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We study supersymmetric (SUSY) effects on C7ðμbÞ and C0
7ðμbÞ which are the Wilson coefficients

(WCs) for b → sγ at b-quark mass scale μb and are closely related to radiativeB-meson decays. The SUSY-
loop contributions to C7ðμbÞ and C0

7ðμbÞ are calculated at leading order (LO) in the Minimal Super-
symmetric Standard Model (MSSM) with general quark-flavor violation (QFV). For the first time we
perform a systematic MSSM parameter scan for the WCs C7ðμbÞ and C0

7ðμbÞ respecting all the relevant
constraints, i.e., the theoretical constraints from vacuum stability conditions and the experimental
constraints, such as those from K- and B-meson data and electroweak precision data, as well as recent
limits on SUSY particle masses and the 125 GeV Higgs boson data from LHC experiments. From the
parameter scan we find the following: (1) The MSSM contribution to ReðC7ðμbÞÞ can be as large as
∼� 0.05, which could correspond to about 3σ significance of New Physics (NP) signal in the future LHCb
and Belle II experiments. (2) The MSSM contribution to ReðC0

7ðμbÞÞ can be as large as ∼ − 0.08, which
could correspond to about 4σ significance of NP signal in the future LHCb and Belle II experiments.
(3) These large MSSM contributions to the WCs are mainly due to (i) large scharm-stop mixing and large
scharm/stop involved trilinear couplings TU23, TU32 and TU33, (ii) large sstrange-sbottom mixing and large
sstrange-sbottom involved trilinear couplings TD23, TD32 and TD33 and (iii) large bottom Yukawa coupling
Yb for large tan β and large top Yukawa coupling Yt. In case such large NP contributions to the WCs are
really observed in the future experiments at Belle II and the LHCb Upgrade, this could be the imprint of
QFV SUSY (the MSSM with general QFV) and would encourage to perform further studies of the WCs
C0
7ðμbÞ and CMSSM

7 ðμbÞ at higher order (NLO/NNLO) level in this model.

DOI: 10.1103/PhysRevD.104.075025

I. INTRODUCTION

Our present knowledge of elementary particle physics is
very successfully described by the Standard Model (SM) of
electroweak and strong interactions. This model has,
however, several essential problems, such as naturalness
and hierarchy problems. Moreover, it can not explain
observed phenomena like the neutrino masses and mixings,
the matter-antimatter asymmetry in our universe, and the
origin of dark matter. Hence, it is necessary to search
for New Physics (NP) theory that solves these problems.

The theory of supersymmetry (SUSY) is still the most
prominent candidate for such a NP theory solving the SM
problems.
Here we study the influence of SUSY on C7ðμbÞ and

C0
7ðμbÞ which are the Wilson coefficients (WCs) for the

quark flavor changing transition b → sγ at the b-quark
mass scale μb. They are closely related to radiative B-
meson decays. We calculate the SUSY-loop contributions
to C7ðμbÞ and C0

7ðμbÞ at leading order (LO) in the Minimal
Supersymmetric Standard Model (MSSM) with general
quark-flavor violation (QFV) due to squark generation
mixing. In the numerical computation of the WCs, we
perform a MSSM parameter scan respecting all the relevant
theoretical and experimental constraints, such as those from
vacuum stability conditions, those from K- and B-meson
data, the 125 GeV Higgs boson data from LHC, and
electroweak precision data, as well as recent limits on
SUSY particle (sparticle) masses from LHC experiments.
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On the experimental side, the WCs C7ðμbÞ and C0
7ðμbÞ

can be measured precisely in the ongoing and future
experiments at Belle II and LHCb Upgrade [1–4]. There
are many papers studying the radiative B-meson decays in
the SM [5–12], the 2HDMs (Two-Higgs Doublet models)
[13–15] and the MSSM [16–20].
However, there is no systematic numerical study on the

SUSY-loop contributions to C7ðμbÞ and C0
7ðμbÞ even at LO

in the MSSM with general QFV.1 In this paper we
thoroughly perform such a systematic study with special
emphasis on the importance of SUSY QFV in order to
clarify a possibility that an imprint of SUSY can be found
in radiative B-meson decays, focusing on the WCs C7ðμbÞ
and C0

7ðμbÞ.
In the phenomenological study of the MSSM, usually

quark-flavor conservation (QFC) is assumed, except for the
quark-flavor violation stemming from the Cabibbo-
Kobayashi-Maskawa (CKM) matrix. However, in general
there can be SUSY QFV terms in the squark mass matrix.
Especially important QFV terms are the mixing terms
between the 2nd and the 3rd squark generations, such as
c̃L;R-t̃L;R and s̃L;R-b̃L;R mixing terms, where c̃, t̃, s̃ and b̃ are
the charm-, top-, strange- and bottom-squark, respectively.
In this study we put special emphasis on the influence of the
SUSY QFV due to c̃L;R-t̃L;R and s̃L;R-b̃L;R mixings on the
WCs C7ðμbÞ and C0

7ðμbÞ.
In our analysis we assume that there is no SUSY lepton-

flavor violation. We also assume that R-parity is conserved
and that the lightest neutralino χ̃01 is the lightest SUSY
particle (LSP). Wework in the MSSMwith real parameters,
except for the CKM matrix.
In the following section we introduce the SUSY QFV

parameters originating from the squark mass matrices.
Details about our parameters scan are given in Sec. III.
In Sec. IV we define the relevant WCs and analyze their
behavior in the MSSM with QFV. The conclusions are in
Sec. V. All relevant constraints are listed in Appendix A.

II. SQUARK MASS MATRICES IN THE MSSM
WITH FLAVOR VIOLATION

In the super-CKM basis of q̃0γ¼ðq̃1L;q̃2L;q̃3L;q̃1R;q̃2R;
q̃3RÞ, γ ¼ 1;…6, with ðq1; q2; q3Þ ¼ ðu; c; tÞ, ðd; s; bÞ, the
up-type and down-type squark mass matricesM2

q̃; q̃¼ ũ; d̃,
at the SUSY scale have the following most general 3 × 3
block form [22]:

M2
q̃ ¼

�M2
q̃;LL M2

q̃;LR

M2
q̃;RL M2

q̃;RR

�
; q̃ ¼ ũ; d̃: ð1Þ

Non-zero off-diagonal terms of the 3 × 3 blocks M2
q̃;LL,

M2
q̃;RR, M2

q̃;LR and M2
q̃;RL in Eq. (1) explicitly break

quark-flavor in the squark sector of the MSSM. The left-left
and right-right blocks in Eq. (1) are given by

M2
ũðd̃Þ;LL ¼ M2

QuðdÞ þDũðd̃Þ;LL1þ m̂2
uðdÞ;

M2
ũðd̃Þ;RR ¼ M2

UðDÞ þDũðd̃Þ;RR1þ m̂2
uðdÞ; ð2Þ

whereM2
Qu

¼ VCKMM2
QV

†
CKM,M

2
Qd

≡M2
Q,MQ;U;D are the

Hermitian soft SUSY-breaking mass matrices of the
squarks, Dũðd̃Þ;LL, Dũðd̃Þ;RR are the D-terms, and m̂uðdÞ
are the diagonal mass matrices of the up(down)-type
quarks. M2

Qu
is related with M2

Qd
by the CKM matrix

VCKM due to the SUð2ÞL symmetry. The left-right and
right-left blocks of Eq. (1) are given by

M2
ũðd̃Þ;RL ¼ M2†

ũðd̃Þ;LR

¼ v2ðv1Þffiffiffi
2

p TUðDÞ − μ�m̂uðdÞ cot βðtan βÞ; ð3Þ

where TU;D are the soft SUSY-breaking trilinear coupling
matrices of the up-type and down-type squarks entering the
Lagrangian Lint ⊃ −ðTUαβũ

†
RαũLβH

0
2 þ TDαβd̃

†
Rαd̃LβH

0
1Þ, μ

is the higgsino mass parameter, and tan β ¼ v2=v1 with
v1;2 ¼

ffiffiffi
2

p hH0
1;2i. The squark mass matrices are diagonal-

ized by the 6 × 6 unitary matrices Uq̃, q̃ ¼ ũ; d̃, such that

Uq̃M2
q̃ðUq̃Þ† ¼ diagðm2

q̃1
;…; m2

q̃6
Þ; ð4Þ

with mq̃1 < … < mq̃6 . The physical mass eigenstates

q̃i; i ¼ 1;…; 6 are given by q̃i ¼ Uq̃
iαq̃0α.

In this paper we focus on the c̃L − t̃L, c̃R − t̃R, c̃R − t̃L,
c̃L − t̃R, s̃L − b̃L, s̃R − b̃R, s̃R − b̃L, and s̃L − b̃R mixing
which is described by the QFV parameters M2

Qu23
≃M2

Q23,
M2

U23, TU23, TU32, M2
Q23, M

2
D23, TD23 and TD32, respec-

tively. We will also often refer to the QFC parameter TU33

and TD33 which induces the t̃L − t̃R and b̃L − b̃R mixing,
respectively, and plays an important role in this study.
The slepton parameters are defined analogously to the

squark ones. All the parameters in this study are assumed to
be real, except the CKM matrix VCKM.

