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Muon g-2 and HVP
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® Anomalous magnetic moment of muon in SM deviates from direct measurement by 5¢ or 1-26 ?

HVP HLBL

2)/2 = ad*P + afV + allVP + &}

M= (g, -

® Uncertainty is dominated (>80%) by the leading order (LO) Hadronic Vacuum Polarization

(HVP)
+ Can be calculated by either Lattice QCD or

« Dispersion integral over the bare cross section 6'(s) of eTe™ — hadr(mb(;/)

-0
qHVP.LO _ ~ K(s )R(S)ds R(s) = (E‘ e — hadmnq(y))
g 3::2 2 S clere” — pru=(y)
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Ycranoska: SuperKEKB

» Asymmetric-energy ¢ e collider
B Ecm = MT(4S} 10.58 GeV, B factory
s Goal: Lo, = 6 X 107 cm™2s™!

* 4.7 % 10**cm™2s~! (June 2022, world record)
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K; and Muon Detector (KLM):

barrel layers)

EM Calorimeter (ECL):

o

Vertex Detector (VXD):
2 layers DEPFET pixels (PXD)

Central Drift Chamber (CDC):

arm, fast electronics (Core element)

Resistive Plate Chambers (bamrel outer layers)
Scintiliator + WLSF + SiPM's (end-caps, inner 2

Csi(TI), wavetorm sampling (barrel + end-cap)

l‘-

_\_\-‘_""‘—-__
\
electrons (7 GeV) = —

4 layers double-sided strip detectors (SVD) |

Hefﬁﬂ%ﬁ:ffrl'[ﬁfﬁﬂ%]. small cells, long lever

YcranoBka: Belle 11 4/29

The inner detectors and beam pipe are completely new
Calorimeter, magnet and KLM are reused/partially

upgraded from Belle

o Time-of-Propagation detector(TOP)

(barrel)

t . Aerogel Ring-imaging

Cherenkov detector (ARICH)
(forward end-cap)

positrons (4 GeV)

e
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Scan over masses of the hadronic system via initial state radiation (ISR)

+ hadrons

e

m Fixed center-of-mass energy /s ~ 10.58 GeV
mScans' = (1 — ZE;I‘/\/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)
» Studied with independent track trigger for ppy: 99.9% in barrel region
— 0.1% uncertainty Not possible with Belle data !

hadrons
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® Data set : 191 fb-1

N .
oy (M3ﬂ) _ signal

€(M37r) ) Leff(M3Jr) *Trad
®1/s' range: 0.62 to 3.5 GeV

= Robust event selection to extract e e~ — 7t+7r_7royfs,,

» Background determination and suppression (<1% background at )
B Precise determination of the efficiency with <1% precision
® Unfolding the spectrum to mitigate detector resolution effects

® Blind analysis: all selections and corrections are determined with MC and
control samples



YcaoBusi oTo0pa

m Reconstruct 2 tracks + 3 photons: ete™ — ata~nl,, — 2t 77 yyy,,
» ISR photon: E;k > 4 GeV in ECL barrel region SRl et itirsat s ei e ER
[y [ redwEaasicecc o anih s u R
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Background enhanced data as a control sample to determine a mass-dependent data-MC scale factor :

data
Ndata NMC Ncontrol

sete” - K+K_7IO}/: Inverted particle ID Signal — !VSignal ° NMC
ontro

s ete” - a7 77"y Reconstruct 2t~ 7"2" and select y; < 30

= Non-ISR ¢g: 0.10 < M, < 0.17 GeV/c? or large cluster second moment
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m Difficult to reject FSR events or extract control samples
® Estimate FSR using pQCD prediction based on BaBar’s [PhysRevD.104.112003]

e v
"Ir - - - -
FSR emission from final-state pions
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M = i, a,(1260), ax(1320), a;(1640), ax(1700), a,(1930), ax2030) CONsidered in systematic uncertainty
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s Fitting M, spectrum in each M3 bin to extract 7 signal

B Residual background estimated with data-MC correction factors
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Signal Efficiency

Efficiency ¢ = €MCH(1 + 1;), Data-MC correction 1, ~ O(1)%

l
m Signal efficiency is estimated with MC of 10 x larger statistics

® Data-MC correction factors are studied with data-driven methods and different control samples
» Background suppression is studied with signal yield before/after the suppression criteria

» Tracking and 7" detection are well understood
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*7~ process (1x3 prong)

