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DISCLAIMER

I will not discuss very interesting NP searches that can be performed with charged leptons. Namely:
- Electron & muon anomalous magnetic moments
- Electron & muon electric dipole moments
— pe->pefora Voo
- LU anomalies in semileptonic decays of heavy mesons
- LNV
- LFV (lepton decays & conversion in nuclei)

- Baryogenesis through leptogenesis
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‘Fundamental’

Theory
A

E__426,

7 =

EFT

The most general, derivative-free, four-lepton interaction Hamiltonian,
consistent with Lorentz invariance is:

Gy n |, &n _
5 2 8l |1 T Wp)a | (AT ole] + e

n,e,w

H =4

Where €,w, o, A label the chiralities (L, R) of fermions, and n=5,V, T
the type of interaction: scalar (I'S — [),vector (FV = ") and tensor
(r" =o" /V2). v les ] <2, 0g¥] < 1and g < 1/3.



For the case of massless neutrinos, the differential decay rate is:

dl m
dxd cos 0 47:3"“’ Gy \/ X = xo (F(x) — %P x° — x4 cos BA(x))

x [14C-Py(x,0)],

where P is the degree of the initial lepton polarization, 6 is the angle between the |
spin and the final charged-lepton momenta, w = (mf -+ mﬁ)/Zml, x = E;/w is the
reduced energy and xg = m,/w, f Is an arbitrary direction parallel to the final
charged-lepton spin and the polarization vector 73[, IS

Py =Pr - R+Pr, -y +P. -2

The components of 73,, are, respectively:

Pr, = Psind - Fr.(x) / {F(x) = $Py/x* =3 cos0A)},

Pr, =Psin0 - Fr (x) / {F(x) - %7) =% cos 0A(x) },
_FIP(X) —+ PCOSQ . FAP(X)
F(x) — %P\/xz — x5 cos OA(x) _ 2/20
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These functions are written in terms of the well-known Michel Parameters

(p,m,6,6,m" € ,€",a",8):

F(x) = x(1 — x) + §E(4x2 _3x — xg) +[nko(1 — %),

2 2
Ax) =1—x+ Zo|(4x —a+1/1-2) .
(x) x+3 (X XO)

1

FTl(x):E{ (5 +12(p—§))(1—><)><o—3'n(x — X)) + ?7"(—3X2+4X—X§)]»

Fr,(x) = 1‘\/Xz—xo {3—(1—X ‘|‘2_\/1_X0]
Fip(x) = 5—14‘\/X2—X§[95,(_2X+2+ Vl_xo) +4§(5_%)(4X_4+ Vl_XS)]’

Fap(x) = 5 [€/(2" = x =) +4(p = 3) " = 3x = =) + 211 — .

W |

As an example:

1

=5 Re[gLLgRR + gRRgLL + gLR(gRL + 6g ")+ gRL(g +362§LR )]



/

/

Inthe SM, p=6=3/4,n=n —a =8 =0andE=¢ =¢ =1.

o= e v,V T e VU | T — i VU,

p | 0.74979 + 0.00026 | 0.747 & 0.010 | 0.763 + 0.020

1 0.057 4 0.034 — 0.094 £ 0.073

0.0016 1 — 0.016 == 0.013

¢ 1.0009" 5 0007 0.994 + 0.040 | 1.030 + 0.059

&5 | 07511790056 | 0.734 + 0.028 | 0.778 £ 0.037

¢ 1.00 + 0.04 _ _

| 065+ 036 _ _
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The total decay rate is:

where

A my g(mﬁ/m%)
G”/ — G”/ 1 -+ 477

my £ (my/my)

f(x) = 1—8x—12x"log(x) +8x> —x*,g(x) = 1 +9x — 9x* — x° 4+ 6x(1 + x) log (x)
and the SM radiative correction (5ﬁ>c has been included.

" a |25 m; \
5RC: 2 — 7T —|—O ) —|—

T | 4

5 _ g2 I 3m% 9 m: ma _
G2 = 1+ Ar 1+ 22 4+ 240 &
Il _4\/§Ma/( ) 2 M2 ( 2 2)-
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The current neutrino (v, g) is assumed to be the superposition of the
mass-eigenstate neutrinos (/;) with the mass m;, that is,

Vi = E :UlejLa ViR = E :VlejRa
J J T

where j = {1,2,..., n} with n the number of mass-eigenstate neutrinos.
Thus, we can write the effective Hamiltonian in the mass basis, for the
process | — l'_Nij.
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G / 7 * N7 %
H = 4" Z {gl_SL {_IL V/’J'NjR] [NkR VIkIL] ‘|‘gLVL [FL’Y“ U/’ijL} [NkLU/k’YM/L]

—_ - — .
‘|'gng VRU,'J-NJL} [NkLUIkIR} ‘|‘gf¥R {IR’YM V/’J-NJ'R] [NkR Vlk’Y,,L/R]

+gLSR I_/LV/’J'NJ'R] [NkL U;;/R} ‘f‘gL\j? [/_II_’YM U/’_,'NJL] {Nm V/z’YM/R}
T -—, o Vi x O v S |7 N *
+ 8LR /Lﬁ V,'J-NJ'R} [NkL U G IR] + 8RL [IR U;’J-NJ'L] [NkR V/k/L]
i y

