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SuperKEKB

Energy asymmetric e*e” collider at c.m o

energy = 10.58 GeV/c? vsmme SUperKEKB
o Clean environment to study e*e" — qq 2w
World record luminosity: 4.7 - 103 cm? s

424 fb™! collected so far
Currently in Long Shutdown 1

e+ 4 GeV 3.6 A
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Belle Il
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Radiative return method

e Use ISR photon to effectively scan the c.m. energy
o Scan hadronic system invariant mass — energy dependent cross-section

measurement AN
signal 0
aM Ue+e——>hadrons(\/§)
e Used in the past in BaBar, KLOE, BESIII
Hadrons

DESY. Page 7



Measurements

e New low-multiplicity triggers

o Two independent triggers: tracker and calorimeter
O ISR processes separated from other radiative effects
o — ~100% efficiency for energetic ISR photons ( > 2 GeV/c?, 20° < 8 < 160°)

e Two channels currently under study
o e'e—-mm

o e‘e — mwmm®
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e'e” — 11 at Belle Il

Overview

The largest contribution to a HVP ~ 73 %
Target 0.5% precision using 363 fb! data

Following BaBar method as a baseline: Phys. Rev. D 104, 112003 (2021)

o Based on measurement of mrtr/pp ratio with ISR
Systematics dominated measurement

Implementation of kinematic fitting tools

o Useful for reduction of background and correction of tracking efficiency
MC-level study ongoing

Design of data-driven efficiency corrections for tracking, trigger and 1/p/K 1D
ongoing
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https://journals.aps.org/prd/pdf/10.1103/PhysRevD.104.112003

T+ + -
ete’ —
Overview
e Latest measurement from BaBar: Phys. Rev. D 104, 112003 (2021)

e |[nBellell

o mmm® mass range : [0, 1.05], [1.05, 2.0], [2.0, 3.5] GeV/c?
o First region contains w and ¢ resonances

o Measurement of a (31'r) in range [0.62, 2.0] GeV/c?

o Dataset : 190 fb
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https://journals.aps.org/prd/pdf/10.1103/PhysRevD.104.112003

Event selection

e Two tracks + three photons : e'e - 1" 110 (> YY) Y\sr
o Tracks : ensure that track originates close to the interaction point
o Photons : at least one photon must be energetic ISR (E,,s > 2 GeV/c? in barrel

ECL)
e 1 reconstruction Selle 1 SIntiaten
o Invariant mass of two photons within o | M, < 1.05 GeVic
0.123 - 0.147 GeV/c? f —nmn’y
I — Y
I o400
é 0 | TR Y
. : i c |
e Select events using x? kinematic fit L ; \
with 4-momentum conservation 10 b A W
constraint undere*e” > T’y ;
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Event selection

Cuts to reduce remaining backgrounds
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High-momentum p — 1 m°
ISR candidate from 1° decay
ISR-like photon from merged m° photon pair
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Background corrections

DESY.

Control samples: invert background rejection cuts
Data-driven corrections to M(31r)

Final State Radiation
o Photon emitted from final state charged pions: negligible contribution
o0 Photon emitted from quarks

Dominated by production of C = +1 resonances decaying to "  1°: ny,
a,(1260)y, a,(1320)y...

Contribution estimated from perturbative QCD and sum of Breit-Wigner
widths

Large uncertainties but overall small contribution
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Signal extraction

o M(mr*mr ) is split in ~200 bins in [0, 3.5] GeV/c? range
e Signal is extracted from M(yy) distribution in each M(31T) bin

o Integration in range (123, 147) MeV/c? — number of events in M(31) bin

o Combinatorial background is rejected
e Obtain M(31) distribution
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Efficiency corrections

Detection efficiency estimated using MC

O selected / generated # of events
Data-MC corrections applied

Trigger efficiency

High energy photon detection efficiency
Tracking efficiency

0 efficiency

x° selection

Background reduction cut efficiency

O O O O O O

Systematic uncertainties derived together

with corrections

DESY.

