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structure. In this paper, we study the gluino decay in detail and discuss the interplay with

the gluino decay and low-energy flavor and CP observation.
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1 Introduction

A supersymmetric (SUSY) standard model (SSM) is a leading candidate of physics beyond

the standard model (SM). However the most “natural” SUSY model suffers from long-

standing problems, such as low-energy flavor/CP physics, direct sparticle search, Higgs

boson mass, and cosmology. Many types of SSMs are studied to get over such difficulties.

The discovery of the 125GeV Higgs boson [1, 2] indicates a possibility of a very simple

framework of SSMs, i.e., high-scale SUSY scenarios [3–7]. The sfermion mass scale higher

than O(10)TeV can explain for the 125GeV Higgs boson [8–13]. In addition, constraints

of the SUSY flavor/CP problems and cosmological problems are greatly relaxed. As for

the fermion sectors, the R-parity conservation sets gauginos and/or Higgsino mass scale

to a TeV range to avoid the dark matter overabundance, which is also preferred by the

gauge coupling unification. From a theoretical viewpoint, such a setup can be simply

realized. For example, an assumption of some charge of the SUSY breaking field X leads

the sfermion mass msfermion
>∼m3/2, keeping the gauginos light, mgaugino ∼ 0.01m3/2, which

are generated via anomaly mediation effects [14–18]. By setting m3/2 = O(102–3) TeV, a
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viable SUSY mass spectrum can be obtained. After the discovery of the Higgs boson,

such a framework gets more attention, variously called “Spread SUSY” [19, 20], “Pure

Gravity Mediation” [21, 22], “Mini-Split” [23], “Simply Unnatural SUSY” [24] and so on.

This framework predicts a Wino is the lightest SUSY particle (LSP). There are intensive

studies of collider [25–29] and dark matter [30–41] signals of the Wino LSP.

Such a large mass hierarchy the between gaugino and scalar sector is not an uncommon

feature of SUSY breaking models. This is because the mass of fermions can be protected

from large radiative corrections thanks to some chiral symmetry and, on the other hand,

that of the scalar particle is not protected, once SUSY is broken. For example, the large

mass hierarchy also exists in some class of gauge mediated SUSY breaking (GMSB) models.

See, e.g., refs. [42, 43] for such models. This feature quite often comes from underlying

symmetry of the model and/or stability conditions of the SUSY breaking vacua [44, 45].

Motivated by the discovery of the Higgs boson, such GMSB models also have been stud-

ied [23, 46].

Several kinds of SUSY breaking models realize the high-scale SUSY spectrum. Al-

though they predict similar spectra at a TeV scale, the gravitino mass and sfermion sector

have strong model dependence. One of the characteristic features of each model appears

in the sfermion sector. For example, without any flavor symmetry, we can expect flavor

violating soft parameters of the order of the scalar mass scale. On the other hand, some

flavor symmetry forbid such terms, depending on the symmetry charge assignments. Or

a typical GMSB model predicts just the minimal flavor violation. A grand unified theory

(GUT) may determine the mass relation among the sfermion sector. Therefore, probing

the sfermion sector is essential to study the underlying model. The information on the

sfermion sector is also important for us to discuss the prospects of precise measurements

of flavor/CP experiments.

For the future flavor/CP observations and deeper understanding the underlying theory

of the high-scale SUSY models, it is very important to know the property of the sfermion

sector, such as its mass scale and flavor structure. Since the direct production of heavy

sfermions is out of range of the LHC, we must consider indirect ways to probe the sfermion

sector. A cosmological signature such as gravitational waves is an interesting possibility

among them [47]. Another possibility is the gluino decay since it is sensitive to the squark

sector. The most known feature of the gluino in the high-scale SUSY models is its longevity

of the lifetime. Another interesting point is that the flavor violating decay modes of the

gluino are allowed thanks to heavy squark masses satisfying flavor constraints for the SM

particles. Hence, by studying the gluino decay in detail, we can get insights into the squark

sectors. In this paper we study the gluino decay in the high-scale SUSY models.

For heavy squarks, quantum corrections to the gluino decay get large, and can signif-

icantly affect the gluino decay, compared to the tree-level calculation. Previously, there

are some works to study the tree-level gluino decay with flavor/CP violation [48] and the

quantum effect without flavor/CP violation in the high-scale SUSY models [49, 50]. In this

study, we pay particular attention to the quantum effects on the flavor structure of the

gluino decay and discuss the correlation with the low-energy flavor/CP violating rare pro-

cesses. In section 2, we estimate the size of the quantum corrections for the gluino decay,
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using renormalization group equations. In section 3, we discuss the correlation between the

low-energy flavor/CP observations and the gluino decay. In section 4, we briefly discuss

the collider signatures. Section 5 is devoted to summary and discussions.

