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Abstract

Working within the context of the minimal supersymmetric standard model, we compare current bounds
from quark flavor changing processes with current and upcoming bounds on lepton flavor violation. We
assume supersymmetry breaking approximately respects CP invariance. Under the further assumption that
flavor violating insertions in the quark and lepton scalar masses are comparable, we explore when lepton
flavor violation provides the strongest probe of new physics. We quote results both for spectra with all
superpartners near the TeV scale and where scalars are multi-TeV. Constraints from quark flavor changing
neutral currents are in many cases already stronger than those expected from future lepton flavor violation
bounds, but large regions of parameter space remain where the latter could provide a discovery mode for

supersymmetry.



I. INTRODUCTION

Lepton flavor violation (LFV) and quark flavor changing neutral currents (FCNCs) are powerful
probes of new physics, reaching scales well beyond those accessible at present colliders. A significant
effort is underway to improve sensitivity to rare LF'V processes such as 4 — ey and p to e conversion
(see Table I). However, for example, the neutral kaon mass difference places strong bounds on flavor
violation in the quark sector, and in some models LFV and quark FCNCs are related to one another.
It is interesting to explore under what conditions new LFV experiments will be the most sensitive
probe of new physics, superseding limits from the quark sector. We discuss this question in the
context of the Minimal Supersymmetric Standard Model (MSSM).

Many studies of flavor violation within the MSSM exist, see e.g. [1-11] for overviews. Indeed,
most of the calculations of the rare processes we explore here have appeared elsewhere in the
literature. Our focus will be a comparison between LFV and quark FCNCs, trying to get a feel for
the relative power of these constraints.

Supersymmetry (SUSY) breaking scalar masses can receive contributions from operators of the

form
~ M2a a=q =] ( )

in the Kéahler potential. Here ® are MSSM superfields with generation indices i, j, and X, are
fields associated with the breaking of SUSY with non-vanishing Fx, and M is associated with the
mediation scale of SUSY breaking. Such operators can induce off-diagonal terms in the scalar mass
matrices, given by m?j = rij(Fx,)?/M?. These terms are a source of flavor violation beyond the
Standard Model. The size and form of these off-diagonal contributions depend on the particulars
of the UV theory that induces this non-renomalizable operator. It is possible the SUSY breaking
respects a Grand Unified Theory (GUT) structure, in which case the quark and lepton flavor
violation can be related. However, even in this case quark and lepton superfields residing in
different representations may feel SUSY breaking differently. For example, in an SU(5) GUT,
since the left-handed (LH) lepton superfields reside in the 5 while the LH quark superfields reside
in the 10, this leads to the possibility of a mismatch between contributions to LFV and quark
FCNCs. (See for example [12] and discussion in [9].)

It is also possible that off-diagonal mass terms for squarks and sleptons are a prior: unrelated.
Indeed, even if initial flavor violation is related by a symmetry, a mismatch between squark and

slepton off-diagonal mass terms may arise once neutrino masses are incorporated into the theory.



Observable Exp. Measurement SM prediction
Amp (3.484 4 0.006) x 10712 MeV [20] |(3.19 & 0.41(stat.)+0.96(sys.)) x 1072 MeV [21]
Amp, (3.337 4 0.033) x 10710 MeV [20] (3.48 £0.52) x 10719 MeV [22]
sin 234 0.682 + 0.019 [23] 0.74815-039 [24]
Amp,  |(1.1691 £ 0.0014) x 10~ MeV [20] (1.2 4£0.18) x 10~8 MeV [22]
sin 23, —0.015 + 0.035 [23] —0.0376115-09075 [24]

Observable | Current Limit (90% C.L.) Future sensitivity (90% C.L.)

BR(u — e7) 4.2 x 10713 [25] 6 x 10714 [26]

BR(T — e7) 3.3 x 1078 [27] 1079 [28]

BR(T — ) 4.4 x 1078 [27] 1079 28]

BR(p — €) au 7.0 x 10713 [29]

BR(i — €) 10716 [30]

BR(p — 3e) 1.0 x 10712 [31] 10716 [32, 33]

TABLE 1. The experimental measurements and SM predictions for quark observables and the current and
future sensitivities of lepton flavor violating processes. Long distance effects in Am g are difficult to quantify.
The quoted SM Amy value is a recent Lattice QCD calculation [21] which uses unphysical values for the
pion, kaon and charm quark masses, and as such should not be taken as precise. So, in our numerical work

we allow the SUSY contribution to fully saturate the experimental value.

The inclusion of neutrino Yukawa couplings may lead to sizeable entries in the left-handed slepton
mass matrix due to Renormalisation Group Equation (RGE) running from the GUT scale down
to the right-handed neutrino scale [13-18]. Such models naturally lead to non-zero LFV while not
contributing to quark FCNCs. This approach has been considered in various contexts, including
SO(10) [14, 19] and SU(5) GUT models [13]. The size of these effects are model dependent, but
can be large. But even in the case where the quark and lepton flavor violation are decoupled, it is
of interest to understand just how different the allowed flavor violation is, consistent with current

and upcoming experiments.

New phases in the SUSY breaking parameters would contribute to CP-violating processes,
such as eg. If the phases are O(1), extremely strong bounds exist, forcing scalars to be in the PeV
regime [9]. It is possible that searches for electric dipole moments (EDMs) could eventually provide
constraints competitive with those from ex, a possibility that has been studied recently in, e.g.
[9, 34-39]. However, it is possible a mechanism renders the phases in SUSY breaking parameters
small. Moreover, LFV measurements such as y — ey are CP-conserving, so a true “apples to

apples” comparison is with CP-conserving observables in the quark sector. In this analysis we will



restrict ourselves to the assumption that all phases are zero (or at least negligibly small). In the
kaon sector, for example, the limits from AMjy supersede those from ex for phases < 1072

In this work we consider two scenarios and discuss the interplay between quark FCNCs and
LFV in each. In the first, we use the observed Higgs boson mass of 125 GeV as motivation to
consider scalar masses that may be (much) heavier than a few TeV, and could fall in the 10’s of
TeV to even a PeV range [40-43]. Additionally, having heavy scalars allows for off-diagonal masses
to be relatively large, potentially up to O(1) of the diagonal masses, thus lessening the need for a
mechanism to suppress flavor violation. At the same time, the observed abundance of dark matter
(DM) indicates either gaugino masses M; or the Higgsino mass parameter p should be near the
TeV scale (see, for example, [44-46]). So, in the first scenario, we imagine a modest hierarchy
between the fermionic and scalar superpartners. In the second scenario, we consider the possibility
that all superpartners lie close to the TeV scale.

In Sections IT and III, we review the structure of the effective Hamiltonians which contribute
to quark FCNCs and LFV in the MSSM. In the quark sector, our primary focus is on meson
mixing. For LFV we discuss ¢; — ¢;y decays and pu to e conversion. (We comment briefly on the
b — s7v transition in Sec. IIC). We discuss the parametric dependencies of the various operators
entering the effective Hamiltonian for each process we consider, and comment on what parameters
are most important in what regimes. We discuss the dependence of both quark FCNCs and LFV
on Left-Left (LL), Right-Right (RR) and LR mixing. A goal of these sections is to highlight which
insertions are most constrained and how this may differ between the quark and lepton sector, an
issue which we quantify further in Section V. In Section IV we analyse in more depth how the
various gaugino masses M; and the u-term impact the strength of quark FCNC constraints relative
to LFV bounds. The relative power of LF'V and quark FCNCs is summarized in Figs. 7 — 14,
which represent the main results of this paper. Finally, in Section VI we summarise the results of

our analysis, and comment on the implications.

II. ANATOMY OF QUARK FCNC PROCESSES

In this section we review contributions to quark flavor violating observables. In the kaon sector,
since we concentrate on CP-conserving new physics, our focus is on AMg. In the B sector, even
if new physics contributions are CP-conserving, measurements of CP-violating quantities such as
sin 283, are relevant. We review our treatment of B-mixing in Sec. IIB. We briefly comment on

AF =1 constraints in 11 C.



FIG. 1. Typical kaon mixing diagram induced by SUSY. The crosses represent flavor-violating mass inser-

tions.
A. AF =2 transitions

The dominant SUSY contribution to meson oscillations is typically gluino-squark box diagrams.’

