVP)

» Can be calculated by either Lattice QCD (used in WP25) or

- Dispersion integral (used in WP20) over the bare cross section 6"(s) of ete™ — hadrons(y)

i L 7 KO

a ——
K 371' )
Mﬂ:
2 2 2 2
K(s)= 2 — a2y s X )gl +x) (]og(] S x)—x+ %) n 13,@ log X

B Current tensions

* Lattice QCD vs dispersive approach (w/o CMD-3)

» o(ete” = ntn~(¥)) measurements among KLOE, BaBar and
CMD-3

Belle Il has published the measurement of 6(ete™ — 777~ 7"): PhysRevD.110.112005
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https://arxiv.org/abs/2505.21476
https://journals.aps.org/prd/pdf/10.1103/PhysRevD.110.112005

Introduction
SuperKEKB Belle li

= Asymmetric-energy ¢ e~ collider ® Target L. :50ab~!

® Ecm = Myus) = 10.58 GeV, B factory * Physics data taking with full setup in March 2019
1

® Goal: L., = 6X 103 cm—2s~! * 575 fb™" has been recorded by Dec. 2024

» Nano-beam scheme and increased currents " Upgraded detectors, trigger and DAQ vs Belle

* 5.1 x 10>*cm™?s~! (Dec 2024, world record)

The inner detectors and beam pipe are completely new

Calorimeter, magnet and KLM are reused/partially
upgraded from Belle

K; and Muon Detector (KLM):

Resistive Plate Chambers (barrel outer layers)
Scintillator + WLSF + SiPM'’s (end-caps, inner 2
barrel layers)

Belle Il detector

#collision point
3 o

Positron ring

17—

Electron ring

(barrel)

EM Calorimeter (ECL):

Csl(Tl), waveform sampling (barrel + end-cap)

E

Superconducting Solenoid
, , —-

77080 \crogel Ring-imaging
‘ Cherenkov detector (ARICH)

(forward end-cap)

electrons (7 GeV)

= . | Electron-Positron Vertex Detector (VXD):
HER 7 GeV e WL | linear accelerator 2 layers DEPFET pixels (PXD)
LER 4 G eV e+ g 4 layers double-sided strip detectors (SVD) &

positrons (4 GeV) )

I . >
Super i~
KEKB . —
e Positron damping ring

Tsukuba, Japan

Central Drift Chamber (CDC):

He(50%):C,H(50%), small cells, long lever
arm, fast electronics (Core element)




Introduction
Belle Il Talks at the Eighth Plenary Workshop of the Muon g-2 Theory Initiative

® Status of eTe~™ — 7z~ (y) measurement (this talk)

® Tau decays at Belle |l and super tau-charm factory by Prof. Changzheng Yuan

B Belle-ll plans for Transition Form Factor Measurements by Prof. Hisaki
Hayashii



https://indico.ijclab.in2p3.fr/event/11652/timetable/#11-belle-ii-on-tau-decays
https://indico.ijclab.in2p3.fr/event/11652/timetable/#47-belle-ii-plans

ISR method and trigger in Belle I
Scan over masses of the hadronic system via initial state radiation (ISR)

N hadrons

m Fixed center-of-mass energy \/E ~ 10.58 GeV \?\ mw‘é

mScans' = (1 — 2E;‘</\/E)S, E* is the ISR photon energy in c.m.s.

m Efficient L1 trigger for ISR events using ECL (cluster energy > 2.0 GeV)

e Y
» Studied with independent track trigger for ppy: 99.9% in barrel region /M

— 0.1% uncertainty Not possible with Belle trigger!

vvvvvvvvvvvvvvvvvvvvvvv
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ee” — nn (y) measurement at Belle Ii
Following BaBar’s original approach [Phys. Rev. D 86, 032013]

B Reconstruction for R-ratio measurement

| _ Visr _ Visr
* 1 hard photon + 1 optional photon Only ISR fit ISR+FSR it
» 2 tracks w/o particle identification (PID) in preselection  _ N _ N
. - . . e e e €
® Double kinematic fits for selecting signal events and | & | %
] _ _ Events with no Events with %) 4
dlsentangllng QED corrections: additional photon 7+~ additional photon T'TT

* “ISR” fit for all events after preselection

» 3 measured particles: 2 tracks and ;.

