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We study supersymmetric (SUSY) effects on C;(u,) and C4(u,) which are the Wilson coefficients
(WCs) for b — sy at b-quark mass scale u;, and are closely related to radiative B-meson decays. The SUSY-
loop contributions to C;(y;,) and C;(u,) 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 C;(u,,) and C%(u;) 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 Re(C;(u;)) can be as large as
~ =+ 0.05, which could correspond to about 3¢ significance of New Physics (NP) signal in the future LHCb
and Belle II experiments. (2) The MSSM contribution to Re(C%(u;)) can be as large as ~ — 0.08, which
could correspond to about 4¢ 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 7’53, T3, and T'y33, (ii) large sstrange-sbottom mixing and large
sstrange-sbottom involved trilinear couplings 7'p,3, T p3, and T'p33 and (iii) large bottom Yukawa coupling
Y, for large tan # and large top Yukawa coupling Y,. 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

Ch(up) and CYSSM(y,) 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.
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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 C;(u;) and
C%(up,) which are the Wilson coefficients (WCs) for the
quark flavor changing transition b — sy at the b-quark
mass scale u,. They are closely related to radiative B-
meson decays. We calculate the SUSY-loop contributions
to C7(up) and C(uy,) 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 C;(u;,) and C%(p;,)
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 C;(u;,) and C%(py) even at LO
in the MSSM with general QFV." 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 C(p;,)
and C}(sy).

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
¢, g1y g and 3, p-b;  mixing terms, where ¢, 7, 5 and b 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 & g-7; g and §, g-b; x mixings on the
WCs Cq(up) and C;(up).

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 70 is the lightest SUSY
particle (LSP). We work in the MSSM with 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. IIL
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 §o, = (G11421-G31+1r>G2r

Z3r), 7 = 1....6, with (¢1.¢2.q3) = (u, c.1), (d.s.b), the
up-type and down-type squark mass matrices M%, q=1i,d,
at the SUSY scale have the following most general 3 x 3
block form [22]:

"To our knowledge, there is no complete next to leading order
(NLO) computation of WCs C5(u;,) and C% (y1;,) in the MSSM with
general QFV in the present literature. In [21] gluino-squark loop
contributions to the WCs C g (uy ) and C, ¢(uyy) at the weak scale
uy are calculated at NLO of SUSY-QCD in the MSSM with
general QFV. However, they did not perform a complete NLO
computation of C7(u,) and C% (u;,). Here we remark thatin [13,14]
the charged Higgs boson loop contributions to the WCs C; g(uyy)
and C;(u,) are calculated at NLO of QCD in the 2HDMs.

M2 =

q

(MqLL MqLR) ~
MqRL MqRR ’

Non-zero off-diagonal terms of the 3 x 3 blocks M%/,LL’
M g» M3 g and M., 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

2 —_ A2 - D
Ma(a).LL - M "" D”(d) 1+ My ay
My rr = M%J(D) + Dy rel + 75 ) (2)

where My = VexuMb Vi, My, =M%, My p are the
Hermitian soft SUSY-breaking mass matrices of the
squarks, Dy 11, Dya e are the D-terms, and 7, g
are the diagonal mass matrices of the up(down)-type
quarks. Mg, is related with Mg by the CKM matrix

Vekm due to the SU(2), symmetry. The left-right and
right-left blocks of Eq. (1) are given by

2 _ 2%
Mu(&),RL - Ma(a),LR

(1)
pu— T — *
\/§ U(D) M

where T, p are the soft SUSY-breaking trilinear coupling
matrices of the up-type and down-type squarks entering the
Lagrangian Liy D —(Tyapitgyits sHS + Tpapdi.disHY), p

is the higgsino mass parameter, and tanf = v,/v; with

ty(q) cot f(tan B), (3)

15 = V2(HY,). The squark mass matrices are diagonal-
ized by the 6 x 6 unitary matrices Ui, q =1, EZ, such that

UIMZ(U?)" = diag(mZ , ..., m2 ), (4)

with m, <.

a <m~

The physical mass eigenstates

g;,i =1,...,6 are given by g; = Ulaq()a
In this paper we focus on the ¢, — i, Cp —Tg, Cp — 11,
. —1r, 5, — by, 5g — bg, g — by, and 5, — by mixing

Wthh is described by the QFV parameters M> 0,23 = MZQB,
M3y Tuass Tusas Mz, My, Tpos and Tpy, respec-
tively. We will also often refer to the QFC parameter 7’33
and Tps; which induces the 7, — g and b, — by 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 V.

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 H° mass and coupling data and electroweak precision
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TABLE 1. Scanned ranges and fixed values of the MSSM parameters (in units of GeV or GeV?, except for tan 3). The parameters that
are not shown explicitly are taken to be zero. M ;3 are the U(1), SU(2), SU(3) gaugino mass parameters.

tan M, M, M, u m 4 (pole)
10+ 80 100 = 2500 100 = 2500 2500 + 5000 100 = 2500 1350 = 6000
MZsz M2Q33 |M2Qz3| M, M3 | M7,
25002 = 40002 25002 = 40002 <1000? 10002 = 40002 6002 = 30002 <2000?
My, M3 |M353 T3] 1Ty | T y3s]
25002 = 40002 10002 = 30007 <2000? <4000 <4000 <5000

|7 D23 | p32 | T b33 |7 £33

<3000 <3000 <4000 <500

MZQI 1 M%/l 1 M%)l 1 M%l 1 M%ZZ M%ﬂ% M%l 1 M%?ZZ M%3'3
45002 45002 450072 15002 15002 150072 15002 15002 15002

data, as well as limits on SUSY particle masses from
recent LHC experiments (see Appendix A). Here H is the
discovered SM-like Higgs boson which we identify as the
lightest CP even neutral Higgs boson A° 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 = 1 TeV, except my(pole)
which is the pole mass of the CP odd Higgs boson A°. 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 # > 10 and large m, >
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 h° is SM-like (including
its couplings) in this limit. We do not assume a GUT
relation for the gaugino masses M, M,, M.

