PUBLISHED FOR SISSA BY @ SPRINGER

RECEIVED: March 8, 2019
REVISED: May 28, 2019
ACCEPTED: July 28, 2019
PUBLISHED: August 14, 2019

Low-energy lepton physics in the MRSSM: (g — 2),,
pu — ey and . — e conversion

Wojciech Kotlarski, Dominik Stockinger and Hyejung Stockinger-Kim
Institut fiir Kern- und Teilchenphysik, Technische Universitdt Dresden,
01069 Dresden, Germany
E-mail: wojciech.kotlarski@tu-dresden.de,
dominik.stoeckinger@tu-dresden.de,
hyejung.stoeckinger-kim@tu-dresden.de

ABSTRACT: Low-energy lepton observables are discussed in the Minimal R-symmetric Su-
persymmetric Standard Model. We present comprehensive numerical analyses and the
analytic one-loop results for (¢ — 2),, p — ey, and p — e conversion. The interplay
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Ag. As a result we find significant contributions to g — 2 only in a small parameter space
with several SUSY masses below 200 GeV, compressed spectra and large Ay, Ay. In this
parameter space there is a correlation between all three considered observables. In the
parameter region with small (g — 2), the SUSY masses can be larger and the correlation
between i — ey and p — e conversion is weak. Therefore already COMET Phase 1 has a
promising sensitivity to the MRSSM.
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1 Introduction

Low-energy lepton physics is an area which could lead to fundamental discoveries in the
forthcoming years, and intriguing anomalies and deviations from Standard Model (SM) pre-
dictions have accumulated in observables related to leptons. In particular, there currently
is a 3-40 discrepancy in the muon anomalous magnetic moment a,. Future measurements
of a, are ongoing at Fermilab [1] and planned at J-PARC [2, 3], with the prospect of a
significant reduction of the uncertainty and the potential to firmly establish the existence
of physics beyond the SM.

In addition, several measurements of charged lepton flavour violating (CLFV) processes
in ;1 — e transitions are planned. An upgrade of the MEG experiment [4] will increase the
sensitivity for the u — ey decay by an order of magnitude [5, 6], and the planned Mu3e
experiment [7] promises four orders of magnitude improvement on the upper limit for
1 — eee. Likewise the planned COMET and Mu2e experiments at J-PARC and Fermilab
are expected to improve the current sensitivity [8] to u — e conversion in muonic atoms
by four orders of magnitude [9-12]. The progress of these experiments is accompanied by
high-precision calculations of background processes [13-16].



In preparation of the planned experiments it is timely to study the range of possible
predictions for these observables in candidate alternatives to the SM. See e.g. ref. [17] for
a recent summary focusing on simple models.

Supersymmetry (SUSY) remains one of the best motivated ideas for physics beyond the
SM. However SUSY might not be realized in its minimal form, the MSSM. In recent years,
the minimal R-symmetric SUSY standard model (MRSSM) has been put forward as a viable
and attractive alternative [18]. It is based on a continuous unbroken U(1)g symmetry under
which the superparticles are charged. It involves Dirac gauginos, N = 2 SUSY multiplets
in the gauge and Higgs sectors, and supersoft SUSY breaking [19]. In contrast to many
other non-minimal SUSY models, it has no MSSM limit and thus constitutes a separate,
alternative realization of SUSY.

One of the original motivations was the observation [18] that large flavour violating
mixing is viable in the sfermion sector. The consequences for y — ey, u — e conversion and
the u — eee decay have first been studied in ref. [20]; further flavour physics observables
have also been studied in refs. [21, 22]. The result of ref. [20] was that particularly significant
effects in 4 — e conversion can be possible in the MRSSM.

Here we provide an extensive analysis of the three observables: a,, © — ey and
p — e and their correlations in the MRSSM. This is the first MRSSM study of a, and
the first MRSSM study of lepton flavour violation where the role of the MRSSM-specific
superpotential parameters A, A is analysed. These parameters were already very important
in phenomenological studies of electroweak observables in the MRSSM [23-25]. As we will
show, they have a similar influence as tan £ in the ordinary MSSM.

Our study can be compared to similar studies in the MSSM. With respect to a, it is
well known that the MSSM can provide a very natural explanation of the currently observed
deviation, see refs. [26-28] for reviews, and very detailed studies have been performed
including higher-order corrections [29-31]. The striking property of the MSSM prediction
for a,, is the enhancement proportional to tan 3 [28, 32]. A similar enhancement is present
in the amplitudes relevant for y — ey and g — e conversion [33]. As a result, the
observables are strongly correlated. The correlation between a, and u — ey has been
studied in refs. [34-36], the correlation between the lepton flavour violating observables
has been studied in refs. [33, 37] and more recently, in the light of LHC data, in ref. [38].

We will show here that the MRSSM has very different properties: there is no tan 3
enhancement for any of the observables; a, can only be accommodated in a very small
parameter space, and there is an interesting non-correlation between y — ey and p — e,
which implies that @ — e conversion places important complementary bounds on the
MRSSM flavour structure.

We remark that in parallel to model specific studies there has been significant recent
progress on model-independent effective field theoretical (EFT) approaches to CLEV: loop
corrections to u — ey have been evaluated in an EFT with dimension-6 operators [39, 40];
higher-order corrections to yu — ey, 4 — eee and pu — e from running below the weak
scale have been evaluated [41-43] and disentanglement of different Wilson coefficients by
experimental observables has been studied [44, 45].

The paper is structured as follows. In section 2 we provide relevant properties of
the MRSSM including mass matrices and Feynman rules. Section 3 presents the theory



of the three observables in general and the specific analytical results in the MRSSM. In
section 4 we analyse all three observables in detail, exploring their numerical behaviour in
all relevant corners of parameter space and highlighting the (non-)correlations between the
observables. The appendix contains a list of Feynman rules.

2 Details of the MRSSM

2.1 Model definition

In this section we provide the definition and relevant properties of the minimal R-symmetric
supersymmetric standard model (MRSSM), originally introduced in ref. [18]. The MRSSM
is a supersymmetric (SUSY) extension of the SM with a continuous unbroken R-symmetry
— a global U(1) g invariance under which SM-like fields and their superpartners transform
differently. Our notation and presentation extends the one of refs. [24, 46-48]. The deriva-
tions of the following formulas has been done both using SARAH [46-48] based on a model
file developed for ref. [24] as well as by hand; the relevant formulas have been implemented
in FlexibleSUSY [49, 50] and in a dedicated mathematica code, allowing cross checks.

The R-charge of all SM-like fields is chosen as zero; the R-charge of all superpartner
fields is then fixed by the SUSY algebra. The requirement of U(1)g invariance forbids the
usual MSSM-like Majorana mass terms for gauginos and the Higgsino-mass u-parameter.
In the MRSSM, gauginos and Higgsinos obtain Dirac-like masses involving new superfields
which have no MSSM counterparts. The gauginos of each gauge group require an additional
chiral superfield in the adjoint representation: O (octino, octet), T (triplino, triplet), S
(singlino, singlet); the adjoint scalar components have R-charge 0. The Higgsinos require
two new SU(2)r doublets: ]:Zdﬂ (R-Higgsinos, R-Higgs fields); the R-Higgs fields have
R-charge +2.

The MRSSM superpotential reads

~

W =pq Rq- Hy + 1y Ry, - H,,
+AgRy-THy +AM,Ry-TH, +XgSRq-Hy + M\ SR, - H,
—Yydg-Hy —Yeel-Hy +Y,0g-H,, (2.1)
where the dot denotes e contraction with €19 = +1 and where the triplet is defined as

P e (2.2)

The MSSM-like superfields appearing here are the Higgs doublets I:Iu,d, the quark and
lepton doublets g, [ and singlets , CZ, é. The terms in the last line are the usual Yukawa
couplings as in the MSSM. In the present paper the quark Yukawa couplings are not
relevant, so we neglect the CKM matrix and assume generation-diagonal Yukawa coupling
matrices in the quark and lepton sectors. We denote quarks and leptons of the three
generations as

Vg = (V€7V,u77/7')a lg = (671“77_)7 Ug = (U,C, t)7 dg = (dasab)a (23)



Field Superfield Boson Fermion
Gauge Vector | ¢, W,B 0 g, W, B 0 §,WB +1
Matter [,é +1 | ey +1 | Lep 0
q,d,u +1 ¢, dp,up | +1 | ¢, dp,up 0
H-Higgs Hy. 0 | Hay 0 | Hay -1
R-Higgs Ry +2 | Rau +2 | Rau +1
Adjoint Chiral | O,T,S 0 o, T,S 0 O, 7,8 -1

Table 1. The R-charges of the superfields and the corresponding bosonic and fermionic compo-
nents. From ref. [24].

with a generation index g € {1,2,3}. If no ambiguities can arise, such as in eq. (2.1), we
drop the index g. Accordingly, we denote the diagonal entries of the Yukawa couplings as
Ye = diag(}/h?}/lw }/23)7 etc.

The p, g-terms in the superpotential provide Higgsino masses which, in contrast to
the MSSM, do not involve a transition between up- and down-sectors. The A, 4- and A, 4-
terms are MRSSM-specific new interaction terms. The structure of these terms resembles
the one of the Yukawa couplings. As discussed in ref. [24] the A, 4- and A, g-terms are
very important for phenomenology and can influence the p-parameter and Higgs mass
calculations in a similar way as the top/bottom Yukawa couplings.

The soft SUSY-breaking Lagrangian has been defined in ref. [18], based on the discus-
sion of supersoft supersymmetry breaking in ref. [19]. It contains scalar mass terms for the
MSSM-like squarks and sleptons with parameters

(m3)ij, (m3)ij, (M%)ij, (m?)ig, (M2)ij. (2.4)
Here 4,7 = 1,2,3 are generation indices. It also contains scalar mass terms for the Higgs
fields and the new scalar fields which however are not required for the present paper.
Finally, there are non-MSSM-like soft SUSY-breaking terms which give Dirac masses to

the gauginos. These can be generated from spurions W/ = 6,D from a hidden sector
U(1)" that acquires a D-term [19], in the form fdQG%Wia@i, where W and ®; are the

field strength superfields and the new adjoint chiral superfields for each gauge group. This
construction leads to the Lagrangian (see also the discussion in ref. [24])

Lot > — ME(BS —V2Dp S) — ME.(WT* — /2D%,T%)
— MP(3°0" —V2D20") + h.c. (2.5)

which describes Dirac mass terms for the gauginos and interaction terms between the
adjoint scalars and the auxiliary D-fields of the corresponding gauge multiplet.

2.2 Masses and mixings

For the purpose of the present paper we need the Feynman rules for the lepton and quark
interactions with the photon and Z bosons and with sleptons/squarks and charginos and
neutralinos. These in turn require an understanding of masses and mixings in the MRSSM.



