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Lattice HVP
g The dlfferent COntrlbUthnS Figure from Borsanyi et al. Nature 2021
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BMW update & Mainz error budget
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From idea to framework (5 years)
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Forward light-by-light scattering and electromagnetic
correction to hadronic vacuum polarization

Volodymyr Biloshytskyi,* En-Hung Chao,® Antoine Gérardin,® Jeremy R. Green,’
Franziska Hagelstein,” Harvey B. Meyer,%? Julian Parrino® and Vladimir Pascalutsa®
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Data-driven (timelike)
Vs
field-theoretic (spacelike)

\\71'0 A S _ _ - g
JZO
- data-driven evaluation: - simple VMD-based model

[Hoid et al., EPJC (2020)] [Blokland et al., PRL (2002)]

a/gﬂoy)(timehke) = 4.38(6) x 1071 +—> ap(fo”)(spacelike) ~ (.37 x 10710

- O(a,,,) interference terms from hadronic channels reconcile the discrepancy

Biloshytskyi et al, 2509.08115 [hep-ph]

Vladimir Pascalutsa — what's next for the theory of muon g—2 ?— EINN — Cyprus — Oct 28, 2025



https://arxiv.org/abs/2509.08115

Affects the isospin-breaking in 7 decays?

7 data as an independent and precise measurement to clarify the situation in dominant 77 channel
[R. Alemany, M. Davier, and A Hocker '98]
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Hadronic light-by-light (HLbL)
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» Three independent lattice determinations (# actions) :
— Mainz group, RBC/UKQCD and BMW collaborations
» Dispersive and Lattice results with comparable precision - good agreement

» Combination phenomenology and lattice :

a, " =112.6(9.6) x 107!

— da; Pl = 9.6 x 107 to be compared with day;” = 14.5 x 1071
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Antoine Gérardin

The 18th International Workshop on Tau Lepton Physics - Marseille DlsperSI()n relathnS

Not defined via a single observable (# HVP)

Dispersive framework ('21)  a, x 10!

™, n, o 93.8 + 4
pion/kaon loops —16.4 + 0.2
S-wave 77 —8+1
axial vector 616
scalar 4+ tensor —14+3
g-loops / short. dist. cstr 154+ 10
charm + heavy quarks 3+1
sum 92 + 19

» Use cut singularities / pole to identify contributions

» input : form factors

7_‘_0777’ ,'7/ /42s\ T
HLbL _ ﬁﬁ‘éﬁi ~ J{Vi + ot L
Oy = AAA'L ;r" Eq"""_.
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Universal dispersive formula:
Schwinger Sum Rule

J. S. Schwinger, Proc. Nat. Acad. Sci. 72, 1 (1975); ibid. 72, 1559 (1975).
A. M. Harun ar-Rashid, Nuovo Cim. A 33,447 (1976).

photon Lab-frame energy v

MO MLASS ML and virtuaLLtg Rz = -g?
anomalous l ) )
magwctio moment m2 ood O1T (V, Qz)

=1 — —P d= —F— v

20 . 1 Q2=0
by \

fine-structure

photo-a bsorp’clow threshold v, Lo nwo Ltu.d LVba L-transverse
constant ax = 1/13F

photo-a losorptiov\,
Cross sectlon O+

|

Ot inclusive cross section of
polarized photo-absorption
on muon:

X =Yyu, 1OU, ...
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HVP from Schwinger sum rule
Hagelstein & VP, PRL 120, 072002 (2018).

00
2

00 X 5
m 5 1 do}h7H (v, Q%)
a= dM5 /du {Q T
o QQZO

2
4Lfm7r

=1 [ang IO B [, i 02
774 M% ‘77 o Q)
m2 20

e

1 2
, o) _ v (1~ 2)
Rernel ton: = M fm? / ‘ X
rnel function ﬂ_K( X/m) T Jq xx2_|_(1 x)(M2 /m2)

for My=0, we find K (0) =1/2, and therefore
the Schwinger term: a@ = a/27

reproduces the HVP standard dispersion formula

o0 d 1 2 1 —
aHVP:% _SImHhad(S)/ dzr— x=( T) '
T2 Jam2 S 0 2+ (1 —x)(s/m?)
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Expression in terms of
spin structure functions

2 o0 2
a _ ’WQL du |:O-LT(V7Q ):|
2a ), Qo
. 8m? [7To L
= lim 2N dx [91 +92](x7Q2)
Q2—0 @ 0 T

MLLLOW sp'w\, structure functions

g1 and g,




Prospects for neutral-pion production
measurement

(Along the MUonE experiment)
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Current situation — disappointing?

a, - 10°- 1165900
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a, FNAL = 0.001165920705 (148) [127 ppb]
a, EXP = 0.001165920715 (145) [124 ppb]
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Standard Model
Electroweak QCD

Leptons Quarks
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What’s next?

