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Abstract

The singly charged SU(2); singlet scalar, with its necessarily flavour violating couplings to leptons, lends
itself particularly well for an explanation of the Cabibbo Angle Anomaly and of hints for lepton flavour
universality violation in tau decays.
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1. INTRODUCTION

The Cabibbo angle, which is the angle describing the mixing of the first two generations of quarks in the Standard Model, can
be determined from V,; extracted from superallowed pB-decays, from V,s from 7-decays or K-decays, or from V4 from D —
nv. Recent improvements in the computation of the yW-box contributions to superallowed B decays reduced the uncertainty on
V.4, however, they also shifted the central value, leading to a 3¢ deviation from first-row Cabibbo Kobayashi Maskawa (CKM)
unitarity,[1, 2, 3, 4, 5] commonly referred to as the Cabibbo Angle Anomaly (CAA).[10, 11, 12, 13, 14] This tension is illustrated in
Fig. 1(a), where we show the values for V,s quoted by the PDG,[6, 8, 5] as well as \st| = 0.22805(64) determined, using (first row)
CKM unitarity (|V,g|? + [Vis|? + [V |> = 1), from |V,4| = 0.97365(15) [9].

A number of models involving physics beyond the Standard Model (SM) can account for this experimental situation,[15] how-
ever, they all adopt one of the following strategies (see also Fig. 1(b) for an illustration): they may

* lead to new contributions to B-decays and thus affect the extraction of Vs from pB-decays[16, 17] (shown in purple in
Fig. 1(b)),

¢ modify the Wud-coupling, leading to a “direct” violation of CKM unitarity [10, 18, 19] (orange),
¢ modify Wlv-couplings, which enter both B-decays and pi-decays [20, 21, 13, 22, 23, 24, 25] (blue), or

¢ lead to new contributions to y-decays, which modify the Fermi constant and enter the extraction of V;,; from superallowed
beta decays in that way[10, 26, 27, 28, 29](green).

Here we consider the last of these possibilities.1 Defining

Anp(p — evv) M

O = emv) = Asp(p — etv)’

which is simply the new physics (NP) contribution to 4 — evv, at amplitude level, normalised to the SM amplitude, the Fermi
constant takes the form

Gr = GPM(148(4 — ev)), )
where GPM stands for the Fermi constant determined in presence of SM physics only. A modification of the Fermi constant can
alleviate the tension between the different determinations of Vs by shifting V, 4, extracted from B-decays, to Vf = VMSéVI 1-6(u—
evv)), where Vl?é\/[ is the (1, 1)-element of the (unitary) CKM matrix. Using CKM-unitarity, we find

5 yM 2
Vi = 1= VB[ = Vi 2 = VM 1+< “d> 5(u—>e17v)], ©)

Vit
which indeed is larger than VM, if §(u — ev) is positive. Note that the enhancement by (Vusé\/[ / VHSSM) ? ~ 19 makes Vs particularly
sensitive to modifications of the type 6(u — evv).[13]

!Indeed, the singly charged scalar can generate a new contribution to y decays (see Fig. 2(b)).
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FIGURE 1: (a) Determinations of V;s from different sources (b) Possible NP interpretations
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FIGURE 2: (a) The regions preferred by the ratios in Eq. 4 in terms of 6(T — uvv) and 6(t — evv). The dashed lines show the 1o
and 20 contours for §(y — evv) = 0, the blue regions show the 10 and 20 preferred regions for §(y — evv) = 0.00065, which is the
value favoured by our global fit. (b) Feynman diagram showing the contribution of ¢ to the muon decay y — evv and the Fermi
constant. The corresponding diagrams for T — u¥/v and T — e?v are found by exchanging the flavour indices.

Besides the CAA, the singly charged scalar can address the 2¢ deviation from SM predictions encoded in the experimentally
determined amplitude fractions [30]

A(T — etv)

A(t — uvv)
Ay — evv)

At — ;41/1/)
A(T — emv)

Ay — evv)

Expressing this data in terms of 6(T — uvv) and 6(T — evv), which are defined in analogy with §(u — evv) (see Eq. 1), we observe
a preference for positive 6(t — uvv) and §(T — evv) (see Fig. 2(a)).

=1.0029(14), =1.0018(14), =1.0010(14). (4)

2. THE SINGLY CHARGED SU(2); SINGLET SCALAR

Let us now introduce the singly charged SU(2), singlet scalar, ¢, which can lead to the desired effects in muon and tau decays.
This field has been extensively studied in the context of Zee models,[31, 32, 33, 34] Babu-Zee models,[34, 35, 36, 37] and other
models where singly charged scalars radiatively generate neutrino masses,[38, 39, 40, 41, 42, 43, 45, 44] however, in the following
we will remain agnostic about the underlying theory and consider the singly charged scalar as a minimal extension of the SM.
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FIGURE 3: Feynman diagrams showing the contribution of qbi to (a) the radiative leptonic decay p1 — ey and (b,c) an example of
charged lepton flavour violation. The coupling Ay3, which is strongly constrained by  — e conversion and y — e, is shown in
red.

