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We study theCP-even neutral Higgs boson decays h0 → cc̄; bb̄; bs̄; γγ; gg in the minimal supersymmetric
standard model (MSSM) with a general quark flavor violation (QFV) due to squark generation mixings,
identifying the h0 as the Higgs boson with a mass of 125 GeV. We compute the widths of the h0 decays to
cc̄; bb̄; bs̄ at the full one-loop level. For theh0 decays to γγ and gg, we compute thewidths at NLOQCD level.
For the first time, we perform a systematicMSSM parameter scan for thesewidths, respecting all the relevant
theoretical and experimental constraints, such as those fromB-meson data, and the 125GeVHiggs boson data
from recent LHC experiments, as well as the limits on supersymmetric (SUSY) particle (sparticle) masses
from the LHC experiments. We also take into account the expected sparticle mass limits from the future HL-
LHC experiment in our analysis. In strong contrast to the usual studies in the MSSM with minimal flavor
violation (MFV), we find that the deviations of these MSSM decay widths from the Standard Model (SM)
values can be quite sizable and that there are significant correlations among these deviations. All of these
sizable deviations in the h0 decays are mainly due to large scharm-stop mixing and large sstrange-sbottom
mixing. Such sizable deviations from the SM can be observed at high signal significance in future lepton
colliders such as ILC, CLIC, CEPC, FCC-ee, and muon collider even after the failure of SUSY particle
discovery at the HL-LHC. In case the deviation pattern shown here is really observed at the lepton colliders,
then it would strongly suggest the discovery of QFV SUSY (the MSSM with general QFV).

DOI: 10.1103/8tsj-8tpc

I. INTRODUCTION

What is the Standard Model (SM)-like Higgs boson with
mass of 125 GeV discovered at LHC [1,2]? It can be the
Higgs boson of the SM. It can be a Higgs boson of a new
physics (NP) theory beyond the SM. This is one of the most
important issues in the field of present particle physics. The
detailed study of the properties (such as mass and cou-
plings) of the SM-like Higgs boson could shed light on this
issue and the way to the NP theory [3]. Here, we study a
possibility that the discovered SM-like Higgs boson is the
lighter CP even neutral Higgs boson h0 of the minimal
supersymmetric standard model (MSSM), focusing on the
decays h0 → cc̄; bb̄; bs̄; γγ; gg, where c, b, s, γ, and g are c-,
b-, s-quarks, photon, and gluon, respectively. In order to
investigate such a possibility, we compute the widths of
these decays in the MSSM with general quark-flavor
violation (QFV) due to squark generation mixing according

to our previous works [4–6] and study the deviations of the
MSSM widths from the SM widths.
The deviations of the SM-like Higgs boson decay widths

from their SM values are usually estimated to be rather
small (typically several percent level or less) in the MSSM
with minimal flavor violation (MFV), where the only source
of quark-flavor violation is the Cabibbo-Kobayashi-
Maskawa (CKM) quark-mixingmatrix [7–12]. In the present
article, however, we show that the situation changes dras-
tically yielding significant enhancement of the deviations in
thewidths oncewe switch-on the general QFVin theMSSM,
by performing a systematic MSSM parameter scan respect-
ing all the relevant theoretical and experimental constraints.1

In [14–19], it was shown that the general QFV in the
MSSM can also enhance QFV decays h0 → bs̄ and
h0 → b̄s. These analyses are rather old. In the present
paper, we update them, especially by taking into account
the expected mass limits for the superpartner particles and
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1The decay h0 → cc̄ was not studied in [7–12]. The decays
h0 → cc̄; γγ; gg in the MSSM with QFV were studied in [13].
However, the important QFV parameters M2

Q23, M
2
U23, and M2

D23

(which are defined in Sec. II) were neglected and the systematic
MSSM parameter scan respecting all the relevant theoretical and
experimental constraints was not performed in [13].
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the heavier MSSM Higgs bosons H0, A0, Hþ from the
future HL-LHC experiment.
On the experimental side, thewidthsof thesedecays,h0 →

cc̄; bb̄; γγ; gg (or corresponding effective couplings) can be
measured precisely andmodel independently at future lepton
colliders, such as ILC, CLIC, CEPC, FCC-ee, and muon-
collider (MuC) [20,21].2 This enables us to clarify the
possibility that the discovered SM-like Higgs boson is the
lighter CP even neutral Higgs boson h0 of the MSSM.
In Sec. II, we introduce the supersymmetric (SUSY)

QFV parameters originating from the squark mass matri-
ces. Details of our parameter scan are given in Sec. III. In
Sec. IV, we study the deviations of the MSSM widths from
the SM widths for the decays h0 → cc̄; bb̄; bs̄; γγ; gg
and analyze their behavior in the MSSM with general
QFV. The summary and conclusion are in Sec. V. All
relevant constraints are listed in Appendix A, and the
expected errors in the deviation measurements at future
lepton colliders are listed in Appendix B. ILC sensitivity to
the branching ratio Bðh0 → bsÞ is discussed in Appendix
C, and consistency of the MSSM predictions for coupling
modifiers with the LHC data is discussed in Appendix D.

II. SQUARK MASS MATRICES IN THE MSSM
WITH GENERAL QFV

In the super-CKM basis of q̃0γ ¼ ðq̃1L; q̃2L; q̃3L; q̃1R;
q̃2R; q̃3RÞ; γ ¼ 1;…6, with ðq1;q2;q3Þ¼ðu;c;tÞ, ðd; s; bÞ,
the up-type and down-type squark mass squared matrices
M2

q̃; q̃ ¼ ũ; d̃, at the SUSY scale have the following most
general 3 × 3 block form [23]:

M2
q̃ ¼

 
M2

q̃;LL M2
q̃;LR

M2
q̃;RL M2

q̃;RR

!
; q̃ ¼ ũ; d̃: ð1Þ

Nonzero off diagonal terms of the 3 × 3 blocks M2
q̃;LL;

M2
q̃;RR;M

2
q̃;LR, and M2

q̃;RL explicitly violate 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,M

2
Q;U;D are the

Hermitian soft SUSY-breaking mass squared 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;RL¼M2†

ũðd̃Þ;LR¼
v2ðv1Þffiffiffi

2
p TUðDÞ−μ�m̂uðdÞcotβðtanβÞ;

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

†
αRũβLH

0
2 þ TDαβd̃

†
αRd̃βLH

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 squared matrices are

diagonalized 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 quark-flavor con-
serving (QFC) parameters TU33 and TD33, which induce
the t̃L − t̃R and b̃L − b̃R mixing, respectively, and play an
important role in this study.
The slepton parameters are defined analogously to the

squark ones. 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). 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 all
the relevant constraints, i.e., theoretical constraints from
vacuum stability conditions and experimental constraints,
such as those from K- and B-meson data, electroweak
precision data, and the H0 mass and coupling data from
recent LHC experiments, as well as the SUSY particle
(sparticle) mass limits from current LHC experiments (see
Appendix A). Here, H0 is the discovered SM-like Higgs
boson, which we identify as the lightest CP even neutral
Higgs boson h0 in the MSSM. Concerning squark gen-
eration 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 [24,25].
The experimental constraints on the mixing of the first and
third generation squarks are not so strong [26], but we do
not consider this mixing since its effect is essentially
similar to that of the mixing of the second and third

2The effective couplings of gðh0bb̄Þ, gðh0γγÞ and gðh0ggÞ can
be measured rather precisely but model dependently by a global
fit at HL-LHC [20–22]. Moreover, it is difficult to measure the
coupling gðh0cc̄Þ at LHC and HL-LHC due to the difficulty of the
c-tagging and the huge hadronic QCD background [22].
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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, exceptmA0ðpoleÞwhich 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 range lies in
the decoupling Higgs limit, i.e., in the scenarios with large
tan β ≥ 10 and large mA0 ≥ 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 the GUT relation for the gaugino masses
M1,M2,M3. The masses and mixing matrices of the SUSY
particles and the Higgs bosons are renormalized basically
at one-loop level by using the public code SPheno-v3.3.8

[27,28]3 based on the technique given in [30]. From
377180 input points generated in the scan, 3208 points
survived all constraints. These are 0.85% of the generated
points. We show these survival points in all scatter plots in
this article.

IV. 125 GeV HIGGS BOSON DECAYS IN THE
MSSM WITH GENERAL QFV

We compute the decay widths Γðh0 → cc̄Þ, Γðh0 → bb̄Þ,
and Γðh0 → bs̄=b̄sÞ at full 1-loop level in the DR

renormalization scheme in the MSSM with general QFV
[4,5] and study the deviation of the MSSM predictions
from the SM ones. We also compute the decay widths
Γðh0 → ggÞ and Γðh0 → γγÞ at the next-to-leading order
(NLO) QCD level in theDR renormalization scheme in the
MSSMwith general QFV [6] and study the deviation of the
MSSM widths from the SM ones, where g is a gluon and γ
is a photon. As the h0 decays to gg and γγ are loop-induced
decays, these decays are sensitive to new physics.
Here, we remark the differences between our previous

works [4–6] and the present work: In the present work, we
update the constraints on the MSSM parameters signifi-
cantly including the expected sparticle mass limits from the
future HL-LHC experiments, and study also the branching
ratio of the explicitly QFV decay Bðh0 → bs̄=b̄sÞ and the
correlations among the deviations of the MSSM widths of
the various decay modes from the corresponding SM ones.

A. Expectations

We find that large squark trilinear couplings TU23;32;33,
TD23;32;33, large M2

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 1-loop contributions to these
decay widths, resulting in sizable deviation of the MSSM
widths from the SM values. This is mainly due to the
following reasons:
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 largeM2

Q23,M
2
D23, TD23;32;33. Here, note that jTU23;32;33j

the size of which are controlled by Yt due to the vacuum
stability conditions can be large because of large Yt and that

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 mA0ðpoleÞ
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

3This version SPheno-v3.3.8 implements full flavor (genera-
tion) mixings in the sfermion (squarks and sleptons) sector as
described in Sec. II and calculates the masses and mixings
of the SUSY particles and the MSSM Higgs bosons
h0; H0; A0; H� taking into accounts the full flavor mixings in
the sfermion sector [29].
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jTD23;32;33j the size of which are controlled by Yb due to the
vacuum stability conditions can be large thanks to large Yb
for large tan β [see Eqs. (A1)–(A4) in Appendix A]. In the
following, we assume these setups.

