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Electromagnetic corrections in hadronic tau decays
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We revisit the isospin-breaking and electromagnetic corrections of some hadronic tau decays, which can also be employed to extract the
Cabibbo-Kobayashi-Maskawa (CKM) matrix elemént,. We extend former analyses by Antonadti al. working with ChPT with reso-

nances. We find that going beyond the Low approximation, these corrections play an important role betweds tramd K~ 7° modes.
The K~ K° channel is also discussed.
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1. Introduction

Semileptonic tau decays are a valuable tool for studying QCD

hadronization at low energies [1,2], as thiepton is the only ) B 50

known lepton that is heavy enough to decay into hadrons2- Amplitude for 7= — P Pyv.y

With the high-precision measurements achieved in recent

years [3-10], one- and two-meson decays of tau leptons havehe most general amplitude that describes thgP) —
become increasingly useful for testing new physics scenar? (p—) P2 (po)v-(q)(k) decays reads

ios [11-23]. To this end, it is crucial to account for radiative

corrections in the theoretical predictions. _eGrVaa | i g~ 5
One-meson transitons~ — P v, (P = K,n) BRI (V= A)u(a)r (1=y")u(P)
have been extensively studied [20, 21, 24—-26] and are well- H,( )
understood thanks to the precise determination of the pion —&—k;];%ﬂ(q)’y”(1—75)(mT+P—}6)7“u(P) , (D)

and kaon decay constants obtained by lattice QCD collab-
orations [27]. Two-meson transitions, on the other hand,
have been examined in detail mainly for the 7% decay whereP , refers to a pseudoscalar meson, and

mode [28-31], which is used in the dispersive evaluation of

the leading-order hadronic vacuum polarization contribution — Fv(p_ po) = Cy Fy (£)Q¥ + Csﬂq”Fo ), @
to the muory — 2 [28,29,32]. The(K'w)~ decay mode has t

also been investigated [33,34] and can be employed to extract, o . v on

the Cabibbo-Kobayashi-Maskawa matrix. with t = ¢°, Q" = (p— = po)” — (A-o/t)q", q"u =

v _ 2 2 i
This paper is organized as follows. In Sec. 1, we discuséP— T 7o) ; _Al? T andCV’_S ISa Clgbsch-.GorQan.
the amplitude for the— — P; P9u.~ decays. Some ob- (CG) coefficient. The vector and axial terms in the first line in
servables for these decays are presented in Sec. 2. In Sec Bl (1) can be splitin two parts, structure-independent (SI)

we evaluate the radiative corrections. Finally, our concly-2nd structure-dependent (SD), in compliance with the Low

sions are presented in Sec. 4. and Burnett-Kroll theorems [35, 36].
| The structure-independent term is given by [29, 37]

Y(p— _ A_
vgr = L= PRI 2B oot - SR CsRt) - Cr Pt ) o
F+(t/) - F—‘r(t) v op A / / Cst’ / v
—Cv—- b +p0) Q" + — = 2[CsFo(t)) — Ov L. ()] TE Gty [Fo(t') — Fo(t)]} ¢, 3

wheret’ = (P — ¢). B
Hereafter, we will discuss the strange-changing and -conserving medds —7°, K7~ and K~ K, respectively. The
usual definition ofif%_ [15] is recovered by substituting. — px, po — pr andA_q — Ak, for K—7° andp_ — p,,

po — pr, Cvs — —Cys andA_y — —Ag, for K97—. The CG coefficients for these modes m’éfg’k’““ =

{1/\/§7 ]-a 71}
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FIGURE 1. Vector and axial-vector meson exchange diagrams con-
tributing to ther ™ — P, Pv.v decays a® (p*). V° stands for 4
the p°, w and¢ resonancesy ~ = K*~ for the K= modes and (p )
V™ =p forthe K K°one, A~ = K; in K" K° and K~ 7°,
andA™ =aj in7” K°.

