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1 Introduction

For a number of years, various experiments have reported anomalies in measurements of
semileptonic B decays. For example, consider Ry and R+

Br(B — K®utpu~)
Br(B — K®ete )’

(1.1)

Ry =

As these observables are ratios of branching ratios, they are virtually free of hadronic
uncertainties, and thus are excellent tests of lepton flavour universality. The Rg ratio, for
the dilepton invariant mass squared range 1 to 6 GeV?, has been measured to be [1]

Ry = 0.745700% (stat) + 0.036(syst), 1 < m% < 6 GeV? (1.2)

by the LHCb collaboration. This represents a 2.60 deviation away from the Standard
Model prediction, which is 1 with an uncertainty of ~ 1072 [2, 3]. Further, the ratio Ry~
has been measured for two invariant mass squared bins [4]

0.66T0- 35 (stat) + 0.03(syst), 0.045 < m2, < 1.1 GeV?> L3)
Ry = ' 1.3
0.6910- 8 (stat) + 0.05(syst), 1.1 < m?, < 6.0 GeV?

also by the LHCDb collaboration. The Standard Model prediction for these observables
varies between 0.878 and 0.944 for the low invariant mass squared bin and 0.990 and 1.010



for the high invariant mass squared bin [4]. The measured values then represent 2.30 and
2.50 deviations for the low and high invariant mass squared bins, respectively. Moreover,
some angular distributions also show tension with the Standard Model predictions. In
particular, the P. observable [5-7] in the B — K*pu decay as measured by Belle [8, 9] and
LHCb [10, 11] shows a 2.90 discrepancy [12]. Finally, LHCb has also observed a deficit
exceeding 30 in another b — suu transition, namely the By — ¢u™pu~ decay [13, 14].

Taken independently, none of these measurements are in dramatic tension with the
Standard Model. However, an interesting feature of these anomalies is that model indepen-
dent analyses [12, 15-21] have shown that new physics contributions to effective four-fermi
operators can consistently explain nearly all of them. In fact, a fit of the b — s€/ transition
data to a set of higher dimensional operators shows that new physics is preferred over the
Standard Model at the 50 level [12]. Furthermore, these fits unequivocally demonstrate
that one potential way to explain these anomalies is to generate new physics contributions
to the operator

(87a PLD) (™ P ). (1.4)

We also note that there are signs of lepton flavour universality violation in the b — cfv
transitions as well. Namely, the ratios of branching ratios Rp and Rp«

Br(B — D®rv)
Br(B — D®(v)

Rpe = (1.5)
where ¢ = e or u, have been measured by Babar [22, 23], Belle [24-28], and LHCb [29] and
the results seem to be in tension with the Standard Model [30]. However, in this work we
do not focus on these discrepancies, although we do briefly discuss them near the end of
the paper.

Many different models featuring new particles, for example leptoquarks (either scalar
or vector) that couple to a quark and a lepton, have been proposed to potentially explain
these anomalies. Depending on the flavour structure of their couplings, such particles can
contribute to the B to K processes, B to D processes, or both [31-46]. In supersymmetric
models featuring the R-parity violating (RPV) term N LQD°® in the superpotential, the
squarks are in fact leptoquarks. Therefore, such models provide a natural framework to
address the anomalies [47-51]. To explain the anomalies in the b — spp transition we
are led to consider loop level contributions as tree level exchange of squarks lead to four-
fermi operators with incorrect chirality structures. In these models, there are various
kinds of box diagrams that contribute. One class of diagrams involve only intermediate
squarks and were considered in a previous work on leptoquarks [34]. In addition, there are
diagrams that also involve sleptons which are specific to supersymmetric models. Those
contributions were considered in [48] which found regions of parameters space that could
explain the anomalies and avoid constraints. These regions are characterized by large
)\ couplings and TeV-scale superpartners. As a part of this work, we reexamine this
parameter space and find new constraints. Finally, in supersymmetric RPV models, there
are diagrams involving winos. These have not been considered previously in the literature



with regards to the anomalies. Therefore, in this paper we focus our attention on regions
of parameter space where such diagrams give significant contributions. This leads us to a
parameter space where the couplings Ajy3, Ay3q, N595, and Ngg5 are each large. Additionally,
the masses of the left-handed squark doublets need to be of order 1TeV, while to avoid
various experiment constraints the masses of the right-handed sbottom and the left-handed
slepton doublets need to be of order 10 TeV.

This paper is structured as follows. In section 2 we compute the contribution of
our model to the relevant four-fermi effective operators. We then discuss the region of
parameter space which is the focus of our work. In section 3 we present various constraints
on the model. In particular, the processes T — pup, Bs — B mixing, B — K®vp, Z
decays to charged leptons, direct LHC searches, and the presence of Landau poles are
examined. Finally, we present our results in section 4 and we conclude in section 5.

2 Setup and calculations

The effects of new physics on the decay b — sf¢ can be encoded in contributions to
higher dimensional operators. Specifically, the low energy effective Hamiltonian is often
parametrized as

4G

Heff: - \/*

RV Vi = 2 (G505 + OO + GO + C0y) + e, (2.1)

l=e,pn

where G is Fermi’s constant, V;; is the CKM matrix, « is the fine-structure constant, and

0§ = (57aPLb) (17"0), 0y = (57aPrb)(£4°¢),
010 = (57 P, b)(€7 ¥5L), 010 = (57P. b)(fv ¥5L). (2.2)

We find it convenient to switch to the basis described in ref. [32] where the effective Hamil-
tonian contains

4GF
\[

Heﬁ‘ o — ‘/tb‘/;fsll Z CLLOLL + h. C., (23)

l=e,u

where 0%, = (0§ — 0{,)/2 = (572 PLb)({y*Prl) and C%, = C§ — CY,, as well as the
analogous operators with the other possible chiral structures. One potential way to explain
the anomalies in b — suu is to generate a large, in absolute value, and negative contribution
to CZL.I Using all relevant data, the model independent analysis performed by ref. [12]
finds the best fit value for C7; (assuming that only this coupling receives new physics
contributions) to be —1.24 with the 20 range being —1.76 < CY; < —0.74.

In attempting to explain these anomalies, we consider the R-parity violating superpo-
tential term )\;jkLinDg. In this expression, the A’ couplings and the superfields are in a
basis where the down-type quark mass matrix is diagonal. To switch to the mass basis,
we assume that the scalar soft masses are diagonal in flavour space and apply a rotation

!Below we often refer to generating large C¥ ;. By this we mean large in absolute value and negative.



