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Introduction for a;;*"

» Muon anomalous magnetic moment a,:

PRL 126, 141801 (2021)
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® The latest result from Muon g-2 experiment at Fermilab,
combined with BNL E821 result, exhibits a 4. 2 o tension with

the standard model predicted aﬁM.
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SM _ _QED EW HVP HLbL Phvs. Rept. 887 (2020) 1
a,” =a, +au +aﬂ +au ys. Rept. ( )

» Standard Model (SM) prediction for a,;:

aP:116 584 718.931(104) x 10~
at" :153.6(1.0) x 10711
aﬁvp: 6845(40) x 10711 data driven

aff*Pt:92(19) x 1071 data driven

® HVP has the largest uncertainty to the prediction!

If the HVP uncertainty is decreased by 50%, then HLbL uncertainty is
very important.
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» Contributions for aﬁ' VP

HVP,LO , _HVP,NLO , _HVP,NNLO
VP — q +a + a

Ay n u u
Phys. Rept. 887 (2020) 1
an’"%  :6931(40) x 1071 data driven
aﬁVP’ NLO ~98.3(7) x 10~11 data driven
aV" "V 12.4(1) x 1071 data driven

m Contribution from HVP LO is dominant
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> a;°"'" and g(e*e” - hadrons):

B Dispersion relation:

a? (®  K(s)
aﬁo HVP _ ﬁf ds R(s)
T Js,, S

OR(s) =o(ete” - y* = hadrons)/ o(ete™ » utu™)
O QED kernel K(s):

2 2 2 2
K(s) = %(2 —x%) + (1 321”) (log(l +x) —x+ x?) +i—ix2logx
0.03
1-— i
X = all . K
1 +,8M | (s)/s
- ~1/g?

2 0.02
4mj = I
,8/.1 = [1- S g .
E |
< 0.01
K(s)/s Gives greater I

weight for lower energies ol T

0.5 1 15 2
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> a;°"'" and g(e*e” — hadrons):

B Magnitudes of contributions from different channels

Phys. Rept. 887 (2020) 1

Il ch 1! All channels
All channels pseipried n+ -

idditional channels 7
1.8 GeV {idditional channels
1.8 G

Contributions to
orof a

ibutions to KK
value

HVP
)

HVP
Ay

w1

m T t 0

Oete” - wTnw™ channel has dominant contribution.

O Besides, ete™ - ntn~n’/nnmrn /KK channel also have
large contribution.

m Belle ll experiment could produce good measurements for these
channels, with initial state radiation method!
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SuperKEKB and Belle Il Detector

—  SuperKEKB
¥

. : collision it | B€Nle I detector | .
b A e m Nano beams technique
+4 GeV 3.6 L= — —— . .
- - beam size | 20 times
currents T 1.5 times

P .
o
A
|5

Pl S

KEK Laboratory -
Tsukuba, Japan

o

- | Electron-Positron
L | linear accelerator

KEKB e*/e-

i . ; E (GeV): 3.5/8.0 SuperKEKB e*/e-
e L 2o I(A): ~ 1.6/1.2 E (GeV): 4.0/7.0
. N B*, (mm): ~5.9/5.9 L(A): ~ 3.6/2.6
Crossing angle (mrad): 22 B*y (mm): ~0.27/0.3
,J " |Positron damping ringl Crossing angle (mrad): 83
m E.,, = 10.58 GeV (Y(4S))
® Design peak luminosity Recently achieved:
-2 _ 34 —2-—1
6.0 X 103° cm— 2571 3.0 X 10°* cm™*“s
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SuperKEKB and Belle Il Detector

— Belle Il Detector 7.,

K; & u detector \
Resistive Plate Chambers

/ \ ‘ , - . (barrel outer layers)

Vertex Detector Scintillator + WavelLength
PXD: 2 layers DEPFET Shifting Fibers

pixels detector + Multi-Pixel Photon

SVD: 4 layers double- Counter (end-caps, inner

side Si strips detector 2 barrel layers)
(DSSD) k /

\_ ~ E
/Central Drift
Chamber

He(50%): C2Hs(50%),
small cell size, long lever

arm, fast electronics
\S

EM Calorimeter
Csl(TI), waveform

Particle Identification sampling (barrel)

Time-of-Propagation counter (barrel)
Proximity focusing Aerogel RICH (fwd)
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SuperKEKB and Belle Il Detector

Belle Il Online luminosity Exp: 7-18 - All runs

Integrated luminosity
mmm Recorded Daily L 200

4. fﬂgecorded G = 2080 [fp-1] e

™~
o

- 175

- 150

=
w
!

