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ABSTRACT: The “Cabibbo Angle Anomaly” (CAA) originates from the disagreement be-
tween the CKM elements V.4 and Vs extracted from superallowed beta and kaon decays,
respectively, once compared via CKM unitarity. It points towards new physics with a
significance of up to 4o, depending on the theoretical input used, and can be explained
through modified W couplings to leptons. In this context, vector-like leptons (VLLs) are
prime candidates for a corresponding UV completion since they can affect Wy couplings
at tree-level, such that this modification can have the dominant phenomenological impact.
In order to consistently assess agreement data, a global fit is necessary which we perform
for gauge-invariant dimension-6 operators and all patterns obtained for the six possible
representations (under the SM gauge group) of VLLs. We find that even in the lepton
flavour universal case, including the measurements of the CKM elements Vs and V,4 into
the electroweak fit has a relevant impact, shifting the best fit point significantly. Con-
cerning the VLLs we discuss the bounds from charged lepton flavour violating processes
and observe that a single representation cannot describe experimental data significantly
better than the SM hypothesis. However, allowing for several representations of VLLs at
the same time, we find that the simple scenario in which N couples to electrons via the
Higgs and X7 couples to muons not only explains the CAA but also improves the rest of
the electroweak fit in such a way that its best fit point is preferred by more than 4 ¢ with
respect to the begin.
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1 Introduction

While new physics (NP) coupling to quarks or gluons is strongly constrained by direct LHC
searches (see e.g. refs. [1, 2] for an overview), there is much more parameter space left for
models with new particles posessing only electroweak (EW) interactions. In this context,
vector-like leptons (VLLs), which are heavy fermions that are neutral under QCD and can
mix with SM leptons via Higgs interactions, are very interesting. VLLs are predicted in
many SM extensions, such as Grand Unified Theories [3-5], composite models or models
with extra dimensions [6-13] and, last but not least, are involved in the type I [14, 15]
and type III [16] seesaw mechanisms. In fact, as expected, LEP [17] and LHC [18, 19]!
searches allow for VLLs with masses far below the TeV scale. Therefore, it is well possible
that VLLs are the lightest states within a NP model superseding the SM, thus providing
the dominant NP effects in the EW sector of the SM. Note that even by simply adding
by hand any VLL to the SM one obtains a consistent UV complete (renormalizable and
anomaly free) extension of it, that can thus be studied on its own.

LFor a recent dedicated theoretical analysis of VLLs at colliders, see e.g. [20—23].



Since VLLs can couple to SM leptons and the Higgs, they mix with the former after
EW symmetry breaking [24]. This mixing modifies the couplings of the SM leptons to EW
gauge bosons (W and Z), which are tightly constrained by LEP measurements [25, 26]. In
particular, any modification of the W /v coupling is always accompanied by an effect in the
ZUl and/or Zvv couplings. Furthermore, Wuv and Wev couplings affect the extraction of
the Fermi constant G from muon decay. Therefore, their impact on different observables
is clearly correlated and in order to consistently study them, it is necessary to perform
a global fit to all EW observables. This was done previously in ref. [27] for all VLL
representations and in refs. [28-32] for the VLLs corresponding to the type I or type III
seesaw. However, since the publication of ref. [27] the experimental situation has changed
significantly. In particular, the Higgs mass is now known [33, 34] and the top [35-37] and
W [38-40] mass measurements have become much more precise.

Furthermore, recently the “Cabibbo Angle Anomaly” (CAA) emerged with a signifi-
cance of up to 40 [32, 41-44]. This anomaly is due to the disagreement between the CKM
element Vs extracted from kaon and tau decays, and the one determined from beta decays,
in particular super-allowed beta decays (using CKM unitarity). One can consider this as
a sign of (apparent) CKM unitarity violation [41, 45]. However, sizable violation of CKM
unitarity is in general difficult to generate due to the strong bounds from flavour-changing
neutral currents, such as kaon mixing (see e.g. ref. [46]). Alternatively, one can consider the
CAA as a sign of lepton flavour universality (LFU) violation [32, 43, 44, 47]. In fact, flavour
dependent modified neutrino couplings to gauge bosons provide a very good fit to data [43]
and this view seems to be a natural since experiments have accumulated intriguing hints
for the violation of LFU within recent years. In particular, the measurements of the ratios
R(D™) [48-50] and R(K™) [51, 52] deviate from the SM expectation of LFU by more
than 30 [53-57] and 40 [58-61], respectively. The anomalous magnetic moments (g — 2),
of the charged leptons are also a measure of LFU violation as they vanish in the massless
limit. Here, the long-standing discrepancy of about 3.7 ¢ [62, 63] in the anomalous mag-
netic moment of the muon, (g —2),,? and the more recently emerging deviation of 2.5¢ in
the anomalous magnetic moment of the electron, (g — 2)., interestingly, with the opposite
sign, could have a common origin [72, 73]. In fact, it has been shown in refs. [73-83] that
(9 —2),, of the muon can be explained by VLLs, and in refs. [80, 83-86] VLLs are involved
in the explanation of b — s¢™¢~ via loop effects.