We begin with basic tree-level relations between couplings, vacuum expectation values
and masses of the SM W and Z gauge bosons:

e

e = gasin by = g1 cos O , 97 = ——7, (2.6)
sin Oy cos O
2 2
+
my = A2, mhy = 2 +407), (2.7)
v? =2 03, tanﬂzv—u. (2.8)
Ud

In the following we abbreviate sy = sinfw and cw = cosfw. The vacuum expectation
values are defined and normalized such that Hg} 4= %U%d +..., 7170 = %’UT +...,8=
%vs + ... and v = 250 GeV. The relations between the quark and lepton masses and the
Yukawa couplings are

Y, , = V2my, 4, _ my, d, € (2.9)
e Vd V2m cos B sin Oy cos Oy
y, = V2 _ M, © . (2.10)
g (2 V2m sin B sin Oy cos Oy

The SU(2)xU(1)y gauge covariant derivative is defined as D), = 0, +ig2T*W i +ig1Y By,
with generators 7% and Y = Q — T2 with the electric charge Q; hence the interaction
Lagrangian for fermions and photon/Z reads

Lint > —eQpAy fA"f — 92 Zu fA* (ZfPL + Z}'PR) f, (2.11)
with left- and right-handed projectors Py, g = % (1F5) and
Zy =T} — Qysin® Oy, Z} = —Qysin® (2.12)

with the electric charge Q; = —1, Q, = +2/3, Qq = —1/3 and the weak isospin 7>, = —1/2,
T3 =+1/2.
The interaction eigenstate sleptons and squarks are gL, lgr/Rr, dgL/R, UgL/R, Where

the generation index g = 1,2,3. Since the left-handed and right-handed sfermions have
opposite R-charges, there is no left-right mixing. This is an important distinction to the
MSSM and at the heart of the modified flavour properties of the MRSSM [18]. Still it
is useful to define the mass matrices and the diagonalization in the following, MSSM-like
way. For the interaction eigenstate sfermions fI of any type we write the mass term in
the Lagrangian as ]HTM?; fl in terms of the basis of chirality and generation eigenstates

fI = (flL, fQL, fgL, flR, ng, ng)T. The mass matrix ./\/l?; is a 6 x 6 block matrix, and it can
be written and diagonalized as

M2 0 . ~ 6
2= Fp2uft — a2 i Fez
/\/lf_< OLM})’ U MfU _Mfdiag’ fi—leji fi (2.13)
R j=

by introducing a unitary matrix Uf and mass eigenstate fields fj The values of the 3 x 3
block mass matrices depend on the sfermion type. For the sneutrinos and charged sleptons



they are given by!

2 2
g g
(M3, )ij = (m?)ij + 65 <—81(UZ —vg) — f(vﬁ —vg) — 1 MEvs + 92Mv?/UT) , (2.14)

(MZ.)ij =0, (2.15)
2 2
g g
(M%L)z‘j = (mlg)zj + 0ij (mi — gl(vz —v3) + %(vi — v} — g MEvg — 92M£UT> ,
(2.16)
(M?R)z‘j = (m2)ij + b (mlz + il (v2 —v3) + 291 ME US> , (2.17)

The formulas for squark masses are as follows:

2
1
(M3 )ij = (mZ)ij + 6 < .+ 9t (02 —v2) — 202 —02) + 21 MBvs + 92M1?/UT> ,

24 8 3
(2.18)
g3 4
(M) = m )y + 8 (1, ~ ks J0iBus) (2.19)
2
g 1
(MG, )ij = (Mg )ig + 0 (md + 24( w—va) + 3 (Vi —vg) + 30 MEvs — 92Mv[[)/UT> ,
(2.20)
g3 2
(M3 )ij = (m3 )ij + 0 (md + 15 (va —va) + 391M§Us> : (2.21)

The MRSSM neutralinos are Dirac fermions with twice as many degrees of freedom as in
the MSSM. The two-component basis fields & = (B, W, R9, R%) have R-charge +1, the
two-component basis fields (; = (5‘ ,T0, HY, I;TS) have R-charge —1. In terms of this basis,
the mass matrix can be written as

ME 0  —30104 3G10u
B 0 ME  Lgvs —3gava )9
mX - _L)\ v _lA v - eff—i— 0 ? ( . )
V2 \dVd —3dVd —Hg

f.—
%)\uvu —%Auvu 0 T

with ,ufﬁ’i = u; + /\\%5 + Ai;T. The mass matrix is diagonalized with two unitary mixing

matrices N' and N? and mass eigenstates «; and 1; are defined as

4
T
NYm N = m &=Y Njrj, G = Z N30, (2.23)
J=1 J=

and physical four-component Dirac neutralinos are constructed as

V=", i=1234. (2.24)
(o

We do not consider neutrino masses and right-handed neutrinos in the present paper. To make the

equations and the corresponding implementation more uniform we nevertheless introduce six sneutrino
fields and eq. (2.15); the additional terms do not appear in physical calculations.



The MRSSM charginos also involve twice as many degrees of freedom as in the MSSM
and can be grouped according to their R-charge. The x-charginos have R-charge=electric
charge; the p-charginos have R-charge=(—electric charge). The x-charginos are defined in
terms of the basis (T, .FNIJ), (W, R;{) The mass matrix and the diagonalization proce-
dure are defined as

gouT + MD LAd’Ud %
mX+ = 1 W2 off — y Ul mXJerT = mx+d. s (2.25)
920 thg e
_ 2 ~ 2
T-=> UL\, Hy =) U A, (2.26)
J=1 Jj=1
2 2
T 1* D, 1*
W= Y A RI=3VENL. e
j=1 j=1

with two unitary matrices U! and V! and mass-eigenstate spinors /\;t. The corresponding
physical four-component charginos are constructed as

AT
e e (2.28)

)

The p-charginos are defined in terms of the basis (W, R;), (T't, H}). The mass
matrix and diagonalization procedure read

—govr + MY %g2vu o ot
my- = ( —%Auvu _\fuzﬁﬁr U™ mp-V= =My i (2.29)
2
2 2
T * ~ __ *x
W =) Ui"n;, R, =) Ui, (2.30)
j=1 j=1
_ 2 ~ 2
TH=>"Vi'n'l, HEf=> Vi, (2.31)
j=1 j=1

with two unitary matrices U? and V2 and mass-eigenstate spinors 17;5. The corresponding
physical four-component charginos are constructed as

g—(”@k) . i=1,2. (2.32)
T;

For reference, the R-charges of the mass eigenstate sfermions, charginos and neutralinos
are collected in table 2.
2.3 Feynman rules

Using the definitions of the mass eigenstates we can specify the interaction Lagrangians
relevant for the required Feynman rules. The interaction Lagrangian between the Z boson



left- /right-handed sfermions | (anti-)neutralinos | x~/p~-charginos

fr | +1 x| -1 x; | —1

fr| -1 X0 | +1 p; | +1

Table 2. The R-charges of the squarks and sleptons, neutralinos, antineutralinos and the y- and
p-charginos. This table also shows which pairs of particles can couple to leptons or quarks.

and sleptons, y-charginos? and neutralinos can be written as

Ling > — gZZuE’YM <ZAB Py + ZAB PR) (2-33)
- gZZ“E*y“ (Z,If;)fg_ Py, + z}}é— PR) X5 (2.34)

- — — : .
~ 922, (19" —i0") Ly Fr (2.35)

The values of the Z boson coupling coefficients z; and the resulting Feynman rules can be
found in the appendix.

The interaction Lagrangian between fermions, sfermions and neutralinos/charginos can
be written as

L Y. { (PP + PR 11 P + i (I PL + £ PR) £ fX}

()9
o, L R ~0c
+ Z {X%("g,(a\];)(PL + ng/g];(PR)fng +X Xy ( gx(LlJ;%PL + nggXPR)fng}
(f.0).9
e (2.36)

In the Lagrangian the sums extend over the fermion/sfermion pairs (f, f) € {(v,7), (1,1),
(u, i), (d,d)} and (f',f) € {(l,»), (v%1), (d, @), (u’,d)} and over the generation index
g € {1,2,3}. We have written the Lagrangian in a form analogous to the one of ref. [30]
for easy comparison to the MSSM case. While in the MSSM there are only two types
of couplings, the MRSSM needs four types of couplings n, o, c,t for the interactions with
neutralinos, antineutralinos, x-charginos and p-charginos. The indices of the couplings
correspond to the chirality, type and generation of the respective quark or lepton and to
the neutralino/chargino and sfermion indices.

The gaugino and Higgsino couplings are well separated in n, o, ¢, and t. The coefficients
n®, ol ¢, and t® are from the gaugino interactions whereas n, o®, ¢®, and t" are from
Higgsino interactions and suppressed by small Yukawa couplings. The values of the coupling

coefficients and the resulting Feynman rules can be found in the appendix.

3 Theory of a,, p — ey and p — e in the MRSSM

In the present paper we consider three muon observables in the MRSSM: the flavour-
conserving anomalous magnetic dipole moment a,, and the lepton-flavour violating decay

2We omit the p-chargino terms as these do not contribute due to the R-charge conservation.



1 — ey and pu — e conversion. In this section we collect definitions of these observables
and provide explicit formulas valid in the MRSSM. The formulas are written in a way that
facilitates comparisons to the MSSM and generalization to other models. We begin with
a, and p — ey which rely on the lepton-photon three-point interaction only, and then turn
to p — e conversion, which is based on effective 4-fermion interactions.

3.1 a, and p — ey

The muon magnetic moment and the decay u — ey are related to the lepton-photon
interaction. We define the three-point vertex il',; . as the sum of all Feynman diagrams®
with incoming lepton /; with incoming momentum p and outgoing lepton /; and outgoing off-
shell photon with outgoing momenta (p — q) and ¢ respectively. For the flavour-conserving

and CP-conserving case the effective interaction is commonly written as [51, 52]

iauy(_QV)

2my

iry = —ieQuiy(p — q) [V Fu(d®) + Fi(q®)| w(p), (3.1)
where the overall sign reflects our choice of the gauge covariant derivative and the corre-
sponding interaction Lagrangian in eq. (2.11) and @Q; = —1. The two form factors Fg p(q?)
depend on the lepton generation. The electric form factor satisfies Fg(0) = 1 if e is on-
shell renormalized, and the magnetic dipole form factor describes the anomalous magnetic
dipole moment. Specializing to the case of the muon, we have

. (Q—Z)u

= = F{;(0). (3.2)

The contributions of the MRSSM need to be compared with the experimental value and
the SM prediction for a,. Taking the most recent SM theory evaluation of the KNT
collaboration [53], the deviation from the Brookhaven measurement [54] is given by

Aaf =M = (27.06 £ 7.26) x 10717, (3.3)

Other recent evaluations [55, 56] find similar deviations with a significance between 3.6—
4.00. It is noteworthy that in recent years tremendous progress has been made on consoli-
dating and improving the accuracy of the SM hadronic contributions using lattice QCD [57—
62], dispersion relations [63-68] and ete™ — mm data [69-71]; for further progress on
hadronic, QED and weak contributions see refs. [72-79] and the recent reviews [55, 80].