III. PARAMETER SCAN

In our MSSM-parameter scan we take into account
theoretical constraints from vacuum stability conditions
and experimental constraints from K- and B-meson data,
the H0 mass and coupling data and electroweak precision

1To our knowledge, there is no complete next to leading order
(NLO) computation ofWCsC7ðμbÞ andC0

7ðμbÞ in theMSSMwith
general QFV in the present literature. In [21] gluino-squark loop
contributions to theWCsC7;8ðμWÞ andC0

7;8ðμWÞ at the weak scale
μW are calculated at NLO of SUSY-QCD in the MSSM with
general QFV. However, they did not perform a complete NLO
computation ofC7ðμbÞ andC0

7ðμbÞ. Herewe remark that in [13,14]
the charged Higgs boson loop contributions to the WCs C7;8ðμWÞ
and C7ðμbÞ are calculated at NLO of QCD in the 2HDMs.

EBERL, HIDAKA, GININA, and ISHIKAWA PHYS. REV. D 104, 075025 (2021)

075025-2



data, as well as limits on SUSY particle masses from
recent LHC experiments (see Appendix A). HereH0 is the
discovered SM-like Higgs boson which we identify as the
lightest CP even neutral Higgs boson h0 in the MSSM.
Concerning squark generation mixings, we only consider
the mixing between the second and third generation of
squarks. The mixing between the first and the second
generation squarks is strongly constrained by the K- and
D-meson data [23,24]. The experimental constraints on
the mixing of the first and third generation squarks are not
so strong [25], but we do not consider this mixing since
its effect is essentially similar to that of the mixing
of the second and third generation squarks. We generate
the input parameter points by using random numbers in
the ranges shown in Table I, where some parameters are
fixed as given in the last box. All input parameters are DR
parameters defined at scale Q ¼ 1 TeV, except mAðpoleÞ
which is the pole mass of the CP odd Higgs boson A0. The
parameters that are not shown explicitly are taken to be
zero. The entire scan lies in the decoupling Higgs limit,
i.e., in the scenarios with large tan β ≥ 10 and large mA ≥
1350 GeV (see Table I), respecting the fact that the
discovered Higgs boson is SM-like. It is well known that
the lightest MSSM Higgs boson h0 is SM-like (including
its couplings) in this limit. We do not assume a GUT
relation for the gaugino masses M1, M2, M3.
All MSSM input parameters are taken as DR parameters

at the scale Q ¼ 1 TeV, except mAðpoleÞ, and then are
transformed by RGEs to those at the weak scale ofQ ¼ μW
for the computation of the WCs C7;8ðμWÞ and C0

7;8ðμWÞ in
the MSSM. The masses and rotation matrices of the
sfermions are renormalized at one-loop level by using
the public code SPheno-v3.3.8 [26,27] based on the
technique given in [28].
From 8660000 input points generated in the scan 72904

points survived all constraints. These are 0.84%. We show
these survival points in all scatter plots in this article.

IV. WC C7ðμbÞ AND C0
7ðμbÞ IN THE

MSSM WITH QFV

The effective Hamiltonian for the radiative transition
b → sγ is given by

Heff ¼ −
4GFffiffiffi

2
p VtbV�

ts

X
i

CiOi; ð5Þ

whereGF is the Fermi constant and VtbV�
ts is a CKM factor.

The operators relevant to b → sγ are

O2 ¼ s̄LγμcLc̄LγμbL;

O7 ¼
e

16π2
mbs̄LσμνbRFμν;

O8 ¼
gs

16π2
mbs̄LσμνTabRGa

μν; ð6Þ

and their chirality counterparts

O0
2 ¼ s̄RγμcRc̄RγμbR;

O0
7 ¼

e
16π2

mbs̄RσμνbLFμν;

O0
8 ¼

gs
16π2

mbs̄RσμνTabLGa
μν; ð7Þ

where mb is the bottom quark mass, e and gs are the
electromagnetic and strong coupling, Fμν and Ga

μν the
Uð1Þem and SUð3Þc field-strength tensors, Ta are color
generators, and the indices L,R denote the chirality of the
quark fields. Here note that the SM contributions to
C0
2;7;8ðμWÞ are (almost) zero at LO. The WCs C7ðμbÞ

and C0
7ðμbÞ at the bottom quark mass scale μb can be

measured precisely in the experiments at Belle II and LHCb
Upgrade [1–4]. We compute C7ðμbÞ and C0

7ðμbÞ at LO in

TABLE I. Scanned ranges and fixed values of the MSSM parameters (in units of GeVor GeV2, except for tan β). The parameters that
are not shown explicitly are taken to be zero. M1;2;3 are the U(1), SU(2), SU(3) gaugino mass parameters.

tan β M1 M2 M3 μ mAðpoleÞ
10 ÷ 80 100 ÷ 2500 100 ÷ 2500 2500 ÷ 5000 100 ÷ 2500 1350 ÷ 6000

M2
Q22 M2

Q33 jM2
Q23j M2

U22 M2
U33 jM2

U23j
25002 ÷ 40002 25002 ÷ 40002 <10002 10002 ÷ 40002 6002 ÷ 30002 <20002

M2
D22 M2

D33 jM2
D23j jTU23j jTU32j jTU33j

25002 ÷ 40002 10002 ÷ 30002 <20002 <4000 <4000 <5000

jTD23j jTD32j jTD33j jTE33j
<3000 <3000 <4000 <500

M2
Q11 M2

U11 M2
D11 M2

L11 M2
L22 M2

L33 M2
E11 M2

E22 M2
E33

45002 45002 45002 15002 15002 15002 15002 15002 15002
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the MSSM with QFVand study the deviation of the MSSM
predictions from their SM ones.2 Following the standard
procedure, first we compute C7;8ðμWÞ and C0

7;8ðμWÞ at the
weak scale μW at LO in the MSSM and then we compute
C7ðμbÞ and C0

7ðμbÞ by using the QCD RGEs for the scale
evolution at leading log (LL) level [8]3:

C7ðμbÞ¼η
16
23C7ðμWÞþ

8

3
ðη14

23−η
16
23ÞC8ðμWÞþ

X8
i¼1

hiηaiC2ðμWÞ

C0
7ðμbÞ¼η

16
23C0

7ðμWÞþ
8

3
ðη14

23−η
16
23ÞC0

8ðμWÞþ
X8
i¼1

hiηaiC0
2ðμWÞ;

ð10Þ

where

η ¼ αsðμWÞ=αsðμbÞ

hi ¼
�
626126

272277
;−

56281

51730
;−

3

7
;−

1

14
;−0.6494;−0.0380;

− 0.0186;−0.0057
�

ai ¼
�
14

23
;
16

23
;
6

23
;−

12

23
; 0.4086;−0.4230;

− 0.8994; 0.1456

�
: ð11Þ

We take the NLO formula with 5 flavors for the strong
coupling constant αsðμÞ for μb ≲ μ ≲ μW [8]:

αsðμÞ ¼
αsðmZÞ
vðμÞ

�
1 −

β1
β0

αsðmZÞ
4π

ln vðμÞ
vðμÞ

�
; ð12Þ

where

vðμÞ ¼ 1 − β0
αsðmZÞ
2π

ln

�
mZ

μ

�
; ð13Þ

β0 ¼ 23
3
, β1 ¼ 116

3
and mZ is the Z boson mass. We take

mZ ¼ 91.2 GeV and αsðmZÞ ¼ 0.1179 [24]. The SM and
MSSM contribution to C2ðμWÞ ¼ CSM

2 ðμWÞ þ CMSSM
2 ðμWÞ

is 1 and 0 at LO, respectively. The SM and MSSM
contributions to C0

2ðμWÞ ¼ C0SM
2 ðμWÞ þ C0MSSM

2 ðμWÞ are
0 at LO. In our numerical analysis, we take μW ¼
160 GeV and μb ¼ 4.8 GeV [3].
We use the numerical results for Cð0Þ

7;8ðμWÞ at LO in the
MSSM obtained from the public code SPheno-v3.3.8
[26,27], which takes into account the following one-loop

contributions to Cð0Þ
7;8ðμWÞ at the weak scale μW (see Fig. 1):

(1) SM one-loop contributions:
up-type quark—Wþ loops

(2) MSSM one-loop contributions:
up-type squark-chargino loops
down-type squark-gluino loops
down-type squark-neutralino loops
up-type quark—Hþ loops

Here the chargino χ̃�1;2 is a mixture of charged wino W̃�

and charged higgsino H̃�, the neutralino χ̃01;2;3;4 is a mixture

2Here it is worth to mention that these WCs are related to the
photon polarization in radiative B-meson decays. The helicity
polarization of the external photon in b → sγ is defined as

Pðb → sγÞ≡ Bðb → sγRÞ − Bðb → sγLÞ
Bðb → sγRÞ þ Bðb → sγLÞ

: ð8Þ

At LO it is given as [18]

Pðb → sγÞ ¼ jC0
7ðμbÞj2 − jC7ðμbÞj2

jC0
7ðμbÞj2 þ jC7ðμbÞj2

: ð9Þ

In the SM C0
7ðμbÞ is strongly suppressed by a factor ms=mb

and hence the photon in b → sγ decay is predominantly
left-handed. In principle, the photon polarization can be
extracted from the measurement of radiative B-meson decays
in the experiments such as Belle II and LHCb Upgrade
[1,2,29–38].