1. Expectations for fermionic decays

The main MSSM 1-loop corrections to Γðh0 → cc̄Þ stem
from the lighter up-type squarks (ũ1;2;3)-gluino (g̃) loops at
the decay vertex, which have h0 − ũi − ũj couplings con-
taining H0

2 − c̃R − t̃L, H0
2 − c̃L − t̃R, H0

2 − t̃L − t̃R cou-
plings, i.e., TU23;32;33 [see Fig. 1(a)]. Note that h0 is a
mixture of ReðH0

1Þ (which couples to the down-type squarks
d̃i) and ReðH0

2Þ (which couples to the up-type squarks ũi),
i.e., h0¼−sinαð ffiffiffi

2
p

ReðH0
1Þ−v1Þþcosαð ffiffiffi

2
p

ReðH0
2Þ−v2Þ

and that h0 is dominated by ReðH0
2Þ component in our

decouplingHiggs scenariowith largemA0ð>1350 GeVÞ and
large tan βð>10Þ (see Table I). Hence, the large ReðH0

2Þ
component of h0 and the large trilinear couplings TU23;32;33

can enhance the h0 − ũi − ũj couplings, which together with
the large QCD couplings involved can result in a strong
enhancement of the ũi-g̃ loop corrections to Γðh0 → cc̄Þ,
leading to a large deviation of the MSSMwidth Γðh0 → cc̄Þ
from its SM value.
Here, note that ũi-neutralino (χ̃0i ) loops and d̃i-chargino

(χ̃�1;2) loops at the decay vertex are not so important by the
following reason with χ̃0i and χ̃

�
1;2 being mixtures of photino

γ̃, zino Z̃, and neutral Higgsinos H̃0
1;2 and mixtures of

charged wino W̃� and charged higgsino H̃�, respectively:
(i) The former loops, where h0 directly couples to ũi − ũj,
are suppressed by the relatively small electroweak-Yukawa
couplings of the neutralino to c and ũi compared with the
QCD couplings of gluino to c and ũi in the ũi − g̃ loops.
(ii) The former loops, where h0 directly couples to the
neutralino, are also suppressed by the relatively small
couplings of the neutralino and cannot be enhanced by
the large trilinear couplings TU23;32;33. (iii) The latter loops,
where h0 directly couples to d̃i − d̃j, are suppressed by the
small ReðH0

1Þ component of h0 though they can be enhanced
by the large trilinear couplings TD23;32;33. They are further
suppressed by the relatively small electroweak-Yukawa
couplings of the chargino to c and d̃i compared with the

QCD couplings. (iv) The latter loops where h0 directly
couples to the chargino are also suppressed by the relatively
small electroweak-Yukawacouplings of the chargino to c and
d̃i and cannot be enhanced by the large trilinear cou-
plings TD23;32;33.
The main MSSM 1-loop corrections to Γðh0 → bb̄Þ and

Γðh0 → bs̄=b̄sÞ stem from (i) ũ1;2;3-chargino (χ̃�1;2) loops at
the decay vertex which have h0 − ũi − ũj couplings to be
enhanced by large TU23;32;33 [see Fig. 1(b)]

4 and (ii) d̃1;2;3-g̃
loops at the decay vertex which have h0 − d̃i − d̃j cou-
plings containing H0

1− s̃R− b̃L, H0
1− s̃L− b̃R, H0

1− b̃L− b̃R
couplings, i. e., TD23;32;33 [see Fig. 1(c)].5 Hence, large
trilinear couplings TU23;32;33 and TD23;32;33 can enhance
the MSSM 1-loop corrections to Γðh0 → bb̄Þ and
Γðh0 → bs̄=b̄sÞ due to the ũi-χ̃�1;2 and d̃i-g̃ loops, leading
to a large deviation of the MSSM widths Γðh0 → bb̄Þ and
Γðh0 → bs̄=b̄sÞ from their SM values.
Note that the wave function corrections for the external

h0 in the decays h0 → cc̄=bb̄ which have the h0 − ũi − ũj
and h0 − d̃i − d̃j couplings (for ũi and d̃i loops, res-
pectively) can also be enhanced by the large trilinear
couplings TU23;32;33 and TD23;32;33, resulting in a further
enhancement of the MSSM 1-loop corrections to the widths
Γðh0 → cc̄=bb̄Þ.
Here, we remark that the MSSM one-loop corrections to

the decay amplitude for h0 → cc̄ are expected to be
significantly larger than those for h0 → bb̄ due to the
following reasons:

(i) The main MSSM 1-loop corrections to h0 → cc̄
stem from ũi-g̃ loops [Fig. 1(a)]. The main MSSM
1-loop corrections to h0 → bb̄ stem from ũi-χ̃�j
loops [Fig. 1(b)] and d̃i-g̃ loops [Fig. 1(c)].

FIG. 1. (a) The ũi − g̃ loop corrections to Γðh0 → cc̄Þ, (b) the ũi − χ̃�1;2 loop, and (c) the d̃i − g̃ loop corrections to Γðh0 → bb̄=s̄Þ.

4Note that the ũ1;2;3-χ̃�1;2 loops, where h0 couples directly to
χ̃�1;2, cannot be enhanced by the large TU23;32;33, and hence, they
are not so important.

5Here, note that the h0 − d̃i − d̃j couplings are suppressed by
the small ReðH0

1Þ component of h0 but can be enhanced by large
TD23;32;33. Note also that d̃1;2;3-χ̃0i loops at the decay vertex are not
so important compared with d̃1;2;3-g̃ loops at the vertex by a reason
similar to the reason why the ũi-χ̃0i loop corrections to Γðh0 → cc̄Þ
are suppressed compared with the ũi-g̃ loop corrections.
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(ii) The ũi-χ̃�j loops of Fig. 1(b) are suppressed by the
relatively small electroweak-Yukawa couplings of
χ̃�j compared with the ũi-g̃ loops of Fig. 1(a) having
the large QCD couplings of g̃.

(iii) The d̃i-g̃ loops of Fig. 1(c) are suppressed by the
relatively small h0 − d̃i − d̃j couplings due to the
small ReðH0

1Þ component of h0 compared with
the ũi-g̃ loops of Fig. 1(a).

(iv) Hence, the MSSM one-loop corrections to the decay
amplitude for h0 → cc̄ [Fig. 1(a)] are expected to
be significantly larger than those for h0 → bb̄
[Figs. 1(b) and 1(c)].

On the other hand, the SM width Γðh0 → cc̄ÞSM is much
smaller than Γðh0 → bb̄ÞSM mainly due to the much smaller
charmYukawa coupling than the bottomYukawa one, which
together with the item (iv), results in much larger relative
deviation of the MSSM width from the SM width for the
decay h0 → cc̄ than that for h0 → bb̄ [see Eq. (5)] in strong
contrast to usual expectations. We will see this tendency
explicitly in the plots shown below (e.g., see Fig. 3).

2. Expectations for bosonic decays

Similar arguments hold for the loop-induced decays
h0→gg;γγ. The main SM 1-loop contribution to Γðh0→ggÞ
stems from the top-quark loop. The bottom-quark loop
contribution to this width is much suppressed by the small
ReðH0

1Þ component of h0 in our decoupling Higgs scenario.
The main MSSM 1-loop contributions to Γðh0 → ggÞ stem
from the lighter up-type squark (ũ1;2;3) loops, which have
h0 − ũi − ũi couplings [see Fig. 2(a)]. The large trilinear
couplings TU23;32;33 can enhance the h0 − ũi − ũi couplings
and hence, the ũi loops, resulting in sizable deviation of the
MSSM width Γðh0 → ggÞ from its SM value. The lighter
down-type squark (d̃1;2;3) loop contributions to this width are
suppressed by the small ReðH0

1Þ component of h0.
The main SM 1-loop contributions to Γðh0 → γγÞ stem

from Wþ boson and top-quark loops. The bottom-
quark and tau-lepton loop contributions to this width are

suppressed by the small ReðH0
1Þ component of h0. The

main MSSM 1-loop contributions to Γðh0 → γγÞ stem
from the lighter up-type squark (ũ1;2;3) loops, which have
h0 − ũi − ũi couplings [see Fig. 2(b)]. The large trilinear
couplings TU23;32;33 can enhance the h0 − ũi − ũi couplings
and hence, the ũi loops, leading to a sizable deviation of the
MSSM width Γðh0 → γγÞ from its SM value. The lighter
down-type squark (d̃1;2;3) and the charged slepton loop
contributions to this width are suppressed by the small
ReðH0

1Þ component of h0. The chargino loops can also
contribute to this width, but they can not be enhanced
by the large trilinear couplings TU23;32;33. The Hþ boson
loop contribution to this width is strongly suppressed by its
large mass mHþ (≃mA0) in our decoupling Higgs scenario
with large mA0ð>1350 GeVÞ and large tan βð>10Þ (see
Table I). Here, note that the deviation of the MSSM width
Γðh0 → γγÞ from its SM value is not so large since the Wþ
boson loop contribution dominates this width.