In these processes, one may use the mass insertion approximation for sufficiently small off-diagonal
elements in the squark mass matrix, with these insertions appearing on the internal squark lines,
shown as crosses in Fig. 1 for kaon oscillation. We take the squark mass-squared matrix to be

given by

piz = (MEOHIE) 0T ) -
ma(0ir)  ma(l+035)
where the indices 7,7 = 1,2, 3 run over generations. An analogous convention is used for sleptons.
The interaction can be described by the corresponding effective Hamiltonian
5 3
MHepr =D CiQi+ > CiQi+ h.c. (3)
i=1 i=1

where the C; are the Wilson coefficients for the dimension-6 operators @);

Q1 = (A3 (diusy), Qo = (A%sF)(dpsh), Qs = (d%sy)(dpst),

Qi = (d3s)(dish), Qs = (dpsh)(d)s%) (4)

and Q; given by interchanging L <> R for i = 1,2,3. For the numerical values of the hadronic
matrix elements (Ko|Q;|Ko) we use the values for the bag factors B;(2 GeV) from [47], the lattice
result for fx from [48], and the reported kaon mass mg from [20]. Meanwhile for the B-meson
hadronic matrix elements, we use the values for the bag factors B;(m;) and the lattice results
for fp, fp, from [49], and the reported B-meson masses from [20]. Expressions for the Wilson

coefficients including the Leading Order QCD corrections [50] are reproduced in Appendix A.

1 For large values of the ratio of the vacuum expectation values of the two Higgs doublets tan 3, an additional heavy

Higgs-mediated contribution to meson oscillations (see, e.g., [7]) may be relevant (tan 8 ~ 50 for ma ~ myg).



10 Q4C4
QsCs

0:1C

/

0.01

0.001;\ M| el el M| M| Ml AU 1
105 10~ 0001 001 01 1 10

Xg

FIG. 2. The products C;(u)@Q; for kaon oscillations, for insertions d.;, = dgrr = 0.3, dpr = 0gr, = 0, and
mg = 20 TeV (we set pr = m.). Shown here are C1Q; (blue), C4Q4 (red) and C5Q5 (green), demonstrating
the domination of C4Q4 for all values of z5. Not shown are CoQ2 and C3Q)3, which depend only on LR
insertions, set to zero here. In any case, these are expected to be subdominant, see text. The numerical
values for the @); are obtained as described in the text. The relative importance of the C;Q; is the same for

B-meson oscillations.

In Fig. 2, we display the contribution to meson mixing assuming that d;;, = drr. drr is set to
zero — in any case its contribution is expected to be subdominant, see Eq. (6) below. In both the

2
Mg — x5 < 1 and x5 ~ 1 regions, for equal sized insertions, the contribution to AF' = 2 processes

m2
is qdominated by the operator ()4 with coefficient C4. Notably, this dominant operator depends on
the product 6.1 X drg (rather than 6%, or §%p), so can be varied relative to the others. As we
will see, the relative size of dr;, and dgrr will impact the relative strength of of the quark flavor
violation and LFV probes.

LR insertions are not expected to be relevant for AF = 2 transitions for large (2 TeV) squark

masses. The LR insertions arise due to off-diagonal terms in the scalar trilinear couplings A;; and

have the form

5L]R ~ thz : (5)
q



The result of the quark mass suppression is that A-terms must be very large to affect meson mixing;:

Al2 m A3 m A% m
> 170 —L >p 9 > 7
mg ™ 70 TeV mg ™ g TeV mg ™ 50 TeV (6)

Such large A-terms would not be expected unless the SUSY-breaking spurion were charged under
the flavor symmetry, a possibility which we do not consider further.
While LR insertions are unlikely to be relevant for meson mixing as described above, they are

potentially relevant for the AF = 1 transition of b — sy (which we discuss later in Section II C).

B. Treatment of constraints from B-meson observables

B-meson mixing provides a total of four constraints on the new SUSY contributions. For each of
the B, mesons (q = d, s) there are the measured mass difference Amp, as well as the measurement
of the CP violation in the mixing.

In the By sector, the observed CP violation in mixing is given by:

sin 2064 + rqsinfy

sin 2y = o : (7)
d

[(BalHZFY |Ba)l
(BalHZ}f|Ba)l

where r4 = 04 is a potential new CP-violating phase, which we take to vanish, and

1/2

CBd = (1 + ’I“g +7q COS(Q,Bd — Gd)) (8)

Here, sin2f, is the SM prediction, for which we take the latest (Summer 2015) CKMfitter col-
laboration global fit [24] Similarly in the Bs sector, we use the latest value of sin2f; from the
CKMfitter collaboration global fit, and an expression for sin2¢s analogous to Eq. (7), with the
expectation that the SM prediction is sin2¢, = sin23;. We then calculate the y? values of the
combined constraints from the mass difference Amp, and sin 24, to find the excluded regions in
our various plots.

While the experimental precision on both sin2¢, and sin 2¢, is expected to improve [51], im-
provements in theoretical precision are less easy to forecast. If the expected experimental improve-
ment is matched by theory, this will result in O(1) modifications of the bounds on the allowed .
In our numerical results, we show the expected improvement assuming the theoretical precision

increases by a factor of two.

2 When constraining the SUSY contribution, we use the global fit as the central value for Syx. rather than the

directly experimentally measured value. They agree within 20.



C. Treatment of AF =1 transitions

The AF =1 decay of b — s is known to impose strong constraints on the 2 — 3 sector for TeV-
scale superpartners (see for example [7, 52-54]). Particularly when imposing constraints on LR
mass insertions, it is necessary to include the results from b — sy to obtain the constraints on quark
2 — 3 transitions. Constraints on LL and RR insertions can also be derived, and are also relevant.
Our procedure for calculating the branching ratio is the following: we take the leading contributions
to the operators C7, Cg, C7, Cs from heavy Higgs boson and gluino diagrams from [7], and use the
expression in [55, 56] to calculate the branching ratio for generic new physics contributions to the
above listed operators. We assume that the heavy Higgs bosons are degenerate with the squarks
and sleptons. We then impose that the branching ratio be within the 90% confidence interval given
the latest experimental results [23], and the theoretical estimate for the branching ratio at NNLO
in the SM [57, 58]. For simplicity, we assume vanishing flavor violation in the up squark sector
(which affects potential chargino diagrams, which are usually subdominant in any case). For heavy
Higgs boson masses comparable to squark masses, we find the charged Higgs boson diagram to be
smaller than, but not negligibly small compared with the gluino contribution, when ¢ is near its
experimentally allowed value. We note that the sign of the product MgA23 which appears in the

gluino diagram is physical.

In the future, sensitivity of the High Luminosity LHC to flavor changing top quark decays,
t — hq (¢ = u, c), where h is the Higgs boson, is expected to reach BR(t — hq)< 2 x 1074
[59, 60] with 3 ab~!. Recent studies (see for example [61] and references therein) indicate that for
typical regions of SUSY parameter space, the future sensitivity will be insufficient to probe these
rare decays in the MSSM. For this reason we do not compare here the top quark FCNC with the
relevant LF'V process, h — 7u. This LFV Higgs boson decay has been studied in the context of
the MSSM in, for example, [62, 63].

III. ANATOMY OF LFV PROCESSES

In this section we review supersymmetric contributions to the processes ¢; — £;v and pu — e
conversion in nuclei. We discuss what contributions dominate in what regimes and comment on

the dependence on the gaugino masses and pu.



The branching ratio of ¢; — £;7 is

4873

BR(EZ — f’}/) =
J G%

(1AL +|AR[) (9)

where the amplitudes Ay g are the coefficients of higher-dimensional operators in the effective

Hamiltonian
H = Lui A[[ ‘VP[€'+A Z YPrt;) F, 1
eff € 2 ( 4 7 RY;0 R 1) Nz ( 0)

The dominant contribution to A, arises from Wino loops [9]

wo oo 1 g 1
AY = Em—%éLLﬁ _ggl(:Ew) + ga(xy5, 2u) + sgn(uMQ)./xWx#tﬁgg(a:W,:c#)] , (11)
2,.
where the g; are loop functions given in Appendix B, and zy;,, (z,) = "fvg, ( : 2) We have abbre-
my

viated tan 8 as tg. If the sign of uM, is positive (negative), AEV exhibits destructive (constructive)
interference. We will refer to each of these cases in the following analysis.

