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eTe” has along history in studying QCD

« PETRA at DESY —>Discovery of the gluon (shown 1979)

f *-..5tracks
4 tracks. - : 4.3 GeV

4.1 GeV




Belle - Belle ll

Belle at KEKB (1999 - 2010) — Belle Il at SuperKEKB (2019 - present)
e B factory at Tsukuba, Japan |
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https://journals.aps.org/prab/abstract/10.1103/PhysRevAccelBeams.26.013201

Belle - Belle ll

Belle at KEKB (1999 - 2010) — Belle Il at SuperKEKB (2019 - present)

Belle Il Online luminosity Exp: 7-35 - All runs

17.5 4~ Integrated |umin05ity ...................................................................................

B factory at Tsukuba, Japan mm Recorded Weekly
. + _ . . ] 15.0 - s IERecordeddt — 575.47[fb71]
Asymmetric eTe™ collider at collision

energies at or near Y(4S) : R r—— | pres——
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Belle Il Detector @ SuperKEKB

» Large acceptance with good vertexing, PID, and tracking
KEK Report 2010-1 [arXiv:1011.0352]

KL and muon detector

EM calorimeter

Energy resolution: 1.6-4%
Barrel: Csl(TI) + waveform sampling \\
Endcap: waveform sampling

Outer barrel: Resistive Plate Counter
Endcap/inner barrel: scintillator

Particle identification

electrons (7 GeV) Barrel: Time-Of-Propagation counters (TOP)
Forward: Aerogel RICH (ARICH)
Kaon eff. 90%

Fake 7 rate 5%

Vertex detector

PXD: inner 2 layers pixel detectors
SVD: outer 4 layers strip sensors
IP resolution: 15 um

Central drift chamber

Spatial resolution 100 um
dE/dx resolution 5%
pr resolution 0.4%



https://arxiv.org/abs/1011.0352

Opportunities for Precision QCD
studies with the Belle Il dataset

« Hadronization Studies and Entanglement in Hadronization
- High statistics - Complex final states

*lnputto g — 2
- New Low Multiplicity trigger

[ J aS
- Precision measurements



Examples: Single/Di-hadron Multiplicities, Polarization
and back-to-back Correlations to access

Fragmentation Studi
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https://journals.aps.org/prl/pdf/10.1103/PhysRevLett.122.042001

Planned Input Nonperturbative
Hadronization Frameworks

* Fragmentation Functions: Factorized QCD

« MCEGs: QCD Models - Basis for experiments + Physics Insight
- Full Partial Wave decomposition of di-hadron correlations

- Event Shapes

- Jet rates vs resolution, hemisphere,

- Event rates relative to event plane (and z, py), including baryons
- Multiplicities of resonance production (p, w, K*, ¢, AL, E,Q)

« Ratios between pseudo-scalar and vector mesons (also important for
cosmic events)

- Charge/strangeness/baryon number compensation along event
axis



Planned Input Nonperturbative
Hadronization Frameworks

* Fragmentation Functions

* MCEGs
 Calculations in Schwinger Models

- Entanglement in back-to-back di-hadron pairs

- Entanglement in A polarization
- Also QI approaches

 Misc

- Ridge inete~ —
655 |
650 |
845} Belle Il off-resonance
640 F simulation for A — A
635 |
630
e25F Paa = 0.0006 + 0.0005 (fit)

620 E

_103

From Phys. Rev. D 109, 116003

Phys. Rev. Lett. 131, 021902 (di-hadrons)
Recent light meson FFs from

Schwinger model e-Print: 2504.08142 [hep-ph

polarization correlations
ete” > qq,q €Eu,d,s,c
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https://arxiv.org/abs/2504.08142

Brand New Opportunities at Belle II:

Precision Jet Physics in e*e”

+ Jet physics (will) play an Eeuus a8
important role at the A ™ -—
EIC and LHC

« FF->Jet functions
(perturbative)

