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Abstract

We study gluino decays in the Minimal Supersymmetric Standard Model (MSSM)

with squark generation mixing. We show that the effect of this mixing on the

gluino decay branching ratios can be very large in a significant part of the

MSSM parameter space despite the very strong experimental constraints on

quark flavour violation (QFV) from B meson observables. Especially we find

that under favourable conditions the branching ratio of the the QFV gluino de-

cay g̃ → c t̄ (c̄ t) χ̃0
1 can be as large as ∼ 50%. We also find that the squark

generation mixing can result in a multiple-edge (3- or 4-edge) structure in the

charm-top quark invariant mass distribution. The appearance of this remark-

able structure provides an additional powerful test of supersymmetric QFV at

LHC. These could have an important impact on the search for gluinos and the

determination of the MSSM parameters at LHC.
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1 Introduction

The search for supersymmetric (SUSY) particles will have a very high priority at the

Large Hadron Collider (LHC) at CERN. If weak scale SUSY is realized in nature,

gluinos and squarks, the SUSY partners of gluons and quarks, will have high produc-

tion rates for masses up to O(1 TeV). The main decay modes of gluinos and squarks

are usually assumed to be quark-flavour conserving (QFC). However, the squarks are

not necessarily quark-flavour eigenstates and they are in general mixed by a 6×6 ma-

trix. In this case quark-flavour violating (QFV) decays of gluinos and squarks could

occur.

The effect of QFV in the squark sector on reactions at colliders has been studied only

in a few publications. The pair production of quarks with different flavours at the

LHC is studied in [1]. The QFV effect can also be probed in the top quark decay [2].

Moreover, QFV Higgs decays can have rates accessible at future colliders, see e.g. [3].

In all of these studies the external particles of the reactions are Standard Model (SM)

particles (or SUSY Higgs bosons). This means that the effect of QFV in the squark

sector is induced only by SUSY particle (sparticle) loops.

In sparticle reactions, on the other hand, the effect of QFV in the squark sector may

be especially strong as they already occur at tree-level. The QFV decay t̃1 → cχ̃0
1 [4]

and QFV gluino decays [5] were studied in the scenario of minimal flavour violation

(MFV), where the only source of QFV is the mixing due to the Cabibbo-Kobayashi-

Maskawa (CKM) matrix. In [6, 7] squark pair production and their decays at LHC

have been analyzed including also the effect of the squark generation mixing.

In the present paper, we study the effect of mixing between the second and third

squark generations in its most general form. More precisely, we study the influence

of the mixing of charm squark and top squark on the gluino and squark decays. In

particular, we calculate the branching ratios of the following gluino decays into two

quarks plus neutralino via up-type squark decay 1:

g̃ → ũic → ctχ̃0
j

g̃ → ũit → ctχ̃0
j . (1)

1 As we always sum over the particles and antiparticles of the (s)quarks, we do not indicate

if it is a particle or its anti-particle: qq′ (with q 6= q′) means qq̄′ and q̄q′, and qq means qq̄, e.g.

B(g̃ → ctχ̃0
1) ≡ B(g̃ → ct̄χ̃0

1) + B(g̃ → c̄tχ̃0
1).
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We show that the QFV gluino decay branching ratio B(g̃ → ctχ̃0
1) can be very large

(up to ∼ 50%) due to the squark generation mixing in a significant part of the MSSM

parameter space despite the very strong experimental constraints from B factories,

Tevatron and LEP 2. We also study the effect of the squark generation mixing on the

invariant mass distributions of the two quarks from the gluino decay at LHC. We show

that it can result in novel multiple-edge structures in the distributions 3.

These effects could have an important impact on the search for gluinos and the MSSM

parameter determination at LHC.

2 Squark mixing with flavour violation

First we summarize the MSSM parameters in our analysis. The most general up-type

squark mass matrix including left-right mixing as well as quark-flavour mixing in the

conventional super-CKM basis of the quark-flavour eigenstates ũ0γ = (ũL, c̃L, t̃L, ũR, c̃R, t̃R),

γ = 1, . . . , 6, is [10]

M2
ũ =











M2
ũLL (M2

ũRL)†

M2
ũRL M2

ũRR











, (2)

where the three 3 × 3 matrices read

(M2
ũLL)αβ = M2

Quαβ +
[

(
1

2
− 2

3
sin2 θW ) cos 2β m2

Z + m2
uα

]

δαβ , (3)

(M2
ũRR)αβ = M2

Uαβ +
[

2

3
sin2 θW cos 2β m2

Z + m2
uα

]

δαβ , (4)

(M2
ũRL)αβ = (v2/

√
2)AUβα − muα

µ∗ cot β δαβ . (5)