We take these developments as a motivation to perform an updated global EW fit [87,
88] to modified EW gauge boson couplings to leptons. In particular, we want to assess
the impact of including V,s and V, 4 measurements in the fit and see if an explanation of
the CAA is possible. We will do this first in a model independent way by performing a
fit to dimension-6 operators which (directly) change lepton gauge boson coupling. Then

?Recently, the BMWe released a lattice calculation of hadronic vacuum polarisation in (g — 2), whose
results would bring theory and experiment of (g — 2), into agreement. However, this result disagrees with
eTe™ to hadron data [64-69] and would increase the tension in the EW fit [70, 71] as hadronic vacuum
polarisations contribute to the running of «, which, at the scale Mz, is a crucial input for the EW fit. We
checked that modified gauge boson couplings to leptons are not capable of reducing this tension significantly
and we therefore use the result from e™e™ to hadrons.



we perform a fit to all six representations of VLLs. Here, also contributions to flavour
changing decays of charged leptons (such as y — ey, u — 3e, the analogous tau decays,
and p — e conversion) can arise, which we calculate and analyse as well.

This article is structured as follows: in the next section we will establish our setup,
before calculating the contributions to the relevant observables and discussing the experi-
mental situation in section 3. In section 4 we will perform our global fit, first in a model
independent fashion including dimension-6 operators, and after for each of the six repre-
sentations of VLLs separately. Finally, we conclude in section 5.

2 Setup

Let us establish our setup by first considering the effective dimension-6 operators (in the
Warsaw basis) that generate modified Wlv, Zvv and Z¢¢ couplings after EW symmetry
breaking. We will then turn to the six possible representations of VLLs under the SM
gauge group and perform the matching on the effective operators.

2.1 EFT

Disregarding magnetic operators whose effect vanishes at zero momentum transfer and
which can only be generated at the loop level, there are three operators (not counting
flavour indices) in the SU(3). x SU(2) 1, x U(1)y-invariant SM EFT which (directly) modify
couplings of neutrinos and charged leptons to EW gauge bosons [89, 90].

1

1)ij 1) 3)ig 3)1g 1] I

L= Lo+ 15 (O Qo + O QY + CL.Q) | (2.1)

with .

QY7 = otiD,o Cirre,
QY)Y = — iDL Oy (22)

Q¢e = ¢'iD,¢ e
where

Dy =0y +igoaW,t% +ig1B,Y . (2.3)

Here i and j are flavour indices and the Wilson coefficients C' are dimensionless. The
operators defined in eq. (2.2) result in the following modifications of the Z and W boson
couplings to leptons after EW symmetry breaking

Ly y = (éfrf«WPm W+ h.c~) + |2 (PFPe + T PR) b+ T Pros] 2, (24)

with
2
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I =g l(1 2sw) 5fi+ 12 (e +cy )] : (2.5)
/R g2 2 f7,
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Here we used the convention v/v/2 ~ 174 GeV. Egs. (2.4) and (2.8) agree with ref. [91]. The
terms proportional to the Kronecker delta correspond to the (unmodified) SM couplings.

2.2 Vector-like leptons

Moving beyond the model independent approach of the last subsection, we now consider
models with VLLs. As mentioned in the introduction, these particles modify Z and W
couplings to leptons already at tree-level and can therefore give dominant effects in the
corresponding observables entering the global EW fit, in particular in the determination of
Vus and V4, related to the CAA.

We define VLLs as fermions whose left and right-handed components have the same
representations of SU(2);, x U(1)y, are singlets under QCD and can couple to the SM
Higgs and SM leptons via Yukawa-like couplings. The possible representations under the
SM gauge group are given in table 1. Since these fermions are vectorial, they can have bare
mass terms (already before EW symmetry breaking) and interact with SM gauge bosons
via the covariant derivative which was defined in eq. (2.3).?

LYM =3 " i DM — My, (2.9)
{0
with ¢ = N, E,Aq1,As,31,Y3. The interactions of the VLLs with the SM leptons are
given by
—LNp =My GON + Ngli g E+ Xy, Ay e (2.10)
+ Xy, Agde; + A5, ¢ SE T+ 0, ¢TSI 7T 4 + hee.,
where i is a flavour index and 7/ = ¢ /2 are the generators of SU(2)r. Here we neglected

interactions of two different VLL representations with the Higgs.? Our conventions for the
VLL-triplets after EW symmetry breaking are

0:1 % V2 21:1 Xy V2N (2.11)
2 \WV2x; -x9 )’ 2 \WV2xyT =27 )7 '

where the superscript labels the electric charge.

3In the case N or Xy are of Majorana fermions, i.e. if Ng = Nf or ¥o,r = ES’L, eq. (2.9) should be
defined with a factor 1/2 to ensure a canonical normalisation.