= ISR energy not used

> Assume 1 unmeasured photon (ISR) along beam
directions

- “FSR” fit only for events with y, reconstructed

» 4 measured particles: 2 tracks, y;,. and ¥,

= ISR energy not used
® PID to separate ppy/KK/mirt

Lo |




e"e” — 7 (y) measurement at Belle |
Following BaBar’s original approach [Phys. Rev. D 86, 032013]

B Data set : 427 fb-1 (data taken before 2023)

® QED validation using eTe™ = u u"(7)
B Target systematic uncertainty: 0.5%

* Relying on data-driven approaches for efficiency corrections

data data data data
data _ MC 2 2 2 2
€ = €
€MC €MC €MC €MC
trigger 2 PID tracking

X




Status of ¢ "¢~ — 7777 (y) measurement

Sanity check with 1.856 fb-1 data

m Preliminary selections:

Entries / (20 MeV/c?)
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Belle Il preliminary
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Status of ¢ "¢~ — 7777 (y) measurement
Sanity check with 1.856 fb-1 data

= Preliminary selections: ISR in ECL inner barrel, E% > 2 GeV, PID, P, > 1 GeV, y7., cut only

ISR

Belle Il preliminary [Ldt — 1.856 fb-!
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Status of ¢ "¢~ — 7777 (y) measurement

Sanity check with 1.856 fb-1 data

= Preliminary selections: ISR in ECL inner barrel, E% > 2 GeV, PID, P, > 1 GeV, y7., cut only

ISR

u*u~ channel

Belle Il preliminary [Ldt — 1.856 fb-!
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14Be||e | Simulatior_l All background scaled to 1.856 fb-1

i 109
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'Reasonable data-MC agreement before any efficiency corrections!
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Status of ¢ "¢~ — 7777 (y) measurement

Trigger study with e"¢~™ — "1~ (y) events and preliminary selections

B Trigger efficiency study using orthogonal trigger lines
* Qur ISR trigger: Total ECL energy above 1 GeV

* Reference trigger: At least one 3D track with p > 0.7 GeV in CDC

* Trigger efficiency is then measured by:

NEcLNcDC

€ =
ECL

IV, CDC

B Great data efficiency but underestimated MC
efficiency — using data efficiency directly

efficiency (%)
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Number of events /0.02

Status of ¢ "¢~ — 7777 (y) measurement

Optimizing y° cuts using BDT results

® BDT trained only with the two )(2

m Approximate BDT by simple “linear cuts” for similar S/4/S + B and cut efficiency

12
i 103
107 ¢ .
: 1 Signal (test) E 10 10
1 Background (test); P - -
-- Best cut ' o @) e
N g »v 8
< n < ;
+ QL 4+ 6
L a—
| £ : 10l £ 4R 101
P_UﬁL\_,ﬁw_j L e j_fm — .
UL R .
%0 o0z o4 06 08 10 R — 10° oS0 - E— 10°
XGboost score 0.0 2.5 5.0 D 8.0 125 0.0 2.5 5.0 7.5 10.0 12.5
2 2
IN(1 + Xjsg) IN(1 + Xjsg)

12
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Status of ¢ "¢~ — 7777 (y) measurement
PID study is ongoing

ISR in CDC, 0.4<0_:<2.5, and no PID cut on the probe

# PID variables in Belle | Belle ll preliminary rac=rsson-t
+ pionlD = IR L
sliagdiid i”*i” = gg)lz;:pﬂSR
L (&L, + Sfﬂ + L + L+ gp + £ ) o =
is under investigation ; =
» The other solutions: binaryPID like > L
<L (&L + L), weightedPionlD and R

Neural network based PID

B Tag and probe method to study the
efficiency and mis-identification

100_

2 - 2
- Use y;qp and stringent PID cut for the tag 50
* Enhance pion purity with the p region R s

13



Inefficiency / (0.02 )

Status of ¢ "¢~ — 7777 (y) measurement

Promising tracking study: tracking inefficiency

B Tracking inefficiency study with loose requirements (ISR in ECL inner barrel — in CDC, track P >
0.5 GeV instead of 1 GeV)

e The 71( O =)- One track is selected with

° Ineﬁiciency: primary good track conditions
 P>0.5GeV
. S
N(predicted and reconstructed) & ® [dr<0.1] and [abs(dz) < 5.0]
S e Theta in CDC Acceptance
: )]
N(predlcted) © e pValue > 0.0
Inefficiency peak y + | MC based ‘predlctlon’ B