For the flavour-violating case relevant for y — ey and u — e, where the momenta are
small and the mass m;, can be neglected, the effective interaction of off-shell photon with
on-shell fermions can be written as [37, 81]

' j u li1;L LLR
1, =0, o0 [ ) (A A0
+ mlj’ialwq;/ (AglePL + AgljRPR) }ulj (p), (3.4)

with constants A; 2, which depend on the lepton generations and the chirality, as indicated.
The constants As describe the photon dipole interaction, and there is a strong similarity

3With this definition, I corresponds to the loop-corrected effective action in momentum space.
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Figure 1. The four types of diagrams contributing to the photon interaction (3.4). All four
diagrams contribute to the charge radius form factors A" L/ R; the first two also contribute to the
dipole form factors AS*™/®.

but no equality between (—mi(AS” L+ A RPR)) and FY} because of the neglected m,-
terms in eq. (3.4). The lepton-flavour violating decay p — e is then described in terms of

ASM LR The decay rate and the branching ratio are given by (see e.g. [33])
2 o2
I(p—ey) = %mz <‘A§“L‘ + ‘ASMR‘ ) , (3.5)
D= ey) 487 (| 2 | | youm|?
Buyer = - ‘A g ‘ )Ae“ ‘ . 3.6
Hrey I'(p — evyive) G% 2 i (36)

The currently best experimental upper limit has been obtained by the MEG experiment [4],
Byt ety <42x 1071 (90% C.L.). (3.7)

An upgrade to MEG-II is planned [5, 6], with a foreseen increase in sensitivity by an order
of magnitude.

We now discuss the MRSSM one-loop contributions to the required form factors and
focus on the restrictions imposed by R-symmetry. The Feynman diagrams relevant for
p — ey are shown in figure 1; the diagrams for a, are analogous to the diagrams (a,b)
with the replacement e — u. We refer to table 2 for the pairs of particles which can
couple to leptons without violation of R-charge conservation. Diagram (a) involves the
exchange of a left-handed sneutrino and y-chargino, which involves the components W
and Hy. The couplings to the leptons involve the coupling coefficients ¢, which contain
the gauge coupling go and the lepton Yukawa couplings. Since there is no right-handed
sneutrino, there is no Feynman diagram involving p-charginos. Diagram (b) in figure 1
involves the exchange of a slepton and a neutralino or an an antineutralino. In case of
an antineutralino X?Lf,the slepton must always be left-handed, see also table 2. So the
underlying physics of the antineutralino diagram is similar to the one of the chargino
diagram; the involved couplings are o, which contain the gauge couplings g and ¢g; and
the lepton Yukawa couplings. Diagram (b) with neutralino exchange involves the exchange
of a right-handed slepton. Here the involved coupling coefficients are n, containing only g1
and lepton Yukawa couplings. Diagrams (c,d) have a similar behaviour.

The MRSSM results for the constants A%L/ R are decomposed as

AP = AR 4 A (3.8)
A" = At A5, (3.9)
AP = ATR 4 AR (3.10)
AFR = A5R 4 AgR, (3.11)

~10 -



into neutralino and chargino contributions. Using the dimensionless variables z'), =
m2, /mlg and 29y = mi_ /m?,x and omitting terms which are suppressed by the elec-
A X

A
tron Yukawa coupling, the charge radius contributions are given as

0 L (*, L)
At 5767r2 ( 014X 2AX + 1AX”2AX) WF(?(leX)a
X
(I)*_R(1) (= R() \_1
At 5767r2 Z ( Myax Moax T IA;OQAX> 5 I (@hx ),
Ix
and
y L) 1
Al = 22 1AX QAE( m2 Fy(r%x)
576 m_
- l)* 1

(3.12)

(3.13)

(3.14)

(3.15)

As shortly mentioned at the end of section 2 the leading terms in eqs. (3.12)—(3.15) are the
nR-, o, and ct-terms, which are from gaugino interactions; the other terms are suppressed

by Yukawa couplings. Similar comments apply to the following results.
The dipole contributions from neutralinos/antineutralinos are given as

0 R()* L) T
Az 327r22 { nyax Moax F1 (Thx) + 1y ax Noax :F2( X)}

(1)* l D) L(l n/.mn
{ 1A))( 2151))<F1 (2%hx) + Ou(x))( 0251;( m# (xAX)}v

327T2

nR __
42 _‘327r2 §£:7n2

Ix
3271'2 Z

The dipole contributions from charginos are given as

c 1 I | R« R + L( ¢ e
Agh = 292 CLSU)( QIEX;(Fl( x)+ LSD)( 021(4;( "o Fy(x%x) ¢
327T ax m my

L)+ L L(l)* R A pmgon
{ ol ) + Kol A ) |

m

cR __
A5t = —

L(1)* L(l) L(1)* R(l) M
3972 ;{mg { Ciax Coax Fr(Thx) + claxConx m: cm(gﬁixx)}-
5 X

The MRSSM results for the contributions to a, are

o= S0 -0c
— X X X
a,u, = a +a +CLN s

1 1
with
2
_ 1 m
X 1 L Lx R R C(..C
ay 553 (CoaxCaax + coaxCanx)Fr(Thx)
167> m=
Ma L R R L
A * * C C
+ o (cgaxCoax + caaxconx)Fs (Thx) ¢
m

11 -

L(l)+ s R@) ™M
{ 11(4X 251}(F1 (z%x) + "154%(”2;&))( mXA Fy (QUAX)}-

(3.16)

(3.17)

(3.18)

(3.19)

(3.20)

(3.21a)
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_1 m . .
afj = 1622 M{(”%AX”%AX + nyaxnax ) FT (@ x)
#X
me O L
T om A (nyaxnbax + noaxnsix) B (2x) (3.21b)
m
)ZOC _1 mi L Lx R Rx n n
G = a2 (02ax0zax + 02ax020x) T ()
nx
mXO
t3. (054 x 054 x + 03ax05ix) S (xAX)} (3.21c)
m

The appearing loop functions are defined as?

F(z) = (1_136)(2 — 9z +182% — 1123 + 623 Inx) , (3.22a)
F'(z) = 6(1i)(1 — 62 + 3% + 22° — 62%In ), (3.22b)
Fil(z) = (1_133)3(1 —2? +2zlnx), (3.22¢)
F§(z) = (1_1:6)4(16 — 452 + 362 — 72® 4+ 6(2 — 3z) Inx), (3.22d)
Fela) = M(Q 432 — 62% + 2% + 6rlna), (3.220)
Fe() = (1_1)(—3+4x—x2—21nx). (3.22f)

3.2 pu — e conversion

The coherent ;1 — e conversion in a muonic atom is related to the photon dipole interaction
Ao and the effective 4-fermion interaction between u-e and the quarks g in the respective
nucleus. We use the precise evaluation of the p — e conversion rate of ref. [82], which
defines the general effective Lagrangian

e 4G _ * *
pRet 82 _ | 24GF [myéc"” (AP, + ARPR) nF,, + Hec!]

int \/§
GF B - B
NG Z [ (9L5()€PRI + 9RS()€PLI) G4
ﬂ q=u,d,s

+ (90.p(q)€PRI + 9RP(9) EPLI) G54 (3.23)
(90v(9)@V"PLit + grv ()€Y PrIL) TY0a
(924(9)8Y"PLU + gRAQEV'PRIL) QY59

_

+
+
+

> (901(9) €0 PRV + gRT(q) €M PLIL) G010 q + hoc. |

[\]

where we have adapted the sign in front of the photon field to our definition of the gauge
covariant derivative. In the MRSSM not all of the 4-fermion form factors are relevant. Like

4Note that the loop functions for the dipole contributions have a different normalization from the loop
functions Fy 3" introduced e.g. in refs. [27, 28, 30]: F (z) = 12Ff(x), F{¥ (z) = 12F'(z), F¥ (z) = £ F§ (),
F3'(z) = 3F3(z). The loop functions F';’, are normalized as: 2Fg' (1) = —2Fg(1) = 1, 12F7'(1) =
12F7(1) =1, 3F3(1) = 3F5(1) = 1.
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in the MSSM, the effective 4-fermion interaction is mainly generated by photon penguin,
Z-penguin, and box diagrams. These only give rise to the vector-like form factors (up to
terms suppressed by additional powers of Yukawa couplings).

For an extensive discussion of the Z-penguins in the context of the MSSM, see refs. [83—
85]. Higgs-penguin diagrams have been discussed for the MSSM in refs. [86-88]; they are
negligible, except if the extra Higgs bosons are much lighter than the SUSY particles and
if tan 8 is very large. Since we do not consider such a parameter scenario in the present
paper, we neglect the Higgs penguins.

We write the generated effective interaction Lagrangian excluding dipole contributions
in the form of ref. [33],

Ref. [33 _ E q
Eef;e (33 _ _ e2ev, (Alpr + A%PR) 7 Qq07"q
q=u,d
97 2y + 2

+ Tz ey (AZPr + AZPL) 1 Z — "

qYalq
7 2

q=u,d

+ €2 ey (AfoegPR + AbogPL)E D TYad, (3.24)
q=u,d

with coefficients for the Z-penguin and the box diagrams. Comparing this effective La-
grangian and the definition of the dipole coefficients in eq. (3.4) with eq. (3.23) gives
the relations

V2e ¢ L
A} = ——-AY 3.25
L=78ap? (3.25)
\/§€ euR
A=A 3.26
R=78Gp™2 (3.26)
V20, L 95 (% ) 25 L 2 4L
gLV(q) - G7F <€ Qqu — miQZ % AZ — € Abon) N (327)
V2, R 97 (% o t2Z4 R _ 24R
IRV (q) = a(e QgAY — mZ % Az —e Aboxq> : (3.28)
With these relations we can define coefficients for protons and neutrons
§(pr)/,Rv =29LV,RV (u) T ILV,RV (d) » (3.29)
§(L@ RV =9LV,RV(u) T 29LV,RV(d) » (3.30)
and obtain the y — e conversion rate and branching ratio as [82]
2
Weony = 2G% |ARD + gP v ®) L gy e)|” L1 R, (3.31)
Weonv
Bun—en = ; (3.32)

capt

where the constants D, V(™ correspond to overlap integrals evaluated in ref. [82]. We
will use numerical values specific for aluminum, where D = 0.0357, V(®) = 0.0159, v =
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q q q q q q

(a) Type 1 A%" R (b) Type 2 ALY R® (c) Type 3 AZY* ™ (d) Type 4 A%"/F®

Figure 2. The four types of Z-penguin diagrams corresponding to egs. (3.34). The chargino
diagrams are analogous with the replacement of x° with Y~ and [ with 7.

