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Abstract

The tension among measurements of Vs from different channels, the so-called Cabibbo Angle Anomaly,
can be interpreted as a signal of lepton flavor universality (LFU) violation in the W boson couplings. We
investigate this issue in the framework of effective field theory, keeping the gauge structure of the Stan-
dard Model (SM) unchanged. We introduce gauge-invariant dimension-6 effective operators that couple
the Higgs doublet to leptons, thereby giving non-universal tree-level contributions to the couplings of elec-
troweak gauge bosons. Due to the SU (2); gauge symmetry, a tension arises between the V,,; measurements
that are affected by new W couplings, and the electroweak precision measurements, which are also affected
by the new Z couplings. We show that this tension can be alleviated by allowing additional sources of
gauge-invariant couplings of Z boson to left- or right-handed leptons, and find the optimal regions indi-
cated by the current data in the Wilson-coefficient space. We illustrate our model-independent results with
the examples of minimal extensions of the SM involving the vector-like lepton (VLL) models. We point
out that dimension-6 operators coupling the Higgs doublet to leptons can affect the rate of 7 — vt decay
significantly in general, however this effect is restricted to less than a per cent level for the minimal VLL
models.
© 2021 The Authors. Published by Elsevier B.V. This is an open access article under the CC BY license
(http://creativecommons.org/licenses/by/4.0/). Funded by SCOAP3.
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1. Introduction

The unitarity of the Cabibbo-Kobayashi-Maskawa (CKM) matrix is one of the fundamental
predictions of the Standard Model (SM) of electroweak interactions. Any deviation from the uni-
tarity of this quark mixing matrix would be an unambiguous signature of physics beyond the SM.
So far, the CKM paradigm has successfully survived stringent tests in several precision measure-
ments. However, some tensions have emerged among determinations of the CKM elements V¢
and V,4 from various sources [1,2]:

e The element |V,;| can be determined from the semileptonic kaon decays K — wfv (Ky3),
where ¢ is either an electron or muon, using the vector form factor at zero momentum
transfer, f4(0). Using the recent update of f,(0) from new lattice QCD results with
Ny =241+ 1 flavor [3], |V.K5 is obtained to be 0.22326 + 0.00058 [4,5].

e Theratio |V,s/ V,4| can be determined by comparing K — pv(y) and 71 — pv(y) rates and
using lattice QCD results for the ratio of decay constants, fx/fr. Inclusion of the updated
lattice results [3] gives |Vys/ Viual = 0.23129 £ 0.00045 [4,6]. Using CKM unitarity, i.e.
[Via|? + | Vs |2 + | Vip|> = 1 (with | V|2 < 1075), one gets the value |V,5/™| = 0.22534 +
0.00044.

e The element |V,4| can be determined from the super-allowed 0" — 0T nuclear 8 decay pre-
dictions, including the short-distance radiative corrections calculated in two schemes: Seng,
Gorchtein, Patel, Ramsey-Musolf (SGPR)' [7,8], and Czarnecki, Marciano, Sirlin (CMS)
[9]. The value of |V,| is then obtained using CKM unitarity. In the above two schemes,
one gets |Vyq|sgpr = 0.97370 £ 0.00014 and |V,,4|cms = 0.97389 £ 0.00018, respectively.
This leads to |V£|SGPR = 0.22782 £ 0.00062 and |V£|CMS = 0.22699 £ 0.00078. Apart
from these electroweak corrections, there can also be nuclear corrections in 07 — 01 tran-
sitions [10]. These would leave the central values of |ny| unchanged, but would increase
the uncertainties. Since the magnitude of this effect is not yet established, we follow [11]
where nuclear corrections are not included in the analysis at this stage, but the possibility of
underestimated uncertainties is kept in mind while interpreting the results.

e The magnitude of V,; can also be determined using inclusive and exclusive T decays. The
determination of |V,,| from inclusive 7 decays to final states involving strange quarks is
|V,5| = 0.2195 £ 0.0019 [13]. This extraction of |V,s| depends upon corrections due to
finite quark masses and non-perturbative QCD effects [14,15]. The determination of |V, |
from the ratio of decay rates I'(t — Kv)/I'(t — mv) is 0.2236 &+ 0.0015, while that from
T — Kv decays is 0.2234 £+ 0.0015 [13].

It is evident that the above measurements are incompatible with each other. Compared to the
CKM unitarity prediction of 0.2245 +0.0008 [16], the |V, | value from the inclusive T decays is
smaller by ~ 2.9¢, while the average of |V,[ | = 0.2221 % 0.0013 from inclusive and exclusive
T decays is smaller by ~ 20 [16]. The B decay measurements, on the other hand, yield |V£|
values that are higher than the unitarity prediction, the level of inconsistency depending upon the
radiative corrections scheme. For SGPR and CMS schemes, the combined internal inconsistency
of Vs, Vus/ Vud, and V4 measurements is at the level of 5.1¢ and 3.60, respectively [2].

1 The radiative corrections to the neutron B-decay were re-evaluated using indirect lattice inputs in ref. [12] and were
found to be in excellent agreement with the SGPR results.
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This disagreement, the “Cabibbo Angle Anomaly” (CAA), can be interpreted as a possible
sign for the violation of CKM unitarity, and has triggered recent interest in potential explana-
tions with physics beyond the SM [2,11,17-29]. On the other hand, it was argued in [11] that
even while keeping the CKM unitarity intact, this anomaly may be resolved by the lepton-flavor
universality (LFU) violation in the new couplings of W bosons to leptons.

