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We explore the phenomenological implications on nonminimal flavor violating (NMFV) processes from
squark flavor mixing within the minimal supersymmetric standard model (MSSM). We work under the
model-independent hypothesis of general flavor mixing in the squark sector, being parametrized by a
complete set of dimensionless δABij (A; B ¼ L; R; i; j ¼ u; c; t or d; s; b; i ≠ j) parameters. The present
upper bounds on the most relevant NMFV processes, together with the requirement of compatibility in the
choice of the MSSM parameters with the recent LHC and ðg − 2Þμ data, lead to updated constraints on all
squark flavor mixing parameters.
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I. INTRODUCTION

Nonminimal flavor violating (NMFV) processes in the
scalar quark sector of the minimal supersymmetric standard
model (MSSM) [1–4] provide important probes to new
physics involving nonvanishing flavor mixing between the
three generations. Within the standard model (SM), the
only source of flavor violation comes from the Cabibbo-
Kobayashi-Maskawa (CKM) matrix, VCKM, and thus in
general leads to small contributions. Within the MSSM there
are clear candidates to produce flavor mixings with important
phenomenological implications. The possible presence of soft
supersymmetry (SUSY)-breaking parameters in the squark
sector, which are off-diagonal in flavor space (mass param-
eters as well as trilinear couplings), are the most general way
to introduce squark flavor mixing within the MSSM. The
off-diagonality in the squark mass matrix reflects the mis-
alignment (in flavor space) between quark and squark mass
matrices, that cannot be diagonalized simultaneously. This
misalignment can be produced from various origins, but we
will not rely on any particular one in this paper. For instance,
these off-diagonal squark mass matrix entries can be gen-
erated by renormalization effects from the CKM matrix,
which can be obtained by means of the renormalization group
equations (RGE) running from a high energy scale, where
gauge coupling unification is achieved, down to the low
energies where the NMFV effects are explored.
In this paper wewill not investigate the possible dynamical

origin of this squark-quark misalignment, nor the particular
predictions for the off-diagonal squark soft SUSY-breaking
mass terms in specific SUSY models, but instead we para-
metrize the general nondiagonal entries in the squark mass
matrices in terms of generic soft SUSY-breaking terms, and

we explore here their phenomenological implications on
various precision observables. In particular, we explore the
consequences of these general squark mass matrices on the
light MSSM Higgs boson mass, Mh, as well as on the three
most prominent B-physics observables, BRðB → XsγÞ,
BRðBs → μþμ−Þ and ΔMBs

. Specifically, we parametrize
the nondiagonal squark mass matrix entries in terms of a
complete set of generic dimensionless parameters, δABij
(A;B ¼ L;R; i; j ¼ u; c; t or d; s; b), where L;R refer to
the “left-” and “right-handed” SUSY partners of the corre-
sponding quark degrees of freedom and i; j (i ≠ j) are the
involved generation indexes. For the presentation of our
theoretical framework and notation we follow closely our
previous paper [5] on this same subject, which was done
previous to the Higgs discovery.
The main aspect of this paper is setting updated bounds on

the allowed values of the δABij ’s in this model-independent
parametrization of general squark flavor mixing. In particu-
lar, this is done in view of the collected data at LHC [6,7],
which has provided very important information and con-
straints for the MSSM, including the absence of SUSY
particle experimental signals and the discovery of a Higgs
boson with a mass close to 125–126 GeV. We work
consistently in MSSM scenarios that are compatible with
LHC data. It should be noted that the analyzed scenarios
have relatively heavy SUSY spectra, which are naturally in
agreement with the present MSSM particle mass bounds
(although substantially lower masses, especially in the
electroweak sector, are allowed by LHC data). Further-
more the analyzed scenarios are chosen such that the light
CP-even MSSM Higgs mass is around 125–126 GeV and
thus in agreement with the Higgs boson discovery [8]. In
addition we require that our selected MSSM scenarios give a
prediction for the muon anomalous magnetic moment,
ðg − 2Þμ, in agreement with current data [9].
The paper is organized as follows: first we review the

main features of the MSSM with general squark flavor
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mixing and set the relevant notation for the δABij ’s in Sec. II.
The description of the numerical scenarios that we choose
here is also done in this section. The selection of relevant
precision observables and flavor observables we are work-
ing with are presented in Sec. III. A summary on the present
experimental bounds on NMFV, which will be used in our
analysis, are also included in this section. Section IV
contains the main results of our numerical analysis and
presents the updated constraints found on the δABij ’s. Our
conclusions are summarized in Sec. V.

II. CALCULATIONAL BASIS FOR NONMINIMAL
FLAVOR VIOLATION

A. Theoretical setup

Wework in SUSY scenarios with the same particle content
as the MSSM, but with general flavor mixing hypothesis in
the squark sector. Within these SUSY-NMFV scenarios,
besides the usual flavor violation originated by the CKM
matrix of the quark sector, the general flavor mixing in the
squark mass matrices additionally generates flavor violation
from the squark sector. These squark flavor mixings are
usually described in terms of a set of dimensionless param-
eters δABij (X; Y ¼ L; R; i; j ¼ u; c; t or d; s; b). In this
section we summarize the main features of the squark flavor
mixing within the SUSY-NMFV scenarios and set the
notation. The more theoretical background, including the
derivation from the super potential, can be found in Ref. [5].
The usual procedure to introduce general flavor mixing

in the squark sector is to include the nondiagonality in
flavor space once the quarks have been rotated to the
physical basis, namely, in the so-called super-CKM basis.
Thus, one usually writes the 6 × 6 nondiagonal mass
matrices, M2

~u and M2
~d
, referred to the super-CKM basis,

being ordered respectively as ð ~uL; ~cL; ~tL; ~uR; ~cR; ~tRÞ and
ð ~dL; ~sL; ~bL; ~dR; ~sR; ~bRÞ, and write them in terms of left- and
right-handed blocks M2

~qAB ( ~q ¼ ~u; ~d; A; B ¼ L;R), which
are nondiagonal 3 × 3 matrices,

M2
~q ¼

 
M2

~qLL M2
~qLR

M2†
~qLR M2

~qRR

!
; ~q ¼ ~u; ~d; ð1Þ

where

M2
~uLLij ¼ m2

~ULij
þ ðm2

ui þ ðTu
3 −Qusin2θWÞM2

Z cos 2βÞδij;
M2

~uRRij ¼ m2
~URij

þ ðm2
ui þQusin2θWM2

Z cos 2βÞδij;
M2

~uLRij ¼ hH0
2iAu

ij −muiμ cot βδij;

M2
~dLLij

¼ m2
~DLij

þ ðm2
di
þ ðTd

3 −Qdsin2θWÞM2
Z cos 2βÞδij;

M2
~dRRij

¼ m2
~DRij

þ ðm2
di
þQdsin2θWM2

Z cos 2βÞδij;
M2

~dLRij
¼ hH0

1iAd
ij −mdiμ tan βδij; ð2Þ

with, i; j ¼ 1; 2; 3, Qu ¼ 2=3, Qd ¼ −1=3, Tu
3 ¼ 1=2 and

Td
3 ¼ −1=2. sin2 θW ¼ 1 −M2

W=M
2
Z with MW;Z denoting

the masses of the W and Z boson mass, respectively,
and ðmu1 ; mu2 ; mu3Þ ¼ ðmu;mc;mtÞ, ðmd1 ; md2 ; md3Þ ¼
ðmd;ms;mbÞ. μ is the usual Higgsino mass term and
tan β ¼ v2=v1 with v1 ¼ hH0