* Precision o -
measurementsin ete” JHEP10(2019)031
annihilation will test arXiv:2204.02280v2
current theoretical s = = g TS
understanding =

* Lower energies like
Belle in particular
sensitive to
hadronization effects

« Example: Transverse
Momentum Imbalance - v
& > TMD framework %

(TMD Jet functions _

calculated at N3LL) Using R = 1.0, Ejo¢ > 3.75 GeV,

10

0.
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Belle Il

projections
(statonly) .
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https://link.springer.com/article/10.1007/JHEP10(2019)031
https://arxiv.org/pdf/2204.02280

Measurements related to g — 2

« Experimental uncertainties ~20ppm

« Theoretical uncert Inties ~2x higher
dominated b%/ )HVP term and the
O(a®) HLbL term

* HVP in the past determlned via dispersion

relations
HVP,LO “ K (S)
ay = 2_2

T M12r S

R(s)ds

3
) R(S) - 47'[22

. Large part of the uncertainty in
ete” measurements stem from disagreement
between experiments

- Weighted average - = 4 o difference to SM

* Recent Lattice results =» g — 2 consistent with
theory

- Inconsistent with experiment

=»Need to resolve inconsistencies with new
Measurement at Belle Il
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3D L1 Trigger: Key improvement for

low multiplicity events

* Belle Il designed with low multiplicity trigger in mind

« Exclude Bhabha w/o decreasing
efficiency

« Enables low multiplicity/dark sector physics
* Pure photon trigger efficiency for ISR events > 99% for high

energy y
(determined with orthogonal track trigger)
EM Calorimeter Be"e .",t.ng.g_er .eﬁlcl.e.n.c.y.for HHY (data)
Y\\\I"I//m 1.0 '. ....................... S——
N D] Q Zos
Lo cham_l;_:er v
= Belle Il 2019
0.2 [Ldt=4.6 fb?
1 GeV cluster trigger
0.0 05 1.0 15 20 25 3.0

12 CMS ISR Energy (GeV)



Leading contributions to dispersive
evaluation

oy E>1.8 GeV

100 KK, auHVP
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A. Keshavarzi, D. Nomura, and T. Teubner, Phys. Rev. D101, 014029 (2020).

KK, oy

E>1.8 GeV (a HVP Error)Z
n'n'n‘n'\ "

menon \

* Relative experimental uncertainty
- 't~ channel about 0.5%
- ttn~w° channel about 2%

T

13



Current Analyses

e HVP
-ete" s ntn™
-ete” >t % 5 PRD 110 (2024) 11, 112005: e-Print:
2404.04915 [hep-ex]

-KKn%y

* LbL

-yy* > n’

 Pursuing blind analysis for all
 Data driven efficiency corrections
* Also consider t decay

14


https://arxiv.org/abs/2404.04915

New result on ete™ - rtt—n°

b L
o

Cross section difference (%)

N
o

o O O

W b O
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# BABAR (21)

Belle Il Error (Total)

: _ -1 SND (03) Belle Il Error (Syst.)
3 det_1;1 fbo © OMD-2 (04
N o r
- 'f“‘?;%;:"I"'\Fi"?"i""-l--»-ir-.-i---.r--. 1
z ¢ ST
E. PR N T W TR T ST T S S S N S P | s
0.76 0.77 0.78 0.79 0.8 0.81 0.82
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* Resulta;™ = (48.91+0.23+1.07) x 1071°

Dominated by systematics in w, ¢ resonance regions

Uncertainty = 2.15% — 2.8% (above/below 1.05 GeV)
(compare with 1.1 % at BaBar)
2.5 o from BaBar result

Study effect of different ISR generator (PHOKARA)

Entries per 50 MeV/c?

Belle Ii Simulation
[Ldt=1911"

[ »wx® signal

l:l combinatorial vy
R
M xxwy

- Non-ISR q§

1 1.5 2
M(37) (GeV/c?)

