Low multiplicity physics at
Belle |l — a talk of two halves

Jim Libby (IIT Madras)

6/22/2026 Seminar CPPM



Outline

e First half
e g(ete” > ntn [7°]) andits
relation to the anomalous

magnetic moment of the muon

.

e Status of these measurements
at Belle |l

e nly ALY B

LIRSS et
., Il“*_*l‘:}

¥ .’r'

6/22/2026 Seminar CPPM



Outline

e First half
e g(ete” > ntn [7°]) andits
relation to the anomalous

magnetic moment of the muon

.

e Status of these measurements
at Belle |l

0' -:-"h-.;I‘ e b “ i
..:1' II u“;'* :"‘ff}'

6/22/2026

e Second half

 |[ntroduction to the dark sector

* Recent low-multiplicity
measurements at Belle |l
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Magnetic moment

* A particle with charge and spin ¢ Classical physics: g =1
generates a magnetic moment:

e
g S

/i

Relativistic quantum mechanics prediction for a
point-like particle: g = 2 (Dirac, 1928)

* Forthe electron, experimentally found to be
ge = 2.00238(10) (Foley & Kusch, 1948)
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Magnetic moment

* A particle with charge and spin ¢ Classical physics: g =1

generates a magnetic moment: , g atjvistic quantum mechanics prediction for a

e s o :
point-like particle: g = 2 (Dirac, 1928)
h= 95— S

* Forthe electron, experimentally found to be
ge = 2.00238(10) (Foley & Kusch, 1948)

 Schwinger figures out why: QED
* What we are really interested in is the difference
between the g factorand 2, i.e., g — 2.

g=2( 1 +.00116. . _ . g—2
- - We define the anomalous magnhetic momentas a = -

- ji=(1+a)=S
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Magnetic moment

* A particle with charge and spin ¢ Classical physics: g =1
generates a magnetic moment:

e
ugS

* Relativistic quantum mechanics prediction for a
point-like particle: g = 2 (Dirac, 1928)

* Forthe electron, experimentally found to be
ge = 2.00238(10) (Foley & Kusch, 1948)

 Schwinger figures out why: QED
* What we are really interested in is the difference
between the g factorand 2, i.e., g — 2.

g=2( 1 +.00116. .

: . -2
- We define the anomalous magnhetic momentas a = gT

- ji=(1+a)=S

* Muons are ~40,000x more sensitive to loop
processes due to their larger mass
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2020 status of a,

QED

a,(x10™"): 116584718.9(0.1)

Contribution Section Equation Value x10'""  References

Experiment (E821) Eq. (8.13) 116592089(63) Ref. [1]

QED Sec. 6.5  Eq.(6.30) 116584718.931(104) Refs. [33, 34]

Phys. Rept. 887 (2020) 1-166

6/22/2026
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2020 status of a,

1)
QED
a, (x107"): 116584718.9(0.1) 153.6(1.0)
Contribution Section Equation Value x10'""  References
Experiment (E821) Eq. (8.13) 116592089(63) Ref. [1]
QED Sec. 6.5 Eq. (6.30) 116584718.931(104) Refs. [33, 34]
Electroweak Sec. 7.4 Ea. (7.16) 153.6(1.0) Refs. [35, 36]

Phys. Rept. 887 (2020) 1-166
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2020 status of a,

Y v
Y W
/ Y
QED Hadronic VP
a, (x107"): 116584718.9(0.1) 153.6(1.0) 6845.0(40.0)
Contribution Section Equation Value x10'""  References
Experiment (E821) Eq. (8.13) 116592089(63) Ref. [1]
QED Sec. 6.5 Eq. (6.30) 116584718.931(104) Refs. [33, 34]
Electroweak Sec. 7.4 Eq. (7.16) 153.6(1.0) Refs. [35, 36]
HVP (e*e”, LO + NLO + NNLO) Sec. 8 Eq. (8.5) 6845(40) Refs. [2-5]

Phys. Rept. 887 (2020) 1-166

6/22/2026
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2020 status of a,

v v i
w v
Y W
/ i
QED Hadronic VP Hadronic LbL
a, (x101): 116584718.9(0.1) 153.6(1.0) 6845.0(40.0) 9.0(18.0)

Contribution Section Equation Value x10'""  References

Experiment (E821) Eq. (8.13) 116592089(63) Ref. [1]

QED Sec. 6.5 Eq. (6.30) 116584718.931(104) Refs. [33, 34]

Electroweak Sec. 7.4 Eq. (7.16) 153.6(1.0) Refs. [35, 36]

HVP (e*e”, LO + NLO + NNLO) Sec. 8 Eq. (8.5) 6845(40) Refs. [2-8]

HLbL (phenomenology + lattice + NLO)  Sec. 8 Eaq. (8.11) 92(18) Refs. [18-32]

Phys. Rept. 887 (2020) 1-166
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2020 status of a,

Y Y Y
w v
v W
/ Y
QED Hadronic VP Hadronic LbL
a, (x107): 116584718.9(0.1) 153.6(1.0) 6845.0(40.0) 92.0(18.0)
Contribution Section Equation Value x10'""  References
Experiment (E821) Eq. (8.13) 116 592089(63)  Ref. [1] 3.7 sigma
QED Sec. 6.5  FEq.(6.30) 116584718.931(104) Refs. [33, 34]
Electroweak Sec. 7.4 Eg.(7.16) 153.6(1.0)  Refs. [35, 36] Beyond the
HVP (e*e", LO + NLO + NNLO) Sec. 8 Eq. (8.5) 6845(40) Refs. [2-8] SM physics
HLbL (phenomenology + lattice + NLO)  Sec. 8 Eq. (8.11) 92(18) Refs. [18-32] in the loop?
Total SM Value Sec. & Eq. (8.12) 116591810(43)  Refs. [2-8, 18-24, 31-36]
Difference: Aa, :=a, "' — a" Sec. § Eq. (8.14) 279(76)