1i and v2 ¼ hH0
2i being the

two vacuum expectation values of the corresponding
neutral Higgs boson in the Higgs SUð2ÞL doublets, H1 ¼
ðH0

1H
−
1 Þ and H2 ¼ ðHþ

2 H
0
2Þ.

It should be noted that the nondiagonality in flavor
comes from the values of m2

~ULij
, m2

~URij
, m2

~DLij
, m2

~DRij
, Au

ij
and Ad

ij for i ≠ j.
The general squark flavor mixing is introduced via the

nondiagonal terms in the soft breaking squark mass
matrices and trilinear coupling matrices, which are defined
here as

m2
~UL

¼

0
BBB@

m2
~Q1

δLL12 m ~Q1
m ~Q2

δLL13 m ~Q1
m ~Q3

δLL21 m ~Q2
m ~Q1

m2
~Q2

δLL23 m ~Q2
m ~Q3

δLL31 m ~Q3
m ~Q1

δLL32 m ~Q3
m ~Q2

m2
~Q3

1
CCCA; ð3Þ

m2
~DL

¼ V†
CKMm

2
~UL
VCKM; ð4Þ

m2
~UR

¼

0
BBB@

m2
~U1

δRRuc m ~U1
m ~U2

δRRut m ~U1
m ~U3

δRRcu m ~U2
m ~U1

m2
~U2

δRRct m ~U2
m ~U3

δRRtu m ~U3
m ~U1

δRRtc m ~U3
m ~U2

m2
~U3

1
CCCA; ð5Þ

m2
~DR

¼

0
BBB@

m2
~D1

δRRds m ~D1
m ~D2

δRRdb m ~D1
m ~D3

δRRsd m ~D2
m ~D1

m2
~D2

δRRsb m ~D2
m ~D3

δRRbd m ~D3
m ~D1

δRRbs m ~D3
m ~D2

m2
~D3

1
CCCA; ð6Þ

v2Au ¼

0
BBB@

muAu δLRuc m ~Q1
m ~U2

δLRut m ~Q1
m ~U3

δLRcu m ~Q2
m ~U1

mcAc δLRct m ~Q2
m ~U3

δLRtu m ~Q3
m ~U1

δLRtc m ~Q3
m ~U2

mtAt

1
CCCA; ð7Þ

v1Ad ¼

0
BBB@

mdAd δLRds m ~Q1
m ~D2

δLRdb m ~Q1
m ~D3

δLRsd m ~Q2
m ~D1

msAs δLRsb m ~Q2
m ~D3

δLRbd m ~Q3
m ~D1

δLRbs m ~Q3
m ~D2

mbAb

1
CCCA: ð8Þ

In all this paper, for simplicity, we are assuming that all δABij
parameters are real, therefore, Hermiticity of M2

~q implies
δABij ¼ δBAji . It should be noted that we have used a common
notation for the δLLij ’s with i; j ¼ 1; 2; 3 in the ~UL and ~DL
sectors, due to the SUð2ÞL gauge invariance that relates
m2

~UL
and m2

~DL
via VCKM, as given in Eqs. (3) and (4).
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The next step is to rotate the squark states from the super-
CKM basis, ~qL;R, to the physical basis. If we set the order in
the super-CKM basis as above, ð ~uL; ~cL; ~tL; ~uR; ~cR; ~tRÞ and
ð ~dL; ~sL; ~bL; ~dR; ~sR; ~bRÞ, and in the physical basis as ~u1;…;6
and ~d1;…;6, respectively, these last rotations are given by
two 6 × 6 matrices, R ~u and R ~d,

0
BBBBBBBBB@

~u1
~u2
~u3
~u4
~u5
~u6

1
CCCCCCCCCA

¼ R ~u

0
BBBBBBBBB@

~uL
~cL
~tL
~uR
~cR
~tR

1
CCCCCCCCCA
;

0
BBBBBBBBBB@

~d1
~d2
~d3
~d4
~d5
~d6

1
CCCCCCCCCCA

¼ R ~d

0
BBBBBBBBBB@

~dL
~sL
~bL
~dR
~sR
~bR

1
CCCCCCCCCCA
; ð9Þ

yielding the diagonal mass-squared matrices as follows:

diagfm2
~u1
; m2

~u2
; m2

~u3
; m2

~u4
; m2

~u5
; m2

~u6
g ¼ R ~uM2

~uR
~u†; ð10Þ

diagfm2
~d1
; m2

~d2
; m2

~d3
; m2

~d4
; m2

~d5
; m2

~d6
g ¼ R ~dM2

~d
R ~d†: ð11Þ

The corresponding Feynman rules in the physical basis
for the vertices including NMFV squarks had been imple-
mented into the program packages FEYNARTS/FORMCALC

[10,11] extending the previous MSSM model file [12]. The
Feynman rules of the NMFV MSSM that are relevant for
the present paper can be found in [5].

B. Numerical scenarios

Regarding our choice of MSSM parameters for our
forthcoming numerical analysis of the NMFV constraints,
we have proceeded within two frameworks, both compat-
ible with present data, that we briefly describe in the
following.

1. Framework 1

In the first framework, we have selected six specific
points in the MSSM parameter space, S1,…,S6, as exam-
ples of points that are allowed by present data, including
recent LHC searches and the measurements of the muon
anomalous magnetic moment. In Table I the values of
the various MSSM parameters as well as the values of
the predicted MSSM mass spectra are summarized, with
all δABij ¼ 0. They were evaluated with the program
FEYNHIGGS [13,14]. For simplicity, and to reduce the
number of independent MSSM input parameters we have
assumed equal soft masses for the squarks of the first and
second generations (similarly for the sleptons), equal soft
masses for the left and right squark sectors (similarly for the
sleptons, where ~L denotes the left-handed slepton sector,
whereas ~E denotes the right-handed charged slepton sector)
and also equal trilinear couplings for the stop, At, and
sbottom squarks, Ab. In the slepton sector we just consider

the stau trilinear coupling, Aτ. The other trilinear sfermion
couplings are set to zero value. Regarding the soft SUSY-
breaking parameters for the gaugino masses, Mi
(i ¼ 1; 2; 3), we assume an approximate grand unified
theory (GUT) relation. The pseudoscalar Higgs mass
MA, and the μ parameter are also taken as independent
input parameters. In summary, the six points S1,…,S6 are
defined in terms of the following subset of ten input MSSM
parameters (plus the δABij , which will be analyzed below):

m ~L1
¼ m ~L2

;m ~L3
ðwith m ~Li

¼ m ~Ei
; i ¼ 1; 2; 3Þ;

m ~Q1
¼ m ~Q2

;m ~Q3
ðwith m ~Qi

¼ m ~Ui
¼ m ~Di

; i ¼ 1; 2; 3Þ;
At ¼ Ab;Aτ;

M2 ¼ 2M1 ¼ M3=4; μ;