The indices α, β = 1, 2, 3 characterize the quark flavours u, c, t, respectively. M2
Qu

and

M2
U are the hermitean soft-SUSY-breaking mass matrices for the left and right up-type

squarks, respectively. Note that in the super-CKM basis one has M2
Qu

= K · M2
Q · K†

2This is in analogy to the case of lepton flavour violating (LFV) sneutrino decays due to slepton

generation mixing [8].
3 This is in analogy to the case of LFV neutralino decays due to slepton generation mixing [9].
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due to the SU(2) symmetry, where M2
Q is the hermitean soft-SUSY-breaking mass

matrix for the left down-type squarks and K is the CKM matrix. Note also that

M2
Qu

≃ M2
Q as K ≃ 1. AU is the soft-SUSY-breaking trilinear coupling matrix of the

up-type squarks: Lint = −(AUαβ ũ†
RβũLαH0

2 +h.c.)+ · · ·. µ is the higgsino mass param-

eter. v1,2 are the vacuum expectation values of the Higgs fields with v1,2/
√

2 ≡ 〈H0
1,2〉,

and tanβ ≡ v2/v1. muα
(uα = u, c, t) are the physical quark masses.

The physical mass eigenstates ũi, i = 1, . . . , 6, are given by ũi = Rũ
iαũ0α. The 6×6 mix-

ing matrix Rũ and the mass eigenstates ũi are obtained by an unitary transformation

RũM2
ũRũ† = diag(mũ1

, . . . , mũ6
), where mũi

< mũj
for i < j. Quark-flavour violation

is induced by off–diagonal entries in the matrices M2
Qu

, M2
U and AU , i.e. squark gener-

ation mixing terms. For instance, a non–zero AU32 (AU23) gives rise to c̃R− t̃L (t̃R− c̃L)

mixing. Having in mind that M2
Qu

≃ M2
Q, we define the QFV parameters δuLL

αβ , δuRR
αβ

and δuRL
αβ (α 6= β) as follows [11]:

δuLL
αβ ≡ M2

Qαβ/
√

M2
QααM2

Qββ , (6)

δuRR
αβ ≡ M2

Uαβ/
√

M2
UααM2

Uββ , (7)

δuRL
αβ ≡ (v2/

√
2)AUβα/

√

M2
UααM2

Qββ . (8)

The down-type squark mass matrix can be analogously parametrized as the up-type

squark mass matrix. Note that due to the SU(2) symmetry relation M2
Qu

= K · M2
Q ·

K† ≃ M2
Q the elements in the left–left block of the up-type squark mass matrix and the

down-type squark mass matrix are not independent: one has (M2
ũLL)αβ ≃ (M2

d̃LL
)αβ

for α 6= β. We do not introduce additional QFV terms (i.e. squark generation mixing

terms) in the down-type squark mass matrix.

The properties of the charginos χ̃±
i (i = 1, 2, mχ̃±

1
< mχ̃±

2
) and neutralinos χ̃0

k (k =

1, ..., 4, mχ̃0
1

< ... < mχ̃0
4
) are determined by the parameters M2, M1, µ and tan β, where

M2 and M1 are the SU(2) and U(1) gaugino masses, respectively. Assuming gaugino

mass unification including the gluino mass mg̃ = M3, we take M1 = (5/3) tan2 θW M2.
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3 Constraints

In our analysis, we impose the following conditions on the MSSM parameter space in

order to respect experimental and theoretical constraints:

(i) Constraints from the B-physics experiments relevant mainly for the mixing be-

tween the second and third generations of squarks 4:

3.03 × 10−4 < B(b → s γ) < 4.01 × 10−4 (95% CL) [12], 0.60 × 10−6 < B(b →
s l+l−) < 2.60×10−6 with l = e or µ (95% CL) [13], B(Bs → µ+µ−) < 4.8×10−8

(90% CL) [12], |RSUSY
Bτν − 1.77| < 1.27 (95% CL) with RSUSY

Bτν ≡ BSUSY (B−
u →

τ−ν̄τ )/B
SM(B−

u → τ−ν̄τ ) ≃ (1− (
m

B+ tan β

m
H+

)2)2 [14]. Moreover we impose the fol-

lowing condition on the SUSY prediction: |∆MSUSY
Bs

−17.77| < ((0.12×1.96)2 +

3.32)1/2 ps−1 = 3.31 ps−1 (95% CL), where we have combined the experimental

error of 0.12ps−1 (at 68% CL) [15] quadratically with the theoretical uncertainty

of 3.3ps−1 (at 95% CL) [16].

(ii) The experimental limit on SUSY contributions to the electroweak ρ parameter

[17]: ∆ρ(SUSY ) < 0.0012.