There are additional contributions to Ay, and Ar due to a Bino loop [7, 64]

5 a1 1 oy, fon(z 3, 24)
Alg D EﬁéLLjsgn(,uMl),/méxutﬁ |:f3n(l’é) + —; _ng ~“ 7 (12)
K H® B
5 2 fon(x s,
AR D Z 5RRSgD(MM1)\/$B$ut6 [fzm( B~ 2hn(@p 74) ”)], (13)
T, — T
2
with the fs 3, are loop functions given in Appendix B and z5 = :;E .
{4

While the above contributions to Agr and Ay apply to all {; — {;7v processes, there is an
additional diagram which gives an important contribution for y — e~ only, arising due to a Bino
loop with two flavor changing insertions combined with a flavor-conserving LR insertion on an

internal stau line [9, 64]. The flavor-conserving insertion results in an enhancement of m,/m,:

Ao G (50 senlua) SIS o o) 7 (1)
where fy,(x3) is a loop function that can be found in Appendix B. The analogous expression for
Ay is found by taking Eq. (14) and interchanging the LL and RR insertions. This diagram is of
particular interest if a flavor symmetry suppresses 1 — 2 insertions, since Eq. (14) only depends on
1 —3 and 2 — 3 insertions.

In Section II we saw that meson mixing did not put meaningful constraints on off-diagonal

trilinear terms even for TeV scale scalars. In contrast, the LR mixing contributions to LF'V may



. ~10'"%BR(u—ey)
@ 83
\\
0.01- @ g
10—4 L
-6 ‘
10 106 10~4 0.01 1

FIG. 3. The relative importance of various operators to the branching ratio, as well as the total branching
ratio scaled up. This shows that for small z (with all being set equal), the loop functions g2 and g3 dominate,
while for larger values the Bino loop functions fs,, f3,, and fi, become important. We set m, = 20 TeV,
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be non-negligible. Consider the contribution to radiative lepton decay arising from a Bino loop,

reproduced below [7, 64]

—— sbl =
AP > —BLY By (x5), (15)

2w my My

with A}Bz given by the ;g insertion. For x5 ~ 1, we see that this is only suppressed by one power

of my. Since 5?1% arises due to terms of the form

. m A9
67 p ~ i il , (16)
my

we can use these expressions to constrain the ratio of A% /my, for a given value of 1.

In Fig. 3 we show the relative contributions to p — ey (arbitrary units) for comparable
insertions: 67 = 0y = 077075 = 0.3. The g; and f; correspond to the loop functions introduced
in Egs. (11)—(14). tan g is set to 10. The dominant contributions to © — ey are from the Wino-
Higgsino mixing diagrams, denoted by ¢go and g3, at small z;. Since both of these only depend
on dr7, (see Eqn. (11)), at small x;, u — ey will place constraints on dr7, but not dpr. As x;

approaches 1, the Bino contributions porportional to f;, can become important. The dominant

10



operator is that with the LR flavor-conserving insertion, as long as §*707¢ is not too suppressed
relative to the single §#¢ insertion.

In Fig. 3, we see that the largest branching ratio of 1 — ey is obtained in the small x,, z,, 75
regime. While the figure shown sets tan § = 10, since the dominant contributions are proportional
to g3 (small z) and fy, (large ) both of which are also proportional to tan 3, the scaling is
straightforward. The statement was also found to apply for maximising the branching ratios of
7 — py and 7 — evy. This is to be contrasted with Fig. 2 where small z did not enhance the meson
mixing. Thus, we expect LFV to be a relatively powerful probe in the small x regime. Given
the non-trivial z; dependence, however, we will give a more detailed study of the dependence on

combinations of z,zy; and z, in Section IV.

B. u — e conversion in Nuclei

We decompose the contributions to @ — e conversion.The branching ratio is given by

1 2
BR(u =€)y = {’46A2D +2(20% v + g2 v)VP +2(g8 v +2¢8 ) V™

} L

Weapture

_l’_

1
1EARD + 2295y + gh VP +2(g% 4+ 2¢% )V

where Wegpture is the muon capture rate of the nucleus. The A L(R) are the same dipole coefficients
that were given in Section IIT A, and gz&)y are the penguin- and box-type Wilson coefficients
coupling to up or down-type quarks. The terms D, V® and V(™ are overlap integrals calculated
in [65] whose values are presented in Appendix C for convenience.

At x5, ~ 1, the branching ratio for u — e conversion is dominated by the dipole contributions

Ar r. In this limit there is a simple relation between the ;1 — ey branching ratio and that of u — e

conversion, namely:

G2.D? Qen BR(p — ey), when N is Aluminium,
T BR(u e~ ] (18)

2emBR (4 — evy), when N is Gold.

BR(y—e)y ——F——
(M ) 1927r2wcapture

This will apply to our analysis in the case of TeV scale scalars. Given the future experimental
improvements on measuring both y — e conversion and u — ey (see Tab. I), in the case of dipole
domination, conversion can impose limits on LFV insertions comparable to those from pu — ev.
The Wilson coefficients gz’(iz),v can be decomposed into the box-, y-penguin and Z-penguin
diagram contributions as
g,boz

, 7
g%(R)V =9y T g%ZR)V + g%(R)V' (19)

11



Wino loops give the dominant contributions to the the g7,,. Since the operators corresponding to
these coefficients become important relative to the dipole contribution at small z;, we present here

the leading contributions in that regime [9].

4 =92

b db g 5,(m
st =g = o 3 (L), 20)

q q

2
y—peng. dy—peng.  —2€*g3
gy " =29y = 3(dr )2~22 077 fr () (21)
my

—2¢? g2 1 1
~ T TE SRS L T ] 5 22
(dm)2m2 1L {4 T glo8 (xw)} ; (22)

where the second line is in the limit of small x5,z < 1.

gu,Z—peng. _ - (1 - %SiHQ HW) d,Z —peng.
Lv (1— 8sin?oy) “FV

4
—95  cpe 1 8 .9
=9 gee © (1 Zgin?g
(422 LLlG( 3o

X {cos Bf1 (J:W, :cu) + sin? By (mW,JJM) + sgn(puMz) /Ty, sin  cos [ f3 (azw,xu)}
(23)

where f(x), fy.o(x), fi(x), fo(x) and f3(x) are loop functions given in Appendix C.

The contributions proportional to 6% can also be derived, and are presented here in the mass
insertion approximation?, to our knowledge, for the first time. Here, Bino exchange dominates. In
the small z; limit, the box diagrams give

4 =9

wbor _  dbox __ 91 pe 1 my
IRV IRV T (gryee Orryf <7,~n2> ; (24)

q q

while the y-penguin diagrams contribute

g uy—peng. o d,y—peng. __ 26291 f ( ) (25)
RV RV 3(47.[.)2 ~ 2 RR v,R
26 gl € 1

~ 75“ -1, 26

(Am i «(3) (26)

where f, r(x) is a loop function given in Appendix C. In the final line we have taken the x5 — 0
limit. The Z-penguin diagrams give

gu,Z—peng. _ (1 - %Sin2 GW) d,Z—peng. _ _gil 1
RV (1 8sin?0y) "7V (4)2m3 4

1— gsin2 9W> Onrcos2Bfz r(xg, xu).

(27)
where fz r(zz,2,) is a loop function given in Appendix C.
In Fig. 4 we show the dependence of non-dipole operators on a common ;. We see the branching
ratio of y1 — e conversion is dominated by the «v/Z-penguin diagrams for small z;.

3 Complete expressions for both LL and RR contributions in the mass eigenstate basis can be found in [18].

12
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FIG. 4. The relative importance of various non-dipole operators to the branching ratio as a function of
Ty, x,. We have taken my = mg = 20 TeV, tg = 10, and dr;, = dgrr = 0.3. Not shown are the various RH
non-dipole operators. They achieve a maximum of 8 x 1071% for the Bino d-quark Z-penguin diagrams (at

x; ~107°) and a maximum of 4 x 1075 for the Bino u-quark v-penguin diagrams (at x; ~ 0.1).