MA ; tan β: ð12Þ

The specific values of these ten MSSM parameters in
Table I, to be used in the forthcoming NMFV analysis, are
chosen to provide different patterns in the various sparticle
masses, but all leading to rather heavy spectra, thus they are
naturally in agreement with the absence of SUSY signals at
LHC. In particular all points lead to rather heavy squarks
and gluinos above 1200 GeV and heavy sleptons above
500 GeV (where the LHC limits would also permit
substantially lighter scalar leptons). The values of MA
within the interval (500, 1500) GeV, tan β within the
interval (10,50) and a large At within (1000, 2500) GeV
are fixed such that a light Higgs boson h within the LHC-
favored range (123, 128) GeV is obtained1 in the minimal
flavor violation (MFV) limit.2 It should also be noted that
the large chosen values of MA ≥ 500 GeV place the Higgs
sector of our scenarios in the so-called decoupling regime
[2], where the couplings of h to gauge bosons and fermions
are close to the SM Higgs couplings, and the heavy H
couples like the pseudoscalar A, and all heavy Higgs
bosons are close in mass. Increasing MA the heavy
Higgs bosons tend to decouple from low energy physics
and the light h behaves like the SM Higgs boson. This type
of MSSMHiggs sector seems to be in good agreement with
recent LHC data [6]. We have checked with the code
HIGGSBOUNDS [16] that the Higgs sector is in agreement
with the LHC searches. Particularly, the so far absence of
gluinos at LHC, forbids too low M3 and, therefore, given
the assumed GUT relation, forbids also a too low M2.
Consequently, the values of M2 and μ are fixed as to get
gaugino masses compatible with present LHC bounds.
Finally, we have also required that all our points lead to a

1This range takes into account experimental uncertainties as
well as theoretical uncertainties, where the latter would permit an
even larger interval [14,15]. However, for the phenomenological
analyses later we will use a correspondingly wider range.

2Here, by MFV limit we mean setting all δABij ’s to zero.
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prediction of the anomalous magnetic moment of the muon
in the MSSM that can fill the present discrepancy between
the standard model prediction and the experimental value.
Specifically, we use Refs. [9] and [17] to extract the size of
this discrepancy, see also Ref. [18]:

ðg − 2Þexpμ − ðg − 2ÞSMμ ¼ ð30.2� 9.0Þ × 10−10: ð13Þ

We then require that the SUSY contributions from chargi-
nos and neutralinos in the MSSM to one-loop level,
ðg − 2ÞSUSYμ , be within the interval defined by 3σ around
the central value in Eq. (13), namely,

ðg − 2ÞSUSYμ ∈ ð3.2 × 10−10; 57.2 × 10−10Þ: ð14Þ

2. Framework 2

In the second framework, several possibilities for the
MSSM parameters have been considered, leading to simple
patterns of SUSY masses with specific relations among
them and where the number of input parameters is strongly
reduced. As in framework 1, the scenarios selected in
framework 2 lead to predictions of ðg − 2Þμ andMh (for all
deltas equal to zero) that are compatible with present data
over a large part of the parameter space. To simplify the
analysis of the limits of the deltas, we will focus in
scenarios where the mass scales of the SUSY QCD sector
that are relevant for the NMFV processes are all set relative
to one mass scale, generically called heremSUSY-QCD. These
include the squark soft masses, the trilinear soft squark

couplings and the gluino soft mass, M3. Similarly, also the
mass scales in the SUSY electroweak sector are set in
reference to one common value, mSUSY-EW. These include
the slepton soft masses, the gaugino soft masses, M2 and
M1, and the μ parameter. It should also be noted that these
latter mass parameters are the relevant ones for ðg − 2Þμ. To
further simplify the scenarios, we will relatemSUSY-QCD and
mSUSY-EW. The remaining relevant parameter in both
NMFV and for the Mh prediction is tan β. Since we wish
to explore a wide range in tan β, from 5 to 40,MA is fixed to
1000 GeV to ensure the agreement with the present bounds
in the ðtan β;MAÞ plane from LHC searches [19,20].
Finally, to reduce even further the number of input

parameters we will assume again an approximate GUT
relation among the gaugino soft masses, M2 ¼ 2M1 ¼
M3=4 and the μ parameter will be set equal to M2.
Regarding the (diagonal) trilinear couplings, they will all
be set to zero except those of the stop and sbottom sectors,
being relevant for Mh, and that will be simplified to
At ¼ Ab. All parameters are thus either fixed or set relative
to mSUSY-QCD, where the different relative settings exhibit
certain mass patterns of the MSSM. These kinds of
scenarios have the advantage of reducing considerably
the number of input parameters respect to the MSSM and,
consequently, making easier the analysis of their phenom-
enological implications. Similar scenarios have been ana-
lyzed in the context of lepton flavor violation observables
in Ref. [21].
For the forthcoming numerical analysis we consider the

following specific scenarios:

TABLE I. Selected points in the MSSM parameter space (upper part) and their corresponding spectra (lower part), with all δABij ¼ 0.
All mass parameters and trilinear couplings are given in GeV.

S1 S2 S3 S4 S5 S6

m ~L1;2
500 750 1000 800 500 1500

m ~L3
500 750 1000 500 500 1500

M2 500 500 500 500 750 300
Aτ 500 750 1000 500 0 1500
μ 400 400 400 400 800 300
tan β 20 30 50 40 10 40
MA 500 1000 1000 1000 1000 1500
m ~Q1;2

2000 2000 2000 2000 2500 1500
m ~Q3

2000 2000 2000 500 2500 1500
At 2300 2300 2300 1000 2500 1500

m~l1
−m~l6

489–515 738–765 984–1018 474–802 488–516 1494–1507
m~ν1 −m~ν3 496 747 998 496–797 496 1499
m~χ�

1
−m~χ�

2
375–531 376–530 377–530 377–530 710–844 247–363

m~χ0
1
−m~χ0

4
244–531 245–531 245–530 245–530 373–844 145–363

Mh 126.6 127.0 127.3 123.1 123.8 125.1
MH 500 1000 999 1001 1000 1499
MA 500 1000 1000 1000 1000 1500
MH� 507 1003 1003 1005 1003 1502
m ~u1 −m ~u6 1909–2100 1909–2100 1908–2100 336–2000 2423–2585 1423–1589
m ~d1

−m ~d6
1997–2004 1994–2007 1990–2011 474–2001 2498–2503 1492–1509

m~g 2000 2000 2000 2000 3000 1200
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(a)

m ~L ¼ m ~E ¼ mSUSY-EW;

M2 ¼ mSUSY-EW ≔ 1=2mSUSY-QCD;

m ~Q ¼ m ~U ¼ m ~D ¼ mSUSY-QCD;

At ¼ 1.3mSUSY-QCD;

M3 ¼ 2mSUSY-QCD; ð15Þ

(b)

m ~L ¼ m ~E ¼ mSUSY-EW;

M2 ¼ 1=5mSUSY-EW ≔ 1=10mSUSY-QCD;

m ~Q ¼ m ~U ¼ m ~D ¼ mSUSY-QCD;

At ¼ mSUSY-QCD;

M3 ¼ 2=5mSUSY-QCD; ð16Þ

(c)

m ~L ¼ m ~E ¼ mSUSY-EW;

M2 ¼ mSUSY-EW ≔ 1=4mSUSY-QCD;

m ~Q ¼ m ~U ¼ m ~D ¼ mSUSY-QCD;

At ¼ mSUSY-QCD;

M3 ¼ mSUSY-QCD; ð17Þ

(d)

m ~L ¼ m ~E ¼ mSUSY-EW;

M2 ¼ 1=3mSUSY-EW ≔ 1=3mSUSY-QCD;

m ~Q ¼ m ~U ¼ m ~D ¼ mSUSY-QCD;

At ¼ mSUSY-QCD;

M3 ¼ 4=3mSUSY-QCD: ð18Þ

Here we have simplified the notation for the soft sfermion
masses, by using m ~L for m ~L ¼ m ~L1

¼ m ~L2
¼ m ~L3

, etc.
In the forthcoming numerical analysis of the limits of the

deltas within these scenarios, the most relevant parameters
mSUSY-QCD ≡mSUSY and tan β will be varied within the
intervals:

1000GeV≤mSUSY≤3000GeV; 5≤ tanβ≤40: ð19Þ

The main results in this framework 2 will be presented
in the (mSUSY, tan β) plane. In the final analysis we will
show the compatibility with ðg − 2Þμ, but focus on the

consequences of the changes in Mh induced by nonzero
values for the deltas.