Figure 1. Tree level decay for b — sup involving two )\ interactions.

to the left-handed up type superfields. Then, after expanding the superfields in terms of
their fermions and sfermions, we get

LD— )\;jk(ﬂidLjJLk + (iLjI/iJLk + dj%kyidLj)
+ )\;jk(éLiUngLk + aLjeLiJLk + d%keLiuLj) + h.c., (2.4)

where we use 2-spinor notation to denote the fermion fields. In this equation, and through-
out the rest of the paper unless otherwise stated, all repeated indices are assumed to
be summed over. We have labeled the couplings involving left-handed down quarks and
squarks as N and the couplings involving left-handed up quarks and squarks as \'. The X
and X couplings are related by
fik = N Vil (2.5)
As shown in figure 1, the decay b — spup can occur at tree level through two )
interactions. After integrating out the left-handed up squark we are left with the effective
Lagrangian
N
Lo = — 22272 (5° Prb) (e PLu) + hec. (2.6)
ZmaLj
Notice that this tree level decay necessarily involves a right-handed quark current, and
operators involving a right-handed quark current are unable to explain the anomalies. Since
we are considering a spectrum which features left-handed up squarks, it is imperative to
ik
is the same approach as taken in [48]. As will be discussed in section 3.1, the couplings

forbid these diagrams. To do so, we only consider non-zero X, ., for a single value of k. This
with £ = 1 or k£ = 2 are excluded in the setup we consider due to 7 decays. However, for
the sake of generality, we choose to keep k as a free index in the equations presented in this
section. Accordingly, in these equations, the index k is not assumed to be summed over.
With the tree level decay forbidden, the next step is to examine potential loop level
processes capable of mediating b — sup. Examples of the different box diagrams that
we consider in this work are shown in figure 2.2 First, consider the diagram involving

2Tt is worth noting that there are other potential one loop box diagrams for b — suu involving X and
gauge couplings. However, these diagrams necessarily require the external quarks to be right-handed and
thus, after Fierz rearrangements, will generate operators involving a right-handed quark current. Analogous
to the tree level diagram, this is undesirable as operators involving a right-handed quark current are unable
explain the anomalies. Fortunately, the same trick employed to forbid the tree level diagram, only turning
on /\;jk for a single value k, removes these diagrams as well.
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Figure 2. Box diagrams studied in this work. Figure 2(a) shows an example W loop diagram,
figure 2(b) shows an example wino loop diagram, and figures 2(c) and 2(d) show the four-\’' loop
diagrams.

a W boson and a right-handed down squark, figure 2(a). This diagram is just one of
many diagrams involving these two types of particles (if we ignore internal indices then
there are four other diagrams, three with a W boson and one with a Goldstone boson).
Collectively, we refer to these diagrams as the W loop diagrams. Second, consider the
diagram involving a wino and a down quark, figure 2(b). This diagram is just one of
many diagrams involving these two types of particles (if we ignore internal indices then
there are three other diagrams). Collectively, we refer to these diagrams as the wino loop
diagrams. Finally, consider the diagrams involving four A’ couplings, figures 2(c) and 2(d).
Collectively, we refer to these diagrams as the four-\" loop diagrams.

Each of these diagrams contribute to C%; . Indeed, the W loop diagrams and the four-
N loop diagrams have previously been considered in the literature in the context of the
b — sup anomalies. For example, ref. [34] studied a leptoquark model where equivalent
diagrams to the W loop and the four-\ loop with two right-handed down squarks were
considered. Additionally, ref. [48] studied an RPV supersymmetry model where the W
loop and both four-)\ loop diagrams were considered. To the best of our knowledge, the
wino loop diagrams have not been considered in the context of these anomalies. We now
proceed by writing down the contributions of each of these diagrams to C', . Although the
results for the W loop diagrams and the four-\’ loop diagrams can be found in the given
references, we present them here for completeness.



First, it is convenient to introduce the integrals

d*k 1
D TrL2,77”L2,m2,m2 = /
e O Y e [ ol [l [
. 2 2
_ ¢ mi log(m¥)
= Tort (ot g+ € ) ) o )
(2.7)
and
dk k2
D 2 2 2 2 = /
2lmisma. s i) = o = 2y (R = ) (6 = m2) (R — md)
i m log(m?)
= — +(m1Hm2)+(m1Hm3)+(m1Hm4)
1677 (( 2= m3)(m? — m3)(m? — m3)
(2.8)

which arise when computing the box diagrams. These are simply the four-point Passarino-
Veltman functions where the external momenta have been ignored [52, 53]. These two
integrals can also be written so that the arguments of the logarithms are dimensionless
ratios of squared masses. We write them in this form to show the symmetry between m%,
m3, m3, and mj. These integrals also have many well-defined limits when, for example,
any of the masses are set to zero or any two masses are set equal. We will often use some
of these limits below.

The contribution to CY; due to the W loop diagrams is given by

W) _ V24r 11
LL 4GF « thVts 1

2
g 2 2
( 2zk 22lebD2[ kvmuwmwv 0]

2 2
9" 3 i * 2 2 2 2 9 1 I yx 2 2 2
a0 Qik/\ijViijsDﬂngkvmWmuj’mw]+Z 23k)‘2jk‘/jsD2[mJRk7mUj’mW70]
N 2 I 121 mi 2 2 2 9

! /% * T J
4 bk Aoy Da[m? mg.. sy 0, 0]4 A Az Vin Vi Do[md'Rk7mui?muj-7mW]>
(2.9)

where v = 174 GeV is the vacuum expectation value of the Standard Model Higgs doublet.
In the limit mfz > m?, this simplifies to

Rk
W |)\/ |2 m2
i = a2 ) (2.10)
dRk

)

Other combinations of X’ couplings also contribute to Cg(LW but these are all much smaller.

Next, the contribution from the wino loop diagrams is given by the similar expression

2
u(W)_ V2 4n 119 s e a
cy ( ) 1Cr o VoV i lgik)\’g“}k‘/}ng[mW,mﬂLi,mgﬂ,mdk] (2.11)
—ﬁ”N”VWD[Q R R
4 2ik 2]k ib js QmW7mﬂLi,maLj,mdk
92 N V D 2 2 2 g\ I% D 2 2 2 9
+ 7 A2z o[mi,, m3, 8, M) = T oAy, Dol mi mi  my, ] ).