- 125

- 100

=
o

- 75

- 50

Total integrated luminosity [fb=!]

0.5 A

Total integrated Daily luminosity [fb~=!]

- 25

Updated on 2021/06/28 p0:59 |ST

2019-6 2020-6 2021-6

[0 Target dataset : 50 ab™! (50xBelle)
O Integrated luminosity for pilot run (phase 2, 2018) = 0.5 fb™1

O Integrated luminosity for physics run (phase 3, 2019-now) =~ 204.29 fb~ 1,
collecting 1~1.5 fb~! per day
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Initial State Radiation Method

Hadrons

® Initial State Radiation Method : e*e™ — y,¢r hadrons

B Advantages: Continuous cross section measurement over a
broad energy range down to threshold

m Difficulties: Energy leakage of the very high energy ISR
photon, acceptance, trigger (Bhabha veto issue), background
simulation ... ...
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m Effective luminosity:

eff(S’) = Lmtegrated(s) X W(s, .’XI)
Photon emission probability
= s(1—x)
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Low-Energy Hadronic Channels

+,- tr—
e'e DY grMT' T Phys. Rept. 887 (2020) 1

I : l§ I | I I I |
._._ Fitofallm*n~ data: 368.84 £ 1.30 e
_,.._ Direct scan only: 370.77 = 2.61 S —
_‘_1_ KLOE combination: 366.88 +2.15 g
L
| o—peon— BaBar (09): 376.71+2.72 e p—
BESIII (15): 368.15 = 4.22 ——
CLEO-c (17): 376.69 £ 7.05 —_—
360 5 35;0 375 380 385 390 395 400 405

af’ ™ (0.6 <5 < 0.9 GeV) x 100

B Already measured precisely (~1%) by several experiments
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BESII (15) +——a—
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The discrepancy between BaBar and KLOEong(eTe™ » n ™)
has dominant contribution to HVP uncertainty

O Uncertainty of V" : ~40 x 10711

Phys. Rept. 887 (2020) 1
O Uncertainty accounting for the tension between BaBar and KLOE : ~28 x 1011

Belle II’'s contribution would be important !

2021/6/29
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Low-Energy Hadronic Channels

— ete™ > y;qpm T Status at Belle Il

® Rediscovery of p — ¥~ in with Belle Il phase 2 data (2018)

O Tag the hard ISR photon (E¢M° > 3 GeV)
00 Remove radiative Bhabha events (eTe™ — ye™e™) with E/p < 0.8
010 < M(ynmr) < 11 GeV/c? - no other extra particles

- _ e = e phase2 data g
2 [ N &) = = - —
2 it airewmy e = C ete —n'n -
S| PR - 3 160F P27 ne m’iy =
| P ceeenssmeniey . Ae | o 140f ~ MC E
Uil - [T Q140 B MC iy :
061 " Bl Soe g : L 2 BT S 1o0E MC KKy .
r gﬁ’pre!ul@?:yi_{'; -;.; ,___: . J-- _-.-' L — \E—r C —eo— data .
g R R o
G S E et T W = - Ldt=472pb -
N T SR £ gof E
of I TREERERARS - &, |- - A } 7 - ¢ ﬁ Belle Il 2018 -
00z oa os MoEN 60— + preliminary =
E/p for x* 40 * !_,l ‘LL,Y
= /\/\(T(.’[‘/) distribution h}:fecr at :«:H.iicﬂ energy 20;— ¢ /
(\é F ete—x*ry e -
E’ 104k+b°,'°’°ki"°'“°“°°“'3 N 00 02 ¥4 06 08 1 12 14 16 18 2 22
E_—-— 50 <B,¢,<110 v' A4
é P electron veto Y : M(J‘[J‘[) [GEV/CEI
5 Ok - -
£ p>K*K
042 F u

10 [ Ldt=472pb"

£ e 0 Reasonable data/MC agreement : 1o
e pelnay 0 | M *W%,ﬁ*# / g

STEPEITS IFETETE AT AU A

ST T e 18 14 i data/MC (0.5-1 GeV/c?) = 1.065 + 0.037 4.

