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INTRODUCTION

* The tis the only lepton massive enough to decay into hadrons, thus offering a
clean environment to learn about hadronization of QCD currents
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INTRODUCTION

* The tis the only lepton massive enough to decay into hadrons, thus offering a
clean environment to learn about hadronization of QCD currents & make
stringent new physics tests. Before our last paper...
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INTRODUCTION

* The tis the only lepton massive enough to decay into hadrons, thus offering a
clean environment to learn about hadronization of QCD currents & make
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INTRODUCTION

* Electromagnetic radiative corrections require the inclusion of diagrams with
both virtual (loops) & real photons (ISR & FSR).

* | will illustrate this with the RadCors to the one &« (or K) tau decays. The two-
meson cases can be studied similarly. They are just more complicated...
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1. RadCors to one-meson tau decays (Motivation)

Tests LU (g.=g,)) using P=m,K
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1. RadCors to one-meson tau decays (Motivation)

| will consider both decays in turn, R

T/

Tests LU (g.=g,)) using P=m,K

results & applications. Among the conclusions, | will show results for 2 mesons.
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1. RadCors to one-meson tau decays (Motivation)

v Lepton Universality (LU) as a basic tenet of the Standard Model (SM).
v Afew anomalies observed in semileptonic B meson decays™.

v Lower energy observables currently provide the most precise test of LU**.

kdkk.,

v" We aim to test muon-tau lepton universality through the ratio (P = 11, K)***:

2

['(r — Pvrly])
- I(P — F”"uh“

gr

Yu

P ‘

v"  g. =g, according to LU.
1 M2 (1—m%/M?)?

2 2m o ( 2 Jo2 )2
2mgmp (1 —mg,/msp)

: (0)
v R_p®isthe LOresult I, /p =

v" 8R_p encodes the radiative corrections.

o "

v' 8R.p was calculated by Decker & Finkemeier (DF’95)
v 8Ry;=(0.16 £ 0.14)% and 6R k= (0.90 £ 0.22)%.

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

* Albrecht et al.’21  Prog.Part.Nucl.Phys. 120 (2021) 103885 *** Marciano & Sirlin'93 Phys.Rev.Lett. 71 (1993) 3629-3632
** Bryman et al.’21  Ann.Rev.Nucl.Part.Sci. 72 (2022) 69-91 " Decker & Finkemeier'd95 ~ Nucl.Phys.B 438 (1995)17-53
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1. RadCors to one-meson tau decays (Motivation)

v" Phenomenological disagreement in LU tests:
v Using L7 7 v
I'(P — pv, |yl

v |g./9,],= 0.9958 + 0.0026 (at 1.6c of LU)
v 19/9,lk=0.9879 + 0.0063 (at 1.9c of LU)

(T — evev|7y])

4 Usingr“!

) and DF’ 95*, HFLAV** reported:

HFLAV** reported:

> v, [7])

v lg./g,/=1.0010 £ 0.0014 (at 0.7c of LU)

'W — 1v,)
, CMS and ATLAS*** and reported:
I'(W — pv,)

v' lg./g9,/ = 0.995 + 0.006 (at 0.8c of LU)

v" Using

* Decker & Finkemeier'as NuclPhys.B 438 (1995)17-53
* HFLAV'21 Eur.Phys.J.C 81 (2021) 3, 226
rE CM5'21, ATLAS 21 Phys.Rev.D 105 (2022) 7, 072008 Nature Phys. 17 (2021)7, 813-818
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1. RadCors to one-meson tau decays (Motivation)

v" Phenomenological disagreement in LU tests: v Theoretical issues within DF'95*:

v" Using L(r — ‘P‘T’;Th-) and DF'95*, HFLAV** reported: v Hadronic form factors are

(P — pvu(v]) different for real- and virtual-
v 19./9,l,= 0.9958 £ 0.0026 (at 1.6c of LU) photon corrections, do not
v lg/g9,.lxk=0.9879 + 0.0063 (at 1.9c of LU) satisfy the correct QCD short-
L(r — evervs|y]) distance behavior, violate
v Using——— ——, HFLAV** reported: unitarity, analicity and the chiral
Lk = evevyn]) limit at leading non-trivial
v lg./g,/=1.0010 £ 0.0014 (at 0.7c of LU) orders.
v Usingrm, > V) , CMS and ATLAS*™* and reported: v° A cutoff to regulate the loop
DW= pvy) integrals (separating long- and
v lg./9,/=0.995 + 0.006 (at 0.8c of LU) short-distance corrections)
 Docker & Finkameioras. NooLPhye.5 45 (1958)17.55 v' Unrealistic uncertainties (purely
e :IELELL'E‘Im lerqﬁe“‘arEur.Phst..C8j/(.2021)3, 226 O(EEPE) ChPT Slze)