1. Interference between dipole and non-dipole operators in p — e conversion

We now review interference effects exhibited in g — e conversion. Most importantly, there is
interference between the dipole operators and the non-dipole operators listed above. The physical
sign sgn(uM;), where i=1,2 appears in Egs. (11 — 14) in the dipole operators, and in Eq. (23) in
the non-dipole operators. While in the Wino Z-penguin operator, Eq. (23), it has only a small
effect on the overall size of the contribution, in the dipole operator of Eqgs. (11 — 14) it not only
changes the size, but also the sign of these contributions relative to the sum of the non-dipole
operators. The result is that if sgn(uM;) = — (4) the branching ratio of u — e conversion exhibits

constructive (destructive) interference.

At large values of x; the dipole operators dominate, and the interference effects are lessened.
At smaller values of x; however, the dipole and non-dipole operators both contribute, and indeed,
there is a region where the LH dipole and LH non-dipole parts cancel exactly. In this case, the
branching ratio for ;4 — e conversion is given by the RH contributions, which are themselves
dominated by the non-dipole parts in this regime. This is shown in Fig. 5 for m, = 20 TeV, but a

similar cancellation is robust for all values of 7.

13
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FIG. 5. The interference of dipole and non-dipole operators as a function of z;,, x,, r5. We have taken
e = mg = 20 TeV, tg = 10, and 05, = dgr = 0.1. The blue (green) dotted line shows the constructive
(destructive) contribution from the dipole operators, while the red dotted line shows the contribution from
the non-dipole operators. The dark blue line shows the constructive branching ratio, while the purple line

shows the destructive branching ratio.

C. Rare {; — 3(; decays

We now examine the operators that contribute to the rare decays of ¢; — 3¢;. In our numerical
analysis we restrict ourselves to the decay u — 3e, but analytic results apply to rare tau decays as
well. We concentrate on p — 3e because of the expected improvement in sensitivity from the Mu3e
experiment [32, 33], which aims to probe BR(x — 3e¢) < 10716, We do not consider 7 — 3e(1)
decays in our numerical analysis, as the expected future sensitivity is not much greater than that

of 7 — e(p)y [51].
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The branching ratio of ¢; — 3/; is given by [3, 5] as

2.2
6mar,,

G

{msp. P AR 2 (A (AR, )+ Al (AT )" 4 )

6. m, 22 L 2 R |2
+ <3log e 3) (1A% I° + [Agip %)
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1 N .
-5 (BY(BY)* + B{(BE)* + h.c.)
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—~

AE, (BYY + AL, (BRY" + AL, (BEY + AR, (BY) + hec)

+
W= Wl W| =

—

2 (|FLol? + |Frel®) + |Forl® + |Frol?

BY(Fi1)* + B{'(Frr)* + By (Frr)* + By (Frr)* + h.c.)

N~

+ o+

(As_p_(FLL)* + Aﬁ—p. (FRR)* + hC) + (Ag_p,(FLR)* + Aq}?_p,(FRL)* + hc)

—4 (Aﬁp'(FLL)* + A(Ijip.(FRR)* + h.c.) -2 (A(Ijip.(FRL)* + Af[ip.(FLR)* + h.c.) } } , (28)

where AdLZf are the dipole operator coefficients from from Egs. (11) - (14) above, Ag’_];_ are the
photo-penguin operator coefficients, the Bl-L B are from box-type operators and the Fr; rr LR RL
are from Z-penguin operators, as defined in [5].

Typically at moderate and low tan 3, the u — ey dipole operators dominate the y — 3e decay
rate [5, 9], in large part due to the appearance of the logm,/m. in the second line of Eq. (28)

above.? There exists then a fairly simple relation between the two branching ratios:

12

BR(p — 3e)  aem m, 11 _3
21 —— | ~6.1x107". 29
BR(p — ev) 3 ( ¢ 4 . (29)

Me

As can be seen in Fig. 6, the dipole operators, enhanced by the phase space factor, greatly
dominate over the other operators that contribute to the branching ratio in all regions of x; pa-
rameter space. In our analysis we include the numerical contributions from the other operators,

which are given in the mass insertion approximation in Appendix D.

4 This logarithm arises due to the phase space integration of the final state fermions— there is a infrared singularity

cutoff by the electron mass.
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FIG. 6. The relative importance of various operators to the branching ratio of u — 3e, in arbitrary units.

We have scaled each one by the appropriate numerical factor (fps = (? log%: — 2—32) contains the IR

logarithm induced by integration over phase space). This shows that for all values of x (with all being set
equal), the dipole coefficents dominate. We set m, = 20 TeV, and we set 677 = 0y = 077057 = 0.3 so

that the effective §#¢ is the same for each operator. tan 8 = 10.
IV. DEPENDENCE ON FERMIONIC SUPERPARTNER MASSES

In Section III above, we saw that there is non-trivial dependence of LFV observables on
T, Ty, Ty, and tg. Additionally, the dependence on zj of quark sector observables was shown
in Fig. 2. In this section we examine in detail how the LFV constraints compare with the quark
FCNC constraints as a function of various combinations of gaugino masses and p. With this aim

in mind, we show the ratio of squark to slepton mass
Rij = Thq/ﬁlz, (30)

for which constraints derived from transitions between generations ¢ and j are equally strong from
the quark and lepton sectors. We investigate this ratio as a function of various z;. Because in
this section we set 6,z = 0, the behavior of the various transitions always goes as §/m?. Thus,
our results in terms of R;; with fixed § can be reinterpreted as ratios of \/m for equal sfermion
masses.

Before discussing the relative power of different measurements, we first want to determine what
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x; affect our observables most. We first examine the dependence of meson oscillation observables
on z5. This can be gleaned by studying Fig. 2. There is O(1) variation between small z; and
xg ~ 1, while for x3 > 1 the variation becomes important. Since we restrict ourselves to either the
situation where x5 < 1 or xz ~ 1, the relative power of LFV and quark FCNC observables with
respect to x5 is at most O(1). In addition, the dependence of the LFV observables on x5 in the
regions we consider (x5 < 1 — x5 ~ 1) is only slight. Only if one has large z,, 2 1 as well as large
x5 2 1 does the variation become appreciable. As such, varying 5 does not allow one to change
the relative power of the LFV and quark FCNC observables much. Therefore, we concentrate on

the effect of varying z,, and x;.

We now move to quantify the relative power of quark and LFV constraints by solving for R
in several cases. We first specify x5. We then find the squark mass which saturates the bound
from meson mixing. Similarly, once we fix x,, 5 and x5 we can find the corresponding slepton
mass which saturates the current limits on the processes u — ey, 7 — ey and 7 — py. We also
consider the combinations which saturate the future sensitivity to u — ey, u — e conversion in
Aluminium and g — 3e . Combining these two results yields R. Results shown in this section
assume constructive interference as defined for the LFV processes in Section III. Were we to
examine the case of destructive interference, when comparing ¢; — ¢;v with quark FCNCs, we
would find qualitatively similar behavior of R;; for values of z; < 1. R is increased by at most
a factor of 2. For large values of x;, the interference effect is lessened. When comparing u — e
conversion however, interference effects can be important, as discussed in Section IIIB1. If we

were to examine destructive interference, R would become very large near x; ~ 1073,

We study two separate regimes, one where we fix x5 = x};, = x5 ~ 1, which corresponds to TeV-
scale physics, and one where we fix 15 = x5, = x5 ~ 1073, corresponding to heavy scalars, but with
O(TeV) gauginos. We then allow only z, to vary, primarily because its variation captures most of
the important effects. We have already argued that x5 and x3’s effects are easily understood. In
principle, we could have shown the variation with respect to x5, but it follows approximately the
same pattern as varying x,. This can be understood by considering Fig. 3. In the small z; regime,
the dominant contribution to the p — e7 transition arises due to the LH Wino-Higgsino mixing

diagrams with loop functions ga(zy;,, z,) and g3(2y;,, ). In the small 2; limit, these functions are
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approximately

xw logxw,  x,logx

92(Tyirs Tp) ~ Lid ~W+ lﬂ £, (31)
Ty — Ty T — Ty
log vz log z

g3(yy, ) ~ — Wy OBTM (32)
Ty — Ty Ty — Ty

so that the behavior as a function of z;, and x; is the same. Therefore varying one while keeping
the other fixed is enough to illustrate the general behavior.