Belle Il Simulation duetocrossing, | . [« The MC track of the other pion }
0.030 ———r——————————— 0.030 —m———1—+—r—r—1—r—r—r——r—r—r——r— 2 B _ _

| } | - AP =G = ¢p-> 0 t  |s required to have £
0.025 | -: N 0.025 | } —: | e P>0.5GeV |
0.020 } S 0.020 e Theta in CDC Acceptance |
0015 — § 0015 .l_ } e o e

| | S i
0.010|H } H 1 .2 0010 r} bl } : M

“ +“+“m FP} AL 8 | H it tt ity it P} | e Atleast tructed
0.005 | i LAY 12 goost i iy b _‘ east one reconstructe

Tag 1~ probe A | Tag 7+, probe 7~ | ISR Photon
0. 0090 6 : A_6.4‘ : ._(1)'2A . .OnOA . Aoiz . Ao'l4A : ‘0.6 0. 0090 6 . _(;4 : A_(l)'zA ‘ .OTOA . ,sz - A0j4, . A0.6 . ECM . ZGeV

Ago" of the two tracks Agp9en

e In CDC Acceptance "



Status of ¢ "¢~ — 7777 (y) measurement

Promising tracking study: tracking inefficiency

B Tracking inefficiency study with loose requirements (ISR in ECL inner barrel — in CDC, track P >
0.5 GeV instead of 1 GeV) +(OF ) | |
e Therm : One track is selected with

° Ineﬁiciency: primary good track conditions

* P>0.5GeV
e [dr < 0.1] and [abs(dz) < 5.0]

e Theta in CDC Acceptance

N(predicted and reconstructed)

N(PfﬁdlCted) e pValue > 0.0
Inefficiency peak gt  Data-driven prediction
Belle Il Simulation due to crossing [~ Tre rocoi | catoueted by 1079
- o | | } o ! isrequired to have
H | | ooy e P>05GeV, )2 <1 ‘
: ) H ) ) ‘ HH’ S 0.020 H | ) * Theta inCDC Acceptance .
5 ( ) ek f M [ H W* + H W *HH
: 1 <€ o005} _‘ * Atleast one reconstructed
‘Tag 7, probe 7+ | Tag n+, probe 7~ | ISR Photon
0002 02 00 02 04 06 0000804 —02 00 02 04 06 o £, > 2GeV
Ap%" of the two tracks Ap9en

e In CDC Acceptance
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Status of ¢ "¢~ — 7777 (y) measurement

Promising tracking study: tracking inefficiency

® Understanding of the inefficiency peaks with 7z as the tag (probing 7 7)

3.0 _ -
' Belle Il Simulation
2.5 F
]
2.0F /
) [ » C
| ® .
% 1.5 [, Due to track 5
—= | crossing o
05L ................................... AR ERIR FE RRCERTERL . B e,
' s 1
I M
O O T N B Y S

* ISR in ECL inner barrel (0.65 < @ < 2.16) will reduce the inefficiency peak !

—-0.6 —-0.4 -0.2

0.0 02 04 o
A@I9€"of the two tracks

O
o)

0.6

o
wun

O

U

O .
~

S———

0.4

o
w

Inefficiency

()
o
\ Normalized / (55 MeV)

O
N

o
-

1.0<O;p < 1.7

vvvvvvvvvvvvvvvv

' Belle Il Simulation

W 1 0.4<|
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Status of ¢ "¢~ — 7777 (y) measurement

Promising tracking study: tracking inefficiency

® Tracking inefficiency study with ISR in ECL inner barrel region and track P > 1 GeV
* Good agreement between the data-driven approach and the MC-based one

0.030 ——— CO,”?'F'QU?'P,” 'nl 'r]ecr:olnwsi;rgc:‘tlon — 0.030 ——— Co'ndltlonall‘o'n 'nl 'r'e(':c?n‘st'rgcltllon |
: . H&atgodnven | : : {  data-driven
~ 0025 ! C|based ) —~ 0025 | [ {  MC based
N : k) . N L
S o |
S 0.020 S 0.020}
~ i ~ !
O 0.015 | | O 0.015 | |
qc) Belle Il Simulation qc) Belle Il Simulation
L 0.010 : v ‘0 0.010
4= 4= '
2 fil H| . 2 | Rt
< 0.005 | * M < 0.005 { u ‘ H
I{I ld' lh '“+ H*H *4“ | iy ““H il by Wi
| BURKLY HE 1} | | i |
OOOO ) 0§ U U P DR SRR R S RS RS S A § O | OOOO g a1 ) 9 BN 09 §
-0. 8 -0.6 -0.4 -0.2 0.0 0.2 0.4 0.6 0.8 -0. 8 —O 6 —-0.4 -0.2 0.0 0.2 0.4 0.6 0.8
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Status of ¢ "¢~ — 7777 (y) measurement