All MSSM input parameters are taken as DR parameters
at the scale Q =1 TeV, except my(pole), and then are
transformed by RGEs to those at the weak scale of Q = uy,
for the computation of the WCs Cg(uy) and C ¢(py ) 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 C,(u;) AND C}(u;) IN THE
MSSM WITH QFV

The effective Hamiltonian for the radiative transition

b — sy is given by

4G
Hep = — 7; Vs Vi » Ci0;, (5)

where G- is the Fermi constant and V,, V7, is a CKM factor.
The operators relevant to b — sy are

O, =5y crery'by,

e —
07 = meSLG”DbRFMw
O5 = {3 my3L0" T*b Gl (6)

and their chirality counterparts

P _
05 = SgY,CRCRY" g,

e _
0{7 = meSRGWJbLF”D,
Of = 13 mSro" T*b Gl (7)

where m, is the bottom quark mass, e and g, are the
electromagnetic and strong coupling, F,, and Gy, the
U(1),, and SU(3), field-strength tensors, 7¢ are color
generators, and the indices L,R denote the chirality of the
quark fields. Here note that the SM contributions to
Ch74(uw) are (almost) zero at LO. The WCs Cy(uy)
and C%(u,) at the bottom quark mass scale u; can be
measured precisely in the experiments at Belle IT and LHCb

Upgrade [1-4]. We compute C7(u;,) and C;(u,) at LO in
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the MSSM with QFV and study the deviation of the MSSM
predictions from their SM ones.” Following the standard
procedure, first we compute C7g(uy) and C’ g (uy) at the
weak scale uy at LO in the MSSM and then we compute
C;(pp) and C4(uy) by using the QCD RGEs for the scale
evolution at leading log (LL) level [8]3:

*Here 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 » — sy is defined as

B(b — syg) — B(b — sy;)
B(b — syg) + B(b = sy.)’

P(b— sy) = (®)
At LO it is given as [18]

_ G )1 = 1C ()P
|C5 (o) P+ 1C7 ()P

P(b = sy) 9)

In the SM C%(u,) is strongly suppressed by a factor m/my,
and hence the photon in b — sy 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].

Here 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

C;)S (u) 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., Egs. (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 m,(u) is used instead of the pole mass

my,(pole) in the WCs CE)(/JO), where u, is the high-energy
matching scale (e.g., the electroweak scale uy). 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 C% (o = 160 GeV), and that

SPheno-v3.3.8 uses the running b-quark mass m,(uy =
160 GeV) (not the pole mass my(pole)) in the computation of
the Cy4(4p = 160 GeV). Therefore, Egs. (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 R, 5(u5,) and Ry, 5(u;,) 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
Ry, 5(up,) and Ry, 5(uy,) are linear combinations of the WCs (such
as Cﬁg(ﬂw) (i=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 Cg)g (u) 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).

8
Cr(up) =15 C () +5 (75 =) Cs () +Zhi’7“"cz(ﬂw)

i=1

W | co

W | oo

8
C () =15 Ch () +5 (75 =11) Ch () + Y i Cy ().
i=1

(10)
where

n=ag(uw)/a(4p)

626126 56281 3 1
P (272277 " Srag 7 g0 ~0:6494, —0.0380,

—0.0186, —0.0057)

1416 6 12
= <§ﬁ§ ~ 55 04086, ~0.4230,
—0.8994, 0.1456> . (11)

We take the NLO formula with 5 flavors for the strong
coupling constant a () for pu, S pu S pw [81:

() = 202 |y A1

v(u) po 4 v(u)
where
o0 = 1-p (). )

Po = 23—3, P = % and my is the Z boson mass. We take
mz = 91.2 GeV and a,(m;) = 0.1179 [24]. The SM and
MSSM contribution to C(uw) = C3M(uy) + CYSM(uy)
is 1 and 0 at LO, respectively. The SM and MSSM
contributions to Ch(uy) = C5M(uy) + CMSM(uy,) are
0 at LO. In our numerical analysis, we take uy =
160 GeV and y;, = 4.8 GeV [3]. )

We use the numerical results for C} )8 (uw) 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 C§>8 (uw) at the weak scale py, (see Fig. 1):

(1) SM one-loop contributions:

up-type quark—W™ loops

(2) MSSM one-loop contributions:

up-type squark-chargino loops
down-type squark-gluino loops
down-type squark-neutralino loops
up-type quark—H™" loops

Here the chargino 77, is a mixture of charged wino W*
and charged higgsino A+, the neutralino ;“((1).2.3’ 4 1S a mixture
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Y

FIG. 1. The SM and MSSM one-loop contributions to the WCs
Cos(pw) and C ¢(uy) at the weak scale py for the transitions
br — sryr,gr and by — spyg, gr, respectively [see Egs. (5)—
(7)]. Here y;, g; and yg, 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
(X,Y) = (t/c/u,Wt). For the MSSM one-loop contributions
(X,Y)=(stop/scharm/sup,chargino), (sbottom/sstrange/sdown,
gluino), (sbottom/sstrange/sdown, neutralino) and (t/c/u, H"),
where stop/scharm/sup denotes top-, charm-, up-squark mixtures
and so on.