NI K Y NI K O. L
—|—gA>/L _//?’YM V/’ijR] [NkL UIk'Y,uIL} ‘|‘gRTL [/_//?ﬁUﬂijL] [NkR Vik \;5 IL] }

Note that |N|represents an antineutrino for the Dirac neutrino case, but
should be identified with N for the Majorana neutrino case

(N=N°=CN").
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Dirac Neutrinos

N (ps3)
J @ Neutrino # Antineutrino.
@ One possible first-order Feynman
[~ (p1) > > I (pa) diagram.
(’ o Well defined fermionic flux.
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The Hamiltonian for the case of Majorana neutrinos is

(:; / * *
H = \/”5 Z {gl_SL [ﬂ_ V,'J-NJ'R} [NkR VlkIL} T gLVL [’7.7“ U,'ijL} [NkL U/k’Y,,L/L]
I
S |7 * v [# i *
+ 8RR |:IRU[’ijL] NkLUIkIR} + 8RR [/R’Y V/’ijR} [NkR V/k’m/R}
N

‘|_ng /_ZV,'J ] [NkLUIkIR] ‘|‘gLR {IL'Y U/'J-NJL} {NkRV/i%/R}
N;

o *
+ 8ir /_ILEV;J ] [NkLUlk NG } + gRL {/_EU,'J-NJL] [NkR VIkIL]
! »
V |77 T |77 « O v
+ 8RL [/R’Y V/’JN ] [NkLUIk’Y,uJIL} + 8RL [/ \/EU[’J'NJ'L] [NkRVIk NG }}
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Majorana Neutrinos

The possible first order Feynman diagrams for the I~ — /'~ N; N, decay
are:

Ni(p3) Nj(p2)
I~ (p1) > >C I'"(pa) I~ (p1) P DC ' (pa)
N;(p2) Ni(p3)

The first diagram leads to the same matrix element as the Dirac case,
while the second diagram is only possible in the Majorana neutrino case
and we already defined the orientation for each fermion chain. 10/20




Majorana Neutrinos

Then, after integrating over the neutrinos momenta, the decay rate will
have the following dependence on the amplitude:

1
dll x —Z\Mﬁ( - M%\Z
:—Z{\M 24 (MY . 2Re(MEMY))

— Z ‘M_jk‘ Z Re( JkM )
J,k

The interference term distinguishes between Dirac and Majorana cases,
which is sometimes called the|Majorana term,
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The differential decay rate taking into account finite Dirac or Majorana neutrino masses is:

dlr my 4 5 > Linear in v masses
= E —w G \/x" —Xxg
dxd cos 0 \

jk47T

x ((Fis(x) + Fis(x) + Fi§(x)) = P cos0(Fas(x) + Fas(x) + FAs(x)) )

X |14+ ¢- P (x, 0)], Quadratic in v masses
where
PII:PTI')?+PT2')7—|—PL'£.
and the components of 731/ are, respectively, is linear, " is quadratic in v masses

Pr, = Psin0 - (Fr,(x) + Fr,(x) + F7,(x)) / N,
Pr, = Psin0 - (Fr,(x) + Fr,(x) + F1.(x)) / N,

P = ( — (Fip(x) + Fip(x) + Fip(x)) + P cos b - (Fap(x) + Fap(x) + FXP(X))) / N.

with N the normalization factor:
/ !/ / !/
N = (Fis(x) + Fis(x) + Fig(x)) — P cosO(Fag(x) + Fas(x) + Fas(x)) . 12/20



Total Decay Rate

Finally, integrating over all energy and angular configurations we obtained:

A2 5
Glml

l!’
[ r = Z I 3 f(mﬁ/m%) (1 —|—5Rc) y

=1 ik 1927

where Linear in v masses

G
i

| myg(my/mi)  mi [ g f(ma/mi) o my g (ma/mi)
Gu’{“)f"“‘(")f“ my F(m ) [( gy TR g (i fe

L [ 7 (mg/m) v my g (my/mi) 2
4+——1(C" )ik > +3(H")jx 5> ,
my f(my/m7) my f(my/mi)
Quadratic in v masses
with the functions defined as:

—1
f'(x) = —1+ 6x — 2x” 4 3x° (4 arctanh (X ) — 1) ;
x+1

f'(x) =1 —3x +3x" — x°,

—1
g,(x) =2 — 6x2 —|—x3 + 3x (4 arctanh (X ) + 1) ,
x4+1

g"(x) —1—x° + 2x log(x). 13/20




Considering the constraints on an invisible heavy neutrino”, we can
estimate the suppression of the neutrino mass dependent terms compared
with the ones without this dependence (standard Michel distribution).

