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OUTLINE

0 General introduction of muon (g-2)

O Hadronic contributions to a,: HVP and HLbL

O Photon-photon fusion studies

O Summary and outlook




The Muon (g-2)

O Magnetic moment of lepton

* Gyromagnetic factor:

€y O
—qg —— S S =—"h
My = Gy 2, ; >

vV g = 2 (Dirac) + 2 ¢ (quantum correction)

* Anomalous magnetic moment:

1
Ay = 5(9@ —2)
0 Why muon (g-2): a,?

e Can be measured with unprecedented precision

* Can be calculated very precisely in Standard Model
v Excellent test of SM

e Highly sensitive to nhew physics

v oa,is (m//t/me)2 ~ 40,000 times more sensitive than a,

Dani Zemba



Muon (g-2): experiment vs. SM prediction

PHYSICS REPORTS

White Paper:
Phys. Rept. 887, 1 (2020)
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— Call for New Physics?

« FNAL precision goal: Aa“*P ~ + 1.6 - 107V (1/4 of current error)
u

o Efforts are required to decrease the theoretical error of the SM value



Muon (g-2): Standard Model prediction

WP(2020) x 10711
QED 1 2 3 4 5
e A AL AL 116584718.931 £0.104
perturbative
EW

perturbative 1-loop + 2-loop /gég\ /&\ /\ /j\\ ...... 153.6 + 1.0
+ (small) non-pert. -
Had (L) + (%)3+ (%)4 é i é ...... 6845 + 40

fu][y Hadronic Light-by-Light (HLbL) Hadronic Light-by-Light (HLbL)

non-perturbative (%)% & é & 92 + 18

QED+EW

e QED provides more than 99.99% of the total value

e with very small error (zero confront with expt. uncertainty)

* Errors are dominated by hadronic contribution

e HLbL has larger relative uncertainty than HVP




Hadronic contrlbutlon to a,

O HVP tensions
* Theory(data-driven) vs. Lattice QCD

v WP a0V = (693.1 £4.0) - 1071
v BMWc ¢~ = (707.5£5.5)- 107"
BMWec, Nature 593, 7857(2021)
ex LO,HVP _
ag® — aM| o = (10.7£7.0)- 107 [1.50]

No new physics

e Experiments (ete™ — zn7z7) tension
v CMD3 vs CMD2 and others  arxiv:2302.08834
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O HLbL (four-point function) is more complicated than HVP

Hadronic contribution needs further studies!



p p T 17
Hadronic vacuum polarisation Hadronic light-by-light scattering

- Non-perturbative regime of QCD

- Mitigate the uncertainties -> data-driven dispersive approach




Hadromc vacuum polarlzatlon
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O Data driven approach

v o 2

* Based on analyticity and unitarity m @ <

hadrons

~

@

hadrons

o otot(€Te™ — hadrons)

- Dispersion integrals over cross section of ¢ "¢~ annihilation

LO-HVP 042 > K(l) (S) 60 (€+€_ — hﬂdfOﬂS("‘}’))
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v Main contribution from low energies: ~ 75 % from z7z~ [p(770)] channel




Hadromc vacuum polarlzatlon

VY Y YS

2

B o o

O Data driven approach

Y Y

* Based on analyticity and unitarity m @ <

hadrons

~

@

hadrons

x otot(eTe~ — hadrons)

- Dispersion integrals over cross section of ¢ "¢~ annihilation

White Paper: T. Aoyama et al., Phys. Rept. 887, 1 (2020)

LO-HVP 6931(40) - 1011
NLO-HVP —98.3(7) - 10~
NNLO-HVP 12.4(1) - 10~

Uncertainty dominated by the total cross section of ete™ — 777~ channel

a™ ™ = 5060(34) - 107!

U
OGS



LO-HVP: pion-pion channel

01 Tension for o(eTe™ — n7zn7) data

p, w peak ~ 5 % uncertainty
e BaBar and KLOE L LA R A R AR AR AR
£ . ¢ = TOF o KLOE 12
. . S ,p L 4 OLYA * BESIII
v Most sub-percent precision - > oD + SND
* e CMD-2 06 A DM1
+ - § 102 £ o CMD-2 03 v DM2

v 2.9 o discrepancy ona’” ”* \KOE®S v CLEO
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v Further tension - U+ o e
10" = Ee—->nNT ’%’(L‘ ‘ ,{;{’* »%:?:%E

v CMD-3 and others are not consistent! T R R E e PRNETY
\s [GeV]

O Challenges of dispersive LO-HVP

 Understand the above tensions

* Understand the correlations when combining data from different expts.