of photino 7, zino Z and two neutral higgsinos A9 ,, and
H™ 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 C()( ») at the bottom
mass scale y;,. We find that large squark trilinear couplings
Ty23.32.33> Tp2a 32,33, 1arge My, M)y, M5, large bottom
Yukawa coupling Y, for large tan /3, and large top Yukawa
coupling Y, can lead to large MSSM one-loop contributions

to Cg/,)s (puw) at the weak scale uy, which results in large

MSSM one-loop contributions to Cgl )(/4,,) at the bottom
mass scale y, [see Eq. (10)]. This is mainly due to the
following reasons:

(i) The lighter up-type squarks ii; , 3 are strong &, p —
7, g mixtures for large M3y, M3, Tunazss
The lighter down-type squarks d123 are strong
Spr— bLR mixtures for large MQ23, M%)23’
T py332.33- Here note that |Typ33733| can be large
due to large Y, [see Egs. (Al), (A3)] and that
|Tp23.32.33| can be large due to large Y, for large
tan § [see Egs. (A2), (A4)]. In the following we
assume these setups.

(ii) As for the up-type squark-chargino loop contribu-
tions to C7(uy) and Cg(uy) which is the effective
coupling for the transition by — s;y and by — 5.9,
respectively; The bp —ii153 — ﬂ?fz vertex which

contains the by — 7, — H* coupling can be en-
hanced by the large bottom Yukawa coupling
Y, for large tanf. The s, —iij 3 —f(fz vertex

contains the s, — &, — W* coupling which is not

CKM—suppressed.4 This vertex contains also the
s, -1g-H* coupling which is enhanced by the large
top Yukawa coupling Y, despite the suppression due
to the CKM factor V7. Hence, the up-type squark-
chargino loop contributions to C;g(uy) can be
enhanced by the large Y, for large tanf and the
large Y, and further by the large ¢;-7; mixing term
M 2Q23 and the large 7, -7, mixing term T 33 for which
il] 53 contain a strong mixture of ¢y, 7; and 7.
Important parts of this squark-chargino loop con-
tributions to C; g (uy ) 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 C;. 8(yW) The bg-d,,3-§ vertex which
contains the bg-bg-j coupling can be enhanced
by the sizable QCD coupling. The s, -d 123-g vertex
which contains the s;-5;-§ 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 C;g(uy) can be enhanced by the
sizable QCD coupling, and further by the large
bg-3; mixing term Tps3, for which 211,2,3 contain a
strong mixture of by and 5,. Moreover, |Tps,| can
be large due to large Y, for large tan 8 [see Eq. (A4)].
An important part of this squark-gluino loop con-
tribution to C;g(py) 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 C;g(uy); The bg-d; 237" 234 Vertex
which contains the bg-bg- 7/Z and bg- b;- H cou-
plings with the latter coupling being proporuonal to
Y, can be enhanced by large Y/, for large tan 8. The
s-dy 23 ;(1234 vertex contains the s;-5,-7/Z 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 C; g(uy ) can be enhanced
by large Y, for large tan f3, and further by the large
bg-3;, and b -5, mixing terms (T3, and M?,3), for
which 211,2,3 contain a strong mixture of bg-5; and
b,-5,. Moreover, |Tps,| controlled by Y, can be
large for large tan 8 [see Eq. (A4)].

(v) As for the up-type quark—H™" loop contributions to
C,3(uw); The bg-t-H" vertex which contains the
bg-t;-H™ coupling can be enhanced by large Y, for

*Note that the CKM-suppression factor V}, is factored out
from WCs C; 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 C;.

075025-5



EBERL, HIDAKA, GININA, and ISHIKAWA

PHYS. REV. D 104, 075025 (2021)

79

79

FIG. 2. Schematic illustration of important parts of the up-type squark-chargino loop contributions to C; g(uy ) in terms of the mass-
insertion approximation.

FIG. 3.

(Vi)

79

79

Schematic illustration of an important part of the down-type squark-gluino loop contributions to (a) C7g(uy ) and (b) C; g (sw)
in terms of the mass-insertion approximation.

large tan 8. The s, -1-H™ vertex which contains the
sp-tg-H* coupling can be enhanced by the large
top-quark Yukawa coupling Y, despite the suppres-
sion due to the CKM factor V},. Hence t-H™ loop
contributions to C7g(uy ) can be enhanced by large
Y, for large tan # and large Y,. The top quark—H ™"
loop contribution to C; g(uy ) is schematically illus-
trated in Fig. 4.

As for the up-type squark-chargino loop contribu-
tions to C’,(uy) and C§(uy) which are the effective
couplings for the transition b; — szy and b; — sgg,

7> 9

Y Y,
N7 BN
br my SL
\
\ /
\__-/
H+

FIG. 4. Schematic illustration of the top quark—H™ loop
contribution to Cyg(uy).

(vii)

(viii)

075025-6

respectively; From a similar argument one finds that
these loop contributions to C% ¢ (sy) should be small
due to the very small s-quark Yukawa coupling Y.
As for the down-type squark-gluino loop contribu-
tions to Cjg(uw); The by -dy,3-§ vertex which
contains the b;-b;-j coupling can be enhanced
by the sizable QCD coupling. The sg-d 123-g vertex
which contains the sp-5z-g 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
Cj¢(uw) can be enhanced by the sizable QCD
couplings, and further by large b; -3z mixing term
T 13 for which d 12,3 contain a strong mixture of b,
and 3z. Moreover, |Tp,3| can be large due to large
Y, for large tan S [see Eq. (A4)]. An important part
of this squark-gluino loop contribution to C% ¢ (uy)
is schematically illustrated in terms of the mass-
insertion approximation in Fig. 3(b).