¥ CMS'21, ATLAS'21phys.Rev.D 105 (2022) 7, 072008

Nature Phys. 17 (2021) 7, 813-818
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1. RadCors to one-meson tau decays (Motivation)

v" Phenomenological disagreement in LU tests: v Theoretical issues within DF’'95*:
v" Using L(r = Py h_) and DF'95*, HFLAV** reported: v Hadronic form factors are
(P = pvuly]) different for real- and virtual-
v 1g/g,l,=0.9958 + 0.0026 (at 1.6c of LU) photon corrections, do not
v |g9./9,lk=0.9879 £+ 0.0063 (at 1.9c of LU) satisfy the correct QCD short-
O(r = evovr 1)) distance  behavior, violate
v Using - — '; - =, HFLAV** reported: unitarity, analicity and the chiral
(1 = evev[n]) limit at leading non-trivial
v lg/g,/=1.0010 £ 0.0014 (at 0.7c of LU) orders.
L
'W — v,
v Usinglf‘n_ > TVr) , CMS and ATLAS*** and reported: v A cutoff to regulate the loop
\ P ) integrals (separating long- and
v |g./g,/=0.995 + 0.006 (at 0.8c of LU) short-distance corrections)
_ v' Unrealistic uncertainties (purely
v" By-products of the project: O(e2p?) ChPT size).

v Radiative corrections in I'(t — Pv [y]).

v CKM unitarity test via I'(t — Kv_[y]) or via the ratio I['(t — Kv.[y]) / T'(x — nv.[y]).

Nucl.Phys.B 830 (2010)95-115

v" Constraints on possible non-standard interactions in ['(t — Pv_[y])". Phys.Rev.Lett. 122 (2019) 22, 221801
JHEP 04 (2022) 152
* Decker & Finkemeier'95 Nucl.Phys.B 438 (1995) 17-53 " Cirigliano et al.’10 ‘19 99
** HFLAV'21 Eur.Phys.J.C 81 (2021) 3, 226 " Gonzalez-Alonso & Martin—-Camalich ‘16  JHEP 12(2016) 052

Phys.Rev.D 105 (2022) 7, 072008

. CMS,IN' ATLASZT Nature Phys. 17 (2021) 7, 813-818 . . . .
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2. RadCors to P,,; decays (P=m, K)

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

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

structure independent (SlI)
contributions (point-like
approximation)”

short-distance
EW correction
LO result ~ 10230
A

l“_ .] !\ r l

|
, G%|V,p|?F32 . ms, 5.
(P — pvy|y]) = ! p|"F; mp mi (l — ; ) SEw {1 + :F{mi,ﬁ'mp‘f} X

4qr mp

2 mp mﬁ 'nr

\ l I(/ |

structure-dependent (SD) contributions

. 2 2 2 m2
a |3 m my, m, m4s m

Physica A 96 (1979) 1-2, 327-340

The only model-dependence is the determination of the counterterms in c4,(P) and c;(P:
Annals Phys. 158 (1984) 142

NuclPhys.5250 (1985465516~ | arge-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.
Phys.Rev.Lett. 71 (1993) 3629-3632 Nucl.Phys.B 321 (1989)311-342

* Weinberg'79 *** Cirigliano & Rosell'07  ppys Rev.Lett. 99 (2007) 231801 JHEP 10 (2007) 005 t Ecker et al.'89
“GSSS?F & "gustf‘?l?gr:fdl 85 " Kinoshita's9 Phys.Rev.Lett. 2 (1959) 477 ! Cirigliano et al.'06
arciano & Sirlin Nucl.Phys.B 753 (2006) 139-177
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3. RadCors to t=—>Pv_[y] decays (P=m, K)

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—pv,[y] (D=d,s for n,K and F,= 92.2 MeV):
structure independent (SI)

short-distance contributions (point-like

Arroyo-UreAa et al., Phys.Rev.D 104 (2021)9, L091502 & JHEP 02 (2022)173
LO result EEU1cggr§§ELon approximation)***

