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2312.02053 Phase space —7.88 —7.52 —7.7(2)  —=7.74(5)
A s ~12.21(15)  —12.16(15) —12.2(1.3) —12.2(1.3)
2510.2687 | G ~1.92(90)  (—=1.67)739  —2.0(1.4) —5.4(5)
sy Sum —22.01(91)  (—21.35)7062  _21.9(1.9) —25.3(1.4)

* WP-2025 assigned £/t uncertainty to SE\TV due to uncontrolled scheme dependence [induced by Y5 and
evanescent operators] that should be canceled by corrections to the long-distance matrix element (Ggm)

* After the dispersive improvement of Ggm, this is the largest uncertainty in radiative corrections
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* Semileptonic charged-current processes beyond leading logarithms

e Generalities

* Match 'LEFT’ (=V-A Theory + QED + QCD) to ¥PT for pion processes

* Applications
* Pion beta decay (mtt+—mletve)

e T —7mv;: and implications for tau-based HVP

Based on VC, M. Hoferichter, N.Valori, Phys. Rev. Lett. 137 (2026) 5, 051902 [e-Print:2602.11253]



Semileptonic charged-current processes
beyond leading logarithms



Lrermi = =2 V2GrVia C (1, a)- h.c.

* Universal Wilson coefficient Cg(|) * Process-dependent matrix elements of Opg
* Same for all quark and lepton flavors ¢ TV, TH—T0etVe, n & nuclear B decays

* Known to NLL in a class of perturbative

schemes (MS-bar + NDA (ys) +
evanescent op. choice) & RI-MOM

* Needed to NLL accuracy [O(aas)], in the same
scheme as Wilson Coefficient



LFermi = -2 \/EGFVud C’éf)(,u, a) ZLYPVZL ﬁL?/de + h.c.

YY" Y’ PL ® vy, ysPL = 4(4 — a€)y’ PL ® y,P. + E(a)

d =4 — 2¢



LFermi = -2 \/EGFVud C’éf)(,u, a) ZLYPVZL ﬁL?/de + h.c.

Running: resummation of large logarithms

E LL~ (aln(Mzp)» & a (as In(Mz/p))» Sirlin 1982
NLL ~ a (aIn(Mz/w)r & a as (as In(Mz/p))»
Mw.z
NLL: 2-loop anomalous dim. (02) NLLs: 3-loop anomalous dim. (aas?)
VC, W. Dekens, E. Mereghetti, M. Gorbahn, F. Moretti, S. Jaeger
O. Tomalak, 2306. 03138 2510.27648

Conversion to RI-(S)MOM schemes

Gorbhan et al, 2209.05289 Boyle et al, 2606.04729



LFermi = -2 \/EGFVud Cléf)(,u, CZ) ZL’}/pVKL ﬁLyde + h.c.

hadron state
(For example, 7T+, 710)

* M.E. depends on hadronic structure & needs to reabsorb the scheme dependence of W.C.— a constant

* For t—mmv:, this can be achieved in the region of Vs << GeV, where yPT applies

full di di hPT
See talk by M. Hoferichter f|(;JOp(S7 t) — flolsg(s, t) — f|OI(§;[F))(O’ O) iigop (O)
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L pr = iV2G £V, gv (i) Veryolr (ﬂoﬁpﬂ+ — 1o’V )

e gyat y~/\y encodes the effect of hard photons: 1' gy, = Cg’)(,u, a)(l — 2, () X (o 1, a)) ﬁ

X{;(,uX,,u, CZ) = (Xg — 4K{2 + ng)(,uX,,u, CZ). <4— Combination of chiral LECs of O(e2p?)



L pr = iV2G £V, gv (i) Veryolr (ﬂoﬁpﬂ+ — 1o’V )

e gyvat ly~/\y encodes the effect of hard photons: *' gy, = Clg)(,u, a)(l — 2, () X (o 1, a)) 1

Xg(ﬂx,,u, Cl) = (Xg — 4K{2 + ng)(,uX,,u, Cl). <4— Combination of chiral LECs of O(e2p?)