B. Scatter plot analysis

We compute the decay widths Γðh0 → XX̄Þ (X ¼ c, b)
and Γðh0 → bsÞ≡ Γðh0 → bs̄Þ þ Γðh0 → b̄sÞ at full
1-loop level in the DR renormalization scheme in the
MSSM with general QFV using Fortran codes developed
by us [4,5].6 We compute the decay widths Γðh0 → XXÞ
(X ¼ g, γ) at the NLO QCD level in the DR renormaliza-
tion scheme in the MSSM with general QFV using Fortran

FIG. 2. (a) The SM (X ¼ top quark) and MSSM (X ¼ ũ1;2;3) loop contributions to Γðh0 → ggÞ, and (b) the SM (X ¼ Wþ boson, top
quark) and MSSM (X ¼ ũ1;2;3) loop contributions to Γðh0 → γγÞ. The NLO QCD correction diagrams are not shown in these figures.
For (a) h0 → gg, the MSSM (ũi) loop diagrams with the contact interactions of ũi-ũi-gluon-gluon are not shown. For (b) h0 → γγ, the
SM (Wþ) loop diagram with that of W-W-γ-γ and the MSSM (ũi) loop diagrams with those of ũi-ũi-γ-γ are not shown.

6The SM widths Γðh0 → XX̄ÞSM (X ¼ c, b) are computed in
Refs. [31,32], but we do not use these SM widths. Instead, we
compute the SM widths Γðh0 → XX̄ÞSM (X ¼ c, b) by taking
the decoupling SUSY/Higgs limit of the MSSM width
Γðh0 → XX̄ÞMSSM, i.e., the limit of large SUSY mass scale
MSUSY, large mA0ðpoleÞ, large tan β, and no SUSY QFV (no
squark generation mixing) in order to calculate the relative
deviation of the MSSM width Γðh0 → XX̄ÞMSSM from the SM
width Γðh0 → XX̄ÞSM at full 1-loop level consistently. We have
obtained Γðh0 → cc̄ÞSM ¼ 0.128 MeV and Γðh0 → bb̄ÞSM ¼
2.89 MeV.
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codes developed by us [6].7 The details of the computation
of the decay widths Γðh0 → XXÞ (X ¼ g, γ) at the NLO
QCD level in the MSSMwith general QFVare explained in
Sec. 3 of [6] (see especially footnote 1 in Sec. 3 of [6]).
In the following, we will show scatter plots in various

planes related with these decay widths obtained from the
MSSM parameter scan described above (see Table I),
respecting all the relevant constraints (see Appendix A).

1. Definition of relative deviations from SM predictions

We define the relative deviation of the decay width
ΓðXÞð≡Γðh0 → XX̄ÞÞ from the SM width as follows:

DEVðXÞ≡ ΓðXÞ
ΓðXÞSM

− 1ðX ¼ c; b; g; γÞ: ð5Þ

Here, ΓðXÞSM is the SM prediction for the decay
width ΓðXÞ.
According to Ref. [21], we define the effective h0XX

coupling gðh0XXÞ as follows:

gðh0XXÞ2 ≡ ΓðXÞ
ΓðXÞSM

: ð6Þ

As the SM effective coupling gðh0XXÞSM ¼ 1 by def-
inition, the so-called coupling modifier κXð≡gðh0XXÞ=
gðh0XXÞSMÞ is equal to gðh0XXÞ. The relative deviation
DEV(X) is related with the effective coupling gðh0XXÞ and
the coupling modifier κX as follows:

DEVðXÞ ¼ gðh0XXÞ2 − 1 ¼ κ2X − 1: ð7Þ

We define the relative deviation of the width ratio
ΓðXÞ=ΓðYÞ from its SM prediction as follows:

DEVðX=YÞ≡ ΓðXÞ=ΓðYÞ
ΓðXÞSM=ΓðYÞSM

− 1: ð8Þ

Note that we have the following approximation:

DEVðX=YÞ≃DEVðXÞ−DEVðYÞ ðfor jDEVðYÞj≪ 1Þ:
ð9Þ

It is important to notice that a significant (substantial)
part of the experimental systematic and statistical errors
of the measured widths ΓðXÞ and ΓðYÞ cancel out in the
width ratio ΓðXÞ=ΓðYÞ, which results in a relatively small
experimental error of the measured width ratio. The
theoretical errors of the MSSM widths ΓðXÞMSSM and
ΓðYÞMSSM also cancel out significantly in the width ratio
ΓðXÞMSSM=ΓðYÞMSSM, which leads to a relatively small
theoretical error of the MSSM width ratio; e.g., the phase-
space factor proportional to 1=mh0 cancels out in the
MSSM width ratio, where we impose the constraint mh0 ¼
125.09� 3.48 GeV (see Table V). Therefore, the exper-
imental measurement errors as well as the MSSM pre-
diction uncertainties tend to cancel out significantly in the
width ratios, making the measurement of these width ratios
a very sensitive probe of virtual SUSY loop effects in these
h0 decays at future lepton colliders. Moreover, as we expect
from Eq. (9), the deviation of the MSSM width ratio from
the SM prediction can be significantly enhanced compared
with that of a single MSSM width from the SM; e.g., we
will see below that DEVðγ=gÞ can be as large as aboutþ9%
[see Fig. 12(c)]. Furthermore, there can be significant
correlations between the deviation of the single MSSM
width from the SM value and that of the MSSM width ratio
from the SM; e.g., there is a very strong correlation between
DEV(c) and DEV(b/c) as shown in Fig. 4(a) below.

2. Scatter plots for fermionic decays

Scatter plots for DEVs of fermionic decays—In Fig. 3, we
show the scatter plot in the DEV(c)-DEV(b) plane obtained
from the MSSM parameter scan. DEV(c) and DEV(b) can
be quite large simultaneously since large trilinear couplings
TU23, TU32, and TU33 can enhance both DEV(c) and DEV
(b) as explained above. From Fig. 3(a), indeed we see that
DEV(c) and DEV(b) can be quite large simultaneously:
DEV(c) can be as large as ∼� 60% and DEV(b) can be as
large as ∼� 20%. Future lepton colliders together with
HL-LHC can observe such large deviations from SM at
very high significance (see Appendix B); e.g., from
Appendix B, we see that the expected absolute 1σ error
of DEV(c) is sufficiently small ΔDEVðcÞ ¼ ð3.6%; 2.4%;
1.8%Þ and that of DEV(b) is also sufficiently small
ΔDEVðbÞ ¼ ð1.7%; 1.1%; 0.9%Þ at (ILC250, ILC250 +
500, ILC250 + 500 + 1000) together with HL-LHC,
respectively [see Fig. 3(a)]. The expected absolute 1σ
errors of DEV(c) and DEV(b) at the other lepton colliders
are similar to those at ILC (see Appendix B).
In Fig. 3(b), we show also the ATLAS and CMS data of

DEV(b) at 95% CL obtained from the recent κb data [33,34]
shown in Table V by using the relation DEVðbÞ ¼ κ2b − 1:
DEVðbÞ ¼ −0.21þ0.44

−0.33 (95% CL) (ATLAS) and DEVðbÞ ¼
−0.02þ0.76

−0.52 (95% CL) (CMS). Here, note that the current
LHC data of κc [and hence, that of DEV(c) also] has very
large uncertainties (errors) [33,34]. We see that both the SM

7The SM widths Γðh0 → XXÞSM (X ¼ g, γ) are computed in
Refs. [31,32], but we do not use these SM widths. Instead, we
compute the SM widths Γðh0 → XXÞSM (X ¼ g, γ) at the NLO
QCD level by ourselves in order to calculate the relative deviation
of the MSSM width Γðh0 → XXÞMSSM from the SM width
Γðh0 → XXÞSM at the NLO QCD level consistently. We also
compute the SM widths Γðh0 → XXÞSM (X ¼ g, γ) by taking the
decoupling SUSY/Higgs limit of the MSSM width Γðh0 →
XXÞMSSM at the NLO QCD level. We have found that the former
SM widths agree with the latter SM widths very well. We have
obtained Γðh0 → ggÞSM ¼ 0.262 MeV and Γðh0 → γγÞSM ¼
0.0111 MeV.
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and the MSSM are consistent with the recent ATLAS and
CMS data, and that the errors of the recent ATLAS and
CMS data are relatively very large.
In Fig. 4(a), we show the scatter plot in the

DEVðb=cÞ-DEVðcÞ plane obtained from the MSSM param-
eter scan described in Sec. III. We see that there is a
strong correlation between DEVðb=cÞ and DEVðcÞ, and
that DEVðb=cÞ can be quite large for large jDEVðcÞj:
DEVðb=cÞ can exceed þ100% for DEVðcÞ≲ −0.5. This
strong correlation stems from the fact that the two DEVs
have a common origin of enhancement, i.e., the large
trilinear couplings TU23;32;33. This behavior is consistent
with the expectation from the argument above.
In Fig. 4(b), we show the scatter plot in the DEVðb=cÞ-

DEVðbÞ plane obtained from the MSSM parameter scan.
We see that there is an appreciable correlation between
DEVðb=cÞ and DEVðbÞ, which comes also from the fact that
the two DEVs have a common origin of enhancement, i.e.,
the large trilinear couplings TU23;32;33 and TD23;32;33.

Scatter plots for QFV decay h0 → bs—As for the explicitly
QFV decay h0 → bs, Refs. [14–18] computed Bðh0 → bsÞ
in the MSSM with general QFV. However, they neglected
LR and RL squark flavor (generation) mixings, which
we have found very important. Moreover, the constraints
used in [14–18] are incomplete and/or old (obsolete).
Reference [19] computed Bðh0 → bsÞ at full 1-loop level
in the MSSM with general QFV including LL, RR, LR, RL
squark flavor (generation) mixings respecting relevant
constraints as we do here. However, some of the constraints
used in [19] (including those from B meson data) are

already obsolete; e.g., they performed a Bðh0 → bsÞ con-
tour plot analysis in the squark flavor mixing parameter
planes in six benchmark scenarios (S1–S6). All of the
benchmark scenarios except S5 are already excluded by the
recent gluino mass limit from LHC, mg̃ > 2.35 TeV for
mχ̃0

1
< 1.55 TeV (see Appendix A).

