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Abstract We investigate the possibility of explaining the
enhancement in semileptonic decays of B — D™, the
anomalies induced by b — sutpu~ in B — (K, K*, p)ut
w~ and violation of lepton universality in Ry = Br(B —
Ku+u_)/Br(I§ — Kete™) within the framework of R-
parity violating MSSM. The exchange of down type right-
handed squark coupled to quarks and leptons yields inter-
actions which are similar to leptoquark induced interactions
that have been proposed to explain the B — D®<ti by
tree level interactions and b — s~ anomalies by loop
induced interactions, simultaneously. However, the Yukawa
couplings in such theories have severe constraints from other
rare processes in B and D decays. Although this interaction
can provide a viable solution to the R(D™)) anomaly, we
show that with the severe constraint from B — Kvb, it is
impossible to solve the anomalies in the b — s~ pro-
cess simultaneously.

1 Introduction

Recent experimental data have shown deviations from stan-
dard model (SM) predictions in the ratio of R(D®) =
Br(B — D®tv)/Br(B — D™Iv) with [ = e, u and
also in b — sputT ™ induced B decays. The experimental
values for R(D®™) [1-5] are larger than the SM predictions
[6,7]. This anomalous effect is significant, at about 4o level
[8]. The anomalies due to the b — su™u™ induced pro-
cesses show up in [9-13] B — (K, K*, ¢)ut ™ decays.
The observed branching ratios in these decays are lower than
the SM predictions [14,15]. Also a deficit is shown in the
ratio Ry = Br(B — KuTu™)/Br(B — Kete™) [16].
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The SM predicts Rx to be close to 1 [17, 18], but experimen-
tal data give [16] Rg = 0.74570:07 + 0.036. These effects
are at 20 to 30. Needless to say that these anomalies need
to be further confirmed experimentally. One also needs to
understand the SM predictions better. The processes induced
by b — sutu~ are rare processes and therefore are sensi-
tive to new physics [15]. The anomaly in R(D®) is related
to tree level processes, which indicates that there may exist
new physics at the tree level already. The anomalies men-
tioned above have attracted a lot of theoretical attention in
trying to solve the problems using new physics beyond SM
[6,7,14,15,19-55,55-59]. In this work we study the possi-
bility of using the R-parity violating interaction to explain
these anomalies. Previously, R-parity violation was invoked
to explain [33] R(D™) and to explain [56] b — sutu~
anomalies separately. The exchange of down type right-
handed squark coupled to quarks and leptons yield interac-
tions which are similar to the leptoquark induced interactions
that have been proposed to explain the B — D® — 1
and b — sutp~ induced anomalies simultaneously [59].
However, the Yukawa couplings have severe constraints from
other rare processes in B and D decays. We found that this
interaction can provide a viable solution to the R*) anomaly.
But with the severe constraint from B — K, it proves
to be impossible to explain the anomalies induced by the
b — sutp~ process.

The most general renomalizable R-parity violating terms
in the superpotentials are [60]

1
Wrpv = wiLiHy + E?»ijkLiLjEi + 2k Li Qi Dy
1
+§A”i,-kaD§D,§. (1)

We will assume that the A" term is zero to ensure proton
stability. Since the processes we discuss involve leptons and
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quarks, the A’ term should remain. In fact the interactions
induced by this term at the tree and one loop level can con-
tribute to the B — D™t and b — sut ™ induced pro-
cesses. It is tempting to see if these interactions can explain
the related anomalies already. Although a combination of A/
and A terms can also contribute, the resulting operators are
disfavored by the B — D™t process.

We shall limit ourselves to exchange of the right-handed
down type squark, ‘Zg’ which are expected to have the neces-
sary ingredients to explain the anomalies in B decays. This
model is similar to the leptoquark exchange discussed by
many authors [41-55], except a general leptoquark also has
aright-handed coupling to SU (2) . singlets, which is forbid-
den in SUSY. These additional right-handed couplings turn
out to be important for explaining the g — 2 anomaly of the
muon, but they do not play an essential role in explaining the
B anomalies that we are discussing. The object of our paper
is a careful consideration of the constraints from various B
and D decays and the structure of Yukawa couplings A ik to
see if the B anomalies can be resolved simultaneously. The
paper by Bauer and Neubert [59] is closest in spirit to our
paper, but we are able to show the tension between different
experimental constraints, and we find that it is impossible to
solve the R(D™) and b — st~ anomalies simultane-
ously.

The R(D™) and b — sut ™ anomalies occur at tree
level and loop level in the SM, respectively. To simultane-
ously solve these anomalous problems using a simple set of
beyond SM interactions one faces more constraints [55,57—
59] than just solving one of them, as has been done in most of
the studies. We find that by exchanging a right-handed down
type of squark, it is possible to solve the R(D™)) anomaly
with tree interaction provided A’33 % is sizable, of order ~3. For
anomalies induced by b — su™ ™, to obtain the right chi-
rality for operators Og, one needs to go to one loop level.
The allowed couplings A’  are constrained from various
experimental data, such as K — mwvv, B — K(K*)vv,
and D° — putu~. The strongest constraint comes from
B — K(K*)vv making it impossible to explain anomalies
induced by b — st ™.

2 R-parity violating interactions and B — D™® 1%

Expanding the A’ term in terms of fermions and sfermions,
we have

+dldkvi +dvsial

i d&lt — akistul ], )

L = 2y [v dkdy +
_lLdRuL

where the tilde indicates the sparticles, and ¢ indicates charge
conjugated fields.
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Working in the basis where the down quarks are in their
mass eigenstates, 07 = (VEMTy; d)), one replaces ujL
in the above by (VEMTy )/ Here VKM s the Kobayashi—
Maskawa (KM) mixing matrix for quarks. If experimentally,
the mass eigenstate of the neutrino is not identified, one does
not need to insert the PMNS mixing matrix for the lepton
sector. The neutrinos in the above equation are thus in the
weak eigenstates. For leptoquark interactions discussed in
Eq. (6) in Ref. [59], the reference seems to indicate that new
parameters are involved due to the rotation matrix U, in the
lepton sector. However, since neutrinos are not in the mass
basis in our work, it seems that, provided we are always in
the weak basis, no matrix is required in the lepton sector. We
will assume that the sfermions are in their mass eigenstate
basis. For a discussion of the choice of basis, see Ref. [60]

Exchanging sparticles, one obtains the following four
fermion operators at the tree level:

r _)‘/ l*J 30 4 el (i VKM
eff = T[ 7/ VL LVM +epyer(uL )
d'k
R
x (VT ) il yieet @iy, (VEMTy )i
—&yml VMY y,d] ]
A k*
ijk ik’ —; i Tk k'
—]2 ;J vy v dryudy
L
A k*
ik ik A ,
U oy B
/
L
A K
ik i’k . .
’/—U( ﬂvKM)J )/“(VKMTML@)]
eL
MoAE .
7k ’ ki K 7k K
XdpoYudrg — —UdiﬂyﬂdiadRaylthﬂ- 3)

VL
In the above « and B are color indices.
At the tree level, besides the SM contributions to B —
D™I7, there are also R-parity violating contributions, they
are given by the term proportional to —(Aj3, A",/ 2m?> t MpyH

vl L (i VEMym yubr in the above equation. Including the SM
contributions one obtains [33]

4GF / - _
Hegr = —fVms((Sf + AI™ Iy Pryvpi™y, Prby,
%
Abm V2 )L”kk’ 'k Vinj’ @)

" 4GE 2mE Vs
dR

where V;; are elements in yKM,

Identifying different charged leptons in the final states,
we find the ratio R°M(c) = Br(B — D™Iv)/Br(B —
D®[v)gyp of branching ratios compared with SM predictions
to be given by
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RM(e) = AT + 1A + 1+ A%,
RM(c) = AT + 1+ AP + A7
RM() = |14+ AP + A2 4 1AL (5)

One can def_ine a similar quantity RISI\_/I(M) for Br(E’_ —
(p, m)Iv)/Br(B — (p, m)lv)sm and Br(B — [v)/Br(B —
Iv)sm, and we have

RM () = BrEB — (p, ™)) _ BrEB—>lv) ®
Br(B — (p,m)lv)sm  Br(B — [v)sm

Experimentally, the deviation of RSM from the SM predic-
tion is small, that is, RSM ~ 1, therefore we require A
be close to zero, which can be achieved by setting A Lk = O

so that no linear terms in A}’ contribute to B — D™ ed,.
No large deviation has been observed in RISLM. However,
b — sutu~ induced anomalies involve p couplings and
therefore RISLM (c) will be affected at some level. One may
even contemplate that a somewhat enhanced B — D®) AT
must be there if one tries to solve the b — su™ ™ anomalies
simultaneously. Although such a large deviation has not been
observed, theoretical calculations for the absolute values for
the SM predictions and the experimental measurements may
have some errors, so a certain level of deviation can be tol-
erated. We will take a conservative attitude to only allow up
to 10% deviation from the SM value in RiM (c). We find that
even such a modest requirement puts a stringent constraint,
making the attempt of simultaneously solving the two types
of anomalies difficult.

Defining r(B — D®t9) = R(B - D®11)/R(B —
D™ t)gm, we have

2RM(¢)

B — DWtp) = .
r( D) RiM(C) + ReSM(C)

(N

Changing c to u, one can obtain the R-parity violating
contributions to R(B — (p, w)tv). With the same approxi-
mation as above, we have

2RM(u)
RSM(u) + RM(u)”
®)

r(l_? — D) = r(é — (p,m)TV) =

The linear terms in 7 (B — D®1¥) and r(B — 1) are
proportional to

+ (3350 —

N33 A5 — )‘/23k)”/21k)

+QA 3 A —

Ay AS ) —
23k 22k)v

)\231()‘231()

and
QN33 A5 — )‘/23k)‘21k) + QA3 — )‘23k)‘22k)
+QA A5y — )‘/23k)‘23k)’

respectively. Note that there is a large enhancement factor
(Vud / Vub)/(Vep/ Vea) for the first term in the expression for
r(B = D) compared withr(B — D™ <t9). This may cause
a problem for a small deviation from 1 in (B — D™ 1)
to a large deviation in r(B — 7). One can avoid such a
large enhancement by setting )‘/31k,21k to be much smaller
than other terms. In our later discussions we will set A%,
to be zero. The 1}, is also constrained to be small from
D° — utpu decay, as to be discussed in the following. But
it may play an important role in b — st~ decay. We will
consider it in our discussions.

The SM predictions and experimental measurements for
R(D™) are [8]

R(D)sm = 0.300 £ 0.008,

R(D) = 0.397 £0.040 £ 0.028,

R(D*)sm = 0.252 £ 0.003,

R(D*) =0.316 +0.016 £ 0.010. )

The R-parity violating contributions to both R(D) and
R(D*) occur in a similar way, we use the averaged r(B —
D™ 1h) e = 1.266 £ 0.070 of (B — Dtv) and r(B —
D*tv) to represent the anomaly. In the SM, rave = 1. To
obtain a raye within the 1o region, A, is typically required
to be of order ~3. This large coupling makes it worrisome
for this scenario from a unitarity consideration. In more gen-
eral terms, the unitarity limits concern the upper bound con-
straints on the coupling constants imposed by the condition
of a scale evolution between the electroweak and the uni-
fication scales, free of divergences or Landau poles for the
entire set of coupling constants. If so, the R-parity couplings
are constrained to be about 1 at the TeV scale [60]. A value
of 3 is not consistent. The requirement of there being no
Landau pole up to the unification scale may not be neces-
sary if some new physics appears. One cannot for sure rule
out the possibility of reaching the unitarity bound of +/47
at a lower energy. However, when attempting to also solve
b — sputu~ induced anomalies, the model becomes much
more constrained.

3 Constraints from other tree level processes

Several other rare processes may receive tree level R-parity
violating contributions. The constraints from these processes
should be taken into account. We now study a few of the
relevant ones: K — wvd, B — K(K*)vD, and DO —

whru~.

@ Springer
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The possible terms generating these decays are

Ao Ak

ijk™il 'k - 1 wi 77 J
om2 LY vrdy, vudy,
me
R
!’
A AE
ik ke i = KMy KMf  Nj
—2m2 epyter V) v (VA ug ),
di
! ’
Aok roAE
ijk 1’jk’_, kTUGK S i gk k'
2. LY Vi diYudi Top?, Y erdiudy.
mgj m i
L ur
(10)

If A} ik is non-zero for k restricted to only one value, the
two terms on the second line in the above equation will not
induce the unwanted decays in question. For simplicity, we
will work with this assumption. !

D — putp~ decay in the SM is extremely small. In our
case, there are tree contributions. The effective Hamiltonian
is given by

Heft = ———Cl, ALYuiriLy'cr,
d~k

= ()‘21k V21 + Mo Vay + A3 V33)

x (Vi + A Viz + Aoy Vis). (1
The decay width is given by
o 3
1 CD 4m
r(P° — ptp)=—— |20 Zpm? [1— —K,
( wrp) 287 | 2 fpmpm, —
dy D
(12)

where fp = 212(1) MeV [61] is the DO decay constant.
Using an experimental upper bound on the branching ratio
[62] 6.2 x 1072 at 90% C.L. for DY — utu~, we have

|CDW(lTeV)2/m2~k| < 6.1 x 1072, With Ay, 5y, set to

/% *
Zero, CDW is given by CDW = Ay A5, Vub V- We have

Myap A, (1 TeV)? /mjlé < (20). Ay, is only very loosely

constrained from D° — 4+ p~. If just My OF Ay 8
non-zero, they are constrained to be

(1TeV)? (1 TeV)?
Mok 5 Mok — s < 0.28. (13)
m <k m~k
dR dR

These constraints on A}, and 1),, make their effects on b —
s~ small. Later we will show that even a small Ay may

U If k can take more than one value, to avoid potential problems from
other terms in Eq. (10), one may resort to the scenario that JL, ur,
ér, and vy be much heavier than JR, so that their contributions are
suppressed.

@ Springer

play some important role for the R(D™) and b — sutpu~
anomalies.

For K — mvv, the ratio of Rx_ 5 = I'rpv/I'sm is
given by [63]

| RPV 2
RK v = S
komi= D 3 XoG) Vis V5
i=,e, |, T
1 ARPV 2
U,l)/
3 ; Xo(x)VisV, td ’
, 2
/ Ik
RPV _ TS| Aokt
Viv;r \/EGFO[ zmd]\ )
2 3 -2
Xo(x) = 22X | 3xx=2), (14)
8(x —1) 8(x —1)2

where x; = m%/m%v

Combining the SM prediction [64] for the branching ratio
and experimental information [62] Br = (1.7+1.1) x 10710,
at 20 level, A}, A/, are constrained to be less than a few
times of 10~ S(mdk /(1 TeV)?). Since we will set A =0,
this process is notRaffected at tree level.

The expressions for Rj_, ;5 and Rg_, g (g, Of B —
7vb and B — K(K*)vb can be obtained from Eq. (14)
by replacing Vi Vt Lo ViV, d and V;;, V%, respectively. The
corresponding ARPV are as follows:

2
2 / /
For B — mvi: ARPY — TSy )‘z%k)‘ ik
vlv/ \/_GFOl zmjk
R
) 2
- TS )J’,‘
For B — K(K™*)vv : Ai{f;\f W ki
i \/—GFOl 2md~k
(15)

For B — mvv, since we have set }‘:'1 « = 0, itis again not
affected by R-parity violating interactions in this model.

The process B — K (K*)vv will be affected. We have the
following non-zero A}i—f’ v

RPV _ Mt TS jev_ MhadMe TS
ViV Zmdk fGFot VeVe 2mdk \/EGFa’
RPV _ _ MyA sy RV _ Aoy T TSy
Ve T Zmd,;e fGFoty ViV Zmdk prot
(16)

Experimental data from BaBar [65] and Belle [66]
give Rp_xk+wi < 4.3(4.4), implying that k’23kk’2"‘2k,
Mz Msors MyapAany» and Ay A%, are constrained from B —
K (K*)vv. We shall return to this later.



Eur. Phys. J. C (2017) 77:134

Page 50f 7 134

4 Loop contributions for b — su*p~ induced

anomalies

The anomalous effects in b — sut ™ induced processes
are only 20 to 30 effects and need to be confirmed further.
They may be due to our poor understanding of the hadronic
matrix elements involved, and they may also be caused by
new physics beyond SM. We now discuss how the R-parity
violating interaction may help to solve the problems.

New physics contributing to b — slI can be parametrized
as Hgfp => CINP O;. Some of the most studied operators
O; are
0o = ~—5y" Pbjiyup, ) = ~—5y" Prbjiyup.

4w 47
Ojp = %EVMPRbI_LVuVSM,
a7

o _ m _
O10 = —Sy" PLbpy,ysi,
4

where Pr g = (1 F y5)/2.

The SM predictions are —CIS(I)VI = 4.1. A global
analysis shows that to explaln the anomalies in decays
induced by b — suTu~, there are few scenarios where
the anomalies can be explained with high confidence level
and all cases CE)\IP need to be around —1 [14]. For exam-
ple with CY* = —1.09 and C}F, C5'\0 = 0 with a 4.5
= —Cé’N P the best fit values are
CgIP Cé NP — _1.06 and the others equal to zero with a
4.8 pull; and the case with C =-C 11\8), the best fit values
are CgI —CNP —0.68 and others equal to zero with a
4.2 pull. Here the number of “pulls” indicates by how many
sigmas the best fit point is preferred over the SM point for
a given scenario. The higher the pull, the better fit between
theory and experimental data is reached. In our case, the R-
parity violating contribution to be discussed belongs to the
last case. For this case, the 1o allowed range is [14] —0.85 to
—0.5. With a negative value for CSIP, the new physics contri-
bution reduces the strength of the b — su™ ™ interaction
and therefore helps to explain why B — (K, K*, )™~
branching ratios and Rg are smaller than those predicted by
SM.

There is a potential contribution to b s wT ™ at tree
level due to a term proportional to A}, A ?‘j v /2m; ; é"L/yﬂeiL

CSM

pull, the cases with CNP

ijk

J’,‘Q yﬂdll‘e. However, since we assume that there is only one
non-vanishing value for k, b — su™ ™ is not induced by
this contribution.

One needs to include one loop contributions. At one loop
level, exchanging ‘zfe in the loop, the contribution for CSJP
with CSIP = —C%P can be generated with

2 %
mq 1 / /% qu Vts
LDk 'k ViVt

R

In(m2, /m2,

V2 ( d,ﬁ/ dj;)
2 2

647T(XGF mgé —mjlie/

1
Mk Mgk M Vv

(18)

where m, is the up type quark mass. The first term is induced
by exchanging a W boson and a sparticle d¥, and the second
term is induced by exchanging two sparticles 5§ in the loops.
The term of interest corresponds to [ = 2, !'=2,5 =2, and
b = 3 for the process b — sut ™. One can relabel them
with different numbers for other processes.

The first term is dominated by ¢ = ¢, its contribution
to Co " is about 0.16353, 2%, (1 TeV/mg )% This is a

“wrong sign” contribution to explain the b — sutu~
induced anomalies.> With M j&t =0and Aie = 0 from the
considerations of no processes with electrons one has shown
anomalies and a K — mvv constraint, and restricting k to
have only one value, we have
i’ m? 1
P~ 87;0[ )LISk)‘%k
R
V2
 64maGp

()»231()*221( + M3 A5o)

R

Pk 3t Vi ViE

= (0.157ap33275, + 2.0(M93 A% + Ayaphin)

) (1TeV)?2
Z/3k m(zjé )

l’2k

5 Numerical analysis

We are now in a position to put things together to see if
R-parity violating interactions may be able to explain the
R(D™)andb — sutp~ anomalies simultaneously. For the
KM parameters we use those given in Particle Data Group
[62]. The aim is to produce values for r(B = D™1Dh)e
and Cg]P as close as possible to their central values, 1.266
and —0.68. At the same time we have to restrict Rg_, g (x+),p
to be less than 4.3 to satisfy experimental bound.

If one just needs to solve the R(D™) anomaly, one can
easily obtain the central value of r,ye — 1 = 0.266 by set-
ting all other A}, to zero except A3, with its value given
by 2.95(m a /1TeV). If m a is way above TeV, then the

2 In our earlier version, we had neglected this contribution and obtained
erroneous conclusions, which we correct here.
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Fig. 1 Cg”) , F'ayve and RZM(c) as functions of A5, from left to right, respectively. To get REM (c) — 1 down to 10%, one needs to go to the lower

range, the 30 range for Cg‘P, to about —0.18 [14]. However, in that case, raye also gets lower and cannot explain the observed R(D™) anomaly

coupling will violate the unitarity bound of /4. There-
fore for the theory to work perturbatively, one expects the
squark mass to be less than a TeV or so and it can be
looked for at the LHC. With this choice of A’ the SM pre-
dictions for Rj_, x5 x— vy and T(DY — ptpu™) will
not be affected, and RESI)/L[ (c,u) = 1. One also predicts
r(B — D®1b) = r(B — 1) = 1.26. This can be tested
by future experimental data. This is the scenario discussed in
Ref. [33]. One can try to ease the unitarity bound by includ-
ing the A5, A%5, term with positive sign so that a smaller A5,
value is allowed.

‘We now discuss the contributions to Cg“) from Eq. (19).
Note that the first term in that equation is always positive; one
needs a larger second term with negative sign to produce the
required value. If one just needs to satisfy this equation, one
can easily find solutions. For example, taking 15, = 3.0, 0ne
just needs to have A%, A%5, 4 A53, 155, to be about —0.046
to produce Cg“) ~ —0.68.

One, however, has to consider other constraints. A particu-
larly important constraint is from Eq. (16), Rg_, ,; < 4.3.
To produce a negative Cy¥, M3 M55 + A5 A5, needs to
be negative. From the Rj_, ;,; constraint, each of 1232, =
Myaphos, and r3zzn = Aj4 %5, is constrained to be larger than
—0.09. But in general they appear together in order to pro-
duce the value required for CgIP . This also leads to non-zero
values for 1332 = Ay A%, and 13320 = A3, A%, increas-
ing the value for Rz_, . We find that all r;j; = —0.0436
having the same value maximizes the size of C)¥, while it
minimizes R _, ;. For this case, using Cglp = —0.68 and
Rj_ gvp < 4.3, we find A33; 55, = 6.3 and a small value
for A’22’32 = —0.0068. With the above values for A/, the con-
straints from D° — pt ™ can be satisfied. However, the
predicted value for r,y. becomes 1.48 and REM (c) is about
2.9. These values are ruled out by existing data. Also the
solution with )“/331(,231( = 6.3 is problematic because it vio-
lates the unitarity bound and therefore is not a viable solution
either. In Fig. 1, we show CgIP, Fave and REM(C) as functions
of A/23k. We see a smaller Cg]P in size may relax the situation,
but within 1o range for Cglp, the values for RISM (¢) are too
large to allow the model to be viable.

@ Springer

We have searched a wide range of parameter space for
A/ including the case with complex numbers and found no
solutions which can simultaneously satisfy the bounds on
Rg_, x,; and RISLM (¢), and at the same time to solve anoma-

liesin R(D™) and b — sutpu~.

6 Conclusions

We have studied the possibility of explaining the enhance-
ment in semileptonic decays of B — D®<ti and the
anomalies induced by b — suTu~ within the frame-
work of R-parity violating (RPV) MSSM. The exchange
of the down type right-handed squark coupled to quarks
and leptons yields interactions which are similar to lepto-
quark induced interactions which have been proposed to
explain the B — D™ — i by tree level interactions
and b — su*u~ induced anomalies by loop interactions,
simultaneously. However, we find that the Yukawa couplings
have severe constraints from other rare processes in B and
D decays. This interaction can provide a viable solution to
the R(D(x)) anomaly. But with the severe constraint from
B — Kvv, it proves impossible to explain the anoma-
lies induced by b — su ™. This conclusion also applies
equally to the leptoquark model proposed in Ref. [59].
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