4These couplings which would induce mixing among the VLLs are in general not important with respect
to modified Z and W couplings, as studied in this article, as they only give rise to dim-8 effects here.
However, they can have important phenomenological consequences in magnetic dipole operators, allowing
for an explanation of the (g — 2),,. via chiral enhancement [73-83].



SUB) SU@)r UMy
l 1 2 —1/2
e 1 1 —1
¢ 1 2 1/2
N 1 1 0
E 1 1 —1
A = (A}, A7) 1 2 —1/2
Az = (A5,A57) 1 2 —3/2
Yo =(37,%93,%;) 1 3 0
¥ =(30,27,877) 1 3 —1

Table 1. Representations of the SM leptons (¢, ¢), the SM Higgs Doublet (¢) and the VLLs under
the SM gauge group.

14 X X 14
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Figure 1. Feynman diagrams giving rise to the operator Qgﬁlé)ij , Q((;’Z)ij and infe where X denotes
any of the six VLLs. Note that the first diagram does not give a contribution for N and FE.

Integrating out the VLLs at tree-level (see figure 1), we find the following expressions
for the Wilson coefficients defined in eq. (2.1)
(1)ij o o L L
CM Y _ 3\7)‘% . )‘3}?)‘]’5 i)‘go)\]zo - i)\gl)\gh
A2 4M3, 4MZ 16 M%O 16 M%l

(3)ij i \J BY it \J T\
CM _ AZN)‘g\]; _ )‘lE)‘g ixEo)‘{Zo i)‘]&)‘%l (2.12)
A2 4M3, 4MZ 16 M%O 16 M%l
. i+ it
Coo _ MaXa; _ Any
A2 2M3 2M3,
which agree with refs. [27, 92].
Here and in the following this notation is to be understood as
)‘3(/\])? i =24yt
- =Y Ny, My°N] for X =N, E,
MX n " "
Aty (2.13)
. .
J)\})Q(X = ;)‘QHMXnAJXn for X = Ay, Az, 3o, %1,



in the case where more than one generation of VLL is present. Without loss of generality,
we assume the mass matrices My of the VLLs can be made real and diagonal by an
appropriate choice of basis.

Importantly, the different representations give rise to specific patterns for the modifi-
cations of the SU(2);, gauge bosons couplings to SM leptons. In particular, the diagonal
elements even have a fixed sign:

N o= ) <0, L= o,
3)ii 1)ii i

E: Céz) = Cée) <0 C=0,
3)ii 1)ii y

Aq Cé)f) = C(E)é) = 0, Cme > 0,

. @i _ A _ g (2.14)

Aoi Oy = ICM =0 ai<
) (3)is _ (1) g

EO . Cd)z — g d)z > 0, Cé;]e — 0’
i 1 (i .

Y cf;) = —gCé)? >0, CY = o

The resulting modified Z and W couplings after EW symmetry breaking are given in table 6
in the appendix A. Note that if the VLLs NV and Xy are Majorana fermions, N corresponds
to the right-handed neutrino in the type I seesaw [14, 93], while ¥ corresponds to the
mediator in the IIT mechanism [16, 94, 95]. In this case N and ¥, generate the neutrino
mass matrices

ANAE
N: m,= 2]X4N ’U2,

L (2.15)
o myzmﬁ.

8Msyx,

In general, the upper limits on the active neutrino masses set extremely stringent limits
on the corresponding couplings (for a given mass of the VLLs). However, by requiring
lepton number conservation [96], as in the inverse seesaw [97], the effect in the neutrino
masses can be avoided. In fact, it has been shown in an effective picture that such scenarios
correspond to a specific pattern of the couplings A that allows the active neutrino masses
to be small while the Dirac mass can be sizeable [98]. In the phenomenological analysis
we will assume that such a mechanism is at work [99, 100], or simply that the VLLs N
and 3 are Dirac fermions, meaning that the effects in modified W and Z couplings can
be sizeable.

3 Observables

In this section we summarise the relevant observables for which the SM predictions are
altered by the modified W and Z couplings, both in the EFT and with VLLs.

3.1 Flavour

Already in the EFT, modified W and Z couplings to leptons give rise to processes like
¢ — {'v at one-loop level and can even generate / — 3/ and pu — e at tree level. For



the latter two, the expressions are the same in the full theory (with VLLs) and in the
effective theory, while for £ — ¢~ the expressions are different. We report the expressions
for the EFT in appendix A. Even though all VLLs except N give rise to modified couplings
of charged leptons to the Z boson (see eq. (2.12)) and therefore contribute to u — e
conversion, u — 3e, T — 3, etc. already at tree-level, the latter are phase space suppressed
compared to the radiative leptons decays which give competitive bounds for tau decays,
even though they are induced only at the loop level.

Nonetheless, the off-diagonal elements are experimentally strongly constrained, both in
the EFT [101-103] and with VLLs as dynamical particles [104-106]. Furthermore, since the
flavour changing elements do not generate amplitudes which interfere with the SM flavour
conserving observables, their effect is suppressed. Therefore, it is sufficient to consider the
flavour diagonal elements C(l) “, C(E%)” and C% within the EW fit. The flavour effects that
are inevitably present if there is only one generation of VLLs which couples simultaneously
to at least two generations of SM leptons, will be calculated in the following. However, note
that these effects can in principle be avoided by introducing multiple generations of VLLs
and assuming that each SM generation mixes with at most one vector-like generation.