« 717~ production cross section ~ 0.2 % overall systematical error

v Conform to the precision goal of FNAL-E989: Aa, ™’ ~ £ 1.6 - 10~19




LO-HVP: data-driven vs LQCD

0 Lattice QCD

* First principle to evaluate HVP . Aubin et sl. 22
N ' e} LM 20
a2 00 8 O BMW 20
aLO—HVP — (_) / dtK(t)G(t) 8 WP included ———— Mainz/CLS 19
L4 - RS, —- g FHM 19
0 E -o PACS 19
— ETMC 19
v Correlator of the electromagnetic current E;%U‘:QCD 18
& 1
3 m. m.
G(t) = —a® )y (Jg™ (z,t)J;™(0)) c ,
~ L _g s KNT 19
v K(?): known kernel function E i | DHMZ 19
o O~ FJ 19
D |

* No reliance on experimental data 650 700
0 However, data-driven vs BMWc (sub-percent precision)

e LO-HVP has a 2.1 o tension

— Call for independent cross-check from LQCD with high precision

750
al}lvp . 1010

H. Wittig 2306.04165




Hadronic light-by-light

O Start contribution at order (a/7)°

K » Involves the 4th-rank tensor: I, (¢;, 95, 43, 44)

v Much more complicated than HVP

- Suppressed by an a/x factor in comparison with HVP

M/ ' ' \M v lts accuracy is < 10 % to meet the precision goal of FNAL

O DiSperSion relation for HLbL amplitUde G. Colangelo, et al., JHEP09,091(2014); 09,074(2015)

e Construct the basis for rank 4 polarization tensor (fully off-shell)

54

» Lorentz invariance [[HvAe — ZTWAJH.

» Gauge invariance — ? ‘
1=

e Master formula for HLbL

aHLbL / dQ1/ dQQ/ drvV'1 — 12Q) Q;’ZT (Q1, Q2, 7) i (Q1, Q2,7)

37‘(’2

v T; Integral kernels, known
v II. Parameterize the hadronic states in HLbL

8 = e e DL




Hadronic light-by-light
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v Much more complicated than HVP

- Suppressed by an a/x factor in comparison with HVP

M/ ' ' \M v lts accuracy is < 10 % to meet the precision goal of FNAL

O DiSperSion relation for HLbL amplitUde G. Colangelo, et al., JHEP09,091(2014); 09,074(2015)

e Construct the basis for rank 4 polarization tensor (fully off-shell)

54
» Lorentz invariance [[HvAe — AT T
— E ! ;

: : New insight on tensor with triangle kinematics
» Gauge invariance

1=1 J. Ludtke, et al., 2302.12264
* Master formula for HLbL

aHLbL / dQ1/ dQQ/ drvV'1 — 12Q) Q;’ZT (Q1, Q2, 7) i (Q1, Q2,7)

37‘(’2

v T; Integral kernels, known
v II. Parameterize the hadronic states in HLbL

8 = e e DL




Dispersion relation for HLbL contribution

O Indirect method: DR for Pauli form factor F’ , ...« w vanernasahen. progo113012 o1

1 dk?
a Pt = Fy(0) = —/ —- Discyz Fy (k%)
0

H 271 k2

» F,(k?) is obtained from the two-loop integral
* The discontinuity of the form factor Disckze(kz) f;\ é\ ﬁ

2)
au:ﬁ du |:ULT(5Q }
Q?=0

e Related to photo-absorption cross section on the muon

Al i = A

* Generalize HVP dispersive relation to HLbL




Data-driven approach for HLbL

[0 Connection between HLbL and yy-collision events
G. Colangelo, et al. (2014-2017)

* Based on the dispersion relation of HLbL

. o . 12
qHLbL _ 2&/0 dQ1/O dQ> /ldT\/l—T?Q?Q;’;Ti(QthT) IT; (Q1, Q2, 7)