® Studied witheTe™ — 7
» Tag it~ e™ or x¥n u™ and prob #¥
» Small data-MC discrepancy — 0.3% uncertainty per track v,
® Correlated track loss due to shared hits in CDC is confirmed with ete™ — 7r+7r"'7r0}/ |

N(A¢ < 0) — N(Ag > 0)
ON(Ag < 0)

. Define A = ¢« — ¢, inefficiency: f =

» 5% in data and 4% in MC
® Total correction factor for tracking: -1.4 + 0.8 %
* including dependency on no. of CDC hits and duplicated tracks
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® Measured using ete™ — u*u"y events
* Matching a ECL cluster with missing momentum of the dimuon system

* Good data-MC agreement — 0.7% systematic uncertainty
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» Estimated using the exclusive process eTe™ — Y;er — 7r+7r—7r0}/l-s,,

» Reconstruct only Jz+7r_yisr, and constrain their recoil with 7¥ mass (1C recoil fit) = counting

w — ntn~ Y, as denominator

» Events with successful 71'0 reconstruction as numerator

, — —— _ _ -
Full reconstruction Partial reconstruction
% 5000 [ Belle Il Preliminary © [ Belle Il Preliminary
E oo - fet=191 1" | Data E 8000 |- fLdt = 191 fo | Data
© 5000 LR ires 0 (Dn*n‘n% Numerator) 2R @a Denominatorj
. -Require 5 ; o
g I || Background a 4000 -Recoil fit only DBackground
2000 : o B
_ @ : reconstruction @
€0= =2 io00f BEoRp
VA = s = =sat
w ok L 0 |
5
5 “ t -------------------------------------------------------------- ] §+++ } t f
E:—g | } #& Hliﬂ{ihh* e e P S D:_ 0 *-{{-ﬁﬁ-,‘_‘-hﬁ-m_-ﬂ-_ﬁ_‘_-*-m-&_g._;;:-'_+' 5**@@*“}@“3*";‘-“"‘i*'im g
(73] cb_e, 065 07 075 08 08 09 095 06 o065 07 075 08 08 09 095

M(x*a 7o) (GeV/c?) M(x*n 7%, ) (GeV/c?)

rec.

m €, is studied in data and MC respectively: Data/MC ratio = 0.986 + 0.006stat
B Related systematic uncertainty is 1.0% by varying M(yy) signal pdf, background pdfs, and selections
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 Studied witheTe™ — utu™y

® Check effects from differences in vertex, momentum and energy of ISR and
tracks
* Agreement confirmed within £0.6% uncertainty

B =
2 2 5 10° BeUe: n PrelnT:nary } Data
E(thhr) _ N(X < Xthl") § {L{:ﬁt( cioazr;tl}sample |:|Simulation
Na z 10
2 f_g 10° y
Sdata (Xthr) ‘ 0 10 20 30 X420 50 60 70 80
2uy
2 ) s L
EMC(Xthr \-\3:;, T 1,08 b
g
® Multi-ISR photon is discussed on next sSlides|z oos |/
2 %0 10 20 30 40 50 60 70 80
S xtzhr
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® Signal in this analysis: single ISR emission
[ elIn reality: There are processes with multiple ISR photon emissions
B Two effects of the existence of multiple ISR photons

» Effective integrated luminosity Lﬂ,ﬁr (radiative correction): 0.5% unc.

L ;(3 selection efficiency due to ISR photon calculation in generator: 1.2% unc.

S{Lo ISR INLO ISR/ INNLO ISR|

hadrons

hadrons hadrons
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® 20% excess of the fraction of NLO (two ISR) events on PHOKHARA is
reported by BaBar [PhysRevD.108.L.111103]

* Also confirmed with Belle Il data

* Our )(2 selection rejects most NLO events — efficiency change

> Estimated with MC only: )(2 efficiency is underestimated by (2.4+0.7)%
® NNLO (three ISR) is not included in the generator
* (3.4+0.4)% observed by BaBar
* Influence to this analysis: efficiency overestimation by 1.9%
® No correction is applied to our result, but
* 1.2% systematic uncertainty is assigned as MC generator derived error
» 0.7% (error from NLO excess) ® 0.95% (half of NNLO effect) = 1.2%
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B Estimated by the ratio of signal yield before/after the suppression criteria
® Using w and @, J/Y resonances of good signal-to-noise ratio