* In physical amplitudes, the |ly scale cancels between loops and gy
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L pr = iV2G £V, gv (i) Veryolr (ﬂoﬁpﬂ+ — 1o’V )

* gvat ly~/\y encodes the effect of hard photons: ; gy, = Clg)(,u, a)(l — 2ra, () Xe(Wy, U, a)) ,’

X{;(,uX,,u, Cl) = (Xg — 4K{2 + ng)(,uX,,u, Cl). <4— Combination of chiral LECs of O(e2p?)

* In physical amplitudes, the |ly scale cancels between loops and gy

* Get gv by matching Fermi theory to ¥PT, using lattice QCD input — simpler for tt—me*ve

9



VC, M. Hoferichter, N. Valori 2602.11253

e Compute amplitude A(mr—mletve) ~ Cau, a) X {f|O0gli)(1, a) in‘LEFT’ (= Fermi theory + QED + QCD) and ChPT

e Use dim-reg + MS-bar throughout

* Ward ldentities = up to O(gexs/mn) the only non-perturbative input comes from “2pt functions’

Abers, Dicus, Norton, Quinn,
Phys. Rev.167, 1462 (1968)
— Sirlin 1978 RMP

W (k) = i f dx e (hy(p )| TIWF Ol Rip)) W = VA

|0
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e Compute amplitude A(mr—mletve) ~ Cau, a) X {f|O0gli)(1, a) in‘LEFT’ (= Fermi theory + QED + QCD)
Ao = = V2G Vi Cy I (hy(p)IVu(O)hi(pi))

’ . [ d% 1 “
A=A \/Z: — 2e”1 -
_ 2m)4 (k2 + i€)(k? — m2 + ie)
dk V (k) + VE(k) k.k, /K
2m)4 (k2 + ie)(k? — m? + i€)
0200 0 Al T e Ul dk koA (k)

Prv(p,) X e’ =
2 Lv(py) 2m)4 (k2 + i€)2(k? — m? + i€)

+2iV2GrViuaCy' It pre’

+ \/iGF Vung)ft(Pe)
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e Compute amplitude A(mr—mletve) ~ Cau, a) X {f|O0gli)(1, a) in‘LEFT’ (= Fermi theory + QED + QCD)
Ao = = V2GrViuaCg' Jie Sy pIVuO)i(pi)
1

, S _
A = Aol \VZ, — 262 f y .
_ (2m)* (k? + ie)(k? — m2 + ie)

dk V() + VEK) k .k, /K

<Vv> - @) [ v 2 )
2pt function FANIGEVuCy Il | i G s e —m + 0 gt
el o 'k koA (K)
+ V26V CPu(p) L= pry(p,) x €2 —
PVudCy u(pe) 2 LV(py) 2m)? (k2 + i€)2(k? — m? + i€)

Abers, Dicus,
Norton, Quinn, PR
167, 1462 (1968)

* Leading term (unsuppressed by gexs/mn) given by IR-singular Born terms va{(k) = (he(p )V (O)|hi(pi)) Vvk - O(kY)
v .
e Same in LEFT and yPT! Contributes ~ # log(J4/[y) to matching
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 Compute amplitude A(mtr—mletve) ~ Cau, a) X {f|O0gli)(1, a) in‘LEFT’ (= Fermi theory + QED + QCD)
Ao = = V2GrViuaCg' Jie Sy pIVuO)i(pi)
1

_ e _
A = Aol \VZ, — 262 f y .
_ (2m)* (k? + ie)(k? — m2 + ie)

dk Vi (k) + V() kyk, [ k*

<AV> . Gy v 2 _
2pt function ke \/QGFV“‘ZC,B Jleptpee 2m) (k2 + i€)(k2 — m2 + i€) k = k+pe
YTy — Yy ty d’k koA (k)
+ V26V Cu(p) FELE =LY Y p y(p,) x 2 -
PVudCy upe) 2 LV(py) 2m)? (k2 + i€)2(k? — m? + i€)

