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Recently, several B-physics experiments have reported an appreciable deviation from the Standard
Model (SM) in the tree-level observables R («); the combined weighted average now stands at
=~ 40. We first show the anomaly necessarily implies model-independent collider signals of the form
pp — brv that should be expediously searched for at ATLAS/CMS as a complementary test of the
anomaly. Next we suggest a possible interconnection of the anomaly with the radiative stability
of the Standard Model Higgs boson and point to a minimal effective supersymmetric scenario with
R-parity violation as the underlying cause. We also comment on the possibility of simultaneously
explaining the recently reported Ry («) anomaly in this setup.

I. INTRODUCTION

In the past few years, several B-physics experiments,
such as BaBar, LHCDb and to a lesser degree Belle, seem
to find an extremely interesting and surprising anomaly
in simple semi-leptonic decays of B-mesons [1, 2]. The
ratios, Ry« of the branching ratios

B(B — Dtv)
B(B — Dtv)’

B(B — D*rv)

fio = BB D)

Rp- =

where ¢ = e,u for BaBar and Belle, while ¢/ = pu for
LHCDb, indicate appreciable deviations from the Standard
Model (SM) expectations. These ratios are independent
of CKM angles and have strongly reduced hadronic un-
certainties. This simple comparison of B-decays to 7
with decays to p or e has long been suggested [3—6] as
sensitive probe of new physics (NP) beyond the SM. The
experimental world averages of BaBar [7, 8], Belle [9-
13], and LHCb [14, 15] from the Heavy Flavor Averaging
Group [16] read

RSP = 0.403 4 0.040 4 0.024,
RSP = 0.310 4 0.015 4 0.008, (2)

with a mild negative correlation of —0.23. One recent
SM prediction for these ratios reads [17]

RO =0.29940.003, RYM =0.25740.003 . (3)

with an error correlation of +0.44; see also [18-21] for
earlier predictions. There is another recent [22] phe-
nomenological study of the SM prediction, which finds
R = 0.262 £ 0.010.

Lattice computations of the B — D form factors [20,
21, 23] allow a precise determination of Rp; e.g. Ref. [21]
get Rp = 0.299 £+ 0.011. No complete lattice results
for the B — D* form factors are so far available; an
existing study [24] only tackles the form factors at the
end-point. On the lattice, the B — D* transition is sig-
nificantly more involved because it has four form-factors
rather than two for B — D. Also, the D* undergoes

strong (and electromagnetic) decay further complicat-
ing a study. For these reasons, from the lattice per-
spective, the B — D* uncertainties should be appre-
ciably bigger compared to the B — D case. Neverthe-
less, using heavy quark effective theory and measured
B — D®{y decay distributions seem to lead to con-
trolled predictions also for Rp~ [17, 18, 22]. Bearing all
this in mind, in our study we will take the SM prediction
to be, (R3M, RSM) = (0.299 + 0.011,0.260 =+ 0.010).

Note that for now the experimental uncertainties are
considerably larger than the theory uncertainties on the
SM predictions. The combined difference of measure-
ments and SM predictions is stated to be ~ 4.10 [15].

The most significant enhancements of Ry« are seen
in the BaBar analyses [7, 8]. The other results also show
enhanced Rp-), but are less significant, especially from
Belle [9-13]. In fact, recent Belle [1, 13] and LHCD [15]
results obtained by using 7 decays to hadron(s) +v tend
to deviate considerably less from the SM prediction. This
may be especially significant as such hadronic decays of
tau entail only one neutrino rather than two into the
leptonic modes and so may be cleaner systematically. Be
that as it may, these experimental results seem to suggest
lepton flavor universality violation (LFUV) and therefore
have received much attention as a possible hint of NP;
see e.g. [25-43] for model-independent studies and [44-
68] for recent discussions of specific NP models. While
the deviations may well be due to lack of statistics and/or
systematic or theoretical issues that need [36] further un-
derstanding, we take them at face value and explore the
potentially exciting theoretical consequences. In this con-
text, it is useful to remind ourselves that the common
folklore does not expect new phenomena to first show
up in such simple tree-level decays. The widely held
belief has been that in flavor-changing neutral current
(FCNC) transitions, wherein one is able to access very
short-distance physics because of the uncertainty princi-
ple, effects of NP are expected to show up first. Thus,
one is led to ponder what is so special about these semi-
leptonic decays. In the following, we take the hint of
these tree-level decays into account in motivating a NP
model.