25 3 3.5

Systematics dominated by i, tracking efficiencies, uncertainties on radiation
- Expect improvement with more data/MC

15



ete” st~

Follow BaBar analysis in [BaBar, Phys. Rev., D86, 032013
(2012)]

BaBar used 232 fb~! =>Current Belle Il dataset similar but
significantly larger in the future

Use uu control channel to reduce luminosity related uncertainties
Key ingredients: Data driven corrections, kinematic fits

Systematics dominated by PID (+0.24 %)
and ISR luminosity (+£0.34 %)

- PID: Belle Il upgraded PID and larger luminosity might provide
opportunities

- ISR luminosities: PHOKARA event generator at Belle I, u ID

Current Analysis Status
- Implementation of kinematic fitting

- Design of data-driven efficiency corrections for tracking, trigger
and u, K, m id ongoing

Additional considerations: Optimize selection criteria for
intermediate window where lattice/data disagree
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as (and test of QCD calculations)

* Measurements of as generally also test QCD calculation framework

* ag = 0.1179 + 0.0009, (Z pole) >

as

6055

~ 0.8%:

=» Order of magnitude larger than QED, weak, gravitational coupling

uncertainties!

* Need reduction of §as to improve uncertainties on all pQCD

observables

a(Q?)

03}

02}

01}

17

QCD o4(M,) = 0.1181 = 0.00

April 2016
v T decays (N3LO)
a DIS jets (NLO)
0 Heavy Quarkonia (NLO)
o e'e jets & shapes (res. NNLO)
® c.w. precision fits (N3LO)
v PP —> jets (NLO)
v pp —> tt (NNLO)

------
gL

11 '
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as (and test of QCD calculations)

* Measurements of as generally also test QCD calculation framework
 ag = 0.1179 4 0.0009, (Z pole) & == ~ 0.8%:
S

=» Order of magnitude larger than QED, weak, gravitational coupling
uncertainties!

* Need reduction of §as to improve uncertainties on all pQCD
observables

Belle Il can contribute to reduce uncertainties on ag through

(see D. d’Enterria et al., “The strong coupling constant: State of the art and the
decade ahead,” (2022), arXiv:2203.08271 [hep-ph] for details)

» 7 spectral functions (currently = 1.6% uncertainty on ag extraction)
- In particular some 2,4 « final states still dominated by LEP

18



as (and test of QCD calculations)

* Measurements of as generally also test QCD calculation framework

e ¢ = 0.1179 + 0.0009, (Z pole) > 225 ~ 0.8%:
as

=» Order of magnitude larger than QED, weak, gravitational coupling
uncertainties!

* Need reduction of §as to improve uncertainties on all pQCD
observables

6055

Belle Il can contribute to reduce uncertainties on ag through

» 7 spectral functions (currently = 1.6% uncertainty on a extraction)
- In particular some 2,4 « final states still dominated by LEP
*ete” Rratio (c(e*e™ - hadrons)/o(ete™ - utu™))

- Belle Il could provide independent R measurement from /s =~ 2 —
10 through radiative return technique

19



as (and test of QCD calculations)

* Measurements of as generally also test QCD calculation framework

e g = 0.1179 + 0.0009, (Z pole) D> 225 ~ 0.8%:

=>» Order of magnitude larger than (6ED, weak, gravitational coupling
uncertainties!

* Need reduction of as to improve uncertainties on all pQCD observables

Belle Il can contribute to reduce uncertainties on ag through

« 7 spectral functions (currently = 1.6% uncertainty on as extraction)
- In particular some 2,4 « final states still dominated by LEP
* ete” Rratio (o6(ete™ — hadrons)/a(ete™ » utu™))

- Belle 1l could provide independent R measurement from /s =~ 2 —
10 through radiative return technique

« ete™ event shapes, EEC (currently few percent ag uncertainty)

- Advances in theory to NNLL, progress to reduce dependence on
hadronization uncertainties (e.g. groomed jet)

* FFs
- From MLLA

- From scaling violations combining FFs at Belle Il with FFs at higher
energies

20



as (and test of QCD calculations)

* Measurements of as generally also test QCD calculation framework

e g = 0.1179 + 0.0009, (Z pole) D> 225 ~ 0.8%:

=>» Order of magnitude larger than (6ED, weak, gravitational coupling
uncertainties!