3.1.1 £ — 3£ processes

In ¢ — 3¢ processes, we can neglect multiple flavour changes and thereby contributions to
exotic decays such as 7~ — e~ puTe” and focus on the decays involving only one flavour
change. The corresponding experimental limits (at 90% CL [53, 107-110]) are given by

Br(u — eee) < 1.0 x 10712

Br(r — ppp) < 1.1 x 1078,

Br(r — eee) < 1.4 x 1078, (3.1)
Br(t — epp) < 1.6 x 10_8

Br(r — pee) < 8.4 x 1077,

The branching ratios for © — 3e and 7 — eup are (here we give u — 3e and 7 — eupu for
concreteness but the other combinations can be obtained trivially by adjusting indices)

5
Br(u — 3e) = W(ﬂrﬁﬁrﬁg + 2DEATCR ) 4 DR + TETERP)
5 (3.2)
l 0 ¢ (L0
Br (T — e/W) m(‘r LFWLF + ’F RF,uu‘Z + |F RFM/LP + ‘Fe'Ir/Fuﬁ ) )
. (L(R) . . . . .
with L' given in eq. 2.8 and eq. 2.12 as well as in table 6 in appendix A.
3.1.2 Radiative lepton decays
Using the branching ratio written as
m,
2
Brll; — €47 = (Icle +leif ), (3.3)



the coefficients c?i are given by

RN _ € [ANAT fv (zn) — fv(O)]

°fi Tipp2 M M,
fi
RE _ © g Fg ( yE) —2/fv(0) + Fv (chyer) — 2(1 — 2s3y) Fy(0)
°fi T39g2 M + M2 ’
E fi
o, , -
RA; € NV R yal) Fy (cjyra,) — 4siy Fv (0)
I =g [ ( T A T} "
F, Fy (¢ za.) + 452 Fy (0
R 32€2m€ l/\zs <<I>1/2A3)+ v (i A?}\)ﬁ i Fv (0) |
n H As fi
Ry, € + Fy (ys,)
cfl 0 _64ﬂ-2 mfi [AEOAEO (]\4_%[0

n fv (@s,) + fv(0) + Fy (s, +2(1—2s%) Fy(0)
M%O fZ’

R __© [ an (Fcp (ys,) N 2fv(0) + By (Gpas,) — 2 (1 — 2s%) Fv(o)ﬂ
fi

T 1282 = T M2, |
(3.4)
with the loop functions
~ 223 + 322 — 62 + 1 — 622 logx ~ 1
= O p——
fo(z) 24w — 1)1 : fo(0) = o1,
22 —1—2zlogzx 1
a = a O = —
ale) = g 3o(0) = 5.
_ ~ - 1
Fo(z) = fo(z) — Jo(2), Fo(0) = —15,
. —4z* 4 4923 — 7822 + 432 — 10 — 1823 log x . 5
pr— O = — —
—3(23 — 622 + Tz — 2 + 222 log ) 3
~ o g (0) = ==
gV(x) 8(.1’—].)3 ) gV( ) 4’
. ~ - - 1
Fy(e) = fr(@) - gv(), Fo)=5 (35
Here we have expanded up to second order in v/Mx and defined
_ M3 _ M% :
rx = Migv7 Yyx = M712{7 Wlth X = 1\]7 ]E7 Al, Ag, 20, 21.

In presence of more than one generation of VLLs, the expressions in eq. (3.4) are to be

understood as

RN € Z )\f z* ~V an) - fV(O) (36)



(and similar for the others). Here n runs over the number of generations of VLLs. We use
the following experimental bounds on radiative leptonic decays [111, 112]

Br(u — ey) <4.2x 10713,
Br(t — ey) <33 x107°,

Br(r — py) < 4.4 x 1078,
3.1.3 p — e conversion in nuclei

Zep couplings leads to yu — e conversion already at tree-level. Taking into account just
this leading contribution, it is sufficient to consider the effective Lagrangian
_ V LLAV LL V LRAV LR
Lar=Y (CltOR" + CRERORM) + L R he.,
q=u,d

(3.7)
with

Oy = (" Pop)(@vuPra). O " = (ev"Pop)(q@vuPra) , (3.8)
and
1 1
VLL _ /L L VLR _ (L R
qu - Feu @ qu’ qu - Feu @ FQQ’ (3'9)

where I‘gﬁ/ R is defined in eq. (2.4) and given in table 6. The corresponding Z couplings to
quarks in the SM are given by

g (1 2, ) R 2028%

pLo— %2 (2 = R _ 2925w

w =y <2 3°W) 0 Tw TRy (3.10)

g2 1 1 1 g 82 '
Fde——a <—2+35%V) ; Fc}zzd:—gcimfv-
The transition rate Fﬁ;e =TI'(uN — eN) is given by (see e.g. [103, 113, 114])
2
TN =dmi | - (ChRE+ op B0) (ROVE + f0VE) | +L o R, (3.11)
q=u,d

with the nucleon vector form factors f‘(;;) =2, f‘(,ug =1, f‘(/dg =1, f‘(/d,z = 2 and the overlap
integrals for which we use the numerical values for gold [115]

VP =0.0974, V{ =0.146.