FIGURE 2. Axial contributions to ther™ — P, PYv,~ decays at

factors are only saturated by the Wess-Zumino-Witten func-
tional [40,41] since the resonance exchange contribution start

The structure-dependent (SD) contribution is parameterdt O(p°). The diagrams that contribute to the axial form fac-

ized by four vector and four axial-vector form factors. ThesetOrs are depicted in Fig. 2, as we can see, two diagrams con-
terms can be written as tribute to theK —7° decay mode while only one contributes
to the K=~ and K~ K° channels. The full expressions for

V&S = vi(k-p_g"” — k") + va(k - pog"” — k" ply) thev; anda; form factors can be found in Ref. [42].

12

+v3(k - pop — k- p_p}y)p.

Foalkpop” —k-p_p) oo +po+ k), (@) 3. Decay rate and spectrum

and The differential rate for these decays in theest frame reads
: oz o, T 4
A;%B:Z@léuupo (po—p—)p k% +iag (P_Q)y €upa‘rkpp—p0 dl’ = (427T) Z \./\/l|2d¢'4 , (6)
mer

+ia3€,u,1/p0'kp(P_ q)0+ia4(p0+k)V€pApak>\pgpga (5) spin
wherep_ andp, are the momentum of the charged and neu-whered®, is the associated 4-body phase space,| At is
tral meson, respectively. the unpolarized spin-averaged squared amplitude

The SD part is evaluated using ChPT with resonances up The branching ratios are depicted in Fig. 3 and summa-
to O(p*) [38,39]. The diagrams contributing to the vector rized in Table | as a function oE%”‘. The red dashed line
form factors in Eq./4) are shown in Fig. 1. The axial form  represents the branching ratio using the amplitude in the Low

TABLE |. Branching ratios Bir~ — K~ n’v,~) for different values ofzS"*. The third column corresponds to the complete bremsstrahlung,
and the fourth to th€ (p*) contributions in RT.

B Low Sl RxT
100 MeV 3.4x107° 3.0x 1076 3.8(3) x 107°
By- 0 300 MeV 6.2 x 1077 3.4 %1077 9.4(3.1) x 1077
500 MeV 7.4 %1078 3.5 x 1078 3.3(1.8) x 1077
100 MeV 2.6 x 107° 1.4x107° 1.6(0) x 107°
Bro,- 300 MeV 6.2 x 107 1.1 x 107° 1.9(2) x 107
500 MeV 1.0 x 107° 71x 1078 2.4(4) x 1077
100 MeV 5.3 x 1077 3.7x1077 9.4(2.6) x 1077
By o 300 MeV 4.8 x 1078 1.9x 1078 3.1(1.4) x 1077
500 MeV 3.7 x 10710 3.0x 1071 2.9(1.8) x 1078
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FIGURE 3. Branching ratio predictions for the- — K~ 7°v.~ (left), ther~ — K°r v, (center) and the ™ — K~ K°v,~ (right)
decays as a function d@f$". The solid and dashed line represent th¢p*) corrections using’y = v/3F andFy = /2F, respectively.
The dotted line represents the bremsstrahlung contribution (SI). The red one corresponds to the Low approximation.
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FIGURE 4. The K~ 7 (left), K7~ (center) ands ~ K° (right) hadronic invariant mass distributions fB8£"* > 300 MeV.

limit, while the dotted one shows the Sl prediction with ence between th&°7~ and K ~7° modes in the term pro-
v; = a; = 0. The solid and dashed lines correspond toportional tog“” in Eq. (3). This term is absent in the Low’s
the SD prediction of the branching ratios usifig = v/3F, approximation since it is a propert§(k°) contribution, and
Gy = F/V3 andFy = 2F [43-46], andFy, = v2F, as we mention above, this approximation is not sufficient to
Gy = F/v/2andF, = F [39], respectivel§. For simplic-  describe these decays for energies abd@&MeV. On the
ity, we refer as3F and2F to these two approaches. In the other hand, thek — K invariant mass distribution is more
last column in Table I, we use th&F' result as the central sensitive to SD contributions. All these features make these
value and the difference with respect2é’ as a symmetric decays an excellent probe for testing SD effects. The photon
error. As we can see, the Low’s approximation describe vergnergy distribution and the S| decay spectrum for different
well this transitions fo2$" < 100 MeV. ES$"are also studied in Ref. [42].