3Here we comment on the RG running of the WCs at LL level.
In footnote 5 of Ref. [18], it is argued as follows: In Ref. [39] it
has been pointed out that the gluino contribution to the WCs
Cð0Þ
7;8ðμÞ is the sum of two different pieces, one proportional to the

gluino mass and one proportional to the bottom mass, which have
a different RG evolution (i.e., Eqs. (40) and (41) of [39],
respectively). However, it has been found that at LO this is
equivalent to the usual SM RG-evolution (i.e., Eqs. (13,14) of
[18] which correspond to Eq. (10) of the present paper) once the
running bottom mass mbðμ0Þ is used instead of the pole mass
mbðpoleÞ in the WCs Cð0Þ

i ðμ0Þ, where μ0 is the high-energy
matching scale (e.g., the electroweak scale μW). We have also
confirmed this point (fact) independently of Ref. [18]. Here,
note that we have used the public code SPheno-v3.3.8 [26,27]
in the computation of the WCs Cð0Þ

7;8ðμ0 ¼ 160 GeVÞ, and that
SPheno-v3.3.8 uses the running b-quark mass mbðμ0 ¼
160 GeVÞ (not the pole mass mbðpoleÞ) in the computation of
the Cð0Þ

7;8ðμ0 ¼ 160 GeVÞ. Therefore, Eqs. (40) and (41) of [39]
are equivalent to the usual SM RG-evolution (i.e., Eq. (10) of the
present paper) at LO. Moreover, just after Eq. (41) in Ref. [39] it
is clearly stated that the terms R7b;g̃ðμbÞ and R8b;g̃ðμbÞ turn out to
be numerically very small with respect to the other terms on the
right-hand sides of Eq. (41) for the RG running of the WCs. Here
R7b;g̃ðμbÞ and R8b;g̃ðμbÞ are linear combinations of the WCs (such
as Cb

i;g̃ðμWÞ (i ¼ 15; 16; 19; 20)) of the additional four-quark
operators in Eq. (15) of [39], all of which are operators at
NLO of QCD. Hence, the effects of the additional four-quark
operators onto the RG running of Cð0Þ

7;8ðμÞ are numerically very
small. Therefore, the contributions of the WCs of the new four-
quark operators mentioned in [39] (which are all at NLO of QCD)
to the RG scale evolution (RG running) are numerically very
small and hence the presence of the mentioned new four-quark
operators cannot change Eq. (10) in the present paper practically
(essentially).
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of photino γ̃, zino Z̃ and two neutral higgsinos H̃0
1;2, and

Hþ is the charged Higgs boson.
Before we show the results of the full parameter scan, we

comment on the expected qualitative behavior of the
MSSM one-loop contributions to Cð0Þ

7 ðμbÞ at the bottom
mass scale μb. We find that large squark trilinear couplings
TU23;32;33, TD23;32;33, largeM2

Q23,M
2
U23,M

2
D23, large bottom

Yukawa coupling Yb for large tan β, and large top Yukawa
coupling Yt can lead to large MSSM one-loop contributions

to Cð0Þ
7;8ðμWÞ at the weak scale μW , which results in large

MSSM one-loop contributions to Cð0Þ
7 ðμbÞ at the bottom

mass scale μb [see Eq. (10)]. This is mainly due to the
following reasons:

(i) The lighter up-type squarks ũ1;2;3 are strong c̃L;R −
t̃L;R mixtures for large M2

Q23, M2
U23, TU23;32;33.

The lighter down-type squarks d̃1;2;3 are strong
s̃L;R − b̃L;R mixtures for large M2

Q23, M2
D23,

TD23;32;33. Here note that jTU23;32;33j can be large
due to large Yt [see Eqs. (A1), (A3)] and that
jTD23;32;33j can be large due to large Yb for large
tan β [see Eqs. (A2), (A4)]. In the following we
assume these setups.

(ii) As for the up-type squark-chargino loop contribu-
tions to C7ðμWÞ and C8ðμWÞ which is the effective
coupling for the transition bR → sLγ and bR → sLg,
respectively; The bR − ũ1;2;3 − χ̃�1;2 vertex which
contains the bR − t̃L − H̃� coupling can be en-
hanced by the large bottom Yukawa coupling
Yb for large tan β. The sL − ũ1;2;3 − χ̃�1;2 vertex
contains the sL − c̃L − W̃� coupling which is not

CKM-suppressed.4 This vertex contains also the
sL-t̃R-H̃� coupling which is enhanced by the large
top Yukawa coupling Yt despite the suppression due
to the CKM factor V�

ts. Hence, the up-type squark-
chargino loop contributions to C7;8ðμWÞ can be
enhanced by the large Yb for large tan β and the
large Yt, and further by the large c̃L-t̃L mixing term
M2

Q23 and the large t̃L-t̃R mixing term TU33 for which
ũ1;2;3 contain a strong mixture of c̃L, t̃L and t̃R.
Important parts of this squark-chargino loop con-
tributions toC7;8ðμWÞ are schematically illustrated in
terms of the mass-insertion approximation in Fig. 2.

(iii) As for the down-type squark-gluino loop contribu-
tions to C7;8ðμWÞ; The bR-d̃1;2;3-g̃ vertex which
contains the bR-b̃R-g̃ coupling can be enhanced
by the sizable QCD coupling. The sL-d̃1;2;3-g̃ vertex
which contains the sL-s̃L-g̃ coupling can also be
enhanced by the QCD coupling. Furthermore, ab-
sence of the CKM-suppression factor in this loop
diagram results in additional strong enhancement.
Therefore, the down-type squark-gluino loop con-
tributions to C7;8ðμWÞ can be enhanced by the
sizable QCD coupling, and further by the large
b̃R-s̃L mixing term TD32 for which d̃1;2;3 contain a
strong mixture of b̃R and s̃L. Moreover, jTD32j can
be large due to large Yb for large tan β [see Eq. (A4)].
An important part of this squark-gluino loop con-
tribution to C7;8ðμWÞ is schematically illustrated
in terms of the mass-insertion approximation in
Fig. 3(a).

(iv) As for the down-type squark-neutralino loop con-
tributions to C7;8ðμWÞ; The bR-d̃1;2;3-χ̃01;2;3;4 vertex
which contains the bR-b̃R-γ̃=Z̃ and bR-b̃L-H̃0

1 cou-
plings with the latter coupling being proportional to
Yb can be enhanced by large Yb for large tan β. The
sL-d̃1;2;3-χ̃01;2;3;4 vertex contains the sL-s̃L-γ̃=Z̃ cou-
plings. The absence of the CKM-suppression factor
in this loop diagram results in additional strong
enhancement. Hence, the down-type squark-neutra-
lino loop contributions to C7;8ðμWÞ can be enhanced
by large Yb for large tan β, and further by the large
b̃R-s̃L and b̃L-s̃L mixing terms (TD32 and M2

Q23), for

which d̃1;2;3 contain a strong mixture of b̃R-s̃L and
b̃L-s̃L. Moreover, jTD32j controlled by Yb can be
large for large tan β [see Eq. (A4)].

(v) As for the up-type quark—Hþ loop contributions to
C7;8ðμWÞ; The bR-t-Hþ vertex which contains the
bR-tL-Hþ coupling can be enhanced by large Yb for

FIG. 1. The SM and MSSM one-loop contributions to the WCs
C7;8ðμWÞ and C0

7;8ðμWÞ at the weak scale μW for the transitions
bR → sLγL; gL and bL → sRγR; gR, respectively [see Eqs. (5)–
(7)]. Here γL, gL and γR, gR are left-handed photon, gluon
and right-handed photon, gluon, respectively. The photon is
emitted from any electrically charged line and the gluon from
any color charged line. For the SM one-loop contributions
ðX;YÞ ¼ ðt=c=u;WþÞ. For the MSSM one-loop contributions
ðX;YÞ¼ðstop=scharm=sup;charginoÞ, (sbottom/sstrange/sdown,
gluino), (sbottom/sstrange/sdown, neutralino) and (t/c/u, Hþ),
where stop/scharm/sup denotes top-, charm-, up-squark mixtures
and so on.