* Reach the experimental precision

 data-driven HVP: the discrepancy, IB in 7 decays
 |lattice HVP: IB effects (via LbL and Cottingham formula)

» data-driven LbL: Schwinger sum rule

lattice LbL: nearly there

* Look for a theory superseding the SM
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Spin structure functions

q = _m2 Oody {OLT(V’ Q2)}
o f,. Q Q2—0
8m? [FO

] = lim —— dz [g1 + g2](z, Q*
. ooz | 91 T92]( Q)

nadvons , ,

muon Spin structure functions

M 91 and 92

Spin-dependent forward doubly-virtual Compton scattering;
1

T (q,p) = —M’Y“mq@ S1(v, Q%) + W’YWSQ(% Q°) l:j i|
Im (o'

Optical theorem:

-

2 2
Im S (v, Q%) = 47;04 g1(z, Q%) = VQJ\iVQQ [QULT + O'TT] (v, Q%)
Im S5 (v, Q%) = 4W2(§M g2(x,Q%) = — [V ] (v, Q%)
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Verifying the Schwinger sum rule in QED

U

Schwinger term —
F2(0)=a al@)=o at) = a/2n the leading QED result
, 4 > orr(v, Q%)
Schwinger sum rule: a = —— dv
T Vo Q Q2:O
Input:
q2=-Q? q’2=0
tree-level RED
Compton scattering
2 2)\2
Jz;“_w“(y, 0?) — Ta”Q (s —m*) o m(m + v) N 3m + 2v recoth m + v
Am3v? (V2 + Q?) s V12 + Q2 V2 + Q2

with s = m? + 2mv — Q?
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HVP from Schwinger sum rule

oS

»
g2 = -Q2 hﬁd
%\‘ Q2 = + crossed diagram

Cross section of hadron production through timelike Compton scattering:

1 [ dM?
' . — pX) = — =
-factonzes as: o (’Y,U I3 ) T Jam2 M)Q(

o(yp — 7 p) Im T x (M)

! !

timellke  virtua L-photon

Compton scattering  decay nto hadrons

Timelike Compton scattering cross section:

YH—Y M )QQ 2 5—|—)\

‘ laLT Q(V )] o — 2:3)/3 — (5s+m? 4+ M2)A + (s + 2m? — 2M%) log i )\}
B=(s+m*— Mx)/2s s =m?+ 2mv
A= (1/25)y/[s — (m + Mx)?] [s — (m — Mx)?]
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Reproducing the leading QED result

2 ©.@) 2
= Schwinger sum rule: g = :;—& dv [ULT(CVQ’Q )]
Vo Q2=0

= |nput: longitudinal-transverse photo-absorption cross section

tree-level RED
Compton scattering

. Ta?Q (s — m?)? m(m+v)  3m+2v m + v
JzTuﬁvﬂ(w QQ) — 152 (V2 n Q2) —2 — arccoth

S + \/VQ + Q2 \/y2 + Q2

C
]

s

F,(0)=a a)=p al@) = a/27
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Summary and Conclusions

. Schwinger sum rule — dispersive formula applying equally to
HVP and HLbL

2. Reproduces ({/2m and HVP formula:

3. Splits contributions into hadron production and e.m. (LbL) channels
X

X4
Lo Lo measurable
Y = /A+\,\wl.ou5 :jé““ reres %““ s

A 2 spin structure functions

M /‘
S %
X = Y f@</ LQCD ! ¥y YYu W direct LbL scattering (ATLAS)

4. Partial calculation of PS-meson contributions: a factor of 2 to 3 larger
than the conventional model calculations.

23
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The Cross section o171

Example: tree-level QED Compton scattering cross section

MT/ \/ )\//A//M)\”)\”)\ )\ d3p;

dUMALMM — (27T)45(4)(pf _p’b) Z T ZI H (27’(’)32E, ,
AL A a

with conserved helicity: H=A1"-1,=Ay-A4

II A"y
\ Ajf o f( ”

helicity difference photo-absorption cross section: orr = 1/2(01/2 — 03/2)

2

longitudinal-transverse photo-absorption cross section:

y*(Ay=0) + ,u(/lu=—1/:z) —»y(ly=1) + u(l'y=1/2)

A,=0 ' Ary=1
|
\,vv% ?
\Q’ HJJ}LL\
Au=-1/2 I Au=1/2
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Timelike CS mechanism

df(’ﬂs A”: virtual-photon
¢ decay vertex ¢
K’/
L d3 / A'I'NA I ,
q’ ol = uX) = / /HzEk 27)3 / E, (2m)3 ‘[( q'?)? ] Zk )o*(p+q—p" —q)
. ; : y
= wnitial flux factor phase space of the puv: squared matrix
A% = M B=pa)2-prq? final state element of timelike .S

+ crossed diagram

Virtual-photon decay width into hadronic state X:

d’k ki ATHAY 4ch( 1
T = X)] HQEk 2 g, (270 =3k

1 1% v
= ——= (¢"*¢"" — ¢"¢")ImTIx(¢'?)

/2
q t

e My: contribution of state X to the vp

. . . 4 / , ImHX( ) 4 / /
Combine into:  o(yu — pX) = 2E 2 e *(p+q—p —4q)
7T

. . , 1 [ dM3
Final factorized cross section:  o(yu — puX) == =
‘ T Jam?2 My

o(yp — 7 p) Im Il x (M)
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