2

Vup|*F3 M (1 B mf—.)“

G f
- 8T M :’

.
\

real-photon structure-dependent virtual-photon structure-dependent
(rSD) contributions (vSD) contributions

['(r — Pv.[4])

3a mp . .
{1 - 2’}'? ]‘Og :llr.-,- + GT'P‘I'SD + (‘)T.P

v Real-photon structure-dependent (rSD) contributions from Guo & Roig’10”.

v" Virtual-photon structure-dependent (vSD) contributions not calculated in the literature.
*** Kinoshita'59 Phys.Rev.Lett. 2 (1959) 477

* Ecker et al.'89 Nucl.Phys.B 321 (1989) 311-342
* Cirigliano et al.'06 Nucl.Phys.B753 (2006) 139-177 " Guo & Roig’10  Phys.Rev.D 82 (2010) 113016
Pablo Roig (Cinvestav, Mexico City)
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3. RadCors to t=—>Pv_[y] decays (P=m, K)

Arroyo-Urenfa et al., Phys.Rev.D 104 (2021) 9, L091502 & JHEP 02 (2022) 173
v Virtual-photon structure-dependent contribution (vSD):

d?k v

iM|T— Pv.]|sp=GrVupe’ / ) E(p. k)2 2] liewurpk P FE (W2 E2)+FY (W2 )AL +2B(E%) A2y
v-(q)
e = a(g)y" (1 = ) [(F+ §) + M- )7 u(ps)
M = [(p+k)>+E —mb)] g — 2k,p, P(p)
Nowy = Ky A R)up o

(p+ k)2 —m%

v" Form factors from Guo & Roig’10 and Guevara et al.”13*:

—NeM

Phys.Rev.D 82 (2010) 113016

Phys.Rev.D 88 (2013) 3, 033007
Phys.Rev.D 105 (2022) 7, 076007

RadCors for semileptonic tau decays and NP tests

FF(W?2 k)

FY (W2, k?)

B(k?)

* Guo & Roig'10
*Guevaraetal.’13

v" Well-behaved two- and three-point

2472 Fp(k2 — M2)(W? — MZ)
Fp M2 —2M2 —k?

Green functions.

2 (M2 — k2) (M2 —W?2) v" Chiral and U(3) limits.

Fp
MZ _ 2 v' My and M, vector- and axial-vector
v resonance mass: M,=M, and
M,=M,, (n case); M, =My and

M,=M:, (K case).
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3. RadCors to t=—>Pv_[y] decays (P=m, K)

Arroyo-Urenfa et al., Phys.Rev.D 104 (2021) 9, L091502 & JHEP 02 (2022) 173
v Virtual-photon structure-dependent contribution (vSD):

_ 19k pHy
iM|T— Pv;||sp =GFVMDF:Q/ ‘

(27) k2[(p,+ k)2 — M2] [iﬁ;;z;Apk)\;}PFﬁ(I.-‘[,..«—;z? ﬁ"-g)—FF_f(I*{-’?, -ifg))\luu-i-QB(kz))\g;w]

v-(q)

= u(@)VY (1 — ) [(Brt ) + M-y u(pr)
(0 + K2 + 2 — i3] g0 — 2hy,

kd(p + 'I‘:)_upu
(p+ k)2 —m%

Al,uu

2
}‘E;LV = k Quuv —

v" Form factors from Guo & Roig’10 and Guevara et al.”13*:

—NecM {'1
2472 Fp (k2 — M2)(W2
Fp M2 —2M2 — 2
2 (M2 — k2) (M2 —W?2)

Fp
M2 — k2

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

—M2)

v Chiral and U(3) limits.

v' My and M, vector- and axial-vector
resonance mass: M,=M, and
M,=M,, (n case); M, =My and
M,=M:, (K case).

Phys.Rev.D 82 (2010) 113016 * Guo & Roig'10

Phys.Rev.D 88 (2013) 3, 033007 * Guevara et al.”13
Phys.Rev.D 105 (2022) 7, 076007

RadCors for semileptonic tau decays and NP tests Pablo Roig (Cinvestav, Mexico City)



4. Calculation of R p= R p@ (1 + R p) = R.pO (1 + 8,5 — p,.)
Arroyo-Urefia et al., Phys.Rev.D 104 (2021) 9, L091502 & JHEP 02 (2022) 173
1. Structure-independent contribution (point-like approximation): SI.