Signal Efficiency
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Unfolding

e Unfolding is applied to background subtracted spectrum

o Mitigate detector response and FSR

o Kinematic fit constrained by beam 4-momentum and ° mass
e Gaussian convolution fit to o,  and J/p resonances

dN meas. dN gen.
(@), ~Zal(@) -,
J

i J

3.5r
r —14000
Typically good resolution ~ 7-10 MeV 3F 12000
10° Belle Il Simulation % 2.5 10000
Ng 100 E 9; 2_ —8000
Q [v2]
E 10° | =
= 8 151
® DF S
ki .
il 1; _ _ 2000
& @ Belle Il Simulation
1 | [ I B B 08 Lo b b by v b1 0

0.1 008006004002 0 0,07 004 006 0.08 01 5 1 15 2 25 3 35
DESY. A M, = MY _ S (Gevi/c?) Measured M,_(GeV/c?)



Cross-section and apI

As a function of the invariant mass of the hadronic system

C f it tISR ( ,) ( Nsignal/ ¥ ,)unfolded
- 6+€_ T —
ross-section withou o —3 S . ( / \/»/) . . ( )
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Cross-section and apI

As a function of the invariant mass of the hadronic system

— Signal distribution
o : (dN, signal/ dv's')unfolded
Cross-section without ISR Ue+e—_>37r( S ) =

e (dLog/dVs) - R-B(7® — 47)
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Cross-section and apI

As a function of the invariant mass of the hadronic system

— Signal distribution
o : (dN, signal/ dv's')unfolded
Cross-section without ISR Ue+e—_>37r( S ) =

e (dLog/dVs) - R B(7® — 47)

Detection
efficiency
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Cross-section and apI

As a function of the invariant mass of the hadronic system

— Signal distribution
o : (dN, signal/ dv's')unfolded
Cross-section without ISR Ue+e—_>37r( S ) =

e (dLyg/dVs) - R B(1® — )

Detection T
efficiency Effective ISR

luminosity
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Cross-section and apI

As a function of the invariant mass of the hadronic system

— Signal distribution
o : (dN, signal/ dv's')unfolded
Cross-section without ISR Ue+e—_>37r( S ) =

e (dLyg/dVs) - R-B(10 — )

T

Detection o
efficiency Effective ISR Radiative

luminosity

correction factor
(multiple ISR)
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Cross-section and apI

As a function of the invariant mass of the hadronic system

— Signal distribution
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Systematics

DESY.

Result in range: [0.62, 2.0] GeV/c?
Major systematic uncertainties
o 1 and tracking efficiencies
o In M(3m) > 1.05 GeV/c?, the
uncertainty of selection efficiency
is dominant
For a (31), the total uncertainty is
expected to be ~2% including stat.
uncertainty of 0.5%

The results will be released within a
few months

M < 1.05 GeV/c?

M > 1.05 GeV/c?

Trigger 0.2 0.2
ISR photon detection 0.7 0.7
Tracking 0.8 0.8
° reconstruction 1.0 1.0
¥ distribution 0.3 0.3
Selection 0.2 1.9*
Integrated luminosity 0.7 0.7
Radiative correction 0.5 0.5
Total systematics 1.8 2.6
Total statistics 0.5

Total 1.9

*Statistical error dominant
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Summary

e Belle Il has collected 424 fb™ of data
o Data taking restarting in February 2024 after Long Shutdown 1

e Two active HVP measurements
o e'e — m'm: target 0.5% precision
o e*e — mwmm®: ~2% precision with 190 fb™' of data

e Expect systematic uncertainties to decrease as we understand our detector
better and analyses are refined
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BACKUP
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Dispersive method

= We want to calculate the leading order hadronic
vacuum polarisation (HVP) contribution

1) Feynman rules for HVP insertion to photon propagator:

. 17

1 _ _—igh® )9
f ] q V= m( "’)lnud(‘l (= 'f)m
M.5(q%) Any and all
— , _ i€ ¢ [ ImIl(s) ermitted
2) Employ analyticity: W@W' @ _,-5)2?/“,‘ ™ PR ) phadrons
nud(qz)