In the large x; ~ 1 regime, there is more complicated dependence on various contributions to
the p — ey amplitude. We see from both Fig. 3 and Fig. 7a that the region 0.3 < z,, 2, < 3 is
where most variation occurs. This is also true for 1 — 3 and 2 — 3 transitions, as can be seen in

Figs. 8a and 8c. In this regime (the region 0.3 S x,, 7 < 3), we find the following functions

Rip = 7.2+ /085 x5z, + log zy, + logz,,, (33)
Rig ~ 54+ /2. 5z 52, + T(log zy, + log z,,), (34)
Rag ~ 2.6 + /0.28 x5z, + 0.2(log 243, + log z,), (35)

capture this behavior accurately to within < 6%. We choose this particular functional form because
it closely matches the functional form of the full expressions (found in Appendix B), with a small
number of parameters.

The situation where x5 ~ xy, ~ x5 ~ 1 at the low scale could be realized with a GUT-
scale boundary condition such that a universal scalar mass mq is small compared with high scale
gaugino masses mq/o. In this case, one arrives at a low-energy spectrum where the slepton masses
are dominated by the Wino mass, and the squark masses are dominated by the gluino mass. We
find that with these boundary conditions, the low scale squark to slepton mass ratio is fixed, and is
approximately 14 /m¢ ~ 3. This is shown by the dotted red line in Fig. 7a. Given the constraints
from the running on x 3, xg, zy, the only free parameters in this case are y and t5. We show in
Fig. 7a how the squark to slepton mass ratio varies as a function of z,, for the 1 — 2 sector, and in
Figs. 8a and 8c for the 1 — 3 and 2 — 3 sectors respectively.

We show the results for the “heavy scalar case” x5 = x5, = x5 ~ 1073 in Fig. 7b for the 1 — 2
sector, and in Figs. 8b and 8d for the 1 — 3 and 2 — 3 sectors respectively. This situation could
arise for example if the boundary conditions at the GUT-scale are such that a universal gaugino
mass my /o is suppressed relative to my.

We notice that smaller x,, increases the relative strength of the LE'V probes for all transitions.

Moreover, R decreases as a function of increasing tg, i.e. LE'V becomes relatively powerful at large
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FIG. 7. These figures show x,, vs. the ratio Ry of squark to slepton mass that saturates the experimental
bounds from kaon oscillations and rare ;o decays. We set drr rr = 0.1, g = 0 and tg = 10. In the left
figure, x5 = xy = 1, while in the right figure x5 = 23, = 1073, The solid blue line is the current u — ey
constraint, the dashed purple line is the future y — ey sensitivity, the solid green line is the future sensitivity
to p — e conversion in Aluminium, and the dashed orange line corresponds to future p — 3e sensitivity .
The dotted blue line corresponds to the function for Ris given in Eq. (33). The dashed red line is the ratio
of m, /M, obtained by running from the GUT scale to the low scale given initial conditions for a universal

gaugino mass myo(Mgur) = 3 TeV and universal scalar mass mo(Mgyr) = 0.5 TeV.

tg. For the current constraints from p — ey, Ri2 decreases from Rio ~ 20 for tg3 = 2 to Ri2 = 6

for tg = 20 when z; ~ 1, and from Ri2 ~ 1.6 for tg = 2 to Ri2 ~ 0.7 for t3 = 20 when z; ~ 1073,

The constraint from ;. — e conversion shows a decrease from Rz ~ 10 for 13 = 2 to Ri2 = 3
for tg = 20 for z; ~ 1, and from Rz ~ 0.7 for tg3 = 2 to R12 ~ 0.5 for tg = 20 when x; ~ 1073. For
all transitions, being in the small x5, z;,, 3 regime results in significant increases in the relative
strength of LFV observables relative to quark FCNC observables. The increase is a factor of a few
for the 1 — 2 and 1 — 3 transitions, and up to an order of magnitude for the 2 — 3 transitions. In
the 1 — 2 and 2 — 3 transitions, we see that at small values of x; the ratio drops below 1, meaning
that the LF'V constraints become stronger than those from the meson oscillation observables. In
the 1 — 3 sector however, the ratio does not drop below 1, a result that is echoed in Section V,
where we see that By meson oscillations are a stronger constraint than 7 — ey in much of the ¢
parameter space also. We also observe that in Fig. 7b for small x5, x5, x5, p — e conversion in
the future goes from being a weaker constraint than the future sensitivity of 4 — ey at small x,

to being the stronger constraint for =, 2 0.04.

From our results in this section, we can see that having small x; results in a relative strengthening

of the LFV constraints for all transitions. Nevertheless, varying z; over 3 orders of magnitude
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FIG. 8. The upper (lower) figures show z,, vs. the ratio Ri3 (Ra3) of squark to slepton mass that saturates the
current experimental bounds from By (Bs) meson oscillations and 7 — ey (7 — wy). We set 6, rr = 0.1,
drr =0 and tz = 10. In the left figure, x5 = zy; = 1, while in the right figure x5 = x5, = 1073, The solid
blue line is calculated using the current 7 — ey (7 — p7) constraint, while the dashed purple line uses the
future 7 — ey (7 — w7) sensitivity. The dotted blue lines corresponds to the functions for Ry3 (upper left)

and Rog (lower left) given in Eqs. (34) and (35) respectively.

typically only results in variation of R by O(few), and at most an order of magnitude.

V. CONSTRAINTS ON §

In this section we examine constraints on the flavor off-diagonal mass insertions. We show
results for 1 — 2 transitions (comparing u — ey, @ — e conversion and p — 3e with Amy),
and also for 1 — 3 and 2 — 3 transitions (comparing 7 — e(u)y with By, meson mixing). These
analyses summarize the relative sensitivity of quark and lepton flavor violation probes now and

into the future.

It is also of interest to connect these results to GUT constructions and or textures. If SUSY
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breaking respects, e.g., an SU(5) GUT symmetry, particles residing within a 5 or a 10 may share

a common soft mass. Inspired by this relation, we define

8jip = 6%ip = 05, (36)

O ety @i
dpp = 0pRr =01 = J10-

We will comment on how our results can be rephrased in this language below.

In subsection V A we consider the situation where the LR insertions are zero, and all the mass-
squared ratios z; ~ O(1072 — 1073), indicative of a significant but modest hierarchy between
sfermions and fermionic superpartners. In this region of parameter space we are interested in the
possibility that gauginos and the p parameter are all around the TeV scale, but sfermions are much
heavier, in the tens to hundreds of TeV, akin to models of split or mini-split SUSY [43, 44, 46, 66—
70]. There is strong motivation for such models, and their implications for flavor physics have
been considered before [9, 36, 39, 67, 71, 72]. For even smaller z, for fixed sfermion mass, the
AF = 2 is essentially unchanged. The LFV BRs increase logarithmically as you go to smaller z;
(see Eq. (32)). However, too small x; will result in too small gaugino masses and p unless the
sfermion mass is raised.

In subsection VB we consider the case where LR insertions are zero, but the x; = 1. Finally
in subsection V C we analyse the case where LR insertions are non-zero, and the x; = 1. In the
latter two sections with x; = 1, the region of parameter space we consider is one where once again
gauginos and the p parameter are around the TeV scale, motivated both by naturalness and by

dark matter considerations. Therefore we set the sfermion masses to also be at the TeV scale.

A. 6rr =0, z small

In this subsection we consider x; < 1, corresponding to a scenario where there is a hierarchy
between scalar and fermionic superpartners. In Figs. 9 and 10, we display regions excluded by quark
and lepton FCNC limits in the é7;, drr plane. Note, meson mixing constraints are symmetric
under dr;, <> drpR, so these figures can be reinterpreted as drr <> d10 and drr <> d5. In our
numerical work, we have set §’s in the up sector to vanish, but flavor violation in the up sector is
in any case subdominant for the meson mixing considered here.

In Fig. 9, which corresponds to 1 — 2 transitions, we have chosen m, = my = 20 TeV and
x; =5 x 1073, while for the 1 — 3 (Figs. 10a, 10b) and 2 — 3 transitions (Fig. 10c, 10d), we have

chosen my = my = 5 TeV and x; = 0.04. The sfermion masses and value of the common z; for
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FIG. 9. 0.1, vs 0rg plots for 1 —2 insertions. These plots compare constraints from Amg (red), BR(u — ev)
(current (future) in dark (light) blue), 4 — e conversion (green) and BR(x — 3e) (purple) . All regions
correspond to the measured (projected) limits at 90% C.L. We have set mq, = my = 20 TeV, x5 = z, =

Ty =25 =>5x1073, and tg = 10.