. |3, M2m2% 3 2 m?
v We confirm the results by DF'95*. OR:/p|q = % {210g "TP +5+9 (Tfi) —f (m; )
S mi M? 2
1 — T : 4 .
flz) = 2(11_3“109;?"—2) log(1 — x) — ;ES i;) ]og;r-}-zl +TL12($)_ 1j_q; (%_1_;,“_3)
1 2 — T : 4
g(xr) = Z(IjTIDgT—Q) log(1 —z) — ;E i;) 10g3’+4 +3’le(T) li:;r: (%-;11‘2)

BRT/TClSl = 105% and 8R1‘/K|S| — 167%

2. Real-photon structure-dependent contribution: rSD.
v" &p,lrsp from Cirigliano & IR'07**: 5,,|.sp = -1.3-10®and &y |;sp = -1.7-10°.

v 8.plsp from Guo & Roig'10***: §_|.sp = 0.15% and 5.,<p = (0.18 + 0.05)%.

SRT;ﬂlrSD 0.15% and SRT/KlrSD - (018 T 0.15)0/0

* Decker & Finkemeier'95 ~ NuclPhys.B 438 (1995)17-53 o+ Guo & Roig 10 Phys. Rev.D 82 (2010) 113016
uo oig’ ys.Rev.
** Cirigliano & Rosell '07 Phys.Rev.Lett. 99 (2007) 231801 JHEP 10 (2007) 005 g

RadCors for semileptonic tau decays and NP tests Pablo Roig (Cinvestav, Mexico City)




4. Calculation of R p =R p? (1 + 3R p) = R,p (1 + 8,5 — 6p,)

Arroyo-Ureha et al., Phys.Rev.D 104 (2021)9, L091502 & JHEP 02 (2022)173

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

v l’:}p“luSD from cirigliano & Rosell '07*: Drulugg (0.54 £0.12)% and 6Kp1|v8D (0.43 £ 0.12)%.

v' d.plysp, NeW calculation: 6. |,sp = (-0.48 + 0.56)% and 6.«|,sp =(-0.45 £ 0.57)%.

BRT/‘TElVSD ( 1.02 0.57)0/0 and SRT/Kl’#SD = (-088 T 058)%

* Cirigliano & Rosell '07: Phys.Rev.Lett. 99 (2007) 231801 JHEP 10 (2007) 005
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4. Calculation of R p =R p@ (1 + R jp) = R p@ (1 + 5.p — 5p,)

Arroyo-Urefia et al., Phys.Rev.D 104 (2021) 9, L091502 & JHEP 02 (2022) 173 ] ]
3. Virtual-photon structure-dependent contribution: vSD.

V' Op,|ysp from  cirigliano &Rosett'07*: &, |,sp = (0.54 £ 0.12)% and 5y, |,sp = (0.43 £ 0.12)%.

v" 8.p|ysp, Nnew calculation: 5. |,sp = (-0.48 £ 0.56)% and &.«|,sp =(-0.45 + 0.57)%.

8RT:’R|VSD ( 1.02 0.57)0/0 and SRT/Kl’VSD = (-088 T 058)%

v Uncertainties dominated by & p|,sp:

v' P decays within ChPT [counterterms can be determined by matching ChPT with the
resonance effective approach at higher energies], whereas 1t decays within resonance
effective approach [no matching to determine the counterterms].

* Cirigliano & Rosell '07:

Phys.Rev.Lett. 99 (2007) 231801 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.

JHEP 10 (2007) 005

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.
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5. Results

Arroyo-Urefa et al., Phys.Rev.D 104 (2021) 9, L091502 & JHEP 02 (2022) 173

Contribution OR; /x OR; /K Ref.
SI +1.05% +1.67% *
rSD +0.15% +(0.18 = 0.05)% | **
voD —(1.024+0.57)% | —(0.88 +0.58)% | new
Total +(0.18 £ 0.57)% | +(0.97 £ 0.58)% | new

Errors are not reported if they are lower than 0.01%.

v Central values agree remarkably with DF’'95, merely a coincidence: 6R,. = (0.16 + 0.14)% and
0R k= (0.90 £ 0.22)%, but in that work:

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 a cutoff to regulate the loop integrals, splitting unphysically long- and short-distance regimes.

v"unrealistic uncertainties (purely O(e2p?) ChPT size).

