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| Neutrino masses
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Is the SM the ultimate theory ?

' Neutrino masses |

Most likely no! Some open questions cannot be addressed within the SM! Baryon asymmetry '

?f Dark matter |
How to deal with the search of New Physics ?

' > Production of new patrticles at colliders, e.q. VL fermions, SUSY particles,...
Direct searches ‘

i > Typically conducted at high energy facilities, e.g. LEP, LHC, ... ‘

B processes extremely suppressed in the SM: e.g. EDMs, LFV.... |
Indirect searches : |

t > Look for discrepancies between exp. measurements and SM theory predictions. ;.



Cabibbo anomalies

Vud Vus Vub
CKM matrix rules flavor physics in the quark sector Vockm = | Vea Ves Veb
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Unitarity condition:



Cabibbo anomalies

Vud Vus Vub
CKM matrix rules flavor physics in the quark sector Vockm = | Vea Ves Veb
Via Vis Vib

Unitarity condition: |

Any deviation from unitary hints at possible dynamics beyond the SM!

[Cirigliano et al., Phys.Lett.B 838 (2023)
0.228

'* Present day tensions in the first row of CKM challenge the SM picture

0.226 Cabibbo Anomalies

Vid]® + [Vaus|* +1Vas|* # 1 ~ 30
\ ~107° Irrelevant at this given

_ |
5Vu3 -~ 10 4 daccuracy.
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Cabibbo anomalies

Select a process involving u < d transition: Semileptonic processes are free from QCD rad. correction
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Select a process involving u < d transition: Semileptonic processes are free from QCD rad. correction

Three different type of decays

Process Advantages Limitations Vi

| Particle ata Group, PTEP2022, 083‘CO1 (2022).

| Many isotopes to average | Nuclear uncertainty | 0.97367 (11)exp (13)rc (27) ns [32]
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Select a process involving u < d transition: Semileptonic processes are free from QCD rad. correction

Three different type of decays

Process Advantages Limitations Viud

- Particle Data Group, PTEP 2022, 083C01 (2022).

Many isotopes to average , Nuclear uncertainty { 0.97367 (11)exp (13)re (27) ns [32]

No nuclear uncertainty Experimental inputs: 0.97441 (3) (13)rc (82)x (28),. [88]
| T, A\ |

Theoretically clean Experimentally extremely ‘ 0.97386 (281), (9),. (14)rc (28)r., [283] ‘

challenging

*Before CHV 2026
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Why is timely to deal with radiative corrections in Pion Beta decays?

[PIONEER collab., 2504.06375 ]

0.976 ' »PIONEER exp. at PSI aims at reducing exp. unc. by one OoF
0.975

0.974

. > Vg extraction based on pion beta decay competitive with alternative
. approaches

B
@

0.973
PIONEER Phase I

PIONEER Phase Il

0.972

o [ FOi

Existing Measurements

V , from unitarity with Vu$ = 0.2233[5} (KI3 average)

0.971 »Reducing the th. uncertainty is crucial to keep with exp. progresses

lll’llllllllllllllll‘[l_fll]llllll
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V ,, from unitarity with Vus = 0.2250[4] (IV NV | meas.)
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Why is timely to deal with radiative corrections in Pion Beta decays?

[PIONEER collab., 2504.06375 ]

0.976 ' »PIONEER exp. at PSI aims at reducing exp. unc. by one OoF
0.975

- =

- ? 1 . . " . .
O ¢ 1 | » Vg extraction based on pion beta decay competitive with alternative
0'9735_ Q PIONEER Phase I E app roaches
0.972 N Q PIONEER Phase Il _f |

- Existing Measurements 1 & . . . . .
0.971E- * v - uniarity with V. =0.2239(5} (3 average) ] | » Reducing the th. uncertainty is crucial to keep with exp. progresses

_ V,q from unitarity with V__ = 0.2250[4] (IV_/V | meas.) - ', )

0"—0" Neutron Pion

2024 2025 2026 2027 2028 2029 2030 2031 2032 2033

PSI Shutdown / Upgrade
Active Tgt. Tests Run Il
Demonstrator runs Major construction period Install. .




>~ Proportionality constant in an interaction between particles with spin and an external magnetic field

> Relativistic QM predicts g=2: exact relation!

g — 2
2

> Quantum correction from SM loops leads to a deviation from g=2: a, =



>~ Proportionality constant in an interaction between particles with spin and an external magnetic field

» Relativistic QM predicts g=2: exact relation!

> Quantum correction from SM loops leads to a deviation from g=2: a,, =

,. Experimentally measured with a precision of 127 ppb:

a,(exp) = 116592071, 5 (14,5) x 10~ f

Great consistency between BNL and Fermilab results!

g — 2
2

[Muon g-2 collab., 2025]
| | 1 | | | | | I I | | | | I | | | 1 I
BNL ES21 | - :
Run-1 | 0 |
Run-2/3 1 0 :
Run-4/5/6 0"
RUnN-1-6 +—eo—+
EXp. average +——t
[ AR RN N I TN SRR SR S R | R T N N NN SR S

20.0 20.5 21.0 21.5

a,- 10° — 1165900




[WP., 2025]

SM theory prediction exhibits an uncertainty a factor of 4 larger:

a,(th.) = 116592033 (62) x 10~

«QED:
- 99,99% of the whole contribution: a@¥P =116584718,8(2) x 107" A@L
» Know at 5 loops accuracy: negligible uncertainty

*EW:

> Known at 2 loops accuracy: negligible uncertainty: afW — 154.4 (4) x 1071

> Same order of magnitude of 0Aa,, : benchmark value for sensitivity to BSM physics

*Hadronic:
- af * ~ 7000 (62) x 10~ accounts for the whole theory uncertainty @



Hadronic Vacuum Polarization

= i(¢° g — quq) (7

- Data driven approach:e™e™ — hadrons(~)

- Dispersion relation based on unitarity and analicity relates TI(¢?)and o(ete™ — had.)

m2 o @, K
otVE = K ds (S)O'(€+€_ — had.(7))

K 1273 J, S

» K(s) = 1/s: nTn~ channel is ~ 70% of the whole contribution and the error budget:
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Hadronic Vacuum Polarization

= i(¢° g — quq) (7

- Data driven approach:e™e™ — hadrons(~)

- Dispersion relation based on unitarity and analicity relates II(¢*)and o(eTe™ — had.)

m2 o @, K
otVE = K ds (S)U(6+6_ — had.(7))

K 1273 J, S

» K(s) = 1/s: nTn~ channel is ~ 70% of the whole contribution and the error budget:

> Lattice QCD

> First principle determination of the two point function. No need of data as external input.

> Nowadays well established method to evaluate the HVP to Muon g-2.

14



Hadronic Vacuum Polarization

Ww‘w = i(¢° g — q.9,)11(q")

>~ Data driven approach: 7-based evaluation

/7-‘-—|- P
dU[r — 7mrv.

@/’ < > @\\ 0(€+€_ — 7T_7T+) X [T Ty (7)]

Isospin ds

~ L
o 1 [ Ko (s) dlrn(y)
> If isospin is exact: a2V PP lnn 1] = — / ds K i 7
p a,u [ﬂ-ﬂ- T] 47.‘.3 o S (S) K]_" (S) dS




Hadronic Vacuum Polarization

MQW = (¢ G — 9uq)(q°)

> Data driven approach: 7-based evaluation

/7T_|_ //7-‘-
. Pt B B dl'[T — mrv, ()]
P . . SN e ot -

o7 - ogleTe T ) oy
- 0

o 1 [ Ko (5) Mrn(y)

- If cag VRO, =—/ ds Ik - ;
isospin is exact: a, T = L (5) Kr(s) ds

» My # my, O(a)effects break ispospin symmetry: a correction factor is needed!

1 > Ko(s) dlrniyy
HVP,LO _ o Y
CL'u [7T7T,7'] = 4—7_‘_3 /Sthr ds K(S) _KP(S) T _ X R[B(S)

3



White Paper 25

- Tensions in o(ete™ — n7n ™) data renders HVP prediction

unreliable at present.

CMD-3 > Lattice QCD results show a great agreement between
' theory prediction and experimental measurement

Lattice HVP Avg. 1
WP25

FNAL-25 > T data offer an ind. channel to shed light on the Muon g-2
FNAL-23

FNAL-21 puzzle
| BNL-06
—40 30 —20 ~10 0 10 20
1 M
100 x (ap™ — aS)



White Paper 25

A ——
BaBar |
BESIII

CMD-2

Lattice HVP Avg. 1

- Tensions in o(ete™ — n7n ™) data renders HVP prediction

unreliable at present.

» Lattice QCD results show a great agreement between
theory prediction and experimental measurement

WP25 @
FNAL-25 » T data offer an ind. channel to shed light on the Muon g-2
FNAL-23
_ puzzle
40 30 20 ~10 0 10 20
1010 x (aM — as*?)
However
, > IB corr. not under control: T data based HVP is model |

| dependent.

J » Reducing the model dependence in Ris is crucial!
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Radiative corrections

Comparison between experiments and theoretical predictions require the evaluation of radiative corrections

Low energy processes typically involve large separation in the relevant energy scale

l S [ - D)
Ay B

10



Comparison between experiments and theoretical predictions require the evaluation of radiative corrections

Low energy processes typically involve large separation in the relevant energy scale

l peneemeernelly 100 I
Ay Fean ~ e

Top-down EFT approach
PRO

> Effective field theory approach allows to factorize short-distance (Wilson coefficients) and long distance
(matrix elements) components of an amplitude. As,; = C(p) X Aprr(1)

>~ RGI Pt enables the resummation of large logarithms ( LL — (alog ﬁ)”; NLL — o" *(log ﬁ)” ) in the

scale dependent Wilson coefficient C'() i i
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Comparison between experiments and theoretical predictions require the evaluation of radiative corrections

Low energy processes typically involve large separation in the relevant energy scale

l peneemeernelly 100 I
Ay Fean ~ e

Top-down EFT approach
PRO

> Effective field theory approach allows to factorize short-distance (Wilson coefficients) and long distance
(matrix elements) components of an amplitude. As,; = C(p) X Aprr(1)

>~ RGI Pt enables the resummation of large logarithms ( LL — (alog ﬁ)”; NLL — o" *(log ﬁ)” ) in the
scale dependent Wilson coefficient C'() i i

CONS

» EFT may introduce scheme dependences: scale and scheme dependence cancel if matching and
running are treated consistently
10



Chiral Perturbation Theory

ChPT is the natural framework for dealing with light mesons
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Chiral Perturbation Theory

ChPT is the natural framework for dealing with light mesons

> Light mesons (rT,K) (pbsuedo) Goldstone modes encoded in an exponential representation: e.g. U = e Fr

> Lagrangian invariant under global SU(3). x SU(3)r symmetry + symmetry breaking terms