As for the down-type squark-neutralino loop con-
tributions to C’ (uyw); The by-d; 257055, vertex
which contains the b, -b;-7/Z and bL—ER-I:I? cou-
plings with the latter coupling being proportional to
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The scatter plot of the scanned parameter points within the ranges given in Table I in the planes of (a) Re(C% (u;))-Im(C (uy,)),

(b) Re(CYSSM (1,))-Im(CYSM(4,)), and (c) Re(CYSM (u,))-Re(Cy (1))

Y, can be enhanced by large Y, for large tan . The
sg-dy 237\ 53,4 vertex contains the sg-5z-7/Z 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 C7 ¢(uy ) can be enhanced by
large Y, for large tan 8, and further by large b, -5
and bg-3p mixing terms 7'py3 and M,2)23, for which
211,2‘3 contain strong mixtures of b; -5 and bp-3p.
Moreover, |Tpy3| controlled by Y, can be large for
large tan 8 [see Eq. (A4)].

(ix) As for the up-type quark—H™ loop contributions to
C} g(#w); These contributions turn out to be very
small due to the very small Y.

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 CYSSM(y,) and
C.(up). In Fig. 5(a) we show a scatter plot in the
Re(C, (up))-Im(Ch(py)) plane. We see that the MSSM
contribution to Re(C%(u;)) can be as large as ~ —0.07,
which could correspond to an about 46 New Physics (NP)

075025-7
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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 [Im(C}(u,))| is very small
(<£0.004) and that C(u;) ~0 in the SM.

In Fig. 5(b) we show the scatter plot in the
Re(CYSSM(1,))-Im(CYSSM(y,)) plane. We see that the
MSSM contribution to Re(C;(y;)) can be as large as
~ —0.05, which could correspond to an about 30 NP
signal significance in the combination of the future LHCb
Upgrade (50 tb~!) and Belle I (50 ab™") experiments (see
Fig. 8 of [3]). Note that [Im(CYS5M(y,))| is very small
(<0.003) and that the MSSM contribution CYS5M(y,) can
be quite sizable compared to C3M(u;,) ~ —0.325.

In Fig. 5(c) we show a scatter plot in the
Re(CYSSM(y,))-Re(Ch(up)) plane. We see that the
Re(C,(up)) and Re(CYSSM(y,)) can be quite sizable
simultaneously.

Here we comment on the errors of the data on C/ (u;,) and
CYP(up). The errors of the data on C}(u;) and CY (u;,) =
C7(up) — C3M(pp,) 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 C%(u;,) and Cy(uy,).
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
(Vs Vyp-..), 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 C;(u;) one can get much more precise
information from the fully inclusive B(B — X,y) meas-
urement than from the measurement of the exclusive
observables such as B(B — K*;/)5 since the theoretical
predictions for the exclusive observables involve hadronic
form factors which have large theoretical uncertainties.
(ii) The fully inclusive observable B(B — X,y) 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 C;(y,) in the near future.

As for the experimental errors of the WCs C%(y,,) and
CYP(u,) 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~!)
[40]. If this is realized, the (statistical) uncertainty of the

Here note that B(B — X,y) ~ B(b — sy) is proportional to
|Co(up)|* + |C5 (p)|* at LO.

observable data from Belle II could be reduced by a factor
of about /5.

As for the theoretical errors of the WCs C%(y,) and
CYP(u,) 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 B(B — X,y) in the SM at the NNLO in QCD [12].
Taking into account the recently improved estimates of
nonperturbative contributions, they have obtained B(B —
X,7) =(3.4040.17) x 107* for E, > 1.6 GeV. Compared
with their previous SM prediction B(B — X,y) =
(3.36 £0.23) x 107* [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
Cl(up) and CYP(u;) 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 Re(C%(u;)) and Re(CYP(uy))
in the MSSM could be significantly higher than those
mentioned above which are about 46 NP significances for
Re(C%(u;)) and about 30 significance for Re(CYSSM ().

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 Typ3-Re(Ch(uy)),
Ty3n-Re(Ci(up)), Tyzs-Re(C5(uy)) and tan f-Re(C5(uy))
planes. From Fig. 6(a) we see that Re(C}(up)) =~
Re(CMSSM(1,)) can be sizable (—0.07 <Re(Ch(up))<
0.05) for large T3 (23 TeV). From Fig. 6(b) we see
that Re(C/(up,)) can be large for large |Ty3,|: —0.07 <
Re(Ch(up)) <0.025 for Tys3p < -2 TeV and —0.04 <
Re(C4(up)) < 0.045 for Tysp 2 2 TeV. A significant cor-
relation between Re(C%(y;,)) and T3, can be seen. From
Fig. 6(c) we see that Re(C}(u;)) can be large for large
|Ty33] 2 3 TeV. The fewer scatter points around T'y33 =
3.5 TeV is due to the fact that the m;,0 bound tends to be
violated around this point. From Fig. 6(d) we see that
Re(C4(up)) can be large for large tanp: —0.07 <
Re(Ch(up)) < 0.05 for tanf = 40. All of these features
are consistent with our expectation from the argu-
ment above.