The corresponding hadronic invariant mass distributions
for ES > 300 MeV are shown in Fig. 4. Thé&7~ dis- o _
tribution shows a large difference between the Low predic4. Radiative Corrections

tion and all the other approaches which is not evident for the
K79 case. This difference can be attributed to a Sign differ.The overall differential decay width, which includes the con-

|  tributions from virtual and real photons, is given by

dr
dt

G% |VuDF+(0)|2 SEWmi t )’ 1/2 2 2

PP(v)

X {0‘2}|F+(t)|2 (1 + :;;) A(t,m%,m3) 4+ 3C%A2 )| Fo(t)*| Gem(t) . 7
Here, the short-distance electroweak corrections are encodggyin[47-54], V.p (D = d, s) refers to the CKM matrix
element and~ r is the Fermi constant.

The G (t) factor includes the QED corrections to the — p;ngT with virtual plus real photon radiatiéf. We
split the contributions t@~ g/ (¢) in two parts:G%)])V,(t), which includes the non-radiative with the virtual contribution plus
the leading Low approximation, and~ z,,(t), which encodes the remaining contributions to the amplitude. The prediction
for both are depicted in Fig. 5, where model 1/2 describe the factorization prescription of the radiative correction to the form

factorgv.
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FIGURE 5. Correction factorgx\", (¢) (left) and6Gm(t) (right) to the differential decay rates of e~ =, K°7~, K~ K°, andr~°

modes from top to bottom.

Integrating uport, we obtain

G2 SEwmi - 2
Ippiy) = W Vup Fy (0)* Tpp (14 08%)"
where
2
1 [t t\? _ 2t _
Ipp = s / = (1 — mz> A2t m2  m2) {C‘%|F+(t)|2 <1 + m3> At,m2,m2) +3C2A% |Fo(H)?| . (9)

thr

These results are summarized in Table Il. The second column shows a former estimation of the radiative corrections [33]
which is in agreement with the results for Model 1 and Model 2 in the third and fourth column, respectively. In Ref. [34], an
estimation of the radiative corrections gaiéés,’f = smi /2 ~ —0.063% which also agrees with our results. The last three
columns represent the remaining contribution usi6gs, (¢) in Fig. 5.

The overall contribution is obtained by adding the results f@)ﬁfw(t) anddG g (t). Using the outcomes from Model 1
andoG gy (t) with 3F, we get

Supl. Rev. Mex. Fis4 021115
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TABLE |I. Electromagnetic corrections to hadromiclecays irf%.

SEM Ref. [33] G0 (1) 6G e (t)
Model 1 Model 2 Sl Sl +2F Sl + 3F
K—x° —0.20(20) —0.019 —0.137 —0.001 +0.006 +0.010
Kon~ —0.15(20) —0.086 —0.208 —0.098 —0.085 —0.080
K K° - —0.046 —0.223 —0.012 +0.003 +0.016
70 - —0.196 —0.363 —0.010 —0.002 +0.010
In this work, we investigate the electromagnetic correc-
K~ n0 _ +0.008 tions to the hadronic tau decays. Specifically, we present
Sgv™ = — (0.0097077%) %, ) . e .
a new calculation of the long-distance radiative corrections
e (0.16675:919) %, to the 7~ — (P, P,) v, decays for thek —7°, K7~
and K~ K° decay modes Although the model-independent
oK = = (0.03075:92%) %, (10)  contribution of these corrections was already available for

where the main asymmetric uncertainty comes from the diff"€ £ modes, a survey of the structure-dependent one was

ference between model 1 and 2. Additionally, we take théﬂissing in the literature. Our results, whic_h alignlwith prior

difference between theF and3F results as a symmetric er- €Stimates for thék'r)~ decay channels, bridge this gap and

ror for our model-dependence. decrease the uncertainty by a factor approximafehen-
Finally, we can use the results for the 70 decay mode ~aPling more precise tests of NP.

in Ref. [29] to get

Spal” = — (0.1867,953) %, (11)
which is in agreement with the value reported in Ref. [32],

63{0 —0.08%, using the VMD model for the SD contri-
bution.