* Nonperturbative input not dominated by IR (famous YW box) + dependence on evanescent scheme
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 Compute amplitude A(mtr—mletve) ~ Cau, a) X {f|O0gli)(1, a) in‘LEFT’ (= Fermi theory + QED + QCD)
Ao = = V2G Vi Cy I, (hy(p)IVu(O)lhi(p)

dk 1
2m)4 (k2 + ie)(k? — m2 + i€)
dk V,(k) + V(k) kk, /K
2m)4 (k2 + i€)(k? — m2 + ie)
d*k kolAuw (k) — AQPE(k, po)]
2m* (k% + ie)*(k* — m2 + i€)

A = Ag| VZ, - 26%

<AV> - @) ju v .2
2pt function + 2 \/QGF V“dC,B Jleptp e€

+ finite scheme-dependent

- VGV, e

* Nonperturbative input not dominated by IR (famous YW box) + dependence on evanescent scheme
e Trick (= new renormalization scheme): add and subtract UV component of integrand, dictated by ASVPE

* Integrate subtracted term in d=4 and OPE term in d#4 — cancel scheme dependence of Wilson Coefficient
12



VC, M. Hoferichter, N. Valori 2602.11253

 Compute amplitude A(rtt—mletve) ~ Cp(u, a) X {f|Ogli)(u,a) in‘LEFT’ (= Fermi theory + QED + QCD)

Ao = = V2GVuaCy Tyt (hp(pp)IVu(O)lhi(p)

’ .. [ d% 1
A= AO \Z — 2e°1 g  ~ ,
_ (2m)* (k? + ie)(k? — m2 + ie)
d a 2
<AV> : (3) qu v 2 d“k V/,tv(k) + Va(k) k,ukv/k N
2pt function *2N2GVCy el | i Gy i -z 1 16 i
d4k koz[A,uv(k) — AOEE(ka IUO)]
n VEG Vu C(3) vaup Jlept 2 _ H + : )
FVudbp € o € 20 (K2 1 02 (2 — 2 + ie) finite scheme-dependent
* Nonperturbative input not dominated by IR (famous YW box) + dependence on evanescent scheme
* Trick (
ficient

* Integra
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gjxrl(:u)() =1+

-

<AV> 2pt function (YW box)

3a¢ [ dQO?

Related to T3 appearing in

=V _ = 2
71(:“0) — Zﬂﬁ Q2 I:MT[(Q )

X |1

_V(@3 —
VO (o)

—

-
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30 (u)

8T

(1 — log

Hy
112

)

X | Z5'oWs po, @)

|

Q2

|

A,uv(Q) 2 iE,uva,Bqa/pgT3(QOa q2)
& calculated in LQCD

12 0% + i3

<VV> 2pt function

|3

-1

<0

Convert MS-bar to OPE-

subtracted scheme

W.C.in MS-bar

M. Gorbahn, F. Moretti, S. Jaeger 2510.27648
VC, W. Dekens, E. Mereghetti, O. Tomalak, 2306. 03138
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2
* 1 1. 3a® () AN 17!
- . - V(3) | X S.C. (3)
() = |1+ 00| x 1+ =B (1 = log 73 ) x| 2555 . )| x €
<AV> 2pt function (YW box) <VV> 2pt function Convert MS-bar to OPE- W.C.in MS-bar
subtracted scheme
l 0.08 . — — .
Q[ s 10 (- a() T 5
—— : | X. F t al, 2003.09798
0? [Mﬂ(Q ) 12 O? 2 (1 T )] 0.06+ — Lattice QUD g EX? Yoo ot :I,— 2305.03198
Q T /’tﬂ 3\ |
—- pQCD O(Ods)l
I — pQCD O(aj)
< sub SAN
I —- M O(a?) /
Related to T3 appearing in = 0.04 o MZUb Og&i; i
Al@) D i€urapd” PrT3(q0, 4°) N ' o
& calculated in LQCD 0.00l X i |
1@ o
OO 1 2 3 4 3 6
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MIE