4Note that the CKM-suppression factor V�
ts is factored out

from WCs Ci in their definition [see Eq. (5)]. Therefore, absence
of the CKM-suppression factor in the one-loop diagram results in
strong enhancement of the loop contribution to the WCs Ci.
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large tan β. The sL-t-Hþ vertex which contains the
sL-tR-Hþ coupling can be enhanced by the large
top-quark Yukawa coupling Yt despite the suppres-
sion due to the CKM factor V�

ts. Hence t-Hþ loop
contributions to C7;8ðμWÞ can be enhanced by large
Yb for large tan β and large Yt. The top quark—Hþ
loop contribution to C7;8ðμWÞ is schematically illus-
trated in Fig. 4.

(vi) As for the up-type squark-chargino loop contribu-
tions to C0

7ðμWÞ and C0
8ðμWÞ which are the effective

couplings for the transition bL → sRγ and bL → sRg,

respectively; From a similar argument one finds that
these loop contributions to C0

7;8ðμWÞ should be small
due to the very small s-quark Yukawa coupling Ys.

(vii) As for the down-type squark-gluino loop contribu-
tions to C0

7;8ðμWÞ; The bL-d̃1;2;3-g̃ vertex which
contains the bL-b̃L-g̃ coupling can be enhanced
by the sizable QCD coupling. The sR-d̃1;2;3-g̃ vertex
which contains the sR-s̃R-g̃ coupling can also be
enhanced by the QCD coupling. Absence of the
CKM-suppression factor in this loop diagram results
in additional strong enhancement. Therefore, the
down-type squark-gluino loop contributions to
C0
7;8ðμWÞ can be enhanced by the sizable QCD

couplings, and further by large b̃L-s̃R mixing term
TD23 for which d̃1;2;3 contain a strong mixture of b̃L
and s̃R. Moreover, jTD23j can be large due to large
Yb for large tan β [see Eq. (A4)]. An important part
of this squark-gluino loop contribution to C0

7;8ðμWÞ
is schematically illustrated in terms of the mass-
insertion approximation in Fig. 3(b).

(viii) As for the down-type squark-neutralino loop con-
tributions to C0

7;8ðμWÞ; The bL-d̃1;2;3-χ̃01;2;3;4 vertex
which contains the bL-b̃L-γ̃=Z̃ and bL-b̃R-H̃0

1 cou-
plings with the latter coupling being proportional to

FIG. 3. Schematic illustration of an important part of the down-type squark-gluino loop contributions to (a) C7;8ðμWÞ and (b) C0
7;8ðμWÞ

in terms of the mass-insertion approximation.

FIG. 2. Schematic illustration of important parts of the up-type squark-chargino loop contributions to C7;8ðμWÞ in terms of the mass-
insertion approximation.

FIG. 4. Schematic illustration of the top quark—Hþ loop
contribution to C7;8ðμWÞ.
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Yb can be enhanced by large Yb for large tan β. The
sR-d̃1;2;3-χ̃01;2;3;4 vertex contains the sR-s̃R-γ̃=Z̃ cou-
pling. Absence of the CKM-suppression factor in
this loop diagram results in additional strong en-
hancement. Hence, the down-type squark-neutralino
loop contributions to C0

7;8ðμWÞ can be enhanced by
large Yb for large tan β, and further by large b̃L-s̃R
and b̃R-s̃R mixing terms TD23 and M2

D23, for which
d̃1;2;3 contain strong mixtures of b̃L-s̃R and b̃R-s̃R.
Moreover, jTD23j controlled by Yb can be large for
large tan β [see Eq. (A4)].

(ix) As for the up-type quark—Hþ loop contributions to
C0
7;8ðμWÞ; These contributions turn out to be very

small due to the very small Ys.
In the following we will show scatter plots in various

planes obtained from the MSSM parameter scan described
above (see Table I), respecting all the relevant constraints
(see Appendix A).
In Fig. 5 we show scatter plots for CMSSM

7 ðμbÞ and
C0
7ðμbÞ. In Fig. 5(a) we show a scatter plot in the

ReðC0
7ðμbÞÞ-ImðC0

7ðμbÞÞ plane. We see that the MSSM
contribution to ReðC0

7ðμbÞÞ can be as large as ∼ − 0.07,
which could correspond to an about 4σ New Physics (NP)

FIG. 5. The scatter plot of the scanned parameter points within the ranges given in Table I in the planes of (a) ReðC0
7ðμbÞÞ-ImðC0

7ðμbÞÞ,
(b) ReðCMSSM

7 ðμbÞÞ-ImðCMSSM
7 ðμbÞÞ, and (c) ReðCMSSM

7 ðμbÞÞ-ReðC0
7ðμbÞÞ.
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signal significance in the combination of the future LHCb
Upgrade (Phase III) and Belle II (Phase II) experiments (see
Fig. A. 13 of [3]). Note that jImðC0

7ðμbÞÞj is very small
(≲0.004) and that C0

7ðμbÞ ≃ 0 in the SM.
In Fig. 5(b) we show the scatter plot in the

ReðCMSSM
7 ðμbÞÞ-ImðCMSSM

7 ðμbÞÞ plane. We see that the
MSSM contribution to ReðC7ðμbÞÞ can be as large as
∼ − 0.05, which could correspond to an about 3σ NP
signal significance in the combination of the future LHCb
Upgrade (50 fb−1) and Belle II (50 ab−1) experiments (see
Fig. 8 of [3]). Note that jImðCMSSM

7 ðμbÞÞj is very small
(≲0.003) and that the MSSM contribution CMSSM

7 ðμbÞ can
be quite sizable compared to CSM

7 ðμbÞ ≃ −0.325.
In Fig. 5(c) we show a scatter plot in the

ReðCMSSM
7 ðμbÞÞ-ReðC0

7ðμbÞÞ plane. We see that the
ReðC0

7ðμbÞÞ and ReðCMSSM
7 ðμbÞÞ can be quite sizable

simultaneously.
Here we comment on the errors of the data onC0

7ðμbÞ and
CNP
7 ðμbÞ. The errors of the data on C0

7ðμbÞ and CNP
7 ðμbÞ≡

C7ðμbÞ − CSM
7 ðμbÞ from the future B-meson experiments

shown in Figs. A.13 and 8 of [3] stem from experimental
and theoretical errors. In general, B-meson observables are
functions of the relevant WCs such as C0

7ðμbÞ and C7ðμbÞ.
Hence, from the observed data on relevant B-meson
observables one can determine (extract) the values of the
WCs. The WCs thus determined (extracted) have two types
of errors, one is the experimental error stemming from the
(systematic and statistical) errors of the observable data and
the other is the theoretical error due to the uncertainties of
input parameters, such as the CKM matrix elements
(Vts; Vtb…), hadronic form factors and meson-decay con-
stants, in the computation (prediction) of the observables
by using the WCs (i.e., the effective couplings).
Here we remark the following points: (i) As for the

determination of C7ðμbÞ one can get much more precise
information from the fully inclusive BðB → XsγÞ meas-
urement than from the measurement of the exclusive
observables such as BðB → K�γÞ5 since the theoretical
predictions for the exclusive observables involve hadronic
form factors which have large theoretical uncertainties.
(ii) The fully inclusive observable BðB → XsγÞ can be
measured reliably and precisely at Belle II [1] whereas its
measurement is very difficult at LHCb [2]. (iii) As a result,
Belle II plays a specially important role in the precise
determination (extraction) of C7ðμbÞ in the near future.
As for the experimental errors of the WCs C0

7ðμbÞ and
CNP
7 ðμbÞ obtained (extracted) from the future B-meson

experiments, Belle II is now planning to upgrade to
accumulate about 5 times larger data (up to ∼250 ab−1)
[40]. If this is realized, the (statistical) uncertainty of the

observable data from Belle II could be reduced by a factor
of about

ffiffiffi
5

p
.

As for the theoretical errors of the WCs C0
7ðμbÞ and

CNP
7 ðμbÞ obtained (extracted) from the B-meson experi-

ments, there is a sign of promising possibility of significant
reduction of the theoretical errors in the future: Very
recently M. Misiak et al. performed a new computation
of BðB → XsγÞ in the SM at the NNLO in QCD [12].
Taking into account the recently improved estimates of
nonperturbative contributions, they have obtained BðB→
XsγÞ¼ ð3.40�0.17Þ×10−4 for Eγ > 1.6 GeV. Compared
with their previous SM prediction BðB → XsγÞ ¼
ð3.36� 0.23Þ × 10−4 [11], the theoretical uncertainty is
now reduced from 6.8% to 5.0%. Note here that the
Figs. A.13 and 8 of [3] showing expected errors of
C0
7ðμbÞ and CNP

7 ðμbÞ obtained (extracted) from the future
B-meson experiments were made in the year 2017.
Hence, in case the significant reduction of the exper-

imental and theoretical errors is achieved in the future, the
NP signal significances for ReðC0

7ðμbÞÞ and ReðCNP
7 ðμbÞÞ

in the MSSM could be significantly higher than those
mentioned above which are about 4σ NP significances for
ReðC0

7ðμbÞÞ and about 3σ significance for ReðCMSSM
7 ðμbÞÞ.