Acknowledgements
~ | wish to thank the organizers for the pleasant conference. |
also would like to thank R. Escribano and P. Roig for their
comments on the manuscript. This work has been supported
by MICINN with funding from European Union NextGener-
ationEU (PRTR-C17.11) and by Generalitat de Catalunya. |
At the current level of precision achieved in semileptonic tauacknowledge Conacyt for my PhD scholarship. IFAE is par-
decays, radiative corrections are required to test the SM arféally funded by the CERCA program of the Generalitat de
to extract information about NP. Catalunya.

5. Conclusions

1. Further details can be found in Ref. [42]. 2. A. Pich, Precision Tau PhysicsProg. Part. Nucl. Phys.
75 (2014) 41, |nttps://doi.org/10.1016/].ppnp.

2013.11.002

G. Abbiendiet al, A Study of one prong tau decays with a
charged kaorEur. Phys. J. CL9(2001) 653https://doi.
0rg/10.1007/s100520100632

S. Schaelet al, Branching ratios and spectral functions of
tau decays: Final ALEPH measurements and physics implica-
tions,Phys. Rept421(2005) 191ttps://doi.org/10.
1016/j.physrep.2005.06.007

5. B. Aubert et al., Measurements of Charged Current Lep-

ii. The former corresponds to the constraints from up to 3-Green
functions which includes operators that contribut@#p®) in
RxT, while the second are the constraints from just 2-Green 3.
functions.

1it. Gem(t) was originally studied in Ref. [29] using H at

O(p*) and recently a(p®) in Ref. [31] for ther~#° decay 4

mode. Additionally, a reevaluation 6t (t) for these decays

was performed in Ref. [30, 32] using a Vector Meson Domi-

nance (VMD) model [55].

w. See EQs. (4.2)-(4.3) in Ref. [42] for further details.

. Additionally, an estimation of the radiative corrections to

the K~ n) modes using onlyG\"), (t) gave 65" =
— (0.026709%3) % andégy, " = — (0.30419350) % [42].

. M. Davier, A. Hocker, and Z. Zhang, The Physics of Hadronic

Tau Decays,Rev. Mod. Phys78 (2006) 1043 https://
dol.org/10.1103/RevModPhys.78.1043

ton Universality and using Tau Lepton DecaysRbys. Rev.
Lett. 105 (2010) 051602https://doi.org/10.1103/
PhysRevLett.105.051602

K. Ackerstaffet al, Measurement of the strong coupling con-
stantas and the vector and axial vector spectral functions in
hadronic tau decay€ur. Phys. J. C7 (1999) 571 )https:
/ldoi.org/10.1007/s100529901061

Supl. Rev. Mex. Fis4 021115


https://doi.org/10.1103/ RevModPhys.78.1043�
https://doi.org/10.1103/ RevModPhys.78.1043�
https://doi.org/10.1016/j.ppnp.2013.11.002�
https://doi.org/10.1016/j.ppnp.2013.11.002�
https://doi.org/10.1007/ s100520100632�
https://doi.org/10.1007/ s100520100632�
https://doi.org/10.1016/j.physrep.2005. 06.007�
https://doi.org/10.1016/j.physrep.2005. 06.007�
https://doi.org/10.1103/PhysRevLett.105.051602�
https://doi.org/10.1103/PhysRevLett.105.051602�
https://doi.org/10.1007/s100529901061�
https://doi.org/10.1007/s100529901061�

10.

11.

12.

13.

14.

15.

16.

17.

18.

19.

20.

21.

22.

23.

. S. Andersonet al,, Hadronic structure in the decaphys.

A. MIRANDA

Rev. D61 (2000) 112002https://doi.org/10.1103/
PhysRevD.61.112002

. M. Fujikawaet al, High-Statistics Study of the Decaphys.  25.