®InM;, < 1.05 GeV/c?, efficiency is (89.5+0.2)% for data
o €4l Enic — 1 = (-1.90+£0.20)%

®InM;, > 1.05 GeV/c?, no. of J/Y events is obtained by fitting M,
* €4ata Emc — 1 = (-1.78+1.85)%

statistical errors in the sample
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= Typical mass resolution: ~ 7-10 MeV/c?
® Data-MC difference of mass bias and detector resolution is studied with
narrow peaks at w, ®, and J/¢ in data

» Correct MC by Me\//c for resolution and 0.5-1.5 MeV/c” for mass shift

Belle " Slmulatlon —
10° F - ;
3 . Belle Il Simulation
—~  [Measured f}
o 10*F
>
D
= 10°
L0
0.E.l...'.|....|....|'...|‘...1..,. (QV
67 075 0.8 085 09 095 1 105 = 102 |
Measured M, (GeV/c®) wn 3
19 F Belle If Simulation = -
AT — Original MC = 10 L
214000 {3 ~ Fi MeV/C2___ LIC_I F
%12000;— j % - Corrected MC r
<10000 ;
%,80001— AP T T I T I TP P T CTITs b
$ 6000 06 065 0.7 0.75 08 085 09 095 1 105 1
C 4000
i M, (GeV/c?)
—%.053 —0.02I I—IO,DI‘II ' IOI - 001 - 0.02 a IU.03

AM,_ (GeV/c?)
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Cross section N ]
unfolded,i
Gee—>3n(Mi(37T)) — M (3 7 V(3
Vs £(M;(3m)) « Legr(M;(31)) * Trad
3n mass at i-th bin / / Radiative correction
Effective luminosity

Corrected Efficiency

u Leading order (LO) ISR luminosity with L, . = 191/fb is given by:

2\/;'05 s2+5% 14cosf s—¢

o cos@ | L
s mw\s(s—s) 1-—coséb S

int

® Radiative correction is the ratio of the ISR emission probability including
higher-order effects (LO+NLO+...) to LO

® Higher order (LO+NLO) effects calculated by PHOKHARA
* Give us radiative correction of 1.008-1.013 depending on hadronic energy

Vs’
* 0.5% uncertainty
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® W resonance has a large cross section and contributes largely to aﬂ(Sﬂ)

® Qur result is 5-10% higher than BaBar, SND, and CMD-2

Cross section difference (%)

1800 10% E
; Belle Il Preliminary : Belle Il Preliminary
1600 %‘:_’ J'Ldt =191 b’ de’[ =191 fb™
'8 1400 | 3 I¢ ¢ This exp. ‘8 108 9@9 ¢ This exp.
= 1200 [ ] % BABAR (21) = g‘% 7 BABAR (21) 2
% 1000 ¢ SND (02,03,20) % B ﬂ SND (02,03,20) av‘%
» 800 | E : I CMD-2(04,07) B 102 3 @% % | CMD-2(04,07) FE?-’]
% 600 | 2 % .
(@] i | O
— [ g 3 — 10 b ‘lk‘ %ﬁ
O 400 F s Q
L e
200 | 0 B 5 s ﬁﬁﬁ
O:ﬂ.‘?,a.|l...|.,..|....'|Q.E?.Q.E’i’-’-9.qa‘m. o) L I B I P PR |
0.76 0.77 0.78 0.79 0.8 0.81 0.82 0.7 0.75 0.8 0.85 0.9 0.95 1 1.05
- Vs’ (GeV) Vs’ (GeV)
- = BABAR (21} - ----. " Belle Il Preliminary
A0 B Belle Il Preliminary . BARAKA2T) Balle Nl Error(Tatal) 10° E jLdt=191 b
2 J'Ldt= 191 fi! SND (03) - Belle Il Error (Syst.) ) E T This exp.

30 = ¢ CMD-2 (04) =y ' ! BABAR (21) R
20 = -% 105_ SND (02,03,20) v H__.T?
g oy F | cmD-2(04,07) H“Tﬂ}ﬁ