* Need reduction of as to improve uncertainties on all pQCD observables

Belle Il can contribute to reduce uncertainties on ag through

« 7 spectral functions (currently = 1.6% uncertainty on as extraction)
- In particular some 2,4 « final states still dominated by LEP
* ete” Rratio (o6(ete™ — hadrons)/a(ete™ » utu™))
- Belle 1l could provide independent R measurement from /s =~ 2 —
10 through radiative return technique
« ete™ event shapes, EEC (currently few percent as uncertainty)

- Advances in theory to NNLL, progress to reduce dependence on
hadronization uncertainties (e.g. groomed jet)

* FFs
- From MLLA

- From scaling violations combining FFs at Belle Il with FFs at higher
energies

21



Summary and Outlook

 High Statistics Dataset of Belle Il allows precision tests of QCD

« Known initial state vs moderate Vs, multiplicities &> Complementary to
hadronic reactions

 Existing results from Belle (systematics limited)
- Cross-sections of light and charmed mesons
- Cross-sections of selected baryons
- Back-to-back correlations of light mesons
- Polarization measurements of hyperons

« Underway at Belle Il
- Spin correlations of hyperons
- Back-to-back jets to test precision QCD calculations
- Low multiplicity cross-sections with radiative return for g — 2

* Lots of room for future work
- Full map of correlations in hadronization
- Event shapes
- g — 2 from low multiplicity and t events
- Measurements sensitive to «ag

22
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Tension in existing KLOE/BaBar
measurements

Need to be resolved !

0,0
(6 /6KLOE combination) = 1

a, x 10% — 1165900

1400
BaBar (09)
0.2 | KLOE combination
dete” - 1) 4 1200
0.1 4 1000
41 800
0
4 600
01 F 4 400
4 200
-0.2
| | | | | 4 0
0.6 0.65 0.7 0.75 0.8 0.85 0.9
Vs [GeV]
BNL
FNAL| (run 1)
—
FNAL (run 1-3)
Exp. Avg.
BMW
Lattice QCD
—i
White Paper
Standard Model
17.5 18.0 18.5 19.0 19.5 20.0 20.5 21.0 21.5

o%e*e” — n'1) [nb]
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Figures from JHEP 03, 173
(2018), arXiv:1711.03085 [hep-ex]

Antoine Gérardin@DIS




Azimuthal Asymmetries in back-to-
back jets

* New suggestion: Measure
Colllins-like back-to-back .
azimuthal correlations for jets =
= R -
0. 0.5 1.

qr(GeV)

The time-reversal odd side of a jet
*Fund.Res. 3 (2023) 346-350, e-Print: 2104.03328 [hep-

 Current Belle Il projections for
acceptance effects
encouraging

« Charm contributions will be
iImportant

_0'008.2 04 06 08

25


https://arxiv.org/abs/2104.03328

KEK facility




Belle Experiment (1999 - 2010)

Belle Detector

n=1.015~1.030

SC solenoid "+
1.5T

Csl(Tl) 16X,

TOF counter

~

= '/}\\,T-y T

&

i Tracking + dEldx
~ small cell + He/C,H,
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From: PTEP 2019 (2019) 12, 123C01, PTEP 2020 (2020) 2, 029201

+About 4x10° events per fb~1 off-resonance



Single Hadron FFs from Belle

Ingle hadron cross sections: Transverse momentum dependent
DY (z,Q%) tom |
1,q 2y ete” - hX asymmetries
ete” - (h) ()X,

