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1. HFLAVY fit of T branching fractions, T mass and 7 lifetime

The HFLAV 2023 report [1] describes three fits performed on 7 measurements, using the
HFLAV procedures to account for the dependencies of the measurements on external inputs like
other world averages, or luminosity measurements that are used for different branching fraction
measuremnents by the same experimental collaboration.

A set of 171 measurements of 7 branching fractions and ratios of branching fractions m; and an
estimate of one nuisance parameter n, + o, are fit to obtain 137 fit parameters gx and 1 nuisance
fit parameter p,. The fit parameters and the nuisance fit parameter are subjected to 91 constraint

equations. The minimized y? is
2
2 -1 (nr = pr)
K=Y (mi= Miqr) (V') (my = Mpar) + Y =P (1)
ikl Y v Tn,

where M;; is the model matrix applied to fit parameters to predict measurements and V;; is the
measurements’ covariance. The available measurements of the 7 mass and lifetime are also fit to
obtain their averages.

2. Tests of lepton flavour universality

In order to test lepton flavour universality (LFU), we use the expression for the partial width
of a heavier lepton £ decay to a lighter lepton ¢

5
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where f£¢ is a phase space factor that depends on the leptons’ masses, 6Rf£ and ¢ RVLV‘) correspond
to the QED and electroweak (EW) radiative corrections, respectively. In the HFLAV 2023 report,
as in previous papers, the leading-order (LO) QED correction in aqep has been used,
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Here, we rely on the QED radiative corrections that have been evaluated for the muon decay [2],
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where p = p£0 = m7/m%, Hy} ;= —0.042+0.002, H{ = ~15.3+2.3, and the modified minimal
subtraction scheme has been used. Since qu and H3U7 have not been evaluated for the 7, we will
omit them in the following in order to get partial next-to-leading-order (NLO) QED corrections for
the 7 leptonic decays. The code alphaQEDr23. f [3] has been used to compute a(m,). Table I

reports the LFU-tests’ coupling ratios, which have negligible differences when changing from LO to
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Table 1: Charged weak current coupling ratios with LO and NLO QED radiative corrections. The expressions
B ¢ correspond to the 7 leptonic branching fractions.

LO 6RE! NLO 6RE!

1.0016 +£ 0.0014 1.0016 + 0.0014

gr\ | Bre Tump 1o (14 6RY)(1+6Ry,
(_) "\ Bue remifre(1+ 5R5) (1 +0R)
(gT B Ty, f1e (14 6RYS) (1 + 6RY))
) “\ Bue romdfra(l +O0R)(1+6Ry))
8u By [T6(1+0RF)(1+6Ry)
(_) B \/Bfe FTH(L+ R, (1+ R

1.0018 + 0.0014 1.0017 £0.0014

1.0002 £ 0.0011 1.0001 + 0.0011

NLO QED radiative corrections. We estimate that the coupling ratios uncertainty has contributions
from the present uncertainty on the 7 mass in the phase space factors (1.3 ppm), from the uncertainty
on a(m) (0.3 ppm), and from the omission of HZM and H3£€ (up to 2.4 ppm, assuming that the two
terms may be up to 20 times larger for the T with respect to the muon).

3. |Vus| from 7 branching fraction measurements

|V.s| is computed using the inclusive 7 branching fraction to strange hadronic final states
as [4, 5]

Rua
Vs r-ope1 = \/Rs/ [W — 6Ry-50(3) break | = 0.2184 £ 0.0021 , 7
ud

where R; = B/ BS‘“ =0.1632+£0.0027, 85 = 2.908 +0.048 is the inclusive 7 branching fraction to
strange hadronic final states, B3 is the universality-improved electronic 7 branching fraction [1],
Rya = R}‘:Z(il —R; =3.470+0.008, Rﬁgé is the ratio between the inclusive hadronic T decay branching
fraction and B, |V,4| = 0.97384 + 0.00026 is taken from a recent average of measurements of
superallowed nuclear § decays, neutron decay measurements [6], and 0 R;_sy/(3)-break accounts for
the SU(3)-breaking effects [7-9]. We mention also two additional |V,¢| determinations, which

could not be updated because of their complexity:

Vus|r-ope2 = 0.2219(22) - [10, 11] ®)
Vies | 7 tare-aisp = 0-2240(18)  [11, 12] 9)