We address two important issues that these interesting
findings indicate. First, it is clearly of paramount impor-
tance that more experimental information be accumu-
lated to solidify these findings as soon as possible. While
the ongoing B-experiments at LHCb and the forthcoming
Belle IT will clearly be addressing these, here we propose a
completely model-independent class of searches that the
LHC experiments at the high-energy frontier, i.e. ATLAS
and CMS, can do to enlighten us on these anomalies.
The underlying reaction in the B-experiments that indi-
cates the anomalous behavior is the weak decay, b — crv,
which is CKM-suppressed in the SM. Therefore, in com-
plete generality (i.e. without recourse to any specific NP
model), we also expect anomalous behavior in the basic
reaction, gc — brv, where g is the gluon, in pp collisions.
This robust connection empowers collider experiments to
complement the aforementioned B-experimental studies
and search directly for the signals of NP.

Second, since these decays involve the 7 and b, both
members of the third fermion family, it might have a
deeper meaning. In fact, a pressing problem in Particle
Physics is presented by the third family, namely, the top
quark which makes the dominant contribution to the self-
energy of the Higgs boson and consequently is intimately
related to the Higgs radiative stability and the natural-
ness problem of the SM. A famous candidate for address-
ing the naturalness problem is, of course, supersymmetry
(SUSY). However, given the null results in direct SUSY
searches at the LHC so far [69], SUSY solutions to natu-
ralness have become less elegant. In a drive for simplicity
and minimality we assume that only the third generation
is effectively supersymmetric at the low-scale. An im-
portant consequence of this minimal construction is that
constraints on R-parity violating (RPV) couplings from
proton decay get relaxed.

An extremely attractive feature of SUSY is gauge cou-
pling unification. We explicitly show that the minimal
version of effective SUSY that we are invoking does in-
deed retain this unique attribute. The added advantage
of this scenario is that it provides a simple solution to
the Rp-) puzzle alluded to above, and also alleviates
the naturalness problem of the SM and the flavor and CP
problems of the minimal supersymmetric SM (MSSM).

II. MODEL-INDEPENDENT COLLIDER
ANALYSIS

There is an important and unique collider signal di-
rectly implied by the Rp(.) anomaly. At the parton level,
the reaction b — c7v necessarily implies by crossing sym-
metry that the process gc — brv should also take place
at the LHC.!

! In some models, b — cTv is also related by SU(2) symmetry to
the LHC process bb — 717~ [70].

At low energies, the effective 4-fermion Lagrangian for
b — crv in the SM is given by

AGp Ve
V2

where G is the Fermi constant, Pr, = (1 —75)/2 is the
left-chiral projection operator, and V., ~ 0.04. In the
SM, the gc — brv rate is also CKM-suppressed by |Ve|?,
while in a generic NP scenario, this need not be the case,
which might make it possible for the NP signal to be
observable above the SM background at the LHC. The
same final state also arises in gu — brv, which is sup-
pressed by |V,3|?, but enhanced by the u-quark density
in the proton.

In a realistic hadron collider environment, one must
consider other potential backgrounds, such as

—Legg = (v PLb) (TA*Prv.) + Hee,  (4)

(i) the charged-current process pp — W — jrv,
where j stands for a light quark (or a gluon) jet
misidentified as a b-quark jet,

(ii) pp — W — 7v, with an initial state radiation of
gluon which is then split into bb and one of the
b-quarks is lost,

(iii) the single-top production pp — tj — brvj and
pp — tW — brvjj, where the jet(s) are lost, and

(iv) pp — bbj, where one b-quark is misidentified as a
7-lepton and the light jet is lost (i.e. misidentified
as missing transverse energy).