(iii) The LEP limits on the SUSY particle masses [18]: mχ̃±

1
> 103 GeV, mχ̃0

1
> 50

GeV, mũ1,d̃1
> 100 GeV, mũ1,d̃1

> mχ̃0
1
, mA0 > 93 GeV, mh0 > 110 GeV, where

A0 is the CP-odd Higgs boson and h0 is the lighter CP-even Higgs boson.

(iv) The Tevatron limit on the gluino mass [19]: mg̃ > 308 GeV.

(v) The vacuum stability conditions for the trilinear coupling matrix [20]:

|AUαα|2 < 3 Y 2
Uα (M2

Quαα + M2
Uαα + m2

2) , (9)

|ADαα|2 < 3 Y 2
Dα (M2

Qαα + M2
Dαα + m2

1) , (10)

|AUαβ|2 < Y 2
Uγ (M2

Quαα + M2
Uββ + m2

2) , (11)

|ADαβ|2 < Y 2
Dγ (M2

Qαα + M2
Dββ + m2

1) , (12)

4 We do not consider the experimental constraints from b → sg and b → sνν̄ since they have large

uncertainties. We do not include the constraints from the experimental data on B(Bd → µ+µ−),

B(b → d l+l−), ∆MBd
and ∆MD0 as they practically do not constrain the 2nd and 3rd generation

squark mixing which we are interested in here.
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with (α 6= β; γ = Max(α, β); α, β = 1, 2, 3) and m2
1 = (m2

H±+m2
Z sin2 θW ) sin2 β−

1
2
m2

Z , m2
2 = (m2

H± +m2
Z sin2 θW ) cos2 β − 1

2
m2

Z . The Yukawa couplings of the up-

type and down-type quarks are YUα =
√

2muα
/v2 = g√

2

muα

mW sinβ
(uα = u, c, t)

and YDα =
√

2mdα
/v1 = g√

2

mdα

mW cos β
(dα = d, s, b), with muα

and mdα
being the

running quark masses at the scale of mZ and g the SU(2) gauge coupling. All

soft-SUSY-breaking parameters are assumed to be given at the scale of mZ . As

SM input we take mW = 80.4 GeV, mZ = 91.2 GeV and the on-shell top-quark

mass mt = 174.3 GeV. We have found that our results shown in the following

are fairly insensitive to mt.

We calculate the observables in (i)-(iii) by using the public code SPheno v3.0 [21].

Condition (i) except for B(B+
u → τ+ν) strongly constrains the 2nd and 3rd genera-

tion squark mixing parameters M2
Q23, M

2
D23, AU23, AD23 and AD32; the constraints from

B(b → sγ) and ∆MBs
are especially important [22].

4 Quark flavour violating gluino decays

We study the effect of QFV due to the 2nd and 3rd generation squark mixing on the

decays of gluinos which could be copiously produced at LHC. We focus on the QFV

gluino decays

g̃ → ũi c → c t χ̃0
1 and g̃ → ũi t → c t χ̃0

1 , (13)

leading to the same final state c t χ̃0
1. We calculate the gluino and squark decay widths

taking into account the following two–body decays:

g̃ → ũi uk, d̃i dk,

ũi → uk χ̃0
n, dk χ̃+

m, d̃j W+, ũj Z0, ũj h0, (14)

where uk = (u, c, t) and dk = (d, s, b). Note that the squark decays into the heavier

Higgs bosons are kinematically forbidden in our scenarios studied below. The formulae

for the two–body decays in (14) can be found in [6], except for the squark decays into

the Higgs bosons for which we take the formulae of [23] modified appropriately with

the squark mixing matrix in the general QFV case.
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M2
Qαβ β = 1 β = 2 β = 3

α = 1 (920)2 0 0

α = 2 0 (880)2 (224)2

α = 3 0 (224)2 (840)2

M1 M2 mg̃ µ tanβ mA0

139 264 800 1000 10 800

M2
Dαβ β = 1 β = 2 β = 3

α = 1 (830)2 0 0

α = 2 0 (820)2 0

α = 3 0 0 (810)2

M2
Uαβ β = 1 β = 2 β = 3

α = 1 (820)2 0 0

α = 2 0 (600)2 (224)2

α = 3 0 (224)2 (580)2

Table 1: The MSSM parameters in our reference scenario with QFV. All of AUαβ and

ADαβ are set to zero. All mass parameters are given in GeV.

ũ1 ũ2 ũ3 ũ4 ũ5 ũ6

558 642 819 837 897 918

d̃1 d̃2 d̃3 d̃4 d̃5 d̃6

800 820 830 835 897 922

χ̃0
1 χ̃0

2 χ̃0
3 χ̃0

4 χ̃±
1 χ̃±

2

138 261 1003 1007 261 1007

Table 2: Sparticles and corresponding masses (in GeV) in the scenario of Table 1.