In this work, we follow the spirit of [11], introducing new W-boson couplings to leptons,
while keeping quark couplings unaffected. We perform a model-independent analysis of non-
universal leptonic W couplings in the language of Standard Model Effective Field Theory
(SMEFT) that keeps the gauge group structure of SM unchanged. We restrict ourselves to gauge-
invariant dimension-6 operators 0;35), 0;12, and Oy,, that couple the Higgs doublet to leptons
before electroweak symmetry breaking (EWSB), and in turn give tree-level contributions to the
W and Z couplings after EWSB. We derive model-independent bounds on these non-universal
couplings, in the general scenario where couplings to all three generations are present. The
bounds are obtained using constraints coming from a number of potentially LFU-violating ra-
tios in the B, K, w, t and sectors,”

as well as from electroweak precision (EWP) observables.

Only one of the gauge-invariant dimension-6 operators considered here, 0(;3) , contributes to
new W couplings that are essential for resolving the CAA. However since this operator also
contributes to leptonic couplings of the Z boson, the EWP measurements severely restrict a
deviation from the SM if 0;32 is the only operator, and we find that the tension between the
solution for CAA and the constraints from EWP persists. We perform a systematic study of the
reduction of this tension by the addition of the other operators O;JIZ) and Oy, which give rise to
new additional couplings of the Z boson to left-handed and right-handed leptons, respectively.
We find the optimal conditions for the ratios of Wilson coefficients (WCs) of these operators
needed to resolve the tension, in a model-independent analysis. The favored values of the ratios
of WCs, obtained from this analysis, would act as a guide for the construction of models.

Minimal extensions of the SM that add only one species of new vector-like leptons (VLL)
to the SM particle content are prime examples of the models that give rise to strongly cor-
related 0;15) and ng) operators. In addition to the LFU and EWP constraints considered for
the model-independent analysis, these models also get constrained from lepton-flavor violating
(LFV) processes ¢; — ¢ jikﬂk. In the context of minimal VLL models N and E that involve
SU (2), singlets, and models X and X that involve SU (2), triplets, we illustrate that our con-
clusions from the model-independent analysis stay valid — the closer the ratio of WCs in a model
is to the optimal value predicted by the model-independent analysis, the better is the model in
reducing the tension between V,,; and EWP observables, and hence in resolving the CAA.

The tension between V,; measurements and EWP data in the presence of a single-operator
dominance was pointed out in [21]. In this work, we have gone a step ahead and shown how
this tension may be resolved in a model-independent fashion. In ref. [22], the CAA anomaly was
analyzed in the context of the VLL models. However, our approach is complementary — we find
the optimal ratios of WCs of new operators in a model-independent manner, and use the minimal
VLL models as examples to validate our model-independent results.

The operator 0(;32 would affect the measurement of the Fermi constant Gz, and hence the
inferred charged-lepton Yukawa couplings. This would spoil the SM relationship between the
charged-lepton Yukawa couplings and the decay rate of the Higgs boson to these charged leptons.

2 For the sake of brevity, we refer to these ratios as “LFU ratios”.

3
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The extent of this effect is severely restricted by measurements involving intermediate W and Z
bosons. However, there exists a dimension-6 operator Oy, that contributes neither to the W
couplings nor to the Z couplings, but can influence the couplings of leptons with the Higgs
boson. We explore the effect of this operator on 7 — tt decay. We show that, while significant
deviation of this decay rate from the SM prediction is possible in model-independent schemes,
the minimal VLL models considered above cannot change this decay rate by more than a per
cent, and hence any significant (> 1%) deviation of these measurements from the SM would
confirm the need to go beyond the minimal VLL framework.

Our work is organized as follows: in Sec. 2, we introduce the new gauge-invariant dimension-6
operators that would give rise to tree-level W and Z couplings after EWSB. In Sec. 3, we discuss
the model-independent constraints from V,,; measurements, LFU ratios, EWP observables, and

LFV decays. In Sec. 4, we show our model-independent results when only o% Y is present, as well

as when it is present in combination with 0(;12 or Oy,. In the scenarios where two operators are
present simultaneously, we find the optimal ratios of WCs of these operators that would resolve
the CAA anomaly without conflicting with the EWP data. In Sec. 5, we exemplify the model-
independent results with two of the minimal VLL models. The analysis of the leptonic Higgs
boson decays in the presence of the operator Oy, is performed in Sec. 6. Finally, we conclude
in Sec. 7.

2. Model-independent formalism

In the SMEFT, the Standard Model is extended by higher dimensional operators O, that are
SU@B)c x SU(2)p x U(1)y gauge invariant. The SMEFT Lagrangian can be expressed as

L= Y. CaOut Y. (Ca0a+CZOZ), (1)
0i=0, 0i+0,

where the dimensionful coefficients C, are known as WCs. We restrict ourselves to dimension-6
operators which modify the couplings of charged leptons and neutrinos to W and Z bosons after
EWSB at the tree-level [30,31]. There are three such operators that arise from the couplings of
leptons to the Higgs doublet:

1051 = @"i DL ) (@i v" ¢)). @

(0D = (671 DL gy (@it! v 3)
pe lij " i j)s

[04)ij = @'i Dy )@ v" e)). @)

where ¢ is the Higgs doublet, ¢ is the left-handed lepton doublet, and e is the right-handed lepton
singlet, under SU(2). The 1ndlces i and j correspond to lepton generations. The covariant

¢
derivative is Dy, = 9, +ig2 Wy 5 +igi1B,Y, and DI =T D

The operator Cﬁ) gives corrections to the couplings of W and Z bosons to the left-handed

leptons, whereas the operators C(;lg) and Cy, modify the Z-couplings to left-handed and right-
handed leptons, respectively. We can parameterize the charged-current (CC) new physics (NP)
contribution as

82

V2

8L =—="Ze;jliy" PLv;W, +H.c., (5)
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where the dimensionless parameter ¢;; is given by [22]
gij =v° [Cfg)]ij . (6)

Here v =246 GeV is the vacuum expectation value of the Higgs field. It is worth noting that the
diagonal elements of ¢;; are real, whereas the off-diagonal elements can take complex values in
general. Similarly, the Z-couplings in terms of WCs can be parameterized as

L T
sy =-22, [&- 7" (L@ Pr + (8- (2L Pr) €
_ (7)
+ i " [g1 (D))ij PLvj
Here
2 1 3)]
g} @y =v* [ =]
¢ 2[ ~) 3]
Lef (21 =v? [ vl ®)

[g%(2)1ij = v [Cpelij

where g7 = ‘/g% —|—g%.