Phys. Rept. 887 (2020) 1-166
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* Fermilab g-2 experiment has
reduced experimental uncertainty

Status today

by a factor of 4.2
BNL ESB21 +—a——+ BNL . .
runcl e e arXiv:2606.17323 Final report
Run-2/3 o
Run-4/5/6 HH FNAL
Run-1-6 ot
Exp. average Experiment

R T T B
17 18 19 20 21 22 23
a,-10°— 1165900
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Status today

BNL E821
Run-1
Run-2/3

o
Run-4/5/6 HH
Run-1-6 ot
Exp. average

FNAL

Experiment

O/ LLI LULO

21

R T T B
22 23
a,-10°— 1165900

* Fermilab g-2 experiment has
reduced experimental uncertainty
by a factor of 4.2

e arXiv:2606.17323 Final report

* What about the theory?
a,® = 0.001165920 715(145) (124 ppb),
a,"* = 0.00116592033(62) (530 ppb).
[ J

Excellent agreement!
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Status today

T

BNL E821
Run-1
Run-2/3
Run-4/5/6
Run-1-6

g ® |
HH
tot

Exp. average i

FNAL

Experiment

17

O/ LLI LULO

19

20

21

R T T B
22 23
a,-10°— 1165900

* Fermilab g-2 experiment has
reduced experimental uncertainty
by a factor of 4.2

e arXiv:2606.17323 Final report
* What about the theory?

”Exp _

” 0.001165920715(145) (124 I‘le}:ll}~
Theo

a,"* = 0.00116592033(62) (530 ppb).
* Excellent agreement!

* Recall, theory was
* 0.001 165918 10(43) in 2020

* What changed
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* Fermilab g-2 experiment has
reduced experimental uncertainty

Status today

by a factor of 4.2
BNL E821 +—a——+ BNL . .
RUN-T oy e arXiv:2606.17323 Final report
Run-2/3 HH
RUN-4/5/6  tof FNAL * What about the theory?
Run-1-6 ot
Exp. average W Experiment a, P = 0.001165920715(145) (124 ppb),
eory
SNDOb ———— Theo — 1165 :: ) F:
S a, 0.001 165 920 33(62) (530 ppb).
BaBar09 — Theory(2020)
KLOE —4— * Excellent agreement!
BESII —4—
SND20 ——— * Recall, theory was
T e 0T » 0.001 165 918 10(43) in 2020
* What changed
* Theory from lattice rather HVP e*e~
a.k.a. the dispersive method

R T T B
17 18 19 20 21 22 23
a,-10°— 1165900
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Dispersive method

* Integral over g? of the virtual
photon

V7 = & [ 90 ) e

 Kis a kinematic QED kernel that
solely depends on the muon
mass

4 1S the hadronic vacuum
pof' rization function that
describes the non-perturbative
contribution from hadrons

* Can be computed from lattice or..

6/22/2026 Seminar CPPM
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* Analyticity and Cauchy’s integral

DISperS|Ve method theorem allows this to be
* Integral over g2 of the virtual )
© ImII
photon 02 = L / m hang) g
o mdqg T 4m§ 5(-5'_@)
a == /D ) Ko(@*) Taq(g?)

 Kis a kinematic QED kernel that
solely depends on the muon
mass

I1,_41s the hadronic vacuum
pof'arization function that
describes the non-perturbative
contribution from hadrons

* Can be computed from lattice or..
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Dispersive method

* Integral over g? of the virtual
photon

V7 = & [ 90 ) e

 Kis a kinematic QED kernel that
solely depends on the muon
mass

4 1S the hadronic vacuum
pof' rization function that
describes the non-perturbative
contribution from hadrons

* Can be computed from lattice or..
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* Analyticity and Cauchy’s integral
theorem allows this to be

2 ImTI
[Thaa(9”) = q; [1 G iﬂzg) ds

* Optical theorem (a statement of
unitarity) then relates this to the total

Cross section
[ @] @)
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Dispersive method

* Integral over g? of the virtual
photon

V7 = & [ 90 ) e

 Kis a kinematic QED kernel that
solely depends on the muon
mass

4 1S the hadronic vacuum
pof' rization function that
describes the non-perturbative
contribution from hadrons

* Can be computed from lattice or..
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* Analyticity and Cauchy’s integral
theorem allows this to be

2 © ITmTI
q m I, (s)
g (fi‘z) = ; [1 ) - ds

s(s — q%)

* Optical theorem (a statement of
unitarity) then relates this to the total

Cross section

@

ﬂﬂt\ﬂ& )

* Final expression

1 o0
GHVP.LO _
H 47('3 Am2

mﬂ'

ds K(s)o'”(e"e~ — hadrons),

Seminar CPPM

19




Kernal function and cross section ratio

* K(s)/s makes clear the region
close to threshold is most
Important

K{(s)/s Weight Factor Starting From the Hadronic Threshold

— K(5)j5
=« 2% Threshold (= 0.279 GeV)
—=- Jiwmass (= 3.10 GeV)

o

o

o
L

o

o

B
1

K(s)/s (GeV™%)

0.02:

0.00:

05 10 15 20 25 30
Vs (GeV)
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Kernal function and cross section ratio

. K( )/ k l r t r i a R -_— J(€+€_ dronS) [T = Full hadronic R-ratio
1 7 E+E_—} + [ A
close to threshold is most 107 ( KTHT)

E=I ataoa?
W KK
=== B

BN 2rt2n-
. 109 = ki
L Yy
important ==
1071 == KK
,G, B (2nt 2T I
x 10-2 .00
. . . R (2nt 20 1"y
K(s)/s Weight Factor Starting From the Hadronic Threshold e
10_3 :Iyl- other states
(=== I R R o P
— K(5)5 10~ g :3""
0.08 = 2m* Threshold (= 0.279 GeV) B (3 3
. - A, ,
: ——- Jfwmass (= 3.10 GeV) 1073
1 Vs (GeV)
1
1
a 0.06 i
] 1
E 1
5] : Contributions to a‘*j"’” Contributions to a;""” squared Error
- 1
20,04 A -
ik : = ntne
b‘: I s oot
N : [ el
0.02: ! S
: 1 . ntno2nt
: . 2nt2n-
. 1 e Al other exc. states
0.00q: 4 BN ChPT/res./pQCD estimates
T T T T T T - VE =2 1.937 Gev
0.5 1.0 1.5 2.0 2.5 3.0 mm Radiative Corrections