2 Gluino decay in high-scale SUSY models

In the high-scale SUSY models, we cannot directly probe the sfermions at the LHC. How-

ever, the gluino decay requires virtual squark exchanges and therefore it reflects the squark

sector. The most significant feature of the high-scale SUSY model is the longevity of the

gluino lifetime since, as the squark mass scale goes high, the lifetime of the gluino can be

very long. Typically, its decay length is cτg̃ ∼ 1 cm (mq̃/1000TeV)4(mg̃/1TeV)−5. Such

a long lifetime plays a significant role not only in collier signals but also in cosmology.

Cosmological constraints disfavor the gluino lifetime much longer than 1 sec [51].

Another important feature is that the decay products of the gluino carry information

on details of the squark flavor structure. For instance, if the third family squarks are

lighter than the other squarks, the final states of the gluino decay are rich in bottom and

top quarks. Furthermore, with the flavor violating structure of the squarks, we may observe

the flavor violating gluino decay. In this way, the squark sector is testable via the gluino

decay. To extract information on the sfermion sector via observation of the gluino decay,

we need to sophisticate a prediction of the gluino decay, including quantum corrections.

In this section, we calculate partial decay widths of the gluino by a renormalization

group (RG) method. We study the RG evolution of Wilson coefficients that govern the

gluino decay with general flavor/CP structure and see the effects on the gluino decay.

2.1 Effective theory and RG equations of Wilson coefficients

We assume that sfermions, heavy Higgs bosons and Higgsinos have the masses of around

m̃ > O(10)TeV and that the size of A-terms is negligible. The soft mass terms relevant to

our study are

Lsoft = −1

2

(

mB̃B̃B̃+mW̃ W̃AW̃A+mg̃ g̃
ag̃a+h.c.

)

− Q̃∗
Lm

2
Q̃L

Q̃L − ũcRm
2
ũR

ũc∗R − d̃cRm
2

d̃R
d̃c∗R ,

(2.1)

where mB̃, mW̃ and mg̃ are complex gaugino masses and m2
Q̃L

, m2
ũR

and m2

d̃R
are 3 × 3

Hermitian matrices whose components are O(m̃2). In this section, we take weak basis

in which QL,i and Q̃L,i form an SU(2)L doublet for each i. Thanks to this notation, we

can write effective interactions and RG equations for their Wilson coefficients as SU(2)L
symmetric forms.

Below the scale m̃, the dynamics of the particles is described by an effective theory

which contains the SM particles and gauginos. The gluino will mainly decay into a lighter

SUSY particle by emitting two quarks or a gluon. These decay modes are dominantly

induced by the following dimension five and six effective interactions by integrating out
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the heavy squarks:

QB̃
Q,ij =

(

B̃†σ̄µg̃a
)(

Q†
L,iσ̄µT

aQL,j

)

, (2.2)

QB̃
u,ij =

(

B̃†σ̄µg̃a
)(

ucR,iσµT
auc†R,j

)

, (2.3)

QB̃
d,ij =

(

B̃†σ̄µg̃a
)(

dcR,iσµT
adc†R,j

)

, (2.4)

QB̃
7 =

(

B̃σ̄µν g̃a
)

Ga
µν , (2.5)

QW̃
ij =

(

W̃A†σ̄µg̃a
)(

Q†
L,iσ̄µT

aτAQL,j

)

. (2.6)

Here, i, j = 1, 2, 3 are flavor indices, A = 1, 2, 3 is an SU(2)L adjoint index and a = 1, · · · , 8
is an SU(3)C adjoint index.