0.0169 in units of miﬂ. The capture rate for aluminium is weapt = 0.7054 x 106/5 =
4.643 x 10712 GeV [82, 89].

The up-to-date experimental upper limit is obtained for the gold nucleus from the
SINDRUM experiment [§],

Buausean < 7x 1071 (90% C.L.). (3.33)

In the forthcoming few years, the limit will be improved substantially by the COMET [9, 10]
and Mu2E [12] experiments. Both of these experiments will measure p — e conversion in
an aluminium nucleus. The foreseen limits are 7.2 x 10~° for COMET Phase 1 and better
than 10716 for COMET Phase II and for MuZ2e.

We now turn to the actual one-loop results in the MRSSM.? The Z-penguin is given by
the diagrams in figure 2. The diagrams can be first classified according to the exchanged
particles: neutralinos and right-handed sleptons with couplings n, antineutralinos and left-
handed sleptons with couplings o, and x-charginos and sneutrinos with couplings c¢. The
diagrams can be further classified into diagrams with Z coupling to the neutralino/chargino
(diagram type 1), to the sfermion (type 2), and to the muon/electron (types 3, 4). Due to
the Ward-like identity corresponding to broken gauge invariance the diagram types 2-+3+4
exactly cancel in case of the (anti)neutralino diagrams and partially cancel in case of the
chargino diagrams. The full contribution to the Z-penguin can thus be written as

AL = AT | gD | LG | ) | g L@) gL+ (3.34a)
AB — ArZLR(l) n AZR( )y AfzzR(3+4) n ACZR(l) + ACZR(2) + ACZR(3+4)7 (3.34Db)

where the Z-penguin neutralino contributions are

2% £\72 2% £\172
L)+ Z/ 2 2 o\ —NE3Nis + NgiNig
Ay 16772 > nipxn 2AX{ —2F; (mxgvmx%,mgx)( 5

A,B,X
_Nl N —|—N1 Nl*
+mX%mX%Flz(m20 ’m20 7m2 )( B3 B4 A4>}

XA’ XB'lx 2
1 LB L(1) Z 2 2 2 NEENA?, - NJ%;ZLN}M
T 1672 R O1pxO9ax | — 2F5 (Mo s mio s my ) 5
N2 N2* _ N2 N2*
+ mX%mX%Flz(mi%, mi%,mlgx)< B3~ A3 5 Bd A4> } , (3.35)

5An implementation into FlexibleSUSY [49, 50] is under development. The present paper uses a dedi-
cated implementation into Mathematica.
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Z 16#2 XA’ X' lx 2

A,B, X

0,M o ,MM;5

_N2* N2 NQ* N2
+mx%mX%FIZ(mz 2 2 >< B3Vas + Npy A4>}

(1) R(1) —NE N+ NE N,
Z 1B;( QISXX{—QFQZ(mQ‘)vaOamg )< = BA_Ad

XA XB Ix 2
2% 2 2%
R()* R(l 2 2 NB NA NB NA
167r2 A%:X 13): 2AX{ —2F) (mxo RN ,m;X)< A2 B A
NI*N Nl* Nl
+ myom,o F (mio,mio,mlx)( B3 A32 B4 A4>}, (3.36)
L(D)* L(D)* _L(I) 2 2
Z 167r2 Z { Ay 2AX + 014y O2AX)( — 2F§ (m 0 My MG, ))
Z UYg Zl + UY(g+3)UX(g+3)ZlR } ; (3.37)
R(D)x R(D* R(1) 2
Ay = 1672 Z{ nihy maax + sy opax) (— 2FF (m3q,mi_mj )]
Z Uil/gU?ngL + Uil/(g+3)UX(g+3)ZlR } 5 (3.38)
L(3+4) )* L) L(1) m2 7L
A 167r2 sk +orixo zAX)f2 ( ymz )2y (3.39)
(3+4) R (1)« m2 \ZR
Az 167r2 Z A sk + oax 034x) (m3 mi )2 (3.40)
where Z[' = —1 + sin? fy and Z} = sin? Oy as given in eq. (2.12).
The Z—penguin chargino contributions are given by
)x L) Z (02 2 2
AZ 167r2 A%:X lBX 2AX{ — 2k (mX;amxgampx)
1
X { ~ ViV — §V51;§ij + 5%V5AB} (3.41)

XA XA XB

* 1 *
+m,-—m, F1 (m2—7m2—am2 ){—U}BlU,}u—2U1132U/112+3%V5AB}},

R(1)* R( Z( 2 2 2

—2Fy (m”_,m“_,m5;

T 16772 C1BX 2AX{ 2 (m -, m — my )
A,B,X

L. 1
«{ - UL - JUBUL + hidan

1
+m mXFlz(mQ,m27m§X){ — VAV - ivégvjz + s%véAB}}, (3.42)

XA B Xa XB

L2 _ 1 L()» L) Z(? g2 o2
A7 = 1672 AXYCIAY coux (= 2F; (mxzvmﬁx7mf/y))

)

)

v prik L v Dx R
Z UYgUXgZV + UY(g+3)UX(g+3)ZV
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qy ut/d ut/d
] ]

Figure 3. Box diagrams with neutralinos/antineutralinos and charginos. All indicated particles
run in the direction of the arrows/from left to right.

2 2
A5 167r2 > Ak (— 2 (mX, mg,mg )
AX)Y
4 Ux rzLi 4 Uk R
Z UygUxgZy + Uy (g13)Ux(g43)%v | » (3.44)
(3+4) (* L( l) 2 2 L
AZ 16772 Z 1A}2k cxax ( ( mg )2 ) (3.45)
R(3+4 1 )+ R(
ACZ & — 1672 LED): CoAX (f2 (mi—v z%X)ZlR) ) (3.46)
AX
where again ZlL = + sin? Oy and ZlR = sin? Oy, while ZL % and ZR =0.

The loop functlons needed for the Z-penguin contributions are the ones defined in
ref. [37],

1 alna—blnb alna—clnc

VA

_ _ 4

FY (a,b,c) b—c( p— P >7 (3.47)
3 1 a’lna —b?Inb  a?lna—c2lne

F. b, — - 3.48

7 (@.b,c) = 8 4(b—c)< a—>b a—-c >’ (348)
_ 1 Ind a? — b +2a%*(Inb —Ina)
VA

- — — 4

The two loop functions F1Z (a,b,c) and FQZ (a,b,c) are totally symmetric; the loop function
f#(a,b) is not symmetric.
The box diagrams are shown in figure 3. The results for the neutralino box diagrams are

1
Aboieg, = 3¢2 > {‘Ll(mx%’mx%vmdyvmix)
ABX,Y
(Ox L) L(g)* L(q) L(l) L() L(g)*,_L(q)
X <(01BX02AX0gAY 048y T MIBX NaAx Ay TgBy)

L(l)* L R(gq L)+ L R(¢)x R
- (il + kb Do ol ) |

1
~ 1z Z myo myo Iy(myo ,myo  mg,,my, )
A,B,X)Y

B
< LD L) R@) R L0 L) | R@s R
018X 2AX O0gAY %Yy T MiBXxMoAxTgay TyBY

L(l)x L L * L(l L(q
Rt et o)} e
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1
AbOqu = ]¢2 Z J4(mon’ mx%a Mgy m[X)
A,B,X)Y

R()* R(l) R R(D)*x R(l) R(q
x <(nlé§( MaaX T} Mgt + 01k Oaax Opay Opsi)

R(l) L(q)x L R()* R(l) L(¢)*x L(g
o o) + RS ) )}

462 {m 0 m oI4 mX , X%’de’mfx)

< PR @) (L@ RO RA) L@, L)
lBX 094x0gAy OBy T ™MiBX ToAxTgay "yBY

01BXx 924X gAY gBY T "M1BXxM2AX0AY OgBY

(R0 RO [ R(@) R@) RO RO i) Rl >>}

The chargino box diagram contributions are

1 1 D= L) L(w)x L(w)
Aboxu =2 Z {_ §J4(mX;‘,mX UL vmzx) 1Bx ©2Ax %14y ©1BY
A,B,X,)Y

~ L()* L) R(u)x R(u)
+1mx;mxgl4(mx My = Mgy My )C X CaaxCray C1BY

1 1
R _ R(D* R() R(wx R(u)
Aboxy = 2 Z { - §J4(mX;,mX§7mCZY7m[X) 1BX ©24x¢ 4y C1BY

- -\ RO R L(uw)x L(u)
+4mxAmx Ly(m Mo Mg My M )eIBX CoaxCiay Cipy

i L) L) L(d)x L(d)
Aboxd 2 Z {8J4(mXA7mXB7muY7le)clBX02AXclAY ©1BY
AB.X,)Y

mmI4

1 1

cR  __ R(D)* R() R(d)* R(d)

Aboxd = 3 E §J4(mxg,mx s My, M ) B CoaxClay C1py
ABX,Y

_ -\ ROx R Ld)x L(d)
~ 1M M I4( Xa 7mx§vmuy=mzx) 1BXx ©24x% Ay ©1BY

Here the following loop functions appear:

_ = (m.—,m.—,ma, ,m; )CL(l)*CL(l)C()*CR(d)
4 Xa Xp xa0 Uxg? Uy M JYIBX "2AX Y1AY "1BY

(3.51)
}, (3.52)
}, (3.53)
}, (3.54)

} (3.55)

1 a?1In & b21n &2
Is(a,b,c,d) = 2 2 _ 12 2_d; 2 (212 2_d; 2 _ 12
1672 | (a® — b2)(a? — 2)(d?> — a?)  (a? — b?) (b — 2)(d? — b?)
21 Lok
d2
3.56
+ (a2 — 2)(12 — )(d® — cQ)} (3.56)
1 atal pio
Ja(a,b,c,d) = 2 212 2_d22 2 2 (2 _p2 2_6122 2 _ 12
1672 | (a? — b?)(a® — c2)(d? —a?)  (a? —b?)(b? — ?)(d? — b?)
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4 Numerical results

4.1 Relevant parameters and experimental constraints

We begin our discussion of the numerical results with a survey of the relevant MRSSM
parameters, an overview of characteristic regions of parameter space, and a discussion of
applicable experimental constraints on the parameters. The three observables a,, p — ey
and 1 — e depend on an increasing number of parameters. a, depends only (up to small
effects due to mixing) on the masses of the gauginos and down-type Higgsinos and thus on
the parameters

Mpr MI?/? hd, Ada Ad (41)
as well as on the slepton mass parameters®
M 99, ME,22- (4.2)

The dependence on the up-type Higgsino mass u, and on tan g is very weak, in contrast
to the MSSM.