Vs (GeV)

A. Wright Phi to Psi
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https://indico.sns.it/event/140/contributions/1343/

Status toda * Fermilab g-2 experiment has reduced
y experimental uncertainty by a factor of
UL LN B L L L LN N BN B S BRI B B BB BB 4°2
BNLEGZ1 +me—+ BNL e arXiv:2606.17323 Final report
Run-1 —0—t
un-2/3  HEl FNAL  What about the theory?
Run-4/5/6 HH
Run-1-6 ot
Exp. average Experiment G_Exp = (.001 165 ?}2[}?'15(145] [:124 pph:},
Theory
SND06 ——4—— | a,"*° = 0.00116592033(62) (530 ppb).

CMD-2 ———
BaBar09 —— ISR Theory(2020)
KLOE —4—
BESII| ——4—

Excellent agreement!

Recall, theory was

SND20 ——— S . _
cmp3 ol 0.001 165 918 10(43) in 2020
HVP lattice ° What Cha nged

* Lattice now provides the theory value
* But why does the dispersive disagree
* New measurements required —enter Belle |l

L
17 18 19 20 21 22
a,-10°— 1165900

/221 2ULO Seminar CPPM 22
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Belle Il Online luminosity Exp: 7-42 - All runs

Integrated luminosity
B Recorded Weekly

20 4 = [ Lrecordea dt = 900.46 [fb~1]

Data sample and detector

. SuperKEKB and luminosity

* nanobeam scheme to increase instantaneous
luminosity by factor 30 to collect multi-ab™
sample

* World record instantaneous luminosity
March 2026

¢ 5.2x103% cm™2s7!
* Target 6x103° cm™2s71

* Run 12019-2022 e

Total integrated Weekly luminosity [fb~1]

Ko R & R a0
v Vv Vv Vv Vv "
* 365 fblat Y(4S) + 42 fb~! off-resonance to Date
Ch a ra Cte rl Ze CO ntl n u u m Updated on 2026/06/20 09:26 |ST
* Run 2 2024-

* +~500 fb~1so far and exceeded the Belle Y(4S)
dataset — KEK press release

6/22/2026 Seminar CPPM 23
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https://www.kek.jp/en/press/202606051400

Data sample and detector

e SuperKEKB and luminosity

* nanobeam scheme to increase instantaneous
luminosity by factor 30 to collect multi-ab™
sample

* World record instantaneous luminosity
March 2026

¢ 5.2x103% cm™2s7!
* Target 6x103° cm™2s71
* Run1 2019-2022

* 365 fblat Y(4S) + 42 fb~! off-resonance to
characterize continuum

e Run 2 2024-

* +~500 fb~1so far and exceeded the Belle Y(4S)
dataset — KEK press release

e Belle |l detector

° Sj vertexinF, low-mass tracking, particle ID,
and crystal calorimetry

* beam-background mitigation key

6/22/2026 Seminar CPPM

Belle Il Online luminos

ity Exp: 7-42

- All runs

B Recorded Weekly

Total integrated Weekly luminosity [fb~1]

Integrated luminosity

20 4 = [ Lrecordea dt = 900.46 [fb~1]

Belle Il
Sur:;er conducting coil
BT < EZARREE |
CSl 12 P |
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https://www.kek.jp/en/press/202606051400

Peak luminosity [x10*°cm-2s1]

Only the start of the journey

Peak luminosity

w/ QCS upgrade
[ inLS2

w/o QCS upgrade
inLS2

Integrated luminosity (delivered)

w/ QCS upgrade
inLs2

wio QCS upgrade
inLS2

=

Jan 2024

Today

6/22/2026

F Jan 2029 Jan 2034

“Jan 2039
Date

~
S

Integrated luminosity (delivered) [ab™']

40

30

20

Specific luminosity x103! (cm~2s~1/mA?)

~
)

Seminar CPPM
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From K. Trabelsi at Flavours at FCC

'
10

2x10%

2.08A/148A

3A/2A

L=2.4x10%

B, =0.6 mm

*

1000 1500 3000

lp+lp - Np (MA?)

7500
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https://indico.cern.ch/event/1588013/contributions/6756044/attachments/3176697/5649601/belle2_kt_20251119.pdf

Peak luminosity [x10*°cm-2s1]

Only the start of the

Peak luminosity
w/ QCS upgrade w/o QCS upgrade i
e | — N s

Integrated luminosity (delivered)

w/ QCS upgrade
inLs2

=

wio QCS upgrade
inLS2

=

'{ Jan 2029 Jan 2034

Jan 2024 “Jan 2039

Date

Today

6/22/2026

170

=
S

Ln
S

A
)

175}
S

b
S

~
)

journey

Integrated luminosity (delivered) [ab™']

From K. Trabelsi at Flavours at FCC

& 12F 3A/2A
E 2x10% L=2.4x10%
'_E 10 r. B, =0.6 mm
| |‘ 2.08 A/1.48 A *
£ N
= 8- “. (]
: I VIR
o
| oy
=
wv
g 4
I=
=
=) 2
'8 e B,=0.8mmCcCwW
t% e B;/=1mmcCw
1 | | | |
O0 500 1000 1500 2000 2500

lp+lp - Np (MA?)