The effective Lagrangian contains the following interaction terms:

Leff. =
1

m̃2

[ 3
∑

i=1

3
∑

j=1

(

CB̃
Q,ijQ

B̃
Q,ij+CB̃

u,ijQ
B̃
u,ij+CB̃

d,ijQ
B̃
d,ij+CW̃

ij Q
W̃
ij

)

+CB̃
7 QB̃

7

]

+h.c. . (2.7)

Boundary condition at the squark mass scale. We have to match our effective

theory with the MSSM at the squark mass scale m̃. The Wilson coefficients C(m̃)’s are

obtained by integrating out the squarks. At the leading order, we obtain,

CB̃
Q,ij(m̃) = −gsg

′

6
m̃2(m2

Q̃L
)−1
ij , (2.8)

CB̃
u,ij(m̃) =

2gsg
′

3
m̃2(m2

ũR
)−1
ji , (2.9)

CB̃
d,ij(m̃) = −gsg

′

3
m̃2(m2

d̃R
)−1
ji , (2.10)

CB̃
7 (m̃) =

g2sg
′

384π2
(mg̃ −mB̃)m̃

2
(

tr[(m2
Q̃L

)−1]− 2 tr[(m2
ũR

)−1] + tr[(m2

d̃R
)−1]

)

, (2.11)

CW̃
ij (m̃) = −gsg

2
m̃2(m2

Q̃L
)−1
ij . (2.12)

Here, m2
Q̃L

, m2
ũR

and m2

d̃R
are the squark mass-squared matrices at the scale m̃. We treat

the Wilson coefficients CB̃
Q , CB̃

u , CB̃
d and CW̃ as 3 × 3 matrices in flavor space. In the

high-scale SUSY models, there is a large hierarchy between the gaugino mass scale and

the squark mass scale m̃. Therefore, the resummation of leading logarithm corrections

becomes important.

RG equations for Wilson coefficients. Now, we describe the RG evolution of the

Wilson coefficients at one-loop level. We treat SM-like Yukawa couplings Yu and Yd as

3× 3 matrices in flavor space. They are defined as,

Lyukawa = HQLYuu
c
R +H∗QLYdd

c
R + h.c. . (2.13)

Here, H is the SM-like Higgs doublet field. RG equations for the gauge coupling constants

are given by,

16π2 dg′

d logµ
=

41

6
g′3, 16π2 dg

d log µ
= −11

6
g3, 16π2 dgs

d logµ
= −5g3s . (2.14)
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For the quark Yukawa couplings,

16π2 dYu
d logµ

=
3

2

[

YuY
†
u − YdY

†
d

]

Yu +

[

3 tr
(

YuY
†
u + YdY

†
d

)

− 17

12
g′2 − 9

4
g22 − 8g2s

]

Yu ,

(2.15)

16π2 dYd
d logµ

=
3

2

[

− YuY
†
u + YdY

†
d

]

Yd +

[

3 tr
(

YuY
†
u + YdY

†
d

)

− 5

12
g′2 − 9

4
g22 − 8g2s

]

Yd .

(2.16)

Here, we neglect the lepton Yukawa interactions. The RG equations for g′, Yu and Yd at

one-loop level are same as the SM ones [52]. RG equations for the Wilson coefficients are

given by,1

16π2
dCB̃

Q

d logµ
=

1

2

{

YuY
†
u +YdY

†
d , C

B̃
Q

}

− YuC
B̃
u Y †

u − YdC
B̃
d Y †

d − 3g2sNCC
B̃
Q +

2

3
g2s Ŝ , (2.17)

16π2 dCB̃
u

d logµ
=

{

Y †
uYu, C

B̃
u

}

− 2Y †
uC

B̃
QYu − 3g2sNCC

B̃
u +

2

3
g2s Ŝ , (2.18)

16π2 dCB̃
d

d logµ
=

{

Y †
d Yd, C

B̃
d

}

− 2Y †
dC

B̃
QYd − 3g2sNCC

B̃
d +

2

3
g2s Ŝ , (2.19)

16π2 dCB̃
7

d logµ
=

(

2

3
NF − 6NC

)

g2sC
B̃
7 , (2.20)

16π2 dCW̃

d logµ
=

1

2

{

YuY
†
u + YdY

†
d , C

W̃
}

− 3g2sNCC
W̃ − 6g2CW̃. (2.21)

Here, Ŝ = (2 trCB̃
Q + trCB̃

u + trCB̃
d )1, {A,B} = AB + BA, 1 = diag(1, 1, 1), NF = 6 and

NC = 3. Again, CB̃
Q , CB̃

u , CB̃
d and CW̃ are 3 × 3 matrices in flavor space. We show one-

loop diagrams which contribute to the above RG equations in figure 1. We have checked

eqs. (2.17)–(2.21) are consistent with ref. [49] in the flavor-symmetric case.2 In the following

of this section, we will discuss the flavor structures of the Wilson coefficients in more detail.