Rev. D78 (2008) 072006https://doi.org/10.1103/
PhysRevD./78.0/2006

. J. P. Lee=t al, Measurement of the spectral function for the 26

decayPhys. Rev. 38(2018) 032010https://doi.org/
10.1103/PhysRevD.98.032010

Y. Jin et al, Observation of and search fdPhys. Rev.

D 100 (2019) 071101, https://doi.org/10.1103/ 27

PhysRevD.100.071101

E. A. Garés, et al, Effective-field theory analysis of the
decays, JHEP 12 (2017) 027, https://doi.org/10.
100//JHEP12(201/7)02/

V. Cirigliano, A. Crivellin, and M. Hoferichter, No-go theorem
for nonstandard explanations of the CP asymm@éthys. Rev.
Lett. 120 (2018) 141803https://doi.org/10.1103/
PhysRevLett.120.141803

J. A. Miranda and P. Roig, Effective-field theory analysis of de-
cays, HEP11(2018) 038https://doi.org/10.1007/
JHEP11(2018)0338

V. Cirigliano, et al., Hadronicr Decays as New Physics Probes
in the LHC Era,Phys. Rev. Lett122(2019) 221801https:
//doi.org/10.1103/PhysRevLett.122.221801

J. Rendn, P. Roig, and G. Toledo &chez, Effective-
field theory analysis of the decayBhys. Rev. D99 (2019)
093005 .https://dol.org/10.1103/PhysRevD.99.

093005 .

F.-Z. Chengt al, CP asymmetry in decays within the Standard 32.

Model and beyondPhys. Rev. 100(2019) 11300€https:
//doi.org/10.1103/PhysRevD.100.113006

S. Gonalez-Sadis, et al., Effective-field theory analysis of the
decays,Phys. Rev. D101 (2020) 034010ttps://doi.
org/10.1103/PhysRevD.101.034010

S. Gonalez-Sadis, et al, Exclusive hadronic tau decays as
probes of non-SM interactionsPhys. Lett. B804 (2020)
135371, https://doi.org/10.1016/).physletb.

2020.135371

F.-Z. Chen, X.-Q. Li, and Y.-D. Yang, CP asymmetry in the .
angular distribution of decaydHEP 05 (2020) 151 https:
//dol.org/10.100//JHEPO05(2020)151

M. A. Arroyo-Urefia, et al., One-loop determination of branch- 55
ing ratios and new physics tesi$JEP02 (2022) 173https:
//doi.org/10.1007/JHEP02(2022)173

M. A. Arroyo-Urefia, et al, Radiative corrections to A reliable 37,

new physics testPhys. Rev. 104 (2021) L091502https:
//do1.0rg/10.1103/PhysRevD.104.L091502

F.-Z. Chen, et al., CP asymmetry in the angular distribu-

tions of decays. Part Il. General effective field theory analy-3s.

sis, JHEP 01 (2022) 108 |https://doi.org/10.1007/
JHEPO01(2022)108

V. Cirigliano, et al,, Semileptonic tau decays beyond the Stan-39.

dard Model JHEP 04 (2022) 152https://doi.org/10.
100//JHEPO4(2022)152

24.

28.

29.

30.

31.

34.

35.

Z.-H. Guo and P. Roig, One meson radiative tau decaiigs.
Rev. D82 (2010) 113016https://doi.org/10.1103/
PhysRevD.82.113016

A. Guevara, G. bpez Castro, and P. Roig, Weak radiative pion
vertex in decaysPhys. Rev. D88 (2013) 033007 https:
/ldoi.org/10.1103/PhysRevD.88.033007

A. Guevara, G. L. Castro, and P. Roig,
scription of dilepton production in decays,
D 105 (2022) 076007, https://doi.org/10.1103/
PhysRevD.105.0/600/

Y. Aoki et al, FLAG Review 2021, Eur. Phys. J. C
82 (2022) 869, https://doi.org/10.1140/epjc/
s10052-022-10536-1

V. Cirigliano, G. Ecker, and H. Neufeld, Isospin violation and
the magnetic moment of the muoRhys. Lett. B513 (2001)
361, |https://doi.org/10.1016/S0370-2693(01)

00/64-X .