3. Selected δABij mixings

Finally, for our purpose in this paper, we need to select
the squark mixings and to set the range of values for the
explored δABij ’s. In principle, we work in a complete basis,
that is we take into account the full set of 21 δABij ’s.
However, since the mixing between the first and second/
third generation is already very restricted, we focus here on
the deltas that mix only second and third generation
(although our numerical code can handle any kind of
deltas). For simplicity, we will assume real values for these
flavor squark mixing parameters. Concretely, the scanned
interval in our estimates of NMFV rates will be

−1 ≤ δABij ≤ þ1: ð20Þ

The above scan interval is simply meant to cover all
possible ranges. Here we do not take into account, for
instance, constraints on δLR;RLij ’s from the requirement of
vacuum stability [22] or vacuum metastability [23], which
could invalidate large values for these deltas, corresponding
to large Aij terms.

III. THE PRECISION OBSERVABLES

In this section we briefly review the current status of the
precision observables that we consider in our NMFV
analysis. Since we are mainly interested in the phenom-
enological consequences of the flavor mixing between the
third and second generations we will focus3 on the lightest
Higgs boson mass in the (NMFV) MSSM and the follow-
ing three B meson observables: (1) Branching ratio of the B
radiative decay BRðB → XsγÞ, (2) branching ratio of the Bs
muonic decay BRðBs → μþμ−Þ, and (3) Bs − B̄s mass
difference ΔMBs

. Another B observable of interest in the
present context is BRðB → Xslþl−Þ. However, we have not
included this in our study, because the predicted rates in
NMFV-SUSY scenarios for this observable are closely
correlated with those from BRðB → XsγÞ due to the dipole
operators dominance in the photon-penguin diagrams
mediating BRðB → Xslþl−Þ decays. It implies that the
restrictions on the flavor mixing δABij parameters from
BRðB → Xslþl−Þ are also expected to be correlated with
those from the radiative decays.
The summary of the relevant features for our analysis of

these four observables is given in the following.

3We have checked that electroweak precision observables,
where NMFV effects enter, for instance, via Δρ [24], do not
lead to relevant additional constraints on the allowed parameter
space. Our results on this constraint are in agreement with
Ref. [25].
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A. The lightest Higgs boson mass Mh

In the Feynman diagrammatic approach that we are following here, the higher-order corrected CP-even Higgs bosonmasses
are derived by finding the poles of the ðh;HÞ-propagator matrix. The inverse of this matrix is given by

ðΔHiggsÞ−1 ¼ −i

 
p2 −m2

H;tree þ Σ̂HHðp2Þ Σ̂hHðp2Þ
Σ̂hHðp2Þ p2 −m2

h;tree þ Σ̂hhðp2Þ

!
: ð21Þ

Determining the poles of the matrix ΔHiggs in Eq. (21) is equivalent to solving the equation

½p2 −m2
h;tree þ Σ̂hhðp2Þ�½p2 −m2

H;tree þ Σ̂HHðp2Þ� − ½Σ̂hHðp2Þ�2 ¼ 0: ð22Þ

The NMFV parameters enter into the one-loop predic-
tion of the various (renormalized) Higgs-boson self-
energies, where details can be found in Ref. [5].
Numerically the results have been obtained using the code
FEYNHIGGS [13,14], which contains the complete set of
one-loop NMFV corrections.4

The current experimental average for the (SM) Higgs
boson mass is [27]

Mexp
H ¼ 125.6� 0.3 GeV: ð23Þ

The intrinsic theoretical uncertainty is taken to be [14,15]

δMth
h ¼ �3 GeV; ð24Þ

and both uncertainties combined give an estimate of the
total uncertainty of Mh in the MSSM.

B. BRðB → XsγÞ
For a more detailed description of the inclusion of

NMFVeffects into the prediction of B-physics observables
in general, and for BRðB → XsγÞ in particular, we refer the
reader to Ref. [5] and references therein.
The relevant effective Hamiltonian for this decay is given

in terms of the Wilson coefficients Ci and operators Oi by

Heff ¼ −
4GFffiffiffi

2
p Vts�

CKMV
tb
CKM

X8
i¼1

ðCiOi þ C0
iO

0
iÞ; ð25Þ

where the primed operators can be obtained from the
unprimed ones by replacing L↔R. The complete list of
operators can be found, for instance, in Ref. [28]. In the
context of SUSY scenarios with the MSSM particle content
and assuming NMFV, only four of these operators are
relevant (we have omitted the color indices here for
brevity):

O7 ¼
e

16π2
mbðs̄LσμνbRÞFμν; ð26Þ

O8 ¼
g3

16π2
mbðs̄LσμνTabRÞGa

μν; ð27Þ

O0
7 ¼

e
16π2

mbðs̄RσμνbLÞFμν; ð28Þ

O0
8 ¼

g3
16π2

mbðs̄RσμνTabLÞGa
μν: ð29Þ

We have included in our analysis the most relevant loop
contributions to the Wilson coefficients,5 concretely:
(1) loops with Higgs bosons (including the resummation
of large tan β effects [32]), (2) loops with charginos, and
(3) loops with gluinos. It should be noted that, at one loop
order, the gluino loops do not contribute in MFV scenarios,
but they are very relevant (dominant in many cases) in the
present NMFV scenarios.
The total branching ratio for this decay is finally

estimated by adding the new contributions from the
SUSY and Higgs sectors to the SM rate. More specifically,
we use Eq. (42) of [30] for the estimate of BRðB → XsγÞ in
terms of the ratios of the Wilson coefficients C7;8 and C0

7;8
(including all the mentioned new contributions) divided by
the corresponding CSM

7;8 in the SM.
For the numerical estimates of BRðB → XsγÞ (and the

other B-physics observables) we use the FORTRAN sub-
routine BPHYSICS (modified as to include the contributions
from C0

7;8 which were not included in its original version)
included in the SUFLA code, that incorporates all the
above-mentioned ingredients [33].

4Not yet taken into account are the logarithmically resummed
corrections [26], which could be relevant for the largest values of
mSUSY as analyzed below.