M(nmy) [GeV/c?
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W
m Trigger check with Belle Il phase 2 data (2018)

O High trigger efficiency is necessary for precision measurement
O

O A trigger bit designed for ete™ — y,;sgm ¥~ channel, in Belle Il
m Total calorimeter energy > 1 GeV
m The eventis not a Bhabha event (Bhabha veto)

T T AL B LA B 3
O All Bhabha events were — 80F | E
) & - red : to be lost by =
collected in phase 2 S 70F “Belletype” Bhabha veto
® C - blue : to be lost by “new” I
= Able to compare “Belle-type” © ©0F Bhobha veto ) 3
o »”» Vi . - .
o 40F Belle Il 2018 E
m  Results of loss evaluation E 30F [ ; preliminary E
“Belle-type”: 20 i_ _i
(6.4 + 1.3,4:)% 10F 3
“ ”. P P I e i U Sy AR S s s P Ly R
new: % 0204 06 08 1 12 14 16 1.8 2 22

(0.6 + 0.44,:)% M (nurt) [GeV/c?

The new Bhabha veto is working fine!
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®m Performance study with Belle Il MC (2018)

y 24 9% 1.1% 3.7% €BG ratio to total
:10 3 voy
: . % B ]
O PID cut is applied > [
O Background contribution ; -------------------
m dominant BG: other ISR o=
modes (y;grt~m°, £ FB
]/ISRK-I-K_I ...... ) ;5 : |
m  0(%) level BG: same level 10 e R,
withBaBar ~ Eu Belle || MC
m High BG at low mass: e b be?m Sl
« can be reduced with = Mo , firn e

kinematic fit etc.
O Efficiency

:

osed clrc'e :

m 49% for 50° < O;5p < 100° ‘0'"0056‘3“‘
m  Expect > 1M events with
500 fb~1 - b L W R —

. background level to sum of all the modes
T TT1
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Entries / (0.001 )

. . . (D
® On going analysis with Belle Il phase 3 data (2019-2021)
O Target: aﬁ+”_ precision ~0.5%
O Currently trying to follow BaBar’s method to build a base line

Phys. Rev. D 86, 032013

O Loose skim selection

2 tracks + 1 hard photon

O Double kinematic fit for S/B separation

O Use PID to separate uu/KK/nm

Analysis must be inclusive over FSR and double ISR
One fit assuming FSR and one assuming ISR

Reject if both fits are bad

Related analysis tool is under study

pip_pionID > 0.01 and pim_pionID > 0.01

10° 10
] MCl3am*nm~ — MCl3an*nm~
- ~N 3L ‘-
10° ] MC13aK*K o 10 MC13a K *K
MC13an*n-n® > - MC13an*n-n®
102 MCl3aet*e~ O MCl3ae*e~
+ - Ln . -
MCl3apu™u ~N 10!} MCl3au*u
10! | ~MC13ax*T- = MCl3at*t™
S 10
100 } =
g 1071 |
10-1 =
c 107¢F
L
10—? ] [ | | | | | 10-3 ! | | L o | | I}
-0.02 000 002 004 006 008 010 0.12 0.0 0.5 1.0 1.5 2.0 2.5 3.0 3.5
chiProb M [GeV/c?]
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B On going analysis with belle Il phase 3 data (2019-2021)

data data data data
gdata — ~MC € € € €
eMC eMC eMC eMC
trigger PID tracking x?