The b-jet misidentification rate at the LHC typically
varies between 1-10%, depending on the b-tagging effi-
ciency [71]. We will assume a b-tagging efficiency of 70%,
for which the probability of light-parton misidentification
as a b-quark is about 1.5%. Similarly, the probability that
one or more jets (including the b-jets) are lost in the de-
tector and that a b-quark is misidentified as a 7-lepton
are both assumed to be at the percent level [72, 73].
Combining all of this and imposing basic trigger cuts on
the lepton and jet transverse momenta p%ib’g > 20 GeV,
missing transverse energy Fp > 20 GeV, pseudo-rapidity
|n?%¢| < 2.5 and isolation cuts AR > 0.4 on simu-
lated events obtained using the MadGraphb event genera-
tor [74] (with the sm-lepton masses and taudecay_UFO
models to properly handle the 7 decays), we find the
cross section for the total SM background at /s = 13
TeV LHC to be osy(pp — brv — bl + Fp) ~ 47 pb
(here we have considered only the leptonic decay of 7
with ¢ = e, u)?, where the dominant contributions come
from the pp — W and pp — bbj channels.

2 We thank Brian Shuve for pointing out an earlier error in our
cross section estimate, which was caused due to the default value
of zero 7-width in MadGraph5.
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FIG. 1. Normalized kinematic distributions for the pp — brv — bl + o1 signal and background.

As for the NP contribution, we consider the following
dimension-6 four-fermion operators [33]:

OVR,L = (E'Y”PR,Lb) (?WHPLV) (5)
OSR,L = (EPRLb) (7_'PLV) . (6)

The amplitudes for the collider process gc — brv are
suppressed by gnp/A2, where gnp denotes the effective
NP coupling in the contact interaction and A is the NP
scale. For a typical choice gnp/A? = (1 TeV)~2, we ob-
tain a signal cross section for pp — brv — bl + Fp of
oy =~ 1.1 pb for the vector case and og ~ 1.8 pb for the
scalar case, both at /s = 13 TeV LHC. These cross sec-
tion estimates imply that even without using any special-
ized selection cuts to optimize the signal-to-background
ratio, the NP signals associated with the Rp) anomaly
may be directly probed at 3o confidence level for me-
diator masses up to around 2.4 (2.6) TeV in the vector
(scalar) operator case with O(1) couplings at /s = 13
TeV LHC with an integrated luminosity of 300 fb—!.
The signal-to-background ratio can be improved in var-
ious ways. For instance, simple kinematic distributions,
such as the transverse momentum of the outgoing b-quark
(or of the final lepton) and the invariant mass of the b

quark and lepton system (see Fig. 1), can be used to dis-
tinguish the NP signals from each other and from the SM
background for different NP operators. Furthermore, im-
posing stringent cuts like p5 > 100 GeV and M, > 100
GeV could drastically reduce the SM background, with-
out significantly affecting the signal (see Fig. 1), espe-
cially in the vector case, potentially enhancing the LHC
sensitivity to even higher mediator masses. Similarly, in-
creasing the f cut to 100 GeV will significantly reduce
the SM background, including the mis-measured dijets,
without much signal loss, as can be seen from Fig. 1. For
illustration, we show in Tab. I the individual cut efficien-
cies of the signal and background for three representa-
tive values of the kinematic cuts for the four kinematic
observables considered in Fig. 1 (taken one at a time).
A detailed cut optimization study with all these (and
possibly more) variables taken together could be done,
e.g. using a multivariate analysis or a Boosted Decision
Tree algorithm, which is probably best dealt with by ex-
perimentalists possessing the relevant expertise.