1—2 transitions is chosen so as to avoid falling into the region where the destructive interference in
i — e conversion is most important, around x; ~ 1073 (see Section IIIB 1 for further discussion).
The smaller sfermion masses and larger z; for 1 — 3 and 2 — 3 transitions are chosen so that useful
constraints can be shown, and to comply with limits from Run I of the LHC on gluino masses,
respectively. While we have chosen to show plots for particular sfermion mass assignments, the
corresponding limits on 07,7, rr Will scale with the masses according to the expressions given in the
quark FCNC/LFV anatomy sections II, IIT above. We discuss each of these figures now in turn.
In Fig. 9, we display limits from Amg, u — ey, @ — 3¢ and u — e conversion. For muon
conversion we use the future experimental sensitivity in Aluminium, shown in Table I above. We
see from Fig. 9 a) that in the case of constructive interference for the LF'V processes (see discussion
below Eqn. 11), u — ey is already a stronger constraint than Amy. Also in this case, the future
sensitivity of p — ey will be superior to that of 4 — e conversion. In the case of destructive
interference the current constraint from g — ey is stronger than the future sensitivity of y — e
conversion (see Fig. 9 b)). This is due to 1 — e conversion experiencing large interference between
the dipole and non-dipole operators in the region near x; ~ 1072, while the interference in p — e,

arising only within the dipole operators, is less pronounced. For both constructive and destructive
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interference, the strongest constraint will be from the improvement on p — ey, and eventually
from the planned Mu3e experiment.

In Fig. 10 we assume §'? is negligibly small, and as such only ' and 6% processes will be
relevant. We choose x; = 0.04 in these plots so that the gauginos and p are all at 1 TeV. We
compare 7 — ey with Amp,, 84 in Figs. 10a and 10b, and 7 — py with Amp,, 8, in Figs. 10c
and 10d. In both sets of plots we also consider the possibility that 1 — ey can provide a constraint
on 613523 due to the LR flavor-conserving insertion in the m.,/ m,, enhanced Bino loop contribution
from Section IIT A. We compare the possible constraint from g — ey under the assumption that
5F’L’RR = 5]2%33,LL, but 6'2 = 0. In this case the only operator contributing to i — ey is the LR
flavor-conserving Bino operator from section III. Presented are results for both constructive and
destructive interference between operators contributing to the rare 7 decays.

For the B-meson observables, the central region near ér;, = drgr is dominated by the operator
Q4, as defined in Section II, while the extended regions at small §1,;, and drr are dominated by the
operators Q; and Q; respectively. The two regions where constraints from Bg-mesons are weaker
occur due to cancellation between @/ Q1 and Q.

In Fig. 10a we observe that in the future 7 — ey has the potential to be a stronger constraint
(for constructive interference) on dr7 than the current bound from By mixing for small dpr <
2 x 1072. However, if the constraints from By mixing improve by a factor of two this will reduce
the region where 7 — ey has the potential to be a stronger constraint to 5 x 1073 < dzrp <
2 x 1072, If 6.1, > Ogrpr, the constraints from By mixing will remain the strongest. In the case of
destructive interference, the future 7 — ey constraint will only be stronger in a small region where
the contributions from the quark FCNC operators (21 and Q4 cancel. The current constraints on
drr from p — ey under the assumptions stipulated above are weaker (stronger) than the future
constraints from 7 — e7y in the case of constructive (destructive interference).

Meanwhile from Fig. 10c we see that the constraints from B, mixing are currently stronger
than those from LFV in all regions of d-space. In the future however, the constraints on dr;, from
7 — py will become stronger for all values of dgrr in the case of constructive interference, and
for 0grr < 0.3 in the case of destructive interference. The constraints on drpr from p — ey apply
only if 6E’L RR = 6?%3& ;- Under this assumption, the current constraints from p — ey are always
stronger than those from By meson mixing, and stronger (weaker) than the future constraints from
T — wvy for constructive (destructive) interference. Additionally, u — ey places constraints on
6%5. Limints from 7 — py one this insertion are very weak (not visible on this plot). For both

constructive and destructive interference, the future sensitivity of 4 — ey under the stipulated
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FIG. 10. 1 vs drpg plots for 1 — 3 (upper) and 2 — 3 (lower) insertions. These plots compare constraints

from Amp, and 4, BR(T — e7) for the upper plots, and from Ampg_ and S5, BR(7 — pv). The dark

red regions are already excluded, and the light red shows the potential future reach with a factor of two

improvement. The light orange region shows the future sensitivity of 7 — e/uy. We have set m, =1, =5

TeV, 25 = 2, = x5, = x5 ~ 0.04, and tg = 10. Also shown is a dark blue region excluded by p — ey

making the further assumption that 6£3L RR = 6?%3& - The light blue is the future sensitivity given the

same assumption. All regions shown are excluded at 90% C.L.
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assumptions is greater than the future sensitivity of 7 — u~y.

Note that y — 3e can also constrain both 1 —3 and 2 — 3 transitions in the same way as u — ev,
since the same dipole operators dominate both decays. We do not include these constraints in Fig.
10, as they can be inferred from the relevant constraints in Fig. 9.

To summarize, for small x; < 1 (heavy scalars), LE'V observables either currently or will provide
stronger constraints on left-handed flavor violation than the quark sector for both 1 —2 and 2 — 3
transitions. In the case of 1 — 3 transitions however, the constraints from B; meson mixing will
remain comparable to or stronger than those from LFV observables in most of the parameter space.
We also wish to re-emphasize the potential of y© — ey to provide constraints on 1 — 3 and 2 — 3

transitions due to the LR flavor conserving operator from section ITTA.

B. (5LR:0,1':1

In this subsection we consider the situation when x; = 1. We consider a common superpartner
mass Msysy = 1 TeV in this section.

In Fig. 11 we compare the current and future bounds on § in the 1 — 2 sector from LFV
processes and Amg. We consider both constructive (a) and destructive (b) interference in the LFV
processes. We observe from Fig. 1la that yu — ey is currently a stronger constraint than Amy
when there is constructive interference. The future sensitivity of u — ey will be greater than that
of u — e conversion for constructive interference. On the other hand, from Fig. 11b (destructive
interference), we see that Amp is currently a stronger constraint than u — ey if ép; = drp, and
1 — 3e will become the strongest constraint in the future . The constraints on dgrgr currently are
strongest from p — ey, but in the future will be strongest from u — 3e. Currently, u — ey also
dominates the constraint on dy,;, for constructive interference. For destructive interference o7, will
be most strongly constrained by p — 3e, which is slightly stronger than p — e conversion . This is
in contrast with the situation at small x;, where we saw that the constraint from . — e conversion
would be weak in the case of destructive interference. As can be understood by examining Fig. 5,
this is due to the interference at large z; ~ 1 not being as pronounced as at small 2 ~ O(few) x 1073,

Turning now to 1 — 3 transitions, we see from Figs. 12a and 12b that if §'2 = 0, the bound from
Bg mixing will remain a stronger constraint than 7 — e+ in a large region of parameter space. This
result is largely independent of whether interference in the leptonic observable is constructive or
destructive, and in the destructive case 7 — ey will not improve on the By mixing bound at all. As

in the previous section, we compare the possible constraint from p — ey under the assumption that
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FIG. 11. 61 vs drg plots for 1 — 2 insertions. These plots compare the current and future constraints
from Amg, BR(pg — ev), BR(¢ — 3¢) and g — e conversion. All regions correspond to the measured

(projected) limits at 90% C.L. . We have set mg =my =1 TeV, 5 =z, = x5, = x5 = 1, and tg = 10.

(552 RR = 6%3]_27 - If this assumption is correct, u — ev is already a stronger probe than the future
sensitivity of 7 — e7 in all of the parameter space shown, regardless of interference. However,
despite improvements in u — e~y, the sensitivity will not be competitive with the constraints from
Bg meson mixing near the line of §;,;, = drRg.