In the present work, we update these constraints (includ-
ing the B meson data) and perform a systematic MSSM
parameter scan respecting the updated constraints.
Furthermore, we take into account also the expected mass
limits for the SUSY particles and the heavier MSSM Higgs
bosons H0, A0, Hþ from the future HL-LHC experiment.
We compute Bðh0 → bsÞ approximately from the full
1-loop level width Γðh0 → bsÞ in the MSSM with general
QFV by dividing it by the LO total width of the h0 decay
obtained from the public code SPheno-v3.3.8 [27,28].
In Fig. 5, we show the scatter plot in the Bðh0 → bsÞ-

DEVðbÞ plane obtained from the MSSM parameter scan
described in Sec. III. We see thatBðh0 → bsÞ can be as large
as ∼0.1% and that Bðh0 → bsÞ and DEVðbÞ can be sizable
simultaneously. This is due to the fact that Bðh0 → bsÞ and
DEVðbÞ have a common origin of enhancement, i.e., large
trilinear couplings TU23;32;33 and TD23;32;33 [see Figs. 1(b)
and 1(c)].
On the other hand, from our contour plot analysis of the

branching ratio Bðh0 → bsÞ shown below in Fig. 10(c), we
find that it can be as large as ∼0.15% respecting all the
updated constraints including the expected mass limits for
the SUSY particles and the heavier MSSM Higgs bosons
from the future HL-LHC experiment. Here, we remark that
[19] found that Bðh0 → bsÞ can be as large as ∼Oð0.1%Þ,

FIG. 3. Shown in (a) is the scatter plot in the DEV(c)-DEV(b) plane obtained from the MSSM parameter scan described in Sec. III.
“X” marks the SM point. The green and blue boxes indicate the expected 1σ errors at ILC250 and ILC250 + 500, respectively (see
Table VI). Though in principle the expected 1σ error should be shown by an error ellipse, here, it is shown by an error box as an
approximation since such 1σ error ellipse in the κc-κb plane [and hence, in the DEV(c)-DEV(b) plane] is not given in [20,21]. The
expected absolute 1σ errors at the other lepton colliders are similar to those at ILC (see Table VI). In (b), we show also the ATLAS and
CMS data of DEV(b) obtained from the recent κb data [33,34] by using the DEV(b)-κb relation DEVðbÞ ¼ κ2b-1.
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however, respecting already outdated constraints in the
MSSM with general QFV. It is very small [Bðh0 → bsÞ≲
10−7] in the SM [14,35,36]. The ILC250 + 500 + 1000
sensitivity to this branching ratio Bðh0 → bsÞ could be
∼0.1% at 4σ signal significance [37] (see also [38]) (see
Appendix C). Hence, such QFV decay h0 → bs in the
MSSM with general QFV can be observed at ILC with very
high signal significance.8 Note that the LHC and HL-LHC
sensitivity to thisQFVdecay branching ratio should not be so
good due to huge QCD background [38].
Here, we comment on the effect of resummation of the

bottomYukawacoupling forΓðh0 → bb̄Þ andΓðh0 → bsÞ in
theMSSM.We have studied the effect of the resummation of
the bottom Yukawa coupling for large tan β [41]. It turns out
that in our case with largemA0 close to the decoupling Higgs
limit (see Table I), the resummation effect (the so-called Δb
effect) is very small (<0.1%) [5,42].

3. Scatter plots for bosonic decays

Scatter plot in DEVðγÞ-DEVðgÞ plane—In Fig. 6, we show
the scatter plot in the DEVðγÞ-DEVðgÞ plane obtained from
the MSSM parameter scan. We see that there is a strong
correlation between DEVðγÞ and DEV(g). This correlation
is due to the fact that the lighter up-type squark (ũ1;2;3) loop
(stop-scharm mixture loop) contributions dominate the two
DEVs. From Fig. 6(a), we see that DEVðγÞ and DEV(g)

can be sizable simultaneously: DEVðγÞ can be as large as
∼� 1% and DEV(g) can be as large as ∼� 4%. ILC
together with HL-LHC can observe such sizable deviation
DEV(g) at fairly high significance though they can not
observe such moderate deviation DEVðγÞ significantly (see
Appendix B): The expected absolute 1σ error of DEVðγÞ is
ΔDEVðγÞ = (2.4%, 2.2%, 2.0%) and that of DEV(g) is
ΔDEVðgÞ = (1.8%, 1.4%, 1.1%) at (ILC250, ILC250 +
500, ILC250 + 500 + 1000) together with HL-LHC,
respectively [see Fig. 6(a)]. The expected absolute 1σ
errors of DEVðγÞ and DEV(g) at the other lepton colliders

FIG. 4. The scatter plot in the (a) DEVðcÞ-DEVðb=cÞ and (b) DEVðbÞ-DEVðb=cÞ planes obtained from the MSSM parameter scan
described in Sec. III. “X” marks the SM point. The expected absolute 1σ errors at ILC250 shown by the green box are given by
½ΔDEVðcÞ;ΔDEVðbÞ;ΔDEVðb=cÞ� ¼ ð3.6%; 1.7%; 3.1%Þ (see Table VI). Though, in principle, the expected 1σ error should be shown
by an error ellipse, here, it is shown by an error box as an approximation. The expected absolute 1σ errors at the other lepton colliders are
similar to those at ILC (see Table VI).

FIG. 5. The scatter plot in the Bðh0 → bsÞ-DEVðbÞ plane
obtained from the MSSM parameter scan described in Sec. III.
The blue horizontal line indicates the ILC250 + 500 + 1000
sensitivity to Bðh0 → bsÞ of ∼0.1% at 4σ signal significance. “X”
marks to the SM point.

8The expected upper bound on Bðh0 → bsÞ at FCC-ee is [39]:
Bðh0 → bsÞ < 4.5 × 10−4 (95% CL). The expected upper bound
on Bðh0 → bsÞ at CEPC is [40]: Bðh0 → bsÞ < 2.2 × 10−4

(95% CL).
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are similar to those at ILC (see Appendix B). It is important
to note that DEV(g) can be as large as ∼ − 7% as can be
seen in the contour plot of Fig. 11(c) in the following,
which corresponds to more than 5σ deviation from the SM
at ILC250 + 500 and ILC250 + 500 + 1000. We would see
this fact if we generate much more MSSM parameter points
in our parameter scan.
In Fig. 6(b), we show also the ATLAS and CMS data of

DEVðγÞ and DEV(g) at 95% CL obtained from the recent
ATLAS and CMS data of κγ and κg [33,34] by using the
relation DEVðXÞ ¼ κ2X −1. We see that both the SM and
the MSSM are allowed by the recent ATLAS and CMS data
and that the errors of the ATLAS and CMS data are too
large to distinguish the MSSM from the SM.

C. Contour plot analysis

1. Benchmark scenario

In order to see the relevant MSSM parameter depend-
ence of DEV(b), DEV(c), DEV(b/c), Bðh0 → bsÞ, DEVðγÞ,
DEV(g), and DEVðγ=gÞ in more detail, we take a reference
scenario P1 where we have sizable DEV(b), DEV(c), DEV
(b/c), Bðh0 → bsÞ, DEVðγÞ, DEV(g), and DEVðγ=gÞ
and then variate the relevant MSSM parameters around
this point P1. All MSSM input parameters for P1 are
shown in Table II, where one has DEVðcÞ ¼ −0.11,
DEVðbÞ ¼ −0.15, DEVðb=cÞ ¼ −0.042, Bðh0 → bsÞ ¼
0.040%, DEVðγÞ ¼ 0.011, DEVðgÞ ¼ −0.045 and

DEVðγ=gÞ ¼ 0.059. The scenario P1 satisfies all the
present experimental and theoretical constraints shown in
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.

FIG. 6. In (a), we show the scatter plot in the DEVðγÞ-DEVðgÞ plane obtained from the MSSM parameter scan described in
Sec. III. “X” marks the SM point. The green, blue, and brown boxes indicate the expected 1σ errors at ILC250, ILC250 + 500, and
ILC250 + 500 + 1000, respectively (see Table VI). Though, in principle, the expected 1σ error should be shown by an error ellipse, here
it is shown by an error box as an approximation since such 1σ error ellipse in the κγ-κg plane [and hence, in the DEVðγÞ-DEV(g) plane] is
not given in [20,21]. The expected absolute 1σ errors at the other lepton colliders are similar to those at ILC (see Table VI). We have
confirmed that all the constraints in Appendix A are satisfied at the MSSM parameter points corresponding to the two isolated points
with DEVðgÞ ∼�4% in (a). In (b), we show also the ATLAS and CMS data of DEVðγÞ and DEV(g) at 95% CL obtained from the recent
ATLAS and CMS data of κγ and κg [33,34] by using the relation DEV(X) = κ2X-1. The black, blue, and green “X” marks the SM point,
and the central values of the ATLAS and CMS data, respectively.