Neutrino Mass (MeV) Mixing |Uj,|° Process

Heavy (/ =€) | 0.001 - 0.45 10~ n—p+etu,
10 - 55 10~° T — ev,
135 - 350 10~° k — ev,
Heavy (I = p) 10 - 30 10~ ° T — v,
70 - 300 10~ k — pug
175 - 300 107° k — v,

Heavy (/=7) | 100-1.2x10° | 107" —=10"° | 7 — v, + 37

1x10°-60x10° | 107> — 10> Z — vy,

'A. de Gouvea and A. Kobach, Phys.Rev.D 93 (2016). 14/20



" Mixing Quadratic Term
Byl s (M) Suppression Suppression (mg)
Light (2) 110 — T T
Hz‘f“f’p()l) 0.001 - 0.45 10-3 10~ — 107 1018 — 1016

10 - 55 10 8 10710 10-19
135 - 350 108 10 7 ip-te
Heavy (l) 10 - 30 10 4 106 10 15
(L= p)
70 - 300 e 10-7 — NS 1076 — 1071
175 - 300 108 109 10718
Hz}a"in()]) 100 - 1.2x10° | 10-7—10-% | 10— il 10-18 — 1012
1x10% —60'% 10% | 1075 — 1073 105109 1071 —10~%
Heavy (2) 12 P 16
(1 — eNN) 10 - 30 10 10 10
175 - 300 104 —-101 | 107151012 106 — 1018
Heavy (2) ‘ . —1% 49 10=14 _ 10=10 ~314 __ 4n-10
(r = eNN) 135 - 350 10 10 10 10 10 10
Heavy (2) . ; FA—19 _ {H-8 35 . Thes 14 _ 1n=10
oo NS 100 - 300 10 10 10 10 10 10
175 - 350 1075 —-10"11 | 10~ —10"12 10-16 — 1012
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g}fL — 096; g}%R — 0.25 and ggR — (.5 G

0.35

0.30 0.804 0.806 0.808

0.25 -
0.20 -
0.15 - 1 — Without m, contribution.

With m, contribution.

0.05

0.00 |-

0.2 0.4 0.6 0.8 1.0

(a) Dirac neutrinos.
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gV, =096, g5, =025 and ¢35, = 0.5 «~

0.35¢

L

0.806

L L L L

0.808

0.30 :— 0.604
0.25
0.20 k : 7
0.155— — Without m, contribution.

I i With m, contribution.
0.10 - : -

0.05 - .

0.00 - h

0.2 0.4 0.6 0.8 1.0

(b) Majorana neutrinos.
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gy; = 0.96, g2, = 0.25 and g7, = 0.5

0.0004 +~ : - .
0.0002 + : : ~
0.0000 -+ ; - ’
I | — Dirac
: Majorana
-0.0002 +
-0.0004 +
1 1 | | 1 | | | | 1 | | 1 1 | | | ]
0.2 04 0.6 0.8 1.0
X

Figure 6: Neutrino mass contribution to Dirac and Majorana distributions.
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] —
In this work we have studied the leptonic decay I' — | N;N,, where N; and N,
are mass-eigenstate neutrinos.

We have constructed its matrix element by using the most general four-lepton
effective interaction Hamiltonian and obtained the specific energy and angular
distribution of the final charged lepton, complemented with the decaying and final
charged-lepton polarization and the effects of Dirac and Majorana neutrino masses.

We have introduced generalized Michel parameters, that arise due to considering
finite neutrino masses and a specific neutrino nature.

We discuss their properties and main differences, together with some examples of
its application to model-dependent theories.

Specifically, for the case of 7-decay with one heavy final-state neutrino with a mass
around 10° — 10°MeV the linear term suppression could be of order 103, low
enough to be measured in current and forthcoming experiments.

Finally, it would also be interesting to analyze other type of leptonic decays, such
as radiative muon and tau decay with Dirac and Majorana neutrinos, where new
information could be obtained.

19/20




What is new:

@ We write our expressions in the PDG parametrization form, in a way
that complements all previous results, facilitating their application to
model-dependent scenarios.

@ We classity the Dirac and Majorana contributions with the help of a
flag parameter ¢ = 0, 1, making easier to distinguish between Dirac
and Majorana nature of neutrinos.

@ We also introduced and discussed the leading W-boson propagator
correction to the differential decay rate including the final
charged-lepton polarization.

Previous work on Michel parameters: Michel’50, Bouchiat-Michel’57, Shrock’82, Doi-Kotani-Takasugi’85, Mursula-Scheck’85,
Fetscher-Gerber-Johnson’86, Langacker-London’89,Fetscher’94, Stahl-Voss’97,Flores Tlalpa-Lopez Castro-Roig’16,Arbuzov-
Kopylova’ls,... And of course all the essential work on the required RadCors and the precise measurements.

20/20
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Motivation

P>uv, [yl (P=r,K)

g T Vg
t>Pv_[y] (P=m,K) —_—
T % n K
_ I'(r — Pv.|v])

Calculationof R,/ p =

CP—mbl) o .
Results — T

Vi

Applications
Conclusions

Improved radiative corrections for Tt - n (K) v, [y] and reliable new physics tests, P. Roig
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1. Motivation
v' Lepton Universality (LU) as a basic tenet of the Standard Model (SM).
v Afew anomalies observed in semileptonic B meson decays*. (See talks by Irina and E. Rojas)
v' Lower energy observables currently provide the most precise test of LU**.

v' We aim to test muon-tau lepton universality through the ratio (P = i, K)***:
2 g T V’C

_ I(r > P[] 0 ——
Bryp = = R (14 6R. p) T % 1 K
P _’

[P = pvpuly])

9r

Iu

g. =g, according to LU.
LM (1 —md /M2
2 mamp (1— mz/m%)Q :

0
v R is the LO result RS—/)p =

v' 8R_ encodes the radiative corrections. Vu
v OR,p was calculated by Decker & Finkemeier (DF'95) "
v' OR,,=(0.16 £0.14)% and R, = (0.90 £ 0.22)%.

v"Important phenomenological and theoretical reasons to address the analysis again.

* Albrecht et al.”21 j‘** Marciano & Sirlin’93
** Bryman et al.’21 Decker & Finkemeier’95

Improved radiative corrections for Tt - n (K) v, [y] and reliable new physics tests, P. Roig 2/25



v' Phenomenological disagreement in LU tests:

) and DF'95%*, HFLAV** reported:

|g./8,| = 0.9958 + 0.0026 (at 1.6G of LU)
|g./8,|=0.9879 + 0.0063 (at 1.9 of LU)

L(r = ever-[n]) HFLAV** reported:

Igr/gu\ =1.0010 £ 0.0014 (at 0.7c of LU)

CMS and ATLAS*** and reported:

v USIﬂgF(T — Puv.[v]
I(P — pvyu[r])
v
v
v
UsmgF(,u — e, [v])
v
v Usin r(w — rv;)
gF(W — vy, )
v

|g/g,| = 0.995 £ 0.006 (at 0.8 of LU)

* Decker & Finkemeier’95

** HFLAV'21
*** CMS'21,

ATLAS21

1. Motivation

Improved radiative corrections for Tt - n (K) v, [y] and reliable new physics tests, P. Roig 3/25



v' Phenomenological disagreement in LU tests:

v' Using

v
v

v' Using
v
v' Using

v

I'(r — Pv:[v])
L(P — pvuly])

|gT/gM|TE =0.9958 + 0.0026 (at 1.6c of LU)
|gT/gM| «=0.9879 £ 0.0063 (at 1.9 of LU)

and DF'95%*, HFLAV** reported:

(1 — ever,[7])
[(p = evevu[v])

|g/g,| = 1.0010 £ 0.0014 (at 0.7G of LU)

, HFLAV** reported:

r(w — rv;)
LW — uv,)

|gT/gH\ =0.995 £ 0.006 (at 0.8c of LU)

* Decker & Finkemeier’95
** HFLAV'21
*** CMS’21, ATLAS' 21

CMS and ATLAS*** and reported:

1. Motivation

v Theoretical issues within DF’95*:

v" Hadronic form factors are different
for real- and virtual-photon
corrections, do not satisfy the
correct QCD short-distance
behavior, violate unitarity, analicity
and the chiral limit at leading non-

trivial orders.

v' A cutoff to regulate the
integrals (separating long-
short-distance corrections)

v" Unrealistic uncertainties
O(e?p?) ChPT size).

Improved radiative corrections for Tt - n (K) v, [y] and reliable new physics tests, P. Roig
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and

(purely
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1. Motivation

v' Phenomenological disagreement in LU tests:

v' Using

I(r — P,[1))

and DF'95%*, HFLAV** reported:
L(P — pvuly])

v |g./g,|,=0.9958 + 0.0026 (at 1.6G of LU)
v |g./8,|=0.9879 + 0.0063 (at 1.9 of LU)
. (1 — evev,[])
v" Usin , HFLAV** reported:
gF(,u — evely[]) P

v |g/g,| =1.0010 £ 0.0014 (at 0.7 of LU)

v' Using LW = 7vr) CMS and ATLAS*** and reported:
LW — uv,)
v |g/g,| =0.995 +0.006 (at 0.8 of LU)

v' By-products of the project:

v

v

Radiative corrections in I'(t - Pv_[y]).

v Theoretical issues within DF’95*:

v" Hadronic form factors are different
for real- and virtual-photon
corrections, do not satisfy the
correct QCD short-distance
behavior, violate unitarity, analicity
and the chiral limit at leading non-

trivial orders.

v' A cutoff to regulate the
integrals (separating long-

short-distance corrections)

v" Unrealistic uncertainties
O(e?p?) ChPT size).

CKM unitarity test via I'(t - Kv_[y]) or via the ratio I'(t - Kv_[y]) / ['(t = mv_[y]).

Constraints on possible non-standard interactions in I'(t =2 Pvr[y])A.

* Decker & Finkemeier’95
** HFLAV'21
*** CMS’21, ATLAS' 21

" Cirigliano et al.’10 ’19, ‘21

" Gonzélez-Alonso & Martin-Camalich ‘16

" Gonzalez-Solis et al. ‘20

Improved radiative corrections for Tt - n (K) v, [y] and reliable new physics tests, P. Roig



2.P>uv, [yl (P=mK)

v’ Calculated unambigously within the Standard Model (Chiral Perturbation Theory, ChPT*).

v" Notation by Marciano & Sirlin** and numbers by Cirigliano & Rosell*** (D=d,s for ,K and F_= 92.2 MeV):

structure independent (SI)
contributions (point-like

T, K & u H LO result EW correction approximation)”
28488 < b ~ 1.0232** °F 1 )
v A
Vi : \ \' {

2
G2 V. 2 2 m% o
F(P%NVM[’VDZ F| D Pmpmi (1— g Sew 1—|—;F(mi/m§3) X

short-distance

A7 mp
al3. m, (p, M AP) m; (P) | (P)( Py, M,
1—; §lg + ¢y +m—% log—+c (my/mp) ——02 1og 2

\ ] 1/ /

structure-dependent (SD) contributions
[coefficents reported in Cirigliano & IR'07]

v" The only model-dependence is the determination of the countertermsin c¢,!”) and ¢,

v' Large-N. expansion of QCD: ChPT is enlarged by including the lightest multiplets of spin-one resonances
such that the relevant Green functions are well-behaved at high energiesT.

