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Abstract The Split-Family supersymmetry is a model
in which the sfermion masses of the first two genera-
tions are in O(100—1000) GeV while that of the third
one is in O(10) TeV. With such a hierarchical spectrum,
the deviation of the muon g — 2 and the observed Higgs
boson mass are explained simultaneously. In this paper,
we revisit the Split-Family SUSY model in light of the
updated LHC constraints. We also study the flavor chang-
ing neutral current problems in the model. As we will
show, the problems do not lead to stringent constraints
when the Cabibbo-Kobayashi-Maskawa matrix is the only
source of the flavor mixing. We also study how large fla-
vor mixing in the supersymmetry breaking parameters is
allowed.

1 Introduction

The standard model (SM) of particle physics is now com-
plete by the discovery of the Higgs boson with a mass
around 125 GeV [1-5]. In the minimal supersymmetric SM
(MSSM) (see [6] and references therein), the measured Higgs
boson mass can be explained when the masses of the super-
partners of the top quark (the stop) are in O(10—100) TeV
[7-11]. No evidence of the super particles at the LHC exper-
iments also suggests that their masses are in a multi-TeV
range .
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On the other hand, the measured value of the muon anoma-
lous magnetic moment aZXP [12,13] deviates from the SM
prediction a;™ [14,15] at about 3.70,!

Aa, = a;® —aM = (27.06 £7.26) x 10710 (1

This discrepancy can be explained in the MSSM when
such as the smuons and the electroweakinos are in O(100)
GeV [20-22].

In [23], the Split-Family supersymmetry (SUSY) model
has been proposed to explain the observed Higgs boson
and the muon g — 2 deviation simultaneously. There, the
sfermions of the first two generations are in O(100—1000)
GeV while that of the third one is in @ (10) TeV.? Such a hier-
archical SUSY spectrum is motivated by the Yukawa hierar-
chy.

In this paper, we revisit the Split-Family SUSY model in
light of the updated LHC constraints.> As we will see, almost
the entire region which explains the muon g — 2 within 20 is
excluded for the universal gaugino mass. We also show that
the collider constraints can be evaded for the non-universal
gauino masses while explaining the muon g — 2.

We also study the FCNC problems in the Split-Family
SUSY model. As we will explain, the precise construction
of the model requires careful treatment of the family basis,
which generically leads to sizable SUSY contributions to the
flavor changing neutral currents (FCNC). To see such effects,
we first discuss the case where the Cabibbo—Kobayashi—
Maskawa (CKM) matrix is the only source of the flavor mix-
ing. As we will see, the FCNC constraints are not so stringent

! Davier et al. have reported a deviation of 3.6 ¢ level [16]. The devi-
ation has increased [17] by the recent more precise measurement of
the fine-structure constant from atomic interferometry with Cesium133
[18]. See [19] for the future prospect of the muon g — 2 measurement.

2 For other simple possibilities and models in the MSSM, see Ref. e.g.
[24-45].

3 For model independent study, See [46,47].
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in that case. We also discuss how large flavor mixing in the
supersymmetry breaking parameters are allowed.

The organization of this paper is as follows. In Sect. 2, we
review the Split-Family SUSY model. In Sect. 3, we update
the constraints from the collider experiments. In Sect. 4, we
discuss the FCNC constraints on the model. In Sect. 5, we dis-
cuss the successful bottom-tau unification as a bonus feature
of the model. The final section is devoted to our conclusion.

2 Split-Family SUSY model

The basic idea of the Split-Family model is to assume the
hierarchical soft masses,

. mi 0 . 0
Mg = | 0 my 0 ’ 2
0 0 m

where the masses of the first two generation sfermions, m%,
are in mo = O(100—1000) GeV and that of the third gener-
ation sfermions, m%, is in m3 = O(10) TeV. This structure
may be related to the hierarchy of the Yukawa couplings. For
example, an extra-dimensional setup can lead to the aligned
hierarchy between the soft masses and the Yukawa couplings,
where only the third generation resides on the brane close
to those of the Higgs brane and the SUSY breaking brane
(See e.g. [48]). It is also possible to achieve the aligned
hierarchy if the first two generations are pseudo-Nambu—
Goldstone multiplets of some broken global symmetry (See
e.g.[32,49,50)).

The precise construction of the Split-Family model
requires careful treatment of the family basis. If the soft
masses are universal, for example, the general Yukawa cou-
plings in the superpotential do not lead to the SUSY FCNC
contributions, since the soft breaking parameters are propor-
tional to the unit matrix in any family basis. On the other hand,
for the non-universal soft masses, the general Yukawa cou-
plings result in the non-zero SUSY contributions to the flavor
mixing. Since we have assumed the rather light sfermions,
those mixing leads to unacceptably large FCNC processes.

In this paper, we put a phenomenological requirement that
the soft masses in Eq. (2) are realized in the family basis
where the Yukawa couplings in the superpotential are almost
diagonal.* These assumptions are implicitly made, for exam-
ple, in the models [23,48-50] to avoid too large FCNC. It
should be noted, however, that there are unavoidable SUSY
FCNC contributions even under these assumptions due to the
effects of the CKM matrix. To demonstrate those effects, we
study the following two scenarios.

4 We also assume that the hierarchy of the soft masses and the Yukawa
couplings are aligned.
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e The CKM matrix is the only source for the flavor mixing
(the minimal mixing scenario)

e Small flavor mixing comes from the supersymmetry
breaking parameters (the small mixing scenario)

In the following, we call the first scenario the minimal mixing
scenario and the second one the small mixing scenario. The
minimal mixing scenario gives us a demonstration of how
large SUSY FCNC contributions are expected by the effect
of the non-universality of the soft masses in Eq. (2).

Minimal mixing scenario

Let us start from the minimal mixing scenario. The superpo-
tential with general Yukawa matrices is given by,

WLEPTON = f,i;jLiEde, 3)
Wouark = fij QiU;H, + f QiD;H,. 4

Here, L, E, 0, U, D are chiral superfields of the
left-handed leptons, the left-handed anti- electrons, the left-
handed quarks, the left-handed up-type anti-quarks, and the
left-handed down type anti-quarks, respectively. The coef-
ficients fg, fu, fp are the 3 x 3 complex matrices. The
subscripts i, j run from one to three and each one is con-
tracted.

As we assume that the soft masses in Eq. (2) are defined in
the family basis where the Yukawa couplings are diagonal,
the lepton Yukawa matrix is given by the diagonal form,

Wigpton = fif L,[e] E,-[e] Hy, (©)

where the subscript [e] shows the chiral superfields in the
diagonalized basis, fE is a diagonal and real-positive matrix.>
Note that the subscript i in Eq.(5) runs from one to three,
which corresponds to the charged lepton generation.

On the other hand, the up- and down-type quark Yukawa
matrices are not diagonalized at the same time due to the
CKM matrix. To demonstrate the minimal mixing scenario,
we take a simple family basis, for example,

o R
W = fif Qi UM Hy + (Vexm )Y @' DY Hy. ()

Here, fU and fD are diagonal and real-positive matrices,
Ve k m 1s the CKM matrix, the superscript * is a complex con-
jugate of a matrix, and the superscript 7' denotes the trans-
pose of a matrix. The subscripts 7, j in Eq.(6), run from one
to three, which corresponds to the quark generation. In this
basis, the down-type Yukawa couplings are not diagonal due
to the CKM matrix. We may consider another simple family

5 Even if we include the PMNS effect, the lepton flavor mixing is not
so large for the model with the degenerate right-handed masses Mg <
10'° GeV (See the Appendix C for more details). Thus, we ignore the
finite neutrino masses in the superpotential.
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basis where the CKM matrix appears in the up-type Yukawa
couplings.® (See Sect. 4 for more details).

Small mixing scenario

The small mixing scenario is defined in the following way.
We first take the family basis specified in Egs. (5) and (6).
Then, we introduce the small flavor mixing matrix Vpix so
that the mass matrices are given by

mjy 0 0
M = Vo [ 0 m§ 0| Vinin. ®)
0 0 m}

In the small mixing scenario, we assume that Vpix is close
to the unit matrix with the mixing angles of the order of the
CKM angles. See Sec. 4 for more details.

3 Phenomenology of Split-Family SUSY model

In this section, we update the favored region for the muon
g — 2 and the Higgs boson mass in Ref. [23] in light of the
current LHC data. The SUSY contributions to the FCNC are
discussed in the next section.