TABLE II. The MSSM parameters for the reference point P1
(in units of GeV or GeV2 except for tan β). All parameters are
defined at scale Q ¼ 1 TeV, except mA0ðpoleÞ. The parameters
that are not shown here are taken to be zero.

tan β M1 M2 M3 μ mA0ðpoleÞ
33 1660 765 4615 870 5325

M2
Q22 M2

Q33 M2
Q23 M2

U22 M2
U33 M2

U23

39752 31602 9202 34652 13002 7952

M2
D22 M2

D33 M2
D23 TU23 TU32 TU33

26202 24252 −16252 −2040 −1880 −4945

TD23 TD32 TD33 TE33

−2360 1670 −2395 −300

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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For the calculation of the masses and the mixings of the
sparticles and the MSSM Higgs bosons, 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 [27,28]. As for the effective mixing angle α in the CP
even neutral Higgs boson sector, we obtain α ¼ −0.0303
with H0¼ cosαð ffiffiffi

2
p

ReðH0
1Þ−v1Þþsinαð ffiffiffi

2
p

ReðH0
2Þ−v2Þ

and h0¼−sinαð ffiffiffi
2

p
ReðH0

1Þ−v1Þþcosαð ffiffiffi
2

p
ReðH0

2Þ−v2Þ.
We compute the coupling modifier κX by using DEVðXÞ ¼
κ2X − 1 [see Eq. (7)]. We obtain κb ¼ 0.922 (DEVðbÞ ¼
−0.15), κg ¼ 0.977 (DEVðgÞ ¼ −0.045), and κγ ¼ 1.005
(DEVðγÞ ¼ 0.011) in the scenario P1, which satisfy the
LHC data in Table V. For the other coupling modifiers, and
the invisible decay branching ratio Binv and the undetected
decay branching ratio Bund, see Appendix D.
Furthermore, we have confirmed that in all contour plots

shown below the red hatched regions (which include

always our reference point P1) satisfy all the constraints
in Appendix A and also all the expected sparticle mass
limits and (mA0 , tan β) limit from the negative search for the
sparticles and the MSSM Higgs bosons H0, A0, H� in the
future HL-LHC experiments [43–49]. In this confirmation,
we have used contour plots of all the sparticle masses in the
individual parameter plane.
Here, concerning the constraint from the negative

searches for the MSSM Higgs bosons at LHC, we remark
the following point: In all contour plots, mA0 is fixed to be
≃5.3 TeV and hence, mH0;A0;Hþ ≃ 5.3 TeV for which H0,
A0, Hþ are obviously too heavy to be produced at LHC
(13 TeV) and HL-LHC(14 TeV). Here, note that mH0 ≃
mA0 ≃mHþ in the decoupling Higgs limit in the MSSM.
Hence, the entire contour plot planes are allowed by the
negative search for the MSSM Higgs bosons H0, A0,H� at
LHC(13 TeV) and HL-LHC(14 TeV).

2. Contour plots for fermionic decays

In Fig. 7, we show contours of DEVðbÞ around
the benchmark point P1 in various parameter planes.
Figure 7(a) shows contours of DEVðbÞ in the TU23-TU32

plane. We see that jDEVðbÞj increases quickly with the
increase of jTU23j and jTU32j as expected. We also see that
it is large (−0.18≲ DEVðbÞ ≲ −0.13) respecting all the
constraints in a significant part of this parameter plane.
From Fig. 7(b), we see that DEVðbÞ is also sensitive to
TU33 and can be as large as ∼ − 0.18. As can be seen in
Fig. 7(c), DEVðbÞ is fairly sensitive to M2

U23, especially
for large jTU32j≳ 3 TeV, as expected, and is large
(−0.18≲ DEVðbÞ≲ −0.15) respecting all the constraints
in a significant part of this parameter plane.
As for the contours of DEVðbÞ around P1 in the planes

of down-type squark parameters TD23, TD32, TD33, and
M2

D23, we have found that DEVðbÞ is rather insensitive to
these parameters as expected: the weaker dependence of
DEV(b) on the down-type squark parameters such as TD23

than that on the up-type squark parameters such as TU23

stems from the fact that the d̃1;2;3-g̃ loops [Fig. 1(c)] are
less important than the ũ1;2;3-χ̃�1;2 loops [Fig. 1(b)] mainly
due to the small ReðH0

1Þ component of h0 in our
decoupling Higgs scenario, which suppresses the h0 −
d̃i − d̃j couplings.
As shown in Table VI, the expected absolute 1σ error of

DEVðbÞ measured at ILC is given by ΔDEVðbÞ ¼
ð1.7%; 1.1%; 0.9%Þ at (ILC250, ILC250 + 500, ILC250
+ 500 + 1000) and similar results are obtained for the future
lepton colliders other than ILC. Therefore, such large
deviation DEVðbÞ (∼ − 15% to −20%) in the sizable
region allowed by all the constraints (including the
expected sparticle and MSSM Higgs boson mass limits
from HL-LHC) as shown in Fig. 7 can be observed with
very high significance at the future lepton colliders such
as ILC.

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

781 882 911 1669 782 914

mh0 mH0 mA0 mHþ

124 5325 5325 5359

mg̃ mũ1 mũ2 mũ3 mũ4 mũ5 mũ6

4424 868 3011 3331 3877 4402 4402

md̃1
md̃2

md̃3
md̃4

md̃5
md̃6

1705 2833 3010 3877 4397 4403

mν̃1 mν̃2 mν̃3 ml̃1
ml̃2

ml̃3
ml̃4

ml̃5
ml̃6

1509 1509 1528 1489 1489 1509 1512 1512 1545

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 0.0001 −0.0190 −0.0959 0 0.0767 −0.9922
ũ2 −0.0283 −0.0736 0.9740 0 0.1978 −0.0775
ũ3 0.0088 0.0288 −0.1886 0 0.9771 0.0932

d̃L s̃L b̃L d̃R s̃R b̃R

d̃1 0 −0.0012 0.0099 0 0.6585 0.7525

d̃2 0 −0.0058 0.0448 0 −0.7521 0.6575

d̃3 −0.0018 −0.1183 0.9919 0 0.0274 −0.0373
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Just to show how the allowed parameter region is
affected by the change of the total theoretical error of
mh0 , we have drawnmh0 bound lines in the contour plots of
DEVs and Bðh0 → bsÞ in the hypothetical case that the
total theoretical error is �2 GeV instead of �3 GeV. As
can be seen in Figs. 7–8 and 10–12, the allowed parameter
region is only a little affected by the change of the total
theoretical error.
In Fig. 8, we show contour plots of DEVðcÞ around

the benchmark point P1 in various parameter planes.
Figure 8(a) shows contours of DEVðcÞ in the TU23-TU32

plane. We see that DEVðcÞ is sensitive to TU23 and TU32:
jDEVðcÞj quickly increases with the increase of TU23

and TU32 as expected [see Fig. 1(a) and the related

argument above]. We find also that DEVðcÞ is sizable
(−0.15≲ DEVðcÞ ≲ −0.05) respecting all the constraints
in a significant part of this parameter plane. From Fig. 8(b),
we see that DEVðcÞ is sensitive also to TU33, quickly
increases with the increase of jTU33j as expected, and it is
large (−0.20≲ DEVðcÞ ≲ −0.05) respecting all the con-
straints in a sizable part of this parameter plane. As can
be seen in Fig. 8(c), DEVðcÞ is sensitive to TU32 and
M2

U23 increasing with the increase of TU32 and M2
U23 as

expected and is quite large (−0.25≲ DEVðcÞ ≲ 0.1)
respecting all the constraints in a significant part of this
parameter plane. Note that DEVðcÞ is especially large for
the large product TU32 ×M2

U23ð< 0Þ. This is due to the
following reason:

FIG. 7. Contour plots of DEVðbÞ around the benchmark point P1 in the parameter planes of (a) TU23 − TU32, (b) TU23 − TU33, and
(c) TU32 −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 and also all the expected sparticle mass limits and (mA0 , tan β) limit at 95% CL
from a negative search for sparticles and the heavier MSSM Higgs bosons H0, A0, H� in the future HL-LHC experiments [43–49]. The
red solid lines, green dashed lines, green dotted lines, green dash-dotted lines, blue solid lines, blue dashed lines, and blue dash-dotted
lines show the mh0 bound, vacuum stability bound for TU23, TU32, TU33, Bðb → sγÞ bound, BðBs → μþμ−Þ bound, and mũ1 bound,
respectively. Just for reference, the red dash-dotted lines show the mh0 bounds for a hypothetical case that the total theoretical error is
�2 GeV instead of �3 GeV; i.e., the contours of mh0 (GeV) ¼ 125.09þ ð0.48þ 2Þ ¼ 127.57 and mh0ðGeVÞ ¼
125.09 − ð0.48þ 2Þ ¼ 122.61. We see that only a small part of the red hatched region is excluded by this hypothetical mh0 bounds.

FIG. 8. Contour plots of DEVðcÞ around the benchmark point P1 in the parameter planes of (a) TU23 − TU32, (b) TU23 − TU33,
and (c) TU32 −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 definitions of the red hatched regions and the bound lines are the same as those in Fig. 7.
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(i) The gluino loop contribution [Fig. 1(a)] to the decay
amplitude for h0 → cc̄ can be very large positive or
negative for a large value of the product TU32 ×M2

U23

since the leading gluino loop contribution is propor-
tional to the product TU32 ×M2

U23 in terms of the
mass-insertion (MI) approximation (see Fig. 9) [5].

(ii) Hence, the interference term between the tree dia-
gram and the gluino loop contribution of Fig. 1(a)
can be very large (positive or negative) for a large
value of the product TU32 ×M2

U23, which can lead to
even negative width Γðh0 → cc̄Þ at one-loop level.
In this case, the perturbation theory breaks down.

(iii) Therefore, in principle, the deviation of Γðh0 → cc̄Þ
from the SM value [DEVðcÞ] can be very large for a
large value of the product TU32 ×M2

U23.
As for the contours of DEVðcÞ around P1 in the planes of

down-type squark parameters TD23, TD32, TD33, and M2
D23,

we have found that DEVðcÞ is insensitive to these parameters
as expected: the main MSSM 1-loop corrections to Γðh0 →
cc̄Þ stem from ũ1;2;3-g̃ loops [see Fig. 1(a)], which do not
involve the down-type squark parameters. As shown in
Table VI, the expected absolute 1σ error of DEVðcÞ
measured at ILC is given by ΔDEVðcÞ ¼ (3.6%, 2.4%,
1.8%) at (ILC250, ILC250 + 500, ILC250 + 500 + 1000) and
similar results are obtained for the future lepton colliders
other than ILC. Hence, such large deviation DEVðcÞ
(∼þ 10% to −25%) in the sizable region allowed by all
the constraints (including the expected sparticle mass limits
fromHL-LHC) as shown in Fig. 8 can be observed with very
high significance at the future lepton colliders such as ILC.
In Fig. 10, we show contours of Bðh0 → bsÞ around

the benchmark point P1 in various parameter planes.
Figure 10(a) shows contours of Bðh0 → bsÞ in the
TU23-TU32 plane. We see that Bðh0 → bsÞ is sensitive to
both TU23 and TU32, increases with the increase of jTU23j
and jTU32j, as expected [see Fig. 1(b)], and can be as large
as about 0.00045 in the allowed region. From Fig. 10(b),
we see that Bðh0 → bsÞ is also sensitive to TU33, increases
with the increase of jTU33j, as expected, and can be as large
as about 0.0006 in the allowed region. From Fig. 10(c),
we find thatBðh0 → bsÞ is also sensitive to tan β as expected

and can be as large as about 0.0015 in the allowed region.
We also see that it is sizable [0.00025≲ Bðh0 → bsÞ≲
0.0015] respecting all the constraints in a significant part
of this parameter plane. FromFig. 10(d), we see thatBðh0 →
bsÞ is sensitive to bothTD23 andTD32 (being the s̃R − b̃L and
s̃L − b̃R mixing parameter, respectively), increases with the
increase of jTD23j and jTD32j (with TD23 × TD32 < 0), as
expected, and can reach 0.001 in the allowed region.
The 4σ signal significance sensitivity to Bðh0 → bsÞ of

ILC250 + 500 + 1000 is Bðh0 → bsÞ ¼ 0.001 as mentioned
above. Hence, such large Bðh0 → bsÞ (∼0.001 to 0.0015) in
the region allowed by all the constraints (including the
expected sparticle mass limits from HL-LHC) as shown in
Fig. 10 can be observed at ILC with high significance.