5The RGE running of the Wilson coefficients is done in two
steps: The first one is from the SUSY scale down to the
electroweak scale, and the second one is from this electroweak
scale down to the B-physics scale. For the first step, we use the
LO-RGEs for the relevant Wilson coefficients as in [29] and fix
six active quark flavors in this running. For the second running
we use the next-to-leading order (NLO)-RGEs as in [30] and fix,
correspondingly, five active quark flavors. For the charged Higgs
sector, as in Ref. [5], we use the NLO formulas for the Wilson
coefficients of Ref. [31].
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In order to obtain the updated limits on the NMFV
parameters, the following experimental measurement of
BRðB → XsγÞ [34],6 and its prediction within the SM [35],
have been used:

BRðB → XsγÞexp ¼ ð3.43� 0.22Þ × 10−4; ð30Þ

BRðB → XsγÞSM ¼ ð3.15� 0.23Þ × 10−4: ð31Þ

C. BRðBs → μþμ−Þ
The relevant effective Hamiltonian for this process is

[36,37]

Heff ¼ −
GFαffiffiffi
2

p
π
Vts�
CKMV

tb
CKM

X
i

ðCiOi þ C0
iO

0
iÞ; ð32Þ

where the operators Oi are given by

O10 ¼ ðs̄γνPLbÞðμ̄γνγ5μÞ; O0
10¼ ðs̄γνPRbÞðμ̄γνγ5μÞ;

OS ¼ mbðs̄PRbÞðμ̄μÞ; O0
S ¼ msðs̄PLbÞðμ̄μÞ;

OP ¼ mbðs̄PRbÞðμ̄γ5μÞ; O0
P ¼ msðs̄PLbÞðμ̄γ5μÞ:

ð33Þ

We have again omitted the color indices here for brevity.
The prediction for the decay rate is expressed by

BRðBs → μþμ−Þ

¼ G2
Fα

2m2
Bs
f2Bs

τBs

64π3
jVts�

CKMV
tb
CKMj2

ffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffi
1 − 4m̂2

μ

q
× ½ð1 − 4m̂2

μÞjFSj2 þ jFP þ 2m̂2
μF10j2�; ð34Þ

where m̂μ ¼ mμ=mBs
and the Fi are given by

FS;P ¼ mBs

�
CS;Pmb − C0

S;Pms

mb þms

�
; F10 ¼ C10 − C0

10:

In the context of NMFV MSSM, with no preference for
large tan β values, there are in general three types of one-loop
diagrams that contribute to the previous Ci Wilson coef-
ficients for this Bs → μþμ− decay: (1) Box diagrams, (2)

Z-penguin diagrams, and (3) neutralHiggs bosonϕ-penguin
diagrams, where ϕ denotes the three neutral MSSM Higgs
bosons, ϕ ¼ h;H; A (again large resummed tan β effects
have been taken into account). In our numerical estimateswe
have included what are known to be the dominant contri-
butions to these three types of diagrams [36]: chargino
contributions to box and Z-penguin diagrams and chargino
and gluino contributions to ϕ-penguin diagrams.
The present experimental value for this observable

[38,39] and the prediction within the SM [40] are given by

BRðBs → μþμ−Þexp ¼ ð3.0þ1.0
−0.9Þ × 10−9; ð35Þ

BRðBs → μþμ−ÞSM ¼ ð3.23� 0.27Þ × 10−9: ð36Þ

D. ΔMBs

The relevant effective Hamiltonian for Bs − B̄s mixing
and, hence, for the Bs=B̄s mass difference ΔMBs

is

Heff ¼
G2

F

16π2
M2

WðVtb�
CKMV

ts
CKMÞ2

X
i

CiOi: ð37Þ

Within the NMFV MSSM the following operators are
relevant (now including the color indices explicitly):

OVLL ¼ ðb̄αγμPLsαÞðb̄βγμPLsβÞ; ð38Þ

OLR
1 ¼ ðb̄αγμPLsαÞðb̄βγμPRsβÞ;

OLR
2 ¼ ðb̄αPLsαÞðb̄βPRsβÞ; ð39Þ

OSLL
1 ¼ ðb̄αPLsαÞðb̄βPLsβÞ;

OSLL
2 ¼ ðb̄ασμνPLsαÞðb̄βσμνPLsβÞ; ð40Þ

and the corresponding operatorsOVRR andOSRR
i that can be

obtained by replacing PL↔PR in Eqs. (38) and (40). The
mass difference ΔMBs

is then evaluated by taking the
matrix element

ΔMBs
¼ 2jhB̄sjHeff jBsij; ð41Þ

where hB̄sjHeff jBsi is given by

hB̄sjHeff jBsi ¼
G2

F

48π2
M2

WmBs
f2Bs

ðVtb�
CKMV

ts
CKMÞ2

X
i

PiCiðμWÞ: ð42Þ

Here mBs
is the Bs meson mass, and fBs

is the Bs decay
constant. The coefficients Pi contain the effects due to RGE
running between the electroweak scale μW and mb as well

as the relevant hadronic matrix element. We use the
coefficients Pi from the lattice calculation [41]:

PVLL
1 ¼ 0.73; PLR

1 ¼ −1.97; PLR
2 ¼ 2.50;

PSLL
1 ¼ −1.02; PSLL

2 ¼ −1.97: ð43Þ6We have added the various contributions to the experimental
error in quadrature.
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In the context of the NMFV MSSM, besides the SM
contributions, there are in general three types of one-loop
diagrams that contribute: (1) Box diagrams, (2) Z-penguin
diagrams, and (3) double Higgs-penguin diagrams (again
including the resummation of large tan β enhanced effects).
In our numerical estimates we have included what are
known to be the dominant contributions to these three types
of diagrams in scenarios with nonminimal flavor violation
(for a review see, for instance, [42]): gluino contributions to
box diagrams, chargino contributions to box and Z-penguin
diagrams, and chargino and gluino contributions to double
ϕ-penguin diagrams.
For the numerical estimates we have modified the

BPHYSICS subroutine included in the SUFLA code [33]
which incorporates all the ingredients that we have pointed
out above, except the contributions from gluino boxes
which we have added, see Ref. [5] for a detailed discussion
on these contributions.
The experimental result [43] and the SM prediction

(using the NLO expression of [44] and the error estimate of
[45]) used to obtain our updated bounds on the NMFV
parameters are given by

ΔMBs exp ¼ ð116.4� 0.5Þ × 10−10 MeV; ð44Þ

ΔMBsSM ¼ ð117.1þ17.2
−16.4Þ × 10−10 MeV: ð45Þ

IV. NUMERICAL RESULTS

In this section we present our numerical results. First we
analyze the six scenarios of framework 1, exploring
δABij ≠ 0, with respect to the flavor observables and derive
the corresponding bounds on the deltas. In a second step we
will show which corrections to the Higgs boson masses can
be found in these scenarios, but bounds on the deltas are
only derived from “too large” corrections to the lightest
Higgs boson mass, as will be defined and discussed below.
These too large corrections to Mh indicate that the light
Higgs boson mass itself can serve as an additional
observable constraining further the deltas, which can
therefore complement the previous constraints from
B-physics observables. The heavy Higgs boson masses,
on the other hand, depend (to a good approximation) linearly
on MA and can thus easily avoid bounds by an appropriate
choice ofMA. Finally, having the new restrictions fromMh
in mind, we then focus next on the simple scenarios of
framework 2, where we have performed a systematic study
in the (mSUSY, tan β) plane to conclude on the maximum
allowed deltas that are compatible with both the B-physics
data and the present Higgs mass value. In this analysis we
will consider also the compatibility with the ðg − 2Þμ data.