Thus, it is very important to improve the precision of
both theory and experiment on B-meson physics by a factor
about 1.5 or so in view of NP search (such as SUSY
search). Therefore, we strongly encourage theorists and
experimentalists to challenge this task.
In Fig. 6 we show scatter plots in the TU23-ReðC0

7ðμbÞÞ,
TU32-ReðC0

7ðμbÞÞ, TU33-ReðC0
7ðμbÞÞ and tan β-ReðC0

7ðμbÞÞ
planes. From Fig. 6(a) we see that ReðC0

7ðμbÞÞ ≃
ReðC0MSSM

7 ðμbÞÞ can be sizable (−0.07≲ ReðC0
7ðμbÞÞ≲

0.05) for large TU23 (≳3 TeV). From Fig. 6(b) we see
that ReðC0

7ðμbÞÞ can be large for large jTU32j∶ − 0.07≲
ReðC0

7ðμbÞÞ≲ 0.025 for TU32 ≲ −2 TeV and −0.04≲
ReðC0

7ðμbÞÞ≲ 0.045 for TU32 ≳ 2 TeV. A significant cor-
relation between ReðC0

7ðμbÞÞ and TU32 can be seen. From
Fig. 6(c) we see that ReðC0

7ðμbÞÞ can be large for large
jTU33j≳ 3 TeV. The fewer scatter points around TU33 ¼
3.5 TeV is due to the fact that the mh0 bound tends to be
violated around this point. From Fig. 6(d) we see that
ReðC0

7ðμbÞÞ can be large for large tan β∶ − 0.07≲
ReðC0

7ðμbÞÞ≲ 0.05 for tan β ≳ 40. All of these features
are consistent with our expectation from the argu-
ment above.
In Fig. 7 we show scatter plots in the TD23-ReðC0

7ðμbÞÞ,
TD32-ReðC0

7ðμbÞÞ and TD33-ReðC0
7ðμbÞÞ planes. From

Figs. 7(a) and 7(b) we see that ReðC0
7ðμbÞÞ ≃

ReðC0MSSM
7 ðμbÞÞ can be large (−0.07≲ ReðC0

7ðμbÞÞ≲
0.05) for large TD23, TD32 (≲ − 1.5 TeV). An appreciable
correlation between TD23 and ReðC0

7ðμbÞÞ can be seen in
Fig. 7(a). From Fig. 7(b) we see that it can be large for large
jTD33j≳ 2 TeV. These behaviors are also consistent with
our expectation.

5Here note that BðB → XsγÞ ≃ Bðb → sγÞ is proportional to
jC7ðμbÞj2 þ jC0

7ðμbÞj2 at LO.
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In Fig. 8 we show scatter plots in the planes
of TU23 − ReðCMSSM

7 ðμbÞÞ, TU32-ReðCMSSM
7 ðμbÞÞ, TU33-

ReðCMSSM
7 ðμbÞÞ and tan β-ReðCMSSM

7 ðμbÞÞ. From Figs. 8(a)
and 8(b) we see that ReðCMSSM

7 ðμbÞÞ can be sizable (up to
∼� 0.05) compared with ReðCSM

7 ðμbÞÞ ≃ −0.325 for large
TU23 and TU32ð≳2 TeV). From Fig. 8(c) we see that it can
be large for large jTU33j∶ − 0.03≲ ReðCMSSM

7 ðμbÞÞ≲
0.045 for TU33 ≲ −2 TeV and −0.05≲ ReðCMSSM

7 ðμbÞÞ≲
0.035 for TU33 ≳ 2 TeV. There is a significant correlation
between ReðCMSSM

7 ðμbÞÞ and TU33, which can be explained
partly by the important contribution of Fig. 2(b) [see
Eq. (10)]. The fewer scatter points around TU33 ¼
3.5 TeV is again due to the fact that the mh0 bound tends

to be violated around this point. From Fig. 8(d) we see that
it can be large (up to ∼� 0.05) for large tan β (≳40). These
behaviors are also consistent with our expectation.
In Fig. 9 we show scatter plots in the TD23-

ReðCMSSM
7 ðμbÞÞ plane. We see ReðCMSSM

7 ðμbÞÞ can be
sizable (up to ∼� 0.05) for any values of TD23. We have
found that scatter plots in the TD32-ReðCMSSM

7 ðμbÞÞ and
TD33-ReðCMSSM

7 ðμbÞÞ planes have similar behavior to that
in the TD23-ReðCMSSM

7 ðμbÞÞ plane.
In order to see the relevant parameter dependences

of ReðCMSSM
7 ðμbÞÞ and ReðC0

7ðμbÞÞ in more detail, we
take a reference scenario P1 where we have sizable
ReðCMSSM

7 ðμbÞÞ and ReðC0
7ðμbÞÞ and then variate the

FIG. 6. The scatter plots of the scanned parameter points within the ranges given in Table I in the planes of (a) TU23-ReðC0
7ðμbÞÞ,

(b) TU32-ReðC0
7ðμbÞÞ, (c) TU33-ReðC0

7ðμbÞÞ and (d) tan β-ReðC0
7ðμbÞÞ.
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relevant parameters around this point P1. All MSSM input
parameters for P1 are shown in Table II, where one
has ðReðC7ðμbÞÞ; ImðC7ðμbÞÞ ¼ ð−0.370;−5.13 × 10−4Þ,
ðReðCSM

7 ðμbÞÞ; ImðCSM
7 ðμbÞÞ ¼ ð−0.325; 5.63 × 10−7Þ,

ðReðCMSSM
7 ðμbÞÞ;ImðCMSSM

7 ðμbÞÞ¼ð−0.0441;−5.13×10−4Þ
and ðReðC0

7ðμbÞÞ; ImðC0
7ðμbÞÞ ¼ ð−0.0472;−1.81 × 10−3Þ

with C7ðμbÞ ¼ CSM
7 ðμbÞ þ CMSSM

7 ðμbÞ.
The scenario P1 satisfies all present experimental and

theoretical constraints, see Appendix A. The resulting
physical masses of the particles are shown in Table III.
The flavor decompositions of the lighter squarks ũ1;2;3 and
d̃1;2;3 are shown in Table IV. For the calculation of the

masses and the mixing, as well as for the low-energy
observables, especially those in the B and K meson sectors
(see Table V), we use the public code SPheno v3.3.8
[26,27]. For the calculation of the coupling modifier κb ¼
Cðh0bb̄Þ=Cðh0bb̄ÞSM (or equivalently the deviation
DEVðbÞ≡ Γðh0 → bb̄Þ=Γðh0 → bb̄ÞSM − 1ð¼ κ2b − 1Þ of
the width Γðh0 → bb̄Þ from its SM value) we compute
the width Γðh0 → bb̄Þ at full one-loop level in the MSSM
with QFV by using the code developed by us [41]. For the
coupling modifier κx ¼ Cðh0xxÞ=Cðh0xxÞSM with x ¼ g or
γ (or the deviation DEVðxÞ≡Γðh0 → xxÞ=Γðh0→ xxÞSM−
1ð¼ κ2x−1Þ) we compute thewidthΓðh0 → xxÞ according to

FIG. 7. The scatter plots of the scanned parameter points within the ranges given in Table I in the planes of (a) TD23-ReðC0
7ðμbÞÞ,

(b) TD32-ReðC0
7ðμbÞÞ and (c) TD33-ReðC0

7ðμbÞÞ.
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[42]. We obtain κb ¼ 1.03 (or DEVðbÞ ¼ 0.0686), κg ¼
0.994 (or DEVðgÞ ¼ −0.0120) and κγ ¼ 1.0018 (or
DEVðγÞ ¼ 0.0036), which satisfy the LHC data in
Table V. For the B and K meson observables we get;
Bðb→ sγÞ¼ 3.764×10−4, Bðb → slþl−Þ ¼ 1.589 × 10−6,
BðBs→ μþμ−Þ¼ 2.5930×10−9, BðBþ→τþνÞ¼9.942×
10−5,ΔMBs

¼ 17.180½ps−1�, jϵKj ¼ 2.201 × 10−3,ΔMK ¼
2.304 × 10−15 ðGeVÞ, BðK0

L → π0νν̄Þ ¼ 2.295 × 10−11,
and BðKþ → πþνν̄Þ ¼ 7.771 × 10−11, all of which satisfy
the constraints of Table V.
In Figs. 10 and 11 we show contours of ReðC0

7ðμbÞÞ
around the benchmark point P1 in various parameter
planes. Figure 10(a) shows contours of ReðC0

7ðμbÞÞ in

the TU23-TU32 plane. We see that ReðC0
7ðμbÞÞ is sensitive to

both TU23 and TU32, especially to TU23, increases quickly
with the increase of TU23 and TU32ð< 0Þ, as is expected,
and can be as large as about −0.07 in the allowed region.
We also see that it is large (−0.07≲ ReðC0