3. Contour plots for bosonic decays

In Fig. 11, we show contour plots of DEVðgÞ around
the benchmark point P1 in various parameter planes.
Figure 11(a) shows contours of DEVðgÞ in the TU23-TU32

plane. We see that DEVðgÞ is fairly sensitive to TU23 and
TU32 as expected [see Fig. 2(a) and the related argument
above]. It is sizable (−0.05≲ DEVðgÞ≲ −0.044) in the
allowed region. From Fig. 11(b), we see that DEVðgÞ is also
sensitive to TU33 increasing quickly with the increase of
jTU33j as expected. As can be seen in Fig. 11(c), DEVðgÞ is
sensitive to M2

U23 increasing with the increase of jM2
U23j as

expected from decreasingmũ1 for increasing jM2
U23j, and it is

sizable (−0.07≲ DEVðgÞ≲ −0.045) in the allowed region.
As for the contours of DEVðgÞ around P1 in the planes of

the down-type squark parameters TD23, TD32, TD33, and
M2

D23, we have found that DEVðgÞ is insensitive to these
parameters as expected.
As shown in Table VI, the expected absolute 1σ error of

DEVðgÞ measured at ILC is given by ΔDEVðgÞ ¼ (1.8%,
1.4%, 1.1%) at (ILC250, ILC250 + 500, ILC250 + 500 +
1000), and similar results are obtained for the future lepton
colliders other than ILC. Hence, such large deviation
DEVðgÞ (∼ −4% to −7%) in the sizable region allowed
by all the constraints (including the expected sparticle
mass limits from HL-LHC) as shown in Fig. 11 can be
observed with high significance at the future lepton
colliders such as ILC.
As for contour plots of DEVðγÞ around the benchmark

point P1, we have found that the tendency of them is similar
to that of DEVðgÞ, except the overall normalization and
sign. This is due to the fact that, as can be seen in Fig. 6(a),
for any MSSM parameter point, approximately we have
(see Ref. [6] also)

DEVðγÞ ∼ −
1

4
DEVðgÞ: ð10Þ

In Fig. 12, we show contour plots of DEVðγ=gÞ around
the benchmark point P1 in various parameter planes.
Figure 12(a) shows contours of DEVðγ=gÞ in the

FIG. 9. The leading gluino loop contribution to the decay
amplitude for h0 → cc̄ in terms of the MI approximation.
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FIG. 11. Contour plots of DEVðgÞ around the benchmark point P1 in the parameter planes of (a) TU23 − TU32, (b) TU23 − TU33, and
(c) TU32 −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
definitions of the red hatched regions and the bound lines are the same as those in Fig. 7.

FIG. 10. Contour plots of Bðh0 → bsÞ around the benchmark point P1 in the parameter planes of (a) TU23 − TU32, (b) TU23 − TU33,
(c) TU32 − tan β, and (d) TD23 − TD32. The parameters other than the shown ones in each plane are fixed as in Table II. The “X”marks P1
in the plots. Note that 4σ signal significance sensitivity to Bðh0 → bsÞ of ILC250 + 500 + 1000 is Bðh0 → bsÞ ¼ 0.001. The definitions
of the red hatched regions and the bound lines are the same as those in Fig. 7. In addition to these the blue dotted lines, the red dashed
lines and red dotted lines show the ΔMBs

bound, and the vacuum stability bound for TD23 and TD32, respectively. In Figs. 10(a)–10(c),
we see that only a small part of the red hatched region is excluded by the hypotheticalmh0 bounds mentioned in Fig. 7. The entire region
of Fig. 10(d) is allowed by the hypothetical mh0 bounds.

IMPACT OF QUARK FLAVOR VIOLATING SUSY ON hð125Þ … PHYS. REV. D 113, 015011 (2026)

015011-13



TU23-TU32 plane. We see that DEVðγ=gÞ is fairly sensitive
to TU23 and TU32 as expected (see Fig. 2 and the related
argument above). It is sizable (0.06≲ DEVðγ=gÞ≲ 0.07)
in the allowed region. From Fig. 12(b), we see that
DEVðγ=gÞ is also sensitive to TU33, quickly increases with
increase of jTU33j as expected. As can be seen in Fig. 12(c),
DEVðγ=gÞ is also sensitive to M2

U23 increasing with the
increase of jM2

U23j as expected from decreasing mũ1 for
increasing jM2

U23j, and it is large (0.06≲ DEVðγ=gÞ≲
0.09) in the allowed region. As for the contours of
DEVðγ=gÞ around P1 in the planes of down-type squark
parameters TD23, TD32, TD33, andM2

D23, we have found that
DEVðγ=gÞ is insensitive to these parameters as expected.
As shown in Table VI, the expected absolute 1σ error of

DEVðγ=gÞ measured at ILC is given by ΔDEVðγ=gÞ ¼
(3.3%, 2.8%, 2.3%) at (ILC250, ILC250 + 500, ILC250 +
500 + 1000), and similar results are obtained for the future
lepton colliders other than ILC. Therefore, such a large
deviation DEVðγ=gÞ (∼þ 6% to þ9%) in the sizable
region allowed by all the constraints (including the
expected sparticle mass limits from HL-LHC) as shown
in Fig. 12 can be observed with fairly high significance at
the future lepton colliders such as ILC.

D. Theoretical errors of the
MSSM prediction for DEVs

Before closing this section, we comment briefly on the
theoretical error of the MSSM prediction DEVðXÞMSSM.
We find that, in general, the theoretical error of the MSSM
prediction DEVðXÞMSSM tends to be significantly small
compared with the expected experimental error of the DEV
(X) measured at the future lepton colliders [4,6]. The
theoretical error of the MSSM prediction DEVðXÞMSSM
comes from two sources. One is the parametric uncertainty,
and the other is the renormalization scale-dependence
uncertainty. The former is due to the errors of the SM

input parameters, such as αMS
s ðmZÞ and the latter is due

to unknown higher order corrections. The main reason
of this tendency is as follows: the theoretical errors
(the parametric errors and the scale-dependence errors)
of ΓðXÞMSSM and ΓðXÞSM significantly cancel out in
the ratio ΓðXÞMSSM=ΓðXÞSM in the MSSM prediction
DEVðXÞMSSM ¼ ΓðXÞMSSM=ΓðXÞSM − 1, resulting in a
significantly small theoretical error of DEVðXÞMSSM.
Here, note that we compute the SM widths ΓðXÞSM by
taking the decoupling SUSY/Higgs limit of the MSSM
width ΓðXÞMSSM.
For example, as for theMSSMprediction DEVðgÞMSSM at

the benchmark point P1, by using the theoretical error
estimation method described in [6], we find that the para-
metric absolute 1σ error is 0.073% and the scale-dependence
absolute error is 0.080%. Hence, we find the total theoretical
absolute 1σ error of theMSSMprediction of DEV(g) at P1 is
0.153% (= 0.073% + 0.080%) by adding the parametric
absolute 1σ error to the scale-dependence absolute error
linearly. On the other hand, the expected experimental
absolute 1σ error of DEV(g) is 1.8%, 1.4%, 1.1% at
ILC250, ILC250 + 500, ILC250 + 500 + 1000 together
with HL-LHC, respectively (see Table VI). Therefore, we
find that indeed the theoretical error of theMSSMprediction
of DEV(g) is significantly small compared with the expected
experimental error of DEV(g) measured at the future lepton
colliders such as ILC.

V. SUMMARY AND CONCLUSION

We have studied the decays h0ð125Þ → cc̄; bb̄; bs̄; γγ; gg
in the MSSM with general QFV due to squark generation
mixings. In strong contrast to the usual studies in the
MSSM with minimal flavor violation, we have found that
the deviations of these MSSM decay widths from the SM
values can be quite sizable. For the first time, we have
performed a systematic MSSM parameter scan for these

FIG. 12. Contour plots of DEVðγ=gÞ around the benchmark point P1 in the parameter planes of (a) TU23 − TU32, (b) TU23 − TU33, and
(c) TU32 −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
definitions of the red hatched regions and the bound lines are the same as those in Fig. 7.
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decay widths respecting all relevant theoretical and exper-
imental constraints. From the parameter scan, we have
found the following:
(1) DEV(c) and DEV(b) can be very large simultane-

ously: DEV(c) can be as large as ∼� 60%, and
DEV(b) can be as large as ∼� 20% (see Fig. 3).

(2) DEV(b/c) can exceed ∼þ 100% (see Fig. 4).
(3) Bðh0 → bsÞ can be as sizable as ∼0.15% exceeding

the ILC250 + 500 + 1000 sensitivity of ∼0.1% at 4σ
signal significance [see Fig. 10(c)].

(4) DEVðγÞ and DEV(g) can be sizable simultaneously:
DEVðγÞ can become ∼� 1%, and DEV(g) can be as
large as ∼þ 4% and ∼ − 7% [see Figs. 6 and 11(c)].