; & F s
3) Insert to vertex correction, solve for a,: a?2dLOVP — — CIm Ihad(s)K(s)
e o o L ol
t

Strongly

4) Utilise optical theorem: 5) Arrive at equation for aj*® "0 VP weighted at low-
2 energy (non-
o0
. had,LOVP _ 1 0 gt
Im &@k PN ‘ “3 4_3/ ds Ohaa (8)K () per’tur.batlve
T Jsn regime)
T Tyaa(?) widilod) agadﬁ = bare cross section, FSR included

= Similar dispersion integrals for NLO and NNLO HVP
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Kernel function

z? LA+ + o)’

2
> (10g(1—|—x)—a¢+7>+

1-5, 4m2
ST 5“:\/1‘ :
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Monte Carlo generators

DESY.

Source Generator

rtr 0y PHOKHARA

atn~n0y (fake 7°0) PHOKHARA

Tty PHOKHARA

aTr 7970 PHOKHARA

ete™ () BABAYAGA.NLO

Yy BABAYAGA.NLO

ut =y KKMC

K2 K? ~ PHOKHARA

m KKMC + PHYTHIA + EvTrGEN
dd KKMC + PHYTHIA + EvTGEN
SS KKMC + PHYTHIA + EvTrGEN
cc KKMC + PHYTHIA + EvrGEN
Tt~ KKMC + TAUOLA
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Event selection
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Event selection

e Cuts to reduce remaining backgrounds

o Background containing no real ISR photon: non-ISR qq and 11

m High-momentum p — m* M(TT"Y o) > 2 GeV
m ISR candidate from 1° decay: M(y,grY) cut
m ISR-like photon from merged 1° photon pair

- Belle Il Simulation
50 |-
- — n*rnly

40 - —— Non-ISR qqgbar

30

Entries

20 |

10 |

0 0.05 0.1 0.15 0.2 0.25 0.3

M(y 7) (Gevic?)

DESY.
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Background corrections

Estimate by determining a mass-dependent data-MC scale factor using a control sample
data

N
MC M i,Control
Nz’,Signal — Nz‘,Signal ' NMC
i,Control

e*e—K'Kmly: Invert /K ID : L(1/K) > 0.1 = L(1/K) < 0.1

(]
o e'e— mmmomly: Reconstruct mrmm’mly and select x?(41y) < 30
e Non-ISRqq:0.10 < M(y,srY) < 0.17 GeV / large cluster second moment
3 3 Belle Il Simulation
10* F
—d HE ; — n*nnly
& 10° L —— Non-ISR qqgbar
N | 0
o 8 2
=2 = Control
+° 15 c . .
= | LU region
= 1'_ ................... EIEIE!I;] {
o IEEiZIENE Foe _
Q r .TC+TE-TCO'Y srre-enmm g g Eg%_ -1! o1
0.5 H[ Jmtnmondy| -1l illili s am g
: SFREEEEEE Rttt —Ll-l'l_l'l I
groetef Smyation ;, ps|Ees bo R EaE N 1 ] TR _ P 5
0 05 1 15 2 25 3 15 2 25 3 35 4
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Trigger efficiency

e ISR events are triggered by the energy trigger

(E,y > 1 GeV) in the calorimeter i E R N
e The efficiency can be measured by using the go.s |
events triggered independently by the track EO.G
trigger ; |
o Efficiency for energetic ISR > 99% %0'4 e o1s
e The systematic uncertainty related to triggeris =, [Ldt=4a.6 o
well suppressed, 0.2%. ' 1 GeV cluster trigger
e The high trigger efficiency for energetic ISRis ~ ~ °° 0, L o A0
also beneficial for other ISR processes
Page 33
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Tracking efficiency

DESY.