O MC efficiency
m  Good MC — small corrections = small systematic
m Use PHOKAHARA 10.0 (October 2020)

O Correction factors
m Trigger: evaluated with orthogonal triggers on data
m PID: tag-and-probe on data
m Tracking, chi2: TBD

O Data and MC correction study would benefit from the high statistics at
Belle I



Low-Energy Hadronic Channels

— ete™ > y,prT Y Status at Belle

e‘e —n*n'n’ Cross Section

—E A
e w
:':' = i . DM2(92):pts/bins:sta+sys err?
w L i ; SND(01/02/03):pts
‘s 10° & g . .
) = & " BABAR(04):bins
e £ 3 e BELLE(1X):bins
10— 3 s 2
E L
: A
1 4 “
- -
107 m
10-2 1 1 I l L i L 1 1 1 1 1 L 1 L 1 Il L 1 Il ‘l L L i 1
05 1 1.5 2 25 3 3

5
Is [GeV]
m Belle tried to measure with 526.6 fb~1 luminosity
B Aimed to achieve 5% precision

® Unpublished due to uncertainty of L1 trigger efficiency,
recorded in a Ph.D thesis
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Low-Energy Hadronic Channels

— ete” 5 y;pr w0 Status at BeIIeII

- Jor mass distribution

— % 405_ ee—ntnn . —;
" Rediscovery of w/¢ RS-
n - peaks with Belle Il € 4 MC eesrrn®a®y -
phase 2 data (2018), event 3 = +dataLdt:472pb.1 3
selection is similar to 5 Bollo 1 2018
ete~ — T Reasonable o prelminary E
Yisr data and MC t # E

m Trigger should be fine, agreement = . ..

0 02 04 06 08 1 12 14 16 1.8 2 22

according to trigger study in M) [GeV/c?

+ - o
eve” -y channel. £ ied statistics @ 100 fo [eEmm=

B 7% (Unmatched)

Further trigger efficiency S B B e

. . —~ 10% T . . l:]:::/
study is also ongoing. 3 b =
. . . 103 [ (50, (S| :] ff {

m Selection criteria, PID 8 P~ J/p5| s not simiiated
Syste m at i C u n Ce rta i nty’ g 102 :_ S ........ - ! ...................................
background MC study are & Tk
ongoing. § 1fp

0 0.5 1 15 2 25 3 3.5
M(rt*n°) (GeV)
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== (QOther Channels

Cross section [nb]
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n
.

s [GeV]
More than 30 exclusive channels were studied in previous
experiments, and would also be studied at Belle Il. Preparation

works are on going.
2021/6/29
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afl"P. and Z' at Belle Il

InvM

70 transition form factor = e
0.35 mnui—
_| PRD 86,092007 (2012) O Belle measured o |
' with 759 fb -
0.25} 3000 ‘zzzg
< 44— O Large stat. error l HH
Soa .. U S — | inQ2>15GeV2 | T |
[\EE 0.15F region 1500 f& Uj o.us’ o"o_a ‘ 0{1 | i.%z DJM J;r Inlua
(e ] - EaBE_lr . . 1oer I
o114 e O Ongoing analysis o W Bellell
: - Eell” at Belle Il j a4 - :
0-05 — ::n:g; sl Simulation
% 10 20 30 40 Ourg-e (radian) 2020
Q? (GeV?)
) ) 1
O Itis p955|ble to : | Betien 2018 . baa
explain _g'z . ! F fmr:zm pb™"
anomalies with 107§ ?
’ F 10 ¢ L
Z I 2 g ete— iy
L 5 o
O Alreadyaz’ 107} S T
pUincation E Belle I 2018 L,-L, (obs ) 90% CL UL E . : Tk =
L, BF(Z'— inv)=1 (obs ) 90% CL UL 10_ E ; L ) <
from Belle 10° e 3 :
. fo =276 pb-1 '"'L:—L(,BF(Z'—MHV):l expected UL ] :
O Study with new [ 1070 0 0 L
. . A bty by ey by v by by by ol
data is ongoing 10 0 1 P 3 4 5 6 7 8 0 1 2R ‘?; 4 V/e?
M, [G eV/c?] ecoil mass [GeV/cT]

PRL 124, 141801 (2020)
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Conclusions

With increasing accuracy of experimental g-2 value, the
improvement on accuracy of standard model prediction is
Important.

Measurement of ete™ —» w7~ cross section in Belle Il with ISR
method is critical to reduce uncertainty of theoretical prediction
value for muon g-2, especially the large uncertainty caused by
the BaBar and KLOE discrepancy.

ntm™

Belle Il aims to reach ~0. 5% precision for a;

Accordmg to redlscovery studles on the phase 2 data, ete™ —
Visrm T~ andete” - y,opm T 10 channel have reasonable
data/MC agreement, and the new trigger is much better than
Belle’s trigger.