3.1 Parameter choice at input scale

The free parameters in our analysis are,
2 2
mo, ms, mHuv de’ tanﬁv Ml’ M27 M3 (9)

Here, m%iu (m%id) is the squared mass of the up-type (down-
type) Higgs doublet, tang is defined by the ratio of the vac-
uum expectation value of H, to that of H;, and M1, M>, and
M3 are the gaugino mass parameters of the bino, the wino,
and the gluino, respectively. We assume the same m% and m%
for the squarks and the sleptons for simplicity.”

We take the above free parameters at the GUT scale
Mgyt = 10'°GeV. By solving the renormalization group
equations, we obtain the physical parameters. Notice that the
Higgsino mass parameter u is chosen to achieve electroweak
symmetry breaking consistently (see Eq. (11)). It should be
also noted that the following arguments are not sensitive to
the choice of m%{u and m%_ld as long as the electroweak sym-
metry breaking is successful.® For simplicity, we take

2 2 2
mp, =My, =M (10)

6 That is, we may take the basis,
W = (Ve fv)7 QiU Hy + (fp)"* Qi Di Ha, ©)
while the soft masses are given by Eq. (2).

7 These assumptions are motivated by the SU(5) GUT.

8 When the required value of j is as small as mg, the Higgsino also
contributes to the muon g — 2 [23].

in the following analysis.

For m%{u = m%ld = (’)(m%), radiative corrections from
the stop mass squared leads to a relatively large |m%{u | at the
weak scale and it requires a large |x|. That is, the value of
|;e| is determined by the minimization condition of Higgs

potential,

2 2 2 2 2
lul” = —my + m(ﬂ’ll_]d —mHu) - Emz
1
o ~ —m? 11
<tan/34) " H, an

for tan8 > 1. Here, mz is the mass of the Z boson,
mz =~ 91GeV. From the numerical analysis, |milu| at the
electroweak scale is O(10)? TeV? in the parameter space of
our interest, and thus || = O(10) TeV.

To explain the muon g —2, we require that the masses of the
electroweakinos are also in O(100—1000) GeV. We consider
two cases, the universal gaugino mass and the non-universal
gaugino masses. In the case of the universal gaugino mass,
we take

My = My = My = M3 = O(100—1000) GeV. (12)
For the non-universal gaugino masses, we take
M| >~ M = O(100—1000) GeV, M3 = —O(1) TeV. (13)

The reason of the choice of the sign of M3 will be explained
in Sect. 5.

The SUSY contributions to the muon g — 2 are propor-
tional to tan8 and we focus on

tanf 2 40. (14)

The large tanf is also advantageous to explain the
observed Higgs boson mass with m3 = O(10) TeV. As we
will also discuss, the large tanf is important to achieve the
bottom-tau unification (See Sect. 5).

Throughout this paper, we assume that the SUSY break-
ing parameters do not have CP violating phases and the only
source of the CP violation in the following analysis comes
from the CP phase in the CKM matrix. Under these assump-
tions, we take the convention of i > 0 without loss of gen-
erality (see the following section for more details).

3.2 SUSY contributions To Muon g — 2

Here, we show the parameter space to explain the muon g —2.
In the MSSM, the relevant one loop contributions to the muon
g — 2 come from the diagrams with the smuon/neutralino or
the muon-type sneutrino/chargino loops [51]. In our scenario,
the one-loop bino-smuon diagram dominates the SUSY con-
tributions to the muon g — 2, the SUSY contribution is pro-
portional to the  parameter. The Higgsino contributions are,
on the other hand, suppressed due to their heaviness.

@ Springer



688 Page 4 of 14

Eur. Phys. J. C (2019) 79:688

Fig. 1 The plots for the muon
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In our analysis, we use the package SPheno-4.0.3°to
calculate the low energy spectrum from the input parameter
at the GUT scale. In the code, the renormalization group
equations are solved including the flavor mixing parameters,
which are relevant for analyses in the next section. We also
use the package FeynHiggs2.14 .3 [52-56] to compute
the muon g — 2 and the Higgs mass from the low energy
spectrum obtained by SPheno.!”

3.2.1 Universal Gaugino mass at the GUT scale

For the universal gaugino mass, we search for the region to
explain the observed muon g — 2 on the mo—M| /> plane for
m3 = 12TeV or 10 TeV. In Fig. 1, the observed muon g —2 is
explained in the orange (yellow) regions within 1o (20'). The
gray shaded regions are excluded by the tachyonic masses
of the sleptons in the first two generations due to the large
two-loop renormalization group effects from the third gen-
eration masses. In most of the favored parameter space, the
SM Higgs mass is in 124—126 GeV for the central value
of the measured top quark mass myp = 173.1 & 0.9 GeV
[58]. That is consistent with the observed Higgs boson mass
mpy = 125.18 = 0.16 GeV [58] within the theoretical uncer-
tainty.!! In the left figure, the measured muon g — 2 is
explained for slightly larger M, and mo compared with
the right one. This is because the p parameter is larger for
the larger m3, with which the SUSY contribution to the muon
g — 2 is slightly enhanced.

9 We slightly modify SPheno-4.0.3 to calculate the SUSY spec-
trum on the basis in Eq. (6).

10 We added the two loop corrections for the large tang given in [57]
for the SUSY contributions to the muon g — 2. Although we use
FeynHiggs to calculate the muon g — 2, the following results are
not changed even if we use SPheno.

I The theoretical uncertainty of the Higgs mass is about 2 — 3 GeV
[59]. We have also checked that the Higgs boson mass is consistent with
the observed value within the theoretical error in Figs. 2, 3, 4, and 6.

@ Springer
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3.2.2 Non-universal gaugino masses at the GUT scale

For the non-universal gaugino masses, we also study the
parameter space explaining the muon g — 2 on the mo—M>
plane. In Fig. 2, we plot the orange (yellow) shaded regions
predicting the observed muon g — 2 within 1o (207). The
gray shaded regions are excluded by the tachyonic masses
of the sleptons. Here, the ratio of the gaugino masses are
fixed to be M} = 1.725 x My (M1 = 1.74 x M;) and
M3 = —2.6TeV (-2.5TeV) for mz = 11TeV (10TeV) at
the GUT scale, respectively. The motivations of these choices
will be explained in Sect. 3.3.2. Again, the SM Higgs boson
mass is consistent with the observed Higgs boson mass in
the favored parameter space. As in the case of the univer-
sal gaugino mass, the muon g — 2 is explained by slightly
larger my and M> for the larger m3 when we compare both
the figures.

3.3 Collider constraints

Now, let us discuss the collider constraints. We will discuss
cosmology in the next subsection.

3.3.1 Universal gaugino mass at the GUT scale

The bino is the lightest SUSY particle (LSP) on the right sides
of the black dashed lines in Fig. 3. In this case, the parame-
ter space with the gluino and the squarks lighter than about
2.6 TeV is excluded by the search for multi-jets plus missing
transverse momentum at ATLAS 13 TeV using 36 b1 [60].
We show the excluded regions as the blue shaded ones in
Fig. 3, which correspond to the 95% CL limits.

A charged slepton is the LSP on the left side of the black
dashed line in Fig. 3. Here, we assume that the LSP has
a short lifetime by R-parity violation so that the scenario is
consistent with cosmology. However, the size of the R-parity
violation is limited from above not to wash out the baryon
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Fig. 2 The plots for the muon
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asymmetry made by baryogenesis (such as thermal lepto-
genesis). As a result, the charged slepton LSP is expected
to be stable inside the detectors (See e.g. [61]). The heavy
stable charged particles searches in [62] put upper limits on
the production cross section of the SUSY particles, which is
converted to the constraints on the mass parameters by using
the cross-section given in [63].

In Fig. 3, the blue shaded regions on the left of the black
dashed lines are excluded by the constraints on the heavy
stable charged particle (95%CL).'? In the figure, almost
entire region favored by the muon g — 2 is excluded except
for a tiny region near (mo, Mi,2) = (0GeV, 1.7TeV) for
m3 = 12TeV in the case of the universal gaugino mass.'?
In Table 1, we show a sample spectrum which evades the
constraints while explains the muon g — 2 within 20 in the
charged slepton LSP scenario.