> Effective perturbative expansion in powers of meson momenta p//\y
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ChPT is the natural framework for dealing with light mesons

> Light mesons (r1,K) (osuedo) Goldstone modes encoded in an exponential representation: e.q. U = eiTr

> Lagrangian invariant under global SU(3). x SU(3)r symmetry + symmetry breaking terms

> Effective perturbative expansion in powers of meson momenta p//\

Fg

| L2 = 2D, U(D"V)'] |

Loop diagrams at O(p2) generate divergent O(p4) terms: ren. by LEC at order O(p?)
[Gasser, Leutwyler, Annals Phys. 158 (1984) 142]

L4 = L {Te[DU(D*U)} + LyTx [DU(D,U)] T [DPU(D*U)] +... 12 operators total |

Renormalized LEC expressed in terms of the underlined QCD parameters!

11



Adding EM effects must follow the same organizing principle!
[R. Urech, hep-ph/9405341, M. Knecht et al., hep-ph/9909284, B. Moussallam hep-ph/9701400, S. Descote Geno et al., hep-ph/0505077 |

> Electroweak rad. correction break the chiral symmetry: Qu # Qaand Vceku

»Spurion technique to control the symmetry breaking effects, e.g. mass terms
LEFT

LocD+Fermi = —€Ax (VrQry o + YrQrY YR) + Gr (Z_L’YAVL YLQwY L + Tl @LQ%T\TM)
Qr — LQrL Qr — RQrR' Qw — LQwL'

ChPT at O(p2)

> Inclusion of leptons and photons to the chiral Lagrangian through covariant derivative

> Assign to the weak and electric charge an O(p) to respect chiral counting
' DMU(x) — 8HU(x) + 1 (Tu - QQRAM) U(x) —iU(x) (lu - 6QLAu +GF (QWZ_L”Y)\VL + QLVEL”YAZL )) ‘4

12



Electromagnetic Chiral LECs renormalize Chiral loops and encode short distance physics
[R. Urech, hep-ph/9405341, M. Knecht et al., hep-ph 9909284, B. Moussallam hep-ph/9701400,S. Descote Geno et al., hep-ph/0505077 ]

» Build an O(p?#) operators basis with ChPT degrees of freedom + spurions respecting the chiral symmetry

» O(a) effects encoded in Chiral operators with two spurions

=l < P o2 < op = n “

| £, = KRS (DUDMUY) (QuQu + QrQr) + KoFZ (DUDMUT) (QuUTQRU)  Lleptons = 3 ZI: {F3Gr | Xalyuwr (u"{Qr, Qw}) + Xalpywr (w*{Qr, Qw1
+ K3F; ((DuUQLUWz + <DuU1QRU>2) + K4F§ (D, UQLUT) (D,.UQRU) Xolr v (u[Qr, OQwl) le_L’YpVL<U“[QLa Qwl)
+ K5 F3 (D,U'D*U QQL + D,UD"U" QrQRr)
+ KeF2 (D, U'D*U QLUTQRU + D, UD*U QrUQLUT) + XsMjlpvr (QrQOw)
+ %K7F6°‘ (X'U +U'x) (Qrar + QrQr) + KsF§ (x'U + U'x) (QLU'QrU)

. T /.l: . —_— u
+ KoFg {(X'U +U™)QLQL + (XU + Ux")QrQkr) + 1 X4l (Qr Qw) + i X5l Ly (QrQw) + h.c.]

+ K10F} <(XTU +U'Y)QLUTQRU + (xU' + UXT)QRUQLUT>
+ KuFg (X'U = U'™X)QLU'QrU + (xU" — Ux")QrUQLU™)
+ K12 F§ (UD*U'D,QRr,Qr] + U'D*U[D,QL, QL))

+ K13F; (D, QrUD*QLU).

+ Xelli @ +e P)l+ X7 Mill} .

Renormalized LEC expressed in terms of the underlined SM parameters!

13



Chiral Perturbation Theory

Electroweak radiative corrections in ChPT are parametrized via chiral LECs

; > Treatment of radiative corrections within ChPT historically limited due to unknown QCD dynamics :

i » NDA or ad hoc models to parametrize chiral LEC: Model dependent results!

14



Electroweak radiative corrections in ChPT are parametrlzed via chiral LECs

t » Ch/ral LECs encode short—d/stance as well as non ,oerturbatlve dynamlcs S
" > Treatment of radiative corrections within ChPT historically limited due to unknown QCD dynamics

i » NDA or ad hoc models to parametrize chiral LEC: Model dependent results!

V. Cirigliano, M. Hoferichter, NV 2026

,~ Progresses on lattice nowadays allow for a consistent parametrization of the electromagnetic LECs

> Perturbative methods + lattice input required for a consistent treatment of radiative corrections
beyond leading logarithms within a ChPT framework
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Electroweak radiative corrections in ChPT are parametrlzed via chiral LECs

t » Ch/ral LECs encode short—d/stance as well as non ,oerturbatlve dynamlcs S
" > Treatment of radiative corrections within ChPT historically limited due to unknown QCD dynamics

i » NDA or ad hoc models to parametrize chiral LEC: Model dependent results!

V. Cirigliano, M. Hoferichter, NV 2026

,~ Progresses on lattice nowadays allow for a consistent parametrization of the electromagnetic LECs

> Perturbative methods + lattice input required for a consistent treatment of radiative corrections
beyond leading logarithms within a ChPT framework

Applicationto Pionfdecayandr = timtv

14



Why together?