Currently 0.9 mm/1.6 A/1.2A

High backgrounds, low injection efficiency

Intensity frontier is challenging

Seminar CPPM

26


https://indico.cern.ch/event/1588013/contributions/6756044/attachments/3176697/5649601/belle2_kt_20251119.pdf

Initial state radiation (ISR) method — < .hd{

~—— mhmxﬂ\
* Scan over masses of the hadronic system via }
ISR e _— ”’d"(L’L#’[;l;f v
, 2E; , _— Mg,
e Scans' = s ( ), where E;,‘ls ISR photon
NG hadrons

energy in c.m. frame and +/s = 10.58 GeV

EM Ca
* Technique used by BaBar, KLOE and BESIII but [I Drit ]D
NOT Belle chamber

6/22/2026 Seminar CPPM 27



hadrons

Initial state radiation (ISR) method ¢ —

* Scan over masses of the hadronic system via
ISR

€ — Mq”lf’fﬁwv{
2E , M
*Scans’' = s (1 — ﬁy), where EJis ISR photon
energy in c.m. frame and +/s = 10.58 GeV
- Technique used by BaBar, KLOE and BESIllbut 7777777
NOT Belle go8
* New at Belle Il: L1 trigger for ISR using ECL %“-5
cluster energy > 1 GeV S0 4 *
s Belle Il 2019
* Trigger efficiency measured using independent -, [Ldt=4.6 b1 |
track trigger linesine™ e™ — u™ u~yevents . | 1GeVclustertrigger
- Efficiency = (99.9+0.1)% U CMS ISR Energy Gov)

6/22/2026 Seminar CPPM 28



Measurement outline (part 1)

* Following BaBar 2012 method
« PRD 86, 032013 (2012)

* Updated without PID — angular distribution to
separate muons and pions — preliminary

6/22/2026 Seminar CPPM
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Measurement outline (part 1)

Visr
* Following BaBar 2012 method DR
 PRD 86, 032013 (2012)
* Updated without PID — angular distribution to e e
separate muons and pions — preliminary _ li
Events with no

1. Reconstruction for R-ratio measurement additional photon -+ 7=
* 1 hard photon + 1 optional photon

* 2 tracks w/o particle identification (PID) in
preselection

6/22/2026 Seminar CPPM

ISR+FSR fit

€

Events with
additional photon

'Yi_s'r

A

aT

i
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Measurement outline (part 1)
-

YI.H’
* Following BaBar 2012 method DR /‘ Sl /‘
 PRD 86, 032013 (2012)
* Updated without PID - angular distributionto ¢~ % e’ €7 —p — e
separate muons and pions — preliminary s s & g J’z‘h
additional photon atr additional photon atn

1. Reconstruction for R-ratio measurement

* 1 hard photon + 1 optional photon
* 2 tracks w/o particle identification (PID) in
preselection
2. Double kinematic fits for selecting signal
events and disentangling QED corrections:
“ISR” fit for all events after preselection
* 3 measured particles: 2 tracks and y,gz (energy not Bt

used) L2
 Assume 1 unmeasured photon (ISR) along beam =

directions
* “FSR”fit only for events with y, reconstructed

* 4 measured particles: 2 tracks and 2 photons (ISR
energy not used)

10

102

10

31
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Measurement outline (part 1)
-

YI.H’
* Following BaBar 2012 method DR [ Sl /‘
 PRD 86, 032013 (2012)
* Updated without PID — angular distributionto ¢ - N < @Y e” > ' g
separate muons and pions — preliminary s s k g J’z‘h
additional photon atr additional photon atn

1. Reconstruction for R-ratio measurement

* 1 hard photon + 1 optional photon
* 2 tracks w/o particle identification (PID) in
preselection ay
2. Double kinematic fits for selecting signal .
events and disentangling QED corrections:
- 15
+

“ISR” fit for all events after preselection
* 3 measured particles: 2 tracks and y,gz (energy not B

used) i
 Assume 1 unmeasured photon (ISR) along beam = 3

directions
* “FSR”fit only for events with y, reconstructed .

* 4 measured particles: 2 tracks and 2 photons (ISR
energy not used)

3. PID to classify n, KK and pu events 0 y ,
ln{me)

Seminar CPPM

“BABAR '*,m*n_ {data)

10

102

10
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Measurement outline (part 2)

* Dataset: 427 fb-1 (Run 1)

* QED validationusinge™ e~ - u* u=(y), i.e., radiator function
* Target systematic uncertainty: 0.5%

* Relying on data-driven approaches for efficiency corrections

6/22/2026 Seminar CPPM
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Measurement outline (part 2)

* Dataset: 427 fb-1 (Run 1)

* QED validationusinge™ e~ - u* u=(y), i.e., radiator function
* Target systematic uncertainty: 0.5%

* Relying on data-driven approaches for efficiency corrections

data data data data
gdata — MC [ € ¢ ¢ ¢
-MC =MC -MC -MC
trigger x? PID tracking

6/22/2026 Seminar CPPM
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Small sample check (1.9 fb~") Next few sides rom

Q. Liu @ g-2 Theory Initiative

u Preliminary selections: ISR in ECL inner barrel, £, > 2 GeV. PID, P, > 1 GeV, Xiep cut only

700 T T T T T 300 T T T T T
L. [ mtn™ L [
600 | Belle Il preliminary | == ol Belle ll preliminary | == .
.':.I-" 1 [ ;‘r"]‘ffh $ . (] ;‘th‘ffﬁ
= 500 | Ldt=1.856 b~ | kK < Ldt= 1.856 b~ e
% - . k0K o 200 | 1 g
= Iy } B et = | . XX
o I [ s o } Data
ﬁ . vy ﬁ 150 “‘-b
— 300} - g7 =~ It
$ } Data E 100 ’.L
= 700 o M }
5 + S ob Mk
EECIIEN - Sl
_ﬁﬁfﬂ e, N %ﬁwﬁﬂ“ﬁ’mwrm
0 | m ST L rey () L Leaddamas 0 L L L Il 1 1
[ ? T T T T T T T [ 2 T T T
E =
L 1 e 1 E di
c ! ) %
8 0 1 1 1 I 1 D 0 1 = 1 1 L 1
0.25 0.50 0.75 1.00 1.25 1.50 1.75 2.00 0.25 0.50 0.75 1.00 1.25 1.50 1.75 2.00
M- [GeV/c?] M+, [GeV/c?]