The new collider signal pp — brv proposed here would
be a powerful model-independent check of the Rp)



Cut Efficiency

Observable| value SM Signal Signal
(GeV)|background | (Vector case)|(Scalar case)

100 0.01 0.52 0.56

Pr 50 0.10 0.78 0.82

30 0.44 0.92 0.94

100 0.13 0.99 0.33

5 50 0.47 1.00 0.62

30 0.75 1.00 0.84

100 0.18 0.96 0.76

My, 50 0.63 0.99 0.94

30 0.88 1.00 0.98

100 0.01 0.54 0.70

Er 50 0.09 0.70 0.86

30 0.29 0.79 0.92

TABLE I. Signal and background cut efficiencies for the kine-
matic variables shown in Fig. 1.

anomaly® and would imply a directly accessible mass
range of the associated NP at the LHC. Further distinc-
tions between the NP operators (5)-(6) could in principle
be made using the tau polarization measurements, both
in the LHC experiments [75] and in B-physics experi-
ments [12, 35, 38, 76, 77]. But a detailed discussion of
this, including a more realistic collider simulation with
all detector smearing effects, is beyond the scope of this
paper and might be studied elsewhere.

III. MINIMAL SUSY WITH RPV

As Higgs naturalness involves the third family
fermions, we propose an economical setting, where only
the third family is effectively supersymmetrized, with the
corresponding sfermions and all gauginos and Higgsinos
close to the TeV scale. The correction to the Higgs mass
from the top-quark loop is canceled by the light stop
contribution. The first two generation sfermions can be
thought of being decoupled from the low-energy spectrum
as in [78, 79], and RPV arises naturally in this setup [78].

Despite the minimality of this setup, one of the key fea-
tures of SUSY, namely, gauge coupling unification is still
preserved, as shown in Fig. 2. Here we show the renor-
malization group (RG) evolution of the inverse of the

3 Here we are assuming that the NP affects the modes involv-
ing taus. To be clear, a completely model independent crossing
symmetry test of Rp(,) requires comparison of the (differential)
cross-section of pp — brv, to that of pp — blyy with £ = p, e via
analogous ratios. In this case, for the relevant high energies, the
lepton masses — including the 7 — are negligible so the effective
ratios should be unity in the SM.
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FIG. 2. RG evolution of the gauge couplings in the SM,

MSSM and in our natural RPV SUSY scenario.

gauge coupling strengths a; ' = 47/g? (with i = 1,2,3
for the SU(3)., SU(2)r, and U(1)y gauge groups, where
the hypercharge gauge coupling is in SU(5) normaliza-
tion) in the SM (dotted) and the full MSSM with all
SUSY partners at the TeV scale (dashed), and the RPV
SUSY scenario with only third generation fermions su-
persymmetrized at the TeV scale (solid).* Coupling uni-
fication occurs regardless of whether only one, two, or
all fermion families are supersymmetrized at low scale,
which only shifts the unified coupling value, but not the
unification scale. This is valid, even in presence of RPV,
as long as the gaugino and Higgsino sectors are not much
heavier than the third family sfermions.

In SUSY models, the Higgs mass parameter is re-
lated to the various sparticle masses. Requiring the ab-
sence of fine-tuned cancellations generically leads to up-
per bounds on sparticle masses. The Higgsino should not
be heavier than a few hundred GeV, the stop mass should
be well below a TeV and the gluino mass should not be far
above a TeV [79, 82]. Bounds on other sparticle masses
are considerably weaker. Nevertheless, also first and sec-
ond generation sfermions are constrained from their two-
loop contributions to the Higgs and Z masses. A natural
spectrum with less than 10% tuning should have first
and second generation squarks < 10 TeV [83]. Allow-
ing for 1072 or even 10~* tuning, bounds can be relaxed
substantially. Thus, from the phenomenological point of
view, we can decouple the first and second generation
from the collider and flavor physics aspects being consid-
ered here.

4 The RG evolution in the SM and the MSSM is performed at the
2-loop level. In the RPV SUSY scenario we solve the RG equa-
tions consistently at 1-loop using the results from [80]. At higher
loop level, the decoupled first and second generation squarks
would require a refined analysis [81], which is beyond the scope
of our work, but our qualitative conclusions concerning gauge
coupling unification are unaffected. The impact of the RPV in-
teractions on the running gauge couplings is small as long as the
RPV couplings do not develop a Landau pole.