2.2 Resummed Wilson coefficient

Here, we show an analytic solution for an approximated situation. We neglect the Yukawa

couplings except for the top Yukawa, namely, we take the following Yukawa matrices,

Yu =







0 0 0

0 0 0

0 0 yt






, Yd =







0 0 0

0 0 0

0 0 0






. (2.22)

1One may worry about mixing with operators of dabc(B̃Γg̃a)(g̃bΓg̃c)(†) where Γ = {1, σµ, σµν} and

dabc = tr[T a{T b, T c}]. However, QB̃
Q,ij , Q

B̃
u,ij , Q

B̃
d,ij and QB̃

7 do not mix with them at one-loop level. Other

operators such as fabc(B̃Γg̃a)(g̃bΓg̃c)(†) vanish for antisymmetry of fabc.
2If the Higgsino is lighter than the gluino, we have to consider effective operators which include Higgsinos.

For RG equation of their Wilson coefficients, see the appendix B.
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qi

g g̃

B̃, W̃
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B̃, W̃

qj

qi

g

g̃

W̃

qj

qiW

g̃

W̃

qj

qiW

g̃

B̃, W̃

qj

qi

B,W

g̃

B̃, W̃

qj

qi

H

g̃

B̃

qi

qi

q
g

Figure 1. One-loop diagrams for the anomalous dimensions of quarks and gauginos (top) and the

anomalous dimensions of operators and operator mixings (middle and bottom).

To write down the solution to the RG equations, we define the following variables:3

η1 ≡ α′(m̃)

α′(µ)
= 1− 41α′(m̃)

12π
log

µ

m̃
=

(

1 +
41α′(µ)

12π
log

µ

m̃

)−1

, (2.24)

η2 ≡ α(m̃)

α(µ)
= 1 +

11α(m̃)

12π
log

µ

m̃
=

(

1− 11α(µ)

12π
log

µ

m̃

)−1

, (2.25)

η3 ≡ αs(m̃)

αs(µ)
= 1 +

5αs(m̃)

2π
log

µ

m̃
=

(

1− 5αs(µ)

2π
log

µ

m̃

)−1

, (2.26)

ηt ≡
αt(m̃)

αt(µ)
, (2.27)

ξt ≡ exp

(

−
∫ m̃

µ

y2t (µ
′)

16π2

dµ′

µ′

)

= η
−1/9
t η

−17/738
1 η

3/22
2 η

8/45
3 , (2.28)

y ≡ η
4/5
3 − 1 , (2.29)

z ≡ 1

3
(ξ3t − 1) , (2.30)

z′ ≡ 1

3
(ξ

3/2
t − 1) , (2.31)

C̄B̃(m̃) ≡ 1

12

(

2 trCB̃
Q (m̃) + trCB̃

u (m̃) + trCB̃
d (m̃)

)

. (2.32)

We show η1, η2, η3, ηt and ξt as functions of m̃ with µ = |mg̃| in figure 2. Here we set

mg̃ = 1.5TeV, mW̃ = 200GeV and mB̃ = 400GeV.4 By using these variables given in

3In the limit of g′ = g = 0, we can get analytic form of ηt:

ηt = η
8/5
3 −

3

2

αt(m̃)

αs(m̃)

(

η
8/5
3 − η3

)

=

(

η
−8/5
3 −

3

2

αt(µ)

αs(µ)

(

η
−8/5
3 − η

−1
3

)

)−1

. (2.23)

4Very recently, a search of disappearing charged tracks by the ATLAS collaboration gives severe con-

straint on the mass of the Wino LSP. If the Higgsino mass is large enough and we adopt two-loop level

mass splitting between W̃± and W̃ 0 [53], we obtain mW̃ > 270GeV [54]. However, our analysis is almost

independent on the Wino mass, then, we take this value as a reference point.
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Figure 2. Variables η1, η2, η3, ηt and ξt in eqs. (2.24)–(2.28) as functions of m̃, fixing µ = |mg̃|.
We take mg̃ = 1.5TeV and mW̃ = 200GeV.

eqs. (2.24)–(2.32), the solution to the RG equations in eqs. (2.17)–(2.21) is written as,

CW̃
ij (µ) = η

−9/10
3 η

−18/11
2 CW̃

ij (m̃) , (2.33)

CW̃
3i (µ) = η

−9/10
3 η

−18/11
2 ξ

1/2
t CW̃

3i (m̃) , (2.34)