The observable 1 — ey only depends on photon dipole operators and has thus a similar
parameter dependence as a,, but it involves slepton mass and mixing parameters of the
first and second generation.” We use the common dimensionless LFV parameters

mg
() of, = _(mehz (4.3)

5L _
12 p— - ~ .
My 11 ™M 20 me 11 Me,22

Furthermore, we keep the ratio of the slepton masses around order 1 and set always the
selectron masses to 1.5 times the corresponding smuon masses,

ml~711 =1.5 ml~,22, mei11 = 1.5 me 22 - (44)

This is not a significant restriction. We have explicitly checked that the phenomenological
results presented below remain essentially the same if the factor 1.5 is changed to a factor 1
or anything of the order 1. Indeed the LFV observables mainly depend on the dimensionless
parameters (5{42’R, unless there is a significant hierarchy between the different slepton masses,
in which case the observables are simply suppressed by the heavier mass scale.

The muon-to-electron conversion u — e depends on additional types of diagrams and
thus on additional parameters. The Z-penguin diagrams have a significant dependence
also on the up-type Higgsino parameters and tan 3

My Ay, Ay, tan 3, (4.5)

and the box diagrams depend on the squark masses. For simplicity we choose a common
squark mass scale without squark flavour mixing,

(m2)ij = (m2)ij = (m2)ij = dijms. (4.6)

SWe generally abbreviate my s = 4 /(ml%)ij.
"We assume mixing with the third generation to be absent, but this does not change the results in a

substantial way.
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The parameter space can be best explored by investigating various different parame-
ter scenarios, corresponding to distinct patterns of hierarchies between light /heavy SUSY
particles. In this way we can isolate several parameter influences, separate leading and
subleading terms and obtain a complete understanding of the parameter dependence. In
the MSSM, corresponding parameter scenarios have been defined e.g. in refs. [28, 30, 32, 90]
for studies of a, and in refs. [36, 38] for LE'V observables.

All Feynman diagrams for the considered observables involve the exchange of at
least one neutralino/chargino and one slepton/sneutrino, and all diagrams have a generic
1 /m%USY mass suppression. Hence we need at least two light SUSY particles in order
to have non-negligible results: at least one neutralino/chargino and at least one slep-
ton/sneutrino. In addition, at least one light neutralino/chargino must be gaugino-like
since otherwise all contributions are suppressed by additional powers of Yukawa couplings.

Hence we end up with seven distinct parameter scenarios with characteristic mass
hierarchies, which we denote as BL, BR, WL, BHL, BHR, WHL, equal-mass. To be
concrete, we define the following patterns:

BL: MBP = MSUSY, Mjoy = (1 ce 1.5) X MSUSY, )\d, 5%2 = free, (4.7&)
BR: MBP = MSUSY, meo2 = (1 .. 1.5) X MSUSY )\d, 5{{2 :free, (47b)
WL: MV[[)/ =Mmsusy, Mj.y =(1...1.5) X mgusy, Aq, (5%2 =free, (4.7¢c)
BHL: MBP = Ud = MSUSY, ml~722 = (1 .. 1.5) X MSUSY, )\d, 5%2 = free, (4.7d)
BHR: Mg = Ud = MSUSY, me22 = (1 c. 1.5) X MSUSY, )\d, (S% = free, (4.76)
WHL: MI?/ = WUd = MSUSY, m1~722 = (1 .. 1.5) X MSUSY, Ad, (5%2 :free, (47f)
as well as
equal-mass: Mg = MV?, = [td =MSUSY,  Mjgy = Me22 = (1...1.5) X mgusy,

Ad, Mg, 01y, 0Ty = free. (4.7¢2)

In each scenario of eq. (4.7), all other masses not listed in the corresponding equation are
set to very high values (in practice we choose 50 TeV). Unless noted otherwise, the other,
not listed \;, A; and 511'2 are set to zero, and tan § is set to tan 8 = 40; a standard value for
the non-vanishing flavour mixings (5{“2’R = 10"* is chosen. We also always set the selectron
masses as given in eq. (4.4).

Thus each scenario is then characterized by one common mass scale mgygy. The
BL, BR, WL regions contain only two light masses (one gaugino and one smuon). The
parameter dependence in these scenario is particularly simple as mainly gauge couplings
enter. The three further scenarios BHL, BHR, WHL with a light Higgsino show a more
interesting parameter dependence; enhancements driven by Ay and A; become possible.
The equal-mass case contains interferences between different contributions.

Now we turn to constraints on the relevant parameters from existing data. The SUSY
masses are constrained by direct collider searches at LEP, Tevatron and LHC. There is a
multitude of analyses of collider searches for different assumptions on the SUSY spectrum.
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For our purposes, the most conservative and robust bounds are the most important. They
correspond to assuming small mass splittings between SUSY particles, i.e. compressed
SUSY spectra such as the ones in eq. (4.7). As we will see, these are the spectra which
maximize the contributions to the observables studied in the present paper. The bounds
on the relevant particle masses under the assumption of small mass splittings are [91]

m x> 92 GeV Mg > 94 GeV. (4.8)

Since these limits originate from kinematics, they apply equally to the MSSM and the
MRSSM. For a recast of more model-dependent chargino limits to the MRSSM see ref. [25];
this reference also confirms that the limits become as weak as in eq. (4.8) in case of com-
pressed spectra.

The LHC limits from chargino and neutralino searches do not apply for our case of
very compressed chargino and neutralino masses. However, limits from slepton searches are
relevant. Up-to-date limits from refs. [91-93] show that certain mass splittings Am(i1, x?)
o around 100 GeV, mass splittings between below 1 GeV and be-

X1
tween 20...60GeV are allowed, while other mass splittings are excluded under certain

are allowed: e.g. for m

assumptions: mass degeneracy of all sleptons of the first and second generation and 100%
branching ratio of slepton decays into x¥, which are not fulfilled in our scenarios. As a
result, our choice of varying the slepton masses in the range (1...1.5) X mgysy in the
scenarios (4.7) is subject to these exclusion limits, and we expect that a fraction of data
points in our plots might be excluded by LHC limits. However, the most interesting pa-
rameter points of each scenario are at the lower borders of the mass ranges: they involve
particularly compressed spectra and are thus not excluded, and as we will see later they
provide the maximum results for the observables. Hence we do not use these LHC slepton
mass limits to constrain our forthcoming plots.

In the following we will only use the mass limits of eq. (4.8) since these are the only
ones relevant for our goal of delineating the ranges of possible values of the considered
observables. But we note that under certain conditions, e.g. if the lightest chargino is
wino-like and if M+ > myp > myo, the limits are far stronger.

Apart from the masses, the parameters A\g, and Ay, are important. As mentioned
above, these parameters are Yukawa-like superpotential parameters. Therefore, we always
impose the perturbativity constraint

‘/\u,d’7 ‘Au,d’ < 4. (4.9)

Stronger limits can be obtained from phenomenology. In particular, these parameters enter
the MRSSM predictions for the lightest Higgs boson mass and for electroweak precision
observables, particularly via the T-parameter [23, 24]. In particular, the T-parameter gets
contributions oc Av? + Aflvg and similarly for A, 4 in the appropriate limit. Precise limits
on the A’s from electroweak precision observables, however, would depend on the detailed
spectrum in the stop/sbottom and other sectors, which is not relevant for the considered
observables. For this reason we only use the approximate bounds

[Aul, Al <2, (4.10)
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which guarantee that the T-parameter contributions from this sector do not significantly
overshoot the experimental limits. This limit applies for tan 8 > 1. For tanf < 1, a
similar limit would apply to Ay and A4, but we will not use such small values of tan 8 in
the present paper.

4.2 Analysis of a, in the MRSSM

In this subsection we present a detailed analysis of the muon magnetic moment a,. The
contributing MRSSM diagrams are shown in figure 1 and the analytical results are given in
egs. (3.20)—(3.21c). All Feynman diagrams involve the exchange of one neutralino/chargino
and one slepton/sneutrino, and all diagrams have a generic 1/ m%USY mass suppression.
Hence we need at least two light SUSY particles in order to have non-negligible a,: at
least one neutralino/chargino and at least one slepton/sneutrino. At least one light neu-
tralino/chargino must be gaugino-like since otherwise all contributions are suppressed by
additional powers of Yukawa couplings.

As described above, it is instructive to distinguish several distinct patterns of
light /heavy SUSY particles, see e.g. refs. [28, 30, 32, 36, 38, 90] for corresponding dis-
cussions in the MSSM.

The first three patterns in eq. (4.7) involve only two light SUSY masses:

BL: light ME, mj, (4.11)
BR: light ME, me, (4.12)
WL: light M, m;. (4.13)

In these cases a, is essentially given by the Fy- and F{'-terms in eqgs. (3.21) and simply
proportional to 9%,2 / m%Usy, where mgygy is the scale of the two light masses. a, in these
cases can be expected to be very small.

The other patterns involve three or more light SUSY masses:

BHL: light MF, pa, my,
BHR: light ME . u4, me,
WHL: light My, pq, m;,

equal-mass: light MBD, MVI[)/, Hds T, Mg .

In the cases with light Higgsinos, a, can be enhanced by additional sources of chirality flips,
similarly to the MSSM [28, 32]. However, the origin of the enhancement is quite different
from the MSSM. In the MSSM, a transition from d-Higgsino to u-Higgsino is possible,
governed by the MSSM p-term. This leads to the well-known tan 3-enhancement of a,
in the MSSM. A well-established way to understand the tan S-enhancement is provided
by mass-insertion diagrams involving insertions of the y-parameter and Majorana gaugino
masses. Recently an extensive study has confirmed the high accuracy of the mass-insertion
method [94].