T 372

Y f y* y* 2
o ?.72 <=
y* y* y*

* Experimental measurements of two-photon fusion

v vyt — a n,n',wr, KK, nn; 3r,4x, -+ at low-Q2 virtualities

v Form factors and (p.w.) amplitudes
Y _

_* Data-drien -




Current status of HLbL

0 White Paper T. Aoyama etal., Phys. Rept. 887, 1 (2020)
a,"* =92(19) - 107"

U
hadronic state ay “Pl 1071 hadronic state ay "l [107H]
pseudoscalar poles 93.8750 scalars+tensors 2 1 GeV ~ —1(3)
pion box —15.9(2) axial vectors ~ 6(6)
S-wave 7w rescatt. —8(1) short distance ~ 15(10)
kaon box —0.5(1) heavy quarks ~ 3(1)

Well determined! Major source of uncertainty

O Comparison with LQCD: uncontroversial

RBC/UKQCD o
charm-loop —0— Needs better understanding of
Mainz21 (uds) + 22 (c) | —0O—
------------------------------------ 12 N complicated hadronic dynamics to get
RBC/UKQCD19 @ i R o
+ charm-loop | | reliable error estimate
e Capersive. )
’ —> 10% accuracy
WP20 —.—
| ([) | 2|0 | 4|0 | 610 | 810 | l(l)O | 1£0 | 14110 | 160

HLbL 11 .
x 10 from M. Hoferichter’s talk

e — T3



a Data-driven

2°,n0, zn, KK, nrn







Two-photon fusion to pseudoscalars

a3 [ 00 +1 Jegerlehner & Nyffeler, PRD (2009)
a, = (—) / dQ1/ d@zf dr
T 0 0 —1

x {wi (Q1,Qa,7) Fp (—Q7F, — (Q1 + Q2)2) Fp (—@3,0)

M/ : : \M +wsy (Q1, @2, 7) Fp (—Q%, —Q%) I'p (_ (@1 + Q2>2’O)}

» Weight functions: wy, w, are model independent!

v Suppress large virtuality contributions

* ONLY input: single/double virtual transition form factors (TFF)

/ e
v 7V TFF is well determined v 7 77 mmpg | |
016 v No dispersive analysis available
0 027 | aco | | >1<
.12 T — ]
a (SD“ 015 | CELLO —=—
D 0.1 ‘ X DSE
S o P i } 5 o —
L:?'OS - i Il LQCD, 2305.04570 :; 0.1 L | } | ' et 5 .
‘.06 | BESIII (prelim.) F
CLEO +—o— Qi
0.04 + CELLO o . 0.05
0.02 LQCD Mainz (2019)
‘ Dispersive 2305.04570
| | | O | | |
Oo 0.5 1 1.5 2 0 0.5 , 1 , 1.5 2
Q? [GeV?] Q? [GeV?]

— Call for improvements forn, n° TFFs



Two-photon fusion to 7z, 7, KK

0 Two-pseudoscalar contribution to a -

12
g =20 [Taa [ dQQ/ /T 701G )T (@1 @) T (@, @17

plon/kaon box rescattering contrlbutlon

Colangelo et al. (2014-2017)

e Expression of Hi (S-wave) G. Colangelo, et al., JHEP 04 (2017) 161, 1702.07347

0 1
J=0 / / 0 / / 0 /
I o ;/4 ds A2 (') (s — q§)2 f(s) Imh++,++(5 ) —9(s )Imh007++(3 )] Similar for the t, u-channels