A common framework for both processes
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Why together?

A common framework for both processes

~
T
~ N R 0 rrresemrmrnm ool
\ LFU + crossing symmetry
Vr
J L y

15



A common framework for both processes

~ LFU + crossing symmetry: same low energy description in ChPT
Leri=—V2Gr Vuq g5 (ty) (€, Prvy) (9,7 7 — 7~ 9,7") + h.c.

»Short distance radiative correction encoded in 9v (14y) factorized as:

. Xe 2 L\
gy (py) = Cplp,a) |1+ 4ra (2K122X2 26 3(X1+X1)>

15



Typical multiscale processes involve a series of EFT

4 u / u 4
>\W< + +...
d v

+
% +... LEFT

LL, NLL, NLL, running

Standard Model

Perturbative matching C E (1, @)

Non-perturbative matching X;

+... ChPT

LL.NLL running

Eea:p

16



Above the ChPT scale, the RGE flow is the same as neutron decays: universality
[ V. Cirigliano et al. Phys. Rev. D. 108 053033 (2023)] [ M.Gorbahn et al., hep-ph/2510.27648]

SM-LEFT matching beyond leading log

Lrerr = —2V2Greryopir Vury ver, — 2V2GE Vg Céf)(,u, a) €rYpVer UrY dr,

> Short distance rad. corrections factorized as G (muon decays) and (jg =1+ 0(a) 4+ O(aa,) (Sewat LL)

> Finite pieces depend on the v5s scheme (we use NDR) and evanescence scheme convention

y“ypyBPL ® VoY VpPL = 4(4 — ae)y’ P ® Yo PL + E(a)

Running in LEFT

pw ~ My My, ™~ T Hm, ™ M
17



Electroweak rad. correction explicitly break SU (3)r, x SU(3)r: matching using the spurion method

» Promote electric charge and Vckm to spurions in ChPT and LEFT

»Chiral LECs can be individually extracted from one-loop matching at the level of green functions,
obtained by differentiating the generating functional with respect to the electric and weak spurions

52W(QL7 QR? QW)
6.0 / 44z (1(p)7(q) 7 (5) : 7 (r))
7 6Qin 1) 0y
> Equating O(«) terms in ChPT and LEFT
ChPT LEFT
+ — + counterterms

18



LEFT-ChPT matching

19



LEFT-ChPT matching

Kernel involving lepton/photon propagators

d%q /

r loo
LEC' )(Maﬂxaa) - éhﬁ%(“x) + gggFT +/ (Qﬂ)dK(AQ)/F(Q)

Correlation functions of QCD currents in the meson system

/ diz ¢ (79 (p) [ T{JE™ () JWA(0)} | (p))

19



LEFT-ChPT matching

Kernel involving lepton/photon propagators

d%q /

r loo
LEC' )(Maﬂxaa) - éhﬁ%(“x) + gl(ngT +/ (QW)dK(AQ)/F(Q)

Correlation functions of QCD currents in the meson system
[ dtae (@ @I L @) IO @)

» Add and subtract OPE for T'(q) to isolate divergent and finite pieces in LECs % X (# + ea #)

» OPE result in dim. reg. introduce scheme dependence that will cancels the one in Cg (4,a) =14+ O(a)

19



ddq /

A

r loo
LEC! )(Malﬁx»a) — é’th%(Nx) +9€§FT +/ (

/ dha e (1% (p) [ T{TE™ () T4 (0) } 7t (p))

» Add and subtract OPE for I'(q) to isolate divergent and finite pieces in LECs % X (#+ ca#)

» OPE result in dim. reg. introduce scheme dependence that will cancels the one in Cg (4,a) =14+ O(a)

r loo OPE d%q — 1
LECT (s s a) = éhﬁ%(ﬂx) + fI(JEFT)( )+/ oa K@ (e) = .

d*q _ . . . .
> / L K (q)I'(q) is UV finite: It can be evaluated in d=4 by using Lattice data

19



Short-distance contribution

20



_ A X , -
g%}(lux) :CE(,LL,CL) 1—|—47TCM <2K122X2 26 3(X1—|—X1))

“Inner” corrections at O(a, aa,)

(3) 1 2 2 g?’) 130
V) (1) + 2 (n) (17 3 log Iy L g10g ) 1 20 (1) (
47r 6 2 7 ug 1 (47)? 81

20




Short-distance contribution

i e N\
gy () = Ci(p,a) |1+ 4dra (2K12 — 2X> 26 3(X1 + Xl))

“Inner” corrections at O(a, aay)
~(3) V(3) o (p) (17 3. Hy Mz) . O‘O‘gg)(u)( 130 H

gv (kx) = Cg7 () |1+ 07 (o) A log —5 + 2log " )2

/ 47 6 2 [ ,u_%

Factorization into
scheme independent WC

[ X.Feng et al., Phys. Rev. Lett. 124 192002 (2020)]
[J.S. Yoo et al., Phys. Rev. D 108 034508 (2023) ]

=V _ 3_0’ * g _ 1 Q2 _ as(ﬂO)
P (bo) = 27rj; Q? [M"(Qz) 12 02 + yg(l 7 )]

:L ——A

— Lattice QCD
-- pQCD O(a}) !
— pQCD O(af)
-- M O(aj)
— M O(aj)

Q [Gse\/] 20




gg(ﬂx) — Cg(:uv a)

V(3)

T

(140)

[ X.Feng et al., Phys. Rev. Lett. 124 192002 (2020)]
[J.S. Yoo et al., Phys. Rev. D 108 034508 (2023) |

=V _ 3_0' > d_Q2 2\ 1 Q2 _ a's(ﬂO)
Br (ko) = 2n j; 0> [M”(Q ) 12 02 +,u%(1 T )]
— Lattice QCD

0.08
-- pQCD O(a?)
— pQCD O(ay})

- M™* O(a?)