If we make the assumption that the masses of the three left-handed up squarks are degen-
erate, then this simplifies to

Cu(W) \[92)‘ 36 A0 ( 1 4 1
xp, —1

647G paVpViim a;, — 1
(w5, — 225, + qu) log(zp,)  (va, — 223, +25,) log(waL)> (2.12)
(x5, — 1)*(x5, — Ta,) (za, — 1)*(za, — 25,)
where 5, = m3 /mW, Tg, = m2 /m , and we have set m?ik — 0. Notice that if

Tp, = Tg,, then thls expression Vanlshes due to a super GIM mechanism. Another relevant

limit is wp, > xg,, in which case ng/i/) further simplifies to
647TGF05V;51,V;S Tay, 1 (.%'ﬂL — 1)2 '

which is simply the result of the box dlagram with two left-handed up squarks in the loop.
Finally, the contribution from the four-\ loop diagrams is given by

pavy _ V2i4m 11 I mo 1 2 2 2
¢ 4GF Py WbV*Zl z3k Zk)‘QJk 2jk7; DQ[mJRkamJRkamuj,O]
+ DQ[ Mg, 7m§i>m?lkam§k]>- (2.14)

Assuming the masses of the three left-handed up squarks are degenerate and taking the

limit m% > m?2, this simplifies to
Rk

o) _ VPN gy (1 Tog(mi /mi, )\ (2.15)
LL 647rGFon}bV;§ m?z mg —m%L
Rk Vi

So far, we have considered only box diagrams for b — suu. We now consider po-
tential photonic and Z penguin contributions, for which an example diagram is shown in
figure 3. Starting with the photonic penguin, we determine its contribution to C¥, as
follows. Consider first the generic amplitude for the process b — §y®*)

iM = iee® By (p)[V° (9apa® — 4atp) (Af PL+ Al Pr) + myoapiq” (Al PL+ Al Pr)lvs(p — q).
(2.16)

Adapting the results of ref. [54], who study the process u* — ety with R-parity viola-
tion, we find

1 Mg N3 1/4 mi 1 1
AL — Zlists3 (2 (% b — 2.17
T3 062 \ 3\3 7 B\m2 ) )z T gz ) (2.17)
i i bR
Al =0, (2.18)
as well as
1 Nga N 1 1
AL _ = 7i237%33 _ 2.19
273 1672 12m2  6mZ )’ (2.19)
R k2

AlL =0, (2.20)
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Figure 3. An example penguin diagram for b — supu.

where we have momentarily considered the case k£ = 3. Here, Aﬁ and A{fQ are zero be-
cause we are only considering non-zero )\;jk couplings for a single value of k. Next, we
match this amplitude onto effective operators. To resolve any potential sign ambiguities,
we compare the effective operator for the dipole term with the results present in the litera-
ture [55, 56]. From these effective operators, we determine a photonic penguin contribution
to C, given by

V2N 0 N5 1/4 m? 1 1
cr 3323 (2 (2 b 9291
LL 2GRV Vis \ 3\3 +log m2 ) ) mZ * 18m§ ’ (2.21)
g R

Vi

as well as an equal contribution to C¥ , as defined in [32]. Notice, however, that C¢, and
C{ r will receive identical contributions. Thus the photonic penguin diagrams should not
have any effect on lepton universality violating observables such as Ry(.). On the other
hand, they should still affect the other types of variables, such as the various angular ob-
servables, used when making the fits for the Wilson coefficients. Regardless, it so happens
that, in the setup we consider, all potential contributions from the photonic penguin dia-

C”L‘(LV) to C'; but emphasize that this only has a

grams are very small. We decide to add
negligible effect. Finally, we find that the Z penguin diagrams vanish in the limit of zero
down-type quark masses.

To explain the anomalies, we need to generate negative contributions to C¥';. From
equation (2.10), we see that the W loop diagrams necessarily give a positive contribution.
Next, the term in the large brackets in equation (2.12) is positive for all values of z, and
zg, . Assuming real X', which we do for the remainder of this section, we need to take the
product Xy, Xys, > 0 to make CZ(LW) negative. Further, as previously mentioned, CZ(LW)
vanishes in the limit x5, = 23, due to a super GIM mechanism. As a result, to increase
the magnitude of C’g(LW) it is beneficial to split the muon sneutrino and left-handed up
squark masses. Taking the muon sneutrino mass much larger than the left-handed up
squark masses leads to equation (2.13). Finally, by examining equation (2.15), we see that

if NyopAhsp > 0, then CZ(LM ) receives a positive contribution. On the other hand, if we take

N oA 3, < 0 or Xy, Aos, < 0 then this will result in negative contributions to C’L‘(LM ),
With these considerations, we envision the following spectrum. The masses of the wino

and the three left-handed up squarks are light, of order 1TeV. The product Xy, Ay, is



positive and, to enhance the wino loop diagrams, fairly large. As we will see in section 3.2,
the product Xy, A5, is highly constrained by B,— B, mixing. To get around this constraint,
the sfermions which enable B; — B, mixing with )\ interactions, the right-handed down
squarks and sneutrinos, must be made heavy. We set the masses of these particles to order
10TeV. The W loop diagrams and the four-\' loop diagrams proportional to Xy, Abq;,
which each give positive contributions to C¥; . are then suppressed. Furthermore, we find
that it is still difficult to generate large enough C‘LL ; to explain the anomalies in this setup.
Thus, we also turn on the product A, Ass, and make it negative so that the four-\" loop
diagrams proportional to this product of couplings then give negative contributions to C'; .
In fact, if we take —Ajy, Ajqp > Ao Nyqy then Cg(f’\/) will be negative. However, we must
then consider constraints involving taus. One such constraint, examined in section 3.1, is 7
decays to a p and a meson. There we find that the cases k = 1 or k = 2 are ruled out, and
we are forced to consider k = 3. Due to this, the only right-handed down squark which is
now relevant is the sbottom. In summary, we consider a light wino, light left-handed up
squarks, a heavy right-handed sbottom, heavy sneutrinos, and the four R-parity violating
couplings Agy3, Agzz, Agpz, Agzz With Ajp3Xozs > 0 and AzpzAzzs < 0.