A. Framework 1: Flavor observables

In Figs. 1–3 we show the results for the three flavor
observables discussed in Secs. III B–III D. The results are

shown for the points S1,…,S6, see Table I, where the
various δABij are varied individually. We have also included
in the right vertical axis of these figures, for comparison,
the respective SM prediction in Eqs. (31), (36), and (45).
The red error bars displayed are the corresponding 3σ SM
uncertainties (calledΔtheo). The shadowed horizontal bands
in all cases, BRðB → XsγÞ, BRðBs → μþμ−Þ and ΔMBs

,
are their corresponding experimental measurements in
Eqs. (30), (35), and (44), expanded with 3σexp errors. In
order to assess the total uncertainty the SM errors are also
applied to the MSSM predictions. If this error bar is outside
the experimental band the point can be regarded as
excluded by the experimental measurement. It should be
noted that the theory uncertainties can be larger in the
MSSM than in the SM. However, estimates are much more
complicated than in the SM and strongly dependent on the
chosen SUSY parameters. Therefore we simply apply the
SM uncertainty with 3σ errors.
Regarding the explored intervals for the deltas in the

following Figs. 1–3, these will be −1 ≤ δABij ≤ 1, as
discussed above. However, in some cases these intervals
are smaller: in computing the MSSM spectra with non-
vanishing δABij the code does not accept points that lead
either to too low MSSM masses, excluded by experiment,
or even nonphysical negative squared masses. This is, for
instance, the case of δLRij and δRLij with ij ¼ sb and ij ¼ ct
that, as we can see in Figs. 1–3, are explored in smaller
intervals since outside of them they lead to negative
squared scalar masses. In particular, the contributions from
the deltas leading to too low Mh will be studied further in
the following sections.
The analysis for BRðB → XsγÞ is shown in Fig. 1 in the

scenarios S1,…,S6. In the MFV case (i.e. for all δABij ¼ 0)
we see that all points, except S4, are in agreement with
experimental data. Only a very small variation with δLRct ,
δRLct , δRRct , δRRsb (except for S4) is observed. A clear
dependence on δLL23 can be seen, placing bounds of
Oð0.1Þ on this NMFV parameter in all five scenarios,
S1, S2, S3, S5, and S6. Avery strong variation with δLRsb and
δRLsb is found, which is restricted to very small values ≤
Oð0.01Þ by the BRðB → XsγÞmeasurement. In scenario S4
the strong variation with δLL23 or δLRsb can bring the prediction
into agreement with the experimental data. Turning the
argument around, the scenario S4, which appears to be
excluded by the BRðB → XsγÞ measurement is actually a
valid scenario for certain values of δLL23 and δLRsb .
The results for BRðBs → μþμ−Þ are shown in Fig. 2 for

the six scenarios. All δABij show a relatively small impact,
except for δLL23 . From these plots we find the following
allowed intervals for δLL23 : S1∶ ð−0.3; 0.7Þ, S2∶ ð−0.3; 0.8Þ,
S3∶ ð−0.1; 0.2Þ, S4∶ ð−0.3; 0.3Þ, S6∶ ð−0.3; 0.8Þ. There-
fore, bounds on this parameter ranging between ∼ − 0.1
and ∼þ 0.8 can be set in all scenarios except in S5 where
we do not get any constraint. This scenario is characterized
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by a very large value of MA ¼ 1000 GeV and a relatively
small value of tan β ¼ 10, leading to a strong suppression
of the contributions to BRðBs → μþμ−Þ.
The predictions for ΔMBs

in the six scenarios are shown
in Fig. 3. While the experimental precision is very high the

theoretical error is quite large, and the bounds on the δABij
are mainly given by the SM uncertainty in the ΔMBs

prediction. All six scenarios for all δABij ¼ 0 are in agree-
ment with the experimental data, once the SM uncertainty
is taken into account. Except for S4, which is sensitive to all
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FIG. 1 (color online). Sensitivity to the NMFV deltas in BRðB → XsγÞ for the points S1,…,S6. For each curve all the deltas are set to
zero except the one corresponding to the curve symbol, as stated in the legend. The horizontal axis gives the value for this nonzero delta.
The experimental allowed 3σ area is the horizontal colored band. The SM prediction and the theory uncertainty ΔtheoðBRðB → XsγÞÞ
(red bar) is displayed on the right axis.
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deltas, the other points are nearly insensitive to δRRct , δLRct
and δRLct , therefore we do not get any additional bound for
them in the allowed range from this observable. An
important variation can be observed for δLRsb and δRLsb .

However, due to the MSSM particle mass restrictions
commented above which shortened the allowed intervals,
hardly any new bounds are placed by ΔMBs

, except in S4
and S6. Some sensitivity is found for δRRsb , especially in S4
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FIG. 2 (color online). Sensitivity to the NMFV deltas in BRðBs → μþμ−Þ for the points S1,…,S6. For each curve all the deltas are set
to zero except the one corresponding to the curve symbol, as stated in the legend. The horizontal axis gives the value for this nonzero
delta. The experimental allowed 3σ area is the horizontal colored band. The SM prediction and the theory uncertainty
ΔtheoðBRðBs → μþμ−ÞÞ (red bar) is displayed on the right axis.
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and S6 where jδRRsb j is bounded by ≤ Oð0.5Þ. The strongest
variation is found for δLL23 , where due to the particular
“W-shape” dependence, both intermediate and large values
can be excluded.

The overall allowed intervals for the seven δABij in the six
scenarios and considering the three observables together,
BRðB → XsγÞ, BRðBs → μþμ−Þ and ΔMBs

, can be found
in Table II. From this table we then conclude on the
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FIG. 3 (color online). Sensitivity to the NMFV deltas in ΔMBs
for the points S1,…,S6. For each curve all the deltas are set to zero

except the one corresponding to the curve symbol, as stated in the legend. The horizontal axis gives the value for this nonzero delta. The
experimental allowed 3σ area is the horizontal colored band. The SM prediction and the theory uncertainty ΔtheoðΔMBs

Þ (red bar) is
displayed on the right axis.
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strongest bounds that can be obtained from the combination
of all three B-physics observables.
As a general comment, the main restrictions to the deltas

come from BRðB → XsγÞ and in some cases from ΔMBs

and not yet from the young measurement BRðBs → μþμ−Þ.
The most restricted deltas are δLRsb and δRLsb that can reach
values at most ofOð0.01Þ, then δLL23 , δLRct and δRLct that can be
at most of Oð0.1Þ, with the first one being slightly more

restricted than the last two, and finally the less restricted
deltas are δRRct and δRRsb that in general can reach up to the
largest explored values of Oð1Þ. Special attention deserves
scenario S4, where, as mentioned above, setting δABij ¼ 0
leads to experimentally excluded predictions. Only nonzero
values of δLRsb can reconcile this scenario with experimental
data. Consequently, assuming only one δABij different from
zero leads to an “excluded” scenario for all the other δABij as
shown in Table II.
It can also be seen that larger constraints in the “sb sector”

than in the “ct sector” are obtained, since the B-physics
observables are in general more sensitive to mixing among
b-type squarks. We also see that the δLR become more
restricted than the others, since they involve the trilinear
couplings that provide in general large corrections.
Regarding the comparison of our results with previous

studies, we conclude that the bounds on the squark mixing
deltas that we find here for the scenarios S1–S6 are more
relaxed than in the set of benchmark scenarios that were
analyzed in [5] before the LHC started operation. The
scenarios investigated in the pre-LHC era contained rela-
tively light scalar quarks (now excluded), leading to
relatively large radiative corrections from NMFV effects.
After the so far unsuccessful search for beyond SM physics
at the LHC, scalar quark masses (in particular those of the
first and second generation) have substantially higher lower
bounds. Benchmark scenarios that take this into account (as
our S1–S6) naturally permit larger values for the NMFV
deltas.