In Fig. 7 we show scatter plots in the T py3-Re(Ch(uy)),
Tps-Re(C(pp)) and Tpsz-Re(Cy(up)) planes. From
Figs. 7(a) and 7(b) we see that Re(C,(up)) =
Re(CMSSM(1,)) can be large (—0.07 < Re(Ch(up))<
0.05) for large Tpi3, Tpsy (S — 1.5 TeV). An appreciable
correlation between 7'py,; and Re(C%(u;)) can be seen in
Fig. 7(a). From Fig. 7(b) we see that it can be large for large
|Tp33| = 2 TeV. These behaviors are also consistent with
our expectation.
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FIG. 6. The scatter plots of the scanned parameter points within the ranges given in Table I in the planes of (a) T'yp3-Re(Ch (1)),
(b) Tys-Re(C5(up)), (©) Tyaz-Re(Ch(pp)) and (d) tan f-Re(Ch(y))-

In Fig. 8 we show scatter plots in the planes
of Tyo; — RC(C17VISSM (M) TU32'Re(CI7VISSM (p))s Tuss-
Re(CYSSM(y,,)) and tan B-Re(CYSSM(u,,)). From Figs. 8(a)
and 8(b) we see that Re(CYSSM(y,)) can be sizable (up to
~ + 0.05) compared with Re(C5M(u;,)) ~ —0.325 for large
T o3 and T3, (22 TeV). From Fig. 8(c) we see that it can
be large for large |Tys3|: —0.03 < Re(CYSM(p,)) <
0.045 for Tyj33 < —2 TeV and —0.05 < Re(CYSM(p,)) <
0.035 for T35 = 2 TeV. There is a significant correlation
between Re(CYSSM(y,)) and T35, which can be explained
partly by the important contribution of Fig. 2(b) [see
Eq. (10)]. The fewer scatter points around 733 =
3.5 TeV is again due to the fact that the m,0 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  (=40). These
behaviors are also consistent with our expectation.

In Fig. 9 we show scatter plots in the Tpy;3-
Re(CYSSM(,)) plane. We see Re(CYSM(y,)) can be
sizable (up to ~ =+ 0.05) for any values of Tp,3. We have
found that scatter plots in the Tj3,-Re(CYM(u,)) and
Tp33-Re(CYSSM(,)) planes have similar behavior to that
in the Tpy3-Re(CYSSM(y,,)) plane.

In order to see the relevant parameter dependences
of Re(CYSSM(y,)) and Re(Ch(up)) in more detail, we
take a reference scenario P1 where we have sizable
Re(CYSSM(y,)) and Re(Ch(up)) and then variate the
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FIG. 7. The scatter plots of the scanned parameter points within the ranges given in Table I in the planes of (a) Tpy3-Re(C,(uy)),

(b) Tpsa-Re(Ch () and (¢) Tpsz-Re(Ch(up)).

relevant parameters around this point P1. All MSSM input
parameters for P1 are shown in Table II, where one
has (Re(C;(up)), Im(C7(up)) = (—0.370,-5.13 x 107%),
(Re(C5M(py,)), Im(C5M(u,)) = (—0.325,5.63 x 1077),
(Re(CYSSM (14, )) Im(CYSSM (1,))=(—0.0441,-5.13x107*)
and (Re(C,(up)), Im(Ch(pp)) = (=0.0472,—1.81 x 107%)
with C(s,) = CM () + CYS5M ().

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 i, , 3 and
571’2,3 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 x;, =
C(h°bb)/C(h°bb)gy, (or equivalently the deviation
DEV(b) =T(h° - bb)/T(h° — bb)gy — 1(= k2 — 1) of
the width T'(h° — bb) from its SM value) we compute
the width T'(h° — bb) at full one-loop level in the MSSM
with QFV by using the code developed by us [41]. For the
coupling modifier k, = C(h%xx)/C(h°xx)gy with x = g or
y (or the deviation DEV (x) =T(h° - xx)/T(h° = xx)gy—
1(=«2—1)) we compute the widthT'(h° — xx) according to
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FIG. 8. The scatter plot of the scanned parameter points within the ranges given in Table I in the planes of (a) T»3-Re(CYSM (),
(b) Tyz-Re(CYM (1)), (¢) Tyz3-Re(CY*M (i) and (d) tan f-Re(CY5M (uy)).

[42]. We obtain k;, = 1.03 (or DEV(b) = 0.0686), k, =
0.994 (or DEV(g) = -0.0120) and «, = 1.0018 (or
DEV(y) = 0.0036), which satisfy the LHC data in
Table V. For the B and K meson observables we get;
B(b— sy)=3.764x107*, B(b — sIT17) = 1.589 x 1075,
B(B,—u'pu~)=2.5930x 107, B(B*—1t1)=9.942 x
1075, AM = 17.180[ps™"], |ex| = 2.201 x 1073, AMy =
2304 x 1075 (GeV), B(KY — %) =2.295 x 107!,
and B(K* — ztvp) = 7.771 x 107!, all of which satisfy
the constraints of Table V.

In Figs. 10 and 11 we show contours of Re(C%(u;))
around the benchmark point P1 in various parameter
planes. Figure 10(a) shows contours of Re(C(u,)) in

the T'23-T 3, plane. We see that Re(C% (uy,)) is sensitive to
both T3 and T3, especially to T3, increases quickly
with the increase of T3 and Ty3,(< 0), 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 < Re(C4(up)) < —0.04)
respecting all the constraints in a significant part of this
parameter plane. From Fig. 10(b) we see that Re(C% (u}))
is also fairly sensitive to T3 and can be as large as
~ —0.08. From Fig. 10(c) we find that Re(C/,(uy,)) is very
sensitive to tanf, especially for large T3 >0, as
expected, and can be as large as ~ — 0.07. As can be seen
in Fig. 10(d), Re(C}(up)) is sensitive to M35, especially
for large Tyn3 2 2.5 TeV, as expected, and is large
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FIG. 9. The scatter plot of the scanned parameter points within
the ranges given in Table I in the T py3-Re(CYSSM(u,)) plane.

