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1. Introduction and Motivation

Adding right-handed (RH) neutrinos to the Standard Model (SM) particle spectrum is one of
the best motivated extensions to address several of the open problems in particle physics. If their
mass is above the experimental energy, the RH neutrinos cannot be produced, but their existence
induces deviations from unitarity of the leptonic mixing matrix [1], so they can still be probed for at
the intensity frontier via electroweak precision observables (EWPO), universality ratios or charged
lepton flavor violating (cLFV) processes.

Upon integrating them out, such heavy RH neutrinos induce light neutrino masses via the
dim-5 Weinberg operator,

m, = —OMy @, (1)

where O is the mixing between the active SM neutrinos and the RH ones, given as the ratio between
their Dirac and Majorana mass matrices, ® = mp M];Il. At dimension 6, the only operator generated
at tree level induces the aforementioned deviations from unitarity of the leptonic mixing matrix N.
A completely general way to parametrize unitarity deviations is through a small Hermitian

matrix 7 [2]:
N=(I-nU, @)

where U is the unitary matrix that diagonalizes the Weinberg operator. This parametrization is
convenient as it encodes non-unitarity effects regardless of the UV completion that originates
the deviations and how many fields it contains. In the particular case of heavy RH neutrinos, n
corresponds to (half of) the coeflicient of the dim-6 operator obtained upon integrating them out:
|
n=-00". 3)
2
Here we present an updated and improved global fit analysis of an extended set of observables
that are affected by a non-unitary leptonic mixing matrix. The motivation to update the analysis is
driven by new experimental results on key observables such as V,,4, the Z invisible width and the W
boson mass, although we also improve the robustness of the analysis and extend it to new scenarios.
Our analysis provides upper limits on non-unitarity effects encoded by 7 or, equivalently, on the
mixings between RH neutrinos and active ones, the strongest bounds for heavy neutrinos above the
EW scale. These results correspond to the analysis in Ref. [3], where all the details can be found.

2. Scenarios under study

In all generality, the dim-5 and 6 operators are independent, meaning that in the most general
case we can decouple 7 from light neutrino masses and mixings. Nevertheless, in models with not
many heavy neutrinos and thus less freedom, it is possible to find correlations between them. In
order to cover from the minimal to the most general case, we consider the following scenarios:

* 2N-SS: The minimal scenario that accommodates oscillation data adding only 2 RH neutrinos.
Here the dim-5 and 6 operators are fully correlated, since the latter (and thus 7) can be fully
reconstructed from the former up to a global scale [4].
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* 3N-SS: The next-to-minimal scenario with 3 RH neutrinos, where the dim-5 operator still
imposes strong correlations on 1 [5].

* G-SS: The most general RH neutrino scenario where we assume a general i matrix, inde-
pendent of neutrino oscillation data, which encodes the low-energy effects of an arbitrary
number of heavy RH neutrinos.

All these RH neutrino scenarios induce a n-matrix that is positive-definite and, consequently,
it has to fulfill the Schwarz inequality:

|77cx,3| < VNaallps 4)

which is actually saturated in the minimal scenarios 2N-SS and 3N-SS. A complete general scenario
with generic deviations from unitarity not requiring 77 to be positive-definite or subject to the Schwarz
inequality was also studied in [3], although we do not report the results here for brevity.

3. Observables and details of the analysis

The global analysis presented here consisted in a fit to the following set of flavor and electroweak
precision observables:

e Four determinations of the W-boson mass by LEP, Tevatron, LHCb and ATLAS. We do not
include the CDF-II result since, in this context of unitarity deviations, it is in more than 5o
tension with other EWPO [3].

e Two determinations of the effective weak angle by LHC and Tevatron.

o Five LEP observables measured at the Z-pole (I'z, 0'}?3 & Re, Ry, R;), and a determination of
the Z invisible width from CMS.

e Five weak decay ratios constraining lepton flavor universality: Rjj., R7,, Rfe, R, R7,

e Ten weak decays constraining CKM unitarity, whose first raw currently lies below 1 at the
2-30 level (the so-called Cabibbo anlge anomaly).

e cLFV observables, which constrain the off-diagonal entries of 7 in general, but also the
diagonal entries in the 2N-SS and 3N-SS due to the saturation of the Schwarz inequality.

Compared to previous analyses [6—8], we update and complete the list of observables, with a
better handle of the correlations; we improve the statistical treatment with an explicit calibration
of the test statistic; and we improve the analysis by making consistent predictions for our input
observables rather than using the values provided in the PDG, which are already obtained from
a global fit to precision data. Moreover, we extend the number of scenarios, as the 2N-SS was
missing. All these details of the analysis, as well as the explicit dependences of the observables on
the non-unitarity effects, can be found in Ref. [3].
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95% CL 2N-55 IN-55 G-SS
NO 10 NO 10

Nee 94-107° | 55-107% | 1.3-1072 | 1.4-1072 | [0.081,1.4] - 1073
My 1.3-107% 1 3.2-107 | 1.1-107 | 1.0-107° 1.4-10™*
Ner 2.1-10% | 45-107 | 1.0-107 | 8.1-107* 8.9-107*
Tr[n] |29-10%]6.0-107%|1.9-107 | 1.5-1073 2.1-1073
ey| | 12-107 | 1.3-107° | 1.2-107 | 1.2 107 1.2-107
Mer] 22107 | 1.4-107* | 9.0-10™* | 8.0-107* 8.8-107*
[ue| | 1.3-107% ] 3.5-107 | 5.7-107 | 1.8- 107 1.8-107

Table 1: 95% CL upper bounds (or preferred intervals) for the non-unitarity matrix 7 in the 3 scenarios
considered here: the minimal scenario with 2 RH neutrinos (2N-SS), the next-to-minimal with 3 RH neutrinos
(3N-SS) and the general scenario with an arbitrary number of RH neutrinos (G-SS). These results can be
also understood as bounds on the total (squared) mixings of the RH neutrinos to a given flavor, and easily
translated to the a-parametrization (see Ref. [3] for the explicit relations).