[Fleasonable data-MC agreement before any efficiency corrections
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Small sample check (1.9 fb~)

u Preliminary selections: ISR in ECL inner barrel, £, > 2 GeV, PID, P, > 1 GeV, Xicp cut only

7t~ channel

Belle Il Simulation Al background scaled to 1.856 fo-!

Belle Il prelimina Ldt = 1.856 fb~! : :
P v Belle Il Simulation z*z7y,,

14 - - - Y i . 14 - 14 —— .
5 FHI '-;_-.| -I'.'.-' ? :"' = : '" .. - . ' R
B 2 - e it
lcl I. l. lh. u l.:h- e .. L - lﬂi o I. I. - .I ' .
IAYE 'i:: : . 1
~ ﬁ.:i& q%?‘: 3 o 10! ~ ~ -, . - {101
P T I * *
r‘jgﬁl_}.-:'ir. 3.-- -!'{l'.‘i'c;':-r.:-l- | f\%— 410 -jg?
= " Lo, = T = =
4 ZIE_ :-:".'" -l:i_ lj-.rl-' < - 10°
o, o | e e i D 10
S L
2 I!i .'I =T '-JF.-
o L= -1, *:EII'.:?:!. .:. ® 1071 10-1 101
0 2 4 |nﬁ{x|%ﬂ+31} 10 12 14 |n{xﬁjﬂ+1} |n{x|%ﬂ+l}
PHOKHARA PHOKHARA, KKMC, PYTHIA and EvtGen

heaﬁohable data-M_(_) qagree_linent ngore ani eﬁiqi‘;e_ncy cﬁorrecti'ons
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Trigger efficiency status:e™ e~ — u™ u=(y)

* Trigger efficiency study using
orthogonal trigger lines

* Our ISR trigger: Total ECL energy above 1
GeV

* Reference trigger: At least one 3D track
withp >0.7GeVin CDC

* Trigger efficiency is then measured by:

NecrLnepe

€ECL =
Nepe
e MC underestimated but data

efficiency is excellent and can be used
directly

6/22/2026 Seminar CPPM
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v? selection status

® BDT trained only with the two y?
= Approximate BDT by simple “linear cuts” for similar §/4/8 + B and cut efficiency

Signal MC: ztz~7 utu= IK*K- Background MC
utp
12 . - 12 1 T = e -_ =
107 10° 103
Signal (test) i 10 10
g :ac:gr[:und [test‘.l: ey m o E
? 108 F --- Bestcu o - o X
= N;m” . 102 t‘iﬂ 8 102 8
o 10°F 4 B $ + 6 n
> T : )
= — P o s
= S— . 1 C = 4 e
8 c 10'w £ , 10!
I - L
5 10° 11 2 2 I.
1055 02 0.4 0.6 : 0.8 1.0 Q Lot - . 100 0 ' ' — 10°
XGboost score 0.0 25 S50 75 10.0 125 0.0 25 50 75 10.0 12.5
In(1 + xZz) In(1 + y2.)
ISR XisRr
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PID status

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

® PID variables in Belle |l Belle Il prefiminary Jra=rssenrt
- pionID = . n"';, g::m
LML+ L+ Lo+ L+ L+ L | | SE
is under investigation ‘Z‘ =
» The other solutions: binaryPID like 3 b
L NL_ + L), weightedPionID and 2
Neural network based PID
® Tag and probe method to study the
efficiency and mis-identification S
- Use )(%R and stringent PID cut for the tag E L-I-J-.-lr.,l..l.—,-“‘.l.-l-r,,—
» Enhance pion purity with the p region %

Mrt“rr' [GE‘."‘HCzl
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Tracking status

B Tracking inefficiency study with loose requirements (ISR in ECL inner barrel — in CDC, track P >
0.5 GeV instead of 1 GeV) . _ |
e Ther : Ones track is sslected with

® Ineﬁiciency: primary good track conditions
*P>05GeV
, &° o Tdr - A
N(predicted and reconstructed) & [ar < 0.1] and [abs(dz) < 5.0]
— S/ ** * Theta in CDC Acceptance
E l

N(predicted) * pValue > 0.0

+( or

Inefficiency peak
due to crossin‘g_'

MC-based “prediction”
* The MC track of the other pion

T o

Belle Il Simulation

0.030 : : 0.030 : . :
/ e T is required to have
~ 0.025 ] ~ 0.025 1 __.-"---' > . P:) 05 GEV
o o |
2 o.020 S o020 * Theta inCDC Acceptance
3 ooisf o onis |
o c
a a
T 0010, T oooof,l o
(179" Lt b b L ]
2 0.00s| Wt by iy 2 coos| P ity | Atleast ons reconstructed
Tag 7™, probe ™+ Tag 7, probe 7~ ISR Photon
0000, 5™ " Z04 0z 00 02 0.4 0.6 0000504 0z 00 0z 04 06 o Eqyy > 2GaV
Apoe" of the two tracks Agpoer

* In CDC Acceptance i
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Tracking status

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

¢ Ineﬁioiency: primary good track conditions
*P>05GeV
N(predicted and reconstructed) :g,-:\*""“ﬂ _ e [dr < 0.1] and [abs(dz) < 5.0]
— - S/ TE * Theta in CDC Acceptance
N(predicted) S

* pValue > 0.0
Inefficiency peak y x Data-driven prediction
due to crossin_gi_‘

Bellel | Sinllulatilon * Ths recoil ( calculated by 1C fit)

0.030 : : 0.030 : : . :
| //, is required to have
el | | ol * P>05GeV, /2 < 1
S o020l |} S 0020 e Theta inCDC Acceptance
& 0015} o 001st
o o
g g
Jonor | U 0010+
5 5
L ]
2 sl 2 oos! ] Atleast one reconstructed
Tag 7, probe 7+ Tag 7", probe 7~ ISR Photon
000 o2 0z 00 o0z 04 08 OO0y s 02 0z 00 o0z 04 08 o Eqyy > 2GeV
Ag9e" of the two tracks Agoer

* In CDC Acceptance 5
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Tracking study

» Understanding of the inefficiency peaks with 7™ as the tag (probing 77
» ISR in ECL inner barrel (0.65 < @ < 2.16) will reduce the inefficiency peak !