(—0.08 < Re(Ch(up)) < —0.04) respecting all the con-
straints in a significant part of this parameter plane.
Figure 11(a) shows contours of Re(C}(up)) in the
T pa3-Tps, plane. It is fairly sensitive to Tp,3; and mildly
dependent on T p3, 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 < Re(C%(up)) <
—0.046) respecting all the constraints in a significant part
of this parameter plane. From Fig. 11(b) we see that
Re(C4(uy)) is also rather sensitive to 733 and can be as
large as ~ — 0.06 in the allowed region. As can be seen in
Fig. 11(c), Re(C4(uy)) is very sensitive to tan f and also
sensitive to T py3 for large tan f = 70, as expected, and is
sizable (—0.05 < Re(C;(up)) < —0.04) respecting all the
constraints in a significant part of this parameter plane.
From Fig. 11(d) we find that Re(C%(u,,)) is very sensitive
to M3,;, and is sizable (—0.05 <Re(Ch(up)) < —0.04)
respecting all the constraints in a significant part of this
parameter plane.

In Figs. 12 and 13 we show contour plots of
Re(CYSSM(y,))  (i.e., the MSSM contributions to
Re(C;(up))) around the benchmark point P1 in various
parameter planes.

Figure 12(a) shows contours of Re(CYSM(y,)) in the
Ty23-Tys, plane. We see that Re(CYSSM(y,,)) is sensitive
to Tyoz and Tyt [Re(CYSSM(p,,))| quickly increases with
the increase of 7’53 and T3, as is expected. We find also
that Re(CYSSM(,)) can be as large as about -0.05 in the
allowed region and is sizable (—0.05 < Re(CYSSM(y,))<
—0.04) respecting all the constraints in a significant
part of this parameter plane. From Fig. 12(b) we see
that Re(CYSSM(u,)) is very sensitive also to Tyss

TABLEII. The MSSM parameters for the reference point P1 (in
units of GeV or GeV? expect for tan f3). All parameters are defined
atscale Q = 1 TeV, except m, (pole). The parameters that are not
shown here are taken to be zero.

tan f M, M, M; u my (pole)
70 910 1970 2795 800 4970
M, M3, M3 M, My My
36307 33652 —7407 27552 15107 —17052
M %)22 M 2D33 M 2023 Ty Tys) Tyss
29852 12707 —1820? 2700 —260 4995
Tpos T3 T'p33 Tes3

—2330 -335 3675 -335

2 2 2 2 2 2 2 2 2
MQll MUII MD]] MLI] ML22 ML33 MEI] ME22 MET&

4500% 4500% 45002 1500% 1500% 1500% 1500% 15002 1500°

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

800 812 925 2030 809 2030
mpo mgo m o mpg+
124.9 4970 4970 4997
ny My, Mg, my, my, My My
2934 1231 2986 3431 3656 4491 4493
my my, m, m, my, mg,
836 3272 3416 3654 4489 4492
mﬂl m;z m;B m'l'l m'iz m73 m74 m'is mis
1506 1507 1582 1495 1496 1509 1509 1564 1652

TABLE IV. Flavor decompositions of the mass eigenstates
ity 53 and 511’2,3 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.

ftL EL t Up CR g
it 0 0.0016 0.0992 0 -0.4090 -0.9071
i, —0.0012 -0.0070 -0.0225 O 09104 -0.4130
i3 0.0660 0.2921 09491 O 0.0607 0.0770
ZlL 3 BL ZZR Sk BR
Ell 0 0 0.0059 0 0.4057 0.9140
E[2 0 0.0059 0.0289 0 -0.9137 0.4054
213 0 0.2898 0.9566 0 0.0245 -0.0172
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FIG. 10. Contour plots of Re(C}(u;)) around the benchmark point P1 in the parameter planes of (a) Ty3-Tys. (0) Tyoz-Tysss
(c) Tyxs-tan f, and (d) Tyr3-M %]23. 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
(¢),(d), the red dashed lines in (a),(b),(c) and the blue dash-dotted lines show the m,0 bound, the B(b — sy) bound, the B(B, — u*u™)

bound, and the my bound, respectively.

(see Fig. 8(c) also), quickly increases with increase
of Tys3 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 < Re(CYSSM(,)) < —0.04) respecting all the con-
straints in a significant part of this parameter plane. From
Fig. 12(c) we find that Re(CYSSM(,)) is very sensitive to
tanff and T3 as expected, quickly increases with
increase of tanf and Tyy;(> 0), and can be as large as

~—0.05 in the allowed region. As can be seen in
Fig. 12(d), Re(CYS5M(y,)) is sensitive to M35, and T3
increasing with the increase of M7,,;(< 0) and T'y3(> 0)
as expected, and is large (—0.05 <Re(CYSM(y,))<
—0.04) respecting all the constraints in a significant part
of this parameter plane.

Fig. 13(a) shows contours of Re(CYSM(y,)) in the
Tpo3-Tps, plane. We see that Re(CYSSM(y,,)) is mildly
dependent on T p»5 and fairly sensitive to T 'p3, around P1 as
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(¢) T pps-tan B, and (d) T py3-M3,5. The parameters other than the shown ones in each plane are fixed as in Table II. The “X” marks P1 in
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T po3, respectively.