It is important to note here that, due to the SU (2);, gauge invariance, the operator Cq(;? giving
NP contribution to the leptonic W-boson couplings in Eq. (6) also contributes to the Z-boson
couplings to left-handed leptons as given in Eq. (8). Therefore, in the presence of this operator,
the extraction of Vs from the charge current decays is inevitably connected to the EWP observ-
ables that constrain the properties of the Z boson. However, since C;)IZ) and Cy, affect only the
Z couplings, this correlation can be broken if NP generates these operators as well. On the other
hand, in the context of specific models, the WCs of above operators may be related, and the corre-
lation between W and Z couplings may not be broken, but just changed in a predictable way. Note
that, in SMEFT there can be many more operators contributing to the EWP observables [32].
There can also be other operators that contribute to R(V,), and hence to the CAA. However,
our analysis is motivated by the VLL models, wherein the only operators up to dimension-six

I SN G NI SR 2 S W)t 5 N7
that are generated are Os =€ ¢* ¢ [, 0¢€ = (¢ zDqu)(Et yHe), 0¢£ =(@'iD,p)LyHE),

Ope = (@i D<_; p)eyte), and Ogpee = (¢Tp)(€ge) [33]. Since other operators that may con-
tribute to the CAA and EWP observables can be put to zero in the context of models like VLL,
we do not consider them in our SMEFT treatment.

3. Constraints

In this section, we consider the relevant observables which provide constraints on the modified
W and Z couplings. For this we include the | V,,s| measurements, several LFU ratios, and EWP
observables, which constrain the diagonal elements of the matrices of WCs. We also include
LFV observables that constrain the off-diagonal WCs.

5
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3.1. |Vys| constraints

The determination of |V |, as discussed briefly in the introduction, mainly comes from three
sources: kaon decays, super-allowed beta decays, and tau decays. The ratio of the branching frac-
tions of purely muonic kaon decay (K — wv) and pion decay (7 — pv) is used to determine
[ Vus|/1Vual. However this quantity, being a ratio of | V5| and | V4|, is independent of the anoma-
lous W£v couplings, and hence of the ¢;; parameter. The value of |V,;;| extracted from this ratio
is close to the PDG average. The modified W£v couplings, however, affect the Fermi constant
extracted from the muon decay process p — ev,v, as [11]

Gr=GE (1 ¥+ e,m) , ©)

where Gf = (\/Evz)_1 is the Fermi constant in the SM. Since G r enters most of the EWP
observables, the couplings ¢;; are strongly constrained. The determination of |V,,| from semi-
leptonic kaon decay K — m pv is sensitive to LFU-violating couplings, through the modification
of the Fermi constant G ¢ and the anomalous W couplings [11]:

K
Vi | = [VEI(1 = ) (10)

LS

where | V2| denotes the CKM matrix element in the SM.
The determination of |V,4| from B decays is also affected due to the redefinition of G as

(11]

V[,
ud ew]. (1)

us

The observable R(V,y) as defined in [11] is sensitive to LFU violation, as it is a ratio of | V|
measured from kaon decays involving only muons to that determined from beta decays which
involve only electrons. Using Eq. (11), this quantity is given by

2

K
Vusuz Vud
& 1 =202, . (12)

Vi Vs

Note that the large sensitivity to €, is the effect of the hierarchy between V,; and V,; mag-
nitudes. Here, we use the SGPR scheme [8] for calculating radiative corrections in beta decay
calculations.

The value of |V | determined from inclusive tau decays and from the ratio I'(t —
Kv)/T'(r — mv) is insensitive to the modified W£v couplings. However, its determination from

the exclusive decay t — Kv depends on all three ¢;; parameters, and is given by

R(Vys) =

|Vuts :|VL¢€| (1_866_8pm +8rr) . (13)

In our fit, we include the observable R(V,), and |V, | from T — Kv decays, to examine
the consistency of these measurements with the constraints from EWP and LFU decays in the

parameter space of the WCs C(fz), C;)IZ), Cye. The experimental values of these observables are
listed in Table 1.

3.2. EWP constraints

The operator 04(536) in Eq. (3), required to introduce new W-couplings (&;;) in a gauge invari-
ant way, also modifies the left-handed Z-boson couplings. Therefore, one has to consider various

6
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Table 1

Experimental values of |Vs| observ-
ables.

Observable Experimental Value
R(Vus) 0.9891 4 0.0033 [11]
|V.E 0.2221 £0.0013 [13]

Table 2

List of EWP observables and their experimental values used in this analysis.