CW̃
33 (µ) = η

−9/10
3 η

−18/11
2 ξtC

W̃
33 (m̃) , (2.35)

CB̃
Q,ii(µ) = η

−9/10
3

[

CB̃
Q,ii(m̃) + yC̄B̃(m̃)

]

, (2.36)

CB̃
Q,12(µ) = η

−9/10
3 CB̃

Q,12(m̃) , (2.37)

CB̃
Q,33(µ) = η

−9/10
3

[

(1 + z)CB̃
Q,33(m̃)− zCB̃

u,33(m̃) + yC̄B̃(m̃)
]

, (2.38)

CB̃
Q,3i(µ) = η

−9/10
3

[

(1 + z′)CB̃
Q,3i(m̃)− z′CB̃

u,3i(m̃)
]

, (2.39)

CB̃
u,ii(µ) = η

−9/10
3

[

CB̃
u,ii(m̃) + yC̄B̃(m̃)

]

, (2.40)

CB̃
u,12(µ) = η

−9/10
3 CB̃

u,12(m̃) , (2.41)

CB̃
u,33(µ) = η

−9/10
3

[

(1 + 2z)CB̃
u,33(m̃)− 2zCB̃

Q,33(m̃) + yC̄B̃(m̃)
]

, (2.42)

CB̃
u,3i(µ) = η

−9/10
3

[

(1 + 2z′)CB̃
u,3i(m̃)− 2z′CB̃

Q,3i(m̃)
]

, (2.43)

CB̃
d,ii(µ) = η

−9/10
3

[

CB̃
d,ii(m̃) + yC̄B̃(m̃)

]

, (2.44)

CB̃
d,12(µ) = η

−9/10
3 CB̃

d,12(m̃) , (2.45)

CB̃
d,33(µ) = η

−9/10
3

[

CB̃
d,33(m̃) + yC̄B̃(m̃)

]

, (2.46)

CB̃
d,3i(µ) = η

−9/10
3 CB̃

d,3i(m̃) , (2.47)

CB̃
7 (µ) = η

−7/5
3 CB̃

7 (m̃) . (2.48)

Here, i runs a light flavor index 1, 2. Note that we have dropped off-diagonal elements of

Yukawa matrices. Then, off-diagonal elements of C’s are valid only if the contribution of off-

– 7 –



J
H
E
P
1
0
(
2
0
1
3
)
1
5
7

diagonal elements of Yukawa is much smaller than them. For example, CW̃
12 (µ) in eq. (2.33)

is valid only if CW̃
12 (m̃) is much larger than Yu,12Yu,22C

W̃
22 (m̃) and Yu,13Yu,23C

W̃
33 (m̃).

2.3 Numerical analysis of gluino decay

So far, we discussed leading logarithm corrections for the Wilson coefficients relevant to

the gluino decay. To extract information on the squark sector from the gluino decay, it is

important to take into account such corrections. In this subsection, we discuss the effects of

leading logarithm corrections on the lifetime and decay pattern of the gluino numerically.

In the present situation, gluino two-body decay (g̃ → gB̃) can be neglected because of

one-loop suppression.5 In the limit that |mg̃| − |mW̃ |, |mg̃| − |mB̃| ≫ mt and VCKM ≃ 1,

we can approximately get the following analytical formulae [49, 55]:

Γ(g̃ → B̃uLiūLj) = Γ(g̃ → B̃dLid̄Lj) =
|CB̃

Q,ij |2|mg̃|5

1536π3m̃4
f
(

mB̃/mg̃

)

, (2.49)

Γ(g̃ → B̃uRiūRj) =
|CB̃

u,ij |2|mg̃|5
1536π3m̃4

f
(

mB̃/mg̃

)

, (2.50)

Γ(g̃ → B̃dRid̄Rj) =
|CB̃

d,ij |2|mg̃|5

1536π3m̃4
f
(

mB̃/mg̃

)

, (2.51)

Γ(g̃ → W̃ 0uLiūLj) = Γ(g̃ → W̃ 0dLid̄Lj) =
|CW̃

ij |2|mg̃|5
1536π3m̃4

f
(

mW̃ /mg̃

)

, (2.52)

Γ(g̃ → W̃+dLiūLj) = Γ(g̃ → W̃−uLid̄Lj) =
2|CW̃

ij |2|mg̃|5
1536π3m̃4

f
(

mW̃ /mg̃

)

. (2.53)

Here, f(x) = 1− 8|x|2 − 12|x|4 log |x|2 + 8|x|6 − |x|8 + 2(1 + 9|x|2 + 6|x|4 log |x|2 − 9|x|4 +
6|x|4 log |x|2 − |x|6)Re(x). As for operators whose dimension is higher than six, we use

tree-level amplitudes in our numerical calculation. In the following of this section, we

denote decay widths calculated by C(µ = m̃) and C(µ = |mg̃|) as “tree” and “resum”,

respectively.