—_ ;\I:Ub O(a:)

0.06+
-~
— 0.04+

0.02+

1+ 4oy (2K12 — 2)22

A

X6

“Inner” corrections at O(a, aa,)

v 3

1
5 V8

a®) () (
 4x 6

2 2
M;( - 2 log ,u_2
o o

\4

aal? (1) 130 e
I ; 2log —
(47) 31 Ho/

Universal to all B-decay: no dependence on the spin or mass

of the meson/hadron [S.E. Abers et al., Phys. Rev. 167 1461 (1968),
A.Sirlin, Rev. Mod. Phys. 50 573 (1978)]

Agreement with EFT analysis of n — pe  Ue

20

[ V. Cirigliano et al. Phys. Rev. D. 108 053033 (2023)]



] A P , A _
gy () = CE(M“) 1 +4dra (2K12 — 2.Xo 26 3(X1 - Xl))

“Inner” corrections at O(a, aa,)

T 3 () (1 : 2 ®) 130 2\
7 (1) = C () |1+ OV () + & ( L Zlogtx 210%”—2) - (M)( 210g“—2> -

/ A 6 2 o o (47)? 31 o

Adapted from neutron decay

[ X.Feng et al., Phys. Rev. Lett. 124 192002 (2020)] [ M.Gorbahn et al., hep-ph/2510.27648]
[J.S. Yoo et al.. Phvs. Rev. D 108 034508 (2023) ]
=V _ 3a > d_Q2 2 1 Q2 a’s(ﬂO)
Br (ko) = 2 j; 0> [M”(Q )~ 12 02 +,u%(1 R )] v
i I B i S Universal to all B-decay: no dependence on the spin or mass
_ Lattice QCD of the meson/hadron [S.E. Abers et al., Phys. Rev. 167 1461 (1968),
% . pQCD O(a?) | A.Sirlin, Rev. Mod. Phys. 50 573 (1978)]
— pQCD O(a?)
= 0.04 -- 1\1;:": O(Of;) ; . . o
L M O) Agreement with EFT analysis of n — pe v,
0.02 \ [ V. Cirigliano et al. Phys. Rev. D. 108 053033 (2023)]
| : 0
% 1 2 3 4 5 6

Q [GeV] 20



Application




Pion 3 Decay

<

[[n" — n’etv.(y)] = pl Vudl" Mz 5 (0))

6473 (1 + Ajl;%)lnt’ : "

21



Pion 3 Decay

CGRVLPMIFOR

(1+ c)I ',

. 1"[7r — e ve(‘y)] ~6dr 3

» L ong-distance radiative correction evaluated in ChPT : Clrlgllano et aI hep ph/0209226

*(p) ) " ' 1672
, velen) ) ) AT = 0.0334(10)
™ (p+) ™ (p4) ™+ (p+) i

0) | VChPT 0.97376(281) 5, (9), (47)

™ (o) (o)

+ 100% uncertainty

(28) |

ARC
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NP0 ,,

| Ir* - 2letve(y)] = 6473 (1+ C)Inf |

» L ong-distance radiative correction evaluated in ChPT : Clrlgllano et al. hep ph/0209226

+ 100% uncertainty

+ e+ (pe .11 X Y

e+ (pe) v ) 5 1672 \%

, o) () e AT =0.0334(10) |

mt(py) +(p+) +(p+) 1 4
2 (p0) O O.97376(281)Br(9) (47) ARc(zg)

O(pO) 7 (po)

» Radiative correction evaluated a la Sirlin + lattice input: A.Sirlin, Rev. Mod. Phys. 50 573 (19/8)]
X. Feng et al. hep lat/2003.09798

F/xed order approach W/th SM dof _~'
qN q ‘
N = 0.0332(2)
,; VIECP — 0.97386(281) . (9), (14)X (28) 1.,

ARrc



V. Cirigliano, M. Hoferichter, NV 2026

Two-loop anomalous dimension
» Radiative correction in ChPT + lattice input for short-distance matching , s

> Large log resummation beyond leading log accuracy from Mw to end point energy

. . v ) 7.‘.O
> Typical energy scale of pion 3 decay: MeV << A,
[ V. Cirigliano et al. Phys. Rev. D. 108 053033 (2023)]

; AT = 0.03403(11): Large shift of 2.6 o in the central value compared to X. Feng et al.,hep-lat/2003.09798: '

o2 M
Unaccounted effects from large log resummation in ChPT at LL ~ 3 log2 mp

WO = 0.97386(281) 5 (9)-, (5)R. . (28)1.,: Rad correction uncertainty slashed by a factor of 3! :

PIONEER final goal: (281)sr = ~ (30)sr: theory uncertanties negligible beyond the PIONEER reach!
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> Radiative corrections to t decays break isospin — must be subtracted

» Rad correction typically separately encoded in Sew (short-distance) and Gewv (long-distance)

m

K (s) dFWT(W)_
X
Kr(s) ds (r15 i _{[@TW]S 1 | }
IB — [

1 ®.©,
AaleVP’LO[TFTF,T] = —/ ds K(s)
Sthr

X X
Brrol>  Sew  Geum(s)

23



> Radiative corrections to t decays break isospin — must be subtracted

» Rad correction typically separately encoded in Sew (short-distance) and Gem (long-distance)

N

Ko (s) dlrr(y)
X
Kr(s) ds (r15 i _{[57”]3 1 | }
IB — [

X X
Brﬂo]g SEW GEM(S)

1 O
HVP.LO _
AalVPLOlrm 7] = / s (s

However

| » Short and long-distance correction separately scale and scheme dependent beyond leading log approx |

| SEW — Cs(u,a) '
Z » Phase space beyond the ChPT energy regime: ChPT works only in the low energy region! .