V. Cirigliano, G. Ecker, and H. Neufeld, Radiative tau decay
and the magnetic moment of the mudk{EP 08 (2002) 002,
https://doi.org/10.1088/1126-6708/2002/

08/002 .

A. Flores-Tlalpagt al., Model-dependent radiative corrections
to Ttom — mo revisited,Nucl. Phys. B Proc. Suppl69 (2007)
250, |https://doi.org/10.1016/).nuclphysbps.

2007.03.011

J. A. Miranda and P. Roig, New based evaluation of
the hadronic contribution to the vacuum polarization piece
of the muon anomalous magnetic momerfhys. Rev.
D 102 (2020) 114017,https://doi.org/10.1103/
PhysRevD.102.11401/

F. Flores-Baez,et al, Long-distance radiative corrections
to the di-pion tau lepton decayhys. Rev. D74 (2006)
071301 https://doi.org/10.1103/PhysRevD.74.

071301 .

Improved de-
Phys. Rev.

33. M. Antonelli, et al, Predicting ther strange branching ra-

tios and implications fol,.s, JHEP 10 (2013) 070/nttps:
//doi.org/10.1007/JHEP10(2013)070

F. V. Flores-B&z and J. R. Morones-lbarra, Model Indepen-
dent Electromagnetic corrections in hadronic deca3sys.
Rev. D88 (2013) 073008nttps://doi.org/10.1103/
PhysRevD.88.0/3009

F. E. Low, Bremsstrahlung of very low-energy quanta in
elementary particle collisionsPhys. Rev.110 (1958) 974,
https://doi.org/10.1103/PhysRev.110.974

. T. H. Burnett and N. M. Kroll, Extension of the low soft photon

theorempPhys. Rev. LetR0(1968) 86https://doi.org/
10.1103/PhysRevLett.20.86

A. Guevara, G. bpez-Castro, and P. Roig, decays as
backgrounds in the search for second class currdpitys.
Rev. D95 (2017) 054015https://doi.org/10.1103/
PhysRevD.95.054015

G. Eckeret al, The Role of Resonances in Chiral Perturbation
Theory,Nucl. Phys. B321(1989) 311https://doi.org/
10.1016/0550-3213(89)90346-5

G. Ecker,et al., Chiral Lagrangians for Massive Spin 1 Fields,
Phys. Lett. B223 (1989) 425, https://doi.org/10.
1016/03/70-2693(89)9162/7-4