We take tanβ, mA0 , M1, M2, mg̃, µ, M2
Qαβ, M

2
Uαβ , M2

Dαβ, AUαβ and ADαβ as the ba-

sic MSSM parameters at the weak scale. We assume them to be real. The QFV

parameters are the squark generation mixing terms M2
Qαβ, M2

Uαβ , M2
Dαβ , AUαβ and

ADαβ with α 6= β. Note that the so-called minimal flavour violation (MFV) corre-

sponds to the case where all of these squark generation mixing terms are zero and

the CKM mixing matrix is the only source of flavour violation (QFV). As a reference

scenario, we take the scenario given in Table 1. This scenario is within the reach

of LHC and satisfies the conditions (i)-(v). For the observables in (i) and (ii) we

obtain B(b → sγ) = 3.57 × 10−4, B(b → sl+l−) = 1.59 × 10−6, B(b → sνν̄) =

4.07 × 10−5, B(Bs → µ+µ−) = 4.72 × 10−9, B(B+
u → τ+ν) = 7.85 × 10−5, ∆MBs

=

17.38 ps−1 and ∆ρ(SUSY ) = 1.50 × 10−4. The resulting masses of squarks, neutrali-

nos and charginos are given in Table 2. We show the up-type squark compositions in

the flavour eigenstates in Table 3.
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Rũ
iα ũL c̃L t̃L ũR c̃R t̃R

ũ1 -0.001 0.005 -0.029 0 0.728 -0.685

ũ2 -0.002 0.008 -0.040 0 -0.686 -0.727

ũ3 0 0 0 1.0 0 0

ũ4 0.128 -0.583 0.801 0 -0.007 -0.045

ũ5 -0.181 0.782 0.597 0 -0.003 -0.021

ũ6 -0.975 -0.221 -0.005 0 0 0

Table 3: The up-type squark compositions in the flavour eigenstates, i.e. the mixing

matrix Rũ
iα for the scenario of Table 1.

For the important branching ratios of the gluino and squark two-body decays we

get B(g̃ → ũ1c) = 0.481, B(g̃ → ũ1t) = 0.300, B(g̃ → ũ2c) = 0.207, B(g̃ → ũ2t) =

0.0, and B(ũ1 → cχ̃0
1) = 0.576, B(ũ1 → tχ̃0

1) = 0.401, B(ũ2 → cχ̃0
1) = 0.495, B(ũ2 →

tχ̃0
1) = 0.469. This leads to the following gluino decay branching ratios:

B(g̃ → ctχ̃0
1) =

∑

i=1,2

[

B(g̃ → ũic)B(ũi → tχ̃0
1) + B(g̃ → ũit)B(ũi → cχ̃0

1)
]

= 0.463, (15)

B(g̃ → ccχ̃0
1) =

∑

i=1,2

[

B(g̃ → ũic)B(ũi → cχ̃0
1)

]

= 0.380, (16)

B(g̃ → ttχ̃0
1) =

∑

i=1,2

[

B(g̃ → ũit)B(ũi → tχ̃0
1)

]

= 0.120. (17)

Note that the QFV gluino decay branching ratio of Eq.(15) is very large. The reason of

this very large QFV gluino decay branching ratio is as follows: The gluino decays into

squarks other than ũ1,2 are kinematically forbidden, and ũ1 , ũ2 are strong mixtures

of the flavour eigenstates c̃R and t̃R due to the large c̃R - t̃R mixing term M2
U23(=

(224 GeV)2) in this scenario. This results in the large branching ratios of B(g̃ →
ũic), B(g̃ → ũit) and B(ũi → cχ̃0

1), B(ũi → tχ̃0
1) with i = 1, 2, except for the branching

ratio of the decay g̃ → ũ2t which is kinematically forbidden. Note that ũ1,2(∼ c̃R + t̃R)

couple to χ̃0
1(≃ B̃0) and practically do not couple to χ̃0

2(≃ W̃ 0), χ̃±
1 (≃ W̃±), and that

χ̃0
3,4, χ̃±

2 are very heavy in this scenario. Here B̃0 and W̃ 0,± are the U(1) and SU(2)

gauginos, respectively.

We now study the basic MSSM parameter dependences of the QFV gluino and

squark decay branching ratios for the reference scenario of Table 1. In Fig.1 we show

contours of B(g̃ → ctχ̃0
1) in the (∆M2

U , M2
U23) plane with ∆M2

U ≡ M2
U22 − M2

U33. All
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basic parameters other than M2
U22 and M2

U23 are fixed as in our reference scenario

defined in Table 1. We see that the QFV decay branching ratio B(g̃ → ctχ̃0
1) quickly

increases up to ∼ 50% with incease of the effective c̃R − t̃R mixing angle tan(2θeff
23 ) ≡

2M2
U23/∆M2

U .