v Helicity amplitudes of y*y* — y*y* can be obtained via y*y* — zx, KK, ny

Unitarity

Inputs: p.w. amplitudes of y*y* — iz, KK, 77 ... at arbitrary virtualities




O Data for real photon fusion 1 e
300 - g T Bellle(II 8 2
n'T Mar o
* Markll(’90), CELLO ('92), Crystal Ball ("90), | % ¥ EECED o
Belle (07 ’09) ; BESIII prelim. | !
> M. KiiBner’s talk @ 23.06 r % £ .
* Access the scalar and tensor resonances MR iff'
v Partial wave analysis | . Y |
— o | ‘
. . 0'.’.....1.‘.....#‘..... Rs o 9 U"é‘_
O Data for single virtual process N
W [Ge
 Belle: yy* — 707 prossporeoseoos o BESIII: yy* — n7x~ on going analysis
Q% =4.5GeV? Full simulation of 1 fo' at 4.23 GeV
4- 700;— —MCETptaI :
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3_ - ® NQ E —MC:Background:yy—_»wu. :
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= | &% :
E 7} * + § 400;— %Mc; B:zkg:gz:dzgeje:e’n:n' 02 S Q S 2
o .. + S 300:_ 4+ MC: Background: e'e »e‘ee’e
| g |cos@*| <1
1F $ = 200F
| peRy 1 100"
o - SE— OT“W“"'T..\._L;..Il‘,
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W [GeV] e CUl Phys.: Conf. Ser. 1137 012008 (2019)




Born term - |
DV18 —
HS19 —--_

vy —» ntn”

o(|cos | < 0.8) [nb]

. S+D waves helicity amplitudes

 |. Danilkin, M. Vanderhaeghen, PLB 789 (2019) 366
* M. Hoferichter, P. Stoffer, JHEP 07 (201

200

—
(S
e

100

(S48
e
T

00 Couple channel: helicity amplitude yy") — zn, KK

» Details can be seen in O. Deineka’s talk @ 22.06
)

9) 073

Dispersive analysis for y( )y( ) > 77, ...
O Single channel: S-wave helicity amplitude y*y* — zx
. Colangelo, et al., JHEP 04 (2017) 161

O Extend to KK channe

" DVI§ —.
yy > mwn
Crystal Ball

> WP(2020)

— Need to be validated by the upcoming BESIII yy* — z"z"datal!



Two-photon fusion to three pions

hadronic state gHLbL 10~ 1]

U

L

| scalars+tensors >1GeV  ~ —1(3)

:ﬂ

axial vectors ~ 6(6) l
short distance ~ 15(10)
heavy quarks ~ 3(1)

« Better control the uncertainty from the axial vectors and tensors contribution

v a,(1260) = nnr
v [1(1285) = nrra( ~ 50%), 4x( ~ 30%)
v f1(1420) - KK* ( ~ 96%)

v a,(1320) = anr ( ~ 70%)
v

» Need to study yy") — 37, KK*, ...




Two-photon fusion to three plons

200
0 Experimental data of yy — 77 x V) + ARGUS(97)
. L3('06)
* ARGUS 2z phys. c(1997), L3 pLB(1997), EPJA(2006) 150} H}
e Significant difference in low-energy region 5 | {{
s | 1
— Call for experimental validation: “ .
. : _
forthcoming BESIII data with high-statistics ip miﬁ‘iﬂ*{ng
iii 7 I
OO Theoretical studies (very limited) 8-8 e e
* Current Algebra, ChPT s.L Adier, etal,PRD(1971); P. Talavera, et al., PLB(1996)
O We proposed a phenomenological model for yy — atn "
a,(1320) in s-channel c/£,(500), £,(1270) as #*z~ resonances
Y o™ Y aaaaang - - - - - 0 LEVAV.V.V,V, VR 0
a7 L ﬂpj;w .=« Cover the low and the intermediate
RN Y MV Y MV i energy region
Y (a) N ) ®) N () N
Charged p(770) 7 intermediate channels e Describe the experimental data of
Y ) T arnvvng — — — — - 7@ Y anavvng — - — — - =) ARGUS and L3
:i?ﬁ'/// 0 foro o  CAS TS
S o ~TU I p+) 7 I pt=) 7
PG X y VW = = y VW = = <
v @ N0 © a0 Y

XLR, I. Danilkin, M. Vanderhaeghen, PRD107,054037(2023)




Description of Expt. data

O One fit parameter in our model
* 8y Is fitted by reproducing the total cross section at W=1.85 GeV

e Others are fixed via the corresponding decay widths

- ARGUS('97)

1501 ™ L3(06)

0 Total cross section

e Our result is consistent with L3 data at low energies ol
e a2(1320) production: the dominant contribution S
* £(1270)7" mechanism: good description of the total 50}
Cross section ;111
. . . . 0
O Invariant mass distribution 0810
S — _ e _
1.2<W <1.4GeV ] 150¢ 1.2< W §E1.4 GeV |
> 200} 'Y ladata] S | E
O [ S |
§150;- §100_-
100} s
= = 50t
2 5o} s |
s | S ]
03 04 06 08 10 12 03 04 06 08 10 12

M . o[GeV] M, . - [GeV]

XLR, I. Danilkin, M. Vanderhaeghen, PRD107,054037(2023)
S S



Summary and outlook

0O SM prediction for (g — 2)'“: 4.20 deviation from experimental value
* Next release of FNAL(E989) is very soon!