B. Framework 1: Effects on Higgs boson masses

In this section we discuss the one-loop NMFV effects on
the Higgs boson masses. We do not consider other Higgs
boson observables here, such as LHC production cross
sections or decay rates. With MA being sufficiently large,
in our scenarios we are always in the decoupling limit [46].
On the other hand, in principle, light SUSY particles could
modify those rates. However, the masses of squarks, sleptons
and charginos/neutralinos in our scenarios are sufficiently
heavy so that no large impact is expected. Only for large δABij
some squarks can become light, leading potentially to non-
negligible contributions. In Ref. [47] it was discussed that
specific combinations of SUSY masses and couplings must
be fulfilled for a light MSSM Higgs boson (in agreement
with the LHC Higgs-boson mass measurements) to find a
relevant impact of light SUSY particles on, e.g. the Higgs
production cross sections via gluon fusion, gg → h, or on the
decay of the Higgs to tau leptons, h → τþτ−. Such con-
ditions are not reached in our scenarios.
A more detailed description of the computation of the

considered one-loop NMFV effects in terms of one-loop
diagrams and the corresponding corrections to the involved
self-energies can be found in Ref. [5]. We are interested
here mainly in the differences between the predictions
within NMFV and MFV. We show, in Figs. 4, 5, and 6,

TABLE II. Present allowed intervals on the squark mixing
parameters δABij for the selected S1–S6 MSSM points defined in
Table I.

Total allowed intervals

δLL23

S1 (−0.27∶0.28)
S2 (−0.23∶0.23)
S3 (−0.12∶0.06) (0.17∶0.19)
S4 Excluded
S5 (−0.83∶ − 0.78) (−0.14∶0.14)
S6 (−0.076∶0.14)

δLRct

S1 (−0.27∶0.27)
S2 (−0.27∶0.27)
S3 (−0.27∶0.27)
S4 Excluded
S5 (−0.22∶0.22)
S6 (−0.37∶0.37)

δLRsb

S1 (−0.0069∶0.014) (0.12∶0.13)
S2 (−0.0069∶0.014) (0.11∶0.13)
S3 (−0.0069∶0.014) (0.11∶0.13)
S4 (0.076∶0.12) (0.26∶0.30)
S5 (−0.014∶0.021) (0.17∶0.19)
S6 (0∶0.0069) (0.069∶0.076)

δRLct

S1 (−0.27∶0.27)
S2 (−0.27∶0.27)
S3 (−0.27∶0.27)
S4 Excluded
S5 (−0.22∶0.22)
S6 (−0.37∶0.37)

δRLsb

S1 (−0.034∶0.034)
S2 (−0.034∶0.034)
S3 (−0.034∶0.034)
S4 Excluded
S5 (−0.062∶0.062)
S6 (−0.021∶0.021)

δRRct

S1 (−0.99∶0.99)
S2 (−0.99∶0.99)
S3 (−0.98∶0.97)
S4 Excluded
S5 (−0.99∶0.99)
S6 (−0.96∶0.94)

δRRsb

S1 (−0.96∶0.96)
S2 (−0.96∶0.96)
S3 (−0.96∶0.94)
S4 Excluded
S5 (−0.97∶0.97)
S6 (−0.97∶ − 0.94) (−0.63∶0.64) (0.93∶0.97)
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Δmϕ ≔ MNMFV
ϕ −MMFV

ϕ ;

ϕ ¼ h;H;H� ð46Þ
as a function of δABij in the scenarios S1,…,S6.

We start our investigation with Δmh in Fig. 4. Bounds on
the δABij can in principle only be placed by the Mh
prediction, since this is the only mass parameter that has
been measured experimentally so far. It should be noted
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FIG. 4 (color online). One-loop corrections toMh in the scenarios S1,…,S6. For each curve all the deltas are set to zero except the one
corresponding to the curve symbol, as stated in the legend. The horizontal axis gives the value for this nonzero delta.
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that the value of MNMFV
h depends strongly on the MFV

SUSY parameters, in particular on Xt (where mtXt is the
off-diagonal entry in the scalar top mass matrix).
Consequently, delta values that produce an MNMFV

h value

slightly outside the allowed range, see Eqs. (23) and (24),
could be brought in agreement with experimental data by a
small change in the scenario (e.g. by slightly changing the
Xt parameter).
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FIG. 5 (color online). One-loop corrections toMH in the scenarios S1,…,S6. For each curve all the deltas are set to zero except the one
corresponding to the curve symbol, as stated in the legend. The horizontal axis gives the value for this nonzero delta.
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As can be seen in Fig. 4, a negligible variation is found
for δRRsb in all scenarios. An enhancement of Mh by up to
1 GeV is found for δLL23 and δRRct once the largest considered
values of Oð1Þ are reached. However, whereas these are

possible for δRRct , such large values are excluded in the δLL23
case, as we have seen in Table II. The only exception here is
scenario S4, where δLL23 and δRRct lead to a sizable reduction
of Mh once values larger than �0.5 are reached. The
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FIG. 6 (color online). One-loop corrections to MH� in the scenarios S1,…,S6. For each curve all the deltas are set to zero except the
one corresponding to the curve symbol, as stated in the legend. The horizontal axis gives the value for this nonzero delta.
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remaining δLR;RLij have a larger impact on the Mh predic-
tion. Again the corresponding trilinear couplings involved
play a relevant role here. Small δLR;RLct values lead to an
enhancement of up to 1 GeV, and larger values of Oð0.1Þ
yield a large negative contribution to Mh (i.e. an effect
similar to the dependence on Xt can be observed).
Consequently, bounds of Oð0.2Þ can be placed on
δLR;RLct , predicting Mh values that are outside the allowed
range, see Eqs. (23) and (24). Similar bounds can be
derived for δLR;RLbs , however, these are in general weaker
than the previous bounds found from the B-physics
observables, as can be seen in Table II. The strong
sensitivity to LR and RL parameters can be understood
due to the relevance of the Aij terms in these Higgs mass
corrections. It can be seen in the Feynman rules (i.e. see the
coupling of two squarks and one/two Higgs bosons in
Appendix A of Ref. [5]) that the Aij terms enter directly
into the couplings, and in some cases, as in the couplings of
down-type squarks to the CP-odd Higgs boson, enhanced
by tan β. Therefore, considering the relationship between
theAij terms and these LR and RL parameters, as is shown
in Eqs. (2), (7), and (8), the strong sensitivity to these
parameters can be understood. A similar strong sensitivity
to δLRct in Δmh has been found in [25].
The predictions for ΔmH and ΔmH� are shown in Figs. 5

and 6. In general, only δLRsb and δRLsb lead to sizable effects in
MH and MH� , where large (negative for MH, and both
negative and positive for MH�) contributions are found for
delta values exceeding ∼0.05. However, since these masses
are mainly determined by the overall MSSM Higgs boson
mass scale, MA, no strong conclusions (or bounds stronger
than from the Mh prediction) can be drawn. On the other
hand, these corrections will become relevant after a
possible discovery of these heavy Higgs bosons.