In Fig.2 we present contours of B(g̃ → ctχ̃0
1) in the δuLL

23 − δuRR
23 plane where all

of the conditions (i)-(v) except the b → sγ constraint are satisfied. For b → sγ we

also show the corresponding branching ratio contours. All basic parameters other

than M2
Q23 and M2

U23 are fixed as in our reference scenario defined in Table 1. We

see that the QFV decay branching ratio B(g̃ → ctχ̃0
1) increases quickly with increase

of the c̃R − t̃R mixing parameter |δuRR
23 | and can be very large in a significant part of

the δuLL
23 − δuRR

23 plane allowed by all of the conditions (i)-(v) including the b → sγ

constraint.

Studying the branching ratios of the gluino and up-type squark two-body decays

separately would allow for a better understanding of their contributions to the QFV

gluino decay g̃ → ctχ̃0
1. In Fig.3 we show the δuRR

23 dependences of the gluino and

squark decay branching ratios, where all basic parameters other than M2
U23 are fixed

as in the scenario specified in Table 1. We see that the QFV decay branching ratio

B(g̃ → ctχ̃0
1) increases quickly with increase of |δuRR

23 | for |δuRR
23 | <∼ 0.1 and can be very

large (∼ 50%) in a wide range of δuRR
23 . This behaviour can be explained as follows:

The gluino decays into squarks other than ũ1,2 are kinematically forbidden, and ũ1 and

ũ2 become quickly a strong mixture of the flavour eigenstates c̃R and t̃R with increase

of the c̃R - t̃R mixing term M2
U23 because of the small mass parameter difference

(M2
ũRR)22 − (M2

ũRR)33 = (599)2 − (604)2 GeV2 in this scenario (see Eq.(4)). This

results in the quick increase of B(g̃ → ctχ̃0
1) with increase of |δuRR

23 | in |δuRR
23 | <∼ 0.1 and

the very large B(g̃ → ctχ̃0
1) in 0.1 <∼ |δuRR

23 | <∼ 1.0 (see discussion just below Eq.(15)).

Note that ũ1 = c̃R and ũ2 = t̃R for δuRR
23 = 0, which explains the behaviour of the

gluino and squark two-body decay branching ratios around δuRR
23 = 0 in Fig.3. Notice

also that mũ1
(mũ2

) decreases (increases) with the increase of |δuRR
23 |, which explains

the behaviour (including the various kinematical thresholds) of the gluino and squark

two-body decay branching ratios with increasing |δuRR
23 | for |δuRR

23 | >∼ 0.1. Moreover, as

ũ2 equals the flavour eigenstate ũR for |δuRR
23 | >∼ 0.9, the branching ratios B(ũ2 → cχ̃0

1)

and B(ũ2 → tχ̃0
1) vanish in this range.
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In Fig.4 we show the δuRL
23 dependences of the gluino decay branching ratios, where

all basic parameters other than AU32 are fixed as in the scenario specified in Table

1. We see that the QFV decay branching ratio B(g̃ → ctχ̃0
1) can be quite large

(∼ 30-50%) in a wide range of δuRL
23 . We find that the QFV decay branching ratio

B(g̃ → ctχ̃0
1) decreases (down to ∼ 30%) with increase of |δuRL

23 | and the quark-

generation violating (QGV) decay branching ratio B(g̃ → cbχ̃±
1 ) increases (up to

∼ 20%) with the increase of |δuRL
23 |. This behaviour can be explained as follows: In

this scenario the χ̃±
1 (≃ W̃± (wino)) couples to q̃L and its coupling to q̃R is suppressed.

On the other hand, χ̃0
1 (≃ B̃0 (bino)) couples much more strongly to c̃R and t̃R than

to c̃L and t̃L. Sizable δuRL
23 (i.e. c̃R − t̃L mixing parameter) induces a sizable t̃L

component in ũ1,2(∼ c̃R + t̃R), which enhances the widths Γ(ũ1,2 → bχ̃±
1 ) and leads

to a suppression of B(ũ1,2 → cχ̃0
1) and B(ũ1,2 → tχ̃0

1). As a result B(g̃ → cbχ̃±
1 ) =

∑

i=1,2 B(g̃ → ũic)B(ũi → bχ̃±
1 ) 5 is enhanced for sizable δuRL

23 while B(g̃ → ctχ̃0
1) =

∑

i=1,2 [B(g̃ → ũic)B(ũi → tχ̃0
1) + B(g̃ → ũit)B(ũi → cχ̃0

1)] is suppressed.