23



HVP contribution to Muon g-2

o ar T—>7r vf(’y)] N

— = Kr(s)wmo(s)] If+(s)IZS GF.M(s>

24



HVP contribution to Muon g-2

(i v

— = KF(S)[;BJMO(S)] If+(S)IZS GEM(S)

TV, Cirigliano et al. JHEP, (2002),

» ChPT-like strategies for rad.corr. need to be corrected within specific models: Flores-Baez et al,hep-ph/0608084,
Miranda, Roig, hep-ph/2007.11019]

» Novel approach based on dispersive parametrization of the FF allows for a model independent quantification
of Gem [ G. Colangelo et al., Phys. Rev. Lett, 136 (2026) 10]: retain the ChPT description in the low energy
region to enforce RGE effects

Aay VPP rm, 7] = —24.8(0.1)exp (0.5)¢n (1.3)sp x 107

24



4+ 0 ' ' |
5- Al ;S ) _ = Ki()[Ben (9] If+(s)le’"' GEM<s)

[V Clrlgllano et al. JHEP, (2002),

» ChP1-like strategies for rad.corr. need to be corrected within specific models: Flores-Baez et al,hep-ph/0608084,
Miranda, Roig, hep-ph/2007.11019]

> Novel approach based on dispersive parametrization of the FF allows for a model independent quantification
of Gem[ G. Colangelo et al., Phys. Rev. Lett, 136 (2026) 10]: retain the ChPT description in the low energy
region to enforce RGE effects

AafVP’LO[ﬂ'TF,T] = —24.8(0.1) exp(0.5) 1 (1.3)sp x 10710

»Uncertainties dominated by scheme dependences in Sew: canceled by Chiral LECs

24



' dF [‘r — 71':':71'01’1-(‘)’)]

- = Kr(s )[ﬁmo(S)] If+(S)IZS Ey GEM<s>

[V Clrlgllano et al. JHEP, (2002),

» ChP1-like strategies for rad.corr. need to be corrected within specific models: Flores-Baez et al,hep-ph/0608084,
Miranda, Roig, hep-ph/2007.11019]

> Novel approach based on dispersive parametrization of the FF allows for a model independent quantification
of Gem[ G. Colangelo et al., Phys. Rev. Lett, 136 (2026) 10]: retain the ChPT description in the low energy
region to enforce RGE effects

AafVP’LO[TFﬂ',T] = —24.8(0.1) exp(0.5) 1 (1.3)sp x 10710

»Uncertainties dominated by scheme dependences in Sew: canceled by Chiral LECs

V. Cirigliano, M. Hoferichter, NV 2026
. Aa fVP Lo [m 7] = —24.8(1)exp (5)en (1)sp x 10710}

Negligible unc. From the short-distance matching: significant step forward in the Tt based determination of HVP
24



General result
> First full EFT analysis of semileptonic processes involving pions beyond leading log in ChPT

> Explicit model independent expression of the Chiral LECs up to order O(«a, ac)

Vwd extraction

> Reduction of theory uncertainty from radiative corrections by a factor of 3

> Theory uncertainty negligible for future determination of V,,4 based on Pion beta decay

Muon g-2

> Elimination of scheme dependence ambiguity in Ggar x Sgw - negligible uncertainty from the short-
distance matching

> Improved robustness for HVP contribution to Muon g-2 based on t data






Muon g-2

Hadronic contribution to Muon g-2  [we, 2025]

> Perturbation theory fails for hadronic contribution in the low energy region

> Alternative methods must be employed to asses the hadronic contribution to a f ad

Two classes of diagrams

— 3} “Dominates the th. uncertainty

a, " " =7045(61) x 107



Muon g-2

Hadronic contribution to Muon g-2  [we, 2025]

> Perturbation theory fails for hadronic contribution in the low energy region

> Alternative methods must be employed to asses the hadronic contribution to a f ad

Two classes of diagrams

— 3} “Dominates the th. uncertainty

~ ~

a, "t =7045(61) x 10~ ,  aMPl =115.5(9.9) x 107



Electroweak rad. correction explicitly break SU(3), x SU(3) g : matching using the spurion method

Spurion method

(a) ldentify LEFT Lagrangian terms that (c) Impose spurion transformations such that
break SU(3)r x SU(3)r the chiral symmetry is restored.

(b) Promote parameters that break SU(3);, x SU(3)r (d) Build an operator basis in ChPT with

to dynamical fields (spurions) spurions and light dof which is invariant under

SU(3). x SU(3) g

e.g. Mass term
(@) quark mass terms explicitly break SU(3)r x SU(3)g (d) At leading order in ChPT:
my, 0 0 F2B B ita?Z(m)
Ly =—qrMqr — @ Mqr, M= ( 0 mg O ) Lob. = 02 PT(MUT UMY =
’0om, L O expansion and M to physical value:
(b + c) M — RML' chiral symmetry is restored T2 M) = 2(my + ma)rt 1™ + (My + mag) 7' + ..