12 There are two kinds of blue regions (the blue and the lighter blue
regions). The blue plus light blue shaded regions are excluded here. We
will explain this difference soon.

13 The muon g — 2 can be explained for a larger M /2 for a larger

tanf. In this case, however, the CP-odd neutral Higgs scalar becomes
tachyonic.
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In the analysis for the charged slepton LSP, the elec-
troweakino productions are the dominant SUSY production
modes, where we use the production cross section given
in [64,65]. For comparison, we also show the constraints
assuming the SUSY production cross section for the degen-
erate squarks and gluino (the lighter blue shaded regions).
In the actual spectrum, the gluino is heavier than the lightest
squark in most of the favored parameter space, and hence, the
production cross section of the colored SUSY particles [63]
is smaller than the degenerated case. As the figure shows,
the constraints via the colored SUSY particle production
are at most comparable or weaker than those from the elec-
troweakino productions for the heavy stable charged particle
searches. !4

14 For the searches of multi-jets plus missing transverse energy which
is relevant for the bino search, the colored SUSY production plays the
dominant roles.

@ Springer
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Table 1 A sample point in the universal gaugino mass case. Mgluino,
mg, mg, (mp,), mgp (Mpg), Mgty My, My denote the masses of
the gluino, the lightest squark, the lightest almost left handed selectron
(smuon), the lightest almost right-handed selectron (smuon), the light-
est neutralino, the next to the lightest neutralino, the lightest chargino,
respectively. It should be noted that R-parity violation is required for the
decay of the LSP before the Big-Bang Nucleosynthesis (BBN). Then,
we also need to introduce a dark matter candidate in the model (see the
next section)

mo, m3 0GeV, 12TeV
My 1650 GeV
tanp 50
MHiggs 124.6 GeV
ay 1.48 x 107°
LSP Charged slepton
AMg —3.0 x 10721 GeV
€x —2.6x 1077
AMp 1.5 x 10717 GeV
W 9751 GeV
Mgluino 3619 GeV
mp 2730 GeV
0
mg, (mz,) 486 GeV
Mgy (Mg ) 942 GeV
m, 766 GeV
Xo
m @ 1360 GeV
m,+ 1360 GeV

X1

3.3.2 Non-universal gaugino masses at the GUT scale

In the case of the non-universal gaugino masses, the con-
straints from the collider searches can be weakened by several
reasons. For the bino LSP cases, for example, the production
cross section of the colored SUSY particles which are rele-
vant for multi-jets plus missing transverse energy search is
reduced if the gluino and squarks are heavy. The constraints
from the heavy stable charged particle searches can be also
evaded since the sneutrino can be lighter than the charged
sleptons. In the following, we again take M3 = —2.6 TeV
or —2.5TeV at the GUT scale, which suppresses the col-
ored SUSY particle production cross section. The choice of
the sign of M3 will be relevant in the discussion in Sect. 5.
We also take M| = 1.725 x M, or M1 = 1.74 x M, with
which the sneurinos are lighter than the charged sleptons in
the favored parameter space.

On the right side of the black dashed line in Fig. 4, the
neutralino is the LSP. As we have mentioned, there is no
stringent collider constraint because the squarks and the
gluinos become heavy by arather large | M3|. It should be also
noted that the constraints on the missing transverse momen-
tum from the electroweakino production are far less rele-
vant due to the rather degenerate electroweakino spectrum,
(mxli - mxé)/mxli < 30% [66,67].

@ Springer

Eventually, the searches for the missing transverse energy
with the charged leptons put the most stringent constraints
on the neutralino LSP region. In the figure, the blue shaded
regions in Fig. 4 are excluded by the constraint in [68]
(95% CL)." In Table 2, we show a sample spectrum which
evades the constraints while explains the muon g — 2 within
lo in the neutralino LSP scenario.

On the left side of the black dashed line in the favored
parameter space in Fig. 4, the sneturino is the LSP due to a
relatively small M> compared with M. Because of the heavy
colored SUSY particles and the degenerate electroweaki-
nos, this region is less constrained by multi-jet plus missing
energy searches [60,66,67]. The search for the missing trans-
verse energy with the charged leptons are also less sensitive
to this region. In the sneutrino LSP region, however, the con-
straints from the direct detection of dark matter are stringent
if the sneutrino LSP is stable (See the following section for
more detail discussion).

3.4 Cosmology

As we have seen above, most parameter region favored by
the muon g — 2 has been excluded for the universal gaugino
mass by the LHC searches. In this subsection, we discuss
cosmology focusing on the non-universal gaugino masses.

In most of the neutralino LSP region, the bino is the domi-
nant component of the lightest neutralino. In general, the bino
LSP is disfavored from a too large thermal relic abundance
due to its small annihilation cross section.'® This problem
can be evaded for our particular choice of the gaugino mass
parameters,

Mi(Mgur) =~ 1.7 x M>(Mgur), (15)

which leads to the rather degenerate physical bino and wino
masses. In this case, the co-annihilation between the bino
and the wino is efficient [70-73], !7 which makes the bino
abundance consistent with the observed dark matter density.

In Fig. 4, we draw the green line on which the thermal
relic abundance of the bino corresponds to the observed dark
matter density. To calculate the thermal relic abundance of
dark matter (and its cross-section with nucleons), we use
the package MicrOMEGAs_5.0.4 [77]. For the choice of
the gaugino mass relation in Eq. (15), we find that the bino

15 The constraint from the latest result in [69] is not stringent, where it
is assumed that the slepton decays into a lepton and a neutralino with
a 100% branching ratio. In our scenario, a slepton also decays into a
chargino and a neutrino. Furthermore, a charged lepton from a chargino
decay becomes soft. Thus, the constraint is weakened.

16 In some of the neutralino LSP region, the wino is the LSP. There,

we have confirmed that the constraints from the direct detection are
negligible due to the small thermal relic abundance of the wino.

17 See the other neutralino coannihilation with other light sparticles e.g
a stop [74], stau [75], gluino [76].
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Fig. 4 The summary plots for
the collider constraints and the
dark matter candidate. The same
with Fig. 2 for the parameter
space and the color codes. On
the right (left) side of the black 800
dashed line, the neutralino (the
sneutrino) is the LSP. The blue
shaded regions are excluded
from the collider searches at
95% CL. On the green line, the 400
observed current dark matter
abundance QA% ~ 0.12 is
achieved due to the bino-wino
coannihilation

1000
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leGeV
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Table 2 A sample parameter point in the case of the non-universal
gaugino masses. The neutralino is the LSP. 42 and oS! denote the
current thermal relic abundance of the bino and the spin-independent
bino-nucleon cross-section

mo, m3 650GeV, 11TeV
My, M, M 1.725 x 480 GeV, 480GeV, —2.6TeV
tanp 40

MHiggs 124.6 GeV

a, 2.69 x 107°

LSP bino

Qh? 0.119

oS! 2.4 x 10~ pb

AMg —2.0 x 1072 GeV

€x 1.2 x 1077

AMp 1.5 x 10717 GeVv

M 9108 GeV

Mgluino 5529 GeV

mg 4442 GeV

mgL(m,zL) 481 GeV

Mep (m,;R) 635 GeV

my; 404 GeV

ma 478 GeV

ms 478 GeV

mass around 400 GeV can explain the observed dark matter
density. By tuning the ratio between M» and M further, the
dark matter density can be explained for the bino mass up to
around 700 GeV within the parameter region favored by the
muon g — 2.

As the bino is the LSP, the direct detection cross is highly
suppressed. In fact, we find,

os1 S 10710 (—mDM )

16
100 GeV (16)

NonUni, m3=11TeV, tanB=40, my?=my?

Sneutrino LSP  <«— ," —

NonUni, mz=10TeV, tang=40, my*=m,”

g
’ .

1000 Sneutrino LSP  «— ;' —
. Neutralino
LSP

. Neutralino
! LsP

800

]
.
'
'
i
'
'
'

600

leGeV

400

600 800 200 400 600 800
mylGeV

where mpy; denotes the dark matter mass. This cross section
is much smaller than the current constraint [78-80].

For the sneutrino LSP, on the other hand, the relic abun-
dance is much smaller than the observed dark matter density
(242 = 1072) due to its large annihilation cross section in
the parameter region favored by the muon g — 2. Even with
such a small relic abundance, however, the sneutrino LSP
contribution to dark matter has been excluded by the direct
detection experiments since it has a large scattering cross
section with the nucleons, oy ~ O(107>) pb.