There are two last points we wish to make before discussing potential constraints.
First, we have chosen to turn on My3\555 instead of Njg3\j55. There are two reasons
for making this choice. The first is that if Nj93\]53 is taken to be non-zero, then there
will be diagrams contributing to C7;. We avoid this since the fits, using all relevant
observables, tend to prefer new physics in the muon channel than in the electron channel.
Interpreting our results would also become much more challenging. The second reason for
this choice of parameters is that by turning on Ajy3As45 instead of Nj93\|53 we need only
to consider weaker constraints involving taus as opposed to stronger constraints involving
electrons. For example, in section 3.1 we consider constraints from 7 — ppp. This process
is much less constrained than pu — eee. Finally, the last point we make is that taking

hogAy3s > 0 and Ajy3As45 < 0 has an additional benefit, it tends to cause cancellations
amongst diagrams contributing to potentially constraining processes. For example, as we
will see in section 3.2, such cancellations happen in B, — By mixing. We consider these
cancellations a feature of the model, as the choice of parameters which lead to them is
what is precisely preferred to explain the anomalies.

3 Constraints

3.1 7 decays

The first type of constraints we discuss are those which follow from 7 decays to a u and
a meson. This type of process was considered in [57] (see also [58]) to bound various
combinations of RPV couplings. We will show the results in [57] which are relevant to our
parameter space and update the bounds using the latest experimental data.

This type of process can be divided into two subcategories, 7 — puV and 7 — uP,
where V represents a vector meson and P a pseudoscalar. Both types of 7 decays can
occur via a tree level exchange of a 4y, or a dr depending on which meson is in the final



state. However, as also noted in [58], we find that stronger constraints come from 7 decays
to vector mesons than from 7 decays to pseudoscalars. Particularly, the mesons which
give the strongest bounds are p® and ¢. The branching ratio for the decay 7 — uV is
given by [57]

1 m? mé m?
Br(r — uV) = o[ Ay [ fim (1 s zg> (1 _ mg>77, (3.1)
T T T

where 7, is the mean lifetime of the 7 and we have taken the mi /m2 — 0 limit. The vector
meson decay constant fy is defined by [57]

(0 (0, ©)arau(0)|0) = my, foer, = — (0°(p, €)|drad(0)[0) (32)
for p%, and
(¢(p, €)[57a5(0)|0) = mg foes, (3.3)

for ¢, with f, = 153 MeV and f, = 237 MeV. Additionally, Ay is given by [57]

ARV by N/
O Mo Ay Ay (3.4)
’ m2 m2 '
ULj dRk
for p°, and
Nijo A5
Gr;
for ¢. The current experimental upper limits on the branching ratios for these two processes
are Br(t — pp®) < 1.2 x 1078 and Br(r — p¢) < 8.4 x 1078 [59]. These translate into

the bounds
o 1TeV\? -, - 1TeV 2
LN () DV Ve <> <0.019 (3.6)
3717251 31k7\21k
’ ’ mﬁLi mJRk
and
< o [1TeV\?
L ’2>;2<m~e ) < 0.036, (3.7)
Ur ;5

respectively. As we are considering the masses of the left-handed up squarks to be of order
1TeV, these two bounds are highly constraining. Indeed, explaining the anomalies with
the couplings Ay, Aigp, Asgp, and Aig with k=1 or k = 2 proves to be impossible due
to these stringent limits. This is why we are forced to consider the couplings Nyg, Ass,
593, and Aj34. Below, we will discuss constraints which would otherwise depend on m dr”
However, because of this restriction, we will only mention the right-handed sbottom from
here on out.

Other 7 decays which can potentially constrain the parameter space include 7 — py
and the similar processes 7 — ppp and 7 — pete”. The processes p — ey and p — eee

~10 -



in the context of RPV supersymmetry are considered in detail in ref. [54] and we modify
their results for 7 decays. First, note that the amplitude for 7+ — /ﬁ’y(*) is the same, up
to appropriate modifications, as the amplitude given in equation (2.16). The dipole term
contributes to the decay 7 — u7y and leads to a branching ratio of [54]

5
am?

(1A% + AT )7 (3-8)

Br(r = pv) =

where we have again taken the m?/m2 — 0 limit, and [54]

)\/ . )\/*‘
L _ 273353
Ay = T 64nem2 (3.9)
br
AR —o. (3.10)

Interestingly, A£2 does not depend on the masses of the left-handed up squarks, even though
there are diagrams which involve these particles. This is because in the limit m}/ m%L —0
and m?2 /m%L — 0 there is an exact cancellation amongst the individual diagrams. Also
worth noting is that to reach AL, shown above we have taken the m?/ m%R — 0 limit. The
branching ratio then becomes

am?

Br(r — py) = m’)\’ms B3 T g3z ASss|*7r (3.11)
br

and this, using the current experimental upper limit Br(7 — uvy) < 4.4 x 1078 [59], leads
to the bound

e\ 2
Nyoga N & Noaa M| < 11 —22 ) 12
| A223 393 + A933A333] < <1TeV (3.12)

Since we are considering my . to be of order 10 TeV, we find no constraints from 7 — p.

Next we consider the decay 77 — pu ™. This decay receives three different types of
contributions, photonic and Z penguin diagrams and box diagrams with four A’ couplings.
We write this as

iM =iMY +iMZ +imM™, (3.13)
The photonic penguin amplitude iM?” is given by
. 9 L R iq” L R
M =600, (5) (10 (AL P+ AT Pi) + s o (AL P+ AP ) ()]
[ (p3)y*vu(p1)] = (p1 < p2). (3.14)

The functions A%, and AL, are still given by equations (3.9) and (3.10), respectively, and
AR = 0. The function AL is similar in nature to equation (2.17) but is slightly more
complicated. Its exact form can be determined from the results in [54]. We do note though

- 11 -
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Figure 4. One loop box diagrams contributing to 7 — ppupu.

that, unlike Afz, A£1 does depend on the masses of the left-handed up squarks. Next, the
amplitude for the Z penguin is given by

2

. . g _ _
iM? = ZWB§2 [0-(P)v* Prou(p2)][tp(ps)Va (kL PrL + krPr)vu(p1)] — (p1 > p2)
Ticyymy,
(3.15)
where k7, = —% + s%,v, KR = 512/‘/, cw = cos by, sy = sin By, and the function BgQ is given

in equation (3.31) with mQZ — 0. Finally, consider the two box diagrams shown in figure 4.
The amplitude for these two diagrams is

M = iCrlo, ()7 Prou(p) [ () va Pro(pr)) = (1 96 p2) (3.16)

where C; is given by

Loy s s L 2 2 2 2 2 2 2 2
CT:_E /21;3 /2*1'3 /2]'3 g}?)g(DQ[mﬁLivmﬂLjvmb?mb]+D2[m5Rva;R)mui7muj])' (3.17)

2 > mg, and m2 > m?, this

Assuming mass degenerate left-handed up squarks, m: ;
R

simplifies to

! IE3 ! IE3

_ 21‘3)‘21‘3)‘23‘3)‘3]‘3( 1 1 )

= 2 2 2 )
64w mg mBR

(3.18)

To compute potential limits from 7 — pup, we first write the amplitude in Mathemat-
ica with the assistance of FeynCalc [60, 61]. Then, also using FeynCalc, we square the
amplitude and sum and average over spins. Finally, we numerically integrate over the
three-body phase space to determine the partial width. This value is then multiplied by
the mean lifetime of the 7 to determine the branching ratio, which is then compared to the
experimental upper limit Br(7 — ppu) < 2.1 x 1078 [59].