* High precision measurement is under construction at JPARC (E34)
e — Precision of hadronic contribution: HVP ~ 0.2 %, HLbL < 10%

O HVP tensions: ete~™ — ntx~ data, data-driven vs. LQCD

* MUonE expriment » M. Goncerz’s talk @ 26.06

O Data-driven HLbL

* Improve the n, ' transition form factors
» Expect the release of BESIII data: yy* — zn~

e Study the photon-photon fusion: yy™) — 3z, KK* 4x. ..

v Better control the axial vectors and tensors contributions
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O Data-driven HLbL
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Thank you for your attention!







Sensitivisty of a, to short distance physics

2
day my
ay A2

where A is an UV cut—off characterizing the scale of new physics.

Berestetskii et al., Zh. Eksp. Teor. Fiz. 30 (1956) 788 [Sov. Phys. JETP 3 (1956) 761]

OO The anomalous magnetic moment of leptons mediates helicity flip
transitions.

* Massive particle allows to have Helicity flips

e The transition amplitude is proportional to the mass of the particle.




Beyond Ieadlng order HVP
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O Data driven approach

Y Y

* Based on analyticity and unitarity m @ <

hadrons

~

@

hadrons

x otot(eTe~ — hadrons)

- Dispersion integrals over cross section of ¢ "¢~ annihilation

2 00 (1)
LO-HvP __ ¢ K (s)
= — d R =
i 372 M2 i S (S) R(s) olete™ = utu-)

J. Phys. Radium 22, 121 (1961)
High orders HVP: same R-ratio, different kernels Akurz, etal., PLB 734(2014)144

/ T as KOG py / " dsas K g R(S')]

M2 S M2 SS

/OO ds K(g)(S)R(S) + /OO ds ds’ KO (s, 5 R(s) R(s")

M2 S M2 s s’

o' (e+e‘ — hadrons(+ }/))

3
NLO-HVP Q [

i ~ 37

4
NNLO-HVP = & [

T 34

a

00 B I oM
+ / ds ds' ds” (S’S’S)R(s)R(s’)R(s”)]

M2 s s g



LO-HVP: LQCD — window observable

O Intermediate window observable ;"™
HVP,win a2 [ -
a1V :(;) /O dtK ()G (t) W (t; to, t1)

sub-percent precision

* Constrain the safe integral regions ¥ z5c/ukqop

—@— ETMC 22
@+~  Mainz/CLS 22

v Reduce FV and discretized effects

- . H—e— ETMC 21
v Better statistic precision
—e—  BMW 20
1.2 ; ; ; ; ; @ RBC/UKQCD 18
X ‘ —@— Colangelo et al. 22 (R-ratio)
. 230 | [ 235 240
5 08 | | ‘ a¥in x 1010
=06 | i o
TSN/ S —
0.2 |
0 I I I ,
0 1 2 3 4 5 6




Two-photon fusion to three pions

O Experimental data of yy — atrnrd 200:-’““3”3('975
e Data are rather old and have low statistics 150:_° o i
v ARGUS collab. z. Phys. C 74, 469 (1997) _ { |
v L3 collab. pPLB 413, 147(1997) %1003 I {1
updated analysis EPJA27,199(2006,). [
» Significant difference in low-energy region % z " i”‘{‘f{qz};{
g EEg te
O Theoretical studies (very limited) \‘8;1; 12 14 16 18 'I'jo

 Current Algebra and the linear sigma model W iGeVl

S. L. Adler, et al,PRD(1971); T.FWong,PRL(1971); R. Aviv,PRD(1972) .
 Chiral perturbation theory (ChPT) up to NLO E
J.W. Bos, PLB337, 152(1994); P. Talavera, et al., PLB376, 186(1996) _ Z ,
* Those studies focused on the very low energies b E
v nearby the 37 threshold of the two-photon fusion E/
v 0.41 < W<0.7 GeV B —