18



Electroweak rad. correction explicitly break SU(3), x SU(3) g : matching using the spurion method

_ [S. Descote Genon et al., hep-ph/0505077 |
Spurion method V. Cirigliano et al. Phys. Rev. D. 108 053033 (2023)]

(a) /dentify LEFT Lagrangian terms that break SU(3)r x SU(3)g

LocD+Fermi = —€Ax (VIQry L + vrQrY Yr) + GF (Z_L%\VL VL Qwy L + Tl IELQ;&/V/\@DL)

| 0 Vud Vus
Qr r = diag(2/3,—-1/3,—1/3) Qw=— 10 0 0
V2 0 O 0

(b) Promote parameters that break SU(3)r x SU(3)r to dynamical fields (spurions)

Qi(x) = %Q?(aﬁ) with 7% Gell-Mann matrices

(c) Impose spurion transformations such that the chiral symmetry is restored
Qr — LQpL Qr — RQRrR' Qw — LQw L'

19



Electroweak rad. correction explicitly break SU(3), x SU(3) g : matching using the spurion method

Spurion method

(d) Build an operator basis in ChPT with spurions and light dof which is invariant under SU(3)y x SU(3)g

) Write down the ChPT Lagrangian at O(p?)with electroweak currents: it encodes IR physics

Il) Write down an operator basis O(e*p*)whose Wilson coefficients (LECs) encode short-distance physics

O(p?)

) Low energy ChPT lagrangian O(p?)with the introduction of external vector sources:

L3 = F—OQTT[D“UT D,U]
= - }

D,U(z) =0,U(x)+i(r, —eQrA,) U(x) —iU(x) (lu —eQrA, +GF (QWZ_L%\VL + QL vryalL ))

20



Electroweak rad. correction explicitly break SU(3), x SU(3) g : matching using the spurion method

Spurion method

Build an operator basis in ChPT with spurions and light dof which is invariant under SU(3)r x SU(3)r
O(e”p?)

| .

II) Relevant operators basis O(erZ) [R. Urech, hep-ph/9405341, M. Knecht et al., hep-ph/9909284, S. Descote Geno et al., hep-ph/0505077 ]

Lieptons = €~ Y {Fg GF [Xll_LWVL (W{Qr, Ow}) + Kilpyuwr(u*{QL, Qw})  Lymy = —ie*FiKia(u,((Q%, QL] — [Q%, Or))
[

+ Xolry,vr (Ut [Qr, OQw]) + Xolry,uvr (uh[Qr, Qw])

Chiral building blocks:
+ X3Mll_RI/L<QRQ1/V> u“ — iu*DuUuT U — u2
R T Or =u'Qru, O =uQru', Ow = uQwu'
+ i Xal (4 Qw) + iXslL s (QhQw) + hc] R=ulnt, Qp=ubu, Cw=ulw
i = u D*QRru, = uD*Qpu'

+ X6l(i @ +e F)l + X'7le_l} .

21



Lattice QCD data to evaluate the non perturbative input: box diagrams

><“ T y J,LLNQZ/YM(%'))w
d d%q 1 v, Yavs Pr v -
[t ~ [ G [ e (w0l 1.0 e OPE
S dy i v _
~ [ i LY s (x (p) D0 P O) | ()

1

~ Uy, Pr v X (p“)><4(4—ae)><g\

Divergent and scheme dependent
pieces

\4

VY’ ¥PPL ® v, ysPL = 4(4 — a€)y’PL ® y,Pr + E(a)



Lattice input

nf=2 +1
0.08 ' '
/ _ Lattice QCD!(DSDR)
0.06 / — Lattice QCDE(Iwasaki)
~- pQCD O(aj)
: — pQCD O(a})
E 0.04 . M;Ub 0((12) i
R\~ M O@) |
0.02F )
Qo B Q\I
% 1 2 3 4 5
n_f=2+1+1 Q [GeV]
0.08 - ' ' ' ' ' '
006l — Lattice QCD |
' —- pQCD O(ad):
— pQCD O(e) |
§0-04 T M:’Ub 0((12) i
— M3™ O(a) |
0.02+F
J '1

T

(to)

2

s
T Jo

24
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0.08

0.06

0.02F

0

0.08

0.06

0.02

——
—_—
—_
——
—

— Lattice QCD/{(D
— Lattice QCD| (I
- pQCD O(a?)
— pQCD O(a})
- Mz O(ad)

s — M3 O(e))

S

SDR)

vasaki)

0

> 3 4

1
n_f=2+1+1 Q [GeV]