Promising tracking study: correlated track loss

| Ny  Nf _ . -
- Correction factor f, = Ongoing studies:
N 4NN, * inefficiency caused by extra track reconstruction
» Ny, N;, N, are number of events with zero, one and two tracks » Background subtraction and efficiency

- N=Ny+ N; + N, , with N estimated by lifting track cuts for the tag projection using data from the p region

™ fO with Error Bars ,u+,u_ fO with Error Bars
0.00200 0.00200
® f
0.00175 - ® _ 0.00175 -
Belle Il Simulation ¢ Belle Il Simulation
0.00150 - 0.00150 -
0.00125 - o ) 0.00125 -
= ?? =
P _.>1 GeV 0.00075 - 0.00075 -
T— : +
0.00050 - + + 0.00050 -
® ® + H
o
o )
0.00025 - 0.00025
tTes ittt Vol
s %7¢ b
0.00000 - -; -fo ® ’ ‘u ® ¢ + o’ “’ + o0 o 0.00000 mmnn“ A ++o¢moooon evoal
~1.00 -0.75 -0.50 -0.25 0.00 0.25 0.50 0.75 1.00 -1.00 —01.75 -o'.so —o'.zs o.bo o.'zs o.'so o.'75 1.00
reconstructed tructed
A¢nn A¢,§icons ructe
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Status of ¢ "¢~ — 7777 (y) measurement
Blinding strategy

® Current status:
 Tracking, PID and )(2 study are only using MC for now

» Trigger study already checked eTe™ — u*u~(y) data but with preliminary
selections

B Several strategies with varying blinding levels are under discussion,
considering factors like effectiveness, complexity, and necessity.

—2 Backup slides

19



Summary

B Successful sanity check with 1.856 fb-1 data out of 427 fb-1
* Reasonable data-MC agreement even without any efficiency correction

B Trigger study (preliminary selection) with muons confirmed 99% efficiency in data

® Optimizing the 2D )(2 cut using BDT with an approximated cut shape

B PID performance is being studied with “tag and probe” method

B Single track inefficiency and correlated track loss have been studied with MC
* Good agreement between the data-driven approach and the MC-based one
* Ready to check data after the blinding strategy is settled

B Target systematic uncertainty: ~ 0.5%

20
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Backup

Preliminary selection (not optimized yet)

e Preliminary selection ¢ HiE trigger line
= ISR (highest E* in case of multiple candidates)
o with E_;‘SR > 2 GeV, and in ECL inner barrel region: (32.2+5, 128.7-5)

= The optional photon:
o All clusters in CDC acceptance (smallest x%SR In case of multiple candidates)

= Two tracks:
o dr < 2.0cm, |[dz| < 5.0cmand p > 1.0 GeV in KLM inner barrel region
o PID(pionID_noSVD or muonID_noSVD) > 0.01

s Mo_tracr < 3.5 GeV

= Kinematic: Prob(x¢z)>0, not optimized yet

22



Status of ¢ "¢~ — 7777 (y) measurement
Sanity check with 1.856 fb-1 data

m Preliminary selections: ISR in ECL barrel, E*

* > 2 GeV, PID, p> 1 GeV, y;g cut only

Belle Il preliminary [Ldt = 1.856 fb~!

Belle Il preliminary [Ldt = 1.856 fb~!

1800 ——mM —r———————————————————————— 200 ——m8m8 —m——m—m————— ————————————
i [ pipi - 1 pipi
1600 - 0 mumu 1750 f 0 mumu
f [ pipipi0 | [ pipipi0
ooy k+k- 1500 | B k+k-
o 1200 F [ kOkO o | kOkO
o B ee o 1250 mmm ee
1000 | BN tautau g - I tautau
0 i BN gg vy 1000 mmm gg
QC) 800; B qgbar q:) - I qgbar
2 ool B (XX £ 750" mmm iIxx
L | tdt L t dt

400 |

500 |

200 | 250 -
ok 0L
@) 2 ——— e — e —— e @) 22—

< N < o e
2000000, ’* ....... I ¢ ¢ LARRA * 000000000 ¢ + 1
-lg 1: h ++ + +{+++++++++*i¢+00000’00’0' ............ ++ .lg 1:*+0““ ot : ++§*HHHMH ............ o ++**
O ........................... i O .............................
O 0 2 4 6 8 10 12 14 O 0 2 4 6 8 10 12 14
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Status of ¢ "¢~ — 7777 (y) measurement
Sanity check with 1.856 fb-1 data

s Preliminary selections: ISR in ECL barrel, £ > 2 GeV, PID, p > 1 GeV, x4, cut only

Belle Il preliminary Belle Il preliminary

[Ldt = 1.856 b~

[Ldt — 1.856 fb!