Total decay width. It is pointed out that the lifetime of the gluino is significantly

affected by the resummation of leading logarithmic corrections [49]. We show the lifetime

of the gluino in figure 3. Here we take m2
Q̃L

= m2
ũR

= m2

d̃R
= m̃2 × 1. We can see that the

quantum corrections make the decay rate double for m̃ = 103TeV.

Branching fraction of g̃ → W̃qq̄ and g̃ → B̃qq̄. In the case of the heavy Higgsino,

the low-mass neutralinos and charginos are almost pure Wino or Bino states. Therefore

discriminating the gluino decay mode into a Wino and Bino can be experimentally viable.

This branching ratio reveals the relation between left-handed squarks and right-handed

ones. Thus, precise estimation of the branching ratio is significant.

At tree level, the Wilson coefficients of the operators involving W̃ are proportional to

the gauge coupling g, and those involving B̃ are proportional to g′. They are proportional

to α′ and α at tree level, however, leading log resummation alters ratio between them.

5If the Higgsino is lighter than the gluino, the decay width of this two body decay mode is enhanced

because of large logarithmic corrections [48–50]. Then, this mode can be significant.
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Figure 3. The red and solid line shows the lifetime of the gluino with resummation. The green
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masses as mW̃ = 200 GeV, mB̃ = 400 GeV and mg̃ = −1.5 TeV. For the squark mass, we take
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mg̃ = −1.5 TeV. For the squark mass, we take universal squark mass at for m̃ = 103 TeV.quark

mass scale.

In figure 4, we plot RB̃/W̃ as a function of squark masses, which is defined as,

RB̃/W̃ ≡
∑

q Γ(g̃ → B̃qq̄)
∑

q Γ(g̃ → W̃ qq̄)
. (2.54)

Here we take m2
Q̃L

= m2
ũR

= m2

d̃R
= m̃2 × 1. We can see that resummation of leading

logarithm corrections alters branching fractions by about 20% for m̃ = 103TeV.
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Flavor structure of g̃ → W̃qq̄. The flavor structure of g̃ → W̃ qq̄ is determined by

(m2
Q̃L

)−1 at tree level, and it suffers from leading logarithm corrections because of the

anomalous dimension of the quarks. An important source of the corrections is top Yukawa

yt. It changes g̃ → W̃ 0tt̄ relative ratio to g̃ → W̃ qq̄.

RW̃
tt/qq ≡

Γ(g̃ → W̃ 0tt̄)

Γ(g̃ → W̃ qiq̄j)
, (2.55)

where i, j = 1, 2. The ratio of resummed result to tree-level one is (RW̃
tt/qq|resum)/(RW̃

tt/qq|tree)
= ξ2t . As seen in figure 2, RW̃

tt/qq is decreased by the effect of resummation of leading

logarithm correction by 3–4%, compared to the tree-level result.

Flavor structure of g̃ → B̃qq̄. Here, we discuss radiative correction for the following

quantities:

RB̃
tc/tt =

Γ(g̃ → B̃tc̄/B̃t̄c)

Γ(g̃ → B̃tt̄)
, RB̃

tc/cc =
Γ(g̃ → B̃tc̄/B̃t̄c)

Γ(g̃ → B̃cc̄)
. (2.56)

Compared to the Wino case, radiative corrections for the decay into the Bino more sig-

nificantly affect the flavor structure of the gluino decay. This is because the contribution

of the top Yukawa coupling is larger. In addition, the penguin-like diagram contribution

in figure 1 affects only the flavor diagonal part. Thus, the RG evolution of the Wilson

coefficients has different feature between the flavor conserving and violating parts. We

show numerical results in the following two sample cases.