As aresult, we find that tiny R-parity violation is required
in the case of the sneutrino LSP as in the case of the charged
slepton LSP (see the previous discussion in Sect. 3.3.1). In
those cases, we need dark matter candidate other than the
LSP.

4 FCNC constraints in Split-Family SUSY model

In the Split-Family model, there is a non-trivial enhancement
of the FCNC by the non-universality of the sfermion masses.
In this section, we investigate the FCNC constraints on the
model for the minimal and small mixing scenarios defined
in Sect. 2. In the minimal mixing scenario, the CKM matrix
is the only source of the flavor mixing. We show that the
FCNC constraints on the minimal scenario are not stringent.
For the small mixing scenario, we demonstrate how large
flavor mixing in the supersymmetry breaking parameters is
allowed.

4.1 Experimental FCNC limits

Let us first summarize the FCNC constraints relevant to the
mixing parameters.

@ Springer
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Meson mixing

The CP-violating parameter in the neutral kaon system eg
gives the stringent constraint on the squark flavor mixing.
The measured value of ex [58] is

lex | = 2.228(11) x 1073(90% CL). (17)
For the theoretical prediction of SM, we adopt [81],
lex |SMIM = 2.05(18) x 1073, (18)

which is derived by using the QCD sum-rule.'®

The mass difference between the long-lived Kaon and the
short-lived Kaon, AMgx = m K9 — Mgo, also puts the con-
straints on the mixing parameters. The measured AMg [58]
is given by

AMZP =3.483(6) x 10715 GeV. (19)

The SM prediction of AMg, however, has a large uncer-
tainty due to the unknown long-distance effects (see e.g. Ref
[82]). Thus, in this paper, we will just compare AM ?(XP with
the order of the magnitude of SUSY contributions. The neu-
tral D-meson oscillation may also put the constraints. The
observed mass difference [58] is

lAMS| = 0.63103] x 10714 GeV. (20)

The theoretical calculation of AMp has large uncertain-
ties as in the case of AMk . Again, we only evaluate the order
of the magnitude of the SUSY contribution with the | AMF}|.

Lepton flavor violation

For the slepton flavor mixings, the stringent constraint comes
from the search for the decay u* — ety at the MEG exper-
iment [83]. The upper limit on the branching ratio of this
process is

B(ut — ety) < 4.2 x 10713 (90% CL). (21)
4.2 FCNC Constraints in the Minimal Mixing Scenario

Here, we investigate the FCNC constraints in the minimal
mixing scenario. We search for the parameter space which is
the same as the previous section in Figs. 1 and 2. In this sce-
nario, the CKM matrix appearing in the Yukawa couplings
in Eq. (6) leads to the flavor mixing in the squark mass matri-
ces at the weak scale due to the non-universality of the split
family structure at the GUT scale.

Such flavor mixing is constrained by €g, where the CP
violation comes solely from the CP phase of the CKM matrix.
In Fig. 3, the red hatched regions are excluded. There, the

18 We do not use the theoretical prediction on € from the lattice QCD
[81].
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region with the small mo and M /; is excluded due to the light
gluino and squarks. Notice that the SUSY FCNC contribution
is larger for a larger m% / m%, and thus the constraint is severe
for the left figure.'” In Fig. 4, on the other hand, no constraint
appears from €k . This is because the SUSY contributions are
suppressed due to the heavy gluino and squarks for |M3| ~
2.5 -2.6TeV.

As a result, the Split-Family SUSY model is not strin-
gently constrained by the flavor violation in the minimal
mixing scenario. We have also confirmed that AM ks, and
AM pg;sy become much smaller than the observed one (See
e.g. Tables 1 and 2). 20

Several comments are in order. As we have mentioned ear-
lier, we may consider another simple family basis in Eq. (7).
Since the flavor mixing is dominated by the renormalization
group effects, we obtained similar constraint even in this case
for the large tanp.

One may also wonder how large SUSY FCNC contribu-
tions are expected if the first and the second generation soft
SUSY breaking masses are not degenerate. We discuss this
possibility in appendix B. There, the model is severely con-
strained by the FCNC even for the minimal mixing scenario.

4.3 FCNC constraints in small mixing scenario

Now, let us discuss the FCNC problems in the small mixing
scenario. As we will see, the flavor mixing in the slepton sec-
tor leads to sizable FCNC contributions because their masses
are of 0(100) GeV to explain the muon g — 2.

4.3.1 FCNC constraints on slepton flavor mixing

As we explained in Sect. 2, we take the diagonal lepton
Yukawa coupling while allowing small flavor mixing in the
SUSY breaking soft masses as in Eq. (8). We use the follow-
ing parametrization for the slepton mixing matrix Vp;x,

1 0 0 cosfi3 0 sinf3
Vmix = | O cosfr; sinbrs 0 1 0

0 —sinf3 cos6y3 —sinf;3 0 cosfq3

cosfip sinf;p O

—sinfjp cosbip O |. (22)

0 0 1

Here, we again assume that no CP violation appears in the
mixing matrix.

As the split-family structure is motivated by the Yukawa
hierarchy, we also assume that the flavor mixing in the SUSY

19 In our analysis, we fully diagonalize the squark masses without using
the mass insertion technique (See Appendix A for more details).

20 1n the minimal mixing scenario, we have also confirmed that the neu-
tron electric dipole moment (EDM) from the CKM phase does not lead
to the stringent constraint. See also Ref. [84] for the EDM constraints.
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Fig. 5 The plot of

Tab I,tang=50,mz=12TeV,my?=m,?

Tab Il,tang=50,mz=11TeV,m y2=m,?

B(uT — ety) (the curve line)
for given €. We used parameters

-11.5

~11.0

-11.5

in Tables 1 and 2 for the left side B
and the right side figures, -125
respectively. The solid (dashed) ~13.0

horizontal lines are the current

(future expected) upper-bound Shgo

-14.0

-14.5

-12.0

-12.5

-13.0

-13.5

-14.0

0.04 0.05 0.06

breaking sector has a structure similar to the CKM matrix.
That is, we assume that the mixing angles are controlled by
a small parameter €,

(sin B12, sin O3, sin 623) = (O(€), O(3), O(€?)), (23)

where € ~ 0.2 roughly mimics the mixing angles in the
CKM matrix. In the following, we demonstrate how large
flavor mixing is allowed in the slepton sector by using €.

In our numerical analysis, we take the following mixing
angles,

(512, 513, 523) = (R1€, Ra€’, R3€?), 24)

where R; shows the random numbers between (0.5, 1.5). The
random numbers R; for m% and m% are taken independently.

In Fig. 5, we show how large slepton mixing is tolerable
from the current and future constraints on B(ut — e™y).
There, we consider the input parameters in Tables 1 and 2 for
examples. The blue curve line denotes the model predictions
for B(ut — eTy). The horizontal (dashed) lines are the
current (future expected [85,86]) experimental bounds. From
the figures, the constraint from B(u™ — e'y) requires € <
0.06.%!

Before closing this section, let us comment on the effect
of the PMINS matrix. As in the case of the squark mixing, the
PMNS matrix could lead to large flavor mixing in the slepton
mass matrix at the weak scale even if we assume a diagonal
soft masses (see Eq. (2)). However, the FCNC constraints due
to the PMNS matrix are not stringent if the neutrino Yukawa
matrix is small enough as long as the right-handed neutrino
mass Mg < 1019 GeV (See Appendix C for more details).

4.3.2 FCNC constraints on squark flavor mixing

In the small mixing scenario, we can also introduce Vp;x to
the squarks with the mixing angles given by Eq. (23). In this
case, however, the FCNC constraints on the mixing angle €
are much weaker than the slepton case, and hence, we do not
discuss them any further.

21 We checked that the constraints are not significantly changed even
if we put additional CP phases in Vpix of the sleptons. Detail analysis
will be done elsewhere.

0.07 0.08 0.04 . 0.07 0.08

5 Bottom-tau unification

In the Split-Family SUSY model, the muon g — 2 can be
explained by the small |M1]|, |M>]|, m%, and the large tanp.
In addition, the stringent limits from the LHC experiments
require the rather large |M3|. Interestingly, these parameter
sets are found to be appropriate to realize the bottom-tau
unification [87].