Finally, we perform the same analysis for 7 — w7y, comparing with bounds from B, mixing.
From Fig. 12c, there is a region where 7 — p~vy already provides the strongest constraint on
1 — 3 mixing in the case of constructive interference. In the future, such a region will exist for
destructive interference as well as seen in Fig. 12d. Additionally, we note p — ey (again, with the
added assumption 5%2 RR = 612%3}%7 1.1,) is already a stronger probe than both of the other observables
in all of the parameter space, and will remain so into the future. If this assumption does not hold,
then we note that b — sv, shown by the purple lines, is currently the strongest constraint on drgr
for small 677, regardless of the sign of the product M§A23, which appears in the gluino diagrams
contributing to the amplitude. The future sensitivity of 7 — uy will improve on these constraints
on dry, only if there is constructive interference in the 7 decay amplitude. It will not however
improve on the constraints on dgg, but rather will have comparable sensitivity.

Note that y — 3e can also constrain both 1—3 and 2 — 3 transitions in the same way as u — ev,

since the same dipole operators dominate both decays. We do not include these constraints in Fig.
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FIG. 12. 0L vs dgrg plots for 1 — 3 (upper) and 2 — 3 (lower) insertions. The upper plots compare the
current constraints from Amp,, 84, T — ey on 3. The lower plots compare constraints from Amp._, Ss,
b — s7v, 7 — wy. The dark red regions are excluded by B meson mixing, the light red is a potential factor of
two improvement. The light orange region shows the future sensitivity of 7 — p~y. The purple line shows the
current limits from b — s7v. Also shown is a dark blue region excluded by 1 — ey assuming (5?L RR = 5%3& LL-
The light blue is the future sensitivity given the same assumption. We have set m, = m, = 1 TeV,

rg=xz,=xy =25 =1, and tg = 10.
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FIG. 13. §.1,0rr vs A'2/m plots comparing the constraints from Amy (red), the current (future) limit
on BR(p — ev) (dark (light) blue), the future sensitivity of u — e conversion (light green) and the future
sensitivity of BR(p — 3e) (purple) , all at the 90% C.L.. We have set 1, = my =1 TeV, x5 =z, = x5, =
rp =1, and tg = 10.

12, as they can be inferred from the relevant constraints in Fig. 11.

C. 5LR7£07$:1

For TeV-scale superpartner masses, the factor my/m in the LR insertions is small, but not
negligibly so. We cannot assume that dprp = 0 as we had done when the superpartners were of
O(10) TeV. So, in the x ~ 1 case, given a particular m, using the known SM fermion mass, we
relax the dpr = 0 assumption. Indeed, we place limits on the ratio A% /m. In this subsection we
assume g = 05,1, = 0.

We see from Fig. 13 that in the case of constructive interference u — ey places stronger
constraints on the size of A2/m than Amyg in all regions of parameter space, and large regions if
there is destructive interference. Note in the case of constructive interference, p — ey is already
constraining A2 < 1072 for TeV-scale SUSY masses. This is also true when there is destructive
interference except for a sliver of parameter space near the Al%2/m = drr,rRr line, where the

interference is most pronounced. Eventually, 1 — 3e will be the strongest constraint on A'? /7,

although only slightly improving on the future ;4 — ey constraint.
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FIG. 14. d11,0rR vs. A3 /m (upper) and 811, 0rg vs. A% /m (lower) plots. In the upper plots, we compare

the current and future constraints from Amp,, B4, 7 — e7y. The lower plots compare the current and future

constraints from Amp_, Bs, b — sy, 7 = py. The dark red region is excluded by meson mixing at 90 %

C.L., and the light red assumes a factor of two improvement. The solid (dashed) purple line shows the limit

from b — s7v in the case of constructive (destructive) interference. The dark (light) orange region shows

the current (future) sensitivity of 7 — ey (top) and 7 — py (bottom). We have set m, = my = 1 TeV,

x5 = x, = x5 = x5 ~ 1, and tg = 10. In both panels, the dark (light) blue gives a current (future)

exclusion from g — ey assuming 63

— §23,
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In the 1—3 sector, we find from Figs. 14a and 14b that B; mixing imposes a stronger constraint
than 7 — ev in large regions of parameter space. However, for small 6., rr < 2x 1072, we find that
T — ey, both in the case of constructive and destructive interference, provides a stronger constraint
than Amp, and Sy, on A'®/m. We see that while currently the limit is weak: A'® < 4/, in the
future 7 — ey will be sensitive up to A® < 0.6/m. Additionally we note that under the assumption
that 613 = §23, 1 — ey does not improve the constraints on OLL,RR-

Similarly for the 2 — 3 sector, we see from Figs. 14c and 14d that currently 7 — pvy imposes
a stronger constraint on A?3/m than B, for 6., rr < 3 x 1072 only. In this region the current
constraint from B, mixing gives A% /m < 50, improving to A%3/m < 40, while the current con-
straint from 7 — py yields A?3/m < 4 for both constructive and destructive interference. The
future sensitivity of 7 — py will constrain 423 /m < 0.6 for 6. rr < 1072, However, the strongest
constraint comes from b — sv, which bounds A?3/m < 0.5 for small 611 rg, both in the case of
constructive (sgn(mgA?? = +) and destructive (sgn(mzA? = —)) interference. As in Figs. 12c
and 12d, we see that for o7, = dgrp, if 0'2 = 623, u — ey can provide a stronger constraint than
both 7 — py and Bg mixing.

Again, i — 3e can constrain both 1 — 3 and 2 — 3 transitions in the same way as u — ey. We
do not include these constraints in Fig. 14, as they can be inferred from the relevant constraints

in Fig. 13.

VI. SUMMARY

We have analysed various quark- and lepton-flavor violating processes in the absence of new CP
violating phases. While the absence of new CP violating phases is a strong assumption, because
LFV measurements are CP conserving, in some ways it provides for the most direct comparison
between the two sectors. In general, relaxing this assumption will strengthen — considerably in the
case of the 1 — 2 sector — the bounds on quark flavor violation.

In the case of heavy scalars, a scenario well motivated by the observed Higgs boson mass, LFV is
a particularly powerful probe on LL flavor violation. In the 1 — 2 sector, improvements on bounds
on it — ey, p — 3¢ and p — e conversion will probe new parameter space, even accounting for
comparable flavor violation in the quark sector. Similarly, again for ér7, 7 — p7vy is a powerful
probe. 7 — e7y, on the other hand, does not represent as strong a constraint as B; mixing over much
of the parameter space (assuming comparable flavor violation the squark and slepton matrices).

In an SU(5) GUT context, these bounds can be interpreted as probes of flavor violation in the 5
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scalar masses.

In the case where all superpartner masses are close to the TeV scale, we obtain similar results on
the LL flavor violation. But in this case, LF'V has the opportunity to place limits on RR insertions
as well. These limits can be reinterpreted as probes of flavor violation in the 10 scalar masses in an
SU(5) GUT. Moreover, for TeV scalars, LR insertions are likely to give important contributions
to LE'V observables. Significant bounds already exist on off-diagonal trilinear couplings A;; and
these will only strengthen as the experimental sensitivity to LF'V improves.

In all, in cases where squark mass matrices are related to slepton mass matrices, quark FCNCs
provide a significant constraint. In some areas of parameter space, even improvement of LFV
bounds will not make them the most sensitive. However, there are large swathes of parameter

space where LF'V has the chance to be a discovery tool.
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Appendix A: Wilson coefficients for A = 2 processes

ngﬁl

At the SUSY scale defined as Mgygy = \/m, the squarks and gluinos are integrated out,
and the Wilson coefficients are given by [50]:

C1(Msysy) = W [(24$f6(96) + 66136(1‘))5%4 ,

Co(Msysy) = W 2042 f6 ()57

C3(Msysy) = W :_36f6($)6%~2L} ;

Co(Mspsy) = W :(504xf6(a;) — 72f5(x))0LL0RR — 132]?6(56)&3531;} ,
Cs(Msysy) = W :(2433 folz) + 120f5(2))dL0rR — 180 fﬁ(x)aLRaRL} (A1)

where the dxy are mass insertions, and the loop functions fg(z) and fg(s) are given by
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6(1+ 3z)logz + a3 — 922 — 9z + 17

fﬁ(x) = 6(.%'—1)5 ’
. 39,2
Folz) = 6z(1+ ) log?:’v(w f 1)59x +9z +1

The C; are obtained by swapping L <+ R everywhere for i = 1,2, 3.