** Cirigliano & Rosell'07 Phys.Rev.Lett. 99 (2007) 231801  JHEP 10 (2007) 005

*** Guo & Roig'10 Phys.Rev.D 82 (2010) 113016
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6. Application |: Radiative corrections in I['(t — Pv_[y])

Arroyo-Urena et al., Phys.Rev.D 104 (2021)9, L091502 & JHEP 02 (2022)173

short-distance

EW correction
= 1.0232*

| G3|Vun [2F '
['(r — Pv.|y]) = 8 P r? e 1+6:p)

v" 3 includes Sl and SD radiative corrections.

2 1¢ ¢ —{ N = o 0
.« mp\ 19 272 B | 0 =(—0.24+£0.56)%
l'l)q-P - 9 (Q (JIE) + 1 d i]. og JI )—HSTP‘ qD+f}TP| SD { dTK — (—[)J_-} + [}F)TJ{/{

Phys.Rev.Lett. 71 (1993) 3629-3632
* Marciano & Sirlin'93
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6. Application Il: lepton universality test

Arroyo-Ureha et al., Phys.Rev.D 104 (2021)9, L091502 & JHEP 02 (2022)173

2 . . oy
1 M (1—m$/M2)?
2m2Zmp (1 —m2/m3)?

gr

(
J,H =

['(t — Pv;[v])
RT /P
o TP = pur])

(]_ —I— {IJTRJ_EP)

g+
'j' =0.996410.0028 =0.00256xp, =0.9964 1= 0.0038 Limiting factor is

9u |~

_ ; experimental precision
g+ . , : : :
Jr =0.9857=x0.0028} -@ 0.9857 4 0.0078 (particle ID): Opportunity
Gu | g for Belle-ll
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6. Application lI: lepton universality test

Arroyo-Urenfa et al., Phys.Rev.D 104 (2021) 9, L091502 & JHEP 02 (2022) 173
’ 3 2 /Ar2)2
2 — 2 fm2 )2
PQT}‘I-”T?I-F (1 —m2/m3)

3R, = (0.18 + 0.57)%

5R.x = (0.97 £ 0.58)%

gr

Gy

g-
9y
g-

9u

=0.99641£0.0028;, £0.0025¢xp, = 0.9964 4= 0.0038

T

=0.985720.0028;} @ 0.9857 £ 0.0078
K

v rncase: at 0.9c of LU vs. 1.65 of LU in HFLAV’21* using DF’'95**

Limiting factor is
experimental precision
(particle ID): Opportunity

: R S for Belle-ll
v" Kcase: at 1.8c of LU vs. 1.90 of LU in HFLAV’21* using DF'95

* HFLAV'21 Eur.Phys.J.C 81 (2021) 3, 226

** Decker & Finkemeier'9s Nucl.Phys.B 438 (1995) 17-53
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6. Application Illl: CKM unitarity test in the ratio I'(t — Kv_[y]) / T'(t — ©v [y])

Arroyo-Ureha et al., Phys.Rev.D 104 (2021)9, L091502 & JHEP 02 (2022)173

[(r — Kv.[v]) B Vis|? Fﬁ- (l—mi;’ﬂfﬁ)z
T(r = mvrb]) - [Vaa? F2 (1—m2 /M2)?

(1+40)

Limiting factor is
experimental precision
(particle ID): Opportunity
for Belle-ll

-

s

I"I-t vl

= 0.2288=10.0010¢n H0.0017 exp = 0.2288 4= 0.0020
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6. Application lll: CKM unitarity test in the ratio I'(t — Kv_[y]) / T'(t — ©v [y])

Arroyo-Urefa et al., Phys.Rev.D 104 (2021) 9, L091502 & JHEP 02 (2022)173

FLAG 20*:
Fx/F,=1.1932 + 0.0019 § = 6. —0-r = +(0.10 £ 0.80)%
|
PDG \ ‘
H:rh : _?ni'/ﬂjf)z (1 (
) H;rrr? - l_m-‘fr/:l'f?)z Iﬂ

"Ju 8
1l"'.rm'

=0.228840.00104, £0.0017exp 3 0.2288 £ 0.0020 o _
Limiting factor is

experimental precision

v 2.10 away from CKM unitarity, considering |V,4 |=0.97373+0.00031**. (particle ID): Opportunity
for Belle-ll
v" To be compared with |V /V4=0.2291+0.0009***, obtained with kaon semileptonic

