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Measurement of |V,

| with Tau Decays to Test the First Row CKM Matrix Unitarity

Introduction

1S

Standard Model CKM matrix unitary = (first row) |Vig|* + [Vis|” + |Vi* = 1
since ~2020, first row unitarity test off by 3—5¢
most precise |V,4| with superallowed 0+ — O+ nuclear beta decays

most precise |V,s| with B(K¢2), B(K¢3) and lattice QCD form factors and decay constants
(Ki2=K — v, KB=K — 1)

sub-leading precision |V,| using tau branching fractions
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| with Decays to Test the First Row CKM Mat

Measurement of |V,

» PDG 2018 |V, 4|~ |V,s| review R
» |V,| from kaons ~consistent with unitarity o+ Kg, N, = 2+1+1, PDG 2018
0.2231+ 0.0008
» HFLAV 2018 report, PRL 93 (2004) 231803 - Kg. N, = 2+1+1, PDG 2018
. . . 0.2253+ 0.0007
> |Vus| fl’om tau |nC|U5|Ve >30' dlscrepancy e CKM unitarity&Vud&Vub, PDG 2018
» |V,| from tau exclusive ~consistent 0.2256+ 0.0009
—e— T XV
- - - 0.2195+ 0.0019
HFLAV tau branching fractions fit —eo—1 T K /Ty
02236+ 0.0015
» using tau branching fractions of HFLAV-tau fit —e— T Ky

0.2234+ 0.0015

—e— T average
| N 0.2221+ 0.0013

. . 0.22 0225
> there are alternative |V, 4| determinations from V| HFLAV
7 — Xsv, which are more consistent with kaons v
and CKM unitarity
» Hudspith, Lewis, Maltman & Zanotti 2018 > V,g|*+ Vs> +|Vip|* ~consistent with unitarity
> Boyle et al. 2018 except when using |V,¢| from tau inclusive
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|‘/ud|

» new dispersive calculation of A\,g inner or universal
electroweak radiative corrections (RC) to superal-
lowed nuclear beta decays
Seng, Gorchtein & Ramsey-Musolf,

Phys. Rev. D 100, 013001 (2019)

review, HFLAV 2021 prelim.

T T T T T T T

e Kg. N, = 2+1+1, PDG 2020
0.2231+ 0.0007
. Kp: N, = 24141, PDG 2020
0.2252:+ 0.0005
@  CKMunitarity & V&V, PDG 2020
0.2278:+ 0.0006

H—e—H T = XV
P> ~2X more precise 0.2184+0.0018+ 0.0011
» significant shift H—0—H oK/t
0.2229+ 0.0016+ 0.0010
+—e—H T — Kv
|Vs| from kaons 0.2223+ 0.0015:+ 0.0008
. ) —e— © exclusive average
» updated more precise lattice QCD constants 0.22241 0.0017
—e— T average
|Vis| from tau v, OO0
0.22 0.225 AL olab
- .L. ela
> HFLAV 2021 prelim., PDG 2021 |V, 4| Vel i

» |V.4| - |Vis|k anomaly ~3 ¢

(PDG uncertainty scale factor = 2 on |V,
because |V 5|« and |V,s|,,, are inconsistent)
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review, HFLAV 2021 prelim.

|Vud|

» J.C.Hardy & li.S.Towner, PRC 102, 045501 (2020)

» revised experimental inputs

2 Marciano and Sirlin 2006 2.361 + 0.038

Seng et al. 2018/2019 2.467 £ 0.022
Czarnecki, Marciano and Sirlin 2019 2.426 + 0.032

Adopted value for A% 2.454 4 0.019

» increased systematic uncertainty
(new nuclear corrections)

|V,s| from kaons

> improved K3 radiative corrections,
Seng, Gorchtein & Ramsey-Musolf,
arXiv:2103.04843 [hep-ph]

