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Introduction

« The tau lepton is the only known lepton that is heavy enough to
decay into hadrons.

«  Semileptonic tau decays are a valuable tool for studying QCD
hadronization at low energies.

H~ Precision [By] Rad. Corr. Application
PDG 2022
T 0.5% v 4 LFU, NP
K- 1.4% v+ V,., LFU, NP
Y 0.4% v + p, Py, (g—2),, NP
K- K° 2.3% x o, -, NP
Ko7~ 1.7% v+ K*, Vi, GP, NP
K70 3.5% v + K*, Vs, NP
K™n 5.2% X K* NP
Tt 0.5% X aq
7~ 279 1.1% X aq
iDecker and Fikemeier '95, Arroyo-Urefia et al '21 Short-Distance corrections: Sirlin '78; Marciano-Sirlin '93
Cirigliano et al '01, Flores-Tlalpa et al '06, Miranda and Roig '20
Antonelli et al '13, Flores-Baéz and Morones-lbarra '13
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Introduction

« The EM radiative corrections require the inclusion of virtual and
real photons.

« The Sl contributions for the Kt channel were studied in Phys. Rev.
D 88 (2013) 7, 073009 and JHEP 10 (2013) 070 .

* The virtual-photon corrections are IR divergent. The virtual loops, which
treat the K and 1t as point-like, induce a shift to the form factors:

FE5(s) — JEG(s) + 0 fE5 (s, u)

* In ChPT, three diagrams contribute to this effect.

Phys. Lett. B 513 (2001) 361-370

TAU2023 2



Introduction

The EM radiative corrections require the inclusion of virtual and
real photons.

The Sl contributions for the Kmt channel were studied in Phys. Rev.
D 88 (2013) 7, 073009 and JHEP 10 (2013) 070 .

The S| part of the radiative process is introduced by means of the
Low theorem.

M7 = % + MY + EMo+...

TAU2023



Introduction

The EM radiative corrections require the inclusion of virtual and
real photons.

The SI contributions for the Kmt channel were studied in Phys. Rev.
D 88 (2013) 7, 073009 and JHEP 10 (2013) 070 .

The Sl part of the radiative process is introduced by means of the

Low theorem.

+
v _ g0, [P e(R)  pr-e(k)
MI =M e P ok

The leading Low-term is fully determined by the amplitude of the
non-radiative decay.
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Amplitude

JHEP 08 (2002) 002
. . Phys. Rev. D 95 (2017) 5, 054015
The most general structure is given by

Phys. Rev. D 102 (2020) 114017
EGFV;{E * (va(p—?pﬂ) — V- 51
M = f,u,{ugg o p U (L =) (mr + P — )7 u(P)

V2

P\ +[(V‘L“’ — A" Yu(q)y, (1 — ’}f‘:")u(P)]}

o,

The hadronic matrix elements is

A_
HY (p-,po) = CvEL()Q" + Cs—2¢"Fot),  t=¢’
where ”

¥ - A_
¢ = (p— +po)”, QV = (p— — po)¥ — an,,, and ﬂz’j

TAU2023



Amplitude

JHEP 08 (2002) 002

. . Phys. Rev. D 95 (2017) 5, 054015
« The most general structure is given by Phys. Rev. D 102 (2020) 114017

(-’*GFE:‘ * IIIJ‘ P—sPo) V- D L
M= Tdr’{ 2 E 20 - jl“’(@)’}’ (1 =) (mr + P — k)" u(P)

+ (VI = A )u(q) v, (1 — ’:f‘ﬁ’)u(P)}

« The vector and axial-vector terms can be split into two parts,

structure-independent (SI) and structure-dependent (SD), according
to the Low and Burnett-Kroll theorems.

V=V +Vip
A = AL,
« Atlow-energies, the SM of EW and strong interactions is described
by an EFT known as Chiral Perturbation Theory (ChPT).

JHEP 08 (2002) 002
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S| contributions

JHEP 08 (2002) 002
Phys. Rev. D 95 (2017) 5, 054015

« The Sl contribution reads Phys. Rev. D 102 (2020) 114017
HY(p_ +k 2p_ + k)* A_
Ve = e ;;J. j:i))i ;fg tk) + {_C‘VF-F(t’) - TO [CsFo(t') — CvFJr(f’)]}QW
F.(t')—F A Cst’
-t t(; +§S JQrg + 220 RICsR W) - OV FL )] (p_sipo) [Fo(t') — Fo(tn} ¢"q
~ 5 K 0 -~ 5 K%~
T — T YV~ T — ™ YU~
p- — Pk c:vz% P— — Pn o1
Po —* Pr - Po — PK v
A—{) — AK‘?‘F Cs = E A—U — _AK?T Cs=1
Cv,s — —Cvs
— — 0
T — K K FYI‘,T We recover the usual
o= —1 definition of H -
Cs=-1 Phys. Rev. D 99 (2019) 093005
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py
1VSI -

S| contributions

The Sl contribution reads

Cst’

Q'q" + Attj” RICFo ) - v ()] — o0

JHEP 08 (2002) 002
Phys. Rev. D 95 (2017) 5, 054015

Phys. Rev. D 102 (2020) 114017

- _+k’ 2p— +k)* / A_ ! ! v
. Qk-pli])iii; ) +{_CVF+('5)——O[OSFO(t)—C’vﬂ(f)]}g“

VF+(?5’) —FL(t)
k- (p— +po)

Fo(t') - Fo(tn} o

T~ = K 7%,

T — I_(Oar_'yu,.

P— — PK
Po — Px
A_g

— AK?‘F

o KT P— — DP=x 4 . K9
Po — PK
@W ¥ A_g = —Ag~ M v
Cvs = —Cvs| |
\_ s, L S D,
T_ — K_ KUFYVT We recover the usual
o= —1 definition of H -
Cs=-1 Phys. Rev. D 99 (2019) 093005
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SD contributions

« At O(p* in ChPT with resonances (RChT), the vector form factors v+
are saturated by the exchange of vector and axial-vector resonances:

// P7 ’}/ // P7 ’Y // P7 // P7

. . | AN LN V9 stands for
> po > po ~ pno s p(no pU w b

T~ = K %, T~ — Kx YUy
V_ :K*_ V_ :K*_
A- =K| A" =ay
T — K_KO’}/IA,- Fy = v2F.Gy = ‘L_} Fy=F
Vo=p n = VI Gy = L 3P
A_:Kl_ .|r'|_—'.,..ff.{r1—udf_1_—'\ 2F,
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SD contributions

« At O(p% in ChPT, the axial form factors, A#", get contributions
from the Wess-Zumino-Witten functional:

T — I_(Oﬂ'_'yur

](0
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Decay spectrum [ B5" = 300 MeV]

« The differential rate for the radiative decays in the tau rest frame is

given by
dl’ =

(2)"
4m.,

spin

> [(M[Pddy

« To be sensitive to the dynamics of the radiative transition, a cut on
photon energies is necessary.

T = K 7%u,

- Low
sI

— 08 O(p™), Fy=+3 f
1

3 Op*), Fy=y2 f
=06

S

=l

£ 04

0.5 1.0 1.5
T t (GeV?)

T = K’7m v,

- Low
........ s]
~ 8 . Op*), Fy=v31
IE ‘ e o(p"), Fy=y2
56
g t
5 |
g5 4
20 0.5 T 1.0 1.5 2.0
| t (GeV?]
K*(892)
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dr/dt (107 Gev!

2.0

ot
13

Efy“t = 300 MeV

..................

81

e
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Branching ratio

7~ — K 7y,

Br[r - Kgyrn'y vl

10—10 ,,,,,,,,,,,,,,,,,,,,,,,,,,,

ESM [GeV]

« The SD contributions
become relevant
above 300 MeV.

-5
0.6 10
o
; : 1071
4
T
=
-
e Low
-9
o oI
0(})4), Fv=J3_f
————— O™, Fy=/2
10711 i L | L L [
0.1 0.2 0.3 0.4 0.5
ES" [GeV]
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Br[r - K—Koy vel

1076 ===1
e The SD contributions
are important even
1078 below 100 MeV.
10710
oY), Fy=y2
10—12,,‘,x,,,,,,,,,,,,,,,l,.1 L
0.1 0.2 0.3 0.4 0.5
Ef‘“[GeV]
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E ( Low ) st ([ RyT )
100MeV | 3.4x1075%| 3.0x107°% | 3.8(3) x 107°
Br-r0 300MeV |62x1077| 34x1077 19.4(3.1) x 10~
500MeV | 7.4x 1078 3.5 x107% |3.3(1.8) x 1077
100MeV [2.6x107°| 1.4x107° | 1.6(0) x 107°
Bro.— 300MeV |62x107%| 1.1 x107% | 1.9(2) x 1076
500MeV [1.0x107%| 7.1x107% | 2.4(4) x 10~°
100MeV | 5.3x1077| 3.7x 1077 [9.4(2.6) x 1077
Bi-go 300MeV |4.8x107%| 1.9x107% |3.1(1.4) x 1077
—10 —10 -8
500MeV 3.7 x 1071%) 3.0 x 10 \2.9(1.8) x 1075

~10 %
~34 %
~78 %

~ 63 %
~ 226 %
~317 %

~44 %
~85 %
~99 %

The Low's approximationis not sufficient to describe these decays
for photon energies above ~100 MeV.

TAU2023
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Bt Low [ ST )\ RxT )
100MeV  3.4x107°% |3.0x107°%| | 3.8(3) x 107°
Br-r0 300MeV 6.2x1077 [34x1077|]9.4(3.1) x 10~
500MeV  7.4x107% | 3.5x107%] [3.3(1.8) x 1077
100MeV 2.6 x107° | 1.4x107°| | 1.6(0) x 10~?
Bro.— 300MeV 6.2x107°% | 1.1 x107%| [ 1.9(2) x 1076
500MeV  1.0x 107% [7.1x107%| | 2.4(4) x 10~
100MeV 5.3 x 1077 |3.7x1077| [9.4(2.6) x 1077
Bi-go 300MeV 4.8x107% | 1.9x107%| |3.1(1.4) x 1077
—10 —10 -8
500MeV 3.7 x 10 3.0 x 10719 \2.9(1.8) x 10~

TAU2023

~21%
~ 64 %
~ 89 %

~12 %
~42 %
~70 %
~61%
~94 %
~99 %

The Low's approximationis not sufficient to describe these decays
for photon energies above ~100 MeV.

These decays are an excellent probe for testing SD effects.
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Radiative corrections

« The photon-inclusive double differential rate can be written as

dl’  G% |V F+(0)° Spw m? (1_ t

2
~ 2t
1/2 2 2y | 2 2 U
dt PP(+) - 7687343 m_ﬁ) AV2(t,m? mg) {CV|F+(??)| (1 + m_g) A(t,m=,mg)

+3C5A%, |130(t)\2] Genm(t)

* For S|mpI|C|ty, we split the contributions to the decay width as

dr B Ldr| o dr T N
dt PP(~) \dt PP dt I dt VI dt est GEM( ) — GEM( )+5GEM(t)
h N—
G (1) Negligible SI+SD

251

2.0

0.5+
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Radiative corrections

« The differential decay width can be written as

dl’ :G%\VHDFJF(O)FSEWNLE (1_ t

2
= 2t
1/2 2 2y | 2 2 99
dt PP(+) 7687313 m_ﬁ) A (t,mZ,mg) {CV|F+(??)| (1 + m_g) A(t,m=,mg)

+3C2A2% | Fy(t) \2] Geu(t)

« For simplicity, we split the contributions to the decay width as

=
al _|E| L dn) |4 ar|
dt PP(v) dt PP dt I dt IV/IIT dt rest
Gy (t) Negligible ~ SI+SD
Ey ot u) = Fipo(t) + 0F jo(t, u),
Model 1 Model 2
JHEP 08 (2002) 002 JHEP 10 (2013) 070
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GRm -1

G -1

Radiative corrections

T~ = K 7°v,
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G- 1

Radiative corrections
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Radiative corrections

* Integrating upon t, we get
G Sgw’fn
9673

5 2
Tpp(y) = Vup Fi(0))* I, (14 6%4s)

where

1 Mt t\? . 2t ‘ .
Iy, = 32 /t 13 (1 - m) A2 (t,m? , mg) {C%‘th(f)\z (1 + m) A(t,m2, mg) +3C§A30‘F(J(t)|2] :

- '

thr

Electromagnetic corrections to hadronic tau decays in %

em Ref. [33] G\ (t 0GEM(t) @:{Mﬁo = —(0.0097¢; ?%g)%
Model I Model2  SI  SI+2F SI+3F SEVT _(0,16670100);
K-7° —0.20(20) —0.019 —0.137 —0.001 +0.006 +0.010
Ko7=  —0.15(20) —0.086 —0.208 —0.098 —0.085 —0.080 [sE K° = _(0.03079932)%
e - ~0.046  —0.223 —0.012 +0.003 +0.016 | _ o114
70 _ 0196  —0.363 —0.010 —0.002 +0.010 \9m" = —(0.18675503)%

JHEP 10 (2013) 070 N —
K 0.029 K" +0.422
‘SEMTi == (0'026:}.153)% 5EM = = (0-304 0. 135)%
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Impact of radiative corrections on NP

« The low-energy Lagrangian that describes the
semileptonic strangeness-conserving (AS=0) or -changing (AS=1)
charge current transitions reads, (D = d,s)

GrVuD o . o -
Lepr=— 7 [(1 + €1)Tyu(1 = 75)vr - " (1 — v5)D + €gTyu(l — 75)vr - @y (1 4 v5) D

+7(1 — v5)vr - u(€s — €py5)D + €pTouw (1 — v5)vy - uch” (1 — '75)D] + h.c.

GFV:D = GF (1 =+ Ei + 6'}2{) VMD
Phys.Rev.D 104 (2021) 9, L091502
Srn = —0.24(56)%

-1 = —0.15(57)%

The one meson decay width is given by

GE|Vipl* f2m?

Lt~ — P ;) 16
.

9N\ 2
(1 - m—g) (14677 +2A7P),
m

T

2 AT = —0.14(72) - 102,
ATP:‘EE—EE—EE—GE— Tp — [ y (72)
mq(m, +mp)ep AT = —1.02(86) - 1072,

e The partial decay width for two-meson decays is

dr
dt

G2.|Ve 12m3 S t 2
_ GrlVip| T?T EW (1 2) M2t mb,m3)
PP(7) 384m3t m2

X [(GEM(t) +2(e] — €% +€f —€%)) Xva+ €5 X+ er Xr + (€5)° Xg2 + (e})2XTz]
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Impact of radiative corrections on NP

« The low-energy Lagrangian that describes the
semileptonic strangeness-conserving (AS=0) or -changing (AS=1)
charge current transitions reads, (D = d,s)

GrVuD o . o -
Lepr=— 7 [(1 + €1)Tyu(1 = 75)vr - " (1 — v5)D + €gTyu(l — 75)vr - @y (1 4 v5) D

+7(1 — v5)vr - u(€s — €py5)D + €pTouw (1 — v5)vy - uch” (1 — '75)D] + h.c.

GFV;D = GF (1 =+ Ei + €‘;{) VMD

The one meson decay width is given by Phys.Rev.D 104 (2021) 9, L091502

e 2 —_
I(r~ =P v) = GrelVipl*fams (| mx (146780 +2A77) Orn 0.24(56)%
' 167 m3 o ’ 5o = —0.15(57)%
ATP — T _ {4 _ T _ € _ m2P ﬁ ATT( = _0'14(72) ! 1072’
=€ — €L —€ER —€R m.(my, +mp)ep 4 ATE —1(}2(86) . 10_2,

e The partial decay width for two-meson decays is

dr
dt

_ GE|Vip|*miSew
PP(~) 3847T3t

2
(1 _ tQ) M2t w2, m,) We recover the
e SM case when

€ =0
X [(GEM(t) +2(€], — €5 + € — €5)) Xva +€5Xs + € X1 + (65)* Xg2 + (65")2XT2] L,R,S,P,T

TAU2023 19



Global fit (AS=0)

» The chi-squared function to be minimized in our fits is

2 2
_ _ 2 2
2y NE» — NP BRY: — BREYP BRik — BRiG" BRL, — BRZZP
x = —_— | + + +
k Um:xp UBRSF:;EFP G’BRBL‘{I) G’BR:};FI)

KK

The constraints for the non-standard interactions

(- +ef—e, N\ (| 000688 £01£1.709 ) 1 0.662 —0.487 —0.544
r m?r T + 3.4 + 0.0 1 —0.323  —0.360
€R+mfp - U.]_ t0.5 — 3.3 _O_I:i:U.g j:U.]. y 10_2 ij:
= ) 1 0.452
€% 103005 T.12 #0904 09 +.52
1
\ el ) \| 0402 5y oY +11 03 )
at =2 GeV in the MS scheme XQ/dOfNOS
Stat. fit, VFF, m,, TFF, el — €8 +eh — €, 05406123492 4 0.4
Rad. Cors . mo . 11401
€r + P | 0.330.57 75, 0.2 10-2
+9.5 +0.0
& .72 +21.5709 + 0.2
1.1 +0.0
e ~0.1)+ 02411 100 4 0.2