Potential constraints from 7+ — p*ete™ are determined in a completely analogous
fashion. Although, for this decay, only the photonic and Z penguin diagrams contribute,
whose amplitudes are similar to equations (3.14) and (3.15), respectively, with appropriate
modifications. The branching ratio is again computed with the assistance of FeynCalc and
the result is compared with the experimental upper limit Br(7 — pete™) < 1.8 x 1078 [59].
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The last type of process we consider involving taus is the decay 7 — Kwv. This decay,
which occurs in the Standard Model through a W boson, can also potentially occur via a
tree level exchange of a right-handed sbottom with two X' interactions. However, because
we consider the right-handed sbottom to be heavy, we find no meaningful constraints from
this decay.

3.2 B mesons

Strong constraints on the parameters in our model can be derived from B, — B, mixing.
Particularly, the )\ interactions induce By — By mixing via one loop box diagrams with
either two right-handed sbottoms or two sneutrinos in the loop. Additionally, B, — Bs
mixing can also be induced by a one loop box diagram with two left-handed up squarks
and two winos in the loop. It is useful to define the effective Lagrangian for this process

Lo = Cp ™) (37 PLb) (570 PLb) + hec. (3.19)

where C]S;:/[(NP) is generated by the Standard Model (new physics). Explicitly, these are
given by

4

M 9y, v*)2s 3.20
B = o (VoVi) S0l (3.20)

with xz; = mj /mw, my = my(my) ~ 162.3 GeV, and So(wy) = “(iﬁlffﬁi;x%) o 35(?1%5(:)2) ~

2.30, and

CNP 3 133 h53)\333 5237 (Dz[m mi ,070]+D2[m§i,m§j»mgamg]>

+§mbvwxgbv* DQ[ my, ma, L m,me . (3.21)

In the limit of degenerate left-handed up squarks (which removes the wino contribution
due to a super GIM mechanism) and ml% > mg, C’gf simplifies to

NP _
Ch,

* 2 2
133 \i23 N33 g23< 1 IOg(mDi/mﬂj)> (3.22)

2 2 _ 2
12872 mg mz, —mg.

Notice the X dependence of this equation. The choice of parameters A3\ > 0 and
N393M535 < 0, initially motivated to achieve large values for CY,, causes cancellations
amongst the various diagrams. This is an example of the cancellations mentioned at the
very end of section 2. Importantly, these cancellations help lessen the constraints coming
from By — By mixing. Again, we consider this a feature of the model, as the choice of
parameters which lead to these cancellations is what is precisely preferred by C%;. To
constrain the relevant parameters, we follow the UT fit collaboration [62] and define

(BIIHGBY)

CBS e2i¢55 = —
(BYIHZ!|BY)

(3.23)
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We then have that Cp, and ¢p, are given by
NP

1 Chy
Cp, = and ¢p, = iArg 1+ —=- - (3.24)

CSM
S

The 20 bounds on these two values, which can be found on the UT fit collaboration’s
website, are given by 0.899 < Cp, < 1.252 and —1.849° < ¢p, < 1.959°. We find that,
even with the cancellations between the diagrams, the constraint on Cp, still requires us
to take mj and my of order 10 TeV if we want the product NggA3s to be large.

The next decay we consider is B — K® v which results from b — sv. The quark
level decay can potentially occur by a tree level exchange of a right-handed sbottom with
two )\ interactions. It is useful to define the effective Lagrangian for this process

S _

Legg = bi/liyi)(s’yaPLb)(VfYaPLV]) +h.c (325)
where Cj HS(SIEJ) is generated by the Standard Model (new physics). Explicitly, these are
given by

g
Obi)sylyj = _5ijm‘/tb‘/tsX0(xt) (3.26)
. o zt(a:tJrZ) 3xt(xt72) ~
with z; defined as before and Xg(x;) = ST T RmoT? log(xy) ~ 1.48, and
/ 1%
33123
Cb—>su11/] = ]2777, = (327)
br
Next, consider the ratio Rp_, ks, = IPMTNP(B — K®up)/TM(B — K®up). In terms

of C’b_,sy y, and Cb_>syil7j, it is given by
NP 2
’ bﬁs”“jl bHSVsz‘ + Zl (1 _51] | bﬁszm/]‘
7]
Bpopconn = . (3.28)
Z ‘ b—>sy11/1

The Belle search [63] provides 90% CL upper bounds Rp_, k.5 < 3.9 and Rp_ g+, < 2.7 on
these ratios. We determine constraints on our parameter space from the limit on Rp_sg+pp.

Another potentially constraining process is the decay B — Xz corresponding to the
decay b — 5y. The amplitude for the quark level process is given in equation (2.16)
where, due to the photon being on-shell, only the dipole term contributes. We see that
this amplitude depends on A[fQ, given in equation (2.19), which is itself proportional to the
inverse squared masses of the right-handed sbottom and sneutrinos. Because we take these
particles to be heavy, we find no constraints from these decays.

Finally, we also examined the decays B — 7v and B — uv. Both these decays occur
in the Standard Model through a W boson, although the latter decay is highly suppressed
due to angular momentum conservation. They can also potentially occur as a result of a
tree level right-handed sbottom exchange with two )\’ interactions. However, because we
take the mass of the right-handed sbottom to be heavy, we find no constraints from these
two decays.

— 14 —



1L

I
(a) (b)

Figure 5. Example one loop Feynman diagrams contributing to Z — puu.

