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The LHCb has measured the ratios of B — K*utu~ to B - K*e'e™ branching fractions in two dilepton
invariant mass squared bins, which deviate from the standard model predictions by approximately 2.5¢.
These new measurements strengthen the hint of lepton flavor universality breaking which was observed
earlier in B — K£ ¢~ decays. In this work we explore the possibility of explaining these anomalies within
the framework of R-parity violating interactions. In this framework, b — s£¢~ transitions are generated
through tree and one loop diagrams involving exchange of down-type right-handed squarks, up-type left-
handed squarks and left-handed sneutrinos. We find that the tree level contributions are not enough to
explain the anomalies, but at one loop, simultaneous explanation of the deviations in B — K*#"#~ and
B — K£7¢" is feasible for a parameter space of the Yukawa couplings that is consistent with the bounds

coming from B — K*)yp and D° — utyu~ decays and B; — B, mixing.
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I. INTRODUCTION

Precision measurements of the rare decays provide
excellent probes for testing new physics (NP) beyond
the standard model (SM) of particle physics. In the SM
flavor changing neutral current transitions b — s ¢~ arise
at one-loop level and are suppressed by the Glashow-
[liopoulos-Maiani mechanism. To this end we study the
ratio of branching ratios of B - K(K*)£¢ decays into
dimuons over dielectrons

Br(B— Ku*u™) Br(B— K*utu™)

Ry=———7—"=-= Ry = . 1
K™ Br(B—>Ke'e) K" Br(B—>Kete) (m

In these ratios the hadronic uncertainties cancel and
therefore these observables are sensitive to lepton flavor
universality (LFU) violating NP [1]. In 2014 the LHCb
Collaboration reported the measurement of Ry in the

dilepton invariant mass squared bin ¢* € [1,6] GeV? to
be [2]

RLHCO — 745 40990 10,036, (2)

corresponding to a 2.6¢ deviation from the SM prediction
of RRM =1.00+0.01 [3,4]. Very recently, the LHCb
Collaboration presented their first results for Rg+ [5]

Ri+0.045,1.1 = 0.6670; £ 0.03,
Ri11.6) = 0697001 £0.05, (3)

where the subscript indicates the dilepton invariant mass
squared bin in GeV?. These values correspond to 2.4¢ and
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2.5¢ deviations from the SM values R?(D*A[oms.l.l] ~0.93 and
RSM

K6~ 0.99, respectively. Combination of these results
shows significant deviation from the SM which strongly
hints to LFU breaking NP.

To address these anomalies we consider the low energy
effective Hamiltonian for the b — s£¢ transition

4GF a,

Her = T2 4n

VaVi, 3 (CO+ GO, (4)

i=9,10

where the four-fermion operators are defined as

Og(10) = (57*PLb)(C7,(r5)?),
Og(19) = (37" Pgrb) (27, (r5)?). (5)

with P; r = (1 Fy5)/2 as the chiral projectors. The
model-independent approach to address these tensions is
to modify the Wilson coefficients C; = C?™ + §C;, where
CM = —CM ~ 4.2 for all the charged leptons. 5C; and the
Wilson coefficients of the chirality flipped operators Cj |,
can appear in different NP extensions and can be lepton
flavor dependent. To obtain Rx <1 and Rg- < 1, as
suggested by the data, one can consider NP contributions
in the Wilson coefficients (5C;, C}) for electrons and the
muons such that either the B — K*utu~ rate is reduced or
the B — K*eTe™ is enhanced or both. However, data
on B— K"ete™ seems to be consistent with the SM
predictions. Therefore, we work in a scenario where the
B — K™yt rates are reduced by NP contributions while
the B - K(¥Jete™ rates are SM like. Introducing lepton
superscripts in the Wilson coefficients such solutions for
(6C;, C) look like
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5C = CM - #0, C! #0, (6)

5C¢ = CM — C¢ =0, Ccre =0. (7)
Following the announcement of the LHCb results [5],
several NP models have been considered in Refs. [6-32] to
explain both Rg and Rg- anomalies, where the above type
solutions have also been considered. Note that the effective
Hamiltonian (4) in general comprises of (pseudo)scalar and
tensor operators but they are unable to explain the LHCb
data [33].

In this work we explore the possibility to explain Ry
anomalies in R-parity violating (RPV) interactions. RPV
interactions have been studied previously in Refs. [34,35]
to accommodate Ry data. In Ref. [35] the authors assume a
scenario where a tree-level exchange of left-handed up type
squark generates enhanced b — seTe” rate to obtain
Ry < 1. But we note that this scenario is unable to produce
both Rx <1 and Rg+ < 1 simultaneously. On the other
hand, in Ref. [34] the authors studied the possibility of
explaining Rz anomaly within the context of RPV via one-
loop contribution involving EZR. However, the authors in
Ref. [34] note that the severe constraints from B — K*)up
make it difficult for a viable explanation of Ry in this
scenario. We note that there are also left-handed up-type
squarks #; and sneutrinos 7; in this model which can give
additional one-loop contributions to b — sZ*£ transition.
‘We take into account their contributions, and in addition to
revisiting the Ry anomaly, we show that one can find a
parameter space for the Yukawa couplings that simulta-
neously explain the Rg: anomalies. We find that this
parameter space is compatible with the upper bounds on
B — K™ up branching ratios. We also briefly discuss the
latest experimental results on other rare B and D decays.

The outline of the rest of the paper is as follows. In
Sec. II we briefly discuss the R-parity violating interactions
relevant for b — su™p~. In Sec. 11l we discuss the one-loop
contributions to b — syt u~ and the relevant constraints
from latest experimental data for B, — B, mixing ampli-
tude, and B - K™vp and D° — ptyu~ decays. In Sec. IV
we summarize our results and conclude.

II. R-PARITY VIOLATING INTERACTIONS

In minimal supersymmetric standard model, the relevant
R-parity violating interactions are generated through the
superpotential given by [36]

1 i X
Wgrpy = uiLiH, + EﬂijkLiLjEli + 2 LiQ;Dy;

1
+ 5 3 U DS Dy (8)
Here Q; represents the SU(2), quark isodoublet superfield

while U} and Dj represent right-handed up type and down
type quark isosinglet superfields respectively. L;, E{ denote

PHYSICAL REVIEW D 96, 095033 (2017)

SU(2), lepton isodoublet and isosinglet superfields respec-
tively. H, is the up type Higgs superfield that gives masses
to the up type quarks. The trilinear terms contain only
dimensionless parameters, while the bilinear term contains
dimensionful coupling. To ensure proton stability we will
assume the A” coupling to be zero.

Since the processes of our interest involve both leptons
and quarks, we will consider the A interaction term as the
source of NP in this work. The interactions induced by this
term at the tree and one-loop can contribute to b — sli. The
relevant interaction terms in the Lagrangian can be obtained
by expanding the superpotential term involving A’ in terms
of fermions and sfermions as
L= N, (0 did], + & kv, + dy' D5 d] — T diu],

— i) dkl — d% TSl ), (9)

where the sfermions are denoted by tildes, and “c” denotes
charge conjugated fields.

III. b —» s¢*¢~ IN R-PARITY VIOLATING
INTERACTIONS

One can obtain a potential tree level contribution to
b — s¢T¢~ via the interaction terms given in Eq. (8).
Integrating out i;, one obtains the following four fermion
operator at the tree level

/ %
Lo Lk i
fr = —
¢ 2m?

~
u

ot diy,dy, (10)

where M is the mass of ﬁJL For k =2 and k' = 3, the
operator (ERyMbR)(?Ly”fL) contributes to b — sutu~.
Comparing Eq. (10) with the b — s£T¢~ effective
Hamiltonian given in Eq. (4) we find the Wilson coef-
ficients C’f and C’l"f) corresponding to the operators
(Sry,br)(€r"€) and (Sgy,bg)(£7"ysE) respectively to be

! I£3
lsz 3 T V2 )
* 2 ’
Vth Vts A, 4mitj GF
L

Cly=-C¢ = C=ep (1)

We observe that for i = i’ = 2 the solution C¥;, = —C}' is
not able to generate Ry < 1 and Rg- < 1 simultaneously.
So it is not possible to explain both Rg- and Rg- with tree
level contributions coming from R-parity violating inter-
actions. Therefore, in the rest of the paper we do not
consider this contribution.

Next we will explore one-loop contributions to b —
s¢ ¢~ to seeif Rg and Ry anomalies can be simultaneously
explained. The model-independent analysis [9] shows that
for simultaneous explanation of Ry and R} a negative value

of CELP” is favored, where CEE” = 6Cy — 6C,. If one allows
only one k, i.e., K = k in Eq. (9) then there is no tree level
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contributions to b — s u~ but one-loop contributions are
still possible due to the exchange of d r» Uy and Uy as can be
seen from Eq. (9). Representative one-loop diagrams con-
tributing to b — sy~ are shown in Fig. 1. The contribu-
tions coming from these box diagrams in the limit M3,

m? < mfl give rise to
R

! ! !/ /% Ix
NP Moaidase (M \? '113k’112k’12,k/12,k
L™ 8na M 32f 2G-V.. V*
e dp FVibVisTQe m;ik
A s 2 A, log (m2, /m2)
B3k i2k M2 jk 2k Y

_ 2 12
32V2GyV, Vima, m; —m, (12)
L

YL

where repeated indices i and j are summed over and we
assume that only couplings with k = 3 are the dominant
ones. Note that the first term correspond to the contribution
coming from the box diagrams with a W boson and d% in the
loop. The second and the third terms correspond to box
diagrams with two Zi',‘g in the loop and its supersymmetric
counterpart respectively. The first two contributions are
similar to the ones in the leptoquark model discussed in
Ref. [37]. We also note that the y- and Z-penguin diagrams
(including the supersymmetric counterparts) give vanishing
contributions [37-42]. The last term which is the new
contribution in our analysis was not included in Ref. [34]
on account of the assumption that u#, v are much heavier
compared to EIR. In the absence of this contribution, the
constraints from B — K™")ub proves to be too severe to
explain the b — sy~ induced Ry and Rg- anomalies as
noted in Ref. [34]. Interestingly, since the third term in
Eq. (12) gives a negative contribution to Cg{” we are able to
find a parameter space for the Yukawa couplings that give
Ry < 1 and Ry~ < 1 while being consistent with the latest
upper bound on B — K& branching ratios.

Before we study the parameter space, we discuss the
constraints coming from other rare processes such as
B, — B, mixing. RPV interations can give rise to tree level
contribution to B, — B, due to o exchange, but for specific
choices of the indexes j and k. Since we assume k = k/, tree
level contribution is absent and the leading contribution to

B, — B, arises through one loop diagrams involving d—v
and v — d in our scenario. In Eq. (12) we see that CNP”
depends on the product of couplings A};,4}5, which also

contributes to B, — B, mixing amplitude which can in turn
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Representative diagrams for b — su™yu~ transition in R-parity violating interactions.

be used to constrain these set of couplings. We follow the
prescription of the UT fit Collaboration [43] and define the
ratio Cp e*¥s = (B|HY! B,)/(B,|HSY|B,) which reads

m3 1
47W< 2 +—z>
g*So(x;) m;lk m;iL

1%

1% 41
i3k 2k/1’3k i"2k

CB €2i(/)85 =1 +
’ (Vzbvts)

(13)

The latest UT fit values of the B, — B, mixing parameters
are Cg = 1.070 £ 0.088 and ¢p5 = (0.054 £ 0.951)° [43].
To be conservative, we take the upper limit of Cp and
find the constraint on A5, 4%, to be |A}5,45,| < 0.067 for
Mg ~ 1 TeV and m; 5o~ 0.6 TeV. Now these same set of
couplings also contribute to processes B — K(K*)vi. The
ratio Rp_ k (x1,5=1 rev (B— K (K*)u0) /Tsm(B— K (K*)vD)
is given by [34]

] LRV 2
2. o il IO S
B—K(K*)vp i:;T:; ‘ + XO(X,>V[1)V?S
1 e P
41 U 14
3,;&/ Xo(x) Vi Vi "
with
AR = Sy < Az ’2k>
T VaGra\ 2 )
)Cz(z + xt) 3xt(xt ~ 2)
X _ In x,, 15
) = =) s - e (Y

and x, = m?/m%,. The RPV couplings which can modify
the rate of B — K*)uu appear in the following combina-
tions, A3 A5 Ahadsors Arypdsars and A5y A5, The latest
experimental data from Belle [44] gives Rp_ k(g )p <
3.9(2.7) at 90% confidence level. Assuming one set of
the product of couplings (i =i’ or i # i’) to be non-zero,
the bounds on these couplings turn out to be

de 2 ! 1%
0.038 T TeV 2 (M3 Ao + X33 d5)

2
B ey
0079(1 Te > ifi=i, (16)
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FIG. 2. Plots showing the parameter space in 5, — 15,, plane (left) and 2}, — m; plane (right) explaining Rg and R- data. We have
fixed the product of the couplings 455, 45,, ~ 0.0568 (as suggested by a y?* analysis discussed later in the text) and take m; = 1 TeV and
mj ~ 600 GeV. For the left plot we take m3; = 1.1 TeV. The blue (magenta) bands corresponds to the parameter space allowed by the
Ry (Rg) data. The gray bands correspond to parameter space allowed by the Rp_ k(g+),; data. The light yellow band shows the

parameter space compatible with 16 constraint from B, — B, mixing. The “cross” mark in the left plot denotes the best fit point for the

considered values of masses of my, m;, and m;.

and
m 2 ,
0-055(1 Ter) 2 (Moo + A3 din)
> _0055( M\ ip i 17
2005 ey ) Wi (7)

The contribution from the box diagrams also depends on
one additional set of couplings 4545, which is always
positive in our case. For j =2, 3, the set of couplings
A5 Ao, and 455, A5, are constrained from the experimental
upper bound on the branching ratio for D® — u*u~, which
is given by 6.2 x 10~ at 90% confidence level [45]. At the
quark level, D° — u*u~ is mediated by the transition
¢ — uppu~. The short-distance effective Lagrangian for
¢ — upTpu~ in R-parity violating interactions is given by

'Ceff = (18)

m2, Dby Vi Vauey iy’ cr.
dR

In terms of RPV couplings, the decay width for D? —

utp is given by [34]

1 | Adsy Vi Vi) 4m;.
DD —ptp)= — L mpm2y [1——F,
( 1287 n, DI )

(19)

where the D° decay constant is f, =212(1) MeV [46].
Note that in the SM, the decay rate for D° — u*u~ is very

tiny(<1071%) and we neglect it. Taking only 15,, to be
nonzero, the upper bound on D° — u*u~ branching ratio
gives A5y dhy < 03(my /1 TeV)?, and taking only
5545, to be nonzero we get a very weak bound, 455,455, <
10*(my /1 TeV)* which was also noted in Ref. [34]. In this
work we fix the combination 1’5, A%, from the experimental
data on Rp_k(g+),p and By — B, mixing discussed above,
and explore the parameter space in terms of the other two
couplings while being compatible with the bounds coming
from D° — u*u~. To this end, we must mention that in this
analysis we set the R-parity violating couplings associated
with electron modes to be vanishing in view of the fact that
the electron modes are consistent with the SM. We also set
Ayx to be zero and therefore the constraints from the
processes like K — zvji and B — zvv will not affect our
analysis. Constraints on RPV couplings can also be
obtained from partonic channels like bb — 777z~ and
bb — ptyu~. Using the ATLAS [47,48] data on di-tau final
states, constraints on (3,2,1/6) leptoquark model have
been studied in [49]. We note that in our model bb —
th77(utu) arise at tree level via exchange of & which
shares the same gauge charges with a leptoquark weak
doublet (3,2, 1/6). Following [49] we find that for m;
1 TeV the ﬁic_i],%liL couplings are allowed by the current
ATLAS data.

In Fig. 2 (left plot) we show the parameter space in
Ay — Abyy plane that is allowed by the current Ry and
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Rg- 1.1-60) data. The constraints from B — K%y and

D° — utyu~ are also taken into account. We have fixed the
product of the couplings 455, 4%,, = 0.0568 and have taken
m; = 1.1 TeV, my =600 GeV, and m; =1 TeV. The
blue band corresponds to the regions which can explain
Rg- [1.1-6.0) data and the magenta bands correspond to the
allowed regions from Ry data. The overlapping regions
correspond to the regions allowed by both Ry and
Rg+ [1.1-6.0) data. The gray shaded regions are allowed by
the latest experimental data on Rp_ g k)5, While the light
yellow region corresponds to values consistent within 1o of
UT fit values on B, — B, mixing parameters.

We observe that by taklng a heavier mass for dR and
while keeping m;, fixed, one can find a better parameter
space allowed by the considered processes in our analysis.
This is simply due to the fact that the contributions from the

first two terms in the expression of C LL ™ in Eq. (12) are
suppressed for larger values of m;. Then the third term in
Eq. (12) drives the main contribution to CY}* which is
always negative in our case. This is demonstrated in fig. 2
(right plot) where we show the parameter space in A}, —
m; plane. Here we have again fixed the product of the
couplings 455,45, = 0.0568 and m; =1TeV and
m; = 600 GeV. The blue bands correspond to the allowed
region by Rg- 1160 data and the magenta bands corre-
spond to the allowed region by Ry data. The overlapping
region show the values which can explain both Ry and
Rg- [1.1-6.0) data simultaneously. The gray (light yellow)
shaded regions show the parameter space allowed by the
latest experimental data on Rp_ k(g5 (Bs — B, mixing).
Note that for the above parameter space we find the range

of RE*\['O 045-1.1] to be [0.82-0.87] which is close to the 1o

range of LHCb measurement (3). Moreover, values of all
the couplings are well below the naive perturbative unitarity
limit \/47. We consider this as a very good agreement.

In order to present a more robust numerical analysis, we
perform a y*-test by defining a y* function as

E 2
£ = (REP — R)? (RK}ip[l 1-6.0] - R L1-6.0])
= E E
(ARF?)’ (ARET, sq)’
E 2
(RKE[,)[OO45 1.1] _R}(E,[O.O45—l.1]) (20)
E 2 g
(ARK)ip[oms 11])
where R?p, R?ip[” 60> and RK 00451 1 Tefer to the

central values of the experimental measurements of observ-
ables as given in (2) and (3). AR denote the lo
uncertainties in the experimental measurements of observ-
ables R (with systematic and statistical errors added in
the quadrature), while Rl-Th are the theoretical predictions of
the observable. In the SM, we find y%,, = 19. In the
considered model, the observables Ry - are functions of
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four new couplings A5y, 131 304 33, and masses of dg, ii; and
7. We minimize the y? function subject to the conditions
that the parameter space do not violate the data on the
B, — B, mixing parameters, b — svvand D — upu processes
as discussed earlier. We also take into account of the b —
c(u)¢v, data that we will discuss in the next paragraph. Note
that b — c(u)fv, processes are very sensitive to the
coupling Ay5,. Though a larger value of %5, is acceptable
by b — suu data, it will produce large branching ratios for
b — c(u)fv,. We will comment more on this issue after
discussing numerical analysis. During the minimization we
keep the masses of dp, ii; and 7, fixed. We find that in our
model, with the choices my = 1.1 TeV, m; = 1 TeV and
my = 0.6 TeV, minimum y? is y*> =2.65 which corre-
sponds to the RPV couplings 4},, = —0.05, A}, = 2.49,
Mor = 0.04, 255, = 1.42. These values of the couplings

yield CNP” = —1.14 and the corresponding values of the
observables read Rg =0.74, Rg-[1.1-60) = 0.73, and
R j0.045-1.1) = 0.84. This is a good consistency with the
experimental data on R and Rg+[;._¢, While the value of
Ry datain the low g2 bin [0.045-1.1] lies just outside the 1o
window of experimental mean value. One important point to
note is that, by choosing slightly higher mass for ZIR or
slightly lower mass for i#; improves the fit further and a
smaller > value can be achieved. For example, by taking
my = 1.5 TeV and keeping other masses same as in the

previous case, we find y> = 2.44 which correspond to

hor = —0.06, A5y, = 2.61, Ay, = 0.06, 15, = 1.40. The
corresponding values for observables read Ry = 0.70,
Rg 1.1-60) = 0.69, and Rg+ 9 045-1.1) = 0.83. As also noted
in the previous paragraph, this happens because the first two

terms in the expression of C}'7, in Eq. (12) are suppressed by

mé while the last term (always negative in our case) is

R
independent of m e In particular, the suppression of the first
term (which is always positive in our case) helps in obtaining
overall negative value of C}7, required to explain the
anomalies. The higher value for my also relaxes severe
constraints from B — B and b — svv (this is shown in the
second plot in Fig 2).

We now would like to comment on the impact of the
above parameter space on the latest B — D*)#7 date. The
R-parity violating couplings can also induce new physics
contribution to the semileptonic decays induced by b —
c(u)lv where B-factories [50-55] and LHCb [56] have
measured related lepton flavor universality ratios R

Br(B - Dz _)

. =e,u. 21
p¥ = Br(B—>D L”z/) “H 21

The world average of the measurements for Rp- and R, at
present is Rp- =0.310+0.0154+0.008 and R, = 0.403 £
0.040 £ 0.024 [57]. When combined together these values
differ from the SM predictions [58—62] by about 46. We
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note that the RPV interactions given in Eq. (9) allows for
tree level contribution to b — c¢(u)fv transitions via the
exchange of down-type right handed squarks d%. There
exists a number of studies concerning the explanation of
R, experimental data within RPV scenario [34,63,64].
The minimal setup to explain these excesses is by invoking
new physics in tau mode only and having muon and
electron modes SM like. However, simultaneous explan-
ation of LFU ratios Ry and R ) in RPV pose a challenge,
as noted in Ref. [34]. In our scenario for some region of the
parameter space above that is consistent with Rg and Rg-
we find that ratios Rp and Rp+ to be SM like. Following
Ref. [34] to study LFU in semileptonic B-decays one can
define ratios (B — D™zv) = RDM/R%I}E)

2R, (c)

r(B—DWm)=—""-+__
B2 P =R+ R

(22)
where  R,(c) = BR(B — D™¢v)/BR(B — D™ £v)gy
(¢ = e, p, 7). Similarly, one can define a ratio r(B — 7v)
related to decay B — ¢V as

2R, (u)
R,(u) +R,(u)

with R,(u) given by R;(¢)=BR(B—¢v)/BR(B— £v)g\-
In the SM both (B — D™ v) and r(B — 7v) are 1. The
current experimental data showing enhanced ratios for Rp
and R - with respect to the SM prefers 7(B — D*)zv) to be
about ~1.25 [34,64]. As a standard benchmark point, for a
right handed sbottom of mass 1.1 TeV and taking pre-
viously obtained best fit point (1},, = —0.05, 4%, = 2.49,

for = 0.04, Ay, =1.42) for the couplings, we find
r(B — D™w) and r(B — 1) to be ~1.04. The individual
decay rates for B - D"z, B - D®uy, B — yv, B — w
are also under control and are allowed to be enhanced at
most by 10% with respect to SM, which is acceptable given

r(B - w) = (23)
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the uncertainties in both experimental data and the SM
predictions for these decay modes. We note that one can
accommodate the current experimental data for Ry, and R -
by taking a somewhat larger value of coupling A};,.
However, larger A%, will also induce large enhancement
in the decay rate of B — 7v which has not been seen in the
experiments. Therefore a simultaneous explanation of
LFU ratios related to b — s¢7¢~ and b — c£v remains
a challenge in our scenario.

IV. CONCLUSIONS

The recent LHCb results on Ry and Rg- hint to lepton
flavor universality breaking NP. In this work we have
explored the possibility of addressing these anomalies in
the framework of R-parity violating interaction. In our
scenario, where we assume that NP enter only in the
couplings of muons to the (axial)vector operators while the
couplings of the electron remain SM like, we find that the
tree level contributions to b — syt u~ transition are not
able to simultaneously yield Rg < 1 and Rg- < 1. Beyond
the tree level, one-loop contributions to b — sutu~ are
generated by the exchange of dp, it; and 7, , which lead to a
parameter space for the Yukawa couplings that can simul-

taneously accommodate Ry and Ry |1 1_¢ data while there

RPV
K*.[0.045-1.1]

sured value of R j0045-1.1] by the LHCb. The parameter
space is also consistent with the constraints coming from
B — K®up and D° — ptyu~ decays and B, — B, mixing.

is a good agreement between R and the mea-
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