4. Results and discussion

The final results of our analysis are collected in Table 1, given as upper limits on the elements of
1, as well as on its trace, included as a measurement of the total deviation from unitarity regardless
of its particular flavor structure. They are obtained from the global fit described in the previous
sections and imposing the Schwarz inequality, with the only exception of 7, in the G-SS, for
which the strongest bounds actually arise from u-e transitions. Notice that we provide here only the
95%CL upper bounds for brevity, nevertheless these cannot be naively scaled to other confidence
levels as the results do not follow Wilks’ theorem and the resulting profiles are not gaussian. The
relevant profiles for this task are given in Ref. [3].

In order to understand these results, it is interesting to first analyze the overall preference of the
data. On the one hand, My and s\zV show a mild, about 1o, preference for a non-zero 1¢e + 17, and
similarly the LFU ratios moderately prefer that 17, > 1,,, also around 1. On the other hand, the
CKM data strongly disfavors non-zero values of r,,,,, as they can only worsen the Cabibbo anomaly,
and the strong cLFV bounds on the u-e sector require either the electron or the muon mixing to be
very small. Combining all these aspects, together with the lack of preference for a non-zero 7.,
we conclude that the data prefers a non-zero 7., with suppressed 7,,, and 1;+.

This data-preferred structure is represented with a black star in Fig. 1, where we also display
the flavor patterns for the different scenarios we studied and for both normal and inverted orderings.
Comparing the mixing pattern in each scenario with the preference of the data, we can understand
the general behavior of our results.

In the case of the minimal 2N-SS scenario, the flavor structure is very restricted as a result
of the strong correlations between the dim-5 and 6 operators, and thus the regions are smaller and
very different in both orderings. In particular, the normal ordering (NO) requires a suppressed
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Figure 1: Regions in the RH neutrino mixing flavor space consistent with current neutrino oscillation data
for both normal and inverted orderings. Darker regions correspond to the minimal 2N-SS scenario, while
lighter ones to the next-to-minimal 3N-SS case. The whole triangle is available in the general G-SS scenario.
The black star indicates the preference of the data.

mixing to electrons with respect to other flavors, which is precisely the opposite of what the data
prefers. Therefore, this scenario cannot accommodate this preference and it leads to strong bounds,
specially on 7... On the contrary, an inverted ordering (I0) allows for mixing patterns closer to
that preferred by the data, and thus the bounds on 7. are relaxed.

Despite of these differences between the two orderings, the bounds in the 2N-SS are in general
stronger than for other scenarios. The reason is the saturation of the Schwarz inequality in Eq. (4),
which introduces the cLFV observables into the fit. Consequently, the strong bounds on u-e
transitions impose severe constraints also for the diagonal elements of 77, in particular in for the IO,
where it is not possible to suppress 77¢, nor 7, to avoid this bound.

Moving into the 3N-SS case, the additional freedom enlarges the allowed regions in the mixing
flavor space, as can be seen in Fig. 1, so they get closer to the data-preferred pattern in both
orderings. Moreover, they also allow for suppressed mixings to either electrons or muons, so the
bounds from u-e transitions can be easier fulfilled. Consequently, the constraints are relaxed with
respect to the 2N-SS, with the exception of 7, and 7.,, which are still very constrained by the
Cabibbo anomaly and p-e transitions, respectively.

Finally, in the general case n can be decoupled from oscillation data and therefore the whole
triangle is allowed. In particular, the pattern with mixings only to electrons becomes available,
relaxing the constraints further and even showing a slight preference (= 20°) for a non-zero value
of n... Moreover, in this G-SS case the Schwarz inequality is not saturated, meaning that cLFV
observables constrain only the off-diagonal elements and are thus not included into the global
fit. Nevertheless, this inequality does translate the global bounds on the diagonal elements into
off-diagonal ones, which provides stronger bounds for 7.; and 7, than the associated cLFV
observables. In the case of 7, it is still better constraint by u-e transitions, so the bound is
basically the same in all scenarios.
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5. Conclusions

We have updated and improved upon present constraints on the unitarity of the leptonic mixing
matrix and the mixing of heavy right-handed neutrinos with the SM active flavors. Our global fit
to flavor and electroweak precision observables leads to constraints on all the  parameters ranging
between 1072 and 107> at 20, with the exception of a preference for non-unitarity at the level of
Nee ~ 107 at around 20 for the general case. The latter translates to a mixing to heavy neutrinos
with the electron at the |6, | ~ 1072 level.

Our analysis provides the strongest bounds for RH neutrinos heavier than the EW scale, and
they are valid as long as the new degrees of freedom are heavier than the mass of the Z. For lighter
new particles, some of the LEP constraints at the Z pole are lost, but the remaining observables
apply down to the mass of the 7, where direct searches for RH neutrinos provide better sensitivities.
Notice also that our treatment of the cLFV was conservative, and that for very heavy masses they
could be even stronger bounds, which would need to be checked for each particular model [3].
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