Eur.Phys.J.C 80 (2020)2, 113 * FLAG'20 decays. Our error does not reach this level due to lack of statistics in T decays.
Phys.Rev.C 102 (2020) 4, 045501** Hardy & Towner'20
Phys.Rev.D 105 (2022) 1, 0130 05%*+ Seng et al.’21
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6. Application [V: CKM unitarity test in I'(t — Kv_[y])

Arroyo-Urena et al., Phys.Rev.D 104 (2021)9, L091502 & JHEP 02 (2022) 173

i GZF2 ., . m2\* i
(1t — Kv.[y]) = Eﬂh Vs [P M2 (1 - f-,,;;’) Sew (1+d:k)

Limiting factor is
experimental precision
(particle ID): Opportunity

) | | for Belle-ll
Vs =0.222040.0008, {£0.0016 65 = 0.2220 £ 0.0018
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6. Application [V: CKM unitarity test in T'(t — Kv_[y])

Arroyo-Ureha et al., Phys.Rev.D 104 (2021)9, L091502 & JHEP 02 (2022)173

short-distance

FLAG'20*: -
EW correction ——— 7 1% V0,
V2F = (155.7 £ 0.3) MeV - 1 0230 Orx = (=015 £ 0.57)%
PDG \
m2\ 2
UPESV SN I —t 1
ez (1= 555) "
Ve =0.222040.00084( £0.0016 0, = 0.2220 £ 0.0018 o _
Limiting factor is
y o o experimental precision
2.60 away from CKM unitarity, considering |V 4 |=0.97373+£0.00031 (particle ID): Opportunity

£ C50(2020)2. 115~ FLAGD v To be compared with [V,.|=0.2234+0.0015" or |V,|=0.22310.00061, obtained O" Belle-ll
PRL71(1993)3629-3632  ** Marciano & Sirlin'93 this last one with kaon semileptonic decays. Our error does not reach this level
BRI C 81 (201)3 208yt s TOWnerzo due to lack of statistics in T decays.
PRD 105 (2022) 1, 013005 t Seng et al.’21
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6. Application V: constraining non-standard interactions in I'(t — Pv_[y])

Arroyo-Ureha et al., Phys.Rev.D 104 (2021)9, L091502 & JHEP 02 (2022)173

G%|Vup|?F32
8T

9 2
['(r — Puv.[y]) = Mr (1 — m—P) SEwW (1 +0.p + 2_\““)

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

&TP

e T e mp o _ [ AT =—(0.15+0.72) - 10
ST T RTRT i )P T L ATE = —(0.36 £ 1.18) - 1072

NP constrained at
few TeV level
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6. Application V: constraining non-standard interactions in I'(t — Pv_[y])

Arroyo-Ureha et al., Phys.Rev.D 104 (2021)9, L091502 & JHEP 02 (2022)173

N FLAG20*: short-distance
Vg | =0.97373 £ 0.00031 V2F.= (130.2 + 0.8) MeV EW correction O0rr = (—0.24 £0.56)%
|Vis/Vual = 0.2288 £ 0.0020 \,’2|:K= (155.7 £ 0.3) MeV = 1.0232** -k = (—=0.154+0.57T)%

PDG

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

9 PR e ) _9
N . m AT = —(0.15+0.72) - 10 =
ATV = €] —€ —€p—e%— £ €p :{ (0.15 <)

M- (my +mp) A™E = —(0.36 & 1.18) - 1072

NP constrained at
few TeV level

v" To be compared with A™= -(0.12 + 0.68)-10-2 and A= (-0.41 + 0.93)-102 of Gonzalez-Solis et al.’20T.

Phys.Rev.Lett. 122 (2019) 22, 221801

v" To be compared with Am= -(0.15 + 0.67)-102 of Cirigliano et al."19".