The bottom Yukawa coupling receives threshold correc-
tions from the gluino loop diagrams [88-91],

Ay,  Msptang
— (X e ——

2 b
Yb m3

(25)

where y, is the bottom Yukawa coupling in the MSSM,
and Ayy, is the threshold correction. The negative M3 u tanf
gives the negative Ay, which makes the bottom Yukawa
coupling in the MSSM vy, larger for a given bottom quark
mass.2? For the tau Yukawa coupling, on the other hand, the
threshold corrections are small due to the small M| and M»
as well as the small gauge coupling constants. As a result,
the large negative contribution in Eq. (25) makes y; /vy, large
at the weak scale, which is appropriate for the bottom-tau
unification at the GUT scale. This is the reason that we take
negative M3 in the previous section.

In Fig. 6, we show the parameter space for the successful
bottom-tau unification. There, we assume the input parame-
ters in Tab. 2 other than m and tanp. The red lines are the
contours of |y, /y; — 1| = 1.5%, 3%, 5%, where y, and y,
are the bottom and tau Yukawa couplings at the GUT scale,
respectively.”? The other color codes are the same as Fig. 4.
We have checked that the Higgs mass is in 124—126 GeV in
most of the favored region. We have also confirmed that the
dark matter abundance is 242 ~ 0.12 on the right side of
the dotted line (bino LSP region) in the figure.?* Thus, we

22 In our notation, yp is real positive (see Eq. (6)).

23 The threshold correction from the gluino is sensitive to the match-
ing scale, which requires careful treatments of the decoupling and the
renormalization group effects [92].

24 On the left side of the dotted line, the sneutrino is the LSP as discussed
in Sect. 3.
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NonUni, ms=11TeV, M,=480GeV, myZ=m,?
41

35
500 600 700 800 900

molGeV

Fig. 6 The plot for the successful bottom-tau unification on the (rmy —
tanf) plane. The red line shows the |y, /y; — 1| = 0.015, 0.03, 0.05.
The color code is the same as Fig. 4. In most of the favored region in the
figure, we have confirmed that the Higgs mass is in 124—126 GeV and
the dark matter abundance is €242 ~ 0.12 (the right side of the dotted
line)

find the parameter space favored by the muon g — 2 is also
appropriate to achieve the bottom-tau unification.

6 Conclusion

In this paper, we have revisited the Split-Family SUSY
model. In the model, the sfermion masses of the first two
generations are in the hundreds GeV range, while that of the
third generation is in the tens TeV range. With this spectrum,
the deviation of the muon g —2 and the observed Higgs boson
mass are explained simultaneously.

In Sect. 3, we have first shown the parameter space to
explain the muon g — 2 and the Higgs boson mass. In our
analysis, we have searched for two cases of the universal
gaugino mass and the non-universal gaugino masses. For the
universal gaugino mass, almost the entire region to explain
the muon g —2 within 2o is excluded by the collider searches
as shown in Fig. 3. This is due to the lightness of the squarks,
the gluino, and the wino masses. For the non-universal gaug-
ino masses, the gluino can be heavier with which the collider
constraints can be easily evaded (See Fig. 4).”> We have also
found the parameter space where the bino LSP can explain
the observed dark matter density thanks to the coannihilation
with the wino.

In Sect. 4, we have studied the FCNC problems in the
Split-Family SUSY model. We have searched for two sce-
narios, i.e. the minimal mixing scenario and the small mixing
scenario (see Sect. 4 for details). In the minimal scenario, we

25 See e.g. Refs. [93,94] for the discussion about the future sensitivity
at the LHC and the ILC.
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have assumed that the CKM matrix is the only source of the
flavor mixing. There, we have shown that the SUSY FCNC
contributions are small enough to evade the problem.

For the small mixing scenario, we have assumed the CKM
like mixing matrix to the soft mass parameters (See Eq. (22)
and around it). Then, we have demonstrated how large flavor
mixing is allowed in the slepton sector. There, the most strin-
gent constraint comes from the lepton flavor violation decay
of u* — e’ + y. We have shown that the mixing angles
have to be relatively small, ¢ < 0.06.

In Sect. 5, we have discussed one bonus feature of the
model, the bottom-tau unification. For the successful bottom-
tau unification, the large threshold correction is required.
Interestingly, such parameter space is compatible with the
one favored by the muon g — 2. In Fig. 6, we have shown
that the bottom-tau unification is significantly improved for
the large tang.

Several comments are in order. First, it is possible to
achieve a small p term in the Split-Family SUSY model.
In fact, for m%lu = m%, the focus point mechanism [95,96]
results in a small p term. In such a case, the neutralino LSP
can have a sizable Higgsino contribution, so that the dark
matter-nucleon cross section becomes large.

Throughout this paper, we have assumed that the SUSY
breaking parameters do not have any CP-violating phases.
In fact, these are strong assumptions and it is highly non-
trivial to achieve such soft SUSY breaking parameters from
high energy theory. The CP violating phases in the SUSY
breaking parameters are constrained by the measurements of
the EDMs, which will be discussed elsewhere.
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Appendix A: Validity of the mass insertion approxima-
tion

In this appendix, we briefly discuss the validity of the mass
insertion approximation for the SUSY FCNC contributions.
For simplicity, we consider the case of the universal gaugino
mass in the minimal mixing scenario.

In the mass insertion approximation, the gluino con-
tribution to €g is estimated at the next leading order
(971,

3 a?
20V/2AM° 216m}
+66 f5,(x)Im[(AL})*].

EKSUSY =~ MK f[z( (24xf6(-x)

(AD)

Here, oy = 0.1184, mg = 0.498 GeV, the Kaon decay
constant fx = 0.16GeV. The mixing parameter A‘I{SL
denotes an off-diagonal element for the left-handed down
and strange squarks soft SUSY breaking mass squared matrix
normalized by 1/ m(z),

2
ds ~ 1,CKMy,+CKM [ 3
ALL - Vm th -
)

(A2)

From Eqs. (A1), (A2), ek, is enhanced by a factor of mg.

The above approximation is, however, only valid when
the sfermion mass splitting is small, i.e. m(2) i~ m% For
m% > m%, on the other hand, the approximation leads to
the overestimation. Thus, we need to calculate the FCNC
processes in the exact mass diagonalization. For this pur-
pose, we use the package susy_flavor_2_54 [98-
100].

mo=1TeV, Myo=1.5my, my?=(100GeV)?
8.x107°

6.x107°
4.x1076

2.x107¢

eksusy(only gluino)

0

0 2000 4000 6000 8000 10000
mg/GeV

Fig. 7 The plot of the gluino contribution to €gx for a function of
m3. The blue dotted line shows the numerical result by the only
susy_flavor. The gray line denotes the result by the mass inser-
tion approximation in Eq.(A1). Note that all calculations include only
so-called V L L element [99] to compare with the mass insertion approx-
imation

The numerical result of ekg s, as a function of m3 is
shown in Fig. 7. The blue dotted line corresponds to the
result from the code, where we take the input parameter

ITeV, Mijp = 1.5TeV, ang = 40, my, =

(100 GeV)?2.%% The gray solid line is given by the mass inser-
tion approximation in Eq. (A1) for the same input parame-
ters. Here, these input parameters are set at the SUSY scale
to make comparison easier. From the figure, we confirm the
overestimation of €x for m% > m% in the mass insertion
approximation.

ngpo =

Appendix B: FCNC constraints on first and second
sfermion soft mass splitting

In this appendix, we discuss how large mass splitting is
allowed for the first and the second generation squarks
from the FCNC constraints. To parametrize the splitting,
we use the following non-universal soft masses for the
squarks,

mjy 0 0
my =10 m3 0 |, (B1)
0 0 m

where m; denotes the soft mass parameter of the second gen-
eration squarks.

In Fig. 8, we show the FCNC constraints for the case
of the universal gaugino mass (the figure in the left).
The gray shaded region is excluded by ex (90%CL).
There, we use the input parameters in Table 1, but take
mo and mo as variables. The parameter space with the
ratio my/my = O(10) is excluded for my = 60GeV,
where mjy becomes comparable to the gluino mass con-
tributions to the squark masses in the second genera-
tion.

In the right panel of Fig. 8, we also show the con-
straints for the non-universal gaugino masses. There, we
use the input parameters in Table 2. The SUSY FCNC
contributions are large with the splitting, mp/m; 2 5,
where mjy becomes comparable to the gluino mass con-
tributions to the squark masses in the second genera-
tion.