As for the δuRL
32 dependence plot of the gluino decay branching ratios, where all

basic parameters other than AU23 are fixed as in the scenario specified in Table 1,

we have obtained similar results (including the allowed range) to those for the δuRL
23

dependence in Fig.4. We have found that the QFV decay branching ratio B(g̃ →
ctχ̃0

1) can be quite large (∼ 30-50%) in a wide allowed range |δuRL
32 | <∼ 0.3, and that

B(g̃ → ctχ̃0
1) decreases (down to ∼ 30%) with the increase of |δuRL

32 | and the QGV

decay branching ratio B(g̃ → stχ̃±
1 ) increases (up to ∼ 5%) with the increase of |δuRL

32 |
while B(g̃ → cbχ̃±

1 ) is small. This behaviour can be explained as in the case of the

δuRL
23 dependence: Sizable δuRL

32 (i.e. c̃L − t̃R mixing parameter) induces a sizable

c̃L component in ũ1,2(∼ c̃R + t̃R), which enhances the widths Γ(ũ1,2 → sχ̃±
1 ) and

suppresses B(ũ1,2 → cχ̃0
1) and B(ũ1,2 → tχ̃0

1). This means that B(g̃ → stχ̃±
1 ) =

∑

i=1,2 B(g̃ → ũit)B(ũi → sχ̃±
1 ) is enhanced for sizable δuRL

32 whereas B(g̃ → ctχ̃0
1) =

∑

i=1,2 [B(g̃ → ũic)B(ũi → tχ̃0
1) + B(g̃ → ũit)B(ũi → cχ̃0

1)] is suppressed.

As for the δuLL
23 dependence plot of the gluino decay branching ratios, where all basic

parameters other than M2
Q23 are fixed as in the scenario specified in Table 1, we have

found that the QFV decay branching ratio B(g̃ → ctχ̃0
1) is insensitive to δuLL

23 and can

be quite large (∼ 50%) in a sizable allowed range 0.03 <∼ δuLL
23

<∼ 0.12 as can be seen in

5 Note that gluino decays into a down-type squark, such as B(g̃ → d̃ib), are kinematically forbidden

in this scenario and hence that such decays can not contribute to B(g̃ → cbχ̃±

1 ).
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Fig.2, where our reference scenario corresponds to (δuLL
23 , δuRR

23 ) = (0.068, 0.144). The

reason for the insensitivity of B(g̃ → ctχ̃0
1) to δuLL

23 is as follows: the c̃L − t̃L mixing

parameter δuLL
23 affects mainly the masses and mixing of the heavier up-type squarks ũ4

and ũ5, but mainly the on-shell ũ1,2 mediate the QFV decay g̃ → ctχ̃0
1 in this scenario.

5 Invariant mass distributions

Here we study the invariant mass distributions (i.e. the differential decay branch-

ing ratios) dBr(g̃ → ũiuj → ujukχ̃
0
n)/dMujuk

, with Mujuk
being the invariant mass

of the two quark system ujuk in the final state. The kinematical endpoinds of the

distributions are given in terms of the masses of the involved particles by [24]

M i(min,max)
ujuk

=
{

m2
uj

+ m2
uk

+
1

2m2
ũi

[

(m2
g̃ − m2

uj
− m2

ũi
)(m2

ũi
+ m2

uk
− m2

χ̃0
n
)

∓λ
1

2 (m2
g̃, m

2
uj

, m2
ũi

) λ
1

2 (m2
ũi

, m2
uk

, m2
χ̃0

n
)
]

} 1

2

, (18)

with λ(x, y, z) = x2 + y2 + z2 − 2(xy + xz + yz), where ũi is the intermediate squark,

uj is from the primary decay (i.e. the two-body g̃ decay) and uk is from the secondary

decay (i.e. the ũi decay). Note that M i(min,max)
ujuk

6= M i(min,max)
ukuj

for j 6= k. We calculate

the invariant mass distributions by summing over the intermediate up-type squarks

giving rise to the same final state:

dBr(g̃ → ujukχ̃
0
n)/dMujuk

=
1

1 + δjk

∑

i

[

dBr(g̃ → ũiuj → ujukχ̃
0
n)/dMujuk

+dBr(g̃ → ũiuk → ukujχ̃
0
n)/dMujuk

]

. (19)

Note that the individual distribution dBr(g̃ → ũiuj → ujukχ̃
0
n)/dMujuk

(dBr(g̃ →
ũiuk → ukujχ̃

0
n)/dMujuk

), is proportional to Mujuk
and its allowed range is given by

[M i(min)
ujuk

, M i(max)
ujuk

] ([M i(min)
ukuj

, M i(max)
ukuj

]).