7ðμbÞÞ≲ −0.04)
respecting all the constraints in a significant part of this
parameter plane. From Fig. 10(b) we see that ReðC0

7ðμbÞÞ
is also fairly sensitive to TU33 and can be as large as
∼ − 0.08. From Fig. 10(c) we find that ReðC0

7ðμbÞÞ is very
sensitive to tan β, especially for large TU23 > 0, as
expected, and can be as large as ∼ − 0.07. As can be seen
in Fig. 10(d), ReðC0

7ðμbÞÞ is sensitive to M2
U23, especially

for large TU23 ≳ 2.5 TeV, as expected, and is large

FIG. 8. The scatter plot of the scanned parameter points within the ranges given in Table I in the planes of (a) TU23-ReðCMSSM
7 ðμbÞÞ,

(b) TU32-ReðCMSSM
7 ðμbÞÞ, (c) TU33-ReðCMSSM

7 ðμbÞÞ and (d) tan β-ReðCMSSM
7 ðμbÞÞ.
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(−0.08≲ ReðC0
7ðμbÞÞ≲ −0.04) respecting all the con-

straints in a significant part of this parameter plane.
Figure 11(a) shows contours of ReðC0

7ðμbÞÞ in the
TD23-TD32 plane. It is fairly sensitive to TD23 and mildly
dependent on TD32 as is expected partly from the contribu-
tion of Fig. 3(b) [see Eq. (10)], can be as large as∼ − 0.06 in
the allowed region, and is large (−0.058≲ ReðC0

7ðμbÞÞ≲
−0.046) respecting all the constraints in a significant part
of this parameter plane. From Fig. 11(b) we see that
ReðC0

7ðμbÞÞ is also rather sensitive to TD33 and can be as
large as ∼ − 0.06 in the allowed region. As can be seen in
Fig. 11(c), ReðC0

7ðμbÞÞ is very sensitive to tan β and also
sensitive to TD23 for large tan β ≳ 70, as expected, and is
sizable (−0.05≲ ReðC0

7ðμbÞÞ≲ −0.04) respecting all the
constraints in a significant part of this parameter plane.
From Fig. 11(d) we find that ReðC0

7ðμbÞÞ is very sensitive
to M2

D23, and is sizable (−0.05≲ ReðC0
7ðμbÞÞ≲ −0.04)

respecting all the constraints in a significant part of this
parameter plane.
In Figs. 12 and 13 we show contour plots of

ReðCMSSM
7 ðμbÞÞ (i.e., the MSSM contributions to

ReðC7ðμbÞÞ) around the benchmark point P1 in various
parameter planes.
Figure 12(a) shows contours of ReðCMSSM

7 ðμbÞÞ in the
TU23-TU32 plane. We see that ReðCMSSM

7 ðμbÞÞ is sensitive
to TU23 and TU32∶ jReðCMSSM

7 ðμbÞÞj quickly increases with
the increase of TU23 and TU32 as is expected. We find also
that ReðCMSSM

7 ðμbÞÞ can be as large as about -0.05 in the
allowed region and is sizable (−0.05≲ ReðCMSSM

7 ðμbÞÞ≲
−0.04) respecting all the constraints in a significant
part of this parameter plane. From Fig. 12(b) we see
that ReðCMSSM

7 ðμbÞÞ is very sensitive also to TU33

TABLE II. The MSSM parameters for the reference point P1 (in
units of GeVor GeV2 expect for tan β). All parameters are defined
at scale Q ¼ 1 TeV, exceptmAðpoleÞ. The parameters that are not
shown here are taken to be zero.

tan β M1 M2 M3 μ mAðpoleÞ
70 910 1970 2795 800 4970

M2
Q22 M2

Q33 M2
Q23 M2

U22 M2
U33 M2

U23

36302 33652 −7402 27552 15102 −17052
M2

D22 M2
D33 M2

D23
TU23 TU32 TU33

29852 12702 −18202 2700 −260 4995

TD23 TD32 TD33 TE33

−2330 −335 3675 −335

M2
Q11 M2

U11 M2
D11 M2

L11 M2
L22 M2

L33 M2
E11 M2

E22 M2
E33

45002 45002 45002 15002 15002 15002 15002 15002 15002

TABLE III. Physical masses in GeV of the particles for the
scenario of Table II.

mχ̃0
1

mχ̃0
2

mχ̃0
3

mχ̃0
4

mχ̃þ
1

mχ̃þ
2

800 812 925 2030 809 2030

mh0 mH0 mA0 mHþ

124.9 4970 4970 4997

mg̃ mũ1 mũ2 mũ3 mũ4 mũ5 mũ6

2934 1231 2986 3431 3656 4491 4493

md̃1
md̃2

md̃3
md̃4

md̃5
md̃6

836 3272 3416 3654 4489 4492

mν̃1 mν̃2 mν̃3 ml̃1
ml̃2

ml̃3
ml̃4

ml̃5
ml̃6

1506 1507 1582 1495 1496 1509 1509 1564 1652

FIG. 9. The scatter plot of the scanned parameter points within
the ranges given in Table I in the TD23-ReðCMSSM

7 ðμbÞÞ plane.

TABLE IV. Flavor decompositions of the mass eigenstates
ũ1;2;3 and d̃1;2;3 for the scenario of Table II. Shown are the
expansion coefficients of the mass eigenstates in terms of the
flavor eigenstates. Imaginary parts of the coefficients are negli-
gibly small.

ũL c̃L t̃L ũR c̃R t̃R

ũ1 0 0.0016 0.0992 0 −0.4090 −0.9071
ũ2 −0.0012 −0.0070 −0.0225 0 0.9104 −0.4130
ũ3 0.0660 0.2921 0.9491 0 0.0607 0.0770

d̃L s̃L b̃L d̃R s̃R b̃R

d̃1 0 0 0.0059 0 0.4057 0.9140

d̃2 0 0.0059 0.0289 0 −0.9137 0.4054

d̃3 0 0.2898 0.9566 0 0.0245 −0.0172
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(see Fig. 8(c) also), quickly increases with increase
of TU33 as is expected partly from the important con-
tribution of Fig. 2(b) [see Eq. (10)], and can be as large
as about -0.05 in the allowed region. It is sizable
(−0.05≲ ReðCMSSM

7 ðμbÞÞ≲ −0.04) respecting all the con-
straints in a significant part of this parameter plane. From
Fig. 12(c) we find that ReðCMSSM

7 ðμbÞÞ is very sensitive to
tan β and TU23 as expected, quickly increases with
increase of tan β and TU23ð> 0Þ, and can be as large as

∼ − 0.05 in the allowed region. As can be seen in
Fig. 12(d), ReðCMSSM

7 ðμbÞÞ is sensitive to M2
U23 and TU23

increasing with the increase of M2
U23ð< 0Þ and TU23ð> 0Þ

as expected, and is large (−0.05≲ ReðCMSSM
7 ðμbÞÞ≲

−0.04) respecting all the constraints in a significant part
of this parameter plane.
Fig. 13(a) shows contours of ReðCMSSM

7 ðμbÞÞ in the
TD23-TD32 plane. We see that ReðCMSSM

7 ðμbÞÞ is mildly
dependent on TD23 and fairly sensitive to TD32 around P1 as

FIG. 10. Contour plots of ReðC0
7ðμbÞÞ around the benchmark point P1 in the parameter planes of (a) TU23-TU32, (b) TU23-TU33,

(c) TU23- tan β, and (d) TU23-M2
U23. The parameters other than the shown ones in each plane are fixed as in Table II. The “X”marks P1 in

the plots. The red hatched region satisfies all the constraints in Appendix A. The red solid lines, the nearly vertical blue dashed lines in
(c),(d), the red dashed lines in (a),(b),(c) and the blue dash-dotted lines show the mh0 bound, the Bðb → sγÞ bound, the BðBs → μþμ−Þ
bound, and the md̃1

bound, respectively.
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is expected partly from the contribution of Fig. 3(b)
[see Eq. (10)]. It can be as large as about −0.046 in the allo-
wed region, and is sizable (−0.046≲ ReðCMSSM

7 ðμbÞÞ≲
−0.044) respecting all the constraints in a significant
part of this parameter plane. From Fig. 13(b) we see that
ReðCMSSM

7 ðμbÞÞ is also fairly sensitive to TD33 around P1,
can be as large as about −0.045 in the allowed region, and
is sizable (−0.045≲ ReðCMSSM

7 ðμbÞÞ≲ −0.044) respecting
all the constraints in a significant part of this parameter
plane. From Fig. 13(c) we find that ReðCMSSM

7 ðμbÞÞ is very

sensitive to tan β quickly increasing with the increase of
tan β as expected, can be as large as ∼ − 0.05 in the allowed
region, and is sizable (−0.05≲ ReðCMSSM

7 ðμbÞÞ≲ −0.04)
respecting all the constraints in a significant part of
this parameter plane. As can be seen in Fig. 13(d),
ReðCMSSM

7 ðμbÞÞ is mildly dependent on M2
D23 around this

benchmark point P1, can be as large as about −0.044 in the
allowed region, and is sizable (−0.044≲ ReðCMSSM

7 ðμbÞÞ≲
−0.043) respecting all the constraints in a significant part of
this parameter plane.