26 Here, we only include the contribution from the V LL four-quark
operator [99] to compare with the approximation in Eq.(A1). We also
switched off the resummation of chirally enhanced corrections [99] to
compare with the mass insertion approximation.
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Fig. 8 The FCNC constraints

for the mass splitting between 30
the first two generation squarks.
The gray shaded regions are
excluded by ex (90% CL)

25

20

malmg
&

Appendix C: Lepton flavor violation from MNS matrix
effect

In this appendix, we briefly discuss the constraint from the
decay u™ — e™ + y, where the MNS matrix is taken into
account as in the case of the minimal mixing scenario in the
squark sector.

In the presence of the right-handed neutrinos, the super-
potential of the lepton sector is given by,

W= fng[e]EE-e]Hd + (Ugins ) L' Ng; H,

+%MRNRiNRi- (C1)
Here, Ng; (i = 1-3) are the right-handed neutrinos with
three flavors. As in the case of the minimal mixing scenario
in the squark sector, we assume the soft masses in Eq. (2)
while the Yukawa couplings are diagonal matrices ( fv) with
the MNS matrix (Umns).

In this setup, the flavor mixing parameter between the first
and second generation of the charged selectrons is given by,

2
1 M 2
(AL ~ R 7
1672 \V 1015Gev | \m3

X (Umns) 13(Usins)23In(Mg /1010 GeV),  (C2)

where the parameter is defined by an off-diagonal element
for the left-handed electron and muon sleptons soft SUSY
breaking mass squared matrix normalized by 1/ m%

Then, the branching ratio of the process u™ — e + y is
given in the following [101-103],

2
48730 o1 L Mpinotan
B~ — (014— (AL | - (C3)
GF T mslepton

Here, Gp = 1.166 x 1075 GeV~2 is the Fermi coupling
decay constant, ae; =~ 1/137 is the fine-structure con-

@ Springer

Tab I, My,=1.65TeV, m ;% =m,?

Tab Il, Mp=480GeV, m ;°=m,?

malmgp
N

60 80 100 600 610 620 630 640 650

stant, «; ~ 1/60 is the weak coupling constant. We also
take mglepton > 480GeV, u ~ 9 x 103 GeV, and mpjne =~
400 GeV as in Table 2. The coefficient c; is about 0.1 [101-
103]. The branching ratio is consistent with the current upper-
limit B < 10713 for Mg < 10! GeV. More detailed analysis
remains for future work.

References

1. G. Aad et al. (ATLAS), Phys. Lett. B 716,
arXiv:1207.7214 [hep-ex]

2. S. Chatrchyan et al. (CMS), Phys. Lett. B 716, 30 (2012).
arXiv:1207.7235 [hep-ex]

3. G. Aad et al. (ATLAS, CMS), Proceedings, meeting of the APS
division of particles and fields (DPF 2015). Phys. Rev. Lett. 114,
191803 (2015). arXiv:1503.07589 [hep-ex]

4. G. Aad et al. (ATLAS, CMS), JHEP 08, 045 (2016).
arXiv:1606.02266 [hep-ex]

5. The ATLAS collaboration, Combined measurements of Higgs
boson production and decay using up to 80 fb~! of proton—proton
collision data at /s = 13 TeV collected with the ATLAS experi-
ment, ATLAS-CONF-2018-031 (2018)

6. H.P. Nilles, Phys. Rep. 110, 1 (1984)

7. Y. Okada, M. Yamaguchi, T. Yanagida, Prog. Theor. Phys. 85, 1
1991)

8. Y. Okada, M. Yamaguchi, T. Yanagida, Phys. Lett. B 262, 54
1991)

9. J.R. Ellis, G. Ridolfi, F. Zwirner, Phys. Lett. B 257, 83 (1991)

10. H.E. Haber, R. Hempfling, Phys. Rev. Lett. 66, 1815 (1991)

11. J.R. Ellis, G. Ridolfi, F. Zwirner, Phys. Lett. B 262, 477 (1991)

12. K. Hagiwara, R. Liao, A.D. Martin, D. Nomura, T. Teubner, J.
Phys. G38, 085003 (2011). arXiv:1105.3149 [hep-ph]

13. A.Keshavarzi, D. Nomura, T. Teubner (2018). arXiv:1802.02995
(hep-ph]

14. G. W. Bennett et al. (Muon g-2), Phys. Rev. D73, 072003 (2006).
arXiv:hep-ex/0602035 [hep-ex]

15. B.L. Roberts, Proceedings, 6th international workshop on e+e-
collisions from phi to psi (PHIPSI09): Beijing, China, October
13-16,2009, Chin. Phys. C34,741 (2010). arXiv:1001.2898 [hep-
ex|

16. M. Davier, A. Hoecker, B. Malaescu, Z. Zhang, Eur. Phys.
J. C71, 1515 (2011). [Erratum: Eur. Phys. J.C72,1874(2012)],
arXiv:1010.4180 [hep-ph]

1 (2012).


http://arxiv.org/abs/1207.7214
http://arxiv.org/abs/1207.7235
http://arxiv.org/abs/1503.07589
http://arxiv.org/abs/1606.02266
http://arxiv.org/abs/1105.3149
http://arxiv.org/abs/1802.02995
http://arxiv.org/abs/hep-ex/0602035
http://arxiv.org/abs/1001.2898
http://arxiv.org/abs/1010.4180

Eur. Phys. J. C (2019) 79:688

Page 13 of 14 688

17.

18.

19.

20.

21.

22.

23.

24.

25.

26.

27.

28.

29.

30.

31.

32.

33.

34.

35.

36.

37.

38.

39.

40.

41.

42.

43.

44.

45.

46.

47.

48.

49

50.

F. Jegerlehner, (2018). arXiv:1804.07409 [hep-ph]

R. H. P. et al., Science 360, 191 (2018)

A. Lusiani (Muon g-2), Proceedings, 24th cracow epiphany con-
ference on advances in heavy flavour physics: Cracow, Poland,
January 9-12, 2018, Acta Phys. Polon. B49, 1247 (2018)

J.L. Lopez, D.V. Nanopoulos, X. Wang, Phys. Rev. D 49, 366
(1994). arXiv:hepph/9308336 [hep-ph]

U. Chattopadhyay, P. Nath, Phys. Rev. D 53, 1648 (1996).
arXiv:hep-ph/9507386 [hep-ph]

T. Moroi, Phys. Rev. D53, 6565 (1996), [Erratum: Phys. Rev. D
56, 4424 (1997)], arXiv:hep-ph/9512396

M. Ibe, T.T. Yanagida, N. Yokozaki, JHEP 08, 067 (2013).
arXiv:1303.6995 [hep-ph]

J.L. Evans, M. Ibe, T.T. Yanagida, Phys. Lett. B 705, 342 (2011).
arXiv:1107.3006 [hep-ph]

J.L. Evans, M. Ibe, S. Shirai, T.T. Yanagida, Phys. Rev. D 85,
095004 (2012). arXiv:1201.2611 [hep-ph]

M. Ibe, S. Matsumoto, T.T. Yanagida, N. Yokozaki, JHEP 03, 078
(2013). arXiv:1210.3122 [hep-ph]

R. Sato, K. Tobioka, N. Yokozaki, Phys. Lett. B 716, 441 (2012).
arXiv:1208.2630 [hep-ph]

S. Akula, P. Nath, Phys.
arXiv:1304.5526 [hep-ph]

G. Bhattacharyya, B. Bhattacherjee, T.T. Yanagida, N. Yokozaki,
Phys. Lett. B 725, 339 (2013). arXiv:1304.2508 [hep-ph]

G. Bhattacharyya, B. Bhattacherjee, T.T. Yanagida, N. Yokozaki,
Phys. Lett. B 730, 231 (2014). arXiv:1311.1906 [hep-ph]

J. Chakrabortty, S. Mohanty, S. Rao, JHEP 02, 074 (2014).
arXiv:1310.3620 [hep-ph]

J.L. Evans, M. Ibe, K.A. Olive, T.T. Yanagida, Eur. Phys. J. C 74,
2775 (2014). arXiv:1312.1984 [hep-ph]