2
* 1 1. 3a® () AN 17!
_ =V(3 . X .C. (3)
g?,(,ux) =11+ 77( )(/JO) X |14 T (1 o lOg /7) X g,CO(IUnU()a CZ) X Clg (,U, Cl)
<AV> 2pt function (YW box) <VV> 2pt function Convert MS-bar to OPE- W.C. in MS-bar
subtracted scheme
l 0.08 .
0 7?2 A S P
3_@’ d£ M (Qz) l Q (1 a/S('uO) ) Lattice QCD i X. Feng et al, [2003.09798
on Jo 021" 12 02 + 12 T 0.06} — | % S. Yoo et al,{2305.03198
" -- pQCD O(ey):
I — pQCD O(aj)
< sub 3\
—- M O :
Related to T3 appearing in = 0.04 o MZUb Oggi; i
Al@) D i€urapd” PrT3(q0, 4°) N ' o
& calculated in LQCD 0.00l X i
1@ @
OO 1 2 3 4 5 6

Average input of both LQCD calculations
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Applications:
pion beta decay & r—1rmv:
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GVl M FZ(0)F
6473

0

(1 + AZ )z

[[n" = e v (y)] =

e Form factor & Phase space : f_7|f (O) ~ 1—7X 10_6 Iﬂ-g — 73767(41) X 10_8

|5
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G2 |Vyal> M2 f7(0)[2

[rt — ne*v.(y)] = 3 (1 + AZ )z
e Form factor & Phase space : f_7|f (O) ~ 1—7X 10_6 Iﬂ-g — 73767(41) X 10_8
e Radiative corrections: A 2 | 3“)((:“)() Hy H: varied around all thzrfusohzc;lflfa
ARC - (gV(uX)) (1 | 2T lOg 2E, | AIN{) -1 Uy: varied around Mp and 2Eo
o )2
= 0.03403(4)5_ (5),.(5) 4y (8) e [11] 50t cheT: 2 (57

Difference from 0.0332(1)box(3)Ho, @ep [2003.09798] understood in terms of (N)LL and gv running in ChPT
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G2 |Vyal> M2 f7(0)[2

[[rt — n'ev,.(y)] = = (1 + AZ )z
e Form factor & Phase space : f_7|f (O) ~ 1—7X 10_6 ]ﬂ-g — 73767(41) X 10_8
e Radiative corrections: nt _ (.~ 2(, 3ay (1) Hy H: varied around all thresholds
ARC B (gV(/JX)) (1 | 2T lOg 2E | AIM) -1 Uy: varied around Mp and 2Eo
o) 1\ 2
= 0.03403(4)5_ (5),.(5) 4y (8) e [11] 50t cheT: 2 (57

Difference from 0.0332(1)box(3)Ho, @ep [2003.09798] understood in terms of (N)LL and gv running in ChPT

e Extraction of V.d4:




Al zaiy) _
ds

VC, M. Hoferichter, N. Valori 2602.11253

STy Kr(s) B o(s) |f+(S)|2 Gem(s)
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dlzry)
ds

= SE Kr(s) B2, »(s) |f+(S)|2 Gem(9)

Colangelo, Cottini, Hoferichter, Holz,

Prior to this work 2510.26871, 2511.07507

]?\TV:SEW(mT) — ASEW = 1+AS‘E7\TV

Sew) = [Gha] Ak = (T )

Gem(s) = Go(s) + AG

_ _ 1 m? _ _
AG = -4dna (Xg(mp) — 4—71_2 lOg m—%) Xg(mp) = 14 x 10 .

|6

This work
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drﬂﬂ'[ Kr(s) = FeIVu2d|2 (1 . 12)2(1 ) 2_2
’y] 2m2 mx mz
W Kr(s) B o(s) |f+(S)| Gem(s) G e
ds Lo = 7505 X (1 +ASgy)