> new calculation of |V,¢| ks
Seng, Galviz, Marciano, MeiRner,
arXiv:2107.14708 [hep-ph]

|V,s| from tau

» HFLAV 2021 prelim., PDG 2021 |V, 4|

LI B B S B S B BN A

L ]

—o—

—eo—i

PRRE S S [V T S UL S o |

0.22 0.225 023
Vil

us

Vis Kig, N, = 2+1+1, PDG 2021
0.2231+ 0.0006

Vus Kips N, = 2+1+1, PDG 2021
0.2252+ 0.0005

CKM unitarity & Vud & V,,, PDG 2021
0.2277+ 0.0013

T > XV

0.2184+ 0.0018+ 0.0011

T >Kv/t-nv

0.2229+ 0.0016+ 0.0010

T - Kv

0.2223+ 0.0015+ 0.0008

T exclusive average

0.2224+ 0.0017

T average

0.2209+ 0.0014

A.L. elab

» [Via| - |Vis|x anomaly ~3¢o

» no scale factor on |V,

S‘K

» ~50 without increased |V, 4| systematics
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Measurement of |V, | with Tau Decays to Test the First Row CKM Matri

1S

|V,,s| determinations fron kaons

_ Grmi. - 2 - \2
> (K — ntoly]) = 727 Che Sy (Vealf7(0)) Ik (148858 + 867 Kss

MK — € Vil? [ ez \ > mp(1 — mi/mi)?
p (K =t 7) |Vl <Li> my (1 — mg/mk) (1 + Sew) Koo

M =L 7)) |Vl \frx ) mn(1—mj/m2)?

> It = phase-space form factor integrals
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Measurement of |V, | with Tau Decays to Test the First Row CKM Matrix Unitarity

|V,,s| calculation using tau branching fractions

|V,s| from tau "inclusive"

> ‘\/“5‘7'5 = \/R(T — Xstrange U)/ [R(T ~ Xnon_Stra"ge l/)

2 - 6RT,SU3 breaking:| T — Xsu
|Vud|

> R(T = Xv)=B(T = Xv)/B(T = eUV)niversality improved
P 6R. su3 breaking cOmputed with perturbative QCD (CIPT, FOPT) OPE + WA m; estimate
> E. Gamiz et al., JHEP 01 (2003) 060, PRL 94 (2005) 011803,

Nucl. Phys .Proc. Suppl. 169 (2007) 85, PoS KAON (2008) 008

|V,s| from tau "exclusive"

B(t— — K v,) f, 2 ‘\/us‘QK’ (m.2, - mf()Z
~ HET = ) (Li) K/ (14 6Ry /o) Py
B(tm — 7 vy) frt 7 (m_2r _ mfr)
1 G 2 T m ?
_ _ = 2 2 Tr 3 3 K m,
> Bt = K v,) = Tom <ﬁ) ‘\/us‘-rKfKﬂ:?m‘rC (1 = m7i> Sew(1+0R-k)

usiani (SNS & INFN Pisa) — IAS Program on High Energy Physics (HEP 2023), Hong Kong, February 12-16, 2023



Measurement of |V, | with Tau Decays to Test the First Row CKM Matrix Unitarity

|V,,s| calculation notes

tau branching fractions from HFLAV tau branching fractions fit

» HVLAV 2021 report (prelim.): arXiv:2206.07501

Decay constants and form factors from Lattice QCD FLAG averages
> FLAG review 2021, EPJC 82, 869 (2022)

radiative corrections definitions

> (7" =7 vy)=Twmio(t™ = 7 v.)SE(1+6R,r)
> (77 = K v.)=Twmio(t = K v)Spi (1 +6R. k)

> |—('r7 — Kil/.,-) - rth'Lo(T7 — Kil/.,.) Sg\;v(l +5R.,.K) - rttho(T7 — Kil/T)
r(