The singly charged scalar is a (1,1, 1)-representation of the SM gauge group SU(3). x SU(2); x U(1)y, which leaves only one
way for it to couple to SM matter fields:

Aij -
Lint = — 7] L[Cz,i €ab Lb,]' (]fljL +h.c.. (5)
Here a, b are SU(2); indices, ¢, is the 2-dimensional Levi-Civita tensor, ¢ stands for charge conjugation, i, j are flavour indices, and
Ajj can be chosen to be antisymmetric in flavour. Hence this extension of the SM automatically leads to lepton flavour violation,
and to lepton flavour universality violation, should the three new couplings not be equal. The fact that only three new couplings
and one mass are needed to fully describe the singly charged scalar, makes this model very predictive.

2.1. Flavour Bounds

Equipped with the Lagrangian in Eq. 5 we can derive the leading contributions of the singly charged scalar to the relevant flavour
observables (see Figs. 2(b) and 3 for the corresponding Feynman diagrams). The first interesting observation we can make is that
the modifications of y — evv (see Eq. 1), T — evv and T — uiv,

_ ANP(gi — fji/iﬁ]‘) )‘1] m%\]
ot = G7v) = Asm(li = biwy) — & md (©)

are necessarily positive. This fits into the picture described in the context of the CAA, in particular to Eq. 3, and to the experimental
data shown in Eq. 4 and in Fig 2(a). A global fit to EW data and the CKM elements states a preference for §(y — evv) = 0.00065(15).

Radiative leptonic decays provide strong bounds on the couplings A;; of the singly charged scalar to the SM leptons. In fact,
the bound from y — e7y is so strong that we can set A3 ~ 0 (marked in red in Fig. 3). We reach a similar conclusion considering
u — e conversion in nuclei. This has consequences for charged lepton violation, which is loop-suppressed in this model (see e.g.
Figs. 3(b) and 3(c)). Processes mediated by A;3, such as T — ejie, are expected to be vanishingly small.

2.2. Collider Constraints

Since the singly charged scalar has the same quantum numbers as right-handed sleptons, we can simply recast selectron and
smuon searches into searches for the singly charged scalar. The dominant channel here is Drell-Yan pair production of the singly
charged scalar, which consecutively decays into a pair of charged leptons with missing transverse energy (see Fig 4(a) for the
corresponding Feynman diagram). Reinterpreting the most recent dedicated ATLAS search, which is based on 139 fb~! of proton-
proton collisions, [46] we obtain the bounds, shown in Fig. 4(b), on the mass m, of the singly charged scalar and on the branching
ratios Br(¢™ — ptv) and Br(¢™ — eTv). The hatched regions are excluded by the eTe™ (red) or u* ™ (green) channels. The
bounds depicted in Fig. 4(b) allow us to set a coupling-independent lower limit of my ~ 220 GeV on the mass of the singly
charged scalar. The scenario of A;3 = 0, mentioned in Section 2.1, translates into a branching ratio of Br(¢™ — utv) = 1/2.
(The corresponding branching ratio into electrons cannot be fixed in this scenario without making additional assumptions on the
relation between A1, and A3.) The projected exclusion limits of the High Luminosity (HL) LHC are indicated by dashed curves.

3. COMBINED ANALYSIS AND CONCLUSIONS

Combining the flavour bounds and collider constraints in the scenario with Ay3 = 0, we can determine best fit regions in the
5(t — uvv)-6(i — evv) plane. In Fig. 5, the region preferred by electroweak data and the Cabibbo Angle Anomaly at the level
of 1c is shown in red, while the region preferred at the level of 1o by the ratios listed in Eq. 4 is shown in orange. The combined
best fit region is indicated in green. In this region of parameter space we find Br(t — efip) ~ lO‘lOmé/ (5TeV)*, 1071 < Br(t —

ey) $5x 107 and |Ag3|? ~ 0.05/(1 TeV)?, which can be probed by monophoton searches at future e*e~ colliders.
3
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FIGURE 4: (a) Feynman diagram showing Drell-Yan pair production of the singly charged scalar, ¢, and the decay of ¢* into SM
leptons (b) Recast ATLAS bounds (see text for the details)
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FIGURE 5: Regions in the 6(T — pvv)-6( — evv) plane preferred at the level of 1o by electroweak data, the CAA and ¢ — /v

(see Eq. 4). The combined region is shown in green. The curves indicate predictions for T — ey (magenta), T — eup (black) and
AL/ m3 (blue).
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