IV. B-ANOMALIES AND CONSTRAINTS

To explain the Rp() anomaly in the minimal RPV
SUSY setup, we consider the A'-couplings (see [49, 54, 84]
for related studies):®

L =N [Pirdird;L + djrdirvir, + dippid;r
—éiLJkR'LLjL — ﬂjLJkReiL — dZRégLujL] + H.c. (7)

Working in the mass eigenbasis for the down-type quarks
and assuming that sfermions are in their mass eigen-
states, we obtain the following four-fermion operators
at the tree-level after integrating out the sparticles (see
also [54])

/ /%
)‘Uk mnk
2m?2

dkr

L:eff D) |:VmL’7 vir dnL’Y;LdjL

+ empy*eir (4 Verm), Yu (VgKMuL) .
J

— Um Y eindnL (VCTKMUL) o+ h.c.]
j
A/*

1]k mjn _ 7
— - emL’)’MeiLdkR’Yuan , (8)
2m2
ujL

where we only show the terms relevant for the following
discussion. These operators are of type Oy, in (5) and
the NP scale A is given by the squark masses. Note that
the NP scale in the first three terms is given by the mass
of the sbottom right, while in the last term it is given
by the mass of the stop left. These two masses are not
necessarily related and we will consider them as indepen-
dent model parameters. Naturalness arguments suggest
that the stop mass should be below 1 TeV for tuning of
0(1072); if, on the other hand, we can tolerate tuning to
say around ~ 10~4, the stop mass can be about 10 TeV.
Given the above Lagrangian, the RPV scenario will lead
to the collider signals discussed in the previous section
with distributions given for the vector case. The oper-
ators are SM-like, but the deviation in the distributions
in Fig. 1 is due to the heavy mediator.

Since we consider only light third family sfermions and
want to explain the B-anomalies which requires at least
one of the d-flavors to be a b-quark and the lepton to be
of tau flavor in (8), we will be interested in the A3 ;5 (with
j =1,2,3 and other indices set to 3). For simplicity we
take all \ couplings as real.

5 We do not consider additional contribution to R, from
charged Higgs exchange. Those contributions are small if the
second Higgs doublet of the MSSM is heavy or if tan 3, the ratio
of the two Higgs vacuum expectation values, is small. Even if we
include this contribution, which involves the scalar operator (6)
in the 4-fermion language, the model-independent collider signal
discussed in the previous section provides a way to distinguish
it from the squark contribution, which involves a vector opera-
tor (5), as explicitly shown in Eq. (8).

The sbottoms with RPV couplings can contribute to
Rp+ at the tree level. The corresponding 3rd term in the
effective Lagrangian in (8) has the same chirality struc-
ture as in the SM, implying that the new physics effect
is a simple rescaling of the B — D) 7v decay rates. We
find

2
RD RD* 1}2
D =14+ —X,| 9
I ©)
Vs Ved

= |Nsa3l® + A3 N33 Vo + N333A313 T Vo (10)

where v = 246 GeV is the Higgs vev. Combining the
SM predictions with the experimental world average tak-
ing into account the correlated uncertainties, we find the
following best fit value in our scenario
Rp Rp+«
—r = —a = 1.21 +0.06 . 11
B - RS D
In Fig. 3 we show in a few benchmark scenarios regions of
parameter space in planes of the sbottom mass vs. RPV
couplings that can accommodate the discrepant Rp)
results at the 1o, 20, and 30 level in green.
Also shown are the most important additional con-
straints. Strongly related to RS) is the decay B —
v [36] that also receives tree level contributions from
sbottom exchange. We find

2
B(B—7Tv) 2
B(B = tv)sm T+ 2ng Xul (12)
/ 2 / V ud
X = |N3a3" + A333 0303 Vi + N33 313 7 Vi (13)

Note that the term proportional to M54 is strongly en-
hanced by CKM factors. The most important parametric
input for the SM prediction of B(B — 7v) is the B meson
decay constant fp and the absolute value of the CKM
matrix element V. Using fp = (0.191 £ 0.007) GeV
from [85, 86] and V% = (3.61 £ 0.32) x 1073 from [87],
one finds [36]