3.3 Z decays

Loop level processes involving the right-handed sbottom and left-handed up squarks can
potentially shift the partial width of the Z to same flavour charged leptons or induce Z
decays to opposite flavour charged leptons. Example one loop Feynman diagrams are shown
in figure 5. These diagrams contribute to the amplitude

g _
IM= 2327r Bij€* e, Yo PLve; (3.29)

where B;; = B1 + 32 + B3 and

- 4 m2 . 1 52
Z )\]l3 Zl3 |:<1 - 38%}[/) (10g<mgz ) — 1T — 3> + SV:|, (330)
R bR
m? m?
3&%1% Ef'_bgyﬂ -1
br br

2 2 1 2
+ -z (11 — 10s3,) + (6 — 8s3) log m; + —(-9+ 163124/)m—§ . (3.31)
m 10 m;
R R

S 2 , my 1 1 1,
Z)‘]l?) zl3 ULZ |:(_3SW> <10g<m%u> — T = 2> + <_6 + §SW . (332)

The function Bilj is the contribution from the diagrams with a right-handed bottom squark

and an up or charm quark in the loop. The function Bizj is the contribution from the
diagrams with a right-handed bottom squark and a top quark in the loop. These two
functions match the results presented in [34], although we have retained additional terms
in BZ-ZJ The final function B3 is the contribution from the diagrams with a left-handed up
squark and a bottom quark in the loop.

For the decays Z7 — pp and Z — 77, we derive bounds by demanding that the
interference term in the partial width computation between the Standard Model tree level
diagram and the one loop contribution presented above is less than twice the experimental
uncertainty on the partial width as given in [59]. This leads to the bounds

|Re[ng]| < 0.32 and |Re[333]| < 0.39. (3.33)
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The decays Z — ut are bounded by demanding that the one loop contribution does not lead
to a branching ratio larger than the experimental upper limit Br(Z — ur) < 1.2x107° [59].
This results in the bound

\/ |323‘2 + ‘332|2 < 2.1. (334)

3.4 Other possible decays

The right-handed sbottom and X couplings can also induce several different tree level
decays of D mesons. For example, potential constraints can be derived from examining
the decay D° — i, the ratio of branching ratios Rg)+ = Br(Dt — ptvK°®)/Br(Dt —
etvK%®)) and Rpo = Br(D® — utvK~)/Br(D? — e*vK ), and the decays Dy — Tv and
Dy — uv. However, because we take the mass of the right-handed sbottom to be large, we
find that none of these processes constrain our parameter space.

The last type of processes we consider are upsilon decays to charged lepton pairs,
T(1S) — e;ej. The corresponding quark level process bb — e;e;r can potentially be
induced by a tree level exchange of left-handed up squarks and two X interactions. Inte-
grating out the left-handed up squarks, we are left with the following effective Lagrangian

/ /%
AZJ::’L?“?’ (by* Prb)(€iva Pre;j). (3.35)

ULy

Leff =

Using this effective Lagrangian we can compute the branching ratio for the decay T — ur
as well potential modifications to the ratio of branching ratios Br(T — uu)/Br(T — ee)

and Br(Y — 77)/Br(T — ee). However, we find that the experimental upper limit on
+

Br(Y — pr) is not stringent enough and that the decays T — e; e, are not measured

precisely enough to give any constraints on our parameter space.

3.5 Collider searches

The next type of constraint we discuss is direct LHC searches for pair produced up squarks
subsequently decaying by )’ interactions. Provided the up squarks are light enough, this
process at the LHC would look like pp — apuj — €70~ jj where, in our case, the two
individual leptons can be either muons or taus, and both jets are b-jets. Thus, the possible
signatures are two opposite sign muons, an opposite sign muon and tau pair, or two opposite
sign taus, together with two b-jets.

There have been several ATLAS and CMS searches looking for these types of topologies,
of which one of the most recent is [64]. This is an ATLAS search with centre of mass energy
/s = 13 TeV and integrated luminosity 36.1fb~!. It considers stop pair production with
the stops decaying by ) interactions. The final state topologies it considers are £7¢~jj
where £ = e or 4 and both jets are b-jets. The search presents lower limits for stop masses in
the Br(f — be) +Br(t — bu) +Br(f — br) = 1 plane. To extract limits from this search, we
first make the simplifying assumption that the efficiencies to pass the cuts (which require
one of ee, ey, or ) are zero if either stop decays to a 7 and a b. Then, using the exclusion
plot, the provided 95% CL upper limit on the number of BSM signals, and the stop pair
production cross section which we compute using NNLL-fast [65-68], we can determine the
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efficiencies for both stops decaying to a u and b. Once we have the efficiencies, determining
limits on our model is straightforward.

To do this, we first determine the production cross sections for the three individual up
squarks. For simplicity, we use the pair production cross section for stops for the first two
generations as well. This is equivalent to assuming a heavy gluino. Then, we compute the
branching ratios for our up squarks to decay to a u and a b. Here, we consider the decays
uy, — pb, uy, — 7b, and uy — W ¢ where the last decay includes both neutral and charged
winos. For large values of the X’ couplings (X 2 1), the first two decays dominate. We then
compute the number of expected signals by multiplying the integrated luminosity, the cross
sections, the efficiencies, and the squared branching ratios for 47 — ub. Comparing this
number to the provided 95% CL upper limit on the number of BSM signals, we determine
whether points in parameter space are excluded.

It is worth mentioning that we also examined experimental searches looking for the final
state 7777 jj where again the jets are b-jets. One of the most recent searches looking for
this final state is the CMS search [69]. However, this search fails to provide any additional
constraints in the parameter space we examine. This is simply because these types of
searches provide weaker limits than searches looking for ¢T¢~jj (¢ = e or ) due to the
difficulty in reconstructing taus.

3.6 Landau poles

To generate large values of C7;, we will need to take the four X’ couplings under consider-
ation to be fairly large. This will then result in Landau poles below the Planck scale. To
calculate the energy scales of these Landau poles, we use the following procedure. First,
we evolve the three gauge couplings and the top, bottom, and tau Yukawa couplings up
to the left-handed up squarks mass scale using the Standard Model beta functions. From
there, we evolve these parameters and the four A’ couplings up to the right-handed sbot-
tom and sneutrino mass scale. The beta functions used for this evolution are the one loop
RPVMSSM beta functions [70], except with the following modification. As some of the
sparticle masses are at the very top of this evolution scale, we remove their effects on the
beta functions. Precisely, we remove the effects on the beta functions due to the sfermions
coming from the superfields U¢, D¢, L, and E¢. Lastly, we evolve the parameters upwards
from this scale using the full one loop RPVMSSM beta functions and determine the Landau
pole accordingly.

