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(g - 2)u

Lattice
/é\ Hadronic Vacuum Polarization (HVP) contribution to a,,
Lattice
Time-momentum representation [Bernecker, Meyer, '11]

() = %Z/da‘:’ GL@RO) = ap =102 w6 (1)
k t

Windows in Euclidean time [RBC/UKQCD '18]

ay =402y, w, G7(t) [O(t, to, A) — O(t, t1, A)]
to=04fm ¢t;=10fm A=0.15fm
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(g - 2)u

Dispersive

/é\ Hadronic Vacuum Polarization (HVP) contribution to a,,

Dispersive

d ImII
ae= 2 [ K m, )
|

I M@W =%
X

N/\{EX 2

Windows can be estimated dispersively as well and compared

[Brodsky, de Rafael '68]

4% TmlII(s)
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vy(s)

® ALEPH
— Perturbative QCD (massless)
25 - Parton model prediction
=
m31e,3mt,6M(MC)
Wn(MC),nmre(MC),KK’(MC)

15 TKR(MC)
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7 data can improve a,[77]
— 72% of total Hadronic LO

— competitive precision on a'V
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HADRONIC T DECAYS

Fermi theory

GrVua _ _
Mf(P7 q,P1- pnf) F\‘/§Ud V(_q)’YﬁuT(P) <Ollt,p1 © Pny ‘k7p (0)|0>
—d@ Zd@fZM/tfP
spin
(; Vaa w

dq) |2 | P'V(P?q)pp,u(p>

Charged spectral density isospin limit = p%:° [d@ ﬁ
dl'(s) 9 , m? 2s $\2 o
ot 2 (1 21

ds G|Vl 1672 ( + m2 m2 P (s)
:G2 |V |2 m3 I{(S) W’O(S) I)M,llswl)l
FlVudl 96,2 p
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ELECTRONIC RATE

Eliminating G

from riment t ldj N Eldl _ idl
om experiment we get & s T T.Tds T, ds

_ B.I'  GZmd
e =T(1 = evv) = B = 1990
conventionally p"%(s) = m—f x E % 1dl
ye - 12m2|Vial?k(s) T Be T T ds
O(a) correction fo I finite in Fermi theory [Kinoshita, Sirlin '59]
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W REGULARIZATION

Short-distance effects

[Sirlin '82][Marciano, Sirlin '88][Braaten, Li '90]
Effective Hamiltonian Hyy o< GrOp,
Gr low-energy constant; 4-fermion operator O,

At O(a) new divergences in EFT — need regulator, Z factors
7 7 > ;1’
a 5 q q

1 1 m%,v

2 = S m‘%v — 202 — m%/v) [Sirlin '78]
1. universal UV divergences re-absorbed in Gg
2. process-specific corrections in Sgyy, like a Z factor -
Effecti iltoni - 12 1)
ective Hamiltonian at O(«): Hw o GrSgy O g
matching required as noted by [Carrasco et al '15][Di Carlo et al '19] E




ISOSPIN BREAKING

Initial state
Wave-function renormalization
Zy =1+ 52 |log %= + 2log = + - }
aL ~ 2 x 1[Z. — 1]|M|?
07, = 5= log(mw/mT) [Sirlin '82]
7 Bremsstrahlung [Cirigliano et al '00, '01][MB et al, in prep]

& 2 [Grog(s,my) +. }

ds m

Giog(s,my) = log My 4.

m

0k(s) = Giog(s,m-) + ...
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dar , m3
g5 = GEVaal 1672

7 k(s) p*0(s)[6Z; + 0k(s)]
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ISOSPIN BREAKING

Initial-final state
Virtual photon loop
0Zp o < log(mw /m) [Sirlin '82]

[Cirigliano et al '01]
Finite parts EFT and 27

7 — 7 bremsstrahlung interfence
From EFT and 27 [Cirigliano et al’ 00, '01]
Structure-independent captured by EFT
Structure-dependent meson dominance

[Flores-Talpa et al. '06, '07]
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dI’ m?>
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LLONG-DISTANCE CORRECTIONS

Let’s take a look

0.06
Sk e 7—/7{' virt
0.04 1
....... 7/mbrems  -=-- A,
0.02 4o
T ‘._—/
0.00 f===m=m
e T
~0.021 T
------------------------------------------------------------ \\\
—0.04 1 \.\‘
~0.06 ; ' ' : : I
s [m?]