S. Mohanty, S. Rao, D.P. Roy, JHEP 09, 027 (2013).
arXiv:1303.5830 [hep-ph]

K.S. Babu, I. Gogoladze, Q. Shafi, C.S. Un, Phys. Rev. D 90,
116002 (2014). arXiv:1406.6965 [hep-ph]

I. Gogoladze, F. Nasir, Q. Shafi, C.S. Un, Phys. Rev. D 90, 035008
(2014). arXiv:1403.2337 [hep-ph]

S. Iwamoto, T. T. Yanagida, N. Yokozaki, PTEP 2015, 073B01
(2015), arXiv:1407.4226 [hep-ph]

M. Adeel Ajaib, I. Gogoladze, Q. Shafi, Phys. Rev. D91, 095005
(2015), arXiv:1501.04125 [hep-ph]
D. Chowdhury, N. Yokozaki,
arXiv:1505.05153 [hep-ph]

1. Gogoladze, Q. Shafi, C.S. Un, Phys. Rev. D 92, 115014 (2015).
arXiv:1509.07906 [hep-ph]

K. Harigaya, T.T. Yanagida, N. Yokozaki, Phys. Rev. D91,075010
(2015). arXiv:1501.07447 [hep-ph]

K. Harigaya, T.T. Yanagida, N. Yokozaki, Phys. Rev. D 92,035011
(2015). arXiv:1505.01987 [hep-ph]

1. Gogoladze, C.S. Un, Phys. Rev. D 95, 035028 (2017).
arXiv:1612.02376 [hep-ph]
W. Yin, N. Yokozaki,
arXiv:1607.05705 [hep-ph]
T.T. Yanagida, N. Yokozaki, Phys. Lett. B 772, 409 (2017).
arXiv:1704.00711 [hep-ph]

F. Wang, K. Wang, J.M. Yang, J. Zhu, JHEP 12, 041 (2018).
arXiv:1808.10851 [hep-ph]

M.A. Ajaib, B. Dutta, T. Ghosh, I. Gogoladze, Q. Shafi, Phys.
Rev. D 92, 075033 (2015). arXiv:1505.05896 [hep-ph]

H.M. Tran, H.T. Nguyen, Phys. Rev. D 99, 035040 (2019).
arXiv:1812.11757 [hep-ph]

M. Gabella, T. Gherghetta, J. Giedt, Phys. Rev. D 76, 055001
(2007). arXiv:0704.3571 [hep-ph]

. T. Kugo, T. Yanagida, Phys. Lett. 134B, 313 (1984)

T. Yanagida, Y. Yasui, Nucl. Phys. B 269, 575 (1986)

Rev. D 87, 115022 (2013).

JHEP 08, 111 (2015).

Phys. Lett. B 762, 72 (2016).

S1.

52.

53.

54.

55.

56.

57.

58.

59.

60.

61.

62.

63.

64.

65.

66.

67.

68.

69.
70.

71.

72.

73.

74.

75.

76.

71.

78.

79.

80.

81.

82.

G.-C. Cho, K. Hagiwara, Y. Matsumoto, D. Nomura, JHEP 11,
068 (2011). arXiv:1104.1769 [hep-ph]

M. Frank, T. Hahn, S. Heinemeyer, W. Hollik, H. Rzehak, G.
Weiglein, JHEP 02, 047 (2007). arXiv:hep-ph/0611326 [hep-ph]
S. Heinemeyer, W. Hollik, G. Weiglein, Eur. Phys. J. C 9, 343
(1999). arXiv:hepph/9812472 [hep-ph]

S. Heinemeyer, W. Hollik, G. Weiglein, Comput. Phys. Commun.
124, 76 (2000). arXiv:hep-ph/9812320 [hep-ph]

T. Hahn, S. Heinemeyer, W. Hollik, H. Rzehak, G. Weiglein, Com-
put. Phys. Commun. 180, 1426 (2009)

G. Degrassi, S. Heinemeyer, W. Hollik, P. Slavich, G. Weiglein,
Eur. Phys. J. C 28, 133 (2003). arXiv:hep-ph/0212020 [hep-ph]
S. Marchetti, S. Mertens, U. Nierste, D. Stockinger, Phys. Rev. D
79, 013010 (2009). arXiv:0808.1530 [hep-ph]

M. Tanabashi et al. Particle Data Group, Phys. Rev. D 98, 030001
(2018)

P. Athron, J.-H. Park, T. Steudtner, D. Stockinger, A. Voigt, JHEP
01, 079 (2017). arXiv:1609.00371 [hep-ph]

M. Aaboud et al. ATLAS, Phys. Rev. D 97, 112001 (2018).
arXiv:1712.02332 [hep-ex]

M. Endo, K. Hamaguchi, S. Iwamoto, JCAP 1002, 032 (2010).
arXiv:0912.0585 [hep-ph]

C. Collaboration (CMS), CMS-PAS-EXO-16-036 (2016)

C. Borschensky, M. Kriamer, A. Kulesza, M. Mangano, S.
Padhi, T. Plehn, X. Portell, Eur. Phys. J. C 74, 3174 (2014).
arXiv:1407.5066 [hep-ph]

B. Fuks, M. Klasen, D.R. Lamprea, M. Rothering, JHEP 10, 081
(2012). arXiv:1207.2159 [hep-ph]

B. Fuks, M. Klasen, D.R. Lamprea, M. Rothering, Eur. Phys. J.
C 73, 2480 (2013). arXiv:1304.0790 [hep-ph]

M. Aaboud et al. (ATLAS), Phys. Rev. D 98, 092012 (2018).
arXiv:1806.02293 [hep-ex]
AM. Sirunyan et al.
arXiv:1709.05406 [hep-ex]
M. Aaboud et al. (ATLAS), Eur. Phys. J. C 78, 995 (2018).
arXiv:1803.02762 [hep-ex]

T. A. collaboration (ATLAS), ATLAS-CONF-2019-008 (2019)
A. Birkedal-Hansen, B.D. Nelson, Phys. Rev. D 67, 095006
(2003). arXiv:hep-ph/0211071 [hep-ph]

H. Baer, T. Krupovnickas, A. Mustafayev, E.-K. Park, S. Profumo,
X. Tata, JHEP 12, 011 (2005). arXiv:hep-ph/0511034 [hep-ph]
N. Arkani-Hamed, A. Delgado, G.F. Giudice, Nucl. Phys. B 741,
108 (2006). arXiv:hepph/0601041 [hep-ph]

K. Harigaya, K. Kaneta, S. Matsumoto, Phys. Rev. D 89, 115021
(2014). arXiv:1403.0715 [hep-ph]

C.Boehm, A. Djouadi, M. Drees, Phys. Rev. D 62, 035012 (2000).
arXiv:hep-ph/9911496 [hep-ph]

J.R. Ellis, T. Falk, K.A. Olive, Phys. Lett. B 444, 367 (1998).
arXiv:hep-ph/9810360 [hep-ph]

S. Profumo, C.E. Yaguna, Phys. Rev. D 69, 115009 (2004).
arXiv:hep-ph/0402208 [hep-ph]

G. Bélanger, F. Boudjema, A. Goudelis, A. Pukhov, B. Zaldivar,
Comput. Phys. Commun. 231, 173 (2018). arXiv:1801.03509
[hep-ph]

D. S. Akerib et al. (LUX), Phys. Rev. Lett. 118, 021303 (2017).
arXiv:1608.07648 [astroph. CO]

X. Cui et al. PandaX-II, Phys. Rev. Lett. 119, 181302 (2017).
arXiv:1708.06917 [astro-ph.CO]

E. Aprile et al. (XENON), Phys. Rev. Lett. 121, 111302 (2018),
arXiv:1805.12562 [astroph. CO]

Y.-C. Jang, W. Lee, S. Lee, J. Leem (SWME), in Proceedings,
35th International Sympo- sium on Lattice Field Theory (Lattice
2017): Granada, Spain, June 18-24, 2017, EPJ Web Conf., vol
175, p. 14015 (2018), arXiv:1710.06614 [hep-lat]

B. Grinstein, in Proceedings, 8th CERN-Latin-American School
of High-Energy Physics (CLASHEP2015): Ibarra, Ecuador,

(CMS), JHEP 03, 166 (2018).