4 Results

Our results are presented in the four plots in figure 6. In these plots, we show solid contours
of constant values of C';. Also shown are dashed contours representing energy scales in
TeV at which Landau poles occur. In addition, we find that relevant parameter space is
excluded by the processes 7 — pup, Bs — By mixing, and B — K®vp, as well as direct
LHC searches. In making these plots, we have taken \yyq, Ays3, and Nj,s positive and Njgq
negative. There are essentially identical plots with Ajy3 < 0 and M35 < 0 or A553 < 0 and

445 > 0. For each of these plots, we have set the mass of the wino to be 300 GeV. We have

17 -



‘1233

Aoy = Aoz

(c)

Figure 6. Four example figures showing solid contours of C,. For figure 6(a), we set Njpq =
—As33 = L4, myy = 300GeV, mg, = me, = mz, = 1.3TeV, and m;_ = mp, = my, = 13TeV.
For figure 6(b), the masses are set to the same values as in figure 6(a). For figures 6(c) and 6(d),
Aso3, 533, and the masses not being varied are again set to the values used in figure 6(a). Dashed
contours show energy scales of Landau poles in TeV. Parameter space excluded by 7 — pup is
shown in yellow. Parameter space excluded by B, — B, mixing is shown in blue. Parameter space

excluded by B — K® v is shown in orange. Finally, parameter space excluded by direct LHC
searches is shown in green.

also only considered mass degenerate left-handed up squarks and we have set the mass of
the right-handed sbottom equal to the masses of the sneutrinos. Since we are primarily
interested in the wino diagrams contribution to C%';, we vary the parameters Ay, and A4
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in each of the plots. These are the only parameters varied in figure 6(a), while we also vary
Njoq and Aggq in figure 6(b), the masses of the left-handed up squarks in figure 6(c), and
masses of the right-handed sbottom and the sneutrinos in figure 6(d).

Examining the plots, we observe the following features. First, it is difficult to generate
very large values of C'; in this setup. We see that in all four plots only a small portion of
the unexcluded parameter space has C'Z 1, < —0.74, the upper limit of the 20 region capable
of explaining the anomalies as stated in ref. [12]. Indeed, in figures 6(a), 6(c), and 6(d) the
largest value of C%';, which can be generated and is not excluded is ~ —0.77. We see in
figure 6(b) that larger values of C%'; can be generated but only if all four X’ couplings are
taken large in magnitude. This leads to the second feature, large values of C¥'; necessarily
imply low scale Landau poles. For each plot, the parameter region with Cf; < —0.74
also has a Landau pole at an energy scale < 70TeV. In fact, in figure 6(b) we see that
a portion of the otherwise unexcluded parameter space has Landau poles at energy scales
less than the masses of the right-handed sbottom and sneutrinos. This region is thus also
excluded. Third, notice that in figure 6(b) the two regions excluded by Bs — Bs mixing
do not converge, even for the largest values of the X' couplings. This is an example of the
cancellation amongst diagrams discussed in section 3.2. Fourth, as shown by figure 6(c),
the direct LHC search constraints require the masses of the left-handed up squarks to be
2 1.4TeV if these particles decay only to pb. Smaller masses are allowed provided the
left-handed up squarks decay to 7b as well. The final feature we wish to mention is that,
as shown in figure 6(d), the masses of the right-handed sbottom and sneutrinos need to be
2 7.5 TeV. This demonstrates the smallest mass splitting between these particles and the
left-handed up squarks that we can achieve in this setup.

4.1 Additional remarks

It is interesting to compare our results with those in ref. [48]. There, the masses of all the
sparticles are at the TeV scale and the negative contributions to C%; come from the four-\
loop diagrams. In figure 7, we show an example plot examining this parameter space. In
this figure, we have set Xjp3 = 0.05, X333 = —0.5, my;, = 300GeV, and mgz, = mg, =
mi, =My =My, = Mj, = 2TeV. By setting the masses of the left-handed up squarks
and right-handed bottom squark to 2 TeV we avoid potential constraints from direct LHC
searches.? A new feature in this figure compared to the plots in figure 6 is that some of the
parameter space is excluded by Z decays to charge leptons. This type of constraint was
not considered in ref. [48]. Further, we see that achieving values of C}; < —0.74 is still
difficult in this setup as well. Also, the energy scales of the Landau poles are similar to
those in figure 6. Finally, we note that by setting the masses of the sparticles to be of the
same order, we are required to consider a hierarchical structure for the four A couplings
under consideration. In our setup, the A’ couplings can be of the same magnitude but we
are forced to consider a hierarchical structure for the sparticle masses.

3 As shown in figure 6(c), the limits from pair produced squarks decaying to uubb saturate at ~ 1.4 TeV.
Additionally, pair produced right-handed sbottoms can also decay to the final state vvbb. The limits from
this type of signature saturate at ~ 1.1 TeV [71].
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Figure 7. Example figure showing solid contours of CY'; for parameter space similar to that
considered in ref. [48]. For this figure, we set A3p3 = 0.05, Aj33 = —0.5, my;; = 300GeV, and
Mg, = Ms, = Mg, =My =My, =My, = 2TeV. Dashed contours show energy scales of Landau
poles in TeV. Parameter space excluded by By — B, mixing is shown in blue. Parameter space
excluded by B — K® v is shown in orange. Finally, parameter space excluded by Z decays to

charged leptons is shown in cyan.

To generate large values of C; we have considered large values for the four parameters
Nyog, Ahs3, Abgg, and Asas. Moreover, these couplings should also generate contributions to
7., C1 . and CF'], each defined analogously to CY';

4G o O i _
Heo = — ﬂf VirVis - Cr (59 PLb) (i Poty) + hc. (4.1)
with C'EL = CY%,. These operators result in decays such as Bs — ur, Bs — 77, B —

K®pur, and B — K®7rr. Generically, each of these decays are not measured precisely
enough (or at all) to cause any potential conflicts. For example, using just the effective
Hamiltonian above,* we find

Br(Bs — pr) = 5.4 x 107°2(|C¥7 |2 + |CT4 %) (4.2)
and
Br(Bs; — 77) = 1.0 x 1078|C7 |2 (4.3)

However, we are unaware of any experimental bound on the former decay® while the current
experimental bound on the latter decay is Br(Bs — 77) < 6.8 x 1072 [76]. More details
regarding the other two decays can be found in [77, 78].

4This is not quite right for the decay Bs — 77 since there is also a Standard Model contribution given
by Br(Bs — 77) = (7.73 £ 0.49) x 1077 [72, 73].