(5) DEVðγ=gÞ can be as large as ∼þ 9% [see
Fig. 12(c)].

(6) There are significant correlations among these DEVs
and Bðh0 → bsÞ:
(a) There is a very strong correlation between DEV

(b/c) and DEV(c) [see Fig. 4(a)].
(b) There is a significant correlation between

Bðh0 → bsÞ and DEV(b) (see Fig. 5).
(c) There is a very strong correlation between

DEVðγÞ and DEV(g). This correlation is due
to the fact that the ũ1;2;3-loop contributions
dominate in the two DEVs (see Fig. 6).

(7) We have pointed out that the experimental meas-
urement uncertainties as well as the MSSM pre-
diction uncertainties tend to cancel out significantly
in the width ratios, making the measurement of these
width ratios a very sensitive probe of virtual SUSY
loop effects in these h0 decays at future lepton
colliders.

(8) All of these sizable deviations in the h0 decays are
due to (i) large scharm-stop mixing and large scharm/
stop involved trilinear couplings TU23; TU32; TU33,
(ii) large sstrange-sbottom mixing and large sstrange/
sbottom involved trilinear couplings TD23; TD32;
TD33, and (iii) large bottom Yukawa coupling Yb
for large tan β and large top Yukawa coupling Yt.

Such sizable deviations from the SM can be observed at
high signal significance in future lepton colliders such as
ILC, CLIC, CEPC, FCC-ee, and MuC even after the failure
of SUSY particle discovery at the HL-LHC. In case the
deviation pattern shown here is really observed at the lepton
colliders, then it would strongly suggest the discovery of
QFV SUSY (the MSSM with general QFV).
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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 [61].
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 [59] and adding the theoretical uncer-
tainty of ∼� 3 GeV [60] linearly to the experimental
uncertainty at 2σ, we take mh0 ¼ 125.09� 3.48 GeV.
Here, we remark that the uncertainty of ∼� 3 GeV is
the intrinsic theoretical error due to unknown higher-order
corrections (i.e., the error due to renormalization scheme/
scale dependence). It is well known that the parametric
uncertainties due to the experimental errors of the SM input
parameters [such as mt, αsðmZÞ, …] are also important
[62,63]. The dominant source of the parametric uncertain-
ties is the experimental error of the top quark mass mt [63]
since the radiative corrected mh0 is very sensitive to mt in
the MSSM. Therefore, the total theoretical error given by
the sum of the intrinsic theoretical error and the parametric
errors should be significantly larger than �3 GeV. Here,
we take �3 GeV as the total theoretical error, conserva-
tively. It is important to note that the parametric errors,
especially that due to experimental error of the top quark
mass, remain to be significant even if the intrinsic theo-
retical error is improved to be very small.
The h0 couplings that receive SUSY QFVeffects signifi-

cantly are gðhbbÞ [5], gðhccÞ [4], gðhggÞ, and gðhγγÞ [6].9
The measurement of gðhccÞ is very difficult due to the huge
QCD background at LHC; there is no significant experi-
mental data on gðhccÞ at this time. Hence, the relevant h0

couplings to be compared with the LHC observations are
gðhbbÞ, gðhggÞ, and gðhγγÞ. Therefore, we list the LHC data
on gðhbbÞ (κb), gðhggÞ (κg), and gðhγγÞ (κγ) in Table V.
As the constraints from the decays B → Dð�Þτν are

unclear due to large theoretical uncertainties [4],10 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 are not yet settled
[66], we do not take the constraints from these ratios into
account either. Note that the possible related anomaly of

9Precisely speaking, in principle, gðhttÞ coupling could also
receive SUSY QFVeffects significantly. However, predicting the
effective coupling gðhttÞ at loop levels in the MSSM is very
difficult since its theoretical definition in the context of tt̄h
production at LHC is unclear [64].

10As pointed out in [65], 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 hadronic 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.
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RKð�Þ ¼ BðB → Kð�Þeþe−Þ=BðB → Kð�Þμþμ−Þ is gone
away now [67].
In [26], the QFV decays t → qh0 with q ¼ u, c, have

been studied in the MSSM with general 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 → qh0), giving no significant constraint on the
c̃ − t̃ and s̃ − b̃ mixings.
In [68], the QFV decay branching ratio BðZ0 → bsÞ≡

BðZ0 → bs̄Þ þ BðZ0 → b̄sÞ was studied in the MSSMwith
general QFV. It was shown that the current best exper-
imental upper limit on BðZ0 → bsÞ gives no significant
constraint on the s̃ − b̃ and c̃ − t̃ mixings.11

We comment on the recent data on the anomalous
magnetic moment of the muon aμ from the Fermilab
experiment [70]. The Fermilab data result in 5.0σ discrep-
ancy between the experimental data and the SM prediction
[71].12 In our scenario with heavy sleptons/sneutrinos with
masses of about 1.5 TeV, the MSSM loop contributions to
aμ are so small that they can not 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.
We also comment on the recent W boson mass data from

CDF II [75], which is about þ7σ away from the SM
prediction. However, the CDF II data disagree significantly
with the world average of the mW data from the other
experiments [69].13 This issue of the mW data is not yet
settled. Hence, we do not take into account this mW
constraint on the MSSM parameters in our analysis.
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)

[80–84]:
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 eightfold degenerate first

two generation squark masses are excluded below
1.92 TeV for mχ̃0

1
< 0.9 TeV. There is no limit on

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 Experimental data Theoretical uncertainty Constraint (95% CL)

103 × jϵK j 2.228� 0.011 (68% CL) [25] �0.28 (68% CL) [50] 2.228� 0.549

1015 × ΔMK [GeV] 3.484� 0.006 (68% CL) [25] �1.2 (68% CL) [50] 3.484� 2.352

109 × BðK0
L → π0νν̄Þ <3.0 (90% CL) [25] �0.002 (68% CL) [25] <3.0 (90% CL)

1010 × BðKþ → πþνν̄Þ 1.7� 1.1 (68% CL) [25] �0.04 (68% CL) [25] 1.7þ2.16
−1.70

ΔMBs
[ps−1] 17.757� 0.021 (68% CL) [25,51] �2.7 (68% CL) [52] 17.757� 5.29

104 × Bðb → sγÞ 3.32� 0.15 (68% CL) [25,51] �0.23 (68% CL) [53] 3.32� 0.54

106 × Bðb → slþl−Þ 1.60þ0.48
−0.45 (68% CL) [54] �0.11 (68% CL) [55] 1.60þ0.97

−0.91
(l ¼ e or μ)

109 × BðBs → μþμ−Þ 2.69þ0.37
−0.35 (68% CL) [56] �0.23 (68% CL) [57] 2.69þ0.85

−0.82

104 × BðBþ → τþνÞ 1.06� 0.19 (68% CL) [51] �0.29 (68% CL) [58] 1.06� 0.69

mh0 [GeV] 125.09� 0.24ð68%CLÞ [59] �3 [60] 125.09� 3.48
κb 0.89þ0.22

−0.21 ð95%CLÞ [33] 0.89þ0.22
−0.21 (ATLAS)

0.99þ0.33
−0.31 ð95%CLÞ [34] 0.99þ0.33

−0.31 (CMS)

κg 0.95þ0.14
−0.13 ð95%CLÞ [33] 0.95þ0.14

−0.13 (ATLAS)

0.92� 0.16ð95%CLÞ [34] 0.92� 0.16 (CMS)
κγ 1.01� 0.12ð95%CLÞ [33] 1.01� 0.12 (ATLAS)

1.10� 0.16ð95%CLÞ [34] 1.10� 0.16 (CMS)

11Note that no experimental upper limit on BðZ0 → bsÞ is
listed in PDG2022 [69].

12On the other hand, Refs. [72–74] point to agreement of the
SM prediction with the current experimental data.

13We remark the caveats from Refs. [76,77]: According to the
PDG prescription, the new “scale-factored” world average of mW
data including the CDF II data is þ3.2σ off the SM value used
by CDF II. We also note that the new improved ATLAS mW
data [78] is consistent with their old data [79] and the previous
world average [69].
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themasses formχ̃0
1
> 0.9 TeV.We impose this squark

mass limit onmũ3 andmd̃3
. Bottom-squarkmasses are

excluded below 1.26 TeV formχ̃0
1
< 0.73 TeV. There

is no bottom-squark mass limit for mχ̃0
1
> 0.73 TeV.

Here, the bottom-squark mass means the lighter
sbottom massmb̃1

. We impose this limit onmd̃1
since

d̃1 ∼ b̃R (see Table IV). A typical top-squark mass
lower limit is ∼1.26 TeV formχ̃0

1
< 0.62 TeV. There

is no top-squark mass limit for mχ̃0
1
> 0.62 TeV.

Here, the top-squark mass means the lighter stop
mass mt̃1 . We impose this limit on mũ1 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/sneutrinos lighter than

χ̃�1 and χ̃02, the mass limits are mχ̃�
1
; mχ̃0

2
> 1.15 TeV

for mχ̃0
1
≲ 0.72 TeV, and there is no mχ̃�

1
, mχ̃0

2
limits

for mχ̃0
1
> 0.72 TeV. For mass degenerate selec-

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

1
< 0.41 TeV. For mass degen-

erate staus τ̃L and τ̃R, masses below 0.39 TeV
are excluded for mχ̃0

1
< 0.14 TeV. There is no

sneutrino ν̃ mass limit from LHC yet. Sneutrino
masses below 94 GeV are excluded by LEP200
experiment [25].