FIG. 11. Contour plots of ReðC0
7ðμbÞÞ around the benchmark point P1 in the parameter planes of (a) TD23-TD32, (b) TD23-TD33,

(c) TD23- tan β, and (d) TD23-M2
D23. The parameters other than the shown ones in each plane are fixed as in Table II. The “X”marks P1 in

the plots. The red hatched region satisfies all the constraints in Appendix A. The definitions of the bound lines are the same as in Fig. 10.
In addition to these the blue solid lines in (a) and the green solid lines in (c) show the ΔMBs

bound and the vacuum stability bound on
TD23, respectively.
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As the gluino is very heavy (∼3 TeV) around the
reference point P1 (see Table III), the down-type
squark-gluino loop contributions to ReðC0

7ðμbÞÞ and
ReðCMSSM

7 ðμbÞÞ are suppressed there, which partly explains
the rather mild dependences of ReðC0

7ðμbÞÞ and
ReðCMSSM

7 ðμbÞÞ on the down-type squark parameters
TD23, TD32, TD33 around P1 as is seen in Figs. 11 and 13,
respectively.
Before closing this section we comment on the renorma-

lization scale dependence of theWCsCMSSM
7 ðμbÞ andC0

7ðμbÞ.
For the reference scenario P1 we have the following

result at LO: ðReðC7ðμb=2ÞÞ;ImðC7ðμb=2ÞÞ¼ð−0.405;
−4.04×10−4Þ, ðReðCMSSM

7 ðμb=2ÞÞ; ImðCMSSM
7 ðμb=2ÞÞ ¼

ð−0.0379; −4.04 × 10−4Þ and ðReðC0
7ðμb=2ÞÞ;

ImðC0
7ðμb=2ÞÞ ¼ ð−0.0350;−1.34 × 10−3Þ; ðReðC7ð2μbÞÞ;

ImðC7ð2μbÞÞ¼ð−0.341;−6.19×10−4Þ, ðReðCMSSM
7 ð2μbÞÞ;

ImðCMSSM
7 ð2μbÞÞ ¼ ð−0.0499; −6.20 × 10−4Þ and

ðReðC0
7ð2μbÞÞ; ImðC0

7ð2μbÞÞ ¼ ð−0.0594;−2.28 × 10−3Þ,
where μb ¼ 4.8 GeV. We see that the scale dependence of
the WCs at the b-quark mass scale is significant at LO in
agreement with Refs. [5–7] and hence that it is important to
compute the WCs at higher order (NLO/NNLO) level in

FIG. 12. Contour plots of ReðCMSSM
7 ðμbÞÞ around the benchmark point P1 in the parameter planes of (a) TU23-TU32, (b) TU23-TU33,

(c) TU23- tan β, and (d) TU23-M2
U23. The parameters other than the shown ones in each plane are fixed as in Table II. The “X”marks P1 in

the plots. The red hatched region satisfies all the constraints in Appendix A. The definitions of the bound lines are the same as those in
Fig. 10.
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order to reduce this scale-dependence uncertainties. In [21]
MSSM loop contributions to the WCs C7;8ðμWÞ and
C0
7;8ðμWÞ are calculated at NLO in the MSSM with

QFV. So far, however, there is no complete NLO compu-
tation of the WCs C7ðμbÞ and C0

7ðμbÞ in the MSSM
with QFV.6

V. CONCLUSIONS

We have studied SUSY effects on C7ðμbÞ and C0
7ðμbÞ

which are the Wilson coefficients for b → sγ at b-quark
mass scale μb and are closely related to radiative B-meson
decays. The SUSY-loop contributions to the C7ðμbÞ and
C0
7ðμbÞ are calculated at LO in theMinimal Supersymmetric

StandardModel with general quark-flavor violation. For the
first timewe have performed a systematicMSSM parameter
scan for the WCs C7ðμbÞ and C0

7ðμbÞ respecting all the
relevant constraints, i.e., the theoretical constraints from
vacuum stability conditions and the experimental con-
straints, such as those from K- and B-meson data and

FIG. 13. Contour plots of ReðCMSSM
7 ðμbÞÞ around the benchmark point P1 in the parameter planes of (a) TD23-TD32, (b) TD23-TD33,

(c) TD23- tan β, and (d) TD23-M2
D23. The parameters other than the shown ones in each plane are fixed as in Table II. The “X”marks P1 in

the plots. The red hatched region satisfies all the constraints in Appendix A. The definitions of the bound lines are the same as those in
Fig. 11.

6In principle the MSSM loop contributions to C7ðμbÞ and
C0
7ðμbÞ at NLO can be obtained from CiðμWÞ and C0

iðμWÞ
(i ¼ 1-8) calculated at NLO in the MSSM by using QCD RG
scale evolution from the scale μW down to μb at NLL (next-to-
leading log) level [7], where CiðμWÞ and C0

iðμWÞ (i ¼ 1-6) are the
Wilson coefficients of the four-quark operators.
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electroweak precision data, as well as recent limits on SUSY
particle masses and the 125 GeV Higgs boson data from
LHC experiments. From the parameter scan, we have found
the following:

(i) The MSSM contribution to ReðC7ðμbÞÞ can be as
large as ∼� 0.05 which could correspond to about
3σ significance of NP (New Physics) signal in future
Belle II and LHCb Upgrade experiments.

(ii) The MSSM contribution to ReðC0
7ðμbÞÞ can be as

large as ∼ − 0.08 which could correspond to about
4σ significance of NP signal in future Belle II and
LHCb Upgrade experiments.

(iii) These large MSSM contributions to the WCs are
mainly due to (i) large scharm-stop mixing and large
scharm/stop involved trilinear couplings TU23, TU32

and TU33, (ii) large sstrange-sbottommixing and large
sstrange-sbottom involved trilinear couplings TD23,
TD32 andTD33, and (iii) largebottomYukawacoupling
Yb for large tan β and large top Yukawa coupling Yt.

Moreover, we have pointed out the following:
(i) It is very important to reduce the (theoretical and

experimental) errors of the WCs C0
7ðμbÞ and

CNP
7 ðμbÞ obtained (extracted) from the future experi-

ments at Belle II and the LHCb Upgrade. An
improvement in precision of both theory and experi-
ment by a factor about 1.5 or so would be very
important in view of NP search (such as SUSY
search). Therefore, we strongly encourage theorists
and experimentalists to challenge this task.

(ii) On the other hand, it is also very important to
reduce the theoretical errors of the MSSM con-
tributions to the WCs C0

7ðμbÞ and C7ðμbÞ by
performing higher order computations such as
those at NLO/NNLO level.

In case such large New Physics contributions to the
WCs, i.e., such large deviations of the WCs from their SM
values, are really observed in the future experiments at
Belle II and the LHCb Upgrade, this could be the imprint of
QFV SUSY (the MSSM with general QFV) and would
encourage to perform further studies of the WCs C0

7ðμbÞ
and CMSSM

7 ðμbÞ at NLO/NNLO level in this model.
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APPENDIX A: THEORETICAL AND
EXPERIMENTAL CONSTRAINTS

The experimental and theoretical constraints taken into
account in the present work are discussed in detail in [43].
Here we list the updated constraints from K- and B-physics
and those on the Higgs boson mass and couplings in
Table V. For the mass of the Higgs boson h0, taking the
combination of the ATLAS and CMS measurementsmh0 ¼
125.09� 0.24 GeV [52] and adding the theoretical uncer-
tainty of ∼� 3 GeV [53] linearly to the experimental
uncertainty at 2σ, we take mh0 ¼ 125.09� 3.48 GeV.
The h0 couplings that receive SUSY QFV effects signifi-
cantly are CðhbbÞ [41], CðhccÞ [56], CðhggÞ and CðhγγÞ
[42].7 The measurement of CðhccÞ is very difficult due to
huge QCD backgrounds at LHC; there is no significant
experimental data on CðhccÞ at this moment. Hence, the
relevant h0 couplings to be compared with the LHC
observations are CðhbbÞ, CðhggÞ and CðhγγÞ. Therefore,
we list the LHC data on CðhbbÞ (κb), CðhggÞ (κg) and
CðhγγÞ (κγ) in Table V.
As the constraints from the decays B → Dð�Þτν are

unclear due to large theoretical uncertainties [56],8 we
do not take these constraints into account in our paper.
As the issues of possible anomalies of RðDð�ÞÞ ¼ BðB →
Dð�ÞτνÞ=BðB → Dð�ÞlνÞ with l ¼ e or μ and RKð�Þ ¼
BðB → Kð�Þeþe−Þ=BðB → Kð�Þμþμ−Þ are not yet settled
[45,49], we do not take the constraints from these ratios
into account either. In [25] the QFV decays t → qh0 with
q ¼ u, c, have been studied in the general MSSM with
QFV. It is found that these decays cannot be visible at the
current and high luminosity LHC runs due to the very small
decay branching ratios Bðt → qh0Þ, giving no significant
constraint on the c̃ − t̃ mixing.
We comment on the very recent data on the anomalous

magnetic moment of muon aμ from the Fermilab experi-
ment [59]. The Fermilab data has been combined with the
previous BNL data [60] resulting in 4.2σ discrepancy
between the experimental data and the SM prediction.9

In our scenario with heavy sleptons/sneutrinos with masses
of about 1.5 TeV the MSSM loop contributions to aμ are so

7Precisely speaking, in principle, CðhttÞ coupling could also
receive SUSY QFVeffects significantly. However, predicting the
(effective) coupling CðhttÞ at loop levels in the MSSM is very
difficult since its theoretical definition in the context of tt̄h
production at LHC is unclear [57].

