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We investigate the R(D) and R(D*) anomalies in the context of the B — L extension of the minimal
supersymmetric Standard Model with inverse seesaw. We demonstrate that the lepton penguin W[z,
(I = e, u, ) mediated by CP-even/odd right-handed sneutrinos, charginos, and neutralinos can account for

these anomalies simultaneously.
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I. INTRODUCTION

In the many successes of the Standard Model (SM),
the B-mesons and their decays play an important role. In
particular, in addition to the observation of B; — X,y and
B, — utu~ [1,2] decays, the precise experimental measure-
ments of their property provide an elegant way to determine
the Cabibbo-Kobayashi-Maskawa (CKM) matrix ele-
ments [3]. Furthermore, these decays are quite sensitive
to new physics (NP) contributions, especially those
happening through the transitions b—cly, (I=e, p, 7).
Despite this dynamics occurs at tree-level in the SM, NP
contributions at the same order of even at the loop level can
be significant [4-8]. Also, compared with other semi-
leptonic decays of B-meson, the B — D*)X ones are more
advantageous since they are not CKM suppressed and
thus can be probed through many (differential) observ-
ables [9,10]. If Lepton Flavour Universality (LFU) is exact
up to the lepton masses, the SM predicts the following
branching ratios (BRs): BR(B — D7;) ~0.64% and
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BR(B = D*tr;) =~ 1.29% [11]. Table I collects the results
from the LHCb, BABAR, and Belle collaborations reported
between 2012 and 2020 in terms of the ratios

BR(B — D11;)
BR(B — DIp;)’
BR(B — D*17;)
BR(B - D*Iy;) -

R(D) =

R(D") = (1)

Herein, the last row provides the combined results obtained
by the Heavy Flavour Averaging (HFLAV) group.

The deviations between the experimental measurements
and the SM predictions may hint at violation of LFU,
which necessitates NP contributions [5,7,21-37]. One of
the most promising beyond the SM (BSM) theories is
supersymmetry (SUSY). In the minimal supersymmetric
SM (MSSM), its minimal version, one may assume non-
zero mixing among the slepton families to induce LFU
violation at loop level. However, such a direct mixing is
strictly constrained (see, e.g., [38]) by lepton flavor
violation (LFV) experiments [39,40]. Nonetheless, the
MSSM can still accommodate some deviations in R(D)
and R(D*) through the penguin diagrams involving
neutralinos, charginos, and heavy Higgs bosons, but
their contributions cannot fully recover the experimental
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TABLE I.  Experimental values for R(D) and R(D*) reported
by the experimental collaborations and HFLAV group.
R(D) R(D*)
SM 0.299+0.003 [9] 0.258+0.005 [9]
LHCb 0.336+£0.027+0.030 [12]
0.283+0.019+0.029
[13,14]
Belle  0.375£0.064+0.026 [15] 0.283+0.018+0.014 [15]
0.307+0.03740.016 [15] 0.293+0.038+0.015 [16]
0.27040.035109%8 [17,18]
BABAR  0.440+0.058+0.042 0.332+£0.024+0.018
[19,20] [19,20]

HFLAV 0.339£0.026£0.014 [2] 0.29540.010£0.010 [2]

measurements [41-43]. In this paper, we surpass the
MSSM by assuming that SUSY is nonminimal [44].

II. THE SUSY MODEL

The B — L extension of the MSSM with inverse seesaw
(BLSSM-IS) is based on the gauge group SU(3). x
SU2), xU(1)y x U(1)p_,, where U(1),_, is spontane-
ously broken by two chiral singlet superfields 7;, with
B — L charge = +1. In addition to the MSSM superfields,
a gauge boson Z%_, and three chiral singlet superfields ¢

with B — L charge = —1 are introduced for the consistency
of the model. Finally, three singlet fermions S; with B — L
charge = —2 and three singlet fermions S, with B — L

charge = +2 are employed to implement the IS mecha-
nism [45]. The superpotential of this model is given by

W =Y,0H,U° +Y,0H,D° + Y ,LH E°
+ Y LH0¢ + Y503 Sy + pH Hy + 1/ 51 7. (2)

Electroweak symmetry breaking (EWSB) and B — L radi-
ative breaking at v/ = \/v} + v 27 TeV are described
in [46]. Here, we only consider the particle spectrum
(masses and couplings) relevant to our processes, i.e.,
the BLSSM-IS lightest right-handed sneutrino and neu-
tralino, with the lightest chargino being MSSM-like. If we
write 7, , g and S, in terms of real and imaginary parts, one
finds that the mass of the lightest CP-odd sneutrino, 17{, is
almost equal to that of the lightest CP-even one, X, and
either can be of O(100 GeV) [47].

The neutralinos f{? (i=1,...,7) in the BLSSM-IS are
the physical (mass) superpositions of three fermionic
partners of the neutral gauge bosons called gauginos B
(bino), W3 (wino) and B’ (B'ino), in addition to the
fermionic partners of both the MSSM Higgs bosons (I:I(l)
and I:Ig) and B — L (pseudo)scalar bosons (¥; and },). The
lightest neutralino has the following decomposition:

A =VuB+V W+ Vi H)+V,H)+ V5B
+ Vied1 + Viika- (3)

In addition to the typical MSSM gaugino or Higgsino, the
lightest supersymmetric particle (LSP) might be B'ino-like
or 7;-like of order O(100 GeV). It is worth noting that a
salient feature of the BLSSM-IS model is the large neutrino
couplings, which significantly contribute to lepton nonun-
iversality. Furthermore, in this model, two right-handed
sneutrinos (one from each of CP-even and CP-odd
sneutrinos) could be light (of order few hundred GeV),
thereby contributing to the enhancement at one-loop
through the diagrams involving these sneutrinos.

III. CONTRIBUTIONS TO R(D) AND R (D*)

The effective Hamiltonian for b — cly; is given by

4GrVp
V2

+ gyr[er* Prb)[ly, Prv)| + gs. [cPLb)[IPLv)]

+ gsg[EPRD[IPLv)) + gr[co" P b] [kprl/l]L (4)

Hege = [(1+gyr)[cy"PLb)[ly PLv)]

where G is the Fermi constant, V., is the CKM term
which encodes the b — ¢ transition, g; is a ratio of the
Wilson coefficients defined as g; = C?YSY/CM  with
i=VL,VR,SL,SR,T and P p are the projection oper-
ators. In our notation, V, S, T stand for vector, scalar and
tensor while L, R is the helicity state of the b-quark.
The observables R(D) and R(D*) can be defined as

mg—mp D
R(p) _ FB= D) i 7. (5)
" I'(B - Dlv (mp—mp)* 2’
( D I n? q’z dq

_ ( iy
I'(B— D*tv,) fmrgﬁ dr dq’

I'(B— D*ly)) fn(;fs— d_qqu )
1

R(D*) = (6)

The explicit dependence of R(D) and R(D*) on the NP
Wilson coefficients can be extracted by integrating the
expressions for the differential decay rates in Refs. [28,35],
where the helicity suppression effect (squared light charged
lepton mass ratio) is negligible, and fix the form factors to
their central values as in Ref. [2]. Therefore, one finds

re re

R(D) =5, R(D) =55 (7)

where
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P = 10713(2.632|g%, + g5, |* + 2.810[1 + g, + ghrl* +2.309|g7|* + 4Re[(1 + g}, + ghr) (g5x + 95.)"]

+3.064Re[(1 + g5, + Gop) ).

(8)

P =107(10]g5x + g5 I* +9:393]1 + g5 + girl* + 6.293|g5[* 4 6.755 x 107 Re[(1 + g5, + g5r) (95r + 95.)]

+8.559 x 1073 Re[(1 + g5, + ¢5r) 95 ])-

2" =107"%(1.264 x 1072|g5,
X (95k — g5.)"] + 3.333 Re[gi pg7]

2" =1071%(7.566 x 1072|g4p

—3.516 x 103 Re[(1 + ¢4, )g%]

where the above decay rates can be constrained by
F(W—-w)/T(W=1lv) and I'(z - pv,v,)/T (7 = evr,).
To determine the SM prediction for R(D) and R(D*)
the NP Wilson coefficients are set to zero, g; = 0.

The penguin corrections to the vertex Wy, (I = e, p, 7)
yield the SUSY contributions to gy; . These corrections are
achieved in the MSSM by exchanging charginos, neutra-
linos, and sleptons or left-handed sneutrinos. In the
BLSSM-IS, the right-handed sneutrino with large Y,
coupling can boost these contributions, as shown in
Fig. 1. The relevant Wilson coefficient is given by

L R _TL
cr — P lmva uidi W™ [-I'L
VL — ~_~0W_m Om)‘(—
167%m3,- HeXy
2 2 2
_CO( mlo,m~R)+r~,~0W (B 0(m~0,m)?;)

—ZCOO(m mjo,m~R)+m Co(m mjo,mg,f)]]

(12)

with R — [ for the CP-odd right-handed sneutrino. Here,
Co(x,y,2), By(x,y) and Cyy(x,y, z) are the loop functions
defined in [48] and T stands for the coupling among the
particles stated in the subindex.

The W decay to [v, whose ratio is subject to the
experimental constraints [49]

d;

Uy

FIG. 1.

©)

— g5 [P+ 0.511(11 + gi I + gigl*) + 8.570|g7|* + 4.82 x 1072 Re[(1 + g}, + gir)
—2.278Re|(1 + ¢%; )95 ]

—0.907Re[(1 + g5, ) g5)- (10)

— g5 1P+ 2.033(|1 + g§, P + |gig|?) + 34.807g5
+1.583 x 103 Re[(1 + g%, + g5r) 9k

— g5)7] + 7.067 x 1073 Re[g) . g5']

—3.514Re[(1 + g9,)9vk])s (11)
|
W, =——n ™ W =) ) 043 + 0,004,
(W — ev)
W, == 740,006, (13)
(W — uv)

may be affected by the mentioned penguin corrections.
Along with the leptonic decays of W boson, the precise
measurements on the 7 decays also play an important role to
control violations to LFU. The following constraints are
taken into account from experimental findings [49]:

(7 - pv,v,)

Tye = = 0.979 £ 0.004. (14)

T T(r > ev,r,

One can also consider the loop diagrams like the first one
in Fig. 1 for the leptonic decays of Z — boson which can be
obtained by replacing the neutralino with the chargino.
Even though the topologies seem the same, the main
difference in the case of Z —boson decays arises from
the behavior of the loop functions. Since the two charginos
in the loop will be of the same mass, the loop functions, B,
Cy, and C, will result in zero. Thus the leptonic decays of
Z — boson remains intact. Note that this discussion does not
hold if the second chargino runs in the loop along with the
first chargino or one considers the self-energy diagrams in
Fig. 1, but the contributions from these processes are
severely suppressed due to the heavy masses of the
involved particles.

Penguin and self-energy diagrams in the BLSSM-IS contributing to the b — ¢lp; transition.
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Furthermore, we apply the mass bounds on the SUSY
spectrum [50-54], the constraints from the rare B, — X,y
and B, — u"u~ decay modes [2] as well as the current
limits on the LFV processes as [; — [;y [39,40].

IV. RESULTS

In this section, we display our results for R(D) and
R(D*) consistent with the experimental constraints men-
tioned above. We used the Metropolis-Hastings algorithm,
as described in [55,56], combined with SPheno [57], in turn
generated with SARAH [58], to scan the parameter space of
the low scale BLSSM-IS. As some of the main contribu-
tions to R(D) and R(D*) come through the first diagram in
Fig. 1, involving the lightest chargino and neutralino, one
would naively expect to observe the largest corrections for
light masses of both of the latter. However, as shown in the
left panel of Fig. 2, the experimental measurements of
R(D) and R(D*) can be accommodated within 2¢
even when these particles weigh around 2 TeV (yellow
points). Alas, the LFV and LFU constraints exclude
these solutions and allow only those (red points) with
mﬂ?li, m)?(l) ,S 1 TeV.

The reason why even relatively heavy masses for the
lightest chargino and neutralino can still accommodate the
experimental measurements of R(D) and R(D*) is due to
the fact that one of the main drivers of the NP corrections is
the mass degeneracy between these two states. As seen
from the red points over the Mys — My plane in the same

0.5 1.0 1.5 2.0
ms (TeV)
1

plot, the enhancement in R(D) and R(D*) mostly requires

Mye — My = 0. This degeneracy can be understood through

the asymptotic behavior of the vector-like Wilson coef-
ficient. When two of the particles in the triangle loops are
nearly degenerate in mass, the NP contributions become
proportional to the mass of the third particle in it, up to
some scales at which the (phase space) suppression from
the mass takes over [41,48]. Another fact leading to the
mass degeneracy being instrumental to boost NP correc-
tions is that the coupling W —7* — #° takes its largest
value when the chargino and neutralino are winolike and,
indeed, the allowed SUSY spectra typically involve nearly
mass degenerate winolike such states.

Considering the mass degeneracy and the asymptotic
behavior of the loop functions in the Wilson coefficient
given in Eq. (12), one can then expect that also heavy
lightest right-handed sneutrino masses (essentially degen-
erate for CP-even and -odd states) can yield a considerable
enhancement in R(D) and R(D*). Indeed, the right panel
of Fig. 2 shows that the R(D) and R(D*) results in our
model are almost insensitive to the (common) right-handed
sneutrino mass, so that compliance with experimental
measurements within 2¢ can be realised when this state
is as heavy as about 3.5 TeV.

Finally, we display the correlation between R (D) and
R(D*) in Fig. 3. Even though the theoretical solutions may
not display any correlation (gray points), the experimental
constraints allow only a linear relation between R (D) and
R(D*), i.e., R(D) ~ 1.2 x R(D*).

x R(D)
+ R(D*)

1 2 3 4
myr (TeV)

FIG. 2. R(D) and R(D*) in correlation with the lightest chargino and neutralino (left) as well as right-handed sneutrino (right)
masses. In the Mye — My plane, all points are compatible with EWSB. Green points also satisfy the SUSY mass bounds and the
constraints on By — uu~ and By — X,y. Yellow points indicate the solutions for R(D) and R(D*) within 2o of the experimental
measurements. The red points form a subset of the yellow ones as they are also consistent with LFV and LFU constraints. The correlation
with the right-handed sneutrino mass (common to CP-even and -odd states) is shown only for these red points.
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FIG. 3. The correlation between R (D) and R(D*). Here, all
points are compatible with EWSB. Green points also satisfy the
SUSY mass bounds and the constraints from B; — u™p~ and
B, — X,y. The red points form a subset of the green ones they are
also consistent with LFV and LFU constraints. The horizontal
(vertical) black solid and dashed lines show the 1o and 26 ranges
of the experimental measurements of R(D) [R(D*)], respec-
tively, while the blue line indicates the SM value.

V. CONCLUSIONS

We have found that the BLSSM-IS is able to explain
within 1o the (averaged) measured values of R(D) and
R(D*), in presence of experimental constraints on
its EW, SUSY and flavor sectors, notably including those
from LFU and LFV observables. The additional NP
contributions, above and beyond the SM ones, that enable
this are given by penguin diagrams involving the lightest
CP-even/odd right-handed sneutrino, neutralino, and

chargino. This result goes beyond what was previously
achieved for the MSSM, which is only partially able to
comply with the observed values of these quantities.
Specifically, it is noteworthy that R(D) is enhanced in
the BLSSM-IS significantly more than in the MSSM. This
is due to the following two reasons. Firstly, the BLSSM-IS
has additional right-handed sneutrinos (both real and
imaginary components) running in the relevant penguin
diagram with, owing to the IS dynamics for neutrino
masses, large Yukawa couplings between a charged
Higgsino, charged lepton and such a lightest right-handed
sneutrino. Secondly, unlike in the MSSM, due to the
significant contribution of such a right-handed sneutrino
in the BLSSM-IS to both 7 and light lepton (£ = e, p)
observables, I', can be suitably reduced with respect to its
value in the SM. As overall result, the I',/T", ratio that
defines R(D) is thus improved. In summary then, R(D)
(especially) and R(D*) (more moderately) appear to
privilege a nonminimal realization of SUSY. Finally, in
addition to its relevant contribution to both R(D) and
R(D*), the BLSSM-IS contains several signals that can be
probed to confirm or refute this type of SM extension. For
instance, the light right-handed sneutrino can be a viable
scalar DM candidate with peculiar features. Also Z' and
other non-MSSM spectrum can be examined at different
processes at the LHC.
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