PRCC‘I 02 (2020) 4, 045501 * Hardy & Towner'20 ~ Cirigliano et al.‘'19, '22 JHEP 04 (2022) 152
EPJC 80 (2020) 2, 113 " FLAG20 t Gonzalez-Solis et al. ‘20
PRL 71 (1993) 3629-3632 *** Marciano & Sirlin'93 Phys.Lett.B 804 (2020) 135371
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7. Conclusions

Arroyo-UrehAa et al., Phys.Rev.D 104 (2021) 9, L091502 & JHEP 02 (2022)173
v"  The observable and our result;:

2

r R(T[})p (1+0R,p) — {

ﬂ;r P

I'(t — Pu.[v]) _
L(P = pvu[y])

OR,)r = (0.18 £ 0.57)%
SR, i = (0.97 + 0.58)%

H '." }') —

v' Framework: ChPT for = 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]).

v |g/g,.lp at 0.95 () and 1.8c (K) of LU, reducing HFLAV'21** disagreement with LU.
L Limiting factor is
v" CKM unitarity in I'(z—Kv [yDT (—nv [y]): |V,/Vyl = 0.2288 £ 0.0020, at 2.1 fmme%@ﬁr’%ental orecision

v CKM unitarity in T(z—Kv.[y]): [V = 0.2220 + 0.0018, at 2.6 from unitarity.  (Particle ID): Opportunity
for Belle-ll

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. FPhys-Rev.D107(2023)5, 052008

* Decker & Finkemeier'95 Nucl.Phys.B 438 (1995) 17-53
** HFLAV' 21 Eur.Phys.J.C 81 (2021) 3, 226
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7. Conclusions

Arroyo-UrefAa et al., Phys.Rev.D 104 (2021) 9, L091502 & JHEP 02 (2022)173
v"  The observable and our result;:

['(r — Pv.[y]) ) (0) )
(P — pv,ly]) Rﬁp ( 08 ;)

+0.010 ?\
v" Framework: ChPT f @h[ —(0.009Zg; 118) “l of ChPT for t decays.

9+

(};r

OR, r = (0.18 £ 0.57)%
SR, i = (0.97 + 0.58)%

R‘T j")

™

K°x— __ +0.100y\07 || K- 0.020\07 <K' _ +0.422\0;
v"  Consistent with DF’ 6EM — (O 166 (}1}7)/G 513}.1”— (“ ”2(+n 11;;)4‘ 6131\1 - (0 304 —0. mj)ﬁ?J

K~ K" 0.032
v" Applications: 5EM = —(0. 030+D 180

Miranda-Roig Phys.Rev.D 102 (2020) 114017,
Escribano-Miranda-Roig Phys.Rev.D 109 (2024) 5, 053003

—_0
: +0.114
v" Theoretical de 5]:5},‘.1# - (0 186 —0.203 )_% (t — Pv.[y]). We have halved the uncertainty!

v |g/g,.lp at 0.95 () and 1.8c (K) of LU, reducing HFLAV'21** disagreement with LU.

L|m|t|ngfactor IS

v = +
CKM unitarity in T'(t—Kv [yDT (t—nv [y]): |Vys/Vyyl =0.2288 £ 0.0020, at 2.1c fmmeumtéarrfl%ental orecision

v CKM unitarity in T(z—Kv_[y]): [V = 0.2220 + 0.0018, at 2.6c from unitarity. (particle ID): Opportunity
for Belle-ll

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. FPhys-Rev.D107(2023)5, 052008

* Decker & Finkemeier'95 Nucl.Phys.B 438 (1995) 17-53
** HFLAV' 21 Eur.Phys.J.C 81 (2021) 3, 226
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CPV in hadronic t decays
4 - B(tm — Kg;?rﬂ'ff) - B(t™ — Kgn_vr)

= = (+0.36 £0.01)% inthe SM
T B(tt — Kg;?rﬂ'fr) + B(t— — Kgn_vr)

vs BaBar measurement: A,r — (3036 1 023 I 011)%
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T

CPV in hadronic t decays

B(tm — Kg;?rﬂ'ff) - B(t™ — Kg;?r_vr)

B(tt — Kg;?rﬂ'fr) + B(t— — Kgn_vr)

vs BaBar measurement: AT — (3036 -

Ap

_ T(DFontKg)-I(D~—71~ Kg)
— T(DT=>ntKs)+L(D-—71 Ks)

= (+0.36 £ 0.01)% inthe SM

- 0.23 4

Ap =

- 0.11)%

(—0.41 + 0.09)%

\ In agreement with SM
A =—-Ap



CPV in hadronic t decays
1 B(tt — Kg;?rﬂ'ff) - B(t™ > Kg;?r_vr)

= = (+0.36 £0.01)% inthe SM
T B(tt — Kg;?rﬂ'fr) + B(t— — Kgn_vr)

vs BaBar measurement: AT — (3036 + 0.23 + 011)%

Tt Ks)— T ARs
Ap = Rpm s Ap = (—0.41£0.09)%

] ! \ In agreement with SM

Belle did not find any hint of CPV in a binned FB asymmetry analysis, but precision is hot enough to disprove BaBar, which
should be possible at Belle-1l & STCF (Acp~O(10-4) within reach, Belle-1l Physics Book '18 & Sang et al., '20).