= ™. = 1 +6RT T
T =7 V) Twio(m =71 vr) Sew(1+0R:)  Tgolt — 7 vy) ( K/rr)

recent new radiative corrections for tau hadronic decays

» [M.A.Arroyo-Urefia, G.Hernandez-Tomé, G.Lépez-Castro, P.Roig, |.Rosell, PRD 104 (2021) L091502]
> SR, =(—024+056)%, O6R,x=(—0.15%0.57)%,

R k/rn = (0.10 £ 0.80)%
» 6R.,. and R,k ~uncorrelated

» larger uncertainties than previous ones [*] but more reliable

[*] R.Decker, M.Finkemeier, PLB 334 (1994) 199; NPB 438 (1995) 17; NPB 40 (1995) 453 (P.S.)
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Measurement of |V,

| with Ta

1S

Tau decay mode Branching fraction (%)
K v, 0.6957 + 0.0096
K™ 7u, 0.4322 4 0.0148
K27, (ex.K°) 0.0634 & 0.0219
K37, (ex.K°, m) 0.0465 4 0.0213
7 Kou, 0.8375 = 0.0139
n Ko, 0.3810 & 0.0129
7 K270, (ex.K®) 0.0234 + 0.0231
K°h~h htu, 0.0222 + 0.0202
K v, 0.0155 + 0.0008
K™ n’nu, 0.0048 + 0.0012
7 Konu, 0.0094 + 0.0015
K~ wu, 0.0410 == 0.0092
K™ $(K"K ), 0.0022 = 0.0008
K™ $(K2K] v 0.0015 = 0.0006
K n mu, (ex.K® w) 0.2924 + 0.0068
K 7 ntn’, (ex.K®,w,m)  0.0387 & 0.0142
K 2r 2n ', (ex.K°) 0.0001 = 0.0001
K™ 2n 27 7’0, (ex.K°) 0.0001 =+ 0.0001
Xo v, 2.9076 = 0.0478
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Measurement of |V, | with Tau Decays to Test the First Row CKM Mat:

1S

@1 Vis K, N = 2+1+1, PDG 2021
0.2231+ 0.0006
[P Vis Kip, N, = 2+1+1, PDG 2021
0.2252+ 0.0005
—e— CKM unitarity & Vle &V, PDG 2021
0.2277+ 0.0013

H—e—H T Xy
0.2184+ 0.0018+ 0.0011
H—e—H T > Kv/t—>nv
0.2229+ 0.0016+ 0.0010
—e—i T — Kv
0.2223+ 0.0015+ 0.0008
Ps © exclusive average
0.2224+ 0.0017
—e— T average
T r 0.2209+ 0.0014
0.22 0.225 0.23
|V | A.L. elab
us

» HFLAV 2021 fit prelim., takes into account correlations between tau BR measurements
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Measurement of |V,

| with Decays to Test the First Row CKM Mat

1S

P Vis Kigs N, = 2+1+1, 2021 update
0.2231+ 0.0006
[PY] Vis Ko, N, = 2+1+1, PDG 2020
0.2252+ 0.0005
—e— CKM unitarity & V &V,
0.2277+0.0013
—e—H T — Xv HFLAV 2021 prelim.
0.2184+ 0.0018+ 0.0011
—e— T— XV, Lusiani 2019
0.2202+ 0.0018

P ©— Xgv, Antonelli 2013
0.2207+ 0.0027

I ® i T — XV, Hudspith 2018
0.2231+ 0.0027+ 0.0004
P T— X,v, Boyle 2018a
0.2228+ 0.0015+ 0.0013
H-0—H T— Xv, Boyle 2018b
0.2245+ 0.0011+ 0.0013

0.22 0.225 0.23
IV | A.L. elab

us Feb 2023
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Measurement of |V, | with Tau Decays to Test the First Row CKM Ma arity

|V,s| from tau inclusive, alternative determinations

A. Pich et al. group

» original simple formulation
» easily re-used
» SR sus breaking Calculations
» simple |V,,| calculation, easily used with updated tau branching fractions
» procedure used by HFLAV 2021 prelim., Lusiani 2019, Antonelli 2013