(3.12)
This conversion rate needs to be normalised by the capture rate [116]

Yt = 8.7 x 1071 GeV,

(3.13)
in order to be compared to the experimental limit on p — e conversion in gold of [117]

conv
A <T.0x 1071,
1_‘Au

(3.14)



Observable Ref. Measurement
R[4 ~ 14 O™ - 505 [118] 0.9978 + 0.0020
R[I24] ~ )1 + Lo — B ol 119, 120] 1.0010 + 0.0009
R[] ~ |1+ HCM - 5O [53, 120] 1.0018 % 0.0014
R %} ~ \1 +ZoQm — m ol [118] 1.0010 + 0.0025
R|W2E] ~ 14 HO - 5050 25, 118] 0.996 + 0.010
R[z=22] ~ |14 50507 - %Cfé)”“\ 53, 120] 1.0010 = 0.0014
R %m ~ \1 + 5O - X—iqﬁ)““( [53] 0.9961 + 0.0027
R|32Ee] = 14+ 5007 - 5O [53] 0.9860 =+ 0.0070
R[¥22] ~ |14+ HCQT - HoH| [25, 118, 121] Olégziioéfj’hw
: : ATLAS
R :;j;gg: ~ |14+ Lol - o) 53, 120] 1.0029 + 0.0014
W] o 1+ £ - Lo [25, 118] 1.031 + 0.013
R %ﬁ;*ﬂ ~ ]1 + & o - Lo [122] 0.989 + 0.012

Table 2. Ratios testing LFU together with their dependence on the Wilson coefficients C’q(fz)ij
and the corresponding experimental values. Note that here deviations from unity measures LFU
violation.

3.2 LFU test

Violation of LFU in the charged current, i.e. modifications of the Wfv couplings, can be
tested by ratios of W, kaon, pion and tau decays with different leptons in the final state.
These ratios constrain LFU-violating effects and have reduced experimental and theoretical
uncertainties.

(3.15)

Here A is the amplitude, and the ratio is defined in such a way that in the limit without
any mixing between SM and VLLs, the ratios are unity. Y labels the different observables
included in our global fit which are reported in table 2 together with their dependence on
the Wilson coefficients (see eq. (2.1)) and their experimental values. Note that in all these
ratios the dependence on go, the Fermi constant, etc. drop out. In principle, the CAA
could be included here via the ratio R(V,s) proposed in ref. [32]. However, since we are
performing a global fit, including V4 from beta decays and V,s from kaon and tau decays
is equivalent. Therefore, we will discuss the CAA separately later.

~10 -



Observable Ref.  Measurement Observable Ref. Measurement

My, [GeV] [120]  80.379(12) o9 [nb] [26]  41.541(37)
Ty [GeV] [120]  2.085(42) RO [26]  20.804(50)
BR(W — had)  [120] 0.6741(27) R, [26] 20.785(33)
sin HeH(CDF) [123]  0.23248(52) R? [26] 20.764(45)
$in%0% 10, [124]  0.23146(47) A%e [26]  0.0145(25)
sin?0 oppy [125]  0.2315(20) A% [26]  0.0169(13)
sin®flyomsy  (126]  0.2287(32) AYS [26]  0.0188(17)
sin? GCH(LHCb) [127] 0.2314(11) RY [26]  0.21629(66)
ppo! [26] 0.1465(33) R [26] 0.1721(30)

A, [26]  0.1516(21) A%L [26]  0.0992(16)

A, [26] 0.142(15) A% [26]  0.0707(35)

A [26] 0.136(15) Ap [26] 0.923(20)

'z [GeV] [26] 2.4952(23) A, [26] 0.670(27)

Table 3. EW observables included in our global fit together with their current experimental values.

Parameter Prior

Gr [GeV~?] [120] 1.1663787(6) x 10~°
a [120] 7.2973525664(17) x 1073
Aamaq [120] 276.1(11) x 1074
as(My) [120] 0.1181(11)

Mz [GeV] [26] 91.1875 =+ 0.0021
My [GeV] [33, 131] 125.16 4 0.13

my [GeV] [35, 132, 133] 172.80 =+ 0.40

Table 4. Parameters of the EW fit together with their (Gaussian) priors.