10 Spels "."f,?- | & 1k .;|+': —li’
: i 414
_10? 10_1?. TI\I...I...I...I...I.
_20 :— 0.6 062 0.64 06'6_ 068 0.7 0.72 074
E . N L L. I £ Vs' (GeV)
0.76 0.77 0.78 0.79 0.8 0.81 0.82
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800
‘ Belle Il Preliminary
700 £ | [Ldt =191 fb”
2 600 b 5 This exp.
: BABAR (21
S 500 F ; % v L
= ; ¥ SND (02,03,20)
Q 400 ) s% ) CMD-2 (04,07)
- o
% 300 — E 0
S 200 F v ;
@) E {’(}
5 @ 00
100 5 AB o
fo & 2 o
oLy o ey [BS0E T o) et o
1 1. 005 1.01 1 015 1.02 1.025 1.03 1.035 1.04
i Belle Il Preliminary \/_ (GeV : Belle Il Preliminary
; [Ldt= 191 fb" DAk [Ldt= 191t
:_ ¢ This exp. 'E 0'85— ¢ This exp.
[ “ BABAR (21) = 0'75_ 4 BABAR (21)
3 SND (02,03,20) -% 0‘65" l SND (02,03,20)
il thy } CMD-2 (04,07) Q 0-5{ | Il ll‘ ! CMD-2 (04,07)
R R I o 04 f [
A Lt 8 :1 iy,
g ééq’bam‘: 0.15— I+ %*ﬁ;ﬁ l %
I I 1 | ] | i i mﬁp‘“‘:’ 0 E | ‘ﬁﬁ élﬁ "Lr¢ ] b ome 1907

1.1 1.2 13 14 15 16 1.7 18 1.9 2 2 2.2 2.4 26 2.8 3 3.2 34
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Table 1. Summary of fractional systematic uncertainty {%) in the e'e™ — 77 7" cross section for three different energy

regions. The values in parentheses are the efficiency correction factors n defined in Eq. (7). The systematic uncertainties due
to the background subtraction and unfolding, which depend on the 37 mass bin, show the range from minimum to maximum
in the energy regions of M (37) near the w resonance, 1.1-1.8GeV/c™ and 2.0-3.0 GeV/ e~

0

Systematic uncertainty (efficiency correction factor ;) %

i 0.62-1.05 GeV/e? 1.05-2.00 GeV/c? 2.0-3.5 GeV/c?
Tracking 08  (—1.35) 08  (—1.71) 08 (—1.70)
ISR photon detection 0.7 (+0.15) 0.7 (+0.15) (.7 (+0.15)
7 detection 1.0 (—1.43) 1.0 (—1.43) 1.0 (—1.43)
Kinematic fit (y7) (.6 (+0.0) (.3 (+0.30) (13 (+0.300)
Trigger 0.1 (—0.09) 01  (—0.08) 0.1 (—0.06)
Background suppression 0.2 (—1.90) 1.9 (—1.78) 1.9 (—1.78)
Monte Carlo generator 1.2 1.2 1.2

Integrated luminosity 0.6 0.6 0.6

Radiative corrections (.5 (0.5 0.5

Simulated sample size 0.2 0.2-0.5 0.5-1.6
Background subtraction 0.2-2.3 0.4-7.2 4.4-44

Unfolding (.7-25 :2-5.1 (.3-11

Total uncertainty 2.3-25 2.9-8.8 G.4-44

(Total correction =/, — 1) (—4.61) {—4.55) (—4.53)
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_ __dressed 2 Source Systematic uncertainty (%)
0o =0 |]' o H(” )| Efficiency corrections 1.63
1.1 g Monte Carlo generator 1.20
A 1.05F Integrated luminosity 0.64
8 gl i Simulated sample size 0.15
E s :/V o Background subtraction 0.02
— r Unfolding 0.12
0:9 g Radiative corrections 0.50
085 F Vacuum polarization corrections 0.04
08k Total 219
i, Y P VA YOV | [N VAR WU Pt | [NV U Y W T VO OO WU S Y VORI
0.5 1 1.5 2 2.5 3 3.5
s’ (GeV)
® Using our result:  a;9HVP37(0.62 — 1.8 GeV) = (48.91 £0.23, £ 1.07,,) X 1077
a,(3n)x10"° Differencex10°
BABAR alone [PRD 104, 11 (2021)] 45.86 +0.14 + 0.58 3.2%1.3 (6.9%)
Global fit* [JHEP 08, 208 (2023)] 45.91+0.37 +0.38 3.0+1.2 (6.5%)
* Not includes BESIII preliminary result [arXiv:1912:11208]
BNL (2006)
m 6.5% higher than the global fit result with 1 ENAL
N
2.5 o significance SM (e*e data) @ (2023) [1
. (2020) 5.107 — Ex
B The difference, 3 x 10-19, corresponds to 10% T e : B
— i (3]
of Aa, = a,(Exp) — a,(SM) = 25 x 10717 St Aee LY
WP2020 SM (e*e” data w/ CMD-3) I
|||||||| Pyve ol g ) s a0y Boppegeny gy pPgegen gl poggoneliogey gy

