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We compute the decay width of 2 — ¢ in the minimal supersymmetric Standard Model with quark
flavor violation (QFV) at full one-loop level adopting the DR renormalization scheme. We study the effects
of ¢ — 7 mixing, taking into account the constraints from the B meson data. We show that the full one-loop
corrected decay width T'(h® — ¢2) is very sensitive to the minimal supersymmetric Standard Model QFV
parameters. In a scenario with large ¢; g — 7, x mixing I'(h° — ¢¢) can differ up to ~ =+ 35% from its
Standard Model value. After estimating the uncertainties of the width, we conclude that an observation of
these supersymmetry QFV effects is possible at an eTe™ collider (International Linear Collider).
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I. INTRODUCTION

The properties of the Higgs boson, discovered at the
LHC, CERN, with a mass of 125.15 + 0.24 GeV (averaged
over the values given by ATLAS [1,2] and CMS [3,4]) [5],
are consistent with the prediction of the Standard Model
(SM) [6]. Future experiments at the LHC at higher energy
(/s = 14 TeV) and higher luminosity will provide more
precise data on Higgs boson observables, as Higgs pro-
duction cross sections, decay branching ratios, etc. Even
more precise data can be expected at a future e*e™ linear
collider (ILC). This will allow one to test the SM more
accurately and will give information on physics beyond the
SM. The discovered Higgs boson could also be the lightest
neutral Higgs boson h° of the minimal supersymmetric
Standard Model (MSSM) [6,7].

The decays of h° are usually assumed to be quark flavor
conserving (QFC). However, quark flavor violation (QFV)
in the squark sector may significantly influence the decay
widths of A9 at one-loop level. In particular, the rate of the
h® decay into a charm-quark pair, A’ — c¢, may be
significantly different from the SM prediction due to squark
generation mixing, especially that between the second
and the third squark generations (¢ — 7, mixing).
This possibility will be studied in detail in the present paper.

It is well known that the mixing between the first and
the second squark generations is strongly suppressed by the
data on K physics [8]. Therefore, we assume mixing
between the second and the third squark generations,
respecting the constraints from B physics. In the MSSM
this mixing was theoretically studied for squark and gluino
production and decays at the LHC [9-17].

The outline of the paper is as follows. In Sec. II we shortly
give the definitions of the QFV squark mixing parameters.
In Sec. III we present the calculation of the width of h1° — c¢
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at full one-loop level in the DR renormalization scheme with
quark flavor violation within the MSSM. In particular, we
give formulas for the important one-loop gluino contribu-
tion. In Sec. IV we present a detailed numerical analysis.
In Sec. V we study the feasibility of observing the
supersymmetry (SUSY) QFV effects in the decay h° —
cc at the ILC by estimating the theoretical uncertainties.
Section VI contains our conclusions.

II. DEFINITION OF THE QFV PARAMETERS

In the MSSM’s super-CKM basis of gg, = (G, a1,

G3L-41r-G2r-G3R)> ¥ = 1,...6, with (¢1.¢2,93) = (u.c,1),
(d,s,b), one can write the squark mass matrices in their
most general 3 x 3-block form [18],

M;

_ <M621.LL M?],LR>’ (1)

2 2
Mz e MG re

with § = it, d. The left-left and right-right blocks in Eq. (1)
are given by

M= VCKMMZQVI?KM + Dj 101+ g,

M%,RR = M3 + Dy ggl + i3,

M2, =My +D;; 1+ g,

ME’RR =Mp + Dj gl + mé’ (2)
where M, ;; p are the Hermitian soft SUSY-breaking mass
matrices of the squarks and 7, , are the diagonal mass
matrices of the up-type and down-type quarks. Furthermore,
D 11 =cos2pm% (T4 — e sin’*0y) and D; g = e,Sin*Gy <
cos Zﬁm%, where T;’ and e, are the isospin and electric
charge of the quarks (squarks), respectively, and 6y, is the
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weak mixing angle. Due to the SU(2), symmetry, the left-
left blocks of the up-type and down-type squarks in Eq. (2)
are related by the Cabibbo-Kobayashi-Maskawa (CKM)
matrix Vcgy. The left-right and right-left blocks of
Eq. (1) are given by

A2t p

M%.RL - Mft,LR - ETU —Hmy COtﬂ,

2 g2t M

Ma,RL o MZLLR V2

where Ty p are the soft SUSY-breaking trilinear coupling

matrices of the up-type and down-type squarks entering the

Lagrangian Liy D —(TyapiikaiizsH3 + TpapdradisHY), p

is the Higgsino mass parameter, and tan f is the ratio of the

vacuum expectation values of the neutral Higgs fields v, /v,

with v, , = V2(HY,). The squark mass matrices are dia-

gonalized by the 6 x 6 unitary matrices U?, § = i, d,
such that

TD _/"*’/hdtanﬂ7 (3)

I AM2(173)T — di 2 2
UIMZ(UT)" = diag(m . ....mZ ), (4)
with mz < --- <mg . The physical mass eigenstates g;,
i=1,...,6 are given by g; = Ul Goq-
We define the QFV parameters in the up-type squark
sector &7, Gy and 845t (a # B) as [19]

5LL — M2

2 2
as = Moap/ \/ Moaa opp- (5)
5Z/I§R = M%/aﬂ/ \/ M%J(mM%/ﬂ ’ (6)
5Z§L = (UZ/\/E)TUaﬁ/ \/ M%]aaMzQ[)’[)” (7)

where a, f = 1,2, 3 (@ # ) denote the quark flavors u, c, .
In this study we consider ¢y —1,, ¢; — g, Cg — Iz, and
¢, — 1, mixing which is described by the QFV parameters
SYRL | SUER = (54REY* | 54RR and 851, respectively. We also
consider 7; — 7z mixing described by the QFC parameter
S4RL which is defined by Eq. (7) with a = # = 3. All QFV
parameters and §4XL are assumed to be real.