® An indirect bound can be placed on Br(Bs — 1) by noting that this branching ratio is similar in size to
Br(B* — K*ur) [74] and that the Babar search [75] has provided the bound Br(B* — KTur) < 4.8x107°.
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The N couplings will also induce neutrino masses at the one loop level. Applying
the general formula found in [58] to our setup, we find contributions to the neutrino mass
matrix given by

2 2
SERVARY ~d IOg(mE /md ) . .
M= {63 /\i33)‘jl3mb(mLR)l3W + (i > j) (4.4)
R Ll

where ﬁzdL2R is the left-right sdown mass mixing matrix. In the normal RPVMSSM, this will
generate neutrino masses that are far too large. As an example, consider the contribution
to the i = j = 2 entry from the case [ = 3. We then have that (m9%)s3 = (A, — ptan 8)my,.
Taking Ay — ptan 8 = 1TeV, m; = 13TeV, my = 1.3TeV, and Ayzg = 1.2, we find
M3, ~ 10 keV, much larger than the ~ 0.1eV limit on the neutrino mass scale. This po-
tential difficulty was also pointed out in ref. [51], who suggested A, and ptan 5 may cancel
each other so that ﬁl‘ﬁ% is small. Another possibility mentioned in the same reference is
that there may be additional unrelated contributions to the neutrino mass matrix which
cancel those coming from equation (4.4). Alternatively, the situation can be improved by
assuming a model of supersymmetry that possesses a U(1) g symmetry identified with lep-
ton number [79-81]. These types of models, which feature the A’ couplings, assign different
lepton number charges to the left and right-handed squarks. As a result, rh‘ﬁ% vanishes in
the limit that the R-symmetry is exact. However, the R-symmetry will be broken by at
least anomaly mediation and this will generate contributions to m;{%% proportional to the
gravitino mass. Parametrically we have

mp

(M3%)33 ~ M3 T6.2 (4.5)
and this leads to
v mg/g
M2, ~ 0.1eV 4.6
22 € (1 GeV) ) (4.6)

where we have used the same values for the parameters as before. Thus, provided that the
gravitino mass is lighter than 1 GeV, the model is safe from bounds on neutrino masses.
Note that a gravitino in that mass range and stable on cosmological time scales can be
problematic for cosmology as it can overclose the universe [82]. This can be solved by
having a low reheat temperature or late entropy production.

Finally, we would like to briefly comment on the R, anomalies. These anomalies
are the apparent enhancement of the ratio of branching ratios Rp and Rp+ defined in
equation (1.5). Specifically, the current experimental values for these ratios are [30]

Rp = 0.403 £ 0.040(stat) & 0.024(syst) and Rp- = 0.310 = 0.015(stat) =+ 0.008(syst)
(4.7)

while the Standard Model predicts [83]

Rp =0.299 £0.003 and Rp+~=0.257 4+0.003. (4.8)
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When combined, these measurements represent an approximate 4o deviation away from
the Standard Model [30]. The underlying quark transition b — clv (¢ = e, u, or 7)
can potentially occur by a tree level exchange of a right-handed sbottom with two N
interactions. Indeed, the effect of these diagrams on the anomalies has previously been
examined in the literature [49-51]. Following the analysis in [50], we find that our setup
has essentially no impact on these anomalies because we have taken the mass of the right-
handed sbottom to be large.

5 Conclusion

In this paper, we examined the b — sup anomalies within a supersymmetric framework
with R-parity violation. Model independent analyses performed by different groups have
shown that one way to explain these anomalies is to generate a negative contribution
to the four-fermi operator (5v,Prb)(iy*Pru). To do this, we considered the R-parity
violating superpotential term N LQ D¢ and studied many different diagrams. Initially, we
examined a potentially relevant tree level diagram but found that it generates an effective
four-fermi operator with an incorrect chirality structure. We then proceeded by studying
multiple types of one loop diagrams. Specifically, we investigated the scenario in which
the primary contribution is given by one loop box diagrams featuring a wino, with smaller
contributions from one loop box diagrams featuring four ) interactions. This led us to
turning on the couplings Ayy3, Ass, Azas, and Azzy with AjgzAgzs > 0 and Azp3Azs < 0.
Additionally, this scenario requires a spectrum in which the masses of the wino and left-
handed up squarks are of order 1TeV and the masses of the right-handed sbottom and
sneutrinos are of order 10 TeV. We then studied many physical processes relevant to our
parameters. Constraints were derived from various 7 decays including 7 — @ meson,
T — pry, T — ppp, and 7 — pete”. Additional constraints were determined from By — B,
mixing, B — K® v, Z decays to charged leptons, and direct LHC searches. Four example
plots examining the parameter space were presented. These plots demonstrated that this
setup can potentially explain the anomalies, although generating large contributions can
be challenging. Moreover, to explain the anomalies, the four A’ couplings each need to be
large and this necessarily leads to low scale Landau poles. We then compared our setup
with a more traditional supersymmetric spectrum in which the masses of all the sparticles
are at the TeV scale. Finally, we briefly discussed decays such as By — ur and Bs — 77,
contributions to the neutrino mass matrix, and how our model effects the anomalies related
to the observables Ry .

To conclude, we will briefly summarize the different potential solutions to the b — suu
anomalies and the R, anomalies which involve R-parity violation. We have found a new
region of parameter space capable of potentially explaining the b — supu anomalies. This
region is characterized by the wino and left-handed up squarks having masses of order
1TeV and the right-handed sbottom and sneutrinos having masses of order 10 TeV. The
four couplings Nyog, Abgs, Aag3, and Njss are each of order 1. For these parameters, R
receives no significant additional contributions, and thus this region of parameter space is
unable to explain the anomalies associated with these observables. Crucially, this potential
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solution to the b — supu anomalies relies on a light wino. If, on the other hand, the wino
turns out to be heavy, then the b — suppu anomalies can still be explained as presented
in [48]. This requires the masses of the left-handed up squarks, right-handed sbottom,
and sneutrinos to be each of order 1TeV. The same four X as in the light wino case
are again non-zero but now M3, and Ajs5 are of order 1 while Ayy5 and Mj,; are much
smaller. Although, as shown in figure 7, totally explaining the b — supu anomalies can still
be challenging. These parameters can also lead to moderate contributions to Ry [48].
Finally, it is possible to fully explain the anomalies in R by making the mass of the
right-handed sbottom less than 1 TeV and only A;45 large, but in this case it is now difficult
to also explain the b — sup anomalies [49-51].
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