f4 175 18 185 19 195 20 205 21 215 22
a,x10° - 1165900
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Beijing Electron Positron Collider (BEPCII)
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World unique e"e™ accelerator in charm physics energy region y g
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2004: started BEPCII/BESIII construction
Double rings
E., = 2.0~4.6 (4.9 since 2019) GeV
Design luminosity: 1 x 1033¢cm=2s1
(reached 2016 @E_,,; = 3.77 GeV)
2008: test run
2009~ today: BESIII physics runs
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Drift Chamber l T@Sl& RPC Muon Detector
Gy = 130 pm (single wire) SC solenoid AQ/4n=93%

G,/p=05 % @ 1 GeV
RPC: 8
Electro Magnetic
Calorimeter {

RPC: 9
ayers

layers ‘
ToF

o, = 80 ps (barrel)

o, = 60 ps (end
caps) SC
Solenoid
Barrel
ToF . ———
endcap \\\\.\.\A\x.\.\s\\\\\\\\||||um//uw e

I f
Electromagnetic Csl(T1) Calorimeter
a./E<25% @ 1GeV (barrel)

o /E <5% @ | GeV (end caps)
Oy = (6_ m.r_nju’]il”2 @ l_G-;V

SC
Quadrupole

NIMA 614 (2010) 345 == i e D
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o = 5o | =800 | 270
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p(1700)r | 6.50 | 640 | 6.60
pa(1690)7| 146 | 9.20 | 6.80
p(1570)7 | 1.3¢ | L.lo | 0.130
W 3lg | 1lg | O.Tg
w(1420)7 | 2.80 |0.215 | L.8e
w(1650)7 | 3.5¢ | 0.29¢ | 0.530
wy(1670)wr| 340 | 1.60 | 0.560

Francesca De Mori, ICHEP 2024, Prague
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Improved ten times the
uncertainties
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UML fit

For sighal yield

—

BaBar:ZOU-ﬂ
BaBar (2021)

SND

BESII (ISR method)
BESII R-scan data

|.u FEY FYYYYS PP PRTTY TYETI TYUWT PYTRY IVYTE TPTYY PPEVY

Vs tGeV}

Born cross section also for major intermediate
states(for on® more precise BESIII result (Phys. Lett. B

813, 136059 (2021) already available)
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Simultaneous fit, assuming the same resonant structure (o*)
1000 180
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=== Continuum ] 5= 160 i -=== Continuum
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o -—-- Resonance (Des.) F 140 I | —-- Resonance (Des.)
) ol ¢ BESII '1‘7‘ 120¢ I li ¢ BESII
— A - ﬁ = ]
E ‘ S~ 1008 !
1 - Te! ‘g_ =y ' i
| - ete” — pm == 80R\\ {]|lete™ = p(1450)7 — 7t n—n”
2 400r a . ]
s [ T 60F W AN -
o [ ) o o \ :

200_— E{ / \ D -

rs , D 20 | N \ b -
0=t 1 (] e e
2, 2.2 2.4 2.0 2.8 3.0 2.0 2:2 2.4 2.6 2.8 3.0
Vs (GeV) Vs (GeV)

M, /12x(he)’T7 Brl,. | ®(y/5)

(M)
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Multiple solution: same M and width but different phase and FiB?”
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Alternative fit with SND data @ low energies
SND-helps to constraint the continuum

M =2119411415 MeV/c* | I' =69+ 30+ 5 MeV

TABLE V.

Fit

results  of
ete” = p(1450)r = 7T #°

the
processes,

certainties are statistical only.

ete” = pm and

where th e un-

Mass
Width
2

Number of free parameters

Degrees of freedom (ndf)

2 /ndf
Significance

Nominal fit

12119 £ 11 MeV/e®

69 4 30 MeV
41.9
11
28
1.50)
5.9q

Altenates fit
2134 + 14 MeV /e?
74 4 31 MeV
73.3
18
48
1.53
5.20

To evaluate systematics

> 5 o significance

For G-parity conservation it should be an exited o or ¢ state.
b State ruled out by OZI suppression in this final state channel.

w”™ candidate

Further studies needed to clarify the situation.
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