Supl. Rev. Mex. Fis4 021115


https://doi.org/10.1103/ PhysRevD.61.112002�
https://doi.org/10.1103/ PhysRevD.61.112002�
https://doi.org/10.1103/ PhysRevD.78.072006�
https://doi.org/10.1103/ PhysRevD.78.072006�
https://doi.org/10.1103/PhysRevD.98.032010�
https://doi.org/10.1103/PhysRevD.98.032010�
https://doi.org/10.1103/PhysRevD.100.071101�
https://doi.org/10.1103/PhysRevD.100.071101�
https://doi.org/10.1007/ JHEP12(2017)027�
https://doi.org/10.1007/ JHEP12(2017)027�
https://doi.org/10.1103/ PhysRevLett.120.141803�
https://doi.org/10.1103/ PhysRevLett.120.141803�
https://doi.org/10.1007/ JHEP11(2018)038�
https://doi.org/10.1007/ JHEP11(2018)038�
https://doi.org/10.1103/PhysRevLett.122.221801�
https://doi.org/10.1103/PhysRevLett.122.221801�
https://doi.org/10.1103/PhysRevD.99.093005�
https://doi.org/10.1103/PhysRevD.99.093005�
https://doi.org/10.1103/PhysRevD.100.113006�
https://doi.org/10.1103/PhysRevD.100.113006�
https://doi.org/10.1103/PhysRevD.101.034010�
https://doi.org/10.1103/PhysRevD.101.034010�
https://doi.org/10.1016/j.physletb.2020.135371�
https://doi.org/10.1016/j.physletb.2020.135371�
https://doi.org/10.1007/JHEP05(2020)151�
https://doi.org/10.1007/JHEP05(2020)151�
https://doi.org/10.1007/JHEP02(2022)173�
https://doi.org/10.1007/JHEP02(2022)173�
https://doi.org/10.1103/PhysRevD.104.L091502�
https://doi.org/10.1103/PhysRevD.104.L091502�
https://doi.org/10.1007/JHEP01(2022) 108�
https://doi.org/10.1007/JHEP01(2022) 108�
https://doi.org/10.1007/ JHEP04(2022)152�
https://doi.org/10.1007/ JHEP04(2022)152�
https://doi.org/10.1103/PhysRevD.82. 113016�
https://doi.org/10.1103/PhysRevD.82. 113016�
https://doi.org/10.1103/PhysRevD.88.033007�
https://doi.org/10.1103/PhysRevD.88.033007�
https://doi.org/10.1103/PhysRevD.105.076007�
https://doi.org/10.1103/PhysRevD.105.076007�
https://doi.org/10.1140/epjc/s10052-022-10536-1�
https://doi.org/10.1140/epjc/s10052-022-10536-1�
https://doi.org/10.1016/S0370-2693(01)00764-X�
https://doi.org/10.1016/S0370-2693(01)00764-X�
https://doi.org/10.1088/1126-6708/2002/08/002�
https://doi.org/10.1088/1126-6708/2002/08/002�
https://doi.org/10.1016/j.nuclphysbps.2007.03.011�
https://doi.org/10.1016/j.nuclphysbps.2007.03.011�
https://doi.org/10.1103/PhysRevD.102.114017�
https://doi.org/10.1103/PhysRevD.102.114017�
https://doi.org/10.1103/PhysRevD.74.071301�
https://doi.org/10.1103/PhysRevD.74.071301�
https://doi.org/10.1007/ JHEP10(2013)070�
https://doi.org/10.1007/ JHEP10(2013)070�
https://doi.org/10.1103/PhysRevD.88.073009�
https://doi.org/10.1103/PhysRevD.88.073009�
https://doi.org/10.1103/PhysRev.110.974�
https://doi.org/10.1103/ PhysRevLett.20.86�
https://doi.org/10.1103/ PhysRevLett.20.86�
https://doi.org/10.1103/PhysRevD.95. 054015�
https://doi.org/10.1103/PhysRevD.95. 054015�
https://doi.org/10.1016/ 0550-3213(89)90346-5�
https://doi.org/10.1016/ 0550-3213(89)90346-5�
https://doi.org/10.1016/0370-2693(89) 91627-4�
https://doi.org/10.1016/0370-2693(89) 91627-4�

40

41. .

42.

43.

44.

45.

46.

47.

ELECTROMAGNETIC CORRECTIONS IN HADRONIC TAU DECAYS

. J. Wess and B. Zumino, Consequences of anomalous Wardsg.

identities,Phys. Lett. B37 (1971) 95https://doi.org/
10.1016/0370-2693(/1)90582-X

E. Witten, Global Aspects of Current Algebradjucl.
Phys. B223 (1983) 422 https://doi.org/10.1016/
0550-3213(83)90063-9Y

R. Escribano, A. Miranda, and P. Roig, Radiative corrections to
the decays (2023)

50.

V. Cirigliano, et al, The (VAP) Green function in the reso-
nance regionPhys. Lett. B596 (2004) 96,https://doi.
0rg/10.1016/).physletb.2004.06.082

low-energy constant$jucl. Phys. Br53(2006) 139https:
//do1.0rg/10.1016/|.nuclphysb.2006.07.010

oddintrinsic parity sector of low-energy QCIRhys. Rev.
D 84 (2011) 014036, https://doi.org/10.1103/
PhysRevD.84.014036 . 53

9.