Phys.Lett.B 804 (2020) 135371
TAU2023 20



Global fit (AS=1)

» The chi-squared function to be minimized in our fits is

2 2 2 2
=t} SEX D tl exp th . exp t} exp
2 N — N BRicw — BRiS BRkn — BRicy BRIk — BR/
xX° = + + +
O -—exp a exp a exp a exp
k Nk BRKTr BRKT; BR‘TK

The constraints for the non-standard interactions

[ g - +ef—e | (loal1s+04t08 1 0.874 —0.149 0.463
Ty Mg T + 0.1 B
Rt s tmetm) €P _ 0.7 09£0.2 = 7, 10-2 i = 1 0.130  0.404
€5 0.8(0.9+0.2 709 1 —0.057
\ & J \[ostor+04+00 ) !
at p =2 GeV in the MS scheme X /dOf ~ 0.9
Stat. fit, TFF
Rad C’ ’ L€t R~ R 05+1.5+03
= " 04409+0.2
T+ —+r—¢? 4309+0.
€R + ZmT(mu+mS)€P = los X10_2
et 0.80% +0.3
er 09+07+04
T

Phys.Lett.B 804 (2020) 135371
TAU2023 21



Global fit

« Assuming MFV, we can perform a global fit that includes both, the
strangeness-conserving and -changing sectors.

 The constraints for the non-standard interactions

g-crea-c\ (| 27dtosrzice
o 7R 47t }jéi
. = | |-77k61+00F L
_ 0.6 2.0
€% 5.3|° 0,? i 14.9 J—r
e /o \[-02t02F 357

at u =2 GeV in the MS scheme

Stat. fit, VFF, CKM,
Rad. Cors., TFF, m,,
Rad. Cors.

Phys.Lett.B 804 (2020) 135371

00i03+§gi00\
1.8+02 T 23 +0.0
534+0.0 T N +00

0.1 0.1
0.0+£0.1 7% T 64

TAU2023

x 1072, Pij =

?

2.9

7.1

—7.6

5.0

—0.5

+0.6
+4.9
+6.3

+0.7
—0.8

+0.2

1 0.056

+1.0
—0.9

+0.5
—0.4
+0.0
+0.8
—1.3

+0.8
—1.0

1

+0.6

+1.3
—1.5

+1.9
—1.6

+0.2
—0.1

+0.0

0.000

1

+0.0

+1.2
—1.3

+1.7
—1.6

+0.0
+0.0

—-0.270 —-0.402 \
—-0.997 -0.015 -0.023
0.000

+0.4
+0.2
+0.0
+0.2
+0.6

1

x?/d.o.f ~ 1.49

+0.2
—0.3

+40.9
—14.1

+19.0
—53.6

+1.1
—0.6

+0.1

0.000
0.235

L)
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Conclusions

« At the current level of precision achieved in semileptonic tau
decays, radiative corrections are required to test the SM and
to extract information about NP.

« We study the electromagnetic corrections to the hadronic tau
decays. Although the model-independent contribution for the Kmt
modes was already available, a survey of the structure-dependent
one was missing in the literature.

« Our results bridge this gap and decrease the uncertainty by a factor
~ 2, enabling more precise tests of NP.
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IV, | from T decays

« All |V,| determinations based on measured T branching fractions
are lower than both the kaon and the CKM-unitarity determinations.

Py Ve Kigs N = 2+1+1, 2021 update
0.2231+ 0.0006
Y Vis Ko N = 2+1+1, PDG 2020
0.2252 + 0.0005
o CKM unitarity & "u"ud &V,
0.2277 + 0.0013

—— T — XV
0.2184 + 0.0021

—e— T oK/t
0.2229+ 0.0019

—— T — Ky
0.2219+ 0.0017

—e— t exclusive average
0.2222 + 0.0017

|—H T average

0.2207 £ 0.0014
I '] '] L L I '] ] '] L I

0.22 0.225 0.23
v HFLAV
s [ 2021
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Radiative corrections

dl’

_ G2 |Vup Fi (0)|* Sy m?

dt | pps) 76833

(1_

+ 3ogai0|ﬁg(t)\2]

Gem(t)

2
t -
—) M2t m2 m?) {C§|F+(t)|2 (1 +

m
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Radiative corrections

« The differential decay width can be written as
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* The success of the standard model should not

prevent us from exploring these questionsto
the fullest possible extent.

* Nelson and Tetradis. Phys. Lett. B 221 (1989),
80-84
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