In contrast, the pu-term and Majorana gaugino masses do not exist in the MRSSM
and consequently a, is not enhanced by tan 3. Instead, however, a, can be enhanced by

- 21 —



HL —— —>— HR ML >— —— MR Hr —>— > 1
LW REHG L B-S RiH) VHiRRg 5B

Figure 4. Mass-insertion diagrams corresponding to eq. (4.18). In these diagrams the charginos
and neutralinos have definite compositions as bino-singlino, wino-triplino, Higgsino-R-Higgsino
states, and the off-diagonal entries of the mass matrices (2.25), (2.22) are inserted as vertices.
In diagram (a), the photon can couple to all charged lines.

mass-insertion diagrams which involve a transition from d-(R)Higgsino to singlino/triplino
to bino/wino via the Yukawa-like parameters Ay and Agz. Similarly to the MSSM, one
can approximate this effect using mass-insertion diagrams with one insertion of the \g/A4-
entries in the chargino/neutralino mass matrices. The results are the simple formulas

ff, — ff,—
# g2 72 ma ¢ m2 Tom? ’ '
1 MDMeﬁiJr MD)H2 ueﬂi+ 2
a}I\L/H WHL _ 716 292Admi W4d Fb<( I;V) ’ ( d2 ) ) 7 (4.18b)
s m= 2 m=2
ML ML ML
1 MDMeH,+ (MD)Q (Neff,+)2
MI BHL __ 2" BMd B d
AL ML ML
1 MD/LEH7+ MD 2 Meff,-‘r 2
al/l/[l BHR _ 8—291\@)\617712 B 4d Fb<( g) , ( d 3 ) > , (4.18(1)
s m>x m# ms=
HR HR HR

which can be directly compared to the corresponding formulas in the MSSM [32], quoted
e.g. in refs. [30, 90] in the present form. The loop functions appearing here are defined as

Gs(z) — G3(y)

Fo(z,y) = T o=y (4.19a)
Fy(z,y) = —CW : (4.19D)
with
1
Gs(@) = 5073 [(x —1)(z — 3) + 2log 3:] , (4.20a)
Gy(z) = w17 [(w —1)(z+1) —2zlog a:] , (4.20b)

with the normalization F,(1,1) =1/4, Fy(1,1) = 1/12.
The comparison to the MSSM immediately shows that the MRSSM results for a, will
be rather small. The suppression can be roughly expressed as

aMRSSM ~ aMSSM X Ad , )\d . (421)
g : g2 tan 3" g tan 3
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Figure 5. a, in the BHL and BHR scenarios. In each plot, the colours of the bands correspond to
different values of A\gq as indicated; the width of each band corresponds to a variation of the slepton
masses by a factor 1.5: the borders of each band correspond to the choices Mj ; 99 = MSUSY OF
= 1.5mgusy. The dark and light yellow horizontal bands correspond to the 1o and 20 bands given
by eq. (3.3).
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Figure 6. As figure 5, but for the WHL and equal-mass scenarios; in the left plot, the values of Ay
are indicated; in the right plot, the topmost three bands correspond to A; = +4, the lower three
bands to Ay = 0.

We recall that the Ay, Ag-parameters are Yukawa-like parameters; values of around unity
are similar to the top-Yukawa coupling, and we restrict them by eqgs. (4.9), (4.10) in view
of perturbativity. Then the MRSSM results for a, will be far smaller than corresponding
MSSM results for tan 5 = 50.

Figure 5 and figure 6 (left) show the results for a, in the BHL, BHR, WHL scenarios.
The results are shown as functions of the “lightest observable SUSY mass” my,osp, defined
as the minimum of the electrically charged SUSY particle masses. The A4, Ay parameters
are varied, and their signs are chosen such that a, is positive.
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Figure 7. a, in the WL (top three bands), BL (middle three bands), BR (bottom three bands)
scenarios. The three bands correspond to three different choices of Ay, A4, as appropriate; the
width of the bands is defined as in figure 5.

As expected from the result of the mass-insertion diagrams above, a, is essentially
proportional to Aq or Ay, as appropriate. And as expected the results are significantly
smaller than the corresponding MSSM results for large tan 5 due to the absence of a tan
enhancement. The largest contribution can be obtained from the WHL scenario because
of the larger SU(2) gauge coupling. In the blue bands, Ay = 1 (corresponding to a value
similar to the top-Yukawa coupling). Here the current a, deviation can be explained for
mposp around 100 GeV at the 20 level; for Ay = 4 (red bands), the current deviation can
be explained up to mrogp around 200 GeV. We do not consider larger values of Ay because
of perturbativity.

The BHR contribution is slightly smaller than the WHL contribution, and the BHL
contribution is again smaller, because of the smaller hypercharge. In the BHR case a, is
just large enough for a 1o explanation of the current deviation if my,ogp is around 100 GeV

and A\g = 4. In the BHL case this is impossible, and a,, reaches at most around 10 x 10710,

The remaining contribution for vanishing A’s, Ay = Ag = 0 is tiny; its magnitude is
always below 2 x 10710 as long as myosp > 100 GeV.

Figure 6(right) shows @, in the equal-mass scenario. We see that the value of Ay is
far more important than the value of A\j. The maximum is reached if both Az and Ay are
large, i.e. if the WHL and BHR contributions add up constructively. For Ay = Ay = 4, the
current a,, deviation can be explained at the 1o (20) level for mposp slightly higher than
200 GeV (250 GeV).

Figure 7 shows a, in the BL, BR, WL scenarios. In these scenarios no en-
hanced chirality-flips are possible, and the Ay, Ag-parameters play a minor role via the
chargino/neutralino mass matrices. Overall the values of a, are tiny and almost en-
tirely negligible.
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The width of the bands in figures 5, 6, 7 corresponds to the variation of the slepton
masses by a factor 1.5, see the definition of the scenarios in eq. (4.7). In all cases, the
maximum results for a, are obtained for the case of fully degenerate spectra, while mass
splittings tend to decrease a,. As discussed in section 4.1, some parameter points with
certain non-vanishing mass splittings might be excluded by LHC data; thus we see here
that these exclusions cannot not affect the upper borders of the bands and the overall
maximum contributions for a,. Similar comments will apply to the plots in the forthcom-
ing subsections.

4.3 Analysis of 4 — e+ in the MRSSM

Now we turn to g — ey in the MRSSM. Clearly there is a strong similarity between
p — ey and a,. Both are given by dipole amplitudes; the difference is the existence of a
flavour transition in u — ey. The dependence on the LF'V parameters (5{“2’R is very simple.
Neglecting terms suppressed by the electron mass, the amplitude AS“ L proportional to
8%, and AS“ R s proportional to 6% to a very good approximation. Hence we may write
At L'~ A;“r{;d x 0k, with a “reduced” amplitude A;“r{;d, and similarly for the right-handed
amplitude. Schematically we then have

euls |2 L |2 guR |2 R |2
Byisey o [Aeql” X |010] + [AS0ql” X [073]%, (4.22)
while a,, can be expressed as
a, oc AP ABHR (4.23)

with an obvious extension of the notation introduced in section 3. These two equations
specify the dependence on the ¢’s and the relation between the two observables.

As a result, the analysis of the dependence on SUSY masses and Ay, Ay of the previous
subsection on a, carries over to u — ey, and there is a strong correlation with a,,.

Figure 8(left) shows this correlation and displays p — ey as a function of a, for the
three scenarios BHL, BHR, WHL (see eq. (4.7)) and for different choices for Ay, A\g as
indicated. In the BHL. and WHL scenarios only 5%2 is nonzero while (5%3”2 =0, see eq. (4.7).
In the BHR scenario only 6%, is nonzero and 6%, = 0. We see that in each scenario, i — ey
is essentially proportional to |au|2 as expected. The proportionality coefficient depends
on the case — for fixed a,, the BHL and BHR scenarios give slightly larger y — ev. In
each scenario the correlation furthermore depends on A or Ay (as appropriate), and on the
mass ratio between the smuon and the other light masses. The borders of the regions are
defined by taking the respective smuon mass as either mgysy or 1.5 X mgysy in eq. (4.7).

The result for ; — ey can be interpreted in two ways, as indicated by the axis labels
on the left and right border of the plot. On the left border we indicate the value of B,
for the fixed value of the appropriate §12 = 10~%. In all scenarios 1+ — ey then varies in the
range up to around 1072 in the considered range for a,. On the other hand, in view of
eq. (4.22) this allows to obtain B, for any other value of the appropriate d12. Conversely,
it also allows to determine the value of the 012, for which B, is equal to the MEG
limit (3.7). This is shown on the axis on the right border of the plot. This axis corresponds
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Figure 8. Left: correlation between a, and B,_., in the WHL, BHL, BHR scenarios, for
[Adl, |Aq| = 1 (blue) and = 4 (red). The signs for the Ay, Ay are chosen as in figures 5, 6(left).
The axis on the left shows B,,_,., for the fixed value of the appropriate d12 = 104, the axis on
the right shows the maximum d12 allowed by the MEG limit (3.7), see text for details. The very
small blue region corresponds to BHR (A\; = 1); the black edgy contour corresponds to the BHL
region with |\4| = 4; the BHL region with |A\4| = 1 is invisibly small. Right: detailed dependence of
B, ey on Ag, Mg in the WHL, BHL, BHR, WL, BL, BR scenarios. In each scenario only one of the
Ag, Ag and only one of the 614, d& is nonzero, see text for details. The axes are as for the left plot.

to the maximum d12’s allowed for the corresponding points in the plot. We see that they
are in the range (0.5...2) x 107 if @, is in the 20-band around its experimental value.

In the plot we do not show the scenarios BL, BR, WL and Ay, Ay = 0 since these cases
lead to tiny a,,. However the correlation would be of a similar kind. We also do not show the
equal-mass scenario since there destructive interference between different amplitudes can
happen, as will be studied below. Overall, figure 8(left) is very similar to the corresponding
MSSM result shown in ref. [36].

Figure 8(right) shows the more detailed dependence of ;1 — ey in six scenarios, in-
cluding the BL, BR, WL scenarios. In each case, only one of the two d12’s is nonzero, as
appropriate, see (4.7): for BHR and BR, only 5?2 is nonzero, in the other cases only (5{42.
The plot then shows B, ., as a function of either A4 (for WHL and WL) or A4 (all other
cases). The axis on the right border of the plot shows the respective maximum allowed
value of 42 for the respective point in the plot, computed as for figure 8(left). All results in
figure 8(right) are shown for the fixed value of mgygy = 200 GeV. The behaviour for other
values of mgysy would be very similar; the branching ratio simply scales as 1/ m‘éUsy, and
the maximum d12’s scale as m%USY.

The results shown in the plot are similar to the corresponding results for a,: the
scenarios without Higgsinos WL, BL, BR give very small contributions, which depend on
Ag, Ag only in a minor way via the chargino/neutralino masses. The branching ratio reaches
the MEG limit in these scenarios for values of the d12’s around (30...100) x 10~%. Due
to the scaling with m%Usy, this equivalently implies that e.g. values of d15 around 10% are
allowed if mgygy is in the few TeV range.
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The contributions in the scenarios with light Higgsino are significantly enhanced by
large Ag and Ag4; the amplitudes are enhanced linearly, while the branching ratios are
enhanced quadratically. Like for a,, the contributions can be largest in the WHL sce-
nario, followed by the BHR and BHL scenarios. For Ay, Ag bigger than around unity, the
contributions in these scenarios reach the MEG limit for around d15 ~ 107%...1073.