0k is channel and m, independent [MB et al, in prep]
Ay, — 2m, point-like, m., independent [Cirigliano et al '01, '02]
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ALEPH'13 data
3 analysis groups
relative unblinding

TOWARDS aZV

27 channel
A 4
B 4
C 4
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rel. aZV [, 7]
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ALEPH err. A
0K 1
Npp

0k 4+ Agp

Ay, bulk from m, region

“ Sew ~ 2% largest effect

~1.0
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ISOSPIN BREAKING
Strategy
1. take experimental dI'/ds (e.g. Alephl3, Belle08, Bellell ?7)
2. §k initial state corrections: analytic, under control

3. A, initial-finite mixed rad. corr:
analytically known for intermediate two-pion channel

effective field theory (RxT) [Cirigliano et al '01, '02]
meson dominance models [Flores-Talpa et al. '06, '07]
new results from (RxT) using pheno input [Roig et al '23]

4. define 6T'pps = 0k(s) + Akp(s) and calculate:

m2 1 1 {Be 1dl

T e -7 — w0 )
127T2G%‘|Vud|2l€(8) SEW 1+ %5PEM(5) BT dS:|exp P (S) +op <2\I<1?lllS'l'l]];

—
At
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ISOSPIN BREAKING

Final state

—QuQaX ><§ (@ +Q3) x 3 >z

Naive scaling £ log(aM,) ~ 0.8 — 1% so delicated matching required -

[Braaten,Li '90]
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FIRST RESULTS

Connected strong-isospin breaking

Ideas from stochastic locality [Liischer '17][RBC/UKQCD '23][MB, Cé et al '23]

t* interm. window preliminary 961
O(10%) point sources [ !

— 0O(10) pairs

1.25 1

005
o0t 1.00 1
Toos
S
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Z z
and mass operators 3 lattice spacings, phys. mass  plcocCA
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FIRST RESULTS

Leading isospin-breaking

t* intermediate window [preliminary 961]
1.50 1.50
1.25 1.25
1.00 ’ 1.001 | | |
0.75 0.754 **
0.50 1 ’ 0.50 1 {*
0.251 | @ O 0.25 1 .," @
T A R T T T L R S
r Il 7 [f)
1.50-—H[H|W and more ...
1.25
HHH N 0
0.75 <« DEGLI STUDI
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WHAT’S NEXT

Lattice is fully inclusive...

Lattice calculation fully inclusive in energy (cut at m,) and channels

@ — isospin-breaking from both 27 and 37

[Colangelo et al 22][Hofericther et al '23]
IB correction of a"'[37] ~ —1-1071°, eV [27] ~ +1-10710

Possibilities for 7-data + LQCD: (A) fully inclusive vs (B) 27 exclusive

an open possibility to further pursue

< DEGLI STUDI
(¢) T =]

Remaining systematics effects [m., o) in p*'° from ete™ or lattice*

suppressed for low and intermediate windows




CONCLUSIONS

...and outlooks

hadronic 7-decays can shed light on tension lattice vs eTe™

RBC/UKQCD 181 -
ETMC 21 1 T data competitive on
BMWe 201 e intermediate window
Mainz 22 4 ——0——
ETMC 221 —e—i . )
RBC/UKQCD 23 1 Heotl blinded analysis of Aleph
BMWe 241 HeoH
BMWc/KNT 20 F—¥—1 initial+mixed rad.cors. analytic
Colangelo et al 22 4 F—%——
2275 230.0 2325 2350 2375 final radiative from LQCD+QED
ay [x1071]

iz

Remaining work (in progress) to finalize full formalism  [MB et al, in prep]
W-regularization and short-distance corrections
non-factorizable effects: beyond EFT?
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DEFINITIONS

Hadronic currents
~Z7 = Quﬂ'mu + Qda'md
..7;: =uyd, JJ = Q“\;EQ({ wyud

Hadronic phase-space factor, i labels hadrons
d*pi
4 4 7
d® ¢ (p) = (2m)*6*( sz SfH S
Charged spectral densities
w 1 ipx —
blo) = 5= [ diae 0175 ) 7 00
*Z/d@f (017 (0)[py -+, out)(p: - -, out|7, (0)0)

=
7 4 13
=

(p uv — pupu) P ( ) [S = p2]

©3 UNIVERSITA'
= ONVIIN A

icocc



SPARSE PROPAGATORS

Save on disk sparse props — efficient, more point sources[RBC/UKQCD 18]
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ERROR BREAKDOWN

A A
B
C.
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PHASE SPACE

A numerical n-particle phase-space integrator

0.030
0.025 q

_0.020

u[Gev?

0.010 A

0.005

0.000 q

0.015 4

Grid/GPT backend, support for several parallelization schemes
partial support for 1-loop Passarino-Veltman functions
no support for MCMC yet (needed for >=6 particles)
currently private, soon public github.com/mbruno46

5=2.33[GeV?]
/1/ \\\ -2
£ A -4 Used to cross-check analytic formulae
4 \ -6 o
7 X 2

Example: Dalitz plot 7 Bremsstrahlung
— wrong boundary: finite m., effects
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