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 < Re(CYSM(y,)) <
—0.044) respecting all the constraints in a significant
part of this parameter plane. From Fig. 13(b) we see that
Re(CYSSM(,)) is also fairly sensitive to T p33 around P1,
can be as large as about —0.045 in the allowed region, and
is sizable (—0.045 < Re(CYSM(u,,)) < —0.044) respecting
all the constraints in a significant part of this parameter
plane. From Fig. 13(c) we find that Re(CYSM(y,,)) is very

sensitive to tan f quickly increasing with the increase of
tan /3 as expected, can be as large as ~ — 0.05 in the allowed
region, and is sizable (—0.05 < Re(CYSSM(y,)) < —0.04)
respecting all the constraints in a significant part of
this parameter plane. As can be seen in Fig. 13(d),
Re(CYSSM(y,,)) is mildly dependent on M?,; around this
benchmark point P1, can be as large as about —0.044 in the
allowed region, and is sizable (—=0.044 < Re(CYSM(p,))<
—0.043) respecting all the constraints in a significant part of
this parameter plane.
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As the gluino is very heavy (~3 TeV) around the
reference point Pl (see Table III), the down-type
squark-gluino loop contributions to Re(C%(u,)) and
Re(CYSSM(y,,)) are suppressed there, which partly explains
the rather mild dependences of Re(C%(y;)) and
Re(CYSSM(1,)) on the down-type squark parameters
T po3, Tpss, Tpss around P1 as is seen in Figs. 11 and 13,
respectively.

Before closing this section we comment on the renorma-
lization scale dependence of the WCs CYSSM (y1,) and C% (uy, ).
For the reference scenario P1 we have the following

result at LO: (Re(C7(pp/2)),Im(C7(pp/2))=(—0.405,
~4.04x107), (Re(CYSM (4, /2)), Tm(CYSM (4, /2)) =
(=0.0379, —=4.04 x 107%) and (Re(Ch(up/2)),
Im(C5(up/2)) = (-0.0350, —1.34 x 1073); (Re(C7(2u3)),
Im(C7(2up))=(—0.341,-6.19x107%), (Re(CYSM(2u,,)),
Im(CYSSM(24,)) = (—0.0499, —6.20 x 107%) and
(Re(C5(2up)), Im(C4 (2u)) = (—0.0594, —2.28 x 1073),

where u;, = 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
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order to reduce this scale-dependence uncertainties. In [21]
MSSM loop contributions to the WCs C;g(uy) and
Cg(uw) are calculated at NLO in the MSSM with

QFV. So far, however, there is no complete NLO compu-
tation of the WCs Cy(u;) and C%(u;,) in the MSSM
with QFV.°

®In principle the MSSM loop contributions to C-(u,) and
C4(up) at NLO can be obtained from C;(uy) and Cj(uy)
(i = 1-8) calculated at NLO in the MSSM by using QCD RG
scale evolution from the scale py down to yu; at NLL (next-to-
leading log) level [7], where C;(uy ) and C}(uy) (i = 1-6) are the
Wilson coefficients of the four-quark operators.

V. CONCLUSIONS

We have studied SUSY effects on C;(u;) and C5(uy,)
which are the Wilson coefficients for b — sy at b-quark
mass scale u;, and are closely related to radiative B-meson
decays. The SUSY-loop contributions to the C;(u;) and
C%(py) are calculated at LO in the Minimal Supersymmetric
Standard Model with general quark-flavor violation. For the
first time we have performed a systematic MSSM parameter
scan for the WCs C;(u;,) and C%(u,) 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
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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 Re(C;(u;)) can be as
large as ~ = 0.05 which could correspond to about
3o significance of NP (New Physics) signal in future
Belle II and LHCb Upgrade experiments.

(i) The MSSM contribution to Re(C%(y;)) can be as
large as ~ — 0.08 which could correspond to about
40 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 73, Ty32
and 733, (ii) large sstrange-sbottom mixing and large
sstrange-sbottom involved trilinear couplings 7'ps,
T p3» and T pa3, and (iii) large bottom Yukawa coupling
Y, for large tan $ and large top Yukawa coupling Y,.

Moreover, we have pointed out the following:

(1) It is very important to reduce the (theoretical and
experimental) errors of the WCs C}(u;,) and
CY®(u;) 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 C%(y,) and C;(u,) 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 I 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 C%(u;)
and CYSSM(y,) 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 h°, taking the
combination of the ATLAS and CMS measurements 0 =
125.09 £ 0.24 GeV [52] and adding the theoretical uncer-
tainty of ~ 43 GeV [53] linearly to the experimental
uncertainty at 20, we take mj o = 125.09 +3.48 GeV.
The h° couplings that receive SUSY QFV effects signifi-
cantly are C(hbb) [41], C(hcc) [56], C(hgg) and C(hyy)
[42].” The measurement of C(hcc) is very difficult due to
huge QCD backgrounds at LHC; there is no significant
experimental data on C(hcc) at this moment. Hence, the
relevant h° couplings to be compared with the LHC
observations are C(hbb), C(hgg) and C(hyy). Therefore,
we list the LHC data on C(hbb) (), C(hgg) (x,) and
C(hyy) (x,) in Table V.

As the constraints from the decays B — D™ zv 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 R(D™)) = B(B —
DY1z)/B(B — D¥¢y) with £ =e or pu and Ry =
B(B — K®ete™)/B(B — K" yutu~) are not yet settled
[45,49], we do not take the constraints from these ratios
into account either. In [25] the QFV decays t — gh° with
q = 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 B(z — gh°), giving no significant
constraint on the ¢ — 7 mixing.

We comment on the very recent data on the anomalous
magnetic moment of muon a, from the Fermilab experi-
ment [59]. The Fermilab data has been combined with the
previous BNL data [60] resulting in 4.2¢ 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 a, are so

"Precisely speaking, in principle, C(htt) coupling could also
receive SUSY QFV effects significantly. However, predicting the
(effective) coupling C(htr) at loop levels in the MSSM is very
difficult since its theoretical definition in the context of t7h
production at LHC is unclear [57].

SAs pointed out in [58], the theoretical predictions (in the SM
and MSSM) on B(B — Dlv) and B(B — D*lv) (I = 7, u, ) have
potentially large theoretical uncertainties due to the theoretical
assumptions on the form factors at the BDW" and BD*W™*
vertices (also at the BDH" and BD*H™" vertices in the MSSM).
Hence the constraints from these decays are unclear.

