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1. One that works

One set of B anomalies occurs in semileptonic decay modes to tau, and shows up as an apparent
violation of lepton universality. The ratios R(D™)) = B(B — D¥1~v)/%B(B — DW{~v), - =
U~ ,e” are measured to be larger then the standard model (SM) prediction [1, 2, 3, 4, 5, 6], and the
combined significance of the effects is just over 4o [7]. The difficulty in explaining these anomalies
in terms of new physics is that the charged weak current coupling to leptons has been tested very
precisely (including to tau-leptons), and no violation of lepton universality is observed. This means
that new physics explanations typically include a new gauge boson, charged Higgs, or leptoquark
as sketched in Figure 1. The challenge any of these explanations faces is that no lepton universality
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Figure 1: Schematic new particle contributions that may be responsible for the anomalies in semi-tauonic
B decay. The W/v vertex in the SM is very well constrained.

violation has been observed in other meson decay modes, some of which have been measured with
much more precision than the anomalous ones. The flavor structure of the new physics must then
be arranged to single out the third family, specifically b-quarks and tau-leptons.

The proposal described in this talk is built on the following ingredients

e add one new light neutrino
o this neutrino needs to be sterile with respect to SM interactions to satisfy light neutrino counts

e the neutrino needs to appear mostly in conjunction with a tau-lepton to satisfy the observed
patterns of lepton flavor universality.

e one such neutrino already appears in our models that single out the third generation with a
non-universal SU(2)g

The model in which the third generation has an additional SU(2)g has been detailed in the
literature [8, 9, 10]. The important features for the charged B anomalies are the existence of at least
one additional neutrino, Vg3, which has to be light in order to be relevant for this problem. It couples
to the new right-handed Wy and only through W — W' mixing to the SM W. The model allows for
additional heavy neutrinos as well. The gauge coupling of the new SU(2)g can be significantly
larger than the SU(2), coupling g;. There are few constraints from phenomenology for this type
of W’ [11], and an upper bound on the coupling strength, gz < 10g;, arises only from requiring
perturbative unitarity. In the flavor sector, the model can satisfy all known FCNC constraints,
with room to accommodate deviations of electroweak strength in processes that involve a transition
between a third generation fermion and lighter ones [10].

The relevant calculations for R(D(*)) can be found in [12, 13]. The results are summarized in
Figure 2. There are two interesting features in this figure. First, the width of the predicted range is
very thin, as it is controlled by W — W’ mixing which is constrained to be tiny by b — sy [14, 12].
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Figure 2: Results for R (D(*)) as a function of My superimposed to the 10, 26 contours from HFLAV [7].

Second, the prediction is thus strongly correlated with My, and the best agreement with the fit is
obtained for masses very close to 1 TeV, potentially accessible to the LHC. The best existing limit
on the mass of a W’ that prefers the third generation arises from a CMS search for W/ — tv with
19.7 tb~! of data at \/s = 8 TeV [15]. Even this constraint does not directly apply to our model, as
it is extracted assuming a much larger production cross-section than the one in our model, in which
the W’ couples very weakly to the light fermions.

A final observation is that this model predicts an almost universal enhancement over the SM
for R(D™)), as seen in Figure 2, and that this is also the same enhancement predicted for R(J/y)
[16]. Similar models that attempt to explain these anomalies with additional neutrinos have recently
appeared in the literature [17, 18, 19].

Since our model relies on a new light neutrino, the light neutrino count must be addressed.
Again, the direct constraint from Z decay turns out to be very weak because it involves Z — Z’
mixing. Our model predicts Z — Vg3 Vg3 < 3 X 10~* MeV, whereas the current limit on the invisible
Z width has an error of 13.3 MeV. At the same time, the existence of this new light neutrino affects
other rare decay modes such as K — wvV. The current experimental results for the charged [20,
21, 22, 23] (measured by BNL 787 and BNL 949) and neutral [24] modes (from KEK E391a)are
shown in Figure 3 [25]. The figure illustrates that this additional neutrino is potentially observable
in these modes. In the notation of this figure X contains the parameters of the model and it can be of
order 1. An NA62 future measurement of (K" — w7 vV) at the SM level with a 30% uncertainty
would place the constraint illustrated by the vertical dashed line.

An additional consideration for the viability of the model is the light neutrino count from
cosmology. The BBN constraint has some uncertainty but in general requires the number of new
light neutrinos to be less than about 1. Our model evades this constraint because the new neutrino
couples mostly to the third generation and effectively decouples at a temperature higher than the
QCD phase transition. This means our neutrino enters this count at the 0.1 level or below.
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Figure 3: K — mvV with one light right-handed neutrino. The green line illustrates the case X (new physics
parameters [25]) real and the pink region illustrates the case |X| < 5.5 (the model predicts |X| ~ ¢/(1)). The
purple marks the SM 10 region and the green marks the 90% c.l. from BNL-787 combined with BNL-949.
The red and blue lines on the boundary of the pink region correspond to a new physics with a certain phase.
Finally the vertical dashed red line marks a possible future limit for Zg~+ at 1.3 times the SM.

2. One that doesn’t quite work

The second set of B-anomalies occurs in modes with an underlying quark transition b —
sutuT [26, 27, 28, 29, 30, 31]. Some of the largest deviations from the SM in these modes
occur for the low ¢ bins of the angular observable dubbed P%, and also from branching ratios in
By — ®upu. The case for lepton flavor universality violation is strongest, though, in the anomalies
found in the ratios Rx and R+, defined as Ry, = Z(B — K®u*tu~)/%A(B — K*ete™). The
apparent shortfall of the SM becomes more compelling in the context of a global fit. For example,
the authors of Ref. [32] have described 175 observables in terms of six parameters encoding new
physics and have quantified the disagreement with the SM at about the 50 level. In Figure 5
we reproduce the result of that fit when only two new parameters are allowed to encode the new
physics, Cg’lf: jou [33]. The best fit is shown as the red dot and the one-sigma contour is dashed
blue. In these coordinates, the SM is the origin. These two parameters are chosen because most fits
indicate they are the most relevant ones.

With heavy neutrinos the SM box diagrams receive additional contributions depicted in Fig-
ure 4. Remarkably, these contributions go in the direction required by the best fit to the anomalies
and appear in the form C§)” = —Cif)" .

Early fits suggested that the pattern Cgﬂ) = —C%}L was preferred by the data and this is the

pattern that would be produced by heavy neutrinos. The more recent fits place this pattern outside
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Figure 4: Heavy neutrino contributions to the anomalies in b — sy @~ modes.

the 10 preferred region, but well within 20 as also shown in Figure 5. The right panel of the
same figure shows the heavy neutrino parameters necessary to produce the needed new physics
coefficients. Unfortunately, the required mixing angle between muons and the heavy neutrino is
ruled out by global neutrino fits, where this mixing is at most a few percent [34, 35].
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Figure 5: Left panel: Fit to 175 observables with an underlying quark transition b — sy ¢t~ allowing only

two new parameters CQZ) 10u- The red dot is the best fit, the blue and green curves mark the 10 and 20
regions respectively and the dashed black line marks Cg) = —Cjy; for the range (—0.73,-0.56). Right

panel: The region in parameter space of the heavy neutrino that reproduces the coefficients in the black line
on the left.

The simplest model with heavy neutrinos does not work quantitatively, but it has been sug-
gested in the literature that more complicated extensions could do better [36].
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