Colangelo, Cottini, Hoferichter, Holz

Prior to this work A This work

o = SeEw(m;) — AStyw = 1+ ASTY o= 1+ ASew(uy)]” — ASSyw = 1+ AST

a (25
Sew = [Gr@]  AStw =55 ) ] = [ w a1 - 20X,y )]

Gem(s) = Go(s) + AG Gem(s) = Go(s)

_ _ 1 m? _ _
AG = —4ra (Xg(mp) ~ 13 log m—g) Xe(m,) = 14 X 10 .
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2
drﬂﬂ[y] Kr(s) = Fezl‘;::jlz (1 B %) (1 i %)
W Kr(s) B o(s) |f+(S)| Gem(s) G2
d [, = ——X x(1+AS¢
\) ¢ = 1933 ( Ew)
Prior to this work & b e o™ This work

W =SEw(m;) — AStw = 1 +ASTy o= [1+ ASew(u)]” — ASSy

a (25
Sew) =[G 88t =5 (T ) [stin] = [ @] [1 - 2raXetu )]

Gem(s) = Go(s) + AG Gem(s) = Go(s)
_ _ | m? _
AG = —4ra (Xg(mp) ~ 13 log m—;) Xe(my) = 14 X 1072
0
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e Impact of a constant shift in ST Gem(s) can be evaluated by scaling the ‘old’ correction induced by S £

AS™% — AGey

ASTS

Aa,[nm, 7] — Ady [, 7] = ( 1)Aaﬂ[sg’{,v] = —0.07(4)x107"

Aa,[SET] = —12.166(56)(8) x 10710

 Putting together tau-specific corrections [phase space and S gwGEM(S) ] Colangelo, Cottini, Hoferichter, Holz,

Aay,|mm, 7| = —24.9(1)exp(D)th(1)sp X 10~ 1Y




drmr
o =KF(S) ﬁiﬂo(s@s)lz GE@

/

/ N

e Factorization into Wilson coefficient X hadronic threshold correction and Hadronic Matrix Element is
now under control at NLL

* Further factorization into ‘long-distance radiative corrections’ and ‘form factor’ (matrix element of the
hadronic current, which still contains IB) entails some additional choice (scheme)

e ChPT and dispersive approach define form factor corrections as whatever is left after removing
from the amplitude the long-distance radiative corrections and short-distance effects (LECs)

* To compare, need a definition that can be implemented in any method, including Lattice QCD

|18
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 Described semileptonic CC processes involving low-energy pions beyond leading logarithms

 Matched ‘LEFT’ to %PT to NLLs (QQs) accuracy

e Used lattice QCD results to evaluate the non-perturbative input

* Pion beta decay (mtr—mletve):
 Reduced theory uncertainty by factor of 3, now below the smallest expt. uncertainties

 Even ‘cleaner’ avenue to extractVus — need ten-fold exp. improvement (PIONEER)

e 7TV, and implications for tau-based HVP:

 Uncertainty from short-distance matching reduced from 1.3X10-10 to 0.1x10-10

* Dominant uncertainty is in the form factor ratio: need definition of ‘form factor’ corrections
that can be implemented in multiple methods, including LQCD
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Backup



e From weak scale to hadronic scale

—4
AgV|y 1 ~ 310
—4
A8V, 1y ~ —1:6- 10
—4
AgV|yire ~ —1:0-10

4
Ag‘"NLL(wS) ~-0.6-10

* From hadronic scale to endpoint

—4

Agv| i ~ +1.7-10
—4

AgV|yir ~ 10510

21



¢r ) = [148YPwo)| X (255 (s o, @)
30 ()

X |1 - (1—1og“") x CO(u, a).
3T u? P
75 o) = 1+ 29— 2 _jog
a)=1+—|z -~ —log—
0,00 HO 4|34 %

14 2
a/s( a+—9+4log£)]
4

9 6 Ho

22