CPV in hadronic t decays
e B(tT — Kg;?rﬂ'ff) - B(t™ — KEJT_VT)

T B(tt — ngr*ffr) + B(t— — Kgn_vr)

= (+0.36 £ 0.01)% inthe SM

vs BaBar measurement: AT — (3036 + 0.23 + 011)%

Ay = LD omt Ke) I (D™ 7~ Ks) Ap = (—0.41 £ 0.09)%

— (DT —=nTKs)+I(D-—>n Kg) N
A A In agreement with SM
7_ P

Belle did not find any hint of CPV in a binned FB asymmetry analysis, but precision is hot enough to disprove BaBar, which
should be possible at Belle-1l & STCF (Acp~O(10-4) within reach, Belle-ll Physics Book '18 & Sang et al., '20).

It is impossible to explain this anomaly by heavy new physics (Cirigliano-Crivellin-Hoferichter, Rendén-Roig-Toledo, Chen

etal,, ... \

Vanishing relative strong phase between vector and tensor contributions in the elastic region




Greatly benefitted from polarized e beam in chiral Belle-ll

CPV in hadronic t decays
e B(tT — ngzrﬂ'ff) - B(t™ — KEJT_VT)

= = (+0.36 £0.01)% inthe SM
T B(tt — Kg;*r*ffr) + B(t— — Kgn_vr)

vs BaBar measurement: AT — (3036 + 0.23 + 011)%

Ay = LD omt Ke) I (D™ 7~ Ks) Ap = (—0.41 £ 0.09)%

— (DT —=nTKs)+I(D-—>n Kg) N
A A In agreement with SM
7_ P

Belle did not find any hint of CPV in a binned FB asymmetry analysis, but precision is hot enough to disprove BaBar, which
should be possible at Belle-1l & STCF (Acp~O(10-4) within reach, Belle-ll Physics Book '18 & Sang et al., '20).

It is impossible to explain this anomaly by heavy new physics (Cirigliano-Crivellin-Hoferichter, Rendén-Roig-Toledo, Chen
etal,, ...

Triple product asymmetries can be measured @ STCF for the related channels 1~ (7 1% Ks/K % K¢/...) v, & provide
complementary information. This can be extended to 2-meson decay channels with polarized e beam.




CPV in hadronic t decays

In 2409.05588 D. Lopez Aguilar, J. Rendon & P. R. generalized the previous EFT studies to other two-meson tau decays.

rate

Al ke = 3.8 x 1073, Coming mostly from the SM neutral Kaon mixing.

AT?E‘KH_NP < 2.3 x 10~4 According to limits on the Wilson coefficients of the EFT Lagrangian.



CPV in hadronic t decays

In 2409.05588 D. Lopez Aguilar, J. Rendon & P. R. generalized the previous EFT studies to other two-meson tau decays.

rate

Al ke = 3.8 x 1073, Coming mostly from the SM neutral Kaon mixing.

AT?E‘KH_NP < 2.3 x 10~4 According to limits on the Wilson coefficients of the EFT Lagrangian.

Compared to the K¢t case, KK has larger allowed CPV: ‘E\f?’”[é%” <8 x 107 vs. [Sm[e7]| < 4 % 1079
Also KK is inelastic (since the it threshold) and Kqrt is elastic up to Ksn (where Asp™® vanishes identically).

As a result, the measurement of AC" .. in the K.K modes would allow to test indirectly the BaBar anomaly in Kt (they
should coincide with ~5% precision). We hope Belle-Il will do this.

Other measurements, like Az in trt are also interesting and feasible at Belle-ll.



Testing the SM through precise

measurements of hadronic Tau decays at
Belle-ll

 Radiative corrections and precise NP tests

_ e CP Violation

u,u

| did not touch inclusive measurements (s, V,;s), the determination of the nr contribution to a,"VP© from t data (in good
agreement with BMW A\CMD-S: Miranda-Masjuan-Roig'24, Davier et al.'24, etc. ), 2nd class currents, etc.

Still from LEP!!

Testing the SM with Tau Hadronic decays at Belle-ll Pablo Roig (Cinvestav, Mexico)
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