8As pointed out in [58], the theoretical predictions (in the SM
and MSSM) on BðB → DlνÞ and BðB → D�lνÞ (l ¼ τ, μ, e) have
potentially large theoretical uncertainties due to the theoretical
assumptions on the form factors at the BDWþ and BD�Wþ
vertices (also at the BDHþ and BD�Hþ vertices in the MSSM).
Hence the constraints from these decays are unclear.

9It is worth noting that according to the recent computation of
the leading order hadronic vacuum polarization contribution to aμ
using lattice QCD [61], the discrepancy between the experimental
data and the SM prediction is only about 1.6σ.
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small that they cannot explain the discrepancy between the
new data and the SM prediction. Therefore, in the context
of our scenario, this discrepancy should be explained by the
loop contributions of another new physics coexisting
with SUSY.
In addition to these we also require our scenarios to be

consistent with the following experimental constraints:
(i) The LHC limits on sparticle masses (at 95% CL)

[62–66]:
We impose conservative limits for safety though

actual limits are somewhat weaker than those
shown here. In the context of simplified models,
gluino masses mg̃ ≲ 2.35 TeV are excluded for
mχ̃0

1
< 1.55 TeV. There is no gluino mass limit

for mχ̃0
1
> 1.55 TeV. The 8-fold degenerate first

two generation squark masses are excluded below
1.92 TeV for mχ̃0

1
< 0.9 TeV. There is no limit on

the masses for mχ̃0
1
> 0.9 TeV. We impose this

squark mass limit on mũ3 and md̃3
. Bottom-squark

masses are excluded below 1.26 TeV for
mχ̃0

1
< 0.73 TeV. There is no bottom-squark mass

limit for mχ̃0
1
> 0.73 TeV. Here the bottom-squark

massmeans the lighter sbottommassmb̃1
.We impose

this limit on md̃1
since d̃1 ∼ b̃R (see Table IV). A

typical top-squark mass lower limit is∼1.26 TeV for
mχ̃0

1
< 0.62 TeV. There is no top-squark mass limit

formχ̃0
1
> 0.62 TeV.Here the top-squarkmassmeans

the lighter stop massmt̃1 . We impose this limit onmũ1
since ũ1 ∼ t̃R (see Table IV). For sleptons/sneutrinos
heavier than the lighter chargino χ̃�1 and the second
neutralino χ̃02, the mass limits are mχ̃�

1
; mχ̃0

2
>

0.74 TeV for mχ̃0
1
≲ 0.3 TeV and there is no mχ̃�

1
,

mχ̃0
2
limits for mχ̃0

1
> 0.3 TeV; For sleptons/sneu-

trinos lighter than χ̃�1 and χ̃02, the mass limits are
mχ̃�

1
; mχ̃0

2
> 1.15 TeV formχ̃0

1
≲ 0.72 TeV and there

is no mχ̃�
1
, mχ̃0

2
limits for mχ̃0

1
> 0.72 TeV. For mass

degenerate selectrons ẽL;R and smuons μ̃L;R, masses
below 0.7 TeV are excluded for mχ̃0

1
< 0.41 TeV.

For mass degenerate staus τ̃L and τ̃R, masses below
0.39 TeVare excluded formχ̃0

1
< 0.14 TeV. There is

no sneutrino ν̃ mass limit from LHC yet. Sneutrino
masses below 94 GeV are excluded by LEP200
experiment [24].

(ii) The constraint on (mA0;Hþ ; tan β) (at 95% CL) from
searches for the MSSM Higgs bosons H0, A0 and
Hþ at LHC, [67–73], where H0 is the heavier CP-
even Higgs boson.

(iii) The experimental limit on SUSY contributions on the
electroweak ρ parameter [74]: ΔρðSUSYÞ < 0.0012.

Furthermore, we impose the following theoretical con-
straints from the vacuum stability conditions for the tri-
linear coupling matrices [75]:

TABLE V. Constraints on the MSSM parameters from the K- and B-meson data relevant mainly for the mixing between the
second and the third generations of squarks and from the data on the h0 mass and couplings κb, κg, κγ . The fourth column shows
constraints at 95% CL obtained by combining the experimental error quadratically with the theoretical uncertainty, except for
BðK0

L → π0νν̄Þ, mh0 and κb;g;γ .

Observable Exp. data Theor. uncertainty Constr. (95% CL)

103 × jϵK j 2.228� 0.011 (68% CL) [24] �0.28 (68% CL) [44] 2.228� 0.549

1015 × ΔMK [GeV] 3.484� 0.006 (68% CL) [24] �1.2 (68% CL) [44] 3.484� 2.352

109 × BðK0
L → π0νν̄Þ < 3.0 (90% CL) [24] �0.002 (68% CL) [24] < 3.0 (90% CL)

1010 × BðKþ → πþνν̄Þ 1.7� 1.1 (68% CL) [24] �0.04 (68% CL) [24] 1.7þ2.16
−1.70

ΔMBs
[ps−1] 17.757� 0.021 (68% CL) [24,45] �2.7 (68% CL) [46] 17.757� 5.29

104 × Bðb → sγÞ 3.32� 0.15 (68% CL) [24,45] �0.23 (68% CL) [11] 3.32� 0.54

106 × Bðb → slþl−Þ 1.60þ0.48
−0.45 (68% CL) [47] �0.11 (68% CL) [48] 1.60þ0.97

−0.91

(l ¼ e or μ)

109 × BðBs → μþμ−Þ 2.69þ0.37
−0.35 (68% CL) [49] �0.23 (68% CL) [50] 2.69þ0.85

−0.82

104 × BðBþ → τþνÞ 1.06� 0.19 (68% CL) [45] �0.29 (68% CL) [51] 1.06� 0.69

mh0 [GeV] 125.09� 0.24 (68% CL) [52] �3 [53] 125.09� 3.48
κb 1.06þ0.37

−0.35 (95% CL) [54] 1.06þ0.37
−0.35 (ATLAS)

1.17þ0.53
−0.61 (95% CL) [55] 1.17þ0.53

−0.61 (CMS)

κg 1.03þ0.14
−0.12 (95% CL) [54] 1.03þ0.14

−0.12 (ATLAS)

1.18þ0.31
−0.27 (95% CL) [55] 1.18þ0.31

−0.27 (CMS)
κγ 1.00� 0.12 (95% CL) [54] 1.00� 0.12 (ATLAS)

1.07þ0.27
−0.29 (95% CL) [55] 1.07þ0.27

−0.29 (CMS)
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jTUααj2 < 3Y2
UαðM2

Qαα þM2
Uαα þm2

2Þ; ðA1Þ

jTDααj2 < 3Y2
DαðM2

Qαα þM2
Dαα þm2

1Þ; ðA2Þ

jTUαβj2 < Y2
UγðM2

Qββ þM2
Uαα þm2

2Þ; ðA3Þ

jTDαβj2 < Y2
DγðM2

Qββ þM2
Dαα þm2

1Þ; ðA4Þ

where α; β ¼ 1; 2; 3, α ≠ β; γ ¼ Maxðα; βÞ and m2
1¼

ðm2
Hþþm2

Zsin
2θWÞsin2β−1

2
m2

Z, m
2
2¼ðm2

Hþþm2
Zsin

2θWÞ×

cos2β−1
2
m2

Z. The Yukawa couplings of the up-type and

down-type quarks are YUα ¼
ffiffiffi
2

p
muα=v2 ¼ gffiffi

2
p muα

mW sin β ðuα ¼
u; c; tÞ and YDα ¼

ffiffiffi
2

p
mdα=v1 ¼ gffiffi

2
p mdα

mW cos β ðdα ¼ d; s; bÞ,
with muα and mdα being the running quark masses at
the scale Q ¼ 1 TeV and g being the SU(2) gauge
coupling. All soft SUSY-breaking parameters are
given at Q ¼ 1 TeV. As SM parameters we take
mZ ¼ 91.2 GeV and the on-shell top-quark mass mt ¼
172.9 GeV [24].
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