* Weinberg’79 *** Cirigliano & IR'07 T Ecker et al.’89

* Gasser & Leutwyler‘84 ‘85 " Kinoshita’59 T Cirigliano et al.’06
** Marciano & Sirlin’93

Improved radiative corrections for Tt - n (K) v, [y] and reliable new physics tests, P. Roig 6/25



3.1t2>Pv_ [y] (P=nK)

v’ Calculated within an effective approach encoding the hadronization:

v’ Large-N. expansion of QCD: ChPT is enlarged by including the lightest multiplets of spin-one
resonances such that the relevant Green functions are well-behaved at high energies®.

v" We follow a similar notation to P%uvu[y] (D=d,s for t,K and F_= 92.2 MeV):

structure independent (SI)
contributions (point-like
approximation)***

short-distance
V’C LO result EW correction
=~ 1.02 80k *

| 1
%TE,K ( V) \

G2|V,p|2F? ’
rl 8713‘ £ <1—%> SEwW 1+%G(m%/MTQ> X

D(r — Purfy)) =

3a mp
{1 T eyt orpisp + 5TP}VSD}

/N

real-photon structure-dependent virtual-photon structure-dependent
(rSD) contributions vSR) contributions
v' Real-photon structure-dependent (rSD) contributions from Guo & Roig’iop.

v' Virtual-photon structure-dependent (vSD) contributions not calculated in the literature.

* Ecker et al.”89 :"** Kinoshita’59
* Cirigliano et al.’06 Guo & Roig’'10
** Erler'02

Improved radiative corrections for Tt - n (K) v, [y] and reliable new physics tests, P. Roig 7/25



3.t>Pv_[y] (P=mK)

v Virtual-photon structure-dependent contribution (vSD):

d4k I/
. _ 2 . A P 2 1.2 P 2 1.2 2
ZM[T—)PVT”SD—GFVUDG /(27T)d ]432[(]?7-4-]{)2—]\43] [ZeuvApk ppFV (W ,k? )—I-FA (W ,k )>\1uu+23(l{5 ))\QW/}
v-(q)
= (g (L =) [(grt §) + M|y u(ps) (py) W
)\1,u,1/ = (p + k)2 + k2 o m%] Juv — 2kﬂp’/ P(p)
k*(p + k) upo ST
>\2,uV = kzg,uy - £
+ k 2 _ m2
v' Form factors from Guo & Roig’10 and Guevara et al./13,21*:
FE(W2.12) —Ng M v Well-behaved two- and three-point
VAl 24m2Fp(k2 — M2)(W?2 — M2) Green functions.
F M2 —2M2 — k?
P 2 1.2 P A 1%
Ey (W2, k%) 2 (V2 — 12)(MZ — W) v Chiraland U(3) limits.
2 Fp .
B(k™) = —5—0 v' M, and M, vector- and axial-vector
MZ —k

resonance mass: V=M and M,=M_,
(m case); M,=M . and M, =M, (K case).

* Guo & Roig’10
* Guevara et al.’13,’21

Improved radiative corrections for Tt - n (K) v, [y] and reliable new physics tests, P. Roig 8/25



3.t>Pv_[y] (P=mK)

v Virtual-photon structure-dependent contribution (vSD):

d?k v
Z'M[T—>PVT”SD :GFVUD€2/

2m) R 12— 2] Lok P E (W5 B2 F (WS D) A +2B(5) Aoy

0= A=)t )+ M () )
(p+k)* + k> — m%] Guv — 2k,upy

k2(p + k) .py
(p+ k)2 —m%

)\1,u,1/

>\2,uu = kzg,uy -

v" Form factors from Guo & Roig’10 and Guevara et al./13,21%*;

v' Well-behaved two- and three-point
Green functions.

_NeM
242 Fp (k2 — M2Z)(W? — M2)
Fp  M2%—2M2 — k2
> (M7 — ) (M3 — W)
Fp

v" Chiral and U(3) limits.

v' M, and M, vector- and axial-vector
resonance mass: Vi,=M and M,=M_,
(m case); M,=M . and M, =M, (K case).