3.3 EW precision observables

The EW sector of the SM was tested with high precision at LEP [25, 26] and the W mass
has been measured with high accuracy at the Tevatron [128] and at the LHC [40]. It can
be completely parameterised by three Lagrangian parameters. We choose the set with the
smallest experimental error: the Fermi constant (Gr), the fine structure constant (a)) and
the mass of the Z boson (Myz). All other quantities and observables shown in table 3 can be
expressed in terms of these parameters and their measurements allow for consistency tests.
In addition, the Higgs mass (M), the top mass (m;) and the strong coupling constant (c)
need to be included as fit parameters, since they enter EW observables indirectly via loop
effects. The theoretical predictions of ref. [129], which were implemented in HEPfit [130]
and are used as input parameters in our global fit are reported in table 4 along with
their priors.

- 11 -



The modifications of the W and Z boson couplings in eq. (2.8) do not affect the
measurements of a and of My, while they do shift the value of Gg, which is extracted with
very high precision from the decay p — evv. Taking into account that Br(pt — etvep,) ~
1 we have

1 _ (GE)Pmy, (3) (3)
— = B+ Aq)(1+ CM 4 CL))? 3.16
where Gf; is the Fermi constant appearing in the Lagrangian and Agq includes phase space,

QED and hadronic radiative corrections. Thus we find
Gp=GE(1+ O™ + C)) . (3.17)

Note that within the standard set of EW observables, which is given in table 3 and was
included in our global fit, most observables are indirectly modified by eq. (3.17) while only
some of them are directly affected by the anomalous lepton-gauge boson couplings given
in eq. (2.8).

3.4 Cabibbo angle anomaly

As outlined in the introduction, the CAA is the disagreement between the value of V4
determined from beta decays and that of Vs extracted from kaon and tau decays, once
they are compared via CKM unitarity. The most precise determination of V4 is currently

from super-allowed (3 decays. [134]
2084.432(3)s
Vg2 = 2222008 3.18
Vudl” = i+ AT (3.18)

For the Ft-value we consider both the case of Ft = 3072.07(63)s [134] and that of Ft =
3072(2)s including the “new nuclear corrections” (NNCs) that were proposed in refs. [135,
136]. The NCCs are included in addition to the universal electroweak corrections Alk.
Furthermore, there are two sets of nucleus-independent radiative corrections

ARlepay = 0.02477(24)  [137], (3.19)

AR lons = 0-02426(32)  [138]. (3.20)
Due to the smaller uncertainties in the SFGJ value, which is obtained by combining lattice
QCD with dispersion relations, we will use this number in the following. Therefore, we have

V5 = 0.97365(15), V2 =0.2281(7),

V. ane = 0.97366(33) V2 Inne = 0.2280(14) (3.21)
where we employed CKM unitarity with |V,;,| = 0.003683 [139, 140] even though the precise
value of |V| is immaterial for our purpose.

Vus can be determined directly from the semi-leptonic kaon decays Kys. Using the
compilation from ref. [141] (updating ref. [142]) as well as the form factor normalisation
f+(0) = 0.9698(17) [141, 143, 144], we have

Vil = 0.22345(54)(39) = 0.22345(67) ,

. (3.22)
VEes = (.22320(46)(39) = 0.22320(61) ,

- 12 —
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Figure 2. Global Fit in the LFU scenario with ng) ,C’ﬁ) ,Cge. The green dashed lines correspond
to the standard fit (not including CKM elements), while the red regions include V,s and V4 by
assuming CKM unitarity. The blue dashed lines indice the region obtained if the additional NNCs
are included.

where the first error refers to experiment and the second to the form factor. Here we
include the determination of Vs from the muon mode in the global fit, while the electron
mode is already taken into account via the LFU ratios in table 2.

The NP modifications to VJ§”3 and V2

us?

including the modified couplings in eq. (2.8)
and the indirect effect of G, are

|Vits"?| =

)

2
C v (3)ee

(3.23)

v2 (3 2
Vil = 1= WER(1 - )

where V5 and V% are the elements of the (unitary) CKM matrix of the Lagrangian.
Regarding the purely leptonic kaon decays K/, one usually considers the ratio K — uv

over ™ — uv to cancel the absolute dependence on the decay constants. This allows one

to directly determine V,s/V,q once the ratio of decay constants fr+/fr+ is known and
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Figure 3. Global Fit in the 6-dimensional scenario with Cﬁ)ee, C(;E?W , C(SZ)TT, C’&)ee, Cﬁ)“ " and
C’éle)”. Here we marginalized over the Wislon coefficients with taus and do not show them explicitly

since in this case there is no preference for non-zero values. The dashed lines indicate the impact
of including the NNCs and the star refers to the SM point.

the treatment of the isospin-breaking corrections are specified [145, 146]. Here, we use the
recent results from lattice QCD [146] and at the same time adjust the FLAG average [147]
back to the isospin limit fr+/fr+ = 1.1967(18) [148-150], to obtain

Vit = 0.22534(42) . (3.24)

Note that this determination is insensitive to modified W{v couplings.
Alternatively, |V,s| can be also determined from hadronic 7 decays. Here the current
average value for inclusive determinations is [53]

V7| = 0.2195 4 0.0019 . (3.25)

Both this inclusive determination as well as the exclusive ones depend on V,s/V,4, which
means there is no dependence on modified W couplings at leading order. Even though
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here the determination of the CKM elements is not modified by NP effects, they have
an impact on the global fit as they increase the significance of the CAA. However, the
exclusive modes are already included in the LFU ratios and therefore we do not include
them as measurements of the CKM elements.