7

-~

-

T

—
—
—

ﬁ—/La,’ctice QCD l
~- pQCD O(a?) |
— pQCD O(af)
- M O(ad) |

— M O(a) |

S

non perturbative input

[ X.Feng et al., Phys. Rev. Lett. 124 192002 (2020)]
[J.S. Yoo et al., Phys. Rev. D 108 034508 (2023) ]




non perturbative input

n_f=2+1
0.08 u -
2 — Lattice QCD (DSDR)
0.06¢ / — Lattice QCD! (Iwasaki)
| ~- pQCD O(a})
« | — pQCD O(a?)
= 0.04 Mo O(0d) |
| — M= O(at) . [ X.Feng et al., Phys. Rev. Lett. 124 192002 (2020)]
0.02} ' [J.S. Yoo et al., Phys. Rev. D 108 034508 (2023) ]
0 I — Only the axial-vector contribution to the box amplitude sensitive to the hadronic scales
0/ ———— ‘; s : — [A.Sirlin., Rev. Mod. Phys. 50, 573 (1978)]
- n_f=2+1+1 Q [GeV] | T
: - . ' r ' ' ' T ' ' A QT e'm A — 8 3
0.06| 7 — Lattice QCD | |
| -- PQCD O(a3) 4. 2 2 T 2 7
| —PQCDO(O@E | V(,UO)__iGQ/ d*q v+ @ % TZ;T(%Q ) g 1 1 O‘S(MO)
¥ 0.04 - M* O(a) : m B 27)4 4 2M v 3 Q2% + pd 7 |
- "M ofah emt et T T |
g o)y 0% Mr 12 02 + 3 T
00 1




I A e |

2 2
oo 2m 12 0% + g T
0.08 . ; —
o, fF/| T lLaties Sggiﬁﬁiﬁié | M,(Q?) Determined by lattice data below Qo = 1.6 GeV
| -~ pQCD O(o?) | . . .
Soodl — pQCD O(a) |  Asymptotically determined by perturbative QCD ( at four loop )
| —- M2 O(ad) |
| = M O(ad) A0
0.02} M, 2y — =4 , C 2=1—%+ n%n
(@)=~ (@) =1-— ch(ﬂ).
QO n=z
% 2 3 4 5 6
. f=2+1+1  Q [GeV]
| SN IR S B —— Cancellation of divergence exact up to O(as)
= i |
0.06| — Lattice QCD i
-- PQCD O(a)!
— pQCD Ofa;) | Asymptotic trend used from &1 > Qo
= 0.04} —- M O(a?) _
— M3 0(af) |
0.02} ' Perturbative QCD used Q1> Q > Qo




LECsin MS +MS,
Matching conditions are arbitrary: ™ — v js simpler!

Xg = ! 5 (1 — log Fx ) : Lepton wave function renormalization

167 F

. 3 A%k T - 1 s u2 7 219 Contributions sensitive
Xo =1 =(k?) = : ——1 log = ,
2 =13 / 2y | (k%) —2)| T 162 ( 11982 T gle e Ty 6) to the structure of hadrons

cancel in the amplitude:

di. T ; 2 2 K12 — Xo.
n d%k |_ .5 1 1 i 1 uyg 3
Ko =1 — =(k*) — Nk ——log —; log . [S.E. Abers et al., Phys. Rev. 167 1461 (1968),
8 ) (2m)? | —pug)| 1672 4 “Tps 8 Tpi 16 A.Sirlin, Rev. Mod. Phys. 50 573 (1978)]

Only X; + X, sensitive to the hadronic structure and dependent on the evanescent scheme

. 3 [ d% [Tyv(k,r) 1 1 1 [ 3., up* 3 33 . 3 '
X1 +X{=1- : | | - —B | | 31 - —B.(a) — 3
1AL =0 4 / (2m)d | k2 k2(k2 — pg) | 1672 4 5 ue 2 (@) 8  Ar 05 pe 2 (a) )

Adapted from neutron decay
| M.Gorbahn et al., hep-ph/2510.27648]

Non-perturbative input
/ e O[TV (2)VE(O)} 1 (1)) = i Fo €y K d™ Ty (k, 1)



G Vidl* My f7(0))?
6473
Previous result: Using the so-called Sirlin’s representation: '*enoetal. Fhys. Rev. Lett. 124 192002 (2020)

[[nt - 7letv.(y)] =

(:]' -+- lﬁ&i;i;ﬁ)jln1?t

a, | m m o ;
) = . g+3ln—Z+ln—Z+ag +6§(E)3D+2D,‘Y/‘f, Apo = 0,0332(3) Z, f
v - (*};
Our result:

> arge scale separation M.+ — Mo ~ MeV large log resummation is important

AR = 0.03403(4)s, (5),(5),,, B)cher[11Tior

Central value 2.6 sigma away form previous determination » Leading log resummation in the low
energy region is important!



M = GpVyaf+(s) ulle, v )y (1 — y5)ully, 7) {(

Dispersive approach

f+(s) = Fv(s)

fmatch (8 t) iiSP (S, t) .

> Correct chiral logs

» Chiral LECs

“’iisp(o,o) 4 fChPT(

0)
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V2
RIB(S) o FSR(S) /6’7'('_"7'('_ (S) Fw (S)
SEwGEM(S) Brtro(s) | f+(s)
Refs. [166, 194] Ref. [209] Refs. [237,247] Our estimate
Phase space —7.88 —7.52 — =7.7(2)
S Ew -12.21(15) -12.16(15) - -12.2(1.3)
GeMm -1.92(90) (—1.67 J_"l):gg - -2.0(1.4)
FSR 4.67(47) 4.62(46) 4.42(4) 4.5(3)
p—Ww mixing 4.0(4) 2.87(8) 3.79(19) 3.9(3)
AM, 0.20 ﬁg)(9) 1.953:?2 —
AL ,(AM,) 4.09(0)(7) 3.37 —
= (wop-w) AT, (try)  -591(59)d8)  —6.66(73) _
ALy (8pnn) = _ _
Total —1.62(65)(63) (— 1.34)’_’}:;% — -1.54.7)
Sum -14.9(1.9) (-15.20 tg:gg — -15.0(5.1)

Uncertainty dominated by the ratio of the two form factors. Still model dependent.