The scenarios with light Higgsino show an interesting behaviour at small Ag, A\g. If
Ag, Ag = 0, only contributions governed by gauge couplings remain, and the branching ratio
becomes similarly small as in the WL, BL, BR scenarios. For certain small but nonzero
values of Ay, Ag the amplitudes pass through zero and the branching ratio vanishes.

Figure 9 shows the interference between contributions with and without Higgsinos.
We begin with describing plot 9(a). Here only right-handed mixing 5% is nonzero, while
5%2 = 0. We consider the equal-mass scenario of eq. (4.7) with mgysy = 500 GeV, with
the exception of the Higgsino mass pg4, which is kept as a variable. The contour plot then
shows p — ey as a function of ug and Ay for Ay = 0. Again, the contours are interpreted
in two ways. On the one hand they indicate Bj_e/(d1%)?, on the other hand they allow
to read off the maximum % allowed by the MEG limit.

The behaviour of figure 9(a) arises from interference of BHR-type and BR~type con-
tributions. For small uy and large Ay, the BHR-type contributions dominate and show the
expected \g-enhancement. The corresponding parts of the amplitude behave as A\g/uq. The
BR-type contributions are approximately independent of Ay and pg4. In fact, the behaviour
in plot (a) can be well approximated by the simple fit

1500 GeV

2
A — 0.4> x 1078 (68)% | (4.24)
Hd

B, ey = (
at large ug, exhibiting the two types of contributions. This also allows to understand the
triangular region with very small B), ;. in which the A\;z-enhanced terms are cancelled by
the BR-type contributions.

Figures 9(b,c,d) are similar but for nonzero left-handed mixing %, and as a function
of A4 for different choices of A\g. In plot (b) the behaviour is similar to the one in plot (a)
but it arises essentially from a combination of WHL- and WL-type contributions; in plots
(c,d) also the BHL- and BL-type contributions matter and shift the contours according to
the choice of A\y. The behaviour in these plots at large ug can be approximated by

12 2
By ey = <O()MGQV <Ad — A;) + 0.11) x 1078 (5%2)2 . (4.25)

4.4 Analysis of 4 — e conversion in the MRSSM

The next observable we investigate is ¢ — e conversion. This observable has a much more
complicated parameter dependence than the previous observables. It depends on four
types of form factors Aj, Ao, Az, Apox, corresponding to the charge radius, the dipole,
the Z-penguin and box diagrams. The previous observables only depended on dipole form
factors.

The behaviour of the dipole form factor has been discussed in the the previous sub-
sections in detail, so here we focus particularly on the additional parameter dependence
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Figure 9. i — ey in the equal-mass scenario, with y4 kept as a free parameter. In plot (a) only 5%
is nonzero, while 61, = 0; opposite in plots (b,c,d). The values of A4, Ay are indicated in the plots.
The contours correspond on the one hand to B¢/ (012)% and on the other hand to the maximum
012 allowed by the MEG limit. See eqs. (4.24), (4.25) for an approximation of the behaviour.

arising from the new form factors. Not all parameters lead to a nontrivial dependence.
All form factors are linear in the generation mixing parameters (5{42’13‘ to a very good ap-
proximation. Therefore we fix the d12’s to the standard values of section 4.1, i.e. to 1074
or to zero, depending on the scenario. Furthermore, all form factors are proportional to
1/ m%Usy, where mgusy is a representative mass scale. Hence we also fix the overall mass
scale to mgysy = 500 GeV for our discussion.

A very useful quantity to study is the ratio between the two branching ratios for y — e
and p — e,

B pAl—eAl

R(A) (4.26)
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In this ratio, the generic dependence on the §’s and the masses drops out. Knowledge of
R(Al) also tells us the maximum possible 1 — e conversion rate given the MEG limit on
i — ey for any given parameter scenario. Interestingly, if 4 — e is dominated by the
dipole form factors, then all model dependence, i.e. the full form factors As drop out in
the ratio R(Al) and there is a perfect correlation. The correlation only depends on the
element used in the experiment; for Aluminum the prediction for dipole dominance is [82]

Renly dip- (A1) = 0.0026.. (4.27)

Deviations of the actual result for R(Al) from this prediction then highlight the impact of
the additional form factors A1, Az, Apox.
Before describing detailed plots we provide an overview of the behaviour of the four

form factors.

o Ay Ay is dominated by diagrams with exchange of gaugino-like
charginos/neutralinos. ~ There is only a mild parameter dependence and no
significant enhancement by light or heavy Higgsino masses, by large or small A’s, by
large or small tan 5. Aj is largest in scenarios with light wino and slightly smaller if
only the bino mass is light.

e Aj: as discussed for a, and p — ey, the dipole form factor is essentially linearly
enhanced by Ay, Ag if pg is light. The remaining terms are small and of a similar size
as Aj. Hence if the dipole is not enhanced, there can be significant constructive or
destructive interference between A; and Ay within p — e conversion.

e Az: the Z-penguin contributions are smaller than the A; and Ay contributions in a
large parameter region. The Feynman diagrammatic reason is that the Z boson only
couples to Higgsino-like charginos/neutralinos (this is obvious from the neutralino-Z
Feynman rule; for the charginos there is a cancellation between diagram types 1,2,3,4
in figure 2, see also the MSSM case [33]). On the other hand, for the same reason
the Z-penguin can be strongly enhanced proportional to

oc vINE, o vaAZ (4.28a)
o v2A2 o v2A2 (4.28b)

corresponding to two insertions of gaugino-Higgsino mixing terms. The enhance-
ments proportional to v?l become important for small tan 3, leading to a 1/tan?j3
enhancement. The enhancements proportional to v become important if the up-type
Higgsino ., is light. A similar but smaller enhancement governed by gauge couplings
instead of \’s has been discussed in ref. [20].

o Apox: the box diagrams are negligible for large squark masses; for small mg they reach
similar values as A; and have a similarly mild dependence on all other parameters.

Figures 10 and 11 show the behaviour of the ratio of branching ratios R(Al) as a
function of all relevant parameters in the six scenarios BHL, BHR, WHL, BL, BR, WL.
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Figure 10. The ratio R(Al) of the u — e and g — ey branching ratios as function of the
squark mass, tan 3, and of A\, or A, as appropriate. The plots in the first, second, and third rows
correspond to the BHL, BHR, WHL scenarios, respectively; the legends correspond to all plots
in each row. In each plot all parameters are fixed to the standard values for each scenario with
mgyusy = 500GeV except in the A,, A, plots, where p, = mgysy. The gray band indicates the
expectation corresponding to dipole dominance, eq. (4.27), allowing a fluctuation by a factor 2 up

or down.

Each row in the figures corresponds to one of the scenarios. For each scenario, mgysy =
500 GeV fixed and Ag or Ay is set to the five values +4, +1, 0. The first plot in each
row shows R(Al) as a function of the squark mass mg, the second plot as a function of
tan 3, and the third plot as a function of A, or A, (as appropriate) while p,, = mgygy. All
other parameters are set to the standard values explained in section 4.1. The gray band
indicates the expectation corresponding to dipole dominance, eq. (4.27), allowing an up or

down fluctuation by a factor 2.
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Figure 11. As figure 10, but for the scenarios BL, BR, WL without light pg.

The plots allow to easily read off under which conditions dipole dominance holds and
under which conditions . — e can be enhanced relative to y — ey. The cases with enhanced
[ — e are very interesting in view of the forthcoming COMET and Mu2e experiments since
they allow signals in those experiments without violating the MEG limit on p — ev.

For the discussion we first focus on the regions of large mg; in the squark mass plots
in the first column and large tan 8 in the tan 5 plots in the second column. These regions
show the “baseline behaviour” resulting only from the form factors A; and Ao, while the Z-
penguin and box diagrams are negligible. The results for large |\4|, |A4| in the BHL, BHR,
WHL scenarios are in the gray region: this corresponds to the expected dipole dominance
for light Higgsino mass pg and large |Ag|, |Ag| resulting from the mass insertion diagrams
discussed in section 4.2.

If Ay, Ay = 0 in the BHL, BHR, WHL scenarios, the form factors A; and As are of
a similar size. The same is true in the BL, BR, WL scenarios, independently of Ay, Ag.
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Hence in all these cases we get strong deviations from dipole dominance R°®Y 4iP-(Al). The
actual ratio ranges from R(Al) ~ 107 in the BR scenario (due to an accidental cancellation
between A; and A which happens around \; ~ —4) up to R(Al) ~ 1 in the WL scenario
(where A; is a few times larger than As).

Next we focus on the dependence on mg, which arises only from the box diagrams.
For large squark masses they are negligible and we obtain the baseline behaviour discussed
before; for smaller squark masses below around 5 X mgysy they become relevant. Of course,
their impact is particularly pronounced in cases where the dipole As is small, i.e. for small
Ad, Ag and/or in the BL, BR, WL scenarios. In these cases the box diagrams can increase
1 — e by a factor of a few.

Finally we describe the influence of the Z-penguin contributions. They are enhanced
by two powers of the gaugino-Higgsino mixing, see eq. (4.28). The enhancements governed
by vfl and )\Q,AZ are visible in the tan 8 plots at small tan 8, where these terms become
large. For tan 8 < 5, this effect can lead to dramatic enhancements in the scenarios with
light Higgsino mass pg.

The enhancements governed by v2 and A2, A2 can be seen in the \,, A, plots in the
third column. For small A\, A,, the results are similar to the baseline behaviour discussed
above (the slight differences are due to p, = msysy instead of p, > mgysy). For larger
values of A\, A, the Z-penguin dominates, leading to very strong enhancements as well as
to zeroes in u — e due to cancellations between the different form factors.

The largest overall values of the ratio of branching ratios can reach more than
R(Al) > 10 in the scenarios with small dipoles (i.e. for small A4, Ay and/or the scenar-
ios BL, BR, WL with heavy p4). In scenarios with large dipole, e.g. in the WHL scenario
with Aq = 1, R(Al) can still be 10 times larger than the value RO 4iP-(Al).

4.5 Summary plots based on scans

The previous subsections have analyzed the detailed parameter dependences of all three
observables a,, ;1 — ey and p — e conversion in the MRSSM. In the present subsection we
will show several plots based on parameter scans. These plots summarize the generic be-
haviour and show maximum possible results and the correlations between the observables.