It is worth noting that according to the recent computation of
the leading order hadronic vacuum polarization contribution to a,,
using lattice QCD [61], the discrepancy between the experimental
data and the SM prediction is only about 1.66.
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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 4° mass and couplings &, k> K,. The fourth column shows
constraints at 95% CL obtained by combining the experimental error quadratically with the theoretical uncertainty, except for

B(K} — 72%0), my and k,, .

Observable Exp. data Theor. uncertainty Constr. (95% CL)
103 x |eg| 2.228 £0.011 (68% CL) [24] +0.28 (68% CL) [44] 2.228 +0.549
105 x AM [GeV] 3.484 +0.006 (68% CL) [24] +1.2 (68% CL) [44] 3.484 +2.352
10° x B(KY — z%p) < 3.0 (90% CL) [24] £0.002 (68% CL) [24] < 3.0 (90% CL)
10! x B(K* — ztwp) 1.7 £ 1.1 (68% CL) [24] +0.04 (68% CL) [24] 1753498
AMp [ps'] 17.757 £ 0.021 (68% CL) [24.45] +2.7 (68% CL) [46] 17.757 £5.29
10* x B(b — s7) 3.32£0.15 (68% CL) [24,45] +0.23 (68% CL) [11] 3.324+0.54
10° x B(b — sl*i7) 1601048 (68% CL) [47] +0.11 (68% CL) [48] 1.605037

(I =eorp)
10° x B(By — utp™)
10* x B(B* — 771)

2.691931 (68% CL) [49]

1.06 £ 0.19 (68% CL) [45]

my [GeV] 125.09 4 0.24 (68% CL) [52]
Kp 1.067537 (95% CL) [54]
1171033 (95% CL) [55]
K, 1035813 (95% CL) [54]
1.187937 (95% CL) [55]
K, 1.00 £ 0.12 (95% CL) [54]

1.077534 (95% CL) [55]

£0.23 (68% CL) [50]
+0.29 (68% CL) [51]
£3 [53]

2.6970%

1.06 £ 0.69
125.09 +3.48
1.06103! (ATLAS)
1.17193% (CMS)
1.0373 (ATLAS)
1.18103) (CMS)
1.00 £ 0.12 (ATLAS)
1075935 (CMS)

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 m; < 2.35 TeV are excluded for
My < 1.55 TeV. There is no gluino mass limit

for My > 1.55 TeV. The 8-fold degenerate first

two generation squark masses are excluded below
1.92 TeV for my < 0.9 TeV. There is no limit on

the masses for myo > 0.9 TeV. We impose this
squark mass limit on m;, and my . Bottom-squark

masses are excluded below 1.26 TeV for
my < 0.73 TeV. There is no bottom-squark mass

limit for myo > 0.73 TeV. Here the bottom-squark
mass means the lighter sbottom mass mm;, . We impose
this limit on mg, since d; ~ by (see Table IV). A

typical top-squark mass lower limit is ~1.26 TeV for
My < 0.62 TeV. There is no top-squark mass limit

for myo > 0.62 TeV. Here the top-squark mass means

the lighter stop mass m; . We impose this limit on m;,
since ii; ~ 7 (see Table IV). For sleptons/sneutrinos
heavier than the lighter chargino 77 and the second

neutralino )?(2), the mass limits are My, My >

0.74 TeV for My < 0.3 TeV and there is no My,
My limits for My > 0.3 TeV; For sleptons/sneu-

trinos lighter than ¥i° and ;”(8, the mass limits are

Mg+, mzp > 1.15 TeV for myp < 0.72 TeV and there
1 2 1

1S no My,
degenerate selectrons é; p and smuons ji; g, masses

below 0.7 TeV are excluded for my < 0.41 TeV.

For mass degenerate staus 7; and 7z, masses below
0.39 TeV are excluded for My < 0.14 TeV. There is

no sneutrino  mass limit from LHC yet. Sneutrino
masses below 94 GeV are excluded by LEP200
experiment [24].
The constraint on (m40 -+, tan ) (at 95% CL) from
searches for the MSSM Higgs bosons H, A? and
H* at LHC, [67-73], where H° is the heavier CP-
even Higgs boson.
The experimental limit on SUSY contributions on the
electroweak p parameter [74]: Ap(SUSY) < 0.0012.
Furthermore, we impose the following theoretical con-
straints from the vacuum stability conditions for the tri-
linear coupling matrices [75]:

My limits for myo > 0.72 TeV. For mass

(i)

(iii)
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T vaal® < 3Yhe(Muq + Mgy + m3), (A1)
T paal® < 3Y2Da(M2Qaa + Mbpyy +mi), (A2)
Tyapl® < Y, (Mg + Mg +m3).  (A3)
Tpapl® < Y, (M5 + Mpye + mi), (A4)

where o, =1,2,3, a#p; y=Max(a,) and mi=

(m2,. +mZsin® Oy )sin’ f—Im%, m3=(m?,. +m%sin®Oy) x

cos?f—1 mZ The Yukawa couplings of the up-type and
\/_muu/vz \/—mW gfnﬁ(

V2my [vy = fm:?é;sp (d,=d,s, b)
with m, and m, being the running quark masses at
the scale Q=1 TeV and ¢ being the SU(2) gauge
coupling. All soft SUSY-breaking parameters are
given at Q=1TeV. As SM parameters we take

mz = 91.2 GeV and the on-shell top-quark mass m, =
172.9 GeV [24].

down-type quarks are Y, =

u,c,t) and Yp, =
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