IIL. A’ - ¢¢ AT FULL ONE-LOOP LEVEL
WITH FLAVOR VIOLATION

We study the decay of the lightest neutral Higgs boson,
h°, into a pair of charm quarks (Fig. 1) at full one-loop level
in the general MSSM with quark flavor violation in the
squark sector. The full one-loop decay width of h° — c¢
was first calculated within the QFC MSSM by Ref. [20]. In
[21-23] higher order SUSY corrections for the Higgs-
fermion-fermion vertices were calculated in the generic
MSSM in an effective-field-theory approach.

The decay width of the reaction A% — ¢¢ including one-
loop contributions can be written as
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FIG. 1. h° decay into a pair of charm quarks.

[(h° — cc) =T"(h" - cc) + TP (R0 — ¢E). (8)
The tree-level decay width T"¢(h? — ¢¢) reads

4m%> 3/2

2

N
l'*trce hO =) — C c\2 1
(10 = @) = G m(s72 mho

with Ng =3, (9)
where m,0 is the on-shell (OS) mass of h° and the tree-level
coupling s{ is

me cosa _ h,

omy sinp V2

Here o is the mixing angle of the two CP-even Higgs
bosons, 4% and H® [24].

In the general MSSM at one-loop level, in addition to the
diagrams that contribute within the SM, 6T"'"°P (10 — ¢¢)
also receives contributions from diagrams with additional
Higgs bosons and supersymmetric particles. The contribu-
tions from SUSY particles are shown in Fig. 2, neglecting
the contributions from scalar leptons. The flavor violation
is induced by one-loop diagrams with squarks that have a
mixed quark flavor nature. In addition, the coupling of h°
with two squarks u;i; [see Eq. (A3) of Appendix A]
contains the trilinear coupling matrices (T );; which for
i # j break quark flavor explicitly.

The one-loop contributions to I'(h° — ¢¢) contain three
parts, QCD (g) corrections, SUSY-QCD (g) corrections, and
electroweak (EW) corrections. In the latter we also include
the Higgs contributions. In the following we will mainly give
details for the QCD and SUSY-QCD corrections.

c
s =

cosa. (10)

A. Renormalization procedure

Loop calculations can lead to an UV- and IR-divergent
result and therefore require renormalization. To get an UV
finite result, we adopt in our study the DR renormalization
scheme, where all input parameters in the tree-level
Lagrangian (masses, fields, and coupling parameters) are
UV finite, defined at the scale Q = 125.5 GeV = mo, and
the UV divergence parameter A :%— v + In4z, where
€ =4 —-D in a D-dimemsional space-time and y is the
Euler—-Mascheroni constant, is set to zero. The tree-level
coupling is defined at the given scale and thus does not
receive further finite shifts due to loop corrections. To obtain
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FIG. 2. The main one-loop contributions with SUSY particles
in h% — cé. The corresponding diagram to (e) with the self-
energy contribution to the other charm quark is not shown
explicitly.

the shifts from the DR masses and fields to the physical
scale-independent masses and fields, we use on-shell
renormalization conditions. To ensure IR convergence, we
include in our calculations the contribution of the real hard
gluon/photon radiation from the final charm quarks assum-
ing a small gluon/photon mass A.

The one-loop corrected width of the process h° — c¢
including hard gluon/photon radiation is given by

C(h° — cc) =T (K" - cc) Z or-, (11)
x=g,9,EW
where 6™ read
-3 - 4m?z\3/2
ol =— “Re(887Y , 12
an S (68, )( mi()) (12)
3 4mZ\ 3/2
ST9/EW — Emhosj'Re(éSf'g/ ! (1 "; )
hO
+had(p0 — ceg/y). (13)

Note that all parameters in the tree-level coupling s,
Eq. (10), are DR running at the scale Q = 125.5 GeV.
The renormalized finite one-loop amplitude of the process
is a sum of all vertex diagrams, the amplitudes arising from
the wave-function renormalization constants and the ampli-

tudes arising from the coupling counterterms. Note that in
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the DR renormalization scheme the counterterms contain
only UV-divergent parts and have to cancel in order to yield
a convergent result. The one-loop renormalized coupling
correction can be written as

585" = 585 4 550 550 x = g G EW,

(14)

where 557" () s the vertex coupling correction, 58y ) g
the wave-function coupling correction, and 8S7’ (0 ) is the
coupling counterterm. The tree-level interaction
Lagrangian of the lightest Higgs boson A° and two charm
quarks is given by Eq. (Al) in Appendix A. The renor-
malized Lagrangian £™" is obtained after making the
replacement £PR = £ 4 5L, where 5L = —55;" h¢c
describes all vertex-type interactions. The coupling cor-
rection due to wave-function renormalization is given by

sq S5
551" =362y + = 6Zyop

C
Zl (6ZL + 675 4 6ZR + 677*), (15)
where s5 is the coupling of the heavier neutral Higgs H°

h,
and the charm quark, s§ = —ssina. The charm quark
wave-function renormalization constants read

1 —
62¢/" = —Rellel" () + 2 —Re (T (m,) ~T1" (m.))
—m,Re[m, (TT5/" (m,) + 118" (m,))
HIISER () + TR ()], (16)

and the Higgs wave-function renormalization constants for
the case of h° — H? mixing are given by

5Zy = —RelT,050 (), (17)

2 —~
5ZhOH0 = ﬁ (ReHhOHO (m%l())

h° H

—5thoHo>, (18)

with the tadpole contribution

1 s2c, Cis
5thoHO = - ThO a a"‘ﬂ
v C/; S/}

2 2
—|—'L’Ho <_ Casa_'_M)], (19)

Cp Sp

where ¢, = cosa and s, = sina. 7,0 and 750 are the loop
corrections from the tadpole diagrams with h° and H°,
respectively. In Egs. (16), (17), and (18), Re applied to the
self-energies denoted by IT takes the real part of the loop
integrals but leaves the possible complex couplings
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unaffected. Finally, the coupling counterterm 5ST(O>

given by

is

1) 4 sin o cos
_omw _osmp dcosa)
sinff = cosa /,

where the subindex A means that only the part proportional
to the UV divergence parameter A is taken. The explicit
expressions for the shifts of the parameters in (20) can be

found in Ref. [25]. Note that 5_; — e _ 3sinby

¢(0)
68 8g om,
= (—g+ e
S g m My

1s used.

e sin Oy,

B. One-loop gluon contribution

The one-loop virtual gluon contribution to T'(h® — ¢¢) is
given by

3 .
oTY = Emhonge(asj*g)/ﬁ, (21)
with § = (1 —4m2/m2,)"/2. 5877 contains terms originat-

ing from the vertex correction, the wave-function correc-
tion, and the coupling correction due to gluon interaction,

587 = 887" 4 557 4 as{00. (22)

The individual contributions in 5577 are given by

533‘(9,@ — %s? 2By —r— (mio —2m?)Cy — 4m2C],
(23)
clgw) _ 20 r 2p ;
551 = e Sl —Bo—Bl+§+2mc(BO—Bl) s (24)

c(g,0 2as ¢ r
550 = 5 ST (Bi=Bot3). (25)
where r =0 in the DR scheme and r =1 in the MS

scheme. Bk,Bk, and C, are the two- and three-point
functions

By = Bi(mg,0,m7), (26)

. OB 2’127 2

Bk — k(p . mC) : (27)
8p pr=m?

Ck Ck( %lo, %,/12 m mz) (28)

with £ = 0, 1. Summing up Egs. (23)—(25), one can write
5817 in the form
c, Zas c vi
5519 ZE;SIAH’ rt(ﬂ) (29)
Furthermore, we will use the result for the hard gluon

radiation, given in Appendix B. We can write Eq. (B2) in
the form
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_ 3
rhad(p0 — ceg) = gmho( )2ﬂ3

SAHh“d(ﬂ)- (30)
Combining (21), (29), and (30) for the gluon one-loop
corrected convergent width, we obtain

T9(hY — cc) = I 4 519 4 [9-hard

— om0 (143% 2% ). 61
T

where AH(p) = AHVIR(5) + AHhard(5) s the result of
Ref. [26] and its explicit expression can be found therein
ore.g. in Refs. [20,27,28]. Equation (31) can be written in a
compact form as

4a;

(1 = c©) = [(mndos) (143 %8%9)). (2

where m,|yg denotes the OS charm quark mass. Note that
the result for the photon one-loop corrected convergent

width is obtained from (32) by making the replacement
4 2

ja, - ela:
0 . da H
I7(h" - cc) =T"(m.|ps)( 1 +§—A » ). (33)
with a = €2/ (4x).
For m, < my (f - 1)
9
H_ 3y 2 (34)
mclOS 4

and from Eq. (25) using Egs. (C7) and (C8), we get

o
—61n —|—r—5>. (35
37[( |os )

For T'9(h® — ¢¢) in the limit m, < m,,, we obtain

19-2
n 93 rﬂ>’ (36)

5—"1.2/ - 5si‘<gv )

c
m,. S5

(1 €)= Tl
T

where in (36) we have absorbed the logarithm of m{ into
me|sp = melos + 6me. (37)

Combining Eq. (35) with Egs. (36) and (37), one can see
that the one-loop level T'Y(h° — ¢¢) does not depend on the
parameter r. In the numerical evaluation of m.|gy, we
follow the recipe given in Ref. [29], starting with Eq. (4),
and we use a}”’ (Q) given therein. In all other cases, we take
a,(Q) from SPheno [30,31], where it is calculated at
two-loop level within the MSSM. To stay consistent, in
our numerical calculations, we have included in addition
only the gluonic a? contributions, taken from Ref. [28].
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C

(a)

FIG. 3.

With  these, T9(h° — cc) will be
l"g,impr(hO_)CE.)’

denoted as

Do (R0 — ce) = T (m|gp) 4 619 (m [gm).  (38)

C. One-loop gluino contribution and decoupling limit

The one-loop gluino contribution to ['(h° — cc), Figs. 3
and 4, renormalized in the DR scheme reads

3 .
oY = Emhosze(ﬁSf‘g)ﬁ. (39)
5ST'§ acquires contributions from the vertex correction
(Fig. 3), the wave-function correction (Fig. 4), and the
coupling correction due to gluino interaction,

5807 = 6879 1 58,0 155500 (40)

In the following we will use the abbrev1at10ns @ =

4+ Uf‘S*U“5 and f;; = U U75 + U UY,. Note that
applymg Emstem sum conventlon we get a” =2 and
pii = 0. Neglecting the charm quark mass and the Higgs
boson mass compared to the squark and gluino masses, one
can write the individual contributions as

6
c(g.v A i ij
55, =323 Glymgh €. (41)
ij=1

6
c(g.w s ¢ E i 3!
5S1(9f ) = gsl (aUBl + 4m§ﬂii30)’ (42)
i=1

where the coupling G?jl is given in Eq. (A3) of
Appendix A. For the following discussion of the gluino

Q@

__».__

Ui

(a)

FIG. 4.
self-energy contribution with gluino.
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By cr,
cr,
X 7
B X ]
_____ ‘ N g
h(]
y R
XY =c¢LptLR CR
CR

(b)

(a) Gluino vertex contribution to h° — c& and (b) examples of quark flavor mixing in the gluino vertex contribution.

contribution in the large m; limit, we give the charm
mass counterterm 6m? in the OS scheme, which has an
UV-divergent and a finite contribution,

6

- a, :
omd = 3772 (moa; B} + myp;Bj). (43)

For the gluino contribution, we have &S5 /s¢ =
m{/m,. Therefore, with Eq. (42) we get

580

aY i myg i
slz<a”B m—gﬁiiB()). (44)

In the DR scheme, we need only the UV-divergent part of
(44) which is

5500 = 6;1—;s§'A. (45)

A is the UV divergence factor. In Eqgs. (41)-(44) By, B,
and Cj, are the two- and three-point functions

B, =By(0.m2.m). k=0.1 i=1...6, (46)

9By (p*, mé mi)
ap2 p2:0’

B = i=1,..,6, (47)

ij_ 2 .2 2 .
Cy Ck(0,0,0,mg,mui,mﬁj_), i=1,...,6. (48)

The total correction 5ST"‘~’ [Eq. (40)] is given by

g
CR Cr,
_x _x —

cR tLR cr
(b)

(a) The gluino contribution to the charm quark self-energy and (b) examples of quark flavor mixing in the charm quark
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Cy + 4556,,B))

6
—_— g a" it
DR scheme: 8577 = 5; Hzl{mgﬂif(G?“
i,j=

+ Sf5ij(aiiBi1 +A)} (49)

OS scheme: 5559
(o8 6 ~ e . m: .
= 9 Z {mgﬁij(cg;l Cy + 45{6;;By) — 76 m—g /3,,35}.
i,j=1 c

(50)

As Bi —» —A/2 and thus a;B} — —A, (49) is UV con-
vergent. As f3;B} — 0, also (50) is UV convergent.

In the limit m; — oo, from (C19) it follows m;Cy — 0,
and from (C12) it follows Bf) — 0. However, in this limit
(C3) and (C4) become independent of the index i and grow

2 .
with In :—;0 Therefore, f;;B;, — 0 guarantees decoupling of
h
the gluino loop contribution in the OS scheme.
In the DR scheme for m; — oo, we get

g
= 2a . m?2

689 ~ 5Bl with B; ~In—. 51
1 e sibp W 1 mio (51)

At first sight it seems that the gluino contribution does not
decouple for m; — co. However, the tree-level coupling s{
[Eq. (10)] contains a factor m.. We have

me(mpy)|gg = me(m.) |55 + 6mé + ..., (52)
where we take m,(m,)|y5 = 1.275 GeV as input [32]. sm!
is due to the self-energy contributions with gluino [see

Figs. 4(a) and 4(b)]. We get

p 20 ;
omi ~ — e m.B'. (53)

Thus, the sum I 4+ 8 is indeed decoupling for
my — oo. Analogously, this also holds for the chargino
and neutralino contributions.

D. Total result for the width at full one-loop level

Finally, we want to sum up all contributions to get the
total result for I'(h° — ¢¢) at full one-loop level.

The one-loop result including gluino and EW contribu-
tions reads

F?JJFEW(hO e d CE) = Ftree(mc) + 5F‘(~](mc) + 5FEW(mC)’
(54)

where I'"¢, 59, and ST"EV are given by Egs. (9), (39), and
(13), respectively. Note that Eq. (54) is a series expansion
around T"**(m.) =T"(m.(my)|gg). However, the
improved result with gluon contribution [Eq. (38)] given by

PHYSICAL REVIEW D 91, 015007 (2015)
L(h" = ce)9mPr =T (m,|gy) + T (mclsm) — (55)

is a series expansion around I'™¢(m.|gy). to combine
Egs. (54) and (55) in a consistent way, we write

tree __ Ttree @
T (melsm) =T (me) = 5= (56)

C
and therefore

m% - m%lSM

mg

e (me|gg) = 1" (mc) = T7(m,) (57)

TABLEI. Reference QFV scenario: shown are the basic MSSM
parameters at Q = 125.5 GeV =m0, except for m, o which is
the pole mass (i.e. the physical mass) of A°, with T3 =
—2050 GeV (corresponding to 84 = —0.2). All other squark
parameters not shown here are zero.

M, M, M,
250 GeV 500 GeV 1500 GeV
n tan m 4o
2000 GeV 20 1500 GeV
a=1 a=2 a=3
My, (2400 GeV?  (2360)° GeV? (1850 GeV?
M (2380)2 GeV2  (1050)2 GeV2  (950)2 GeV?2

Uaa
2

M3, (2380)2 GeV?  (2340)% GeV?  (2300)% GeV?

o5 55" 855" 855"
0.05 0.2 0.03 0.06
TABLE II. Physical masses in GeV of the particles for the

scenario of Table I.

m )—(1: m 70 m;zo m )?g m )?T m 5(;
260 534 2020 2021 534 2022
mpo mpgo m 4o mpg+
126.08 1498 1500 1501
I’I”I§ m,;l m,;z m,;3 m[“ m,;s m,;é

1473 756 965 1800 2298 2301 2332

TABLE III.  Flavor decomposition of #; and #, for the scenario
of Table I. Shown are the squared coefficients.

up cr 19 Ug CR IR
ity 0 0.0004 0.012 0 0.519 0.468
ity 0 0.0004 0.009 0 0.480 0.509
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TABLE IV. Constraints on the MSSM parameters from the B-physics experiments relevant mainly for the mixing
between the second and the third generations of squarks and from the data on the 1% mass. The fourth column shows
constraints at 95% C.L. obtained by combining the experimental error quadratically with the theoretical uncertainty,

except for my.

PHYSICAL REVIEW D 91, 015007 (2015)

Observable Experimental data Theoretical uncertainty Constraint (95% C.L.)
AMy [ps~'] 17.768 £ 0.024 (68% C.L.) [36]  £3.3 (95% C.L.) [37,38] 17.77 £3.30
10* x B(b — s7) 3.40 £0.21 (68% C.L.) [39] +0.23 (68% C.L.) [40] 3.40 £0.61
109 x B(b — sl*17) 1.60704% (68% C.L.) [41] +0.11 (68% C.L.) [42] 1601097
(I=-eorpy)
10° x B(By — ptp”) 2.9£0.7 (68% C.L.) [43-45] +0.23 (68% C.L.) [46] 2.90 £ 1.44
10* x B(B* — 7%0) 1.15 £ 0.23 (68% C.L.) [47-49] +0.29 (68% C.L.) [47] 1.154+0.73
my [GeV] 125.03 £ 0.30 (68% C.L.) (CMS) [3],
12536 +0.41 (68% C.L.) (ATLAS) [1] +2 [50] 125.15 +£2.48

Thus, our total result can be written in the form

[(h° - ce) =T (R0 - c¢)

6T = 6T9(m,|syy) — T (m,)

m% - m%|SM

m;

(59)

= T"(m,) + 609 + 617 + 6TV, (58) IV. NUMERICAL RESULTS
~ To demonstrate clearly the effect of QFV in the MSSM,
where the new gluon contribution 6I'Y is given by we have explicitly chosen a reference scenario with a rather
T'h° > c ) [MeV] IIMKE s ce) -1
03F T T T : T = 03F T T T T \ T 3
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strong ¢ —f mixing. The MSSM parameters at Q =
125.5 GeV = m, are given in Table L.

The resulting physical masses of the particles are shown
in Table II. The flavor decomposition of the two lighter
squarks #; and i, can be seen in Table III. This scenario
satisfies all present experimental and theoretical constraints
given in Appendix D. For calculating the masses and the
mixing, as well as the low-energy observables, especially
those in the B meson sector (see Table 1V), we use the
public code SPheno v3.3.3 [30,31]. The width ['(h° — c¢)
at full one-loop level in the MSSM with QFV is calculated
on the basis of the formulas given above with the help of
FeynArts [33] and FormCalc [34]. We also use the SSP
package [35]. In the following plots, we show the QFV
parameter dependences of the full one-loop level width
I'(h® — ¢¢) of Eq. (58) around the reference point of
Table 1.

In Figs. 5(a) and 5(b), we show the dependence of the
width T'(h° — ¢¢) on the QFV parameters 85 (¢, — 1,
mixing) and 84%F (¢x — 75 mixing), with the other param-
eters fixed as in Table I. In Fig. 5(a) we show the width in
MeV as a function of §5¢ and 84%R. The white area is the

region allowed by all the constraints of Appendix D, with
the reference point of Table I indicated by X. In the allowed
region, this width can vary from 0.1 to 0.14 MeV. As can be
seen, there is a rather strong dependence on 55§R .

In Fig. 5(b) we show the deviation of the I'(h® — ¢¢)
from the SM width TSM(h® - ¢¢) = 0.118 MeV [8]. This
deviation varies between —15% and 20%. It is interesting to
mention that we obtain I'%C(h° — ¢¢) = 0.116 MeV for
the full one-loop width in the QFC MSSM case for our
reference scenario corresponding to Table I. This means that
the QFC supersymmetric contributions change the width
['(h° — ¢€) by only ~ — 15% compared to the SM value.
Comparing our QFC one-loop result with FeynHiggs-2.10.2
[51], we have a difference less than 1%. Note that the mass
of the lightest squark #; can vary in the allowed region
between 650 and 850 GeV, as seen in Fig. 5(c). Note also
that in Figs. 5(a) and 5(b) the QFV parameter —0.3 <
548k < 0.3 is not restricted by the constraints from the B
sector but from the mass of the lightest stop [corresponding
to the lightest squark mass shown in Fig. 5(c)] and
the lightest neutralino (see Table II) in the context of
the simplified MSSM with QFC [52]. In principle, this
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Dependence on the QFV parameters 84K and 84K of the width (a) I'(n°
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() T(h® — ¢c)/TSM(h® — ¢¢), and (c) the mass of the lightest squark i, in GeV.

experimental restriction on the lightest stop mass does not
hold for the case of QFV, and a wider range of §4%F is
allowed [53].

In Figs. 6(a) and 6(b), we show the dependence of the
width I'(h° - ¢¢) on the QFV parameters 55- and 64%%
(¢, — 1 mixing) with the other parameters fixed as in
Table I. In the allowed range the width can vary between
0.08 and 0.15 MeV. The deviation of ['(h° — ¢¢) from the
SM value TM(R? — ¢¢) lies between —30% and 25%
[Fig. 6(b)]. Figure 6(c) shows the dependence of the
mass mg .

In analogy we show in Fig. 7 the corresponding plots for
the dependences on the QFV parameters 845% and S4R.
As seen in Fig. 7(a), the width T'(h* — cc) varies in the
allowed region between 0.07 and 0.15 MeV. The deviation
from the SM value TM(h® — ¢¢) is between —35% and
30% [see Fig. 7(b)]. The mass of i, varies between 600 and
850 GeV, as seen in Fig. 7(c).

In Fig. 8 we show the dependence of 6TX/TSM(p° —
c¢) on the QFV parameters 5457, 554, 545R, and S48 for
the reference scenario of Table I, where 6I'X denotes
the individual contribution of X = (g,impr), g, EW
(including the EW MSSM contributions) to the width
['(h° — c¢) [see Eq. (58)]. As can be seen, the gluino

loop contribution 8T depends significantly on 845k and
545R with the dependences on 85 and §4X- belng some-
what weaker. The gluino loop contribution 6I'9/T'SM can
go up to 45% [see Figs. 8(a) and 8(d)]. It can also be seen
that the electroweak loop contributions SI'EW cannot be
neglected with 6I'™Y /I'SM being around 5%. Clearly, its
dependence on the QFV parameters is weak.

The strong dependences of the width I'(h° — ¢¢) on the
QFV parameters shown in this section can be explained as
follows. First of all, the scenario chosen is characterized by
large QFV parameters, which in our case are the large
Crg—Ipg mixing parameters 5%, G4RR GURL GUER
and particularly large QFV trilinear couphngs Tyr3s Tyso
(note that 848 ~ Typ; and 84K ~ Ty3p). In such a sce-
nario, the hghtest up-type squarks i, , are strong admix-
tures of &, g — 1, g, and, hence, the couplings it »it} ,h°
(~Re(HY)) in Fig. 3 are strongly enhanced; see Eq. (A3).
In addition, large 7; — 7z mixing due to the large QFC
trilinear coupling T'y33 occurs. Moreover, the 7, 7; h° and
1r1%h° couplings are proportional to the top-quark mass
squared [see Eq. (A3)], which additionally enhances the
u Lzﬁjzho couplings and thus also the vertex gluino
contributions of Fig. 3 in case of QFV.
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Dependences on the QFV parameters of the one-loop g, EW, and improved g contributions to the width

I'(h° - ¢&). Note that for the § and EW contributions only the one-loop scale independent part is shown as in the DR scheme the scale

dependent part cancels with the tree-level scale dependent part.

V. OBSERVABILITY OF THE DEVIATION OF
I'(h® - ¢é) FROM ITS SM VALUE AT THE ILC

Observation of any significant deviation of the width
['(h° — c¢) from its SM prediction signals new physics
beyond the SM. It is important to estimate the uncertainties
of the SM prediction reliably in order to confirm such a
deviation. Once the deviation is discovered, one has to
work out the new physics candidates suggesting it.

The uncertainties of the SM prediction come from two
sources [54-57]. One is the parametric uncertainty, and the
other is the theory uncertainty. The former is due to the
errors of the SM input parameters such as m,(m. )|y and
a,(myz)|ys, and the latter is due to unknown higher-order
corrections. The theory uncertainty is estimated mainly by
renormalization-scale dependence uncertainties which are
indicative of not knowing higher-order terms in a pertur-
bative expansion of the corresponding observable. These
scale dependence uncertainties are estimated by varying the
scale Q from Q/2 to 2Q [54-56]. (Note that in our
case Q = myp.)

To estimate the uncertainty of the width T'(h° — ¢¢) in
the MSSM with QFV at our reference point, we proceed in
an analogous way. We calculate the parametric uncertainty
in the width T'(h° — ¢¢) due to errors in the inputs
m.(m.) |55 and a;(my) |y following [58]

or  |m, or a, o'
r | T om, " Da

om, oo

(60)

m, a;

where as input we take m.(m,)|yg = 1.275 GeV with
dme/m, =2% [39], and a;(my)|ys = 0.1185 with
ba,/a;, = 0.5% [59]. 6X/X denotes the relative error of
the quantity X. At our reference point of Table I, we get

or om, oa
— = |2.6] ®| —4.0|—
r m a

c s
Note that the parametric uncertainties due to errors of the
other SM input parameters, such as m,, are negligible.
The theory uncertainty of the width for our reference

point is shown on Fig. 9. We have 8I'/T'(h° — cc) =7019%,

where I'(h° — c¢) is the improved one-loop corrected

=52%@2%.  (61)
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width of Eq. (58).
take ~0.5%.

For the total error in the width at our reference point,
we get

Thus, for this uncertainty, we

V5.2%% 4+ 2% + 0.5% ~

where the parametric uncertainties are added quadratically
and the theory uncertainty is added to them linearly.
The obtained total uncertainty (62) at our reference point
is ~4+6.1% (at 68% C.L.), which is in good agreement
with the estimated total uncertainty of T'SM(h® — c¢);
see Table 13 of Ref. [56]. Note that the uncertainty in
the coupling is half of the uncertainty in the width.

As seen in Sec. 1V, the deviation I'(h® — ¢¢)/TM(h° —
cc) can be as large as ~ & 35%. Such a large deviation can

6.1%, (62)
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be observed at the ILC (500 GeV) with 1600 (500) fb~!,
where the expected experimental error in the width is ~3%
(5.6%) [60,61]. A measurement of I'(h® - ¢¢) at LHC
(even with the high luminosity upgrade) is demanding due
to uncertainties in the charm tagging.

VI. CONCLUSIONS

We have calculated the width T'(h° — ¢¢) at full one-
loop level within the MSSM with quark flavor violation.
In particular, we have studied cp —fR,L mixing, taking
into account the experimental constraints from B-physics,
myp, and SUSY particle searches. The width I'(h — ¢¢)
turns out to be very sensitive to Cg; — g ; mixing.

In our calculation we have used the DR renormalization
scheme. In particular, we have derived the explicit formula
for the dominant gluino loop contribution. We also have
performed a detailed numerical study of the QFV parameter
dependence of the width. Whereas the width T'(h® — ¢¢) in
the QFC MSSM case is only slightly different from its
SM value, in the QFV case, this width can deviate from the
SM by up to ~ 4 35%.

We have estimated the theoretical uncertainties of
['(h® — c¢¢) and have shown that the SUSY QFV contri-
bution to this width can be observed at the ILC.
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APPENDIX A: INTERACTION LAGRANGIAN

(i) The interaction of the lightest neutral Higgs boson, 4%, with two charm quarks is given by

‘ChOcZ'

where the tree-level coupling s is given by Eq. (10).

= s$hOce, (A1)

(i) In the super-CKM basis, the interaction of the lightest neutral Higgs boson, 4°, with two up-type squarks is given by

Lyoza = Gl k0w, i,j=1,...,6. (A2)
The coupling Gf‘jl reads
G, = =T |-} sin(a + p) 1 - Lan (U")(U™) Lo 20w (U") ;143 (U™)
N 2y, myy sin(a + f 3 an~ty jk ik T3 an“y J(k+3) i(k+3)
,c0sa .
sm[)’ [(U™) jom ( (U™) i + (U™) ey mi o (U™ ) i543)]
sina ~ ~ . _
+ sing 1 (U") ke Mg (U)o + p(U™) jm o (U™)43)]
cosa vy - o -
+ smﬂ\/_[(U) 43) (T0) (U™ )y + (U") 3 (T u(U” Vi) (A3)
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wl}ere the sumoverk, [ = 1, 2, 3 is understood. Here
U" is the mixing matrix of the up-type squarks

ﬁiL = (UﬁT)ikﬁk’

i=1,2,3,

Uig = (UﬁT)(HS)kﬁk’

k=1,...,6. (A4)
Note that (T'),; in (A3) are given in the SUSY Les
Houche Accord notation[62].

(iii) The interaction of gluino, up-type squark, and a
charm quark is described by

flu c— \/_gs Tas |:L(:](l <Uz’?2e_i¢73PL - U?Seid%P >Cyu* "
I - ) o
+er (U;fz*el%PR - U;g*e—l%PL) g“uf] , (AS5)

where 7% are the SU(3) colour group generators and
summation over r,s = 1,2,3 and overa =1, ..., 8
is understood. In our case the parameter M; =
mge'?> is taken as real, ¢ = 0.

APPENDIX B: HARD GLUON/PHOTON
BREMSSTRAHLUNG

The convergent one-loop gluon/photon corrected decay
width in the limit of vanishing gluon/photon mass, 4 = 0, is
given by

Fg/y(ho N CE’) — [tree +5]"g/}’ +1"hard(h0 N cég/y).

(B1)
The hard gluon radiation width reads
L 2as5P
I d(ho - CCQ) = ﬂzmho [Jl - (mho —4m? )
x (J = (my = 2mg)J3)], (B2)
with the integrals [63]
3
J) = <( + 6m )lnﬁo——lc( my, —2m )> (B3)
Smhﬂ
1 K2 )
Jz 4m 2k 1n W — 4Kk — mho lnﬁO ’ <B4)
1 A
J3 =5 <_ hl( mhom ) Infy + In°f — In*3,
2mh0 K2
T Lis(1 - f) - Lis(1 —ﬁ%)), (B)

where Li(z) is the polylogarithm function, defined by the
infinite sum
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= (B6)
-3
2 2 2
My —2m; 4+« My, — K
= , =T B7
bo 2m% b 2myom, (B7)
4 2
Kk = k(mzy, mg,mg) = myoq |1 — HZC. (B8)
My,

The expression for the hard photon radiation width
rhad(p0 — ccy) s obtajned from (B2) by making the
replacements Cp =4/3 — e2=4/9 and a, —» a = €*/(4x).

APPENDIX C: SIMPLIFIED FORMULAS FOR
THE TWO- AND THREE-POINT FUNCTIONS

In our analytic calculations, we neglect the squared
masses of the charm quark and the lightest neutral Higgs
boson, m?2 and mio, in comparison to the squared masses of
the scalar quarks and the gluino, m2 and m2. In the
following we list the simplified expreséions for the two-
and three-point functions for this case:

m%ln mllnm1
By(0,m3,m3) = A+ 1+ 2 5 (C1)
my —m;

)

2\ 0% (mi-m3)* mi 2(’"% — m3)
_mi +2mim3 —m;
Q@ (mi-my)?

2 2 _ 3,2
< 223 ()
1 my—my
2
Bo(0,m?,0) = A+ 1 —In"~ (C3)
A+ 3
By(0,m2,0) = ¢_= C4
1( ,m-, ) 2 4 ( )
m2
By(0,m?*, m*) = By(0,m*,0) — 1 = A—lng (Cs)
1
Bl(O,mz, mz) - _EBO(O’ mz’mz) (C6)
Q2
By(m*,0,m*) = A+2+In= (C7)
m
2 2 ! %5
Bi(m*,0,m”) =—-(A+1+In=]), (C8)
2 m
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with A the UV divergence factor and Q the renormalization
scale,

. . m‘f—m§+2m%m%lnnml—§
By (0, m7, = ] Cc9
0(0, my, m3) 2(m%—m%)3 (C9)
B,(0,m}, m3)
2m8 + 3mim?} — 6mim? + mS + 6m3m{ ln%
o 6(m} —m3)*
(C10)
; 2 0 1
B()(O,m ,m ) ) (Cl])
6m
. ) 1
Bo(0.m?.0) = — (C12)
2m
. 1 m?
Bo(mz,/’{z, mz) = —2—’/’12 <2 - lnl—2> (C13)
. 1
Bl(mz,/lz,mz) == Y (C14)
2m
Co(mi,m3..mi. 2%, mi, m})
1 1 2 2712 1 1/2
:z[mwlnmgﬂ—”—zuz( +ﬁ>
mp | 1-p " 2 3 -4
1+ )12 1+
—2In* | —= Infln—— 1
n(l—ﬂ) +Inp =5 (C15)
I 14p
Culmd ot o) = s T (C16)
where = (1 —4m?/m3)"/? and Lig(z) is defined

with (B6),

Cy(0,0,0,m3, m3, m%)
_ By(0,mi, m3) = By(0, m3, m3)

2 2
my —mj

m

ST

2 2
mim3In"% + m3m3In"3 + m3m? In>
= : : C17
R [ [ R

=

2
2 _ .2 21n ™
my — mj + mjln-3

Co(0,0,0,m3, m3,m3) = L. (C18)

(m} — m3)?

For m3 = m, < m; we get
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2
1+In73 1 Inm? Inm?
C,(0,0,0, 2’ 2’ 2y mo_ - 1 2
ol mi, msy, my) m% m% m% m%
(C19)
1
Cy(0,0,0,m*, m*, m?) = — (C20)

2m?

Note that the expression (C19) vanishes for fixed m,
and m; — oo.

APPENDIX D: THEORETICAL AND
EXPERIMENTAL CONSTRAINTS

Here we summarize the experimental and theoretical
constraints taken into account in the present paper. The
constraints on the MSSM parameters from the B-physics
experiments and from the Higgs boson measurement at
LHC are shown in Table IV.

The BABAR and Belle collaborations have reported a
slight excess of B(B — Dv) and B(B — D*v) [64-66].
However, it has been argued in Ref. [67] that within the
MSSM this cannot be explained without being at the same
time in conflict with B(B, — 7v). Using the program
SUSY_FLAVOR [68] we have checked that in our
MSSM scenarios no significant enhancement occurs for
B(B — Dzv). However, as pointed out in Ref. [69], the
theoretical predictions (in the SM and MSSM) on B(B —
Dlv) and B(B — D*Ilv) (I =z, u, e) 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. Therefore, we
do not take these constraints into account in our paper.

In Ref. [70] the QFV decays ¢t — gh with ¢ = u,c,
have been studied in the general MSSM with QFV. It is
found that these decays cannot be visible at the current
LHC runs due to the very small decay branching ratios
B(t — gh).

For the mass of the Higgs boson h°, taking the naive
combination of the ATLAS and CMS measurements [1,3]
myo = 125.15 £ 0.24 GeV [5] and adding the theoretical
uncertainty of ~ =2 GeV [50] linearly to the experimental
uncertainty at 2o, we take my = 125.15 £2.48 GeV.

In addition to these constraints, we also require our
scenarios to be consistent with the following experimental
constraints:

(i) The LHC limits on the squark and gluino masses (at
95% C.L.) [52,71-92]: In the context of simplified
models, gluino masses m; <1 TeV are excluded at
95% C.L. The mass limit varies in the range 1000-
1400 GeV depending on assumptions. First- and
second-generation squark masses are excluded be-
low 900 GeV. Bottom squarks are excluded below
600 GeV. A typical top-squark mass limit is
~700 GeV. In Refs. [91,92] a limit for the mass
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of the top-squark m; 2 500 GeV for m; — myqp =
200 GeV is quoted. Including mixing of ¢ and 7
would even lower this limit [53].

(i) The LHC limits on My and My from negative
searches for charginos and neutralinos mainly in
leptonic final states [52,93,94].

(iii) The constraint on (myo -+, tan ) from the MSSM
Higgs boson searches at LHC [1-4,95].

(iv) The experimental limit on SUSY contributions on
the electroweak p parameter [96]: Ap(SUSY) <
0.0012.

Furthermore, we impose the following theoretical con-

straints from the vacuum stability conditions for the tri-
linear coupling matrices [97]:

|TUaa|2 < 3Y%]a(M2Qaa+M%]aa+m%)’ (Dl)

Tpual® < 3Ypo(Mpyy + Mpye +mi).  (D2)
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|TU(zﬁ|2 < Y%}y(MzQﬂﬂ + M%/aa + m%)’ (D3)

|TDaﬁ|2 < Y%)y(MzQﬁ/} + M%)aa + m%)’ (D4)
where a,f=1.2,3, a#f; y=Max(a,f) and m{ = (m7,.+
mZsin*@y )sin’p — Im%, m3 = (m2,. + misin*6y )cos’f—

Im%. The Yukawa couplings of the up-type and down-

type quarks are Yy, = \/imua = %mw;?n 5 (ug =
u,c,t) and Yp, = \/imda/vl = %m:ggsﬂ (d,=d,s,b),
with m, and m, being the running quark masses at the
weak scale and g being the SU(2) gauge coupling. All soft
SUSY-breaking parameters are given at Q = 125.5 GeV.
As SM parameters we take m; = 91.2 GeV and the on-
shell top-quark mass m, = 173.3 GeV [98]. We have found
that our results shown are fairly insensitive to the precise
value of m,.
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