—_— i
: [ pipi i 1 pipi
600 0 mumu ] 350 | _ 0 mumu -
[ pipipi0 | i 1 pipipi0
—~ 500 | 0 k+k- __300f - B k+k- -
" SOOTH* mE kOkO | - ‘ _ Hl 1 N kOKO |
o - BN tautau | o 220 BN tautau
= 400 B qgbar g : H BN qgbar |
0 . XX n 200F . XX
.QC) 300 { o dt .g | i | { o dt
150 F

c | I:EJ |
L 200 f 100 | |

solf .

3 AP e Fy
ol ol
@) 2 ————————————————————— @, 2 ————————— —————————r
= : ‘ = ; )
—- [ } + — [ ;
T Lfeeeren SIRLn I (RRIRR ALY S 1 ottt gttt
s | b © \ - v o +
O %= 4+ & s 10 12 14 o o 2 4 6 8 10 12 14
IN(x&r+1) IN(xZcr+1)
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Status of ¢ "¢~ — 7777 (y) measurement

Trigger study with e"¢™ — "1~ (y) events and preliminary selections

The hie trigger efficiency (0 < M, < 1.0 GeV/c?)

Vs [MeV/c?] | €qata (%]  €data stat. [%]  emc [%]  emc stat. [%)] VS [MeV/c?] | €data [%0]  €data stat. [%]  emc [%]  emc stat. [%)]
187.50 99.87 0.03 98.42 0.04 587.50 99.81 0.04 98.49 0.06
212.50 99.87 0.02 98.52 0.03 612.50 99.89 0.03 98.44 0.06
237.50 99.84 0.02 98.41 0.03 637.50 99.86 0.04 98.44 0.06
262.50 99.85 0.02 98.45 0.03 gl il (L e .06
287.50 99.88 0.02 08.47 0.04 F e s U e U
312.50 99.86 0.02 08.53 0.04 e -6 4 e 0.07
337.50 99.82 0.03 08.45 0.04 e A U5 J8.41 007
362.50 99.91 0.02 98.50 0.04 i = e i 0'06

787.50 99.89 0.04 98.59 0.06
387.50 99.86 0.03 98.52 0.05 i g Py fes i Py
412.50 99.86 0.03 08.46 0.05 837 0 99 88 0.04 08 53 0.07
437.50 99.82 0.04 08.46 0.05 262,50 90.86 0.05 08 41 0.07
462.50 99.86 0.03 98.39 0.05 887.50 99.92 0.03 08.37 0.07
487.50 99.82 0.04 98.45 0.05 912.50 99.90 0.04 08.51 0.07
512.50 99.91 0.03 08.37 0.06 937.50 99.83 0.05 08.52 0.07
537.50 99.78 0.04 98.44 0.06 962.50 99.87 0.05 08.42 0.07
562.50 99.82 0.04 08.46 0.06 987.50 99.89 0.04 98.51 0.07
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Status of ¢ "¢~ — 7777 (y) measurement

Blinding strategy

B Current status:
 Tracking, PID and )(2 study are only using MC for now

- Trigger study already checked e e~ — u™u~(y) data but with preliminary selections

B Several strategies with varying blinding levels are under
discussion (effectiveness, complexity, necessity , ..., etc)

* Apply a hidden scale or removal factor at the
reconstruction or analysis level

* Scale the MC with an arbitrary factor for each study —
offset on data-to-MC ratios

* Manipulate mass spectra simultaneously (mass

dependent scale/removal) for both data and MC — blind

the cross-section, ensuring similar data-to-MC ratios to
the unblinded data

Modified R value / default

1.02 -

1.01 -

1.00

0.99 -

0.98 4

0.97 A

Shape controlled by
blinded parameters

——————————————————————————— ———————— ——————————————————_—————————— ——— . ———————————————— -

0.25

0.50

0.75

1.00 1.25 1.50 1.75 2.00
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