K. Maltman et al. group
» more elaborate procedures
» cannot be used without collaborating with authors
» uses experimental measurements to suppress perturbative QCD uncertainties
» published Hudspith 2018 and Boyle 2018a/b, more details in the following

» so far there is no general consensus about recommended |V,| calculation

» HFLAV reports |V,¢| with Gamiz et al. calculation because it can be easily updated, while K.Maltman
et al. calculations are much more complex and would require assistance of the authors

Lusiani (SNS & INFN Pisa AS Program on High Energy Physics (HEP 2023), Hong K



Measurement of |V,,;| with Tau Decays to Test the Row CKM Ma tarity

|V,s| from 7 — X v determinations

M. Antonelli et al., JHEP 10 (2013) 76
B(t — Kv)

_ B(K — 4v)
> 0
predict tau BRs  B(7 — K7 v) from kaon BRs B(K — Z'n'ou)

B(t — Kimv)
» replace measurements of above tau branching fractions their predictions

» compute |V, | with Gamiz et al. 2003 technique
» other tau branching fractions from HFLAV 2012

A.L., SciPost Phys. Proc. 1 (2019) 1
>

use Antonelli 2013 predictions of 3 tau branching fractions, but
rather than replacing the respective tau measurements,
statistically combine predictions and measurements in modified HFLAV tau BRs fit

» compute |V,| with Gamiz et al. 2003 technique
» other tau branching fractions from:

» HFLAV Spring 2017
» BABAR ICHEP 2018 results (6 channels)
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Measurement of |V, | with Tau Decays to Test the First Row CKM Matri

|V,s| from 7 — X v determinations

J. Hudspith et al., PLB 781 (2018) 206

» uses tau spectral functions
“a combination of continuum and lattice results is shown to suggest a new implementation of the flavor-breaking
sum rule approach in which not only [Vus|, but also D>4 effective condensates, are fit to data.”
B(t — K7%)
B(t — K2mv)
» other tau branching fractions from HFLAV Spring 2017

P. Boyle et al., PRL 121 (2018) 202003

» compute |V,.| from tau inclusive with a nove technique using

» replace tau BRs with Antonelli 2013 predictions

» tau spectral functions
» |attice QCD

» capitalizes on LQCD work for muon g—2 hadronic contribution
» two |V.| results:

Boyle 2018a: using HFLAV Spring 2017 results

0
Boyle 2018b: HFLAV Spring 2017 replacing B(r — Km'v)

B(r — Kgmj) with Antonelli 2013

Lusiani (SNS & INFN Pisa) — IAS Program on High Energy Physics (HEP 2023), Hong Kong, February 12-16, 2023



| with Tau Decays to Test the First Row CKM Matrix Unitarity

Measurement of |V,

method experiment [%]  theory [%] lattice QCD [%] rad.corr. [%]
T — XV 0.84 0.49

T—=K/T—=T 0.72 0.18 0.40
T—K 0.69 0.19 0.29

uncertainties prospects
» experiment and rad.corr. uncertainties had minor or no improvements since LEP 1 times

» lattice QCD uncertainties decreased substantially in recent years
» in general, it is hard to precisely measure tau branching fractions

» Bellell, super charm-tau factories and FCC(Z) will help

Lusiani (SNS & INFN Pisa) — IAS Program on High Energy Physics (HEP 2023), Hong K



h Tau Decays to Test the First Row CKM Matrix

nitarity

B(r—K v
( o) CLEO 1994 —
0.660 + 0.070 + 0.090 B(T—>K77\' v, )
° DELPHI 1994 T
0.850 + 0.180
[ ALEPH 1999 Py
0.696 + 0.025 + 0.014
P OPAL 2001 PY
0.658 + 0.027 + 0.029
BaBar 2010 H8- to be superseeded
0.692 + 0.006 + 0.010
] HFLAV Spring 2017 [PN]
0.696 + 0.010
Fe+ BaBar ICHEP 2018 [P
0.717 £ 0.003 + 0.021
....I....I....I....[%] PR ISP IR R
0.6 0.7 0.8 1 0.4 05 0.6