* Guo & Roig’10
* Guevara et al.’13,’21

Improved radiative corrections for Tt - n (K) v, [y] and reliable new physics tests, P. Roig 9/25



4. Calculation of R =R ;@ (1 +8R ;) =R ;% (1 + 6, — 3y )

1. Structure-independent contribution (point-like approximation): SI.

M? 2 m?2

v We confirm the results by DF'95%*, 5RT/P}SI a 310g mP_|_§_|_g(mP)_f( 5)

o my, 2 M? mp

I+ x(8 — bx) 142 x 3 4,
— 9 log z — 2 ) log(1 — log +4;— L o 4

fa) = 2 (T oge 2 ) log(t )~ 51— loga 447 L) - 1 (5 4 g
1 2—-5 1 3 4

g(x) = 2(1+xloga;—2>log(1—a:) :;E :f)logx 41+xL12() 1fx(§—§7r2)

r/n

|s=1.05% and 6R_ |, = 1.67%

vy Real-photon structure-dependent contribution: rSD.

v' 8, | sp from Cirigliano & IR'07**: 5, | ,sp = -1.3-10®%and &, | sp = -1.7-10°,

V' 8,5|,5pfrom Guo & Roig’10***: 5_ | .., =0.15%and d | s, = (0.18 + 0.05)%.

SR/l vsp = 0.15% and SR | ,sp = (0.18  0.15)%

* Decker & Finkemeier’95

** Cirigliano & Rosell’07 *** Guo & Roig’10

Improved radiative corrections for Tt - n (K) v, [y] and reliable new physics tests, P. Roig 10/25



4. Calculation of R p=R @ (1 + 3R jp) =R p (1 +8, -5
3. Virtual-photon structure-dependent contribution: vSD.

V' 85l 5o from Cirigliano & IR'07*: 8., | 5p = (0.54 + 0.12)% and 8y, | ,sp = (0.43 + 0.12)%.

v 8.,l.sp New calculation: 6_ | s, = (-0.48 £ 0.56)% and & | ,sp =(-0.45 £ 0.57)%.

SR /xlvsp = (-1.02 £ 0.57)% and 3Ry | ,sp = (-0.88 + 0.58)%

* Cirigliano & IR’07
Improved radiative corrections for Tt - n (K) v, [y] and reliable new physics tests, P. Roig
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4. Calculation of R =R ;@ (1 +8R ;) =R ;% (1 + 6, — 3y )

3. Virtual-photon structure-dependent contribution: vSD.

v 8, lysp from Cirigliano & IR'07*: 8

v 6rPl

wuluso = (0.54 £ 0.12)% and 8y | p = (0.43 £ 0.12)%.

wso» New calculation: 6| sp = (-0.48 £ 0.56)% and 6| ,sp =(-0.45 + 0.57)%.

OR

|vSD = (-1.02 + 0.57)% and SRT/KleD = (_0.88 + 0.58)%

T/

v' Uncertainties dominated by & ;| p:

v P decays within ChPT [counterterms can be determined by matching ChPT with the resonance

effective approach at higher energies], whereas t decays within resonance effective approach
[no matching to determine the counterterms].

v Estimation of the model-dependence by comparing our results with a less general scenario

where only well-behaved two-point Green functions and a reduced resonance Lagrangian is
used: £0.22% and +0.24% for the pion and the kaon case.

v Estimation of the counterterms by considering the running between 0.5 and 1.0 GeV: +0.52%

(similar procedure in Marciano & Sirlin’93). Conservative estimate, since vSD counterterms
affecting in P decays imply similar corrections to our estimation of the vSD counterterms in t©
decays.

* Cirigliano & Rosell’07

Improved radiative corrections for Tt - n (K) v, [y] and reliable new physics tests, P. Roig 12/25



5. Results

Contribution OR;/n OR; Kk Ref.
SI +1.05% +1.67%
rSD +0.15% +(0.18 £ 0.05)% | **
vSD —(1.02+0.57)% | —(0.88 +0.58)% | new
Total +(0.18 £ 0.57)% | +(0.97 £0.58)% | new
. Vr Errors are not reported if they are lower than 0.01%.

n K
% — Central values agree remarkably with DF'S5, merely a coincidence: 6R ;.= (0.16 + 0.14)% and 6R_, = (0.90 £

0.22)%, but in that work:

T~ v' problematic hadronization: form factors are different for real- and virtual-photon corrections, do not

satisfy the correct QCD short-distance behavior, violate unitarity, analicity and the chiral limit at
leading non-trivial orders.

v' acutoff to regulate the loop integrals, splitting unphysically long- and short-distance regimes.
v'unrealistic uncertainties (purely O(e2p?) ChPT size).

* Decker & Finkemeier’'95
** Cirigliano & Rosell’07
** Guo & Roig’'10

Improved radiative corrections for Tt - n (K) v, [y] and reliable new physics tests, P. Roig 13/25



6. Application I: Radiative correctionsin I'(t - Pv_[y])

short-distance
EW correction

/ =~ 1.0201*

2 |Vup|*F2
rir > Pl = Zel Ty (1Y G40

v & includes Sl and SD radiative corrections.