3.0 -
Belle Il Simulation e 06 10<bsp<17
55k 1 ' . Belle Il Simulation — G2€|ﬂ.d3|€03
0.5 ﬁ 0.5 1 0.4<|Ap|<0.5 -
.................................................................................... . -~ =
2o / : - 0 04
T |y N A 0
8;] 1.5 Due to track 5 DBE S 03 MHWJWIH
— crossing I % ]
1.0 by i - A
S 02 = T 0.2 LUJL
............................................ g LR P o E JLLHH
05 - 0.1 O 01
1 =
[} U i | i | [ D.D 0.0 n i i 1 i i i i | i i i i |
—Dﬁ —D4 —GE 0.0 0.2 0.4 0. 0 1 2

A@9="of the two tracks pi<"(n~) [GeV]
Low p of the probe
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Tracking study

® 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

Conditional on m~ reconstruction Conditional on m* reconstruction
G.GBG ¥ I E I J I ! L ® I E I 1) T G.GBG ¥ I E I J I ! L i I E I
: dite driven : t data-driven
~ 0.025 L MU based ~ 0.025 {  MC based
o~ - ' o~
o o
© o0.020} © 0.020
— ——
a‘ 0.015 | . J a‘ 0.015 J ‘
c i Belle Il Simulation C Belle Il Simulation
Q | Q
O 0.010 F ! O 0.010
& t & _
: | it | :
<€ 0.005} m H H < 0.005 | “
| | M i *“ i | R i
0.000 L : : : 0.000 L : : :
208 —DE -ﬂ4 —D2 2 04 0.6 0.8 Y08 —DE -04 —02 ﬂﬂ ::-. 0.4 0.6 0.8
ﬂtﬁ Ag
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Tracking status: correlated loss correction

_ Ny le % Ongoi tudies:
» Correction factor f, = — ngoing 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 = N,+ N; + N, , with N estimated by lifting track cuts for the tag projection using data from the p region
6.00200 st~ fO with Error Bars 000200 4"~ f0 with Error Bars
*
0.00175 - & 0.00175 -
Belle Il Simulation ’ Belle Il Simulation
0.00150 - 0.00150
0.00125 4 . 0.00125 4
ISR in CDC o 0.00100 H o 0.00100 +
f""ﬂ___F > 1 GeV 0.00075 1 0.00075 1 +
0.00050 ! + + 0.00050 4 +
' } } b
0.00025 0.00025 ¢
b bttt
0.00000 4 ""; .ﬂ} L ++++“+.++ ++ l'+*++ + . 8 0.00000 mmmm‘. s ++.+ +““
—1.00 —UI.]"E —1)'50 —UI.25 {}I.EJ'D U.I25 O.ISCI 0.11'5 100 =1.00 —UI-?EF —0I50 —UI.25 'D.'U'D U.IEE 0.:30 U.%"S L00
ﬂ¢,;ﬁmn5tructed ﬁ¢$cunstructed
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Conclusionone™e™ - m m (y)

* The key selection components and their control studies in place
* Trigger
* 2 selection
* PID
* Tracking

* Blinding strategy in place too to allow large samples to be used
* These will be combined for the R measurement

* Where it sits will be important in understanding the current
iIncompatibility of the LQCD and dispersive predictions

6/22/2026 Seminar CPPM
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Phys. Rev. D 110, 112005 (2024)
Signal process :ete™ - yigrr Tl (> yy)

+ . — + — O Signal spectrum Efficienc
0'(8 e 2T M TN ) dNsignal ydLeff

= Oge—-31°

dm dm | o
* Initial-state radiation technique — 3¢ mass  Crosssection - Effective luminesiy
wide invariant mass range P r—
e Partial Run 1 data set — 191 fb™? 10 FfLat=t01 807"
| ¢+ Data _‘“‘.
* Selection via kinematic fits G0t Fmrnt 2
. . . % [l Non-ISR qg _,.: E N .
» Key challenge is ° efficiency S o lmrsr PN v
e Custom determination using w S }
decay 8107} '
. Background control samples for ol
ete —>nnn0ny,R,ee—>
qqYisg and ee” —» K"K~y g L

0.60.650.70.750.80.850.90.95 1 1.05

6/22/2026 Seminar CPPM MB;-: (GeV/ 02) 46


https://journals.aps.org/prd/abstract/10.1103/PhysRevD.110.112005

Phys. Rev. D 110, 112005 (2024)

o(lete” > ntn n®

0.3
[ Belle Il Error (Total) .
: Belle Il Error (Syst.) Source 0.62-1.05 GeV/c?
02 F o BABAR (21) Trigger 0.1 (—0.09)
i SND (03) _

- s CMD-2 (04) ISR photon detection 0.7 (+0.15)
'~ 04k Tracking 0.8 (=1.35)
L i 7" detection 1.0 (—1.43)
0 l:] ‘I[ 8 e | l Kinematie fit (x~) 0.6 (+0.0)

© 0 N ! i Event selection 0.2 (=1.90)

e v 4 N Generator 1.2

I , Y o '
§ 01F [¥ 1+ =R U ol v E’ Jll i + Integrated luminosity 0.6
b 1 } % Radiative corrections 0.5
Y MC statistics 0.2
T Background subtraction 0.3-0.5
- Unfolding 0.7-15
P I T T S N T TR T T NN T TN S T N N TR SR TR N SR S i
03767 o7e 678 08 081 082 Total uncertainty 2215
s (GeV) (Total correction &/exmec — 1) (—4.61)

f[:-r = (49.02 £ 0.23 £ 1.07) x 10717,

2.60 tension with BaBar
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o - = gettylmdges
Halftime pen, ..