4 Analysis

Now we are in the position to perform a global analysis of all observables discussed in the
last section. We do this within a Bayesian framework using the publicly available HEPfit
package [130], whose Markov Chain Monte Carlo determination of posteriors is powered
by the Bayesian Analysis Toolkit (BAT) [151]. With this setup we find an Information
Criterion (IC) [152] value of ~ 93 for the SM.

4.1 Model independent analysis

In a first step we update the global fit in the case of LFU and assess the impact of including
the different determinations of Vs on the fit. Therefore, we have only three (additional)
parameters at our disposal; ng) ,C&) and Cygc. The results in all possible two-dimensional
planes are given in figure 2. Interestingly, even under the assumption of LFU, including
Vs into the fit has a significant impact. In fact, without the NNCs, the 68% C.L. regions
for ng) and C'é)? including Vs do not overlap with the 68% C.L. regions for which V,,
is not included. This behaviour can be traced back to the fact that beta decays have a
sensitivity to modified W uv couplings, which is enhanced by |Viq|?/|Vus|? [32]. Also note
that while there is some preference for non-zero values of C ¢3€ and C ¢2 , Cpe is compatible
with 0. Having checked explicitly that the impact of Cy. on the fit is negligible, we exclude
it from the following analysis with LFU violation.

Allowing for LFU violation, we have six free parameters in our fit, since we can neglect
the flavour off-diagonal elements which are not only constrained by flavour processes but
also do not lead to interference with the SM in the other observables. Furthermore, since
all Wilson coefficients related to tau leptons turn out to be compatible with zero, we do not
include them in figure 3. Here we again depict both the case where the NNCs are included
and the case where they are neglected, finding an IC value of 83 in both 6-dimensional
scenarios, while the IC value reduces to 77 when the tau coupling are set to zero for the
outset. From these plots one can see that the pattern Cé? = — (g;?, already presented in
ref. [43], gives a very good fit to data. This result is confirmed by an IC value of 76 for
the 3-dimensional scenario shown in figure 4 (both for the case with NNC and without).
There we also show the case of sz) only, which also provides a better fit than the SM.
Here we find IC ~ 88 for the scenario without NNCs and IC ~ 83 with NNCs.

4.2 Vector like leptons

Now we turn to the patterns for the modified W and Z couplings to leptons obtained with
VLLs. We first consider each representation separately and show the preferred regions in
parameter space for each representations in figure 5, figure 6 and figure 7. Here also the
bounds from 7 — 3u and T — 3e are depicted as dashed black lines. Note that the bounds
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from 7 — py and 7 — ey are weaker and lie outside the displayed area. Also the flavour
bounds from g — e processes are not shown in figure 5, figure 6 and figure 7 since they are
very stringent and thus would hardly be visible. Therefore, they are shown separately in
figure 8. It is important to keep in mind that the bounds from flavour-violating processes
only necessarily apply if just one generation of VLL is present and that the bounds can
be completely avoided in presence of three or more generations of VLL. Concerning the
overall goodness of the fit, note that none of the representations alone can describe data
much better than the SM. This can also be seen from the IC values of 93(79), 99(84),
96(82), 98(84), 95(83) and 92(84) for N, E, A;, A3, ¥y and 3, respectively, without
(with) the NNCs.

Therefore, let us search for a simple and minimal way to combine different representa-
tions in order to obtain a good fit to data. These criteria are best met by the combination
of N and X1, with N only coupling to electrons and X1 only coupling to muons. The results
of the corresponding two-dimensional fit are depicted in figure 9, which shows that this case
is in much better agreement with data than the SM, as quantified by the IC values of 73
both in the scenario with and in the scenario without the NNCs. Since this combination of
VLLs describes the data so well, we added the posteriors for the most relevant observables
in table 5.

5 Conclusions

Possible modifications of SM Z and W boson couplings to leptons can be most accurately
constrained or determined by performing a global fit to all available EW data. This usually
includes LEP data, as well as W, top, and Higgs mass measurements. However, it was
recently pointed out that also the CKM element V,,s (or equivalently V4, if CKM unitarity
is employed) is affected by modified W /v couplings. In fact, the interesting CAA, pointing
towards a (apparent) violation of first row CKM unitarity, can be viewed as a sign of
LFUV. Therefore, this anomaly does not only fall into the pattern of other hints for LFUV
observed in semi-leptonic B decays, but can even be explained by modified W /v couplings.