P. Roig and J. J. Sanz Cillero, Consistent high-energy
constraints in the anomalous QCD sectdPhys. Lett.
B 733 (2014) 158, |https://doi.org/10.1016/).
physletb.2014.04.034

A. sirlin, Radiative corrections toGV A& in simple
extensions of the SU(2) x U(1l) gauge modeNucl.
Phys. B 71 (1974) 29, https://doi.org/10.1016/
0550-3213(74)90254-5

49.

V. Cirigliano, et al., Towards a consistent estimate of the chiral 51.

K. Kampf and J. Novotny, Resonance saturation in the52.

54.

53.

7

A. Sirlin, Current Algebra Formulation of Radiative Correc-
tions in Gauge Theories and the Universality of the Weak In-
teractions,Rev. Mod. Phys50 (1978) 573 https://doi.
org/10.1103/RevModPhys.50.57/3

A. Sirlin, Large mW, mZ Behavior of the @{ Cor-
rections to Semileptonic Processes Mediated by Nucl.
Phys. B196 (1982) 83, https://doi.org/10.1016/
0550-3213(82)90303-0

W. J. Marciano and A. Sirlin, Radiative Corrections to beta
Decay and the Possibility of a Fourth GeneratidPhys.
Rev. Lett.56 (1986) 22, https://doi.org/10.1103/
PhysRevLett.56.22

W. J. Marciano and A. Sirlin, Electroweak Radiative Correc-
tions to tau DecayPhys. Rev. Leti61 (1988) 1815tips:
/ldoi.org/10.1103/PhysRevLett.61.1815

W. J. Marciano and A. Sirlin, Radiative correctionszitg de-
cays,Phys. Rev. Letf71(1993) 3629https://doi.org/
10.1103/PhysRevLett./1.3629

E. Braaten and C.-S. Li, Electroweak radiative corrections to
the semihadronic decay rate of the tau lepton, Phys. R&2 D
(1990) 3888https://doi.org/10.1103/PhysRevD.

42.3888 .

J. Erler, Electroweak radiative corrections to semileptonic tau
decaysRev. Mex. Fis50 (2004) 200.

J. J. Sakurai, Theory of strong interactiongAnnals
Phys 11 (1960) 1, https://doi.org/10.1016/
0003-4916(60)90126-3

Supl. Rev. Mex. Fis4 021115


https://doi.org/10.1016/ 0370-2693(71)90582-X�
https://doi.org/10.1016/ 0370-2693(71)90582-X�
https://doi.org/10.1016/0550-3213(83)90063-9�
https://doi.org/10.1016/0550-3213(83)90063-9�
https://doi.org/10.1016/j. physletb.2004.06.082�
https://doi.org/10.1016/j. physletb.2004.06.082�
https://doi.org/10.1016/j.nuclphysb.2006.07.010�
https://doi.org/10.1016/j.nuclphysb.2006.07.010�
https://doi.org/10.1103/PhysRevD.84.014036�
https://doi.org/10.1103/PhysRevD.84.014036�
https://doi.org/10.1016/j.physletb.2014.04.034�
https://doi.org/10.1016/j.physletb.2014.04.034�
https://doi.org/10.1016/0550-3213(74)90254-5�
https://doi.org/10.1016/0550-3213(74)90254-5�
https://doi.org/10.1103/ RevModPhys.50.573�
https://doi.org/10.1103/ RevModPhys.50.573�
https://doi.org/10.1016/0550-3213(82)90303-0�
https://doi.org/10.1016/0550-3213(82)90303-0�
https://doi.org/10.1103/PhysRevLett.56.22�
https://doi.org/10.1103/PhysRevLett.56.22�
https://doi.org/10.1103/PhysRevLett.61.1815�
https://doi.org/10.1103/PhysRevLett.61.1815�
https://doi.org/10.1103/ PhysRevLett.71.3629�
https://doi.org/10.1103/ PhysRevLett.71.3629�
https://doi.org/10.1103/PhysRevD.42.3888�
https://doi.org/10.1103/PhysRevD.42.3888�
https://doi.org/10.1016/0003-4916(60)90126-3�
https://doi.org/10.1016/0003-4916(60)90126-3�

