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Abstract We study the two-body decays of the gluino at
full one-loop level in the Minimal Supersymmetric Stan-
dard Model with quark-flavour violation (QFV) in the squark
sector. The renormalisation is done in the DR scheme. The
gluon and photon radiations are included by adding the cor-
responding three-body decay widths. We discuss the depen-
dence of the gluino decay widths on the QFV parameters.
The main dependence stems from the ¢g—fg mixing in the
decays to up-type squarks, and from the §g—b g mixing in the
decays to down-type squarks due to the strong constraints
from B-physics on the other quark-flavour-mixing parame-
ters. The full one-loop corrections to the gluino decay widths
are mostly negative and of the order of about —10%. The
QFV part stays small in the total width but can vary up to
—8% for the decay width into the lightest & squark. For the
corresponding branching ratio the effect is somehow washed
out by at least a factor of two. The electroweak corrections
can be as large as 35% of the SUSY QCD corrections.

1 Introduction

After the discovery of the Higgs particle in 2012 [1,2], a task
with high priority of the LHC is the search for new physics,
beyond the framework of the Standard Model (SM). One of
the most favoured candidates to be discovered are the super-
symmetric (SUSY) particles. Their decay chains have been,
therefore, extensively studied during the last two decades.
Especially relevant are the decays of strongly interacting
SUSY particles, squarks and gluinos. At tree-level, the lead-
ing gluino decays are those into a quark and a squark. Only
when these processes are kinematically forbidden, more-
body and loop-induced gluino decays become important.

#e-mail: elena.ginina@oeaw.ac.at

The decays of the gluino in the Minimal Supersymmetric
Standard Model (MSSM) were previously studied with gen-
eral quark-flavour violation (QFV) in the squark sector at tree
level [3-5] or including one-loop corrections with no QFV
in the squark sector [6,7]. In this paper we study the two-
body decays of the gluino into a scalar quark and a quark at
full one-loop level with general quark-flavour mixing in the
squark sector of the MSSM. Such a study has been performed
indetail in [8]. The analytical results obtained therein, as well
as the developed numerical package FVSFOLD, will be used
in the current paper. Since the experiments on K-physics dis-
favour mixing between the first two squark generations [9],
we only consider mixing between the second and the third
generations of squarks. More concrete, we consider scenar-
ios where the gluino only decays into the lightest up- and
down-type squarks, i 2 and 571,2, which can be mixtures of
¢r.g and 7 g and §; g and EL’R, respectively, and all the
other decays into i3, ¢, 613’__.,6 are kinematically forbidden.
There exist constraints from B-physics on such mixing as
well, which we take into account. The mass limits on SUSY
particles as well as the theoretical constraints on the soft-
SUSY-breaking trilinear coupling matrices from the vacuum
stability conditions are also taken into account.

In Sect. 2 we give the formulae for the QFV mixing
squark system. In Sect. 3 the tree-level partial two-body
decay widths are derived and then the used DR renormal-
isation scheme is explained. In order to cure the infrared (IR)
divergences, we include the widths of the real gluon/photon
radiation process, introducing a small regulator gluon/photon
mass. In Sect. 4 we perform a detailed numerical analy-
sis on the dependences of the two-body decay widths and
branching ratios (BRs) on the quark-flavour-mixing param-
eters 8%3 R and Bng and on the gluino mass. Appendix A
contains the Lagrangian for the gluino—squark—quark interac-
tion. In Appendix B all constraints we obey are summarised
and Appendix C gives the detailed formulae for the hard
radiation of a gluon or a photon.
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2 QFYV parameters in the squark sector of the MSSM

We define the QFV parameters in the up-type squark sector
of the MSSM as follows:

S = Mpap/ | MpuaMppgs: M
SMRR MUaﬁ/\/ MUaotMU,Bﬂ’ 2
Skt = 2/ Tuap/ || M} Mg 3)

where o, B = 1,2,3 (¢ # B) denote the quark flavours
u,c,t,and vy = /2 <H§)). Analogously, for the down-type
squark sector we have

dRR _
(Saﬂ MDozﬁ/ MDaaM%)ﬁﬂ’ “@
dRL (vl/\/_)TDaﬁ/ MDaaMéﬁﬂ’ ©)

where the subscripts «, B = 1, 2, 3 (¢ # ) denote the quark
flavoursd, s, b,and v; = «/§<H10) Mg.u, p are the hermitian
soft-SUSY-breaking squark mass matrices and Ty, p are the
soft SUSY-breaking trilinear coupling matrices of the up-
and down-type squarks. These parameters enter the left—left,
right-right and left-right blocks of the 6 x 6 squark mass
matrix in the super-CKM basis [10],

M2 Maz] LL M?} LR 6
q— MZ M2 ’ (6)
q,RL q,RR

with § = @, d. The different blocks in Eq. (6) are given by
MG 1 = VekmaMy Vg + Dol + iy,
M3 g = My + Da el + 115,

2 2% v R
Mﬂ,RL_Mu IR = —Ty — u*m, cot B,

V2
2 2
MdLL_M +DdLL1+md’
2
2 . 2F __1 o EA
./\/ld RL Md LR ﬁTD W mgtan B, @)

where p is the higgsino mass parameter, tan § is the ratio
of the vacuum expectation values of the neutral Higgs fields
v2/v1, and m,, 4 are the diagonal mass matrices of the up- and
down—ztype quarks. Furthermore, Dj ., = cos ZﬁmZZ(Tf —
eq sin®Oy) and D gr = ¢4 sin® Oy cos 28m?, where Ty
and e, are the isospin and electric charge of the quarks
(squarks), respectively, and 6y is the Weinberg mixing angle.
Vckw is the Cabibbo—Kobayashi—-Maskawa matrix, which
we approximate with the unit matrix. The squark mass matrix
is diagonalised by the 6 x 6 unitary matrices U9, such that

UIMZ(UDT = diagm? . ..., m7), ®)
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with mgz < --- < mg, and ¢ = ii,d. The physical mass
eigenstates g;, i = 1, ..., 6 are given by g; = Ulaq()a

In this paper we study Cr—ir, CL—IR, Cr—tR, and ¢ —f1,
mixing, which is described by the QFV parameters S“RL,
8”LR (SL’RL)* 5”RR and 823 , respectively, as well as Sg—
bL, sL—bR, sR—bR, and sL—bL mixing, which is described
by the QFV parameters 82RL SdLR = (83RL)* SdRR, and
82L3L, respectively. Note that &5 L descrlbes the left-left mix-
ing in both i and d sectors. The fr—t;, mixing is described
by the quark-flavour conserving (QFC) parameter 845, All

parameters mentioned are assumed to be real.

3 Two-body decays of gluino at full one-loop level in the
general MSSM

We study two-body decays of gluino into a squark and a
quark, § — §*q. The tree-level partial decay widths ' (g —
c};“qg),withi =1,...,6,g = u,d,and the subscript g being
the quark-generation index, are given by

1/2 2 2
c Al (m~ m )

e ‘g Mol ©)
Mg

g — grq) =

where ¢ = 1/16 s the average factor for the incoming g. The
tree-level amplitude squared reads

(Mol = (Ig; 1> + gk m2 —m2, +m?)
+2mgmy, (87°8k + 81.8R): (10)

with A(x2, y2, z%) = x? 4+ y? 4+ 7% — 2xy — 2xz — 2yz, no
summation over i, and the tree-level couplings g; p are given
by (see also Appendix A)

g = V2 gsTUq

ig 8R ZﬁgéTUzqg+3’ (11)

where T are the generators of the SU(3) colour group, and
U4, with§ = ii, d are the up- and down-squark mixing matri-
ces defined by Eq. (8). By inserting Eq. (11) into Eq. (10)
and using tr(7¢T%) = N.Cr = 4 we can write Eq. (9) in
the explicit form

rg — Glag) = 2 e

q q 2 2 2
((|U 24107 5 ) o2 =2+ m )
q* 119
—d4mgmg,Re (U2 U, g+3)> (12)

In order to obtain an ultraviolet (UV) convergent result at
one-loop level we employ the dimensional reduction (DR)
regularisation scheme, which implies that all tree-level input
parameters of the Lagrangian are defined at the scale Q =
M3 ~ mj. Since in this scheme the tree-level couplings gi’ R
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are defined at the scale Q, they do not receive further finite
shifts due to radiative corrections. The physical scale inde-
pendent masses and fields are obtained from the DR ones
using on-shell renormalisation conditions.

We can write the renormalised one-loop partial decay
widths as

T — GFqe) = T°@ — Gfag) + AT — GFqy).

1/2 2 2
cA (m m~ mqg)

AT(§ — §fqg) = Re(M{M),

327 m3~
8

Re(M{M)) = Re((gL AgL + g Agr)(m2 —m2 +m? )

+2mgmg, (g AgR + gl AgL)) (13)

where M is the one-loop amplitude. The complete list of
diagrams can be found in the appendix of [8]. The one-loop
shifts to the coupling constants, Agy and Agpg, receive con-
tributions from all vertex diagrams, the amplitudes arising
from the wave-function renormalisation constants and the
amplitudes arising from the coupling counter-terms, '

AgrL.R =88] p+ 881 r + 887 g (14)

where (ng » 18 due to all vertex radiative corrections, and
8g{ g is due to the coupling counter-terms. The wave-
function induced corrections are given by

sgree = % (3zgR* +878* 4574 )
sgl e = % (5sz* +8Z0* 578 )
(ng,off-diag _ % (8 zq/*gi +8ZlquglLl>
e = 2 (570 g +o7itel) (1)

with i and j fixed, j # i,[ # j. Note that gzl g denote the
84 qi couplings. The explicit expressions for the renormal-
isation constants § Z in (15) can be found in [8].

To cure the infrared (IR) divergences, in addition to (13),
we include the widths of the real gluon/photon radiation
processes, '(§ — giqqg/y), assuming a small regulator
gluon/photon mass A. The explicit formulae for the hard radi-
ation widths are given in Appendix C.

The full one-loop contribution to the total two-body decay
width, see (13), is due to SUSY-QCD and electroweak cor-
rections,

! Note, that in the DR scheme the coupling corrections contain only UV
divergent terms which have to be cancelled exactly to yield a convergent
result.

@ —q*q) =T% — ¢*q) + ATP (g — G*¢)
+ A"V — G*q). (16)

ATSQCD includes loops with gluon and gluino, and ATEW
includes loops with EW gauge bosons, photon, Higgs bosons
and EWinos. In the numerical analyses performed in [8], as
well as in [6], it was shown that in the considered scenarios
the electroweak corrections are not negligible, but necessary
for a correct one-loop evaluation. As you will see, in our
numerical analysis we will come to a similar conclusion.
Hereafter we will use the notation I'(§ — giq,) =
I'(g = g/qq) +T'(g¢ = Gigg). In our case where CP is
conserved this is equivalent with 2I'(g — G/ qg).

4 Numerical results

In order to demonstrate quantitatively our results on the
gluino decay widths and branching ratios we first fix a ref-
erence scenario and then vary the QFV parameters within
the allowed region. Our reference scenario fulfils all rele-
vant theoretical and experimental constraints, which we dis-
cuss in more detail in Appendix B. The input parameters
and the physical output parameters are shown in Tables 1
and 2, respectively. The flavour decomposition of the i1 »
and &1,2 squarks is shown in Table 3. For calculating the
h° mass and the low-energy observables, especially those
ones in the B-sector (see Table 4), we use the public code
SPheno v3.3.3 [11,12]. The gluino two-body widths and
branching ratios at full one-loop level in the MSSM with
QFV are calculated with the numerical code FVSFOLD,
developed in [8]. For building FVSFOLD the packages Fey-
nArts [13,14] and FormCalc [15] were used. Furthermore,
we use LoopTools [15] based on the FF package [16], and
SSP [17]. In order to have simultanuosly a UV and IR finite
result we first calculate the total result by using only DR
parameters for the one-loop partial width including the real
hard radiation. Then we use on-shell masses, which are calcu-
lated within FVSFOLD, in the kinematic two-body prefactor
A2 /m3, see Eq. (12).

The scenario shown in Table 1 violates quark flavour
explicitly in both up- and down-squark sectors. The values of
the parameters M 2 3 are chosen to satisfy approximately the
GUT relations (M1 : M> : M3 =1 :2:6). The Higgs boson
h0 is SM-like with myo = 125 GeV and all other Higgses
are much heavier in mass and degenerate. The ratio of the
vacuum expectation values of the neutral Higgs fields v /v
is taken relatively small, tan = 15. The value of the p param-

eter is also chosen small for naturalness reasons. The flavour
decompositions of the i1 > and 31,2 squarks are shown in
Table 3. In this scenario the i] squark is a strong mixture
of ¢g and 7, with a tiny contribution from ¢;, and the i,

@ Springer
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Table 1 QFV reference

scenario: all parameters are M M> Ms -
calculated at 500 GeV 1000 GeV 3000 GeV 500 GeV
Q=M3z=3TeV x~ mg, except
for m 40 which is the pole mass tan m 40
of A%, and Ty33 = 2500 GeV
(corresponding to 5;‘3RL =0.06). 15 3000 GeV
All other squark parameters are
zero a=1 a=2 a=3
M3 32007 GeV? 3000 GeV? 2600 GeV?
M}, 3200% GeV? 3000% GeV? 2600% GeV?
M3 3200 GeV? 30007 GeV? 2600 GeV?
ot o s st o s s
0.01 0.7 0.04 0.07 0.7 0 0

Table 2 Physical masses of the particles in GeV for the scenario of
Table 1

m:o m:o nm:o m:o m-+ me:+

X % Ve X4 X X
460 500 526 1049 493 1049
Mo mgo M 40 my+
125 3000 3000 3001
mg mg, M, My mg, Miis Mg

3154 1602 2686 3087 3295 3300 3692

m(?z md~3 md_zt mﬂ?s deﬁ

1662 2689 3087 3295 3301 3747

Table 3 Flavour decomposition of i1 and 121,2 for the scenario of
Table 1. Shown are the squared coefficients

uy, Cr, 17 upR CR IR
i 0 0.004 0 0 0.38 0.61
iin 0 0.001 0.99 0 0.006 0
gL S:L I;L &R §R Z;R
di 0 0.4 0.6
& 0

squark is mainly 77, with a tiny contribution from ¢g. The c?1
is a mixture of Sg and I;R, and 572 is a pure I;L.

At our reference parameter point the gluino decays into
ujpc, u1nt, Jl,zs and i1 2 b are kinematically allowed,
with branching ratios B(g — #;¢) ~ 17%, B(g —
dis) ~ 18%, B(Z — ii1t) = B(§ — dib) ~ 27%,
B(g — iy t) &~ 5% and the others being very small. The total
two-body width including the full one-loop contribution,
I'(g — §gq) = 70GeV, where the tree-level width (g —

@ Springer

Gq) = 75GeV,? and the SUSY-QCD and the electroweak
corrections are negative, ATSCCP(3 — Gg) = —4.6GeV
and ATEY(g — Gq) = —0.5GeV, giving about —6.4 and
—0.7% of the total two-body gluino width I'(g — ¢gq),
respectively. Note that the SQCD contribution includes gluon
and gluino, and the EW contribution includes also the pho-
ton. In the same scenario with no quark-flavour violation, i.e.
when all QFV (§) parameters listed in Table 1 are set to zero,
we have I'(g — ggq) = 14GeV.

The QFV left-right mixing, described by the parameters
8§’3LR , 8331”‘ , Sg‘R , 8513R L is constrained from the vacuum sta-
bility conditions (see Sect. B) and is required to be rather
small. On another hand, a sizeable value of 62L3L is not pos-
sible because it violates B-physics constraints such as the
B(By; — n ™) constraint. However, large right-right mix-
ing in both & and d sectors is allowed (see also [18]) and
therefore, in the following, we show only plots with depen-
dences on the 85‘3R R and 8513RR parameters. In Fig. 1 we show
dependences on the QFV parameter 853RR. In Fig. 1a the tree-
level, the SQCD and total full one-loop widths and in Fig.
1b the relative contributions of the one-loop SQCD and the
full one-loop part in terms of the tree-level result are shown.
The partial decay widths as well as the branching ratios of
the kinematically allowed two-body channels at full one-loop
level are shown in Fig. 1c, d, respectively. In Fig. laitis seen
that '(g — ¢q) is quite sensitive to the parameter 8%3 k.
The dependence of the tree-level width and the full one-loop
corrected width is similar and their difference becomes a lit-
tle more important for large absolute values of 85‘3RR. This
means that the QFV parameter dependence is mainly due
to the kinematic factor, see Sect. 3. The SQCD correction

2 A comparison with the tree-level results is not precisely accurate,
since in the DR scheme the tree-level width alone does not have a
physical meaning, but the width at full one-loop level does. However,
in order to get approximately an idea how large the tree-level result
is, we allow to use on-shell masses only in the kinematics factor of
Eq. (12). In the following, we will call this tree-level result.
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Fig. 1 a Total two-body decay

Iz - 4q) [GeV]

width T'(g — gq) at tree level,
SQCD one-loop and full
one-loop corrected as functions
of the QFV parameter 8§’§R;

b AT (g — gq) being the
SQCD one-loop and the full
one-loop corrections to

I'(g — gq) relative to the
tree-level width;

¢ partial decay widths and

d branching ratios of the
kinematically allowed individual
two-body channels at full (a)
one-loop level as functions of
85‘3R R All the other parameters
are fixed as in Table 1, except

-0.5 00

5 7
0.00 Al(g — gqq)
-0.02 ¢
-0.04
-0.06 t
. sqed ____.
—0.08 [~ T T T~ __ == ]
~0.10 '/_\AxA
. -0.12 - . .
05 -0.5 0.0 0.5
RR
03
(b)

SyRE = 84k = 0.03

shown in Fig. 1b is only weakly dependent on 833RR

about —8%. The EW correction can become —3% for large
and negative values of 35‘3RR. In Fig. 1c the partial widths

and is

of the Jl,zb modes coincide because m g emg,. The same

holds for the branching ratios in Fig. 1d. For 5§3RR ~ ( the
width of g — #11c becomes tiny because then i is mainly
f as all the other QFV §’s are relatively small.

Figure 2 shows the relative contribution of the one-loop
SQCD and the full one-loop part in terms of the tree-level
result for the partial decay width (Fig. 2a) and the branching
ratio (Fig. 2b) of the decay g — 1t as a function of 8%3 R,
We see in Fig. 2a that the SQCD corrections vary in the
range of —8 to —10%. The EW correction is much stronger
dependent on 5§3RR varying between 1% down to —8%. The
effects are similar in the branching ratio (b), but weaker. Out
of the squark masses only m, is strongly dependent on 8§3R R,
In the whole range of 85‘3R R no additional channel opens but
those visible in Fig. 1c, d. Therefore, the wiggles stem from
the complex structures of the QFV one-loop contributions.

In Fig. 3 we show dependences on the QFV parameter
8513R R In Fig. 3a the tree-level, the SQCD and total full one-
loop widths and in Fig. 3b the relative contribution of the
one-loop SQCD and the full one-loop part in terms of the
tree-level result are shown. The partial decay widths as well
as the branching ratios of the kinematically allowed two-body
channels are shown in Fig. 3c, d, respectively. A comparison

of Fig. 3 with Fig. 1 demonstrates the equal importance of

QFV mixing in both i and d sector. But in the d sector all
plots are more symmetric around 833RR = 0 compared to
these in i sector around 8§3R R = 0. This stems from the fact
that in the # mass matrix Ty33 = 2500 GeV but in the d mass
matrix Tp3z = 0 GeV is taken and my,  tan B is relatively
small, see Eq. (7). The SQCD corrected width in Fig. 3a seem
to coincide with the full one-loop corrected width, which we
see in detail in Fig. 3b. There the SQCD correction is about
—7.5% and varies only within 1% around this value. The
EW part varies between —0.5 to —1.5%. In the Fig. 3c, d
we see that for large absolute values of the d right-right
mixing parameter 8513RR the d; decay modes become much
more important than the i ones since the d; mass becomes
smaller due to the mixing effect. As d 1,2 are mainly bottom
squarks, the EW corrections to the c?mb modes are small,
mainly controlled by the rather small bottom-quark Yukawa

coupling Y, (Q = 3 TeV) for tan = 15. On the other hand, as

i1, 2 are mainly top squarks, the EW corrections to the i1 2¢
modes are significant, mainly controlled by the large top-
quark Yukawa coupling Y;. This explains the smallness of
the EW corrections in Fig. 3a, b, especially for large |8g§ R|.

Figure 4 shows the relative contribution of the one-loop
SQCD and the full one-loop part in terms of the tree-level
result for the partial decay width Fig. 4a and the branching
ratio Fig. 4b of the decay ¢ — it as a function of 8513RR inthe
phenomenologically allowed region. The interesting point is

that the dependence of this channel on 6g3RR comes mainly

@ Springer
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Al'(g — @t)

ABR(Z - iit)

Fig. 2 AT and ABR denote
the SQCD one-loop and the full 008 [
one-loop corrections relative to
the tree-level result for the -0.10 f
decay g — it as a function of _onal
85‘3R K. a b is for the partial '
width and the branching ratio, -0.14
respectively. The other
parameters are fixed as in Fig. 1 -0.16 ¢
-0.18 | . .
-05 0.0

uRR
623

(a)

Fig. 3 a Total two-body decay
width I'(g — gq) at tree level

I'(g - 4q) [GeV]

and full one-loop corrected
(which coincides with the
SQCD one-loop corrected one)
as functions of the QFV
parameter S%R R;

b AT'(g — gq) being the
SQCD one-loop and the full
one-loop corrections to

I'(g — gq) relative to the
tree-level width;

¢ partial decay widths and SRR
d branching ratios of the (a)
kinematically allowed individual
two-body channels at full
one-loop level as functions of

-0.5 0.0

T > 3,9) [GeV]

0.00 |
-0.02
-0.04 +
-0.06
-0.08 r
0.5 -0.5 0.0 0.5
RR
033
(b)
Al - qq)
0.00 T
-0.02
-0.04 |
-0.06 |
-0.08 |
-0.10 full
. -0.12 . . .
05 -0.5 0.0 0.5
RR
23
(b)

BR(g - g,9)

8§Z3R R All the other parameters

are fixed as in Table 1, except
RL LR RR

8 =03t =87 =0

05F

from the gluino wave-function correction term with d in the
loop. The SQCD correction varies between —8 and —9.5%
and the EW correction is about constant and is ~ —3% for the
width (Fig. 4a). For the branching ratio (Fig. 4b), the effect
is much smaller for the SQCD correction, between —0.5 and
—1.5%. The EW part is maximal —3%.

Figure 5 shows the relative contribution of the one-loop
SQCD and the full one-loop part in terms of the tree-level
result for the partial decay width (Fig. 5a) and the branching
ratio (Fig. 5b) of the decay § — db as a function of 8§l3R Rin
the phenomenologically allowed region. The SQCD correc-
tion varies between —6.5 and —8% and the EW correction
can become ~1% for the width (Fig. 5a). For the branching
ratio (Fig. 5b), the effects are again smaller, the SQCD cor-
rection is less than 1% and the EW part maximal 3%. As in

@ Springer

0.5 =05 0.0 0.5

Fig. 2 the wiggles stem from the complex structures of the
QFV one-loop contributions.

In Fig. 6 a simultaneous dependence on the right-right
mixing parameters of both i and d sectors is shown. It is
clearly seen that the total two-body decay width I'(g — ¢¢q)
can vary up to 70 GeV in the allowed parameter region due
to QFV.

In Fig. 7a the full one-loop part in terms of the tree-level
result and in Fig. 7b the EW contribution relative to the SQCD
contribution are shown for the total two-body gluino decay
width as a function of 833R R and 8§3RR. We see in Fig. 7a a con-
stant QFC one-loop contribution of ~ —10 and ~ 3% vari-
ation due to QFV. The EW part can become up to ~35% of
the SQCD one (Fig. 7b) for large |8§3R R| where the i1 mode
becomes important, since the #| mass becomes smaller due
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Fig. 4 AT and ABR denote AT(g — @gt) ABR(g — iigt)
the S%CD aqd the full ;)n}i:—loop —0.08 ,~L~~ ' ' ' ' —-0.005 [< 2, " " " "
contribution in terms of the e Ny Pie _ b ~~o_sqcd o
tree-level result for the decay -0.09¢ ‘\Sffd ’,f/ 1 0010 Il T —"
g — i1t as a function of 8513RR, o010t Sca” -0.015 ¢
a to the partial width, b to the ’ -0.020 £
branching ratio, respectively. -0.11F -0.025 £
The parameters are fixed as in full ~0030 | ]
Fig. 3 —0.12¢ ’ full
0035 P ~—— T~ |
-08 -06 04 —02 00 02 04 06 -08 0.6 -04 —02 00 02 04 06
dRR dRR
053 023
(a) (b)
Fig. 5 AT and ABR denote AT(3 = d ABR(% > d;b
%
the SQCD and the full one-loop AL > dib) 0030 ¢ Z > dib)
contribution in terms of the —-0.065
tree-level result for the decay 0.025
g — dib as a function of 8§3RR, 0020 |
a to the partial width, b to the -0.070 ¢
branching ratio, respectively. 0015} full
The parameters are fixed as in ~0075 - R 0.010 > e
Fig. 3 N g ’ A =, 5qcd s
-08 -06 -04 -02 00 02 04 06 05 00 05
dRR RR
023 23
(a) (b)
_ '/1" (&~ g9 [GeVL Consequently, ii; and d; are lighter and decays into these
9. ~ e ~— \\\\ particles are already possible for smaller gluino masses.
05 8 We have compared our numerical results in the flavour
conserving limit with the results obtained in [6]. For their ref-
o 00l 20. ] erence scenario with M3 = 2000 GeV assuming their input
© 32. parameters to be DR ones, we get a total width of 379 GeV.
_o0s | S0 ] We agree with them within 2%. For the relative size of the
N\ — ) 70. full one-loop correction we get —2% compared to their result
R e of —2.5%
-05 00 0.5
6URR

23

Fig. 6 Total two-body decay width I'(g — g¢q) at full one-loop level
as a function of the QFV parameters 6‘213RR and 8§3RR. All the other

parameters are given in Table 1, except 53‘3R L— 5§3LR =0.01

to the u-sector right-right mixing effect. Furthermore, as i
is mainly a top squark, the EW corrections to the it mode are
significant, mainly controlled by the large top-quark Yukawa
coupling Y;.

Figure 8 shows the dependence of the total two-body
decay width I'(g — ¢q) on the gluino mass in our reference
scenario (Fig. 8a) and in a quark-flavour conserving scenario,
setting all QFV (8) parameters of Table 1 to zero (Fig. 8b).
It is seen that in the QFV scenario (Fig. 8a) I'(g — ¢gq) is
somewhat enhanced. Because of the large |8§‘3R R (|8513R )

the mass difference between i and ii» (d; and d») is bigger.

5 Conclusions

We have studied all two-body decays of the gluino at full one-
loop level in the Minimal Supersymmetric Standard Model
with quark-flavour violation in the squark sector. We have
discussed a scenario where only the decays to i1 > and Jl,z
are kinematically open and i1 is a mixture of ¢ and fz con-
trolled by 85‘3RR, and d; is a mixture of §z and ER controlled
by 84KR_All other QFV parameters are small in order to
fulfil the constraints from B-physics. The LHC constraints
for the masses of the SUSY particles are also satisfied, espe-
cially that one for m o and the vacuum stability conditions
are fulfilled.

The full one-loop corrections to the gluino decay widths
are mostly negative. For the total decay width they are in the
range of —10% with a weak dependence on QFV parame-
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AT (g - 7q) [%]

dRR
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3
()
Fig. 7 AT denotes in a the full one-loop contribution in terms of the

total tree-level width, in b the EW contribution relative to the SQCD
contribution. Both plots are given as a function of the QFV parameters

Fig. 8 Dependence of the total

I~ gq) [GeV]

ATz - 7q) [%]

05| U 1 B35
25
%3, 00 ]
15
05 I
() 5
—(‘)5 Ol.O 0:5
RR
B
(b)
8§§R and 6‘213RR4 All the other parameters are given in Table 1, except

SURL = §ULR — 0,01

(g = 39 [GeV]

two-body decay width

I'(g — qq) at tree level
(dashed) and full one-loop level
(solid) on the gluino mass.

a QFV scenario with the

200

150 ¢

200

150

parameters as given in Table 1; 100 1 100
b QFC scenario with the

. . 50 50
parameters as given in Table 1,
but with all QFV (§) parameters ol ] 0
set to zero Y 30 35 20

m; [TeV]
(a)

ters for both SQCD (including gluon loops) and electroweak
(including also photon loops) corrections. For the decay
width into #; we can have a total correction up to —18%,
with the EW part up to —8%, strongly depending on the
QFV parameters. For the corresponding branching ratio the
effect is somehow washed out. For the decay into d; we have
maximal corrections of —8%. In general, it turns out that the
EW corrections can be in the range of up to 35% of the SQCD
corrections due to the large top-quark Yukawa coupling. The
full one-loop corrections to the total width are of the order
of about —10% in the gluino mass range of 2.3—4.0 TeV.
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A Interaction Lagrangian

The interaction of gluino, squark and quark is given by

1

= G 93 G -3
sad —i% q 2% T
Ligig, = —V28: T [ga(Ui,ge "2 PL = Uj 3¢ PRI

F TR Py — Ul PL)g“q;}, (17
where T are the SU(3) colour group generators, g is the
generation index (g = u, c, t for up-type quarks and g =
d, s, b for down-type quarks), and summation over r, s =
1,2,3and over ¢ = 1, ..., 8 is understood. In our case the
parameter M3 = mgei¢3 is taken to be real, i.e. ¢p3 = 0.

B Theoretical and experimental constraints
Here we summarise the experimental and theoretical con-

straints taken into account in the present paper. The con-
straints on the MSSM parameters from the B-physics exper-
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Table 4 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 4 mass. The

fourth column shows constraints at 95% CL obtained by combining the
experimental error quadratically with the theoretical uncertainty, except
for mo

Observable Exp. data Theor. uncertainty Constr. (95% CL)
AMp, [ps—] 17.757 £ 0.021 (68% CL) [19] +3.3 (95% CL) [20,21] 17.757 £3.30
10*xB(b — sy) 3.41 £0.155 (68% CL) [22] +0.23 (68% CL) [23] 341 £0.54
109xB(b — s 1T17) 1607038 (68% CL) [24] +0.11 (68% CL) [25] 1607001
(Il=ecorp)
10°xB(By — ptu™) 2.8%07 (68% CL) [26] +0.23 (68% CL) [27] 2.807]5¢
10*xB(BT — t+v) 1.14 £0.27 (68% CL) [22,28] +0.29 (68% CL) [29] 1.14 £0.78
myo [GeV] 125.09 £ 0.24 (68% CL) [30] +3 [31] 125.09 4+ 3.48
iments and from the Higgs boson measurement at LHC  |Tpue|® < 3 Y3, (M3, + M3, +m?), (19)
are shown in Table 4. The constraints from the decays

) \Tyasl® < Y2 (M + M2, +m3), (20)
B — D™ r v are unclear due to large theoretical uncer- o Uy YT 08P Yoo 2
tainties [32]. Therefore, we do not take these constraints into |TDaﬁ| < YDy (M opp T M Daa T ml) ) 21
account in our paper. In [33,34] it is shown that the QFV
decay r — ch” in the current LHC runs cannot give any ~ where o, 8 1,2,3, a # B; y = Max(a, 8) and

significant constraint on the ¢—f mixing.

For the mass of the Higgs boson A°, taking the com-
bination of the ATLAS and CMS measurements mj0 =
125.09 £ 0.24 GeV [30] and adding the theoretical uncer-
tainty of ~ +3 GeV [31] linearly to the experimental uncer-
tainty at 2 o, we take myo = 125.09 £ 3.48 GeV.

In addition to these constraints we also require our sce-
narios to be consistent with the following experimental con-
straints:

(1) The LHC limits on the squark and gluino masses (at 95%
CL) [35]:

In the context of simplified models, gluino masses m; <
1.9 TeV are excluded at 95% CL. The mass limit varies
in the range 1400-1900 GeV depending on assumptions.
First and second generation squark masses are excluded
below 1400 GeV. Bottom squark masses are excluded below
1000 GeV. A typical top-squark mass limit is ~900 GeV.

(i) The LHC limits on m iE and m 2 from negative
searches for charginos and neutralmos mainly in lep-
tonic final states [35].

(iii) The constraint on (m 40 g+, tan B) from the MSSM
Higgs boson searches at LHC [36,37].

(iv) The experimental limit on SUSY contributions on the
electroweak p parameter [38]: Ap (SUSY) < 0.0012.

Furthermore, we impose the following theoretical con-
straints from the vacuum stability conditions for the trilinear
coupling matrices [39]:

Tvaal® < 3 Yy (Mpuq + Migq +m3) , (18)

2 2 2 o2 ) 1,2 .2 2
my = (mH+ + m7 sin” Oy) sin” B — sm7, my = (my +
mzz sin Oy) cos® B — %mzz The Yukawa couplings of the

up-type and down-type quarks are Yy, = ﬁmua/ vy =

S e = wu.c.1) and Ypq V2mg, Jv1 =
fmwggsﬂ (dy = 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 = 3 TeV. As SM parameters we take mz =
91.2 GeV and the on-shell top-quark mass m; = 173.3 GeV
[40].

C Hard photon/gluon radiation

We start with the general formula of a 1 — 3 process with
the hard radiation of a photon or a gluon,

1 ‘/‘d3k1
26m0n3 2F

X&@&@
2E, 2E3

8% (ko — k1 — ko — kz)| Mhard |2 (22)

The bar means we take the average of incoming spins and
colours and sum over the outgoing spins and colours. Based
on the diagram (Fig. 9) and using the definition of the
bremsstrahlung’s integrals from [41] we can write Eq. (22) as

phard _ col

= WXFSF, (23)

where col denotes the colour average of the incoming particle
and the fermion to scalar—fermion structure factor

@ Springer
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Fig. 9 The combination of

three Feynman graphs for the

1 — 3 bremsstrahlung process

emitting a photon or a gluon

from a fermion to ks
scalar—fermion structure

XFSF = g%[ (—2amg — Zﬂmzmo) Iy — otlg
+ (—Za (m(% — m% + m%) m% — 4,3m2m8> 100]
+ gog1 |: —al + <2a(m% — m%) — 2ﬂm0m2> Iy
+ (a(—m% — m% — m%) — 2,8m0m2) I
+ (205 ((m% — m%)2 - mé)
— 4Bmoma(m3 + m? — m§)>110]
+g12 |:oz1 + (a(—m(z) + 3m? — m%) — Zﬂmomz) I
+ ( — 20(m§ — m? + m3)m?
— 4,3mom2m%> 111]
+gog2|: —2al + (2u(n? — md) - 28mom> ) Io
+ (—205(m% — m%) — 2,3m0m2> 63
+ ( — 2oz(m% — m% + m%)2
— 4,3mom2(m% — m% + m%)) 120]
+g18 [al + (a(m% + m% + m%) + Zﬁmomg) I
+ (Za(m% — m%) + 2,6m0m2> 63
+ (oe (2m‘21 — 2(m% — m%)z)

+ 4,3mom2(—m(2) + m% + m%)) 121]

@ Springer

[t]: i(gFPL+ gfPR)
[0] : igoy*

2191 (2ky + k3)*
2] igay*

+¢2

|:O{[ + (—Zam% —2Bmoma) I, + otIZ]

+ (—2a(m(2) — m% + m%)m% — 4/3m0m%) 122:|,

(24)
where o = 2gs2(|Ugg|2 + IU,»(?g+3|2) and B = —4gZRe
(v u?

ig

ig +3). Note that the spin average for the incoming
fermion of 1/2 is already included. For the gluino decays col
is 1/8.

The explicit result for photon radiation is

(g — ujugy) = 4 XEsF, (25)

5127t3m§

taking in XpsF, Eq. (24), g0 =0, g1 = —eQ1, g2 = —eQ>,
e denotes the positron charge and Q12 the charge of the
particle on leg 1 or 2 in units of e, respectively. The additional
factor 4 stems from the colour summation, which is universal,
Te(TT*) =3Cfp =4.

The result for gluon radiation reads

(g — wjugg) = WXFSF- (26)
g

In this case the colour summation results in the 3 x 3 matrix C.
We take in Xgsr, Eq. (24), gigj — &si&sjCij, where gg; =
gsOsi, &8s = ~/4may is the strong coupling constant and
Qyi = =1 is the colour charge factor for particles carrying
colour/anti-colour, respectively. The matrix C describes the
colour traces of the SU(3)¢ generators and is given by

12 6 —6

c=1|16 16/3 -=-2/3], 27
-6 —2/3 16/3

e.g. Coo = 12.
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