@ Springer


http://arxiv.org/abs/1804.07409
http://arxiv.org/abs/hepph/9308336
http://arxiv.org/abs/hep-ph/9507386
http://arxiv.org/abs/hep-ph/9512396
http://arxiv.org/abs/1303.6995
http://arxiv.org/abs/1107.3006
http://arxiv.org/abs/1201.2611
http://arxiv.org/abs/1210.3122
http://arxiv.org/abs/1208.2630
http://arxiv.org/abs/1304.5526
http://arxiv.org/abs/1304.2508
http://arxiv.org/abs/1311.1906
http://arxiv.org/abs/1310.3620
http://arxiv.org/abs/1312.1984
http://arxiv.org/abs/1303.5830
http://arxiv.org/abs/1406.6965
http://arxiv.org/abs/1403.2337
http://arxiv.org/abs/1407.4226
http://arxiv.org/abs/1501.04125
http://arxiv.org/abs/1505.05153
http://arxiv.org/abs/1509.07906
http://arxiv.org/abs/1501.07447
http://arxiv.org/abs/1505.01987
http://arxiv.org/abs/1612.02376
http://arxiv.org/abs/1607.05705
http://arxiv.org/abs/1704.00711
http://arxiv.org/abs/1808.10851
http://arxiv.org/abs/1505.05896
http://arxiv.org/abs/1812.11757
http://arxiv.org/abs/0704.3571
http://arxiv.org/abs/1104.1769
http://arxiv.org/abs/hep-ph/0611326
http://arxiv.org/abs/hepph/9812472
http://arxiv.org/abs/hep-ph/9812320
http://arxiv.org/abs/hep-ph/0212020
http://arxiv.org/abs/0808.1530
http://arxiv.org/abs/1609.00371
http://arxiv.org/abs/1712.02332
http://arxiv.org/abs/0912.0585
http://arxiv.org/abs/1407.5066
http://arxiv.org/abs/1207.2159
http://arxiv.org/abs/1304.0790
http://arxiv.org/abs/1806.02293
http://arxiv.org/abs/1709.05406
http://arxiv.org/abs/1803.02762
http://arxiv.org/abs/hep-ph/0211071
http://arxiv.org/abs/hep-ph/0511034
http://arxiv.org/abs/hepph/0601041
http://arxiv.org/abs/1403.0715
http://arxiv.org/abs/hep-ph/9911496
http://arxiv.org/abs/hep-ph/9810360
http://arxiv.org/abs/hep-ph/0402208
http://arxiv.org/abs/1801.03509
http://arxiv.org/abs/1608.07648
http://arxiv.org/abs/1708.06917
http://arxiv.org/abs/1805.12562
http://arxiv.org/abs/1710.06614

688

Page 14 of 14

Eur. Phys. J. C (2019) 79:688

83.

84.

85.

86.

87.

88.
89.

90.
91.

92.

93.

March 05-17, 2015 (2016), pp. 43-84, arXiv:1701.06916 [hep-
ph]

T. Mori (MEG), Proceedings, 30th Rencontres de Physique de La
Vallée d’ Aoste: La Thuile, Aosta Valley, Italy, March 6-12, 2016,
Nuovo Cim., vol C39, p. 325 (2017), arXiv:1606.08168 [hepex]

M. Endo, S. Shirai, T.T. Yanagida, Prog. Theor. Phys. 125, 921
(2011). arXiv:1009.3366 [hep-ph]

A. M. Baldini et al. (MEG II), Eur. Phys. J. C78, 380 (2018).
arXiv:1801.04688 [physics.insdet]
Fundamental physics at the

arXiv:1205.2671 [hep-ex]

M.A. Ajaib, I. Gogoladze, Q. Shafi, C.S. Un, JHEP 05,079 (2014).
arXiv:1402.4918 [hep-ph]

T. Banks, Nucl. Phys. B 303, 172 (1988)

L.J. Hall, R. Rattazzi, U. Sarid, Phys. Rev. D 50, 7048 (1994).
arXiv:hep-ph/9306309 [hep-ph]

R. Hempfling, Phys. Rev. D 49, 6168 (1994)

T. Blazek, S. Raby, S. Pokorski, Phys. Rev. D 52, 4151 (1995).
arXiv:hep-ph/9504364 [hep-ph]

S. Chigusa, T. Moroi, Phys. Rev. D 94, 035016 (2016).
arXiv:1604.02156 [hep-ph]

M. Endo, K. Hamaguchi, T. Kitahara, T. Yoshinaga, JHEP 11, 013
(2013). arXiv:1309.3065 [hep-ph]

intensity frontier (2012).

@ Springer

94.

95.

96.

97.

98.

99.

100.

101.

102.

103.

M. Endo, K. Hamaguchi, S. Iwamoto, T. Kitahara, T. Moroi, Phys.
Lett. B 728, 274 (2014). arXiv:1310.4496 [hep-ph]

J.L. Feng, K.T. Matchev, T. Moroi, Phys. Rev. Lett. 84, 2322
(2000). arXiv:hep-ph/9908309 [hep-ph]

J.L. Feng, K.T. Matchev, T. Moroi, Phys. Rev. D 61, 075005
(2000). arXiv:hepph/9909334 [hep-ph]

M. Ciuchini et al., JHEP 10, 008 (1998). arXiv:hep-ph/9808328
(hep-ph]

J. Rosiek, Comput. Phys.
arXiv:1410.0606 [hep-ph]

A. Crivellin, J. Rosiek, PH. Chankowski, A. Dedes, S.
Jaeger, P. Tanedo, Comput. Phys. Commun. 184, 1004 (2013).
arXiv:1203.5023 [hep-ph]

J. Rosiek, P. Chankowski, A. Dedes, S. Jager, P. Tanedo, Comput.
Phys. Commun. 181, 2180 (2010). arXiv:1003.4260 [hep-ph]

J. Hisano, T. Moroi, K. Tobe, M. Yamaguchi, Phys. Rev. D 53,
2442 (1996). arXiv:hep-ph/9510309 [hep-ph]

E. Arganda, M.J. Herrero, Phys. Rev. D 73, 055003 (2006).
arXiv:hep-ph/0510405 [hep-ph]

P. Paradisi, JHEP 10, 006 (2005). arXiv:hep-ph/0505046 [hep-ph]

Commun. 188, 208 (2015).


http://arxiv.org/abs/1701.06916
http://arxiv.org/abs/1606.08168
http://arxiv.org/abs/1009.3366
http://arxiv.org/abs/1801.04688
http://arxiv.org/abs/1205.2671
http://arxiv.org/abs/1402.4918
http://arxiv.org/abs/hep-ph/9306309
http://arxiv.org/abs/hep-ph/9504364
http://arxiv.org/abs/1604.02156
http://arxiv.org/abs/1309.3065
http://arxiv.org/abs/1310.4496
http://arxiv.org/abs/hep-ph/9908309
http://arxiv.org/abs/hepph/9909334
http://arxiv.org/abs/hep-ph/9808328
http://arxiv.org/abs/1410.0606
http://arxiv.org/abs/1203.5023
http://arxiv.org/abs/1003.4260
http://arxiv.org/abs/hep-ph/9510309
http://arxiv.org/abs/hep-ph/0510405
http://arxiv.org/abs/hep-ph/0505046

	Muon g-2 in Split-Family SUSY in light of LHC run II
	Abstract 
	1 Introduction
	2 Split-Family SUSY model
	Minimal mixing scenario
	Small mixing scenario

	3 Phenomenology of Split-Family SUSY model
	3.1 Parameter choice at input scale
	3.2 SUSY contributions To Muon g-2
	3.2.1 Universal Gaugino mass at the GUT scale
	3.2.2 Non-universal gaugino masses at the GUT scale

	3.3 Collider constraints
	3.3.1 Universal gaugino mass at the GUT scale
	3.3.2 Non-universal gaugino masses at the GUT scale

	3.4 Cosmology

	4 FCNC constraints in Split-Family SUSY model
	4.1 Experimental FCNC limits
	Meson mixing
	Lepton flavor violation

	4.2 FCNC Constraints in the Minimal Mixing Scenario
	4.3 FCNC constraints in small mixing scenario
	4.3.1 FCNC constraints on slepton flavor mixing
	4.3.2 FCNC constraints on squark flavor mixing


	5 Bottom-tau unification
	6 Conclusion
	Acknowledgements
	Appendix A: Validity of the mass insertion approximation
	Appendix B: FCNC constraints on first and second sfermion soft mass splitting
	Appendix C: Lepton flavor violation from MNS matrix effect
	References