We take this as a motivation to update the global EW fit to modified gauge boson
couplings to leptons. We first study the model-independent approach where gauge-invariant
dim-6 operators affect the Z and W couplings and find that even in the LFU case, the
inclusion of CKM elements in the fit significantly impacts the results. Furthermore, for
C’d(;z) = — &) or C’gz) only, the CAA leads to a preference of
non-zero modifications over the SM hypothesis.

specific NP patterns like

Moving on to the UV complete models, we studied all six representations of VLLs,
which can mix, after EW symmetry breaking, with SM leptons. These different repre-
sentations (under the SM gauge group) of heavy leptons lead to distinct patterns in the
modifications of the W and Z couplings. We performed a global fit to all VLL represen-
tations separately, showing the preferred regions in parameter space which can be used to
test models with VLLs against data. In the case of a single generation of VLL, the effects
in EW precision observables are correlated to charged lepton flavour violating observables.
The resulting bounds (which can be avoided in presence of multiple generations of VLLs)
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and the lines indicate the effect of including the NNC.

- 21 —



Observable  Measurement  SM Posterior NP Posterior  Pull
My [GeV]  80.379(12) 80.363(4) 80.369(6) | 0.56
R |52 0.9978 +0.0020 1 1.00168(39)  —0.80
R[Z2£2] 1.0010 + 0.0009 1 1.00168(39) | 0.42
R[ZZ47] 1.0018 +0.0014 1 1.00168(39) | 1.2
Vs | 0.22345(67)  0.22573(35)  0.22519(39) = 0.77
5 0.97365(15)  0.97419(8)  0.97378(13) | 2.52

Table 5. Posteriors for the observables with the largest pulls with respect to the SM in our model
in which N mixes with electrons and ¥; with muons. Note that |VuI§"3| and \Vfd| are not the

Lagrangian parameters but the predictions for this CKM elements as extracted from data assuming
the SM.

are complementary to the regions obtained from the EW fit to 7 — u and 7 — e couplings.
For p — e couplings the bounds from flavour-violating processes are much superior to the
fit-results and we show them separately in figure 8. Finally, while no single representation
of VLL gives a fit far better than the one of the SM, we were able to identify a simple
combination of VLLs which can achieve this: N coupling only to electrons and 37 coupling
only to muons avoids the LFV constraints and agrees much better with data than the SM
(by more than 4 0).

Several experimental developments are foreseen which can improve the LFU tests in
table 2. The J-PARC E36 experiment aims at measuring K — pv/K — ev [153]. A similar
sensitivity as in R(V,s) may be possible for 7 — pvv /7 — evv at Belle II [154], where
approximately one order of magnitude more 7 leptons will be produced than at BELLE or
BaBar. The most promising observable is probably m — uv/m — ev for which the PEN
experiment anticipates an improvement by more than a factor 3 [155], which would also
bring the limit on Wuv vs Wer modifications well below O(1072). Interestingly, here our
N + 31 model predicts a deviation from the SM expectation of more than 4 ¢ which can
therefore be tested in the near future.

Clearly modified W /v couplings always come together with modified Z¢¢ and/or Zvv
couplings. The LEP bounds on Z/¢¢ couplings are already now at the per mille level [25] and
also the bounds on the invisible Z width (corresponding to Zvv in the SM) are excellent.
These bounds could be significantly improved by future ete™ colliders such as an ILC [156],
CLIC [157], or an FCC-ee [158, 159]. Furthermore, W pair production will allow for a direct
determination of W — uv /W — ev. In particular, an FCC-ee could produce up to 108 W
bosons (compared to the LEP, which produced 4 x 10* W bosons), leading to an increase in
precision that would render a direct discovery of LFUV in W /v conceivable. Furthermore,
since VLLs can explain the anomalous magnetic moment of the muon (electron) and can be
involved in the explanation of b — s/ ¢~ data, they are prime candidates for an extension of
the SM and could also be discovered directly at the HL-LHC [160] or future e*e™ colliders.
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Table 6. Couplings of W and Z to SM leptons including the corrections induced by VLLs.
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A Miscellaneous formulas

The explicit expressions for the modified W/v, Z0¢ and Zvv couplings are given in table 6.
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VLL N E, %o, 3 A1, Ay

Br(¢ — e"t”) | 8syy — 4s%, +1 ~ 0.692 8syy — 4s%, + 1

~ 0.718
Br(¢ — 30') 2 (6%, — 4s2, + 1) 124, —4s2, + 1

Table 7. Conversion factors from the tree-level results for £ — 3¢’ to the dominant (just one flavour
off-diagonal vertex) tree-level contribution to ¢ — ¢'¢""¢"”. No value is given for the VLL N since
both Br(¢ — ¢¢"¢") and Br(¢ — 3¢') are zero in this case.

For the contributions of C’&B) and Uy, to magnetic transitions we find
OB .
e 0
k= e [2X2m,gifv(0) (A.1)

ol o o N
B <2 AZBmeS%V + ( A2 + A2 >m£i(_]‘ + 25%”)) (fV(O) - QV(O))] .

Since for reasons of visibility only the results for the processes ¢ — 3¢’ are depicted in the s,

we list the conversion factors from Br(¢ — ¢'2¢") to Br(¢ — 3¢') (involving just one flavour

off-diagonal coupling) in table 7.
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