Figure 12 shows the maximum possible results for a, in the MRSSM, as a function of
the LOSP mass, i.e. the lightest electrically charged SUSY particle mass. It is based on a
scan in parameter space where the ratios between the masses are varied and various upper
limits on Ag, Ag are imposed. As expected from section 4.2 and figure 6 the maximum a,, is
obtained in scenarios where the WHL- and BHR-like contributions add up constructively
and the corresponding masses are all similar. Again the plot shows that very small masses
are required to explain the current a, deviation. For |[Ag4| < 4, a 1o explanation requires
myosp < 200 GeV, and for |Ay4| < 2, it requires mpogp < 150 GeV.

Figure 13 focuses on the correlation between a, and u — evy. It derives limits on the
flavour-violating parameters 5{42’R, valid under the condition that the a, deviation is fully
explained by the MRSSM. The logic behind this plot is as follows. For each parameter
choice with a certain value of a,, the prediction for u — ey is essentially fixed, since
both observables are governed by dipole form factors, see figure 8. The only remaining free
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Figure 12. Maximum possible results for a, in the MRSSM obtained from a parameter scan
applying the constraints of section 4.1 and maximum values for A4, Ay as indicated in the plot. The
dark and light yellow horizontal bands correspond to the 1o and 20 bands given by eq. (3.3). The
vertical band corresponds to the exclusion limit (4.8).

Maximum mixing
ay = 19.8x10710

i, [1 0‘4]

sometimes
allowed

-6 -4 -2 0 2 4 6
L -4
&5 [107]
Figure 13. Scan over parameter choices for which a, agrees with the deviation (3.3), displaying
regions for d%, and 6% allowed by the MEG limit on 1 — ey (3.7). The small, inner green region is

allowed by all parameter choices which explain a,, the cross-shaped large yellow region is allowed
by some parameter choices, and the outer red region is not allowed by any parameter choice.
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Figure 14. The correlation between ;1 — e conversion and p — €7, as a function of a,,; equivalently,
the maximum value for ;1 — e conversion for a given value of u — ey. The possible ranges have
been obtained from a parameter scan respecting the constraints of section 4.1. In particular, in the
outer red region, the \’s take the maximum values allowed in section 4.1; in the blue inner region
the X’s are constrained to be less than unity. The vertical yellow band is defined as in figure 5;
the horizontal light gray band indicates the expectation corresponding to dipole dominance as in
figure 10. The thin horizontal line indicates the minimum value of R(Al) for which COMET Phase
1 is sensitive to p — e conversion, given the current MEG limit on p — e.

parameters® are the 5}‘2’}{, which enter as in eq. (4.22). As a result, for each parameter choice

which explains the a,, deviation, there is a certain ellipse-shaped region in the 6%,-6%,-space
allowed by the MEG limit on u — ev.

Figure 13 shows the results of a scan over all parameter choices for which the current a,,
deviation is explained, and for which the parameter constraints of section 4.1 are met. The
values of the d’s in the small green inner contour are allowed by all parameter choices (i.e.
p — ey is always below the MEG limit). This inner contour arises from the intersection
of all ellipses and has itself approximately the shape of an ellipse. On the other hand,
the values of the §’s in the large cross-like yellow region are allowed by some parameter
choices and forbidden by others; this region corresponds to the union of all ellipses. The
cross-like shape arises because for certain parameter choices the ellipses degenerate to large
rectangles: for the WHL-like case shown in figure 8, 1 — e~y only depends on 5{42 and hence
there is an upper limit on 6}, but 6%, can be arbitrarily large; similarly BHR-like parameter
choices lead to unconstrained d%,. Numerically, values of the §’s below around 10~ are
always allowed. On the other hand, choices where both d12’s are significantly above around

10~ are always forbidden.

8We always keep the choice of the selectron masses (4.4) fixed.
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Figure 14 focuses on the correlation of all three observables a,, 4 — ey and p — e
conversion. It is based on the following expectation. If a, is large, the dipole form factor
must be large, and in dipole-dominated cases yu — ey and pu — e are strongly correlated,
see eq. (4.27). If a, is small, the dipole form factor can be small and p — ey and p — e
become uncorrelated. Therefore figure 14 shows the ratio R(Al) = Bja1eal/Bu—sey as a
function of a, in a parameter scan fulfilling the constraints of section 4.1. The scan is
further constrained by 01, = 0%%.

The result has the expected behaviour. If a, 2 30 x 1070, the ratio R(Al) is within
the expectation of dipole dominance up to a factor 5, and even up to a factor 2 if all \;,
A; are constrained to be below unity. Combining this upper limit on R(Al) with the MEG
limit on p — ey shows that in this parameter region the y — e conversion rate is below the
reach of COMET Phase 1. In the plot, this can be seen with the help of the thin horizontal
line, which corresponds to R(Al) = 0.017, the ratio of the COMET Phase 1 sensitivity and
the MEG limit (3.7).

Ifa,>12x 10710, just within the 20 region around the observed deviation, the ratio
R(Al) can be 10 times larger even for moderate A;, A;. This is interesting in view of
the forthcoming COMET Phase 1 measurement of y — e conversion: a positive signal at
COMET Phase 1 is possible while y — ey remains below the current MEG limit.

For lower a, and/or larger values of the \; and A;, R(Al) can be even larger. The
parameter choices which maximize R(Al) are choices where A, and \, take values at the
border of the allowed region and where all masses except the Higgsino masses are very
similar. In such parameter regions the MRSSM prediction for y — e conversion can be
easily in reach of COMET Phase 1 even if ;4 — e is orders of magnitude below the current
MEG limit.

As mentioned above, figure 14 uses the constraint 61, = 61y (the actual value drops
out in the ratio R(Al) and is not important). If this constraint is dropped and 6, = 0 or
6%, = 0 are allowed, the ratio R(Al) becomes unconstrained. E.g. we could choose a WHL-
like mass pattern with large a, and tune the masses and Ay such that the right-handed
dipole amplitude vanishes. If we then set 61, = 0 but 6% # 0, all flavour-violating dipole
amplitudes vanish and p — ey is impossible, while © — e conversion is still possible due
to the other form factors. Accordingly R(Al) can be arbitrarily large independently of a,,
if one of the §’s is allowed to vanish.

5 Conclusions

The MRSSM provides an attractive alternative realization of SUSY with promising phe-
nomenological properties. In the present paper we have considered the MRSSM predictions
for a,, and the lepton-flavour violating observables y — ey and p — e. We presented ana-
lytic one-loop results, useful compact approximations and a detailed numerical analysis.

A striking difference to the familiar MSSM case is the absence of tan 8 enhancements
in all dipole amplitudes. The reason is that the tan S enhancement in the MSSM origi-
nates from insertions of the MSSM p-parameter and Majorana gaugino masses. Both are
forbidden in the MRSSM by R-symmetry. The absence of tan § enhancements alters the
phenomenology significantly.
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In spite of this we have found that dipole amplitudes can be enhanced in the MRSSM
by MRSSM-specific superpotential parameters Ag, Agq. The mechanism is similar to the
tan 8 enhancements in the MSSM but its numerical impact is restricted by constraints on
the superpotential parameters from electroweak precision observables and perturbativity.

The analysis of a, has shown that it is very hard to explain the currently observed
deviation in the MRSSM. An explanation is possible only in particular corners of the
MRSSM parameter space: several SUSY masses, among them at least one smuon, one
gaugino and one Higgsino, should be around 200 GeV or below and the values of Ay and/or
Ag should be at least as large as the top Yukawa coupling, preferably larger. Such parameter
choices are viable since compressed light spectra are not excluded by LHC data.

The required large values of Ay, Ag are intriguing. Similar large values of A,, A, have
been found helpful in explaining the measured value of the Higgs boson mass [24]; on the
other hand very large values of these parameters are constrained by electroweak precision
data and are difficult to reconcile with embedding the MRSSM into an N = 2 SUSY theory.

The decay p — ey is strongly correlated to a, if a, is large. As a result we could
derive limits on the flavour-violating parameters 5{42’13” valid under the assumption that the
MRSSM explains the current a, deviation. As shown in the traffic-light-like colours of
figure 13 values for the §’s below around 10~° are generally allowed and higher values
can be allowed, depending on the choice of parameters. It is however also of interest to
discuss jt — ey in scenarios with small a,, — future a, measurements could be closer to the
SM prediction or non-MRSSM new physics could explain the deviation. In such scenarios
larger SUSY masses and small Az, Ay are possible and larger §’s are allowed. Combining
figures 8(right) and 9 with the known mass scaling allows to conclude that d12’s around
10% become possible for SUSY masses in the few TeV range.

Our reason to consider particularly u — e conversion as another lepton flavour violating
observable was threefold. The forthcoming COMET and Mu2e experiments promise to
improve the sensitivity to this process by orders of magnitude; an earlier study in ref. [20]
already revealed that this process can provide limits on the MRSSM, and we expected
characteristic differences between the MRSSM and MSSM predictions for this process. In
the MSSM, the process is typically dominated by dipole amplitudes and strongly correlated
with u — ey, see eq. (4.27).

Indeed we found strong deviations from dipole dominance. There are two main sources
for these deviations. If the dipole amplitudes are small, the charge radius form factors
become relatively important and can dominate strongly. And even if the dipole amplitudes
are large, the Z-penguin contributions can also be large — they are enhanced A?v?
(1 = u,d). In the fully general case, where mixing in the left-handed and right-handed
slepton sectors is independent, there is no correlation between y — e and p — e7y. Due to
possible cancellations either of these observables could be zero while the other is large.

We have then studied the (non-)correlation for the specific condition 0k, = d%. The
result is figure 14, which shows the ratio between p — e and 1 — ey as a function of ay,.
It shows that if a, is as large as the current deviation, the correlation between y — e and
p — e is rather strong, though not as strong as in case of dipole dominance, eq. (4.27). In
this case, the current MEG limit on p — ey implies an upper limit on the possible MRSSM
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prediction to Bjai—eal of a few times 10~1?, just touching the reach of COMET Phase I
but well in reach of COMET Phase II and the Mu2e experiment.

On the other hand, if a, is not quite as large, the correlation between y — e and
p — ey becomes weaker. For a, contributions below 20 x 10719, figure 14 together with
the MEG limit allows Bj,a1—ea1 well in reach of COMET Phase I. Turning the argument
around, if COMET Phase I finds a signal for 4 — e conversion and if the MRSSM is
realized in the scenario of figure 14, the MRSSM cannot explain the current a, deviation
at the 1o level.

The present paper has focused on a detailed and comprehensive survey, but we have
restricted ourselves to three observables, and all our results have been obtained at leading
nonvanishing order. We leave the study of further observables such as y© — eee and
the inclusion of higher-order corrections such as the ones considered in refs. [41-43] for
later work.
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A MRSSM Feynman rules

Here we provide the values of the coupling coefficients introduced in section 2.3 and the
resulting Feynman rules.

Lepton-sleptons-neutralinos/charginos:
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