B(B — v)sm = (0.947 £0.182) x 107* | (14)
in good agreement with the experimental average [16]

B(B = T0)exp = (1.06 £0.19) x 107* . (15)

The 20 constraint from B(B — 7v) is shown in Fig. 3
in red. As one expects, B — Tv strongly constrains the
coupling A;;5. The decay modes B — wrv and B — p1v
probe the same quark level transition as B — 7v, but
we find that they give weaker constraints throughout the
interesting parameter space.

Additional important constraints arise from the rare
FCNC decays B —+ Kvv and B — mvv. In the SM, the
branching ratios are strongly suppressed [88, 89]

B(B" — KTwv)gy = (3.98 4 0.43 £0.19) x 107°(16)
B(BT — ntvv)sm = (1.46 +£0.14) x 1077 . (17)
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FIG. 3. RPV parameter space satisfying the R, (.) anomaly and other relevant constraints.

Currently only upper bounds on these branching ratios
are available. At 90% confidence level one has [90, 91]

B(BT — Ktwv)ep < 1.6 x 1077, (18)
BBt = 00 exp < 9.8 x 107° . (19)

These bounds give strong constraints on the RPV param-
eters, as the sbottoms with RPV couplings can contribute

to the decays already at the tree level. We find

2
B(B— Kvv) 2 1 v sy AgaaAias 1

et

B(B— Kvw)sy 3 3 m2  Qem VaVi Xy

br

?

(20)
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BBomy) 2 1) 0 sy Nggdag 1
B(B — WUV)SM 3 3 m%R Qlem ‘/tb‘/;tl Xt ’

(21)

where X; = 1.469 + 0.017 [88] is a SM loop function.
These decays put strong constraints on the A5;5 and Ajoq
couplings, respectively. This is shown in Fig. 3 by the
black hatched regions.

We also consider constraints from direct searches for
RPV sbottoms at the LHC. In particular, we consider
the pair production of the sbottoms pp — bb followed
by decays through the RPV coupling M55, b — t7. We
use the the CMS analysis [92] of pp — 7T77tt to put
constraints in the mass-coupling plane. We find that this
analysis leads to a lower bound on the sbottom mass of
my, . 2 680 GeV, as shown in the plots of Fig. 3 in gray.

Additional constraints can be obtained from measure-
ments of Z boson couplings and tau decay rates [93, 94].5
At the loop level, sizable corrections to Z and W cou-
plings involving left-handed tau leptons arise in our
setup. The dominant effects come from loops involving
sbottoms and top quarks that are proportional to the
top quark mass. All other Z and W couplings are not
affected significantly. We find

9Z7 71, -1 3( 333)2 1 m? fZ ( mt2 > (22)
- 2
m

9700, 1672 1—2s%, mg %R
. 3(MNew)2 1 2 2
IWrLv, -1— (15335) i ’ITL; fW TTL; , (23)
gWEL Uy U mi)R mBR
where ¢ = e, u, sy is the sine of the weak mixing angle,
and the loop functions are given by fz(z) = - — (l:jg_(f))z ,
fw(z)="1— % In the leading log approxima-

tion, the above expressions are consistent with the results
in [93, 94]. The Z couplings to leptons have been mea-
sured at the few permille level at LEP and SLD. Using
the results from [95], we profile over the unaffected cou-
plings taking into account the reported error correlations
and obtain

927t _ 4 0013+ 0.0019 . (24)
9zer ey

The best constraints on the W couplings to taus in our
scenario are obtained from measured tau decay rates
compared to the muon decay rate. Taking into account
the error correlations of measurements of leptonic and
semi-hadronic decays reported in [16], we find

IWrLve _ 1 0007 4+ 0.0013 . (25)
gWZLVg

The corresponding constraints on the RPV parameter
space are shown in the plots of Fig. 3 by the white
hatched contours. Parameter space to the top left of