2
o mp B_QL_ | 62 =(-0.24£0.56)%
0rp = o < <M2)—|— 1 3 SIOgM >+5TP‘ SD+5TP‘ vSD — { O ) = (_0_15:&0.57)%

* Erler’'02

Improved radiative corrections for Tt - n (K) v, [y] and reliable new physics tests, P. Roig 14/25



6. Application Il: lepton universality test

2
L(r— Pv:y]) _|g-| 1 M} (1-mp/M7)?
Bre =P g, 2m2 1 —m2 2y (Lt 0% r)
(P =) 9|, 2mimp (1 —mi /mp)

971 20.99640.0028¢ £0.0025 0, = 0.9964 -+ 0.0038
Iu T

g—T —0.985740.0028, £0.007265p = 0.9857 + 0.0078
mIlK

Improved radiative corrections for Tt - n (K) v, [y] and reliable new physics tests, P. Roig
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* HFLAV'21
** Decker & Finkemeier’95

6. Application Il: lepton universality test

2
LM (-
P2 mzmp (1-— mi/m%)2

SR, = (0.18 £ 0.57)%

SR,k = (0.97 £ 0.58)%

PDG
971 20.99640.0028¢ £0.0025 0, = 0.9964 -+ 0.0038
Iu T

g—T —0.985740.0028, £0.007265p = 0.9857 + 0.0078
mIlK

v' mcase: at 0.9c of LU vs. 1.6 of LU in HFLAV’21* using DF’95**

v' Kcase: at 1.8c of LU vs. 1.96 of LU in HFLAV’21* using DF'95**

Improved radiative corrections for Tt - n (K) v, [y] and reliable new physics tests, P. Roig
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6. Application Ill: CKM unitarity test in the ratio I'(t - Kv_[y]) / T'(t = ©v_[y])

L(r = Kvi[y]) _ [Vis|” Fi (1—mjc/MZ)*

T ) [Vadl 2 (1=me a2 )

Vu S

ud

=0.2288+0.0010¢, £0.0017¢xp = 0.2288 + 0.0020

Improved radiative corrections for Tt - n (K) v, [y] and reliable new physics tests, P. Roig
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6. Application Ill: CKM unitarity test in the ratio I'(t - Kv_[y]) / T'(t = ©v_[y])

PDG

* FLAG'20
** Hardy & Towner’20
*** Seng et al.’21

FLAG'20*:
F/F.=1.1932 £ 0.0019 § = 6,5 —06.n=+(0.10+0.80)%

T

‘Vuem_m%/Mz)z (1
D VaaRF2ZA1—m2 /M2)?

‘ Vus
ud

=0.2288+0.0010¢, £0.0017¢xp = 0.2288 + 0.0020

V' 2.1c away from CKM unitarity, considering |V 4 |=0.9737310.00031**.

v' To be compared with |V /V,4]|=0.2291+0.0009***, obtained with kaon semileptonic
decays. Our error does not reach this level due to lack of statistics in T decays.

Improved radiative corrections for Tt - n (K) v, [y] and reliable new physics tests, P. Roig
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6. Application Ill: CKM unitarity test in the ratio I'(t - Kv_[y]) / T'(t = ©v_[y])

FLAG'20*:
F/F.=1.1932 £ 0.0019 5

= Ok — 0 = +(0.10 0.80) %)

&

PDG

gt VT \ ‘Vusm_m%/M3)2
_’_“1/:; K V™ VaaR 2 (1=m2 /M2)? 1£)

Conservative estimation of the
errors in 9, since we have
directly propagated the
uncertainties of &, and &_,.

V’LLS
‘ =0.2288+0.0010¢, £0.0017¢xp = 0.2288 + 0.0020

ud

V' 2.1c away from CKM unitarity, considering |V 4 |=0.9737310.00031**.

v' To be compared with |V /V,4]|=0.2291+0.0009***, obtained with kaon semileptonic
* FLAG'20 decays. Our error does not reach this level due to lack of statistics in T decays.

** Hardy & Towner’20
*** Seng et al.’21

Improved radiative corrections for Tt - n (K) v, [y] and reliable new physics tests, P. Roig
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6. Application IV: CKM unitarity test in I'(t - Kv_[y])

2
Mg

M2

T

Gr 1k,
&

I'(t — Kv.[y]) =

2
Vus|2M§ (1 - ) SEW (1 + 57‘K>

|Vis| =0.222040.00081, £0.00166xp =0.2220 £ 0.0018

Improved radiative corrections for Tt - n (K) v, [y] and reliable new physics tests, P. Roig
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6. Application IV: CKM unitarity test in I'(t - Kv_[y])

FLAG'20*:

short-distance
EW correction

PDG

* FLAG'20

** Erler'02

*** Hardy & Towner’'20
"HFLAV'21

TSeng et al.’”21

0.k = (—0.15 £ 0.57)%

|Vis| =0.222040.00081, £0.00166xp =0.2220 £ 0.0018

v’ 2.60 away from CKIVI unitarity, considering |V, 4 |=0.97373£0.00031***,

v' To be compared with |Vus|=0.2234i0.0015A or |V, |=0.2231+0.0006%, obtained this
last one with kaon semileptonic decays. Our error does not reach this level due to lack
of statistics in T decays.