PRL111 (2013) 062002
PRD101(2020) 092004

h 2
Unpol SIDIS, pp:% Dl,q(zv kr, Q%)

ete” - (h)(W)X
and scale dependence PRD 99 (2019) 112006

Polarizing A fragmentation
DfT(Z' kti QZ)

PRL 122 (2019), 042001

hi1h 2
Dl,lq Z(Z,m,Q ) D?,q(zaQ

PRD92 (2015) 092007
PRD101(2020) 092004

PRD96 (2017) 032005

Transverse momentum dependence underwly


http://inspirehep.net/record/1216515
http://arxiv.org/abs/2001.10194
http://arxiv.org/abs/arXiv:1509.00563
http://arxiv.org/abs/2001.10194
http://arxiv.org/abs/arXiv:1611.06648
http://inspirehep.net/record/1718551
http://inspirehep.net/record/1607562

Di-hadroi

PRL 96 (2006) 232002
PRD 78 (2008) 032011
PRD100 (2019) 9, 092008 (pr, °,1n)

Cross-section ete™ — (hyhy)(hy hy ) + X
X Df' D1l + H1l HiLCOS(d)Rl + ¢r2)

PRL107 (2011) 072004 1505.08020 [hep:
29



https://arxiv.org/abs/1505.08020
http://inspirehep.net/record/687436
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daidx,, [pb]
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Phys.Rev.D 111 (2025) 5, 052003

31

o

L L 1 L L L 1
01 02 03 04 05 0.6 0.7 08 08
*




Probing non-factorized QCD hadronization picture
(I.e. models, MCEGS)

Hadronization Model in MCEG

Fragmentation Functions

Exclusive final states

 Focus on more
‘inclusive’
measurements 2>
factorization holds

« Recent activity in more
exclusive measurements
(in particular jets)

“Hard” subprocesses
well constrained by
theory

 Measurements
focusing on MCEG
iImprovement different
from measurements
extracting hard physics
(grooming) or FFs
(more exclusive)

 Needs MCEGs for
experimental extraction

* Very precise
extractions->Benchmark
for MCEGs
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MC tuning studies

« Event Shapes
« Jet rates vs resolution, hemisphere,
» Event rates relative to event plane (and z, p;), including baryons

 Multiplicities of resonance production (p, w, K*, ¢, A, X, 2, Q)
- Ratios between pseudo-scalar and vector mesons (also important
for cosmic events)

« Charge/strangeness/baryon number compensation along event
axis

33



Probe String Fragmentation In
harge, flavor correlations

C

Yield (HH,)

3
x10
. EIC ep@18x275
400 | H1,H2= . [ ep X
%R + LEP e'e s =91 GeV
I
i Ve ° Belle e'e” 5 = 10.52 GeV
-
#r q‘-:\ HH, or H'H
LAY ~ +
19 % H{H; or H{H
“ -
200 = TN S
® b\ ~ - _
\ AN - -
- Noe =~
s~ N~ o IS
‘\h—\_@ _.__-.-‘.:_“—‘ =a
o e -
0 20 40 60 80
1‘form (fm)

o (dd) K*(us)

Struck
valance
quark

* Belle Il mainly in non-perturbative regime

M. Mouli Mondal @ CPHI2022

Phys.Rev.D 105 (2022) 5, L051502
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World Data on ete-

° Dom | nated by B l World Data (Sel.) for e'e — n-+X Production I

factories

 Limited lever arm
in +/s in particular
at high z

* Precision data
Includes charged
single hadrons r,
K, p, D,
baryons... 2

Phys.Rev.Lett. 111 (2013) 062002 (Belle)
Phys.Rev. D88 (2013) 032011 (BaBar)
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The future is now: Next Generation B
factory SuperKEKB

Int. Lumi (Delivered)