An additional evaluation of |V,s| uses the lattice QCD calculation of the inclusive 7 hadronic decay
rate [13],

Vis |
WV e aine = (22 - Ry =0.2189 £0.0019 (10)
RS latt-incl

where (R,/ |Vus|2)]an_inc] = 3.407 = 0.022 [13]. All calculations of the 7 inclusive decay rate to
hadronic strange final states are not presently including the long-distance isospin-breaking correc-
tions [13].
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We compute |V,s| /|Vya| from the ratio of branching fractions 8199 = B(t~ — K v;)/B(t™ —
77vy) = 0.0644 + 0.0009 using the equation [14]:

2
Bt~ > K vy) féi |Vus|2 (m% - m%{)
= (1+6:k/7x) » (11)
B(r™ = 77ve)  f2, [Vial’ (m3 - m%,)2

where 0:x/rx = (0.10 £ 0.80)% [15] is the radiative correction for the ratio of partial widths
I'(t = Kv¢[y])/T(t = av,[y]). Using the ratio of decay constants fx./fr+ = 1.1934 £ 0.0019
from the 2023 web update of the FLAG 2021 lattice QCD averages with Ny = 2+1+1 [16-22], we
obtain |V,s| /|Vual = 0.2289 + 0.0019. By using the above-mentioned |V, 4| value, we compute
Vsl ek = 0.2229 £ 0.0019.

|Vi.s| is calculated using the branching fraction 8(7~ — K~ v;) as

2 2

2
G m
Bt~ > K vy) = ﬁf,@i Vs Tem (1 - m—f) SER(1+6.k) - (12)

T

We use fx+ = 155.7+0.3 MeV from the 2023 web update of the FLAG 2021 lattice QCD averages
with Ny = 2+1+1 [16-18, 20, 21, 23]. The universal short-distance electroweak correction for
7 hadronic decays is S& = SRT . S]S;\,Vb’lep = 1.01910 + 0.00030, where the radiative correction
for the 7 spectral functions is Sg\f\,h = 1.02350 + 0.00030 [24-26] and the sub-leading universal
short-distance correction for the 7 leptonic decays is S;;l‘]fv’lep = 0.9957 [24]. The long-distance
radiative correction for B(7~ — K7 v;) is §:x = (=0.15 £ 0.57)% [15]. The physical constants
G r and #i are taken from CODATA 2018 [27]. We obtain |V,5|.x = 0.2224 + 0.0017.

We list in the following |V,s| as predicted by the unitarity of the CKM matrix, (|Vusluni)2 =
1 = |Vual? = [Vup|? (where the |V,p| is negligible because of its small size, |V,;| = 0.00382 +
0.00020 [28]), |V,s| evaluated with measurements of kaons’ properties [6], the above |V,,;| calcula-
tions using 7 measurements, the average of the 7 exclusive evaluations (|Vys|-k/» & [Vusl.x), the
average of all T evaluations, and all discrepancies with respect to |Vys|yni:

[Vias luni =0.2272+0.0011  0.0c [\/ 1= [Vyal® = Vup|*  (CKM unitarity)] , (13)
Wislges  =0.2233£0.0005 —-320 [Bkel . (14)
Vsl kea =0.2250+£0.0005 -1.70c [Bke] . (15)
Vislr-oppg =0.2184£0.0021 —3.60 [B(t~ — X;vi)]. (16)
|Vis | rtatteineg = 0.2189 £0.0019  —-3.70 [B(r™ — X v.)], (17)
Vuslekjm =0.2229£0.0019 -2.00 [B(r™ — K v.)/B(t™ — x7v.)], (18)
Vis| ek =0.2224+£0.0017 -230 [B(t~ — K v.)], (19)
Vislzexaa  =0.2225+0.0017 —-2.30 [tau exclusive average] , (20)
Vs | ¢ =0.2208 +£0.0014 —3.60 [tau average] . (21

All correlations arising from using the 7 branching fractions fit results and common external inputs
are accounted for. The systematic uncertainties of |V,;s|+.opg-1 and |Vis| 7 jatt-incs have been assumed
to be uncorrelated. The correlation between fx. and fx./fr= is conservatively set to 100%. We
assume that 6, and 6.k are uncorrelated [15] and that 6 ;g7 = 6rx — O x.
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