Improved radiative corrections for Tt - n (K) v, [y] and reliable new physics tests, P. Roig
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6. Application V: constraining non-standard interactions in I'(t & Pv_[y])

G2 ‘7u 2 2 2\ 2
I(t — Pv,[y]) = r| 8:‘ P e (1—%) Sew (1+6,p +2A7")

Values of A™ reported in the MS-scheme
and at a scale of u=2 GeV.

m, o AT = —(0.1540.72) - 1072
)

TP _ vt e T e
A =L TeRTRT L ATE — —(0.36 + 1.18) - 102

Improved radiative corrections for Tt - n (K) v, [y] and reliable new physics tests, P. Roig
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6. Application V: constraining non-standard interactions in I'(t = Pv_[y])

|V 4 | =0.97373 £ 0.00031*
|V,/V,q4| =0.2288 + 0.0020

PDG

FLAG'20*: short-distance
V2F, = (130.2 £ 0.8) MeV EW correction | |Orm = (-0.24£0.56)%
V2F, = (155.7 £ 0.3) MeV ~ 1.0201** O,k = (—0.15+0.57)%
G |‘7uD FlzD 3 m%? y
- e 1 @ 9ATP
87 T M?2 ‘ )

Values of A™ reported in the MS-scheme
and at a scale of u=2 GeV.

ATPZeT_Ee_GT_GG_
L L R R MT

m, ;[ AT =—-(015+0.72) - 102
)P T ATK = —(0.36 + 1.18) - 1072

v To be compared with A" = -(0.15 + 0.67)-10? of Cirigliano et al/19".

v' To be compared with A7 =-(0.12 + 0.68)-102 and A™ = (-0.41 + 0.93)-107? of Gonzéalez-Solis et al20".

* Hardy & Towner’20
** FLAG'20
*** Erler'02

" Cirigliano et al.“19
T Gonzalez-Solis et al. ‘20
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7. Conclusions

v" The observable and our result:

2
R© 0R:/x = (0.18 £ 0.57)%

gr
i ryp (L08R p)  — {5RT/K:(O.97iO.58)%

Iu

o _ L= Puh)
I TP = )

v' Framework: ChPT for &t decays and a resonance extension of ChPT for T decays.
v' Consistent with DF’95%*, but with more robust assumptions and yielding a reliable uncertainty.
v' Applications:
v" Theoretical determination of radiative corrections in I'(t = Pv._[y]).
4 |gr/gH| »at 0.9c (w) and 1.8c (K) of LU, reducing HFLAV'21** disagreement with LU.
V' CKM unitarity in T(t=>Kv [y])/T(t=>nv_ [y]): |V ,/V, 4| = 0.2288 + 0.0020, at 2.1c from unitarity.

V' CKM unitarity in T(t=>Kv_[y]): |V,.| =0.2220 + 0.0018, at 2.6c from unitarity.

v" Constraining non-standard interactions in I'(t = Pv_[y]): update of A™,

v" Our results have been incorporated in the very recent HFLAV'22.

* Decker & Finkemeier’95
** HFLAV'21

Improved radiative corrections for Tt - n (K) v, [y] and reliable new physics tests, P. Roig 24/25



7. conclusions  Reliable NP tests for

v The observable and our result: present & future exps.
2
_T(r—=Pv:[v]) 9| Lo OR,/r = (0.18 £0.57)%
Bee = 5 5 i) ~ lon PRT/P (L+0Rp)  — { 537//;{ — (0.97 + 0.58)%

v' Framework: ChPT for &t decays and a resonance extension of ChPT for T decays.
v' Consistent with DF’95%*, but with more robust assumptions and yielding a reliable uncertainty.
v' Applications:

v" Theoretical determination of radiative corrections in I'(t = Pv._[y]).

4 |gr/g“| »at 0.9c (w) and 1.8c (K) of LU, reducing HFLAV'21** disagreement with LU.

V' CKM unitarity in T(t=>Kv [y])/T(t=>nv_ [y]): |V ,/V, 4| = 0.2288 + 0.0020, at 2.1c from unitarity.

v’ CKM unitarity in T(t>Kv V.| =0.2220 + 0.0018, at 2.60 from unitarity.
vinT| I Vel Y RadCors for trt T decays

evaluated in Miranda&Roig’20.

For other 2-meson modes,

v' Our results have been incorporated in the very recent HFLAV'22. Escribano-Miranda-Roig,
to appear very soon

v" Constraining non-standard interactions in I'(t = Pv_[y]): update of A™,

* Decker & Finkemeier’95
** HFLAV'21
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Comparison with Decker & Finkemeier’95 (DF’95) in the & case

Contribution | dR;r by DF’95 [ty =1.5 GeV] our 0 R,
Bl +0.84%* +1.05%
rSD +0.05% +0.15%
vSD —0.49%* —(1.02 £ 0.57)%
short-distance —0.25%* 0
Total +(0.16 £+ 0.14) %* +(0.18 £ 0.57)%

Virtual corrections by DF'95 are p,-dependent, since long- and short-distance photonic contributions
were separated unphysically: figures with an asterisk are cutoff-dependent.

The quoted error in the radiative correction of DF'95 arises from uncertainties in hadronic parameters of
SD contributions and from variations in the cutoff parameter, p .

For the Sl contribution in DF'95 we have added to the result obtained in the point-like approximation
(1.05%) the term coming from cutting off the loops at p,, (—0.21%).

Different contributions of 6R_, are not provided in DF'95, which prevents a comparison.

Although central values for the sum of all the corrections agree remarkably, this is a coincidence, since
central values for the SD corrections are largely different within both approaches.
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