[fb-']
5000
Int. Lumi (Delivered)
& 10 36 1000
i SuperKEKB / 2021c 2022ab
g 1035 4000 " Target Target
:) 600 5 I OfbA [
= 34 .
= | 480
.E 3m0 200 ./7“_'/. Base
E 10
: ‘TEVATRO‘N ;1,'10/1 21/11/30 22/1/30 22/4/1 22/6/1 22/8/1
g 103 ISR, ¢*** LL B2 C2 2000 ¢
A | ..00' TRIST u
1031; g ~LO! LEP 80 [
o AT ¥y BM’L 1000
107 - o0 gppg Base
L DOIT seee
102 L~ . : : o #”/

1970 1980 1990 2000 2010 2020
Year

20/4/1 21/4/1 22/4/1 23/4/1 24/4/1 25/4/1 26/4/1

Beam currents only a “nano-beams” are the
factor of two higher key; vertical beam size
than KEKB (NPEP”) is 50nm at the P

Belle Il already delivered world record luminosity
Belle Il aims to have significantly higher luminosity, current record: 4.7x103*cm=2s!

Future P5 recommendation: FCC-ee or muon collider up to 10 TeV
1 _
* SO0 dependence, dataset of 10s of ab™?!
= no precision measurement outside the Z resonance



Jet mass

* Proposal to polarize electron beam at SuperKEKB %
> Whitepaper: e-Print: 2205.12847 e >f/( — Y

« Can access jet mass

* "QCD Higgs mechanism’ o TS e
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37 See also A. Accardi, A. Signori, Phys.Lett.B 798 (2019) 134993



Summary and Outlook

« eTe™ annihilation allow for precision studies of QCD

* Belle Il will provide world record statistics for

- Precision measurements of fragmentation functions with complex
final states

- Tune MC generators

- Probe Jet calculations at low scales where hadronization effects
play a significant role

- Constrain HVP, Hibl contributions to g-2
- Constrain ag
- Test QCD calculations of event shapes
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Radiative Return Method

« Compare to direct scan

» Advantage: Cover a wider energy reach with the same setup
—>systematics, Belle Il can reach = 0.5 GeV

» Disadvantage: background events from outside the energy
window, efficiency limited by ISR detection efficiency

107"

hai rons

hadrons

¢’ \_, EM Cal.
Drift
chambe

e- . .} e+
Energetic ISR photon S . -
U \\ 10 3 L " " - .
\\ ! I 0.5 1 1.5 2 2.5 3 3.5 4

Eff. Luminosity L_ (fo™/ 0.010 GeV)

/s' (GeV)

ISR photon
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Particles Jets

e [Show example topologies of selected dijets vs non-dijets]
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Access to polarization dependent di-hadron
FFs in di-hadron back-to-back correlations

Di-hadron plane

Cross-section ete™ — (hihy)(hy hy ) + X Thrust axis

o« Di Di + Hji Hicos(¢pr; + ¢Pr2)
41

e Statistics Hungry, only possible at B-factories



3D L1 Trigger: Key improvement for

low multiplicity events

* Belle Il designed with low multiplicity trigger in mind

« Exclude Bhabha w/o decreasing
efficiency

« Enables low multiplicity/dark sector physics
* Pure photon trigger efficiency for ISR events > 99% for high

energy y
(determined with orthogonal track trig="kqq i igger sficiency for uyy o
EM Calorimeter 1.0 rreree e s
Y\\\lll//(777 >
L\ Drift | Q % |
\ chﬁmper \ %06
LTV T L e GLJ |
0.4
5 Belle I 2019
Jo2 [Ldt=4.6 fb1
1 GeV cluster trigger
0.0 05 1.0 15 20 25 3.0

42 CMS ISR Energy (GeV)
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Transverse momentum dependence

» Goal: Extract D(z, k)

» Several ways to be sensitive to k
- Vs thrust or jet direction - Have to relate measured p to k¢
- Relative in back-to-back hadrons—>sensitive to D(zq, k1) @ D(z,, kr,)
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Transverse momentum distributions

*0.85< Thrust T < 0.9
- Transverse momenta mostly Gaussian
- Possible deviations for large P, tails, but also large uncertainties
—>TMD evolution
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