At the hadronic scale, the Wilson coefficients are given by

C1(tthad) = mC1(Msusy),
Co(phad) = 122C2(Msusy ) + n23Cs3(Msusy ),
C3(pthad) = 132C2(Msusy ) + 133C3(Msusy ),

1
Ca(pthad) = nCs(Msusy) + 5(774 —15)C5(Msusy),

Cs(tthad) = 15C5(Msysy)

where
B ( as(mc) )6/27 <as(mb)>6/25 <a5(mt)>6/23 <043(MSUSY)>6/21

m=\—F—-= S — )
Ols(,uhad) as(mc) as(mb) as(mt)

N2 = 0.983n2 + 0.017n3, 723 = —0.258n2 + 0.258n3,

n32 = —0.06472 + 0.064n3, n33 = 0.0171n2 + 0.983n3,
_ — 1/2

me =022 =02, =00t s =y

e ;K1

(A2)

In this case one integrates out the squarks at Mgy sy = 1y, then run down to the gluino mass

scale, at which point the gluino is integrated out before running down to the hadronic scale. The

Wilson coefficients at the hadronic scale have been computed to be [50]

C1(fthad) = W [—2207 k1],
q

C1 (Khaa) = OW [—226% k1]
q

Ca(phaa) = W 5LL5RR§(4/<L4 + 5k5) + 6LRORL(64K4 — 20K5) |,
q

Cs(Mhad) = W [0L0RR(—40k5) + dLRORL(60K5)]
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where

o= (o) i) Geing) i) )
Ky = k7Y ks = k2 (A6)

Note the power of (

as (Mg
as(m

g%) is 6/15, and not 6/13 as in [50]. This is due to the assumption in

[50] that the third generation of squarks would be of a similar mass as the gluino. Removing this

assumption changes the beta function coefficient.

o 15> 1

Contrary to the case where the gluino is considerably lighter than the squarks, in this case the

gluino is integrated out first at mg, then the squarks are integrated out at 1, before evolving down

to the hadronic scale. The Wilson coefficients at the hadronic scale are given by

Co(pihad) =

where 7 are the same as the 7; in the 5 ~ 1 case, and

- L) 4t s,
) (G0t = ) = 8ed ) + (28 = S )
e (5ot - o) - 862 o + (25 - sedhnk )
% (Qﬁggy) <§(645%77§1 - 6%?7%)) OLLORR,
= %ﬁg = (4¢315) 6L.LORR (A7)
ag(mg) 8/ 7/16 3/8
£1 = (Ozs(mg)> , ea=¢, , e3=¢] (A8)

and C; are given by interchange of L and R for i = 1,2, 3.
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Appendix B: Loop functions for ¢; — {;
We reproduce here the loop functions for the calculation of the branching ratio of ¢; — ¢;.

1+ 162 + 722 2x(4+ Tz + 2?)
e L (e
1L+ 7(z +y) — Sday + 11(2%y + y’x) + T2y’

gZ(xa y) = 4(1 — 1‘)3(1 — y)g (B2)
2(2 + 62 + 22) y(2 + 6y + y*)
21—y —a) BT 21—y Y
_ 2, .2 2 2.\
ga(z.y) = 40 - 33(z +y) + legm_ 1—);/(1) i—;)(;c y+ y?r) — 10zy (B3)
2+ 62 + 2> logz + 2+ 6y +y° lo
—a)iy—a) ° 2Al-y)ie—y) Y
_ 52 1
fon () = Sx® + 4x Z(i i’ i:;:f:v +2)logx (B4)
fon(2,y) = fon(z) — fon(y) (B5)
0.2 _ .3
fon () = 1+92 — 9z 3(;_—{;:)(;x(:v—l—1)logx (B6)
fan(z) = —3 — 442 + 3622 + 22(!,;3__5;1 — 1223z +2)log x (BT)

Appendix C: Loop functions and overlap integrals for y — e conversion in nuclei

We reproduce here the loop functions used for the calculation of u — e conversion for conve-

nience:

1 zlogx
flw) = 8(1—2) 801 —gx)2’ (C1)
z2(3-9 —3)y? + 223y —1)(1 +4 xy(y(13 — 11y) — 4
il y) = (3—9y) +(y )y2(1+_ x();zl _;()2(4; _y;;zr y(y( y)—4) (C2)
N 2(223 + 2y + 3zy(1 +y) — 22(1 + 9y))
(I —2)3(z —y)?
y*(y + (Ty — 5) — 32?)
A= pp—p?  BY

log
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2?(1—=3y) 4+ 3(y — 3)y* + x(y — 3)y(y +4) + z*(y(13 — 4y) — 11)

el = 21— 2P (1~ )z P )
(223 4+ 2y? + 322(1 +y) — 2y(9 +v))
* (= 2Py — o g
y*(2® + 2(7 — 5y) — 3y)
A—pply—ap  BY
12(x +y + 22 + y* + 2%y + y?z — 6y
fg(l',y) = - 2 (04)

(1—-2)2(1-y)*(z—y)
24y(y? — z)
1y —y) BY

24x(z” — y)

2
2Py P 877

These loop functions take into account the separation of scale between the gauginos, the yu—term

and the scalar masses. Other loop functions used for the calculation of y — e conversion are:

11— 62+ 182% — 102® — 32t + 122%logz  4(7 — 18z + 922 + 22° + (3 — 9z?) log z)

() = 36(z — 1)° 36(z — 1)?
(C5)
— 0T ZL‘2 — CL'3 — CL'4 1'3 ogxr
£ nle) = 1— 6z + 18 9(1;)_ 1)53 + 1223 log (o)
fan(ey) = S@AF2) + A DV @+ ay) )

(z = 1)3(x — y)?
oy +2y) +2(y — VY — 2+ y)) log
(y—1)3(z —y)?
N y(5+y) +22(1 +5y) + z(5 + y(5y — 22)) — 4y/z/Y(y — 1)(1 — 2)
2(z = 1)%(z —y)(y — 1)

The overlap integrals which appear in Eq. (17) were calculated in [65], and are given here for

convenience for 25 Al:
e D =0.0357(m,)>/?,
o V) =0.0159(m,)>/?,

o VM =0.0169(m, ).

Appendix D: Subdominant operator coefficients and loop functions for ¢; — 3¢; decays

As discussed in Section IIIC, the dipole operators dominate the decay ¢; — 3¢;. Here we list
the sub-dominant photo-penguin, box-type and Z-penguin contributions.

The photo-penguin operator coefficients are closely related to those for u — e conversion, and
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are:

L 95 it
Ay = Gmyzg i P @) (D1)
2
R _ _ "9 il i
Aior = GmpaOrit (@) (D2)

where the LH contributions arise dominantly from Wino exchange, while the RH contributions
arise from Bino exchange. The loop functions f, r(r) can be found in Appendix C, and are the
same that appeared in the y — e conversion process.

The box-type operator coefficients arise due to neutralino/chargino and slepton exchange, in
various configurations. The Higgs-mediated diagrams which contribute to Be and Bs are subdom-
inant in the regime of low to moderate tan 5 considered here, and thus the dominant coefficients

are the BIL’R, given by

PN
e Bl = (47T)255LjfBox,L(‘TV~V) ) (D3)
4
g il
ezBf{ = (4;)26R1%Jf30x,R($W) ) (D4)

where the loop functions fp, 1(r) are given below.

The Z-penguin operator coefficients which give rise to £; — 3¢; decays are the following:

2
95 Loy (1 o
Frpo=—92 _ —  shb(_Z 0
LE (47)? 4sin? Oy LL( 2+sm W>

X {0052 Bf1 (xW, xu) + sin? By (ww, xu) + sgn(uMa)\ /T2, sin 3 cos B f3 (x‘;v, a;u)} ,

(D5)
.2
sin” 0
FLR :FLLX 1 V;/ ) (DG)
(—§+s1n QW)
g% 2 Lily
Frr :m tan® Ow g cos28fz r(x g, ) (D7)
1 .2
—2 4+ 0
FRL :FRRX ( 2 N :ln W) ) (D8)
sin” Oy

where the loop functions f123, fz r are the same loop functions as in u — e conversion, and are
found in Appendix C.

Loop functions which appear in the calculation for ¢; — 3¢; are:

5+ (4 —9z)x + 2x(6 + z)logx

fBow,L(w) = 8($ — 1)3 (D9)
fBoa:,R($) - L (4 - 5x8>($$+_21x)§32 - x) s (DlO)
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