In the following we show how QFV due to the 2nd and 3rd generation mixing of the

up-type squarks influences the invariant mass distributions. We discuss two scenarios,

one with gluino mass mg̃ = 800 GeV and the other with mg̃ = 1300 GeV.

We start from the QFV scenario with mg̃ = 800 GeV given in Table 1. In this

QFV scenario the squark mass eigenstates ũ1 and ũ2 are a strong mixture of the

11



flavour eigenstates c̃R and t̃R. First we consider the invariant mass distribution for a

final state including two top quarks. Fig.5 shows the invariant mass distributions of

the top quark pairs for the QFV scenario, where one has B(g̃ → tt̄χ̃0
1) = 12.0%. Note

that the invariant mass distribution of the two top quarks in the QFV scenario shows

no additional edge structure. This is because only the lightest up-type squark, ũ1, can

mediate this final state while the other squarks are too heavy.

Next we consider the invariant mass distribution for a final state including c and t

quarks in the QFV scenario of Table 1, where one has B(g̃ → ctχ̃0
1) = 46.3%. Fig.5

shows the invariant mass distribution of ct. There are more edge structures due to

the processes g̃ → ũ1t → tcχ̃0
1 [with M

1(min,max)
tc = (253, 526) GeV], g̃ → ũ1c →

ctχ̃0
1 [with M

1(min,max)
ct = (254, 580) GeV], and g̃ → ũ2c → ctχ̃0

1 [with M
2(min,max)
ct =

(219, 497) GeV]. Note that g̃ → ũ2t is kinematically forbidden in this scenario. We see

that the three remarkable endpoint-edges are fairly well separated.

Next we consider the invariant mass distribution of final state quarks for a QFV

scenario with a heavier gluino (mg̃ = 1300 GeV) given in Table 4. This scenario is

inspired by the mSUGRA scenario A of Ref. [25] and satisfies all of the conditions (i)-

(v) in section 3. The resulting masses of squarks, neutralinos and charginos are given

in Table 5. We show the corresponding up-type squark compositions in the flavour

eigenstates in Table 6. In this scenario the squark mass eigenstate ũ1 (ũ2) is dominated

by a strong mixture of the flavour eigenstates t̃R and c̃R (t̃L and c̃L ). In Fig.6 we show

the two invariant mass distributions of tt and ct, where one has B(g̃ → ttχ̃0
1) = 16.6%,

and B(g̃ → ctχ̃0
1) = 31.4%. Note that the QFV decay branching ratio B(g̃ → ctχ̃0

1) is

large.

The invariant mass distribution of two top quarks shows no additional edge struc-

ture for the same reason as in the scenario with mg̃ = 800 GeV discussed above.

The decay g̃ → ũ2t is kinematically allowed but phase-space suppressed. Moreover,

ũ2 → tχ̃0
1 is strongly suppressed because ũ2(∼ t̃L + c̃L) does not significantly couple to

χ̃0
1(∼ B̃0(Bino)) in this scenario. Hence, B(g̃ → ũ2t → ttχ̃0

1)(=0.00035) is very small.

As for the invariant mass distribution of c and t quarks in the QFV scenario of Table

4, there are more edge structures due to the ũ1-mediated processes g̃ → ũ1t → tcχ̃0
1

[with M
1(min,max)
tc = (601, 971) GeV], and g̃ → ũ1c → ctχ̃0

1 [with M
1(min,max)
ct =

(183, 1022) GeV]. The decays g̃ → ũ2 c/t are phase-space suppressed and the decays

ũ2 → c/t χ̃0
1 are strongly suppressed in this scenario as is explained above. Hence,

B(g̃ → ũ2 c/t → ctχ̃0
1)(=0.0004) is very small.

12



M2
Qαβ β = 1 β = 2 β = 3

α = 1 (1200)2 0 0

α = 2 0 (1200)2 (500)2

α = 3 0 (500)2 (1128)2

M1 M2 mg̃ µ tanβ mA0

255 497 1300 756 5 800

M2
Dαβ β = 1 β = 2 β = 3

α = 1 (1141)2 0 0

α = 2 0 (1141)2 0

α = 3 0 0 (1100)2

M2
Uαβ β = 1 β = 2 β = 3

α = 1 (1149)2 0 0

α = 2 0 (1149)2 (894)2

α = 3 0 (894)2 (877)2

Table 4: The MSSM parameters in the QFV scenario with mg̃ = 1300 GeV. All of

AUαβ and ADαβ are set to zero. All mass parameters are given in GeV.

ũ1 ũ2 ũ3 ũ4 ũ5 ũ6

466 1054 1149 1199 1275 1379

d̃1 d̃2 d̃3 d̃4 d̃5 d̃6

1046 1101 1141 1141 1201 1274

χ̃0
1 χ̃0

2 χ̃0
3 χ̃0

4 χ̃±
1 χ̃±

2

253 483 758 775 482 774

Table 5: Sparticles and corresponding masses (in GeV) in the scenario of Table 4.