With phase 3 data, analysesonete™ — y,SRn n,ete” -
Vispm T~ and other channels are on going, and are expected
to have decent statistics.

In addition, Belle Il is also expected to have important

contribution to a;/“*% and Z".
Thank you!
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Back Up
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PRECISE MEASUREMENT OF THE ...

error on the ISR luminosity from muons.

D
<o
Belle I

PHYSICAL REVIEW D 86, 032013 (2012)

TABLE V. Systematic uncertainties (in 107%) on the cross section for e*e™ — 77 (Ygsr) from the determination of the various
efficiencies in different 7777 mass ranges (in GeV/c?). The statistical part of the efficiency measurements is included in the total
statistical error in each mass bin. The last line gives the total systematic uncertainty on the 77 cross section, including the systematic

Sources 0.3-0.4 0.4-0.5 0.5-0.6 0.6-0.9 0.9-1.2 1.2-1.4 1.4-2.0 2.0-3.0
Trigger/filter 53 2T 1.9 1.0 0.7 0.6 0.4 0.4
Tracking 3.8 2.1 2.1 1:1 1. 31 3.1 34
a-1D 10.1 25 6.2 24 4.2 10.1 10.1 10.1
Background 3 4.3 32 1.0 3.0 7.0 12.0 50.0
Acceptance 1.6 1.6 1.0 1.0 1.6 1.6 1.6 1.6
Kinematic fit (y?) 0.9 0.9 0.3 0.3 0.9 0.9 0.9 0.9
Correl. pu ID loss 3.0 2.0 3.0 1.3 2.0 3.0 10.0 10.0
7/ i non-cancel. 27 1.4 1.6 i 4 | 1.3 2.1 S % |
Unfolding 1.0 2.7 2.7 1.0 1.3 1.0 1.0 1.0
ISR luminosity 34 34 34 34 34 34 34 34
Sum (cross section) 13.8 8.1 10.2 5.0 6.5 13.9 19.8 524
2021/6/29 Muon g-2 theory initiative workshop, 2021 27
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Table 5
Selected exclusive-mode contributions to @} ' from DHMZ19 and KNT19, for the energy range < 1.8GeV, in units of 10~'°. Where three (or
more) uncertainties are given for DHMZ19, the first is statistical, the second channel-specific systematic, and the third common systematic, which is

co ith at least one other channel. For the 7 *x~ channel, the uncertainty accounting for the tension between BABAR and KLOE (amounting
to2.76 x 107'%) is included in the channel-specific systematic.

DHMZ19 KNT19 Difference

 aF & 507.85(0.83 (3.23!0.55) 504.23(1.90) 3.62
S P o 46.21(0.40)(T. .86) 46.63(94) —0.42
nta-ntn- 13.68(0.03)(0.27)(0.14) 13.99(19) -0.31
nta—n°n® 18.03(0.06)(0.48)(0.26) 18.15(74) -0.12
KK~ 23.08(0.20)(0.33)(0.21) 23.00(22) 0.08
KsK; 12.82(0.06)(0.18)(0.15) 13.04(19) -0.22
70y 4.41(0.06)(0.04)(0.07) 4.58(10) -0.17
Sum of the above 626.08(0.95)3.48 )] 1.47) 623.62(2.27) 2.46
(1.8, 3.7)GeV (without c¢) 33.45(71) 34.45(56) —-1.00
I/, ¥(2S) 7.76(12) 7.84(19) —-0.08
(3.7, 00) GeV 17.15(31) 16.95(19) 0.20
Total af"™ '© 694.0(1.0|g3.5]1.6)(0.1 )¢(0.7)pvsqcp 692.8(2.4) 1.2

Phys. Rept. 887 (2020) 1
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Introduction for a, and a;{""

» Magnetic moment for charged lepton:
®m Definition:

q, charge

i = gi(
l l 2m mass

Landé splitting factor

®m With basic quantum mechanics, g, = 2
O 1928, predicted by Dirac

m With first order correction from QED, g, = 2 + a/m
0 1948, predicted by J. Schwinger

0 1948, confirmed by Kusch & Foley, with Rabi’s atomic
beam magnetic resonance technique

®m The anomalous magnetic moment a;:

g — 2
2

a, =