(ii) The constraint on (mA0;Hþ ; tan β) (at 95% CL) from
the negative searches for theMSSMHiggs bosonsH0,
A0, andHþ at LHC [85–95], whereH0 is the heavier
CP-even neutral Higgs boson and Hþ is the charged
Higgs boson: The (mA0;Hþ ; tan β) limit from the
negative search for the heavier MSSM Higgs bosons
H0, A0, and Hþ at LHC depends on the MSSM
scenarios (such as hMSSM scenario, M125

h scenario,
…). However, from [85–95], we find that in general
the (mA0;Hþ ; tan β) limits of ATLAS/CMS are rather
insensitive to the choice of the MSSM scenarios.
Here, note that mH0 ≃mA0 ≃mHþ in the decoupling
Higgs scenarios as ours. From ATLAS/CMS data
[85–95], especially [93], we find that the (mA0 ; tan β)
limit from the negative search for the decayH0=A0→
τþτ− [as shown in Fig. 2(c) of [85] ] is most important
for tan β > 10. The (mA0 ; tan β) limit (at 95% CL)
shown in Fig. 2(c) of [85] is the strongest for tan β >
10 among those obtained in [85–95]. Therefore, we
take and respect this strongest (mA0 ; tan β) limit in our
parameter scan analysis for tan β > 10.

(iii) The experimental limit on SUSY contributions on the
electroweak ρ parameter [96]: ΔρðSUSYÞ < 0.0012.

Furthermore, we impose the following theoretical
constraints from the vacuum stability conditions for the
trilinear coupling matrices [97]:

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
1 ¼

ðm2
Hþ þm2

Z sin
2 θWÞ sin2 β − 1

2
m2

Z, m2
2 ¼ ðm2

Hþ þm2
Z ×

sin2 θWÞ cos2 β − 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 para-
meters 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 [25].

APPENDIX B: EXPECTED EXPERIMENTAL
ERRORS OF THE DEVIATIONS DEVS AND THE
EFFECTIVE HIGGS COUPLINGS AT FUTURE

LEPTON COLLIDERS

Here, we summarize expected experimental absolute 1σ
errors of the deviations DEV(X) and DEV(X/Y) measured
at future lepton colliders.
According to Eq. (7), the expected absolute 1σ error of

the relative deviation DEV(X) denoted by ΔDEVðXÞ is
related with the expected relative 1σ error of the effective
coupling gðh0XXÞ denoted by δgðh0XXÞ as follows:

ΔDEVðXÞ ≃ 2δgðh0XXÞ: ðB1Þ

In Table VI, we show the expected absolute 1σ errors of the
measured deviations DEV(X) and DEV(X/Y) denoted
by ΔDEVðXÞ and ΔDEVðX=YÞ at future lepton colliders.
The errors ΔDEVðXÞ are obtained by using Eq. (B1) and
the expected relative 1σ error of the effective coupling
δgðh0XXÞ given in Table 29 of Ref. [21].14 The errors
ΔDEVðX=YÞ are obtained according to Ref. [98].

14The expected relative 1σ errors of the effective couplings
δgðh0XXÞ given in Table 7 of Ref. [20] are similar to those given
in Table 29 of Ref. [21].
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APPENDIX C: ILC SENSITIVITY TO THE
BRANCHING RATIO Bðh0 → bsÞ

The setup conditions for this ILC sensitivity are as
follows [37]:
(1) The signal is the QFV decay h0 → bq̄ and h0 → b̄q

with the light quark q ¼ d=s. The dominant back-
ground is the QFC decay h0 → bb̄, where either b jet
or b̄ jet is misidentified as a light quark-jet (a q jet).
We consider the case Bðh0 → bqÞ≡ Bðh0 → bq̄Þ þ
Bðh0 → b̄qÞ ¼ 0.1% and take Bðh0 → bb̄Þ ¼ 58%.

(2) As for the efficiencies, the followings are assumed:
The optimal b-tagging efficiency for a b jet, ϵb=b
is ∼94%. The q-tagging efficiency for a q jet, ϵq=q is
∼90%. The q-tagging efficiency for a b jet, ϵq=b
is ∼6%. The b-tagging efficiency for a q jet, ϵb=q
is ∼10%. The efficiency of other selection cuts, ϵother
is assumed to be around 70%, such as that from
Higgs mass cut, Z mass cut, angular cuts, etc., which
would be needed to suppress background events
other than h0 → bb̄. This 70% efficiency would be
common for the signal h0 → bq and the dominant
background h0 → bb̄.

(3) Regarding the amount of accumulated data at ILC,
the specifications of the H-20 scenario [99] (see also
[21,100]) are adopted basically;
(a) ILC250 stage; The total number of h0 produc-

tion events Nh0
tot is assumed to be ∼0.5 × 106, for

which the expected significance of the signal
h0 → bq, σsig is ∼2σ in case Bðh0→bqÞ¼
0.1%: σsig¼Nsig=

ffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffi
NsigþNbg

p
∼2, whereNsig ¼

Nh0
tot · Bðh0 → bqÞ · ϵb=b · ϵq=q · ϵother ∼ 300 and

Nbg ¼ Nh0
tot · Bðh0 → bb̄Þ · 2 · ϵb=b · ϵq=b · ϵother∼

23000.
Alternatively, one can say that the expected

upper bound on the branching ratio of the QFV
decay, h0 → b d=s, at 95% CL, is 0.1%: Bðh0 →
b d=sÞ < 0.1% (95% CL) at ILC250.

(b) ILC250 + 500 stage; The total number of h0

production events Nh0
tot is increased from

∼0.5 × 106 to ∼1.1 × 106, for which the ex-
pected significance of the signal h0 → bq, σsig is
∼3σ in case Bðh0 → bqÞ ¼ 0.1%.

(c) ILC250 + 500 + 1000 stage; The total number
of h0 production events Nh0

tot is further increased
from ∼1.1 × 106 to ∼2.3 × 106, for which the
expected significance of the signal h0 → bq, σsig
is ∼4σ in case Bðh0 → bqÞ ¼ 0.1%.

APPENDIX D: COUPLING MODIFIERS
κX, Binv, and Bund

Here, we show that the leading-order (LO) coupling
modifiers κX (X ¼ W, Z, t, τ, μ, Zγ), Binv and Bund at the
benchmark scenario P1 satisfy the corresponding LHC data
[33,34]. In Table VII, we show the LO coupling modifiers

TABLE VI. The expected absolute 1σ error of the deviations DEV(X) and DEV(X/Y) [denoted byΔDEVðXÞ and
ΔDEVðX=YÞ] measured at future lepton colliders: ILC-I = ILC250 + Giga-Z, ILC-II = ILC250 + 500 + Giga-Z,
ILC-III = ILC250 + 500 + 1000 + Giga-Z; CLIC-I = CLIC380, CLIC-II = CLIC380 + 1500, CLIC-III = CLIC380 +
1500 + 3000; FCC-ee I = FCC-ee240 + Z/WW, FCC-ee II = FCC-ee240 + 365 + Z/WW; CEPC-I = CEPC240 + Z/
WW, CEPC-II = CEPC240 + 360 + Z/WW; MuC-I = MuC3 TeV, MuC-II = MuC10 TeV, MuC-III = MuC10 TeV +
125 GeV. As for ILC, the results without Giga-Z run are almost identical to those with Giga-Z one. The Z/WW
denote Z-pole and WW threshold runs. All results except for MuC-I and MuC-II are those from the free-ΓH fit and
the results for MuC-I and MuC-II are those from the constrained-ΓH fit, where ΓH is the total width of the Higgs
boson h0. The details of run scenarios of the lepton colliders are explained in Ref. [21]. The HL-LHC and LEP/SLD
measurements are combined with all lepton collider run scenarios.

ILC-I ILC-II ILC-III CLIC-I CLIC-II CLIC-III

ΔDEVðbÞ 1.7% 1.1% 0.9% 2.2% 1.2% 1.1%
ΔDEVðcÞ 3.6% 2.4% 1.8% 8.6% 3.8% 3.0%
ΔDEVðγÞ 2.4% 2.2% 2.0% 2.6% 2.4% 2.2%
ΔDEVðgÞ 1.8% 1.4% 1.1% 2.2% 1.6% 1.4%
ΔDEVðb=cÞ 3.1% 2.1% 1.3% 8.2% 3.5% 2.5%
ΔDEVðγ=gÞ 3.3% 2.8% 2.3% 3.4% 3.1% 2.6%

FCC-ee I FCC-ee II CEPC-I CEPC-II MuC-I MuC-II MuC-III

ΔDEVðbÞ 1.3% 1.2% 0.86% 0.84% 1.8% 0.92% 1.1%
ΔDEVðcÞ 2.8% 2.6% 2.4% 2.2% 12.4% 3.8% 3.6%
ΔDEVðγÞ 2.4% 2.2% 1.8% 1.8% 2.4% 1.4% 1.5%
ΔDEVðgÞ 1.5% 1.4% 0.9% 0.88% 1.7% 0.92% 1.0%
ΔDEVðb=cÞ 2.2% 2.1% 2.0% 1.9% 11.9% 3.5% 3.4%
ΔDEVðγ=gÞ 3.0% 2.9% 2.1% 2.0% 3.2% 1.6% 1.6%
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κX (X ¼ W, Z, t, τ, μ, Zγ), Binv and Bund at P1 and the
corresponding ATLAS/CMS data at 95% CL [33,34].
We compute the LO κX (X ¼ W, Z, t, τ, μ) using the LO

formulas given in [101,102], in which we input α and β
values at P1: α ¼ −0.03034721 and β ¼ tan−1ð33Þ ¼
1.54050257; e.g., κW ¼ κZ¼ sinðβ−αÞ¼ sinð1.54050257−
ð−0.03034721ÞÞ¼0.99999999857. We compute the LO
κZγ at P1 using our own Fortran code [103].15 We compute

the LO Binv and Bund at P1 using the public code SPheno v3.3.8

[27,28].16 From Table VII, we find that the LO coupling
modifiers κX (X ¼ W, Z, t, τ, μ, Zγ), Binv and Bund at P1
satisfy the corresponding LHC data at 95% CL [33,34].
Similarly, we have confirmed that the LO coupling

modifiers κX (X ¼ W, Z, t, τ, μ, Zγ), Binv and Bund at
all the survival points in our MSSM parameter scan satisfy
the corresponding LHC data at 95% CL [33,34].
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