C. Framework 2

The main goal of this part is to investigate how the upper
bounds on the deltas can be placed from the corrections
induced for the light MSSM Higgs boson mass. In order to
explore the variation of these bounds for different choices
in the MSSM parameter space, we investigate the four
qualitatively different scenarios (a), (b), (c), and (d) defined
in Eqs. (15), (16), (17), and (18), respectively. As explained
above, the idea is to explore generic scenarios that are
compatible with present data, in particular with the meas-
urement of a Higgs boson mass, which we interpret as the
mass of the light CP-even Higgs boson in the MSSM (for
all δABij ¼ 0), and the present experimental measurement of
ðg − 2Þμ. Taking these experimental results into account,
we have reanalyzed the full set of bounds for the single
deltas that are extracted from the requirement that the
corrections to Mh do not exceed 125.6� 5 GeV7 as a

function of the two most relevant parameters in our
framework 2: the generic SUSY mass scale mSUSY
ð≡mSUSY-QCDÞ and tan β. In order to find Mh around
125.6 GeV for δABij ¼ 0 the scale mSUSY-QCD as well as
the trilinear couplings have been chosen to sufficiently high
values, see Sec. II B 2. Alternatively one could choose
scenarios with a light Higgs boson mass not in agreement
with the experimental data and explore the regions of δABij
that reconcile theMh prediction with the experimental data.
However, we will not pursue this alternative here.
We present the numerical results of our analysis in

framework 2 in Fig. 7, where we restrict ourselves to the
analysis of δLRct and δRLct , which are the only parameters
showing a strong impact onMh, apart from δLRsb and δRLsb that
are strongly restricted by B-physics observables, see the
previous subsection. Furthermore, almost identical results
are obtained for δLRct and δRLct , and consequently, we restrict
ourselves to one of those parameters. In each plot we show
the resulting contour lines in the (mSUSY, tan β) plane of
maximum allowed value of jδLRct j, i.e. the ones that do not
lead to contributions to Mh outside 125.6� 5 GeV.
The shaded areas in pink are the regions leading to a
ðg − 2ÞSUSYμ prediction, from the SUSY one-loop contribu-
tions, in the allowed interval of ð3.2; 57.2Þ × 10−10.
The interior pink dashed contour line corresponds to
ðg − 2ÞSUSYμ exactly at the central value of the discrepancy
ðg − 2Þexpμ − ðg − 2ÞSMμ ¼ 30.2 × 10−10. As in the previous
framework 1, we use here again FEYNHIGGS [13,14] to
evaluateMh and SPHENO [48] to evaluate ðg − 2Þμ (where
FEYNHIGGS gives very similar results). Due to the different
relations between the SUSY-QCD and the SUSY-EW
scales in our four scenarios the pink shaded areas differ
substantially in the four plots. In particular in scenario (d),
where we have set mSUSY-EW ≔ mSUSY-QCD only relatively
small values of mSUSY yield a good prediction
of ðg − 2ÞSUSYμ .
One can observe in Fig. 7 that the bounds on jδLRct j

depend only weakly on the chosen scenario, such that they
can be regarded as relatively general. For mSUSY ∼ 1 TeV
bounds around jδLRct j≲ 0.28 are found, whereas for
mSUSY ∼ 3 TeV only jδLRct j≲ 0.12 is allowed. For most
of the parameter space the results are nearly independent of
tan β. Only for tan β ≲ 7 smaller bounds for smaller mSUSY
values are reached. The results are consistent with previous
findings, i.e. large SUSY mass scales, leading to larger
intergenerational mixing terms (and in particular A terms)
lead to larger effects and thus to smaller allowed δABij .
Comparing the obtained contours, which depend on
mSUSY-QCD, with the ðg − 2Þμ preferred regions, which
depend on mSUSY-EW, slightly smaller jδLRct jmax values as
in (c) or slightly larger ones as in (d) are favored. However,
this just reflects the choice of the hierarchy between these
two fundamental mass scales used in the respective
scenario.

7This is, allowing for a slightly larger interval according to our
discussion after Eq. (46).
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V. CONCLUSIONS

We presented an up-to-date comparison of the predic-
tions for flavor and Higgs observables based on NMFV
parameters in the MSSM with the current experimental
data. The flavor observables include BRðB → XsγÞ,
BRðBs → μþμ−Þ and ΔMBs

. In the Higgs sector we
evaluated the corrections to the light and heavy CP-even
Higgs masses as well as to the charged Higgs boson mass.
Within the MSSM the calculations were performed
at the full one-loop level with the full (s)quark flavor
structure, i.e. not relying on the mass insertion or other
approximations.

In the first part we analyzed six representative scenarios
which are in agreement with current bounds on the SUSY
and Higgs searches at the LHC. We derived the most up-to-
date bounds on δABij within these six scenarios from flavor
observables, thus giving an idea of the overall size of these
parameters taking the latest experimental bounds into
account. The corresponding contributions indicate which
level of higher-order corrections are possible and allowed
by the inclusion of NMFV. In particular in the case of the
light Higgs boson we find that the prediction of Mh can
lead to additional new constraints on the deltas, specifically
on δLRct and δRLct . This is due to the fact that Aij-terms enter

FIG. 7 (color online). Contour lines in the (mSUSY, tan β) plane of maximum squark mixing jδLRct jmax that are allowed by the
requirement that the correction to Mh does not exceed �5 GeV for the scenarios (a), (b), (c), and (d) of our framework 2. The shaded
(pink) areas are the regions leading to a ðg − 2ÞSUSYμ prediction in the ð3.2; 57.2Þ × 10−10 interval. The interior pink dashed contour line
corresponds to ðg − 2ÞSUSYμ exactly at the central value of the discrepancy ðg − 2Þexpμ − ðg − 2ÞSMμ ¼ 30.2 × 10−10.
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directly into the couplings, creating a strong sensitivity to
these parameters.
In the second part we analyzed four different two-

dimensional scenarios, which are characterized by univer-
sal scales for the SUSY electroweak scale, mSUSY-EW, that
determines the masses of the scalar leptons and electroweak
particles, and for the SUSY QCD scale, mSUSY-QCD, that
determines the masses of the scalar quarks. As additional
free parameter we kept tan β. Within this simplified model
it is possible to analyze the behavior of the corrections to
Mh, where at the same time agreement with the anomalous
magnetic moment of the muon, ðg − 2Þμ is required. We
demanded that the correction to Mh does not yield values
outside 125.6� 5 GeV, leading to new improved bounds
on δLRct and δRLct , whereas no limits on the other δABij
can be obtained. The limits on jδLRct j turn out to be
relatively independent on the choice of the scenario. For

mSUSY-QCD ∼ 1ð3Þ TeV bounds of jδLRct j ≲ 0.28ð0.12Þ were
found. These bounds on δLRct and δRLct are genuine from
Higgs physics and do not have competitive bounds from
B-physics observables.
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