• light ũR
In this case, we assume that the lightest squark q̃R1 is a mixture of t̃R and c̃R,

and other squarks are much heavier than them. The mixing angle θu is defined as

q̃R1 = cos θut̃R + sin θuc̃R. Figure 5 shows the numerical result of the gluino decay

length, RB̃
tc/tt and RB̃

tc/cc. Here we define a normalization variable R for the gluino

decay length as

cτg̃ = R× 1 cm

(

mq̃R1

1000 TeV

)4

. (2.57)

We can see RB̃
tc/tt|resum (RB̃

tc/cc|resum) is enhanced compared to RB̃
tc/tt|tree (RB̃

tc/cc|tree)
results by 10–20%.

• mSUGRA-like case

In this case, at the “GUT” scale µ = 2 × 1016GeV, we take the diagonal elements

of the squark mass-squared as m2
Q̃L,ii

= m2
ũR,ii = m2

d̃R,ii
= m2

0 (i = 1, 2, 3), the off-

diagonal elements as m2
ũR,23 = m2

ũR,32 = m2
23 and the other components to be zero.

For other parameters, we take mW̃ = 200 GeV, mB̃ = 400 GeV, mg̃ = −1.5 TeV

and tanβ = 1, 3. By using RG equations for the squark soft parameters, we obtain

physical squark masses and mixings. In calculation of soft mass RG evolution, we

neglect terms other than top Yukawa parts. We also assume b, µ and m2
Hd

are

optimized so that the correct electroweak breaking occurs.
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Figure 5. Normalized decay length which is defined as R = (cτg̃/1 cm)(m0/1000 TeV)4 (a),

branching ratio RB̃
tc/tt (b) and RB̃

tc/cc (c) in a case of light ũR. We take the gaugino masses as

mW̃ = 200 GeV, mB̃ = 400 GeV and mg̃ = −1.5 TeV.

For estimation of the gluino decay width, we take the matching scale m̃ as the lightest

squark mass. In this case, the RG effect from the top Yukawa coupling decreases mt̃R

and the decay into tt̄B̃ is enhanced. Figure 6 shows the numerical result of RB̃
tc/tt.

The shaded region shows the region where the lightest squark is lighter than the

gluino or a tachyon. We can see RB̃
tc/tt|resum (RB̃

tc/cc|resum) is enhanced compared to

RB̃
tc/tt|tree (RB̃

tc/cc|tree) results by about 10% for m0 = O(103) TeV.

3 Low-energy flavor constraints and gluino decay

As we have discussed above, the gluino decay directly reflects the structure of the squark

sector. For example, the flavor violation of the squark sector leads the flavor violating

gluino decay, such as g̃ → tcχ̃. However, in general, the gluino-squark interactions which

control the gluino decay, also contribute to low-energy rare processes such as meson mixings
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Figure 6. Decay length cτg̃ (a), Branching fraction RB̃
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and electric dipole moments (EDM’s). Therefore, observations of the low-energy physics

give constraints on the gluino decay process. In this section, we study the correlation

between the low-energy flavor/CP observation and the gluino decay.

3.1 Flavor/CP constraints

In general, SSMs can give visible contributions to low-energy flavor/CP violating processes,

even if the SUSY breaking scale is high, say, higher than O(10)TeV. Here we discuss some

low-energy observables, which can give strong constraints on the high-scale SUSY models.

For reviews, see, e.g., refs. [56, 57].

Here we adopt the super-CKM basis (see appendix A for the correspondence to the

weak-basis). We consider the following squark mass-squared matrices in this basis:

m2
a = m2

0







1 + ∆a
1 δa12 δa13

δa∗12 1 + ∆a
2 δa23

δa∗13 δ∗23 1 + ∆a
3






, (3.1)

where a = Q̃L(d̃L), ũR, d̃R. The mass-squared matrix for ũL is obtained by m̂2
ũL

=

VCKM m2
Q̃L

V †
CKM. For the assumption of some charge of the SUSY breaking field, we

expect the sizes of A-terms are order of the gaugino masses and neglect them. We discuss

the current constraints on the flavor violating mass terms.

∆F = 2 process. One of the strongest constraints on δ’s comes from ∆F = 2 me-

son mixings. Squarks contribute to the low-energy ∆F = 2 operators via loop processes

(figure 7(a)). We consider only gluino mediated box diagrams, which give leading contri-

butions. The K0 − K̄0 system is well measured and gives the strongest constraint on the

first and second generation flavor violation. This can constrain δQ̃L
12 and δd̃R12 , since they

induce direct s− d mixings. Especially, simultaneous existences of δQ̃L
12 , δd̃R12 and CP-phase

are drastically constrained. In addition, it can also constrain products of δ13 and δ23. This

is because a squark transition (1 → 3 → 2) induces large s− d transition.