Actually more like final quarter

2247120301
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Dark sector

e ~850 of the matter in the
Universe is non-luminous dark
matter

6/22/2026

Seminar CPPM
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https://www.science.org/content/article/search-unseen-dark-matter-physicists-turn-shadow-realm

Dark sector

e ~850 of the matter in the
Universe is non-luminous dark
matter

 Rather than SM extension, dark
matter may belong to a hidden
sector, with its own particles and
interactions

* The visible and dark sectors can
couple through weak 'portal’
interactions

6/22/2026 Seminar CPPM

Standard model extensions

Dark matter could be weakly interacting massive particles
(WIMPs} existing in an extension to the standard model of
known particles,

#——— Standard model

extension
Standard Quarks, leptons
model and gauge bosons
L WIMPs
Dark sector

Dark matter could also be particles from a shadowy dark sector
that interact with standard particles through subtle mixing

Photon Dark photon

Dark Higgs  Dark sector
-— {new particles

Mixing and forces)
Neutrino  Dark neutring

Higas

+axion-like particle portal

Figure from Science
50
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Dark sector

e ~850 of the matter in the
Universe is non-luminous dark
matter

 Rather than SM extension, dark
matter may belong to a hidden
sector, with its own particles and
interactions

* The visible and dark sectors can
couple through weak 'portal’
interactions

* Belle ll: can search in the range
few 100 MeV to 10 GeV
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Standard model extensions

Dark matter could be weakly interacting massive particles
(WIMPs} existing in an extension to the standard model of
known particles,

#——— Standard model

extension
Standard Quarks, leptons
model and gauge bosons
L WIMPs
Dark sector

Dark matter could also be particles from a shadowy dark sector
that interact with standard particles through subtle mixing

Photon Dark photon

Dark Higgs  Dark sector
-— {new particles

Mixing and forces)
Neutrino  Dark neutring

Higas

+axion-like particle portal

Figure from Science
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Belle Il low multiplicity results

. Z’->upn PRL 124, 141801 (2020)
Axion-like particle PRL 125, 161806 (2020)
Dark photon and dark Higgs PRL 130, 071804 (2023)
Z’—>uu PRL 130, 231801 (2023)
1T resonance PRL 131, 121802 (2023)
up resonance in 4u final state PRD 109, 112015 (2024)
Inelastic dark matter PRL 135, 131801 (2025)
ALP search PRL in preparation
3 more searches in B decay

0N DU WN

6/22/2026 Seminar CPPM
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Belle Il low multiplicity results

Z’—>uu PRL 124, 141801 (2020)

Axion-like particle PRL 125, 161806 (2020)

Dark photon and dark Higgs PRL 130, 071804 (2023)
Z’—>uu PRL 130, 231801 (2023)

1T resonance PRL 131, 121802 (2023)

up resonance in 4u final state PRD 109, 112015 (2024)
Inelastic dark matter PRL 135, 131801 (2025)

ALP search PRL in preparation

* + 3 more searches in B decay

© NG EWN

6/22/2026 Seminar CPPM

This talk
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Inelastic DM: Introduction

* Complex structure with dark Higgs
h' and photon A '- PRD 64, 043502 (2001)

* 2 DM particles y, and y,with Am =
m(x,) —m(xz) >0

* So ), is stable DM candidate

* Also, m(A") > m(y,) + m(yx,) so that
A" = x1x2

6/22/2026 Seminar CPPM
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Inelastic DM: Introduction

* Complex structure with dark Higgs
h" and photon A '- PRD 64, 043502 (2001)

* 2 DM particles y, and y,with Am =
m(xy) —m(xz) >0

* So ), is stable DM candidate
* Also, m(A") > m(y,) + m(x,) sothat
A" > x1x2
* Experimental signhature
* Two two-track displaced vertices

/\/.ll __________ // \\‘\
e W sxTx  (x=un,K) 0 T .
* X2 = x14'(e*e™) (L1 ECL trigger) f- L

* Missing energy ———
* Very small SM background

6/22/2026 Seminar CPPM adapted from Duerr, Ferber et al, JHEPO4 (2021) 146


https://journals.aps.org/prd/abstract/10.1103/PhysRevD.64.043502

Inelastic DM: Results

e Cut-and-count in narrow
window of M(xx)

* Background from M(xx)
sideband

* Full mass range for M(uu) and
M(KK), split at 1 GeV for M(rnr)

6/22/2026 Seminar CPPM
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Inelastic DM: Results

e Cut-and-count in narrow
window of M(xx)

* Background from M(xx)
sideband

* Full mass range for M(uu) and
M(KK), split at 1 GeV for M(rznx)

e 8eventsin 7z, 1in KKand 0
L2y
* All consistent with background

* Largest local significance 2.9,
whichis 1.1c once look-
elsewhere effect is considered

6/22/2026
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ete” =»yy
ete” -BB

ete” -qqQ

QOng

ete =117 (y)

’ MC statistical

¢ Data

1.0 1.5 2.0 2.5
My (mtn~) (GeV/c?)

ete  »ete ete”

% o 7
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Inelastic DM: model interpretation

1 \ L3 ‘
1 -1 L g S8 . B
0 N KTeV. :
102 - Belle Il |_LHCb |
B = KS
1073 .' d |
=) &) ;
B 1, al
—4 /
107 \uBooNE \
Eoo ~o A e |/ (this work)
L ! 1 n_/f -
10-5 =949 / CHARM /<
PS191 A |
: BABAR
105} Belle Il [cdt =365 fb~?
101! 10° 101
m(h’) (GeV/c?)

g2ap(m()1)/m(A"))*

y:

10-°

- Belle Il [cdt =365 fb~! :
| |
1077 BABAR r'
10_8 —_— = — - -——"——_H___._.-'"-_‘ ,_.: 'l";'.,_r
. W Belle II
107° e -_-___"'5-‘.-:_______ (this work)
10710F Y
'No need to assume h'
10711}
7 CHARM
—-12 — VN
10 NucCal
_13foc=eT=l . . A
10735 -

m(x1) (GeV/c?)