Tracking efficiency is confirmed by tag-and-probe method using 1 pairs.
Track loss due to shared hits on the drift chamber is confirmed.
o Evaluate using the e*e” — m*m %y process at the w resonance

Define Ap = ¢ (%) — @(77)

The inefficiency due to track loss is given by f =
o The track loss in MC is 4%
In total, the systematic uncertainty of tracking is 0.8%

Ag

N(A¢ < 0)

— N(A¢ > 0)

Entries

2N (A¢ < 0)

35000 r
30000 [

25000 |

10000 |

5000 |

20000 f

15000

..... Belle Il Simulation
: j Ldt =189.9 fb*

—Ap<0

01 02 03 04 05 06 07 08 09
| Ag | (rad.)




m? efficiency correction

0 detection efficiency is 50-60%
e Evaluate efficiency using the e*e — T’y events around w resonance

N (Fullreconstruction tr— WO’YISR)

0 .
m efficiency =
YN (Partialreconstruction : 7+ 7~ gR)

Partial reconstruction ™y : ISR + two tracks

The squared 3 mass M(m*mm® ___) is defined as M* (7" 7™ Mroeon) = (Pr+ + P + Precoit)”
Recoil momentum p___ . is determined by kinematic fit to "y with hypothesis that
recoil mass equals ° mass (1-constraint)

e Fiton M(n*n'noreco") distribution around w resonance to estimate the number of 31y

o  Count the number of events in w region

[Jothers

12000 | Belle Il Simulation
P [Ldt=189.9 fo
§:10000 - [ rrndy
2 5000 |- [In'nnonty
= KsKLY
= 6000 I qqbar
(5]

' 4000
c
w

2000 -

0.6 0.65 0.7 0.75 0.8 0.85 0.9 0.95
DESY. M(nl, ) (GeV/c?) Page 35
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m? efficiency correction

m° detection efficiency is 50-60%
Evaluate efficiency using the e*e — "’ events of w

resonance N (Fullreconstruction :7m 7~ 7%y1sR)

nefficiency =

[y
QU

N (Partialreconstruction :7+ 7~ yisr)

Full reconstruction: partial reconstruction + 11° selection +
X < 50
Fit M(yy) with signal extraction parameters in w region

o  Signal: Novosibirsk function + Gaussian (fixed parameters)
O  Background: Quadratic function (floating parameters)

The T1° efficiency is independently evaluated by data-MC

=
o
w
T
oy,

F Belle Il Simulation
[ resonance

10? E

Entries (/ 0.2 MeV/c?)

=
o

AN I T TN [T S S T T TS SN SN SO T NS S W

comparison 008 01 012 014 016 018

2
The systematic uncertainty related to 1% is 1.0% M, (GeVvic?)

The uncertainty is evaluated by variations of the M(yy)
signal pdf, background pdfs and selections
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Effective ISR Luminosity

dﬁeﬁ(\/?)ZQ\/?g s + 52 1n1+(30897_3—8
dv/s' s m\s(s—s) 1—cosb, s

20° < 8 < 160°
L =189.88 £ 0.05 + 2.85

DESY.

/
COS 97) Lint
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Radiative correction

Take into account multiple ISR photons

Calculated using PHOKHARA

MUYy events simulated with LO+NLO ISR, VP effects, without FSR

R is very close to 1 and associated uncertainty is relatively small (~0.5%)

olete”™ — puTpu~ + multiple visr)
o(ete™ — ptu~ + single yisr)

R —
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Previous measurements

BABAR 2021 BESIII 2019 Combination as of 2017
Radiative return Radiative return
Method Vs = 10.58 GeV Vs =3.773 GeV -
Tagged-ISR Tagged + Untagged ISR
Int. Luminosity 469 fb—1 9:93 fh—" -
a,(3w) x 1010 45.86 (< 2 GeV) 49.77 (< 3.0 GeV) 46.20 (< 1.8 GeV)
Stat. unc. (%) 0.3 1.06 0.9
Total Syst. unc. (%) 1.3 1.9 3.0
Luminosity (%) 0.4 1.3 -
Photon eff. (%) 0.2 0.9 -
Tracking (%) 0.54 0.4-1.0 -
70 eff. (%) 0.5 0.4 -
Trigger (%) 0.7 - -
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