∆F = 1 process. The operators with ∆F = 1 induce ∆F = 1 heavy quark decays,

such as b → sγ. These operators are chirality-flipping, and thus the amplitudes of these

processes depend on the size of µ term. If the absolute value of µ is as much as the

squark scale, the observation from b → sγ provides a strong constraint on the entry of 3-2
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element of the squark mass-squared matrices. In the case of O(1) of δ23, m0 < O(10)TeV

is excluded.

∆F = 0 process. Electric and chromo-electric dipole moments (EDM’s and CEDM’s)

of quarks give constraints on the sfermion sector. Although the EDM and CEDM are not

flavor violating processes, it can severely constrain the squark flavor violating structure, if

both left and right-handed squarks sector have flavor/CP violations and the size of µ is

large. These operators are chirality-flipping and the coefficients are suppressed by the SM

fermion masses. When the squark mass-squared matrix is flavor diagonal, these amplitudes

are suppressed by the light quark mass (mu, md and ms). However once one allows large

flavor violation in the squark sector, the suppression is replaced with heavy quarks (mt

and mb) and the size of EDM enhanced by mt,b/mu,d,s. With O(1) flavor violation, even

PeV-scale SUSY can provide significant EDM signatures as emphasized in ref. [58].

Current constraints. In figure 8, we show the constraints on some combinations of δ’s.

∆’s and δ’s which are not displayed in the figure are set to be zero. We set the Higgsino

and gauginos masses as µ = m0, mg̃ = −1.5TeV, mB̃ = +400GeV mW̃ = +200GeV. Here

we set tanβ to realize the 125GeV Higgs mass. In this estimation, we neglect the flavor

violation terms and assume that all the SUSY scalar particles have a common mass m0 and

that mt = 173.2GeV.6 In this setup, for m0
<∼ 10TeV or m0

>∼ 104TeV, no tanβ for the

125GeV Higgs mass is found within the range of 1 to 50. In such cases, we set tanβ = 50

and 1, respectively. We also require the lightest squark is heavier than the gluino.

To get the constraints, we evaluate the one-loop box and dipole diagrams, evolve

the Wilson coefficients down to relevant hadronic scales via RG equations from the QCD

interaction and estimate the hadronic matrix elements. For the meson mixings, we use

the results of new physics fits of refs. [59–61] and obtain the constraints. The constraints

from K0 − K̄0 and D0 − D̄0 mixings have large uncertainties, for lack of concrete SM

predictions. In our analysis, we assume that the uncertainties of the SM predictions are

same as experimental observations, e.g., δ(∆mK)SM = (∆mK)exp. Although the hadronic

EDMs suffer from large uncertainties, we adopt the result of ref. [62] and compare them

with the current experimental constraints [63, 64].

Figure 8(a) shows the case of flavor violation of right-handed squarks without CP-

violation. Note that the constraints fromK0−K̄0 andD0−D̄0 suffer from large ambiguities,

depending on the treatment of the SM predictions. Figure 8(b) shows the case of flavor

violation of both left and right-handed squarks without CP-violation. Generally, compared

with the case of (a), the constraints get severer. Figure 8(c) shows the case of flavor

violation of only right-handed squarks with CP-violation. We choose the CP-phase so that

the strongest constraint can be obtained. In this case, the constraint from ǫK is strong

and robust. Figure 8(d) shows the case of both left and right-handed flavor violation and

CP-violation. In this case, we see that even PeV-scale SUSY suffers from strong constraints

6With large flavor violating mass terms, the mass of the lightest squark can be much less than m0 and

µ. In this case, large finite corrections can be expected and change the prediction of the Higgs mass. In

addition, if |µ| ≫ msquark, the electroweak breaking vacuum may become metastable or unstable. In this

paper, we neglect these effects for simplicity.
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Figure 8. Upper-bound on the flavor violating mass terms δ. See text for explanation.

from the K0 − K̄0 mixing. Here we show that the EDMs also give powerful constraints on

the flavor violation. However note that these constraints strongly depend on the size of µ,

tanβ and hadronic uncertainties.

3.2 Flavorful gluino decay

As discussed in section 2, the flavor violating gluino decay can be expected for the squark

flavor violation. As in figure 8, if the squark mass is larger than O(100)TeV, large fla-

vor violation is allowed from the current constraints. Generally, there are gluino decays

(g̃ → q1q2χ) violating both the first and