B(-rﬂK737r0u.r (ex.Ko, n))

B(-r~>7r737r0u.r (ex.KO))

ALEPH 1999

3.700 + 2.100 + 1.100
HFLAV Spring 2017
4.284 +2.161

BaBar ICHEP 2018
1.246 + 0.164 + 0.238
[x1E-4]

—eo—i

PR PR
11 12

B(t— K727rou.,_ (ex. KO))
CLEO 1994
0.510 + 0.100 + 0.070
ALEPH 1999
0.444 + 0.026 + 0.024
OPAL 2004 il ®

0.471+ 0.059 + 0.023
BaBar 2007

0.416 + 0.003 + 0.018
HFLAV Spring 2017
0.433 £ 0.015

BaBar ICHEP 2018 .
0.505 + 0.002 + 0.015

[%] I IS T TE

B(-r—>h747r0u.,_ (ex.KO, n))

ALEPH 05C

0.977 + 0.069 + 0.058
HFLAV Spring 2017
1.029 + 0.075

BaBar ICHEP 2018
1.168 + 0.006 + 0.038
[%] PR T T [ S MR

CLEO 1994

9.000 + 10.000 + 3.000
ALEPH 1999

5.600 + 2.000 + 1.500
HFLAV Spring 2017
6.398 + 2.204

BaBar ICHEP 2018
6.151+ 0.117 + 0.338
[x1E-4]

ALEPH 2005

0.112 £ 0.037 + 0.035
HFLAV Spring 2017
0.110 + 0.039

BaBar ICHEP 2018
0.090 + 0.004 + 0.007
[%]




Measurement of |V, | with Tau Decays to Test the First Row CKM Matri

1S

|V,s| from 7 — X v_ uncertainties budget:

improvements with BABAR 2018 results

Updated |V,,| from T — X v, uncertainty budget

7 K270, (ex. K°) 0.3933
K21, (ex. K°) 0.0464

K 3m’w, (ex. K% n) 0.0449

K°h~h h'u, 0.3452
K v, 0.1575 |

K n v, (ex. K% w,m) 02438

n K°u, 02373 I

7 K7, 0.2201

K v, 0.1453

K~ wy, 0.1573

K v, 0.1453

K 7 v, (ex. K° w) 0.1148

7 K, 0.0254 mm

K n’nu, 0.0198 M

K nv, 0.0137 H

K ¢v, (¢ — K'K") 0.0136 W

K™ ¢v, (¢ — K2KL) 0.0094 &

K= 2n 27t w, (ex. K°) 0.0021 |

K 27n 2nt 7w, (ex. K°) 0.0010 |

T — non-strange 0.0855

B 0.0044 1

theory 0.4863 I
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Measurement of |V,

| with Ta

Decays to Test the First Row CKM Mat

Precision of |V, | from 7 — X

0.0045

0.0040

0.0035

0.0030

0.0025

0.0020

0.0015

Uncertainty on [Vs| from T - Xgv;

QQ(O\
&5
KL
n S
&
o
&
S
n 8
S » o
5 N N
& P B
S v & S
N Q} & é\ (\Q
& & & S
S N N
L v 4"" A":Q’o
&P s N3
RaNoS o QM o
& & K& o
L —\‘Q
i | | | | | | | | | | | | | | | |
RSP S S M M P P
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Measurement of |V¢| with Tau Decays to Test the First Row CKM Matrix Unitarity

Conclusions

» |V,.| can be calculated using measurements of tau branching fractions and spectral functions
» tau inclusive |V,s| measurement does not require lattice QCD form factors and decay constants
» however, no general consensus on best estimation and suppression of hadronic uncertainties

» more precision requires

» more precise tau branching fractions (hard)
» eventually, more precise radiative corrections, form factors, decay constants

Thanks for your attention!
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