Exclusions dependent on couplings, masses and dark sector mixing parameters - 30 different

combinations shown in paper - example above

PRL 135, 131801 (2025) - Editors’ suggestion

6/22/2026
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Axion like particles (ALP) - Introduction

* CPviolating effects possible in the
SM Lagrangian strong interactions, I 0 As e
but not seen e.g., n-EDM Qcp 3 Yoo

e strong CP problem

6/22/2026 Seminar CPPM
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Axion like particles (ALP) - Introduction

* CPviolating effects possible in the )
SM Lagrangian strong interactions, ds |~ a(x)| as  ~
but not seen e.g., n-EDM Locp 36 372 GG = |0 —— G

ST fa
e strong CP problem '

* Peccei-Quinn solution was to
introduce an axion particle a(x)

11

6/22/2026 Seminar CPPM 60



Axion like particles (ALP) - Introduction

* CPviolating effects possible in the
SM Lagrangian strong interactions, ds | ~
but not seen e.g., n-EDM Loecp 3607566 = [9

e strong CP problem

* Peccei-Quinn solution was to
introduce an axion particle a(x)

* Such particles can also actas a DM
candidate or portal to the dark
sector

6/22/2026 Seminar CPPM
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Axion like particles (ALP) - Introduction

* CPviolating effects possible in the

SM Lagrangian strong interactions, ds |~ a(x)| as  ~
but not seen e.g., n-EDM Locp 36 3277 GG — [9 Cf } 327 GG
* strong CP problem T
. . ] AANASY
* Peccei-Quinn solution was to
introduce an axion particle a pé
« Such particles can also act as a DM Y
candidate or portal to the dark §< Ao <Gk
sector "
BC‘ W»..f‘“'}’

* Motivates search inits couplings to
photons

e Complements searches for its
interaction with a magnetic field
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ALP search a->yy at Belle Il

e Scarch for ALPineTe™ — ya fora — yy
(i.e. 3y final state)

b
L. N\
invisible %
e 10—1

Al P-strahlung ~y

recoil

% —rrrrr
p 1072
\\ displaCE%
N -3
\ s _ 10
3
resolved [0
=
>

CDC

ECL

T
Resolved

KLM

1072

pauanl AT ETTT AL WHIT
107" 10° 10’
m, [GeV]



ALP search at Belle lI: method

* Assume a—->yy dominant

* Three photon sighature
* ete” - ya(yy)
* Assuming their total 4-

momentum the same as the
iIncoming beams

6/22/2026 Seminar CPPM
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ALP search at Belle ll: method

E ' I ' j j T i T T T T T T T T T T
108L Belle It (Preliminary) ~ HEE e*e” =>yyly) BN Other
" [Ldt = 408 fb~! mm ete~-e*te (y) t Data
10?— 0 ete” =h"(y)

* Assume a—>yy dominant 2

* Three photon signature iﬁmﬁ
* eTe” - ya(yy)

* Assuming their total 4-

momentum the same as the
incoming beams

* Dominant QED background
ete” - yy(y) - combinatorial -

suppressed by multivariate bl
* Also, dedicated 1% ® and n vetoes Slg1op T T T
* Scan M(yy) and fit for resonance 0,95

M., (GeV/c?)
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ALP search at Belle ll: Results Paperin preparation

53 T e e !
= 0,16 < m, < 1,0 GeV/c? [Ldt = 408 fb~! —— Observed 1
—~ 25 {Preliminary) +20 | E
i ‘ I “ Bl +tlc r,:L
120 B /) i
“?. ookl ML ﬁ
[{»] 15 0. 0.75 0
s
T

10¢ oA Belle I
{l} l In (this work)
+ 1
E:".. \ )\ —~NuCal Belle Il (Preliminary) |
© I.ll r e  E137 JLdt = 408 b '

4 6 8 e -
10CI 10!
m V/c?
* Search m(a) from 0.17 to 9.8 GeV * Interpretas limitong,,
L isnifi GeV * World leading in m(a) from 0.17 to 5 GeV
(]
argeSt Slgm icance at 0.22 Ge * Nearly an order of magnitude better than our

« 3.3c local (1.4c global) earlier publication with 0.445 fb
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Conclusion

co(ete” - ntn [7°])
* Even though g-2 is no longer an anomaly, still a powerful probe of new
physics
* |[f differences among inputs to the dispersive method understood, then
path to a more accurate theory prediction — lattice + dispersive — possible

* New inputs from Belle I, as well as BESIII, KLOE reanalysis and
Novosibirsk experiments, essential
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Conclusion

co(ete” - ntn [7°])
* Even though g-2 is no longer an anomaly, still a powerful probe of new
physics
* |[f differences among inputs to the dispersive method understood, then
path to a more accurate theory prediction — lattice + dispersive — possible

* New inputs from Belle I, as well as BESIII, KLOE reanalysis and
Novosibirsk experiments, essential
* Dark sector searches

* Low multiplicity events with a few tracks and photons allow probes of
many different models — two examples

* |Includes long-lived particles — dedicated triggers can be introduced
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Conclusion

co(ete” - ntn [7°])
* Even though g-2 is no longer an anomaly, still a powerful probe of new
physics
* |[f differences among inputs to the dispersive method understood, then
path to a more accurate theory prediction — lattice + dispersive — possible

* New inputs from Belle I, as well as BESIII, KLOE reanalysis and
Novosibirsk experiments, essential
* Dark sector searches

* Low multiplicity events with a few tracks and photons allow probes of
many different models — two examples

* |Includes long-lived particles — dedicated triggers can be introduced

* The above complement the more traditional quark flavour, tau
and spectroscopy programme at Belle |l
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Really full time - this seems more likely
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