The signature of the QFV decay g̃ → c t χ̃0
1 at LHC would be ’charm-jet + top-

quark + missing-energy’. Therefore charm-tagging would be very useful. Even if

charm-tagging is not feasible, we could detect the signature of the QFV gluino decay

since it yields a remarkable (detectable) signature of g̃ → q t χ̃0
1 (q 6= t). We have

shown that QFV gluino decay branching ratios such as B(g̃ → c t χ̃0
1) can be very

large despite the very strong experimental constraints from QFV processes. This shows

that the QFV gluino decays can contribute significantly to signal event rates at LHC.

Therefore one should take into account the possibility of significant contributions from

QFV decays in the gluino search. Moreover one should also include the QFV squark

parameters in the determination of the basic SUSY parameters at LHC. It is clear that

detailed Monte Carlo studies taking into account backgrounds and detector simulations

would be necessary. Such studies are beyond the scope of the present article.
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Rũ
iα ũL c̃L t̃L ũR c̃R t̃R

ũ1 -0.001 0.006 -0.021 0 0.587 -0.809

ũ2 -0.137 0.621 -0.771 0 -0.024 0.006

ũ3 0 0 0 -1.0 0 0

ũ4 -0.976 -0.219 -0.003 0 0 0

ũ5 0.171 -0.752 -0.636 0 -0.032 -0.012

ũ6 0.003 -0.015 -0.033 0 0.808 0.588

Table 6: The up-type squark compositions in the flavour eigenstates, i.e. the mixing

matrix Rũ
iα for the scenario of Table 4.

6 Conclusion

To conclude, we have studied gluino decays in the MSSM with squark mixing of the

second and third generation, especially c̃L/R - t̃L/R mixing. We have shown that QFV

gluino decay branching ratios such as B(g̃ → c t χ̃0
1) can be very large due to the

squark mixing in a significant part of the MSSM parameter space despite the very

strong experimental constraints from B factories, Tevatron and LEP with those of

b → sγ and ∆MBs
being especially important.

We have also studied the effect of the squark generation mixing on the invariant mass

distributions of the two quarks from the gluino decay at LHC. We have found that

it can result in novel and characteristic edge structures in the distributions. In par-

ticular, multiple-edge (3- or 4-edge) structures can appear in the charm-top quark

mass distribution. The appearance of these remarkable structures would provide an

additional powerful test of supersymmetric QFV at LHC.

These could have an important impact on the search for gluinos and the MSSM pa-

rameter determination at LHC.
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Figure Captions

Figure 1: Contours of the QFV decay branching ratio B(g̃ → ctχ̃0
1) in the (∆M2

U , M2
U23)

plane where all of the conditions (i)-(v) are satisfied. The point ”x” of (∆M2
U , M2

U23) =

(2.36 × 104, 5 × 104) GeV2 corresponds to our reference scenario of Table 1.

Figure 2: Contours of the QFV decay branching ratio B(g̃ → ctχ̃0
1) (solid lines) in the

δuLL
23 − δuRR

23 plane where all of the conditions (i)-(v) except the b → sγ constraint are

satisfied. Contours of 104×B(b → sγ) (dashed lines) are also shown. The condition (i)

requires 3.03 < 104×B(b → s γ) < 4.01. The point ”x” of (δuLL
23 , δuRR

23 ) = (0.068, 0.144)

corresponds to our reference scenario of Table 1.

Figure 3: δuRR
23 dependences of the branching ratios of (a) the gluino cascade decays,

(b) the gluino two-body decays and (c) the up-type squark two-body decays. The

point ”x” of δuRR
23 = 0.144 corresponds to our reference scenario of Table 1. The

shown range of δuRR
23 is the whole range allowed by the conditions (i) to (v) given in

the text; note that the range |δuRR
23 | >∼ 1.0 is excluded by the condition mũ1

> mχ̃0
1

in

(iii).

Figure 4: δuRL
23 dependences of the branching ratios of the gluino cascade decays. The

point ”x” of δuRL
23 = 0 corresponds to our reference scenario of Table 1. The shown

range of δuRL
23 is the whole range allowed by the conditions (i) to (v) given in the text;

note that the range |δuRL
23 | >∼ 0.3 is excluded by the condition (v).

Figure 5: Invariant mass distributions of two up-type quarks from the decay g̃ →
ujukχ̃

0
1 for the QFV scenario of Table 1.

Figure 6: Invariant mass distributions of two up-type quarks from the decay g̃ →
ujukχ̃

0
1 for the QFV scenario of Table 4.
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