Observable Experimental value Observable Experimental value

oy 41.4742 £ 0.0326 (nb) [34] App(Z — bb) 0.0992 £+ 0.0016 [34]
Re 20.8038 £ 0.0497 [34] App(Z — cc) 0.0707 £ 0.0035 [34]
Ry 20.7842 £0.0335 [34] A(Z — bb) 0.923 £ 0.020 [34]

R: 20.7644 £ 0.0448 [34] A(Z — cc) 0.670 £ 0.027 [34]
App(Z — ee) 0.0145 £ 0.0025 [34] 'z 2.4955 £0.0023 [34]
App(Z — pw) 0.0169 £ 0.0013 [34] my 80.387 £0.016 [36,37]
App(Z — 1) 0.0188 £0.0017 [34] I'w 2.085£0.042 [16]
A(Z — ee) 0.1513 £0.0019 [34] BR(W — ev) 0.1071 £0.0016 [38]
A(Z — pp) 0.142 £0.015 [34] BR(W — uv) 0.1063 £ 0.0015 [38]
A(Z — 1) 0.1433 £0.0043 [34] BR(W — V) 0.1138 £0.0021 [38]
Ry 0.21629 £ 0.00066 [34] BR(W — cX) 0.49+0.04 [16]

Rc 0.1721 £0.0030 [34] Rye(W — £v) 0.980 £ 0.002 +0.018 [39]
A(Z — s5) 0.895 £ 0.066 £ 0.062 [35] Rie(W — £D) 0.960 £ 0.062 [40]

Rep (W — £v) 0.992 £0.013 [41]

EWP observables which have been measured with high precision at LEP. These observables de-
pend on three main parameters: the fine structure constant «, the mass of the Z boson (Mz), and
the Fermi constant (G ). We closely follow the strategy used in Ref. [42], where 27 observables
are considered in the EW precision global fit. For completeness, we list these observables in
Table 2.

3.3. LFU constraints

The LFU ratios provide constraints on the diagonal elements ¢;;. If these diagonal elements
are different from each other, then LFU violation is present. Such a violation can be tested by
defining ratios of branching fraction of decays involving different leptons in the final state. The
off-diagonal elements can also affect the LFU ratios, however their effect appears only at the
second order in ¢, and hence they are suppressed. The LFU observables used in our analysis and
their dependence on the ¢;; parameters is listed in Table 3.

3.4. LFV constraints

The charged LFV decays are induced at the tree level in the EFT due to the off-diagonal
elements of the modified W and Z couplings, ¢;;. We consider the LFV decays £; — ¢ ]Zkﬂk, for
which the current experimental upper bounds [46,47] are as given in Table 4.

Using these, we obtain the following limits at 95% C.L.:

leeu] <0.3 X 107, |eer| <0.9 x 1073, |, <0.9 x 1072, (14)
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Table 3
LFU ratios in the K, B, m, i and t decays and their dependence on the new effective leptonic W
couplings &;;.

LFU Ratio Experimental value Dependence on ¢;;
R‘g JAK = uv)|/|AK — ev)] 0.9978 +0.0018 [43]
¢ = |AK - 7ud)|/|AK — me)| 1.0010 £ 0.0025 [43] I+epp — €ee
R%Z) |A(B — D™ pv)|/|A(B — D™ ev)| 0.9890 £ 0.0120 [44]
|A(r — pv)|/| AT — ev)| 1.0010 £ 0.0009 [13]
Rﬁr‘ =|A(t — pvd)|/| AT — evd)| 1.0018 4 0.0014 [13,45]
R;ﬁ |A(r = evd)|/| Al — evv)| 1.0010 £0.0014 [13,45]
T# = |A(r = ) |/| A = uv)| 0.9961 £ 0.0027 [13] I +éerc —eup
f[é‘ =|A(r — Kv)|/|AK — pb)| 0.9860 + 0.0070 [13]
R’t}'ﬁ = |A(r = pvv)|/|A(n — evd)| 1.0029 £ 0.0014 [13,45] 1+ éerr — ee
Table 4

LFV decays and their experimental upper
bounds at 90% C. L. [46,47].

LFV Decay Upper Bound
Br(u — e"'e‘e"’) 1.0 x 10712
(r —e et e ) 2.7 %1078
Br(t™ —» uputu") 2.1x 1078
Br(r —seutu ) 27x 1078
Br(t™ — pu"eteT) 1.8 x 1078
Br(r —u"etp ) 1.7x 1078
Br(t™ — e uteT) 1.5x 1078

These limits do not affect our model-independent analysis, however they can be used to put con-
straints on the off-diagonal couplings in the VLL models that we consider later in our analysis.

4. Preferred NP couplings in the model-independent formalism

In order to examine the level of consistency among different observables, and to identify the
allowed parameter space for the WCs, we perform a 2 analysis. The function x2({C;}), where
{C;} is the set of all relevant WCs, is constructed as

K2UCH = [OndCiD) = Oep]” € [ORUCH) — Oexp] - (15)

where the sum is over the measurements relevant for R(V,s), EWP observables, and LFU ratios.
Here Oy ({C;}) are the theoretical predictions of the observables at the given values of {C;},
while Oeyxp are experimental measurements. The covariance matrix C is obtained by adding the
individual theoretical and experimental covariance matrices that take care of the correlations
among different observables. The theoretical predictions are obtained using publically available
packages flavio [48] along with wilson [49]. We have implemented additional observables
such as R(V,,) and LFU ratios in £1avio, since these are not available in £1avio. The min-
imization of the x2({C;}) function is performed using the CERN library MINUIT [50]. We find
xéM = 50.77 for the SM value, i.e. for vanishing WCs. This corresponds to 38 degrees of free-
dom.
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As discussed in section 2, there are in total three types of SMEFT WCs which give tree-level
contribution to the W and Z couplings: Cqﬁ), C;}e), and Cg,. Out of these, non-zero Cfé) are
essential if we want to address the CAA, since it is the only WC that would contribute to the NP
leptonic CC couplings. We allow NP couplings to all three flavors of leptons. We consider two
classes of EFT scenarios:

e Minimal EFT scenario:
In this case, we only allow a single SMEFT operator, 05)3), which affects the W-couplings
to left-handed leptons, parameterized by ¢;; as in Eq. (6). However, this operator also gives
rise to corrections to the Z-boson couplings to left-handed leptons as shown in Eq. (8), and
these NP leptonic Z couplings are highly correlated to the NP leptonic W couplings.

e Non-minimal EFT scenarios:
In order to break the strong correlations between W and Z couplings present in the minimal
scenario, we allow NP in the form of additional operators Cg,é) or Cy. which give tree level
contributions to the Z boson couplings with left- and right-handed leptons, respectively,
through Eq. (8). Specifically, we focus on two simple cases satisfying the following relations:

. @ (3)
I: Cy =aCyy, 16)
: Cye=pCyy. (17)

where o and g are free parameters which control the size of couplings of Z to left- and
right-handed leptons, respectively, relative to the W boson couplings to left-handed leptons.
Note that there is still quite a strong correlation among the WCs, since the ratios of WCs, o
and S, are taken to be flavor-independent. However, such a relation is motivated from many
models, especially from the VLL models that will be considered in the following sections.

4.1. Minimal EFT scenario

The allowed parameter space for the WCs [C;SE)],-,- for i =1, 2,3 (corresponding to e, i, T
flavors, respectively), obtained by using the R(V,;), EWP and LFU constraints discussed in the
previous section, are shown in Fig. 1. While depicting the 2D projections for the three orthogonal
views, minimization of x2 over the third direction is performed. The dark and light colors corre-
spond to Ax? = x2 — x§ = 2.3 and 4.6, respectively, where xé corresponds to the best-fit point.
These projections thus correspond to the 68% and 95% C.L. intervals for these two-parameter
constraints.

It may be seen from the figure that the EWP data strongly constrain the NP parameter space,
keeping it near the SM point, i.e. near [Cfg)]n = [C(fz)]zz = [Cfﬁ)]g = 0. The other constraints,
on the other hand, allow a sizeable deviation from the SM. The favored regions due to the
LFU measurements are sensitive to the differences ¢;; — ¢;;, and hence lie along a diagonal
in the ¢ — u, T — u and t — e planes. Since the determination of | V| from 7 decays is con-
trolled by the combination (—&11 — €22 + €33), the region favored by this measurement is an
inclined plane in the 3D parameter space. The R(V,;) measurement is the one that demands
non-zero NP couplings, [Cq(;?]zz > (. The net global best fit is at ([Cq(fe)]u, [C¢(>3€)]22’ [Cq(53£)133) =
(—9.5,6.3,6.7) x 1073, whereas the SM is disfavored at sz ~ 11.0. While negative sign for
[sz)]u and positive sign for [Cﬁ)]zz are preferred in the global fit, large errors in [sz) ]33 allow
it to have either sign.
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Fig. 1. Model-independent constraints in the parameter spaces of the WCs [C&)]i,- at 68% and 95% C.L. for two-

parameter fits (A x%2=23and 4.6, respectively). The top-left, top-right, and bottom-right panels show projections onto
three 2D planes (referred to in the text as e — i, T — i, and T — e planes, respectively), while the bottom-left panel shows
a 3D view. Note that the R(V,y) constraint, visible as a vertical blue slab in the 3D view, allows the whole parameter
space in the T — e plane, and hence has not been explicitly shown. Similarly, the constraint from |V}s| measurement
from exclusive 7 decays is visible only in the 3D view, as an inclined purple slab. (For interpretation of the colors in the
figure(s), the reader is referred to the web version of this article.)

Note that, though the fit seems to have improved with the introduction of NP parameters, there
is still a clear tension between the EWP and R(V,;) measurements. The 20 -favored regions for
these two sets of measurements barely overlap in the 3D NP parameter space. On the other hand,
these two sets of measurements are individually compatible with the constraints from the LFU
ratios and t decays within 1o. The region allowed by a combination of LFU ratios and EWP
data favors negative values of [ng)]zg, while the region preferred by R(V,s) and LFU ratios
combined favors positive values of this parameter. This tension between the EWP and R (V)
measurements is the reason why the improvement offered by this scenario over the SM is only
marginal.

10
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Fig. 2. The variation of AXI%IP = stM - XI%IP as a function of « for the non-minimal scenario I (left), and as a function
of B for the non-minimal scenario II (right).

The reason behind the failure of this minimal scenario to resolve the CAA lies in the strong
correlation between the values of the effective W and Z couplings (see egs. (6) and (8)) in the
minimal scenario. Clearly, different regions of parameter space are preferred by the W couplings
required to accommodate | V], i.e. [Cfe)]zz > 0, and by the Z couplings required to be consistent

with the Z-pole observables: [C;,:?]ZZ <0.

It is therefore evident that the single operator Og) by itself cannot account for the present
|V.s| data while satisfying the EWP measurements. Hence, the presence of additional NP op-
erators is desirable. Since the other NP operators C&) and Cy, can influence the Z couplings
without affecting the W couplings, they break the strong correlation between these couplings,
thus allowing us to get a better fit. The presence of these additional operators is actually quite
natural, since the symmetries of SMEFT allow all these operators to be present, and one would
have needed a special reason for the absence of any of these operators.

4.2. Non-minimal EFT scenarios

Now we consider the non-minimal scenarios as defined in egs. (16) and (17). The non-minimal
scenario I allows additional left-handed Z-couplings through the operator C;)]e). On the other
hand, in the non-minimal scenario II, right-handed Z-boson couplings are invoked by operator
Cye. Since neither of these operators contributes to W couplings, the strong correlation between
W and Z couplings, present in the minimal scenario dominated by sz), is broken. The parame-
ters @ and B from eqs. (16) and (17), respectively, are free parameters in the context of the EFT,
however in specific NP models, they may have fixed values. As a result, specific NP models may
not break the correlation between W and Z couplings, but just change it. If we can find the op-
timal values of these parameters in a model-independent analysis, it would serve as a guide for
the construction of models for resolving the CAA, at the same time avoiding the tension with the
EWP data.

In order to find out the optimal values of the parameters « and 8, we study the behavior of
A XI%IP = XSZM — XI%IP as a function of these two parameters. Here XI%]P is the minimum value of
x? in the presence of NP in a particular scenario. The results are shown in Fig. 2.

11
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Fig. 3. Same as in Fig. 1, except for o = —1, i.e. [Cé,lg)]ii =— [sz)]i,-.

The left panel of Fig. 2 shows that in the non-minimal scenario I (@ # 0, 8 = 0), the best
global fit is obtained for « ~ —1, with A )(I%IP ~ 15.0. Thus, for models with « ~ —1, the values

of x2 will decrease by ~ 4.0 over the minimal scenario with only 0553[). We illustrate this by
showing the allowed regions in the non-minimal scenario I with o = —1, in Fig. 3. Clearly, all
the measurements are consistent with each other, and with the global best fit, within 1o. The
favored region has [C;le)]zg = —[Cg?]zz <0.

From Fig. 3, it may be observed that, the EWP constraints that played a large role in restricting
the parameters in the minimal scenario in Fig. | become very weak with o = —1, especially in
the 7 — e and t — w planes. As a result, the internal tension between V,; observables and the
EWP observables is alleviated. This may be attributed to the fact that the NP contribution to
gi(Z ) vanishes for o« = —1, so that the impact of NP on the EWP observables reduces.

The right panel of Fig. 2 shows that in the non-minimal scenario II (¢ = 0, 8 # 0), the best
global fit is obtained for 8 ~ 0.5, with Ax{p ~ 12.1. Thus, in this class of scenarios, the im-
provement over the minimal scenario is only marginal. The operator Oy, cannot decrease the
tension between the V,,; and EWP observables.

12
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Table 5

The quantum numbers (or the singlet/triplet nature) of the
four VLLs under the SM gauge group. Note that in the
literature, the notations X and X are sometimes used
for ¥ and X, respectively [22].

Vector-like leptons SUQB3)c SUQ2)pL, U(l)y
1 1 0

<Mz

1 1
1 3 0
1 3

The typical models providing NP corresponding to the non-minimal scenario I are vector-like
lepton (VLL) models, which we will study in the next section. In order to realize the non-minimal
scenario II, one would have to create models with more particle species.

5. Minimal vector-like lepton models

In this section, we explore the vector-like lepton (VLL) models, which induce new tree-level
contributions to the W and Z couplings. These serve as concrete realizations of the non-minimal
scenario I models, which yield specific relations among the non-universal leptonic couplings of
W and Z. By minimal VLL models, we mean those models that have only a single additional
species of particles in addition to the SM. This species is a vector-like lepton that couples to the
Higgs doublet and the left-handed lepton doublet, and could be a singlet or triplet under SU (2) ..
There are four such possible species, whose quantum numbers are given in Table 5. We refer to
the models with the name of the corresponding species, for example the model with an additional
species N is referred to as Model N, etc.

These VLLs can couple to SM Higgs and leptons via the interactions given by [33]

Ly=On)iNr i, (18)

Lr=E)i Er¢ i, (19)
1 _ .

Ly=30m)i T ¢ Tl (20)
1 va 47 ..a

Lx= E(YX)i Xero'tly,. 21

The X and X leptons, being charged under SU(2), also couple to the gauge bosons, however
that will not affect our analysis.

The couplings of VLLs to the three generations of fermions need not be universal. If the VLLs
are heavy they can be integrated out, leading to the EFT operators like those discussed in previous
sections. This would give rise to effective NP leptonic couplings of W and Z, which would be
non-universal. The couplings in these models may be related to the WCs of the dimension-6
SMEFT operators as

oDF D)

, 22
2 (22)

1
(€Y7 Nij = [C5)Nij. [C3)Nij =Ny
where [ refers to the relevant VLL species from {N, E, ¥, X}, and

13
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ay =—1, ap =1, ay =3, oax=-3, (23)
Ny=-1/4, Ng=—-1/4, Ny=1/16, Nx=1/16. 24)

In order to explain R(V,;), the sign of [Cé;?]zz needs to be positive. Therefore, even though

a = —1 for the model N, it cannot account for the V,; anomaly as [Cﬁ)]zz would always be
negative, as can be seen from eqs. (22) and (24). Similarly, model E is of no use for resolving
the Vs anomaly since it also gives [C(fg)]zz < 0. We will therefore only focus on models X and
¥ in the rest of this paper.

Note that the model ¥ (like model N) would also give rise to neutrino masses through the
dimension-5 Weinberg operator, and the neutrino masses generated would be too large if we
want to have new couplings large enough to account for R(V,). The model ¥ would thus not be
a viable solution in its minimal form. However, the neutrino mass problem may be addressed by
additional mechanisms [19], so we keep model X in our further discussions.

5.1. Validating the model-independent conclusions

Based on the model-independent results obtained in Sec. 4.2, the model X with oy = —3
comes close to the optimal value of @« = —1. This model is therefore expected to give a much
better fit to the data as compared to the other models. On the other hand, the model ¥ with o =
43, which is far from the optimal « value, is expected to provide only a marginal improvement
over the SM. We shall now check if this indeed is the case.

Here, the main difference from the model-independent analysis is that one needs to take into
account the additional constraints from the LFV decays at the tree level. In particular, simultane-
ous presence of (y;). and (y;),, couplings is highly constrained by the bounds on the u — eee
decay rate. Therefore, in the following we focus on the two cases: (y;). =0 and (y;),, =0. The
remaining two non-zero couplings in each case will be related to the WCs, as given in Eq. (22).

Till date, no signals of exotic VLLs have been observed. Since the VLLs are pair-produced by
the s-channel electroweak vector boson diagrams, their production cross sections are expected to
be quite small. Therefore, the current bounds on VLLs masses are well below the TeV scale, i.e.,
~ 100 GeV [51-53]. Using a data sample corresponding to an integrated luminosity of 77.4 fb~!
of pp collisions at /s = 13 TeV, the CMS collaboration has ruled out a VLL doublet coupling to
the third generation SM leptons in the mass range of 120-790 GeV at 95% C.L. [53]. Obtaining
bounds on the masses of SU (2) -singlet charged VLLs is an extremely challenging task due to
a much smaller production cross-section and unfavorable branching ratios. For SU (2) -triplet
VLLs, the future pp colliders such as the 27 TeV high-energy LHC with 15 ab~! integrated
luminosity have the discovery potential up to 1.7 TeV, whereas a 100 TeV collider with 30 ab™!
integrated luminosity could make a discovery for masses up to 4 TeV [54]. The situation is
expected to remain grim for singlet VLLs. Hence, in the present analysis, we set the mass of
VLL particles to be 1 TeV. The scaling to smaller mass values, and hence to smaller Yukawa
couplings y;, can be obtained through Eq. (22).

The fit results for the X model are shown in Fig. 4. We find that in the (yx). = O case, the best
fit clearly favors non-zero values of |(yx),| as well as |(yx):|. The fit also improves significantly
over the SM: we have A XI%IP ~ 10.0. On the other hand, in the case (yx), = 0, the best fit is very
close to the SM, and the improvement due to NP is only marginal: A XI%P ~ 0.5. The case with
(yx)e = 0 s thus the only case useful for resolving CAA, and it indeed allows the consistency of
all the measurement sets to within 1o. A non-zero value of (yx), is thus strongly indicated. Note

14



A.K. Alok, A. Dighe, S. Gangal et al.

Nuclear Physics B 971 (2021) 115538

(yx), =0 (yx), =0
1.0 1.0
LFV decays
— R(Vw) LFV decays
087 LFU ratios 0.8 LFU ratios
—— EWPT — EWP
—— Global —— Global
—— 0.6 — o6
< )
o —
= >
) >
~— ~—
= B =
0.2 \/\i \\ 0.2 4
0.0 . . : . 0.0 . . : .
0.0 0.2 0.4 0.6 0.8 1.0 0.0 0.2 0.4 0.6 0.8 1.0
|(yx)7] |(yx)7]

Fig. 4. Favored regions for Yukawa couplings in the X model. Left: constraints in the (|(y Xl 1(vx)r |) plane, with
(¥x)e =0. Right: constraints in the (|(yx)el, |(yx)<|) plane, with (yx), = 0. The dark and light regions correspond to
68% C.L.and 95% C. L, respectively. We have taken My = 1 TeV. Note that in the right panel, the R(V,,s) measurement
plays no role.
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Fig. 5. Same as Fig. 4, but for the ¥ model.
that this scenario (model X) does not reach the maximum improvement possible with o« = —3

models as indicated in Fig. 2, due to the additional constraints coming from the model. However,
it does reach close to the model-independent prediction.

The fit results for the ¥ model in Fig. 5, on the other hand, are not observed to decrease the
tension between the preferred parameter space of EWP data and R(V,s) measurement. The 95%-
favored regions of these two sets of measurements barely overlap. Thus, as expected from our
EFT analysis where the maximum value of A XI%IP is 3 for @ = +-3, this model fails to explain the
data well. This is also reflected in the low values of A XI%IP = 3.3 and 0.4, for the case (yx), =0
and (yx), =0, respectively.
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We thus find that our model-independent results hold for specific VLL models, in spite of
extra constraints from the non-observation of LFV decays.

6. New W /Z couplings and & — €{ decays

The dimension-6 operators Oq(,le), o fg, and Og., as given in egs. (2), (3) and (4) respectively,
involve the coupling of the Higgs doublet to leptons. However all of these are vector / axial-
vector couplings, and hence are distinct from the Yukawa couplings that give masses to leptons
after EWSB. On the other hand, another dimension-6 operator composed of the same fields,

[Opeelij = (97 P)(Ldpe) 25)

modifies the effective strength of Yukawa interactions.” In the SMEFT framework, this operator
has to be present along with the above three, unless some extra symmetry is imposed. In the
presence of this operator, the effective Yukawa interaction becomes

Ly =—yijlipej +[Cyrelij [Ogeelij + He., (26)

where [Cye.];j are the corresponding WCs. Note that the leptonic fields here have been written
in the flavor basis.

Clearly, the presence of this operator would spoil the relationship between the mass of a
charged lepton and the strength of its coupling with the Higgs boson in SM. In the basis of mass
eigenstates of charged leptons,

_ v 1)3
b= Tk

In the SM, we would have the relation y;; = §;; - 2my ;/v, which would imply that the decay

8ijm + [Copeelij 27

width of & — £7¢~ would be proportional to the square of y, = ~/2m¢/v = my G%. This,
indeed, is one of the precision tests of the SM in the Higgs sector.

Though the operators O;IE), 04(532 , and Oy, do not affect the effective Yukawa coupling di-

rectly, 04(536) plays a role in spoiling the mass-to-Higgs-coupling relationship of the charged lep-
tons by modifying the measured value of G r, and hence the inferred value of y, s = my+/GF
in terms of which the SM predictions are calculated. Indeed, even in the absence of [Cgpy.];j, one
gets

mg«/GF 1
=mpGE =N [l——e + & ], 28
Ve ¢/ GF TR Ye,SM 2( ee T Eup) (28)

where ¢;; = U2[Cq(>35)]ii’ as defined in Eq. (6).
Combining the above two effects, the signal strength of the Higgs boson decaying to a pair of
leptons is modified by the additional W couplings as
C(h—ii)

, 1 1 2
iz — D (e 4 ee) — ——[Coeelii| - 29
1% T(h—ii)sm ‘ 2( AL ee) y&,SM[ ¢€e]11 (29)

3 Note that the operator Oy, is generally denoted in the literature as O,q. We prefer the notation Oy, as it clearly
indicates the fields involved, and avoids the possibility of confusion with Oge.
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Fig. 6. Left panel: The signal strength of 7 — 77 as a function of the Yukawa couplings [(yx).| and |(yx)z|. The dark
and light blue (green) curves enclose 68% and 95% C. L favored regions for Yukawa couplings for the X (X) models,
respectively. Right panel: The signal strength of 7 — 7t as a function of the Yukawa coupling (y;); for the models
I=Xand X.

Note that the effect of the 0(32) operator is limited to be very small, since the preferred values of
&i; are less than a per cent. On the other hand, the Oy, contribution is enhanced by the inverse
of leptonic Yukawa couplings, and hence can be quite large in the model-independent SMEFT
framework.

Let us now explore the minimal VLL models considered earlier, to gauge the enhancement
in the & — £7¢~ decay rate in these models. It turns out that [Cpeelij vanishes in the N model,
while in the E, ¥, and X models, the WCs [Cgpy,];; are given as

R (E)j
[Cgrelij = ye (Tz’ =2y, Cy)". (30)
E
)i (s);
[Corelij = ye (STZ’ =2y, Cy” 31)
D)
x)F(x);
[Cuelij = ye (8’T2’ =2y, Cy ¥ . (32)
X

These WCs themselves are thus suppressed by y¢, consequently the enhancement shown in Eq.
(29) is nullified.

In the left panel of Fig. 6, we show the signal strength of the Higgs decay rate to a pair of ©
leptons, as a function of the Yukawa couplings (yx), and (yx); in the model X and ¥, which
are relevant for resolving the V,; anomaly. We take the case (yx). = 0, and allow |(yx),| and
[(yx)<| to vary in the range [0 — 1]. It is observed that the dependence of the signal strength on
(yx). 1s almost negligible, compared to its dependence on (yx).. We further study the depen-
dence of the signal strength on the latter in the right panel of Fig. 6. Here the results for model X
and model ¥ are identical, since the functional dependences of the signal strength on (y;), and
(y1)- are identical for these two models, as can be seen from eqgs. (31) and (32). It is observed
that the value of the signal strength u” can become less than unity, however the change is less
than a few per cent for allowed values of (y;), and (y;)-.
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The effect on the branching fraction # — 77 is thus very small in the minimal VLL models,
though it may be probed at future precision machines. For example, the HL-LHC can measure
the htt coupling up to a per cent level precision, whereas the eTe™ Higgs factories such as
TLEP can probe it to below a per cent level [55]. The more exciting possibility, however, is the
discovery of a larger deviation than a few per cent, which will rule out the minimal VLL models
and point towards a more interesting scenario.

7. Conclusions

The observed discrepancies between determinations of V,,; from different measurements such
as semileptonic kaon decays, 8 decays and t decays, may be viewed as signatures of LFU viola-
tion in the W-boson couplings to leptons. In this work, we explore this Cabibbo angle anomaly
(CAA) within the SMEFT framework by considering gauge invariant dimension-6 operators,
which modify the couplings of leptons to the W and Z bosons at the tree level. One of these
gauge invariant operators, 0(;36), which modifies the W couplings, is essential to resolve this
anomaly. We perform a model-independent global fit to the EWP data, measurements of several
LFU observables, and various measurements of V,, in order to check the consistency among
these sets of measurements. We show that a tension exists between the parameter space favored
by EWP data and the solution of the CAA, if we only have the operator 0;34). This is due to

the fact that the operator O(f@), needed for resolving the CAA, also induces corrections to the
Z-couplings, and hence is highly constrained by the EWP data.

We then show that the above tension can be alleviated by introducing additional sources of
gauge-invariant couplings of Z boson to the left- and right-handed leptons via the 6-dimensional
operators O ;)12 and Oy,.. We find that the optimal solution which resolves the tension corresponds

to specific relations between the WCs of these operators given by: C élg) ~—C <§>3()’ or Cye ~

0.5 C;fg), when either of the two operators Oélg) or Oy, is present at a time. The condition of

C(;le) ~ — C(;fg) yields vanishing NP coupling of Z to the lepton doublet, thus reducing the effect
of NP on the EWP observables, and hence is the most successful in alleviating the tension.

In order to illustrate the implications of our model independent results, we analyze minimal
extensions of the SM involving the VLL models. We consider the models with one of the SU (2)1,
singlets N and E, or one of the SU (2), triplets ¥ and X. Out of these four VLL models, the
models N and E cannot resolve the CAA since they lead to an opposite sign for the NP contribu-
tion than what is needed. The model X, with parameters close to the optimal ones implied by the
model-independent analysis, alleviates the tension between V,; and EWP observables, whereas
the model X is seen to provide only a marginal improvement over the SM as it is far from the
optimal scenario.

Finally, we study the impact of a related new 6-dimensional operator Og¢. on the signal
strength of the Higgs boson decay to a pair of leptons. This operator is mandatory in the SMEFT
framework in the absence of any extra symmetry. We find that this operator can affect the signal
substantially in a general NP scenario. However, for the favored parameter space of the minimal
VLL models, these signal strengths can be modified only to less than 1%. This may be accessible
at the future Higgs factories for the 47 — tt decay mode. However, an exciting possibility would
be to find more than a few per cent deviation from the predicted SM decay rate, which will
indicate the presence of non-minimal VLL models that give rise to a large Ogpge.
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