6 We thank Paride Paradisi for pointing this out.

the contours is excluded. We find that in particular the
Z couplings lead to strong constraints in our scenario.
In addition to the shown constraints, we also con-
sidered effects of RPV sbottoms on rare Kaon decays
K — mvv, leptonic charm decays D — 7v and Dy — Tv,
and hadronic tau decays 7 — Kv and 7 — wv. While
these decays probe complementary combinations of the
A%;5 couplings, we find that they do not lead to any rele-
vant constraints in the scenarios we are considering. Also
the B, lifetime [41, 52] does not lead to relevant bounds
as the contributions from the RPV sbottoms to B, — v
are not chirally enhanced with respect to the SM. We
also checked that the remaining parameter space shown
in Fig. 3 is consistent with other constraints on RPV cou-
plings from various low-energy precision observables [96].

In our setup, we generically also expect NP effects in
processes like bb — 77 and b — s77, coming from the tree
level exchange of stops. The corresponding couplings of
the stop to bottom and leptons are related by SUSY to
those of the sbottom with tops and leptons. The stop
and sbottom masses, however, are independent parame-
ters. The results of [70] indicate that for a coupling of
Mj35 ~ 2, the bb — 7T process constrains the stop mass
around m; 2 500 GeV. Constraints from b — s77 are
considerably weaker than the corresponding ones from
b — svv decays, given the poor experimental sensitivity
to the decays with taus in the final state.

Overall, to explain the Rp«) anomaly at 1o, large val-
ues of Ay43 ~ 1 —2 are required for sbottom masses com-
patible with direct LHC searches. For such large A;45 at
the TeV scale, this coupling develops a Landau pole be-
low the GUT scale. In Fig. 3, the position of the Landau
pole in GeV is indicated by the dotted blue lines, which
are obtained by numerically solving the coupled system
of 1-loop RGEs of the A545 coupling [80], the top Yukawa,
and the three gauge couplings in the presence of one gen-
eration of light sfermions. Perturbativity up to the GUT
scale requires Ajq5 < 1. Also the Z coupling constraints
limit effects in Rp). In the viable parameter space the
Rp.) anomaly can reasonably well be resolved especially
in view of the largish experimental errors that exist up
to now.

In Fig. 4 we map the allowed regions of parameter
space into the Rp vs. Rp« plane. This mapping is pos-
sible as the NP effect is a simple rescaling of the SM
and efficiencies remain SM-like. The red region shows
the SM predictions at 1 and 20, R3M = 0.299 4 0.011
[cf. (3)] and RIM = 0.260 £ 0.010 with zero error corre-
lation. For R3M we take the central value to be the av-
erage of [17] and [22] but the error to be the full spread
between [22] and a previous determination [18]. In green
we show the experimental world average from [16] at 1,2,
and 30. The blue region spans Rp = (0.254,0.371) and
Rp- = (0.220,0.320) and shows values that can be ob-
tained in our setup consistent with all above-mentioned
constraints. To obtain this region we scan the sbottom
mass between the lower experimental bound of mj >
680 GeV up to m; < 1 TeV. The RPV couplings are
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FIG. 4. The SM predictions (red), experimental world aver-
age (green), and accessible values in our RPV-SUSY scenario
(blue) in the Rp vs. Rp= plane. For the SM, bearing in
mind recent works [17, 20, 22] we are taking (RHT, REN) =
(0.299 £+ 0.011,0.260 £ 0.010).

varied in the ranges 0 < Ajg3 < 2, —0.1 < Ajeq < 0.1,
and —0.3 < M55 < 0.3. We impose all the constraints
discussed above. The blue points correspond to RPV
couplings that remain perturbative up to the GUT scale.
Relaxing this requirement and allowing the A;55 coupling
to develop a Landau pole before the GUT scale does not
lead to larger effects in Rp.), given the constraints from
Z couplings.

V. DISCUSSION

The same RPV couplings that generate the desired ef-
fects in R+ also generate a neutrino mass through the
bottom-sbottom loop [97]:

/ 3 m2(Ap — ptan f)
AMp;; = 82 : m2 i3s3 - (26)
b

For m; ~ 1 TeV and X333 ~ O(1), we get m, ~ 0.1
MeV. This contribution could be avoided if the trilin-
ear coupling A; and the term ptan g in (26) cancel each
other precisely. Another option to get sub-eV scale neu-
trino masses is to invoke cancellations between the )\
induced contributions and other unrelated contributions
to neutrino masses. These additional contributions could
either arise at the tree level or the loop level. Tree level
contributions can originate e.g. from a standard see-saw
mechanism with heavy right-handed neutrinos, or from
neutralino-neutrino mixing due to bilinear RPV terms.
At the loop level additional A;;xL;L;Ef terms in the
RPV Lagrangian could contribute to neutrino masses,

e.g.
1 m2(A; — ptan )

2
vii = g m2

)\i33)\j33 . (27)

The stau mass and the Ags33 cguplings can be cho-
sen such that AMQU = fAle‘)ij. Note that appro-
priately chosen A;;; couplings could also explain the

(9 — 2), anomaly [98]. Also note that the RPV cou-
plings )\;’JkaD;Dg should be explicitly forbidden, e.g.
by imposing baryon triality [99], to avoid rapid proton
decay [100, 101].

We would also like to comment on the possibilities to
address another hint for LFUV in the rare B meson de-
cays based on the b — s¢*¢~ transition. The LHCb
collaboration measured the ratios

B(B— Kpp~) B(B — K*p*p~)

Ry = , Rg- = .
K B(B — Kete™) K B(B — K*ete™)
(28)
and finds [102, 103]
RO = 0.745+0:9% 1 0.036 (29)
R0 — 9 661011 1+ 0,03, (30)
RS = 0.69700L +0.05, (31)

where the superscript corresponds to the di-lepton in-

variant mass bin in GeV?. The SM predictions for R[Ii’s}

and R[Ii;lﬁ] are 1 with percent level accuracy [104]. The

SM prediction for the low di-lepton invariant mass bin

R[}Q;O 5. 111 i slightly below 1, mainly due to phase space

effects.

Our RPV setup allows for two qualitatively different
contributions to b — s¢t¢~ decays: at tree level one
finds contributions from integrating out the left-handed
stop; at the 1-loop level also the right-handed sbottom
can contribute, in analogy to the scalar leptoquark con-
sidered in [44]. The tree level contribution is captured in
the effective Lagrangian (8). It contains a right-handed
down-type quark current and therefore predicts that a
suppressed Ry is correlated with an enhanced Rg~ and
vice versa [105], in conflict with the findings by LHCb.
The 1-loop contribution has the correct chirality struc-
ture and can in principle suppress both Rx and Ry-.
However, it has been pointed out in [54, 106] that the
loop contribution typically does not give appreciable ef-
fects in b — sf¢ transitions once constraints from other
low energy data are taken into account.

A detailed study would be required to ascertain
whether or not the discussed RPV SUSY framework con-
tains additional contributions to b — sf¢ that could si-
multaneously accommodate all the hints for LFUV in
rare B decays.

VI. CONCLUSION

B-physics experiments have reported appreciable
(= 40) deviations in the tree-level observables, Rp).
We have proposed a model-independent collider signal of
the form pp — brv,, pp — blD, that should be searched
for at the LHC as soon as possible to verify the anomaly.
Taking the reported deviations from the SM at face value,
we also point out that there is the exciting possibility that



the origin of the anomalies might be related to the nat-
uralness of the Higgs boson in the SM. In particular, we
discussed a minimal (i.e. involving only the third gener-
ation), effective RPV-SUSY scenario as the underlying
cause, and identified the parameter space of the RPV
couplings and sbottom mass that could explain the Rp)
anomaly, while being consistent with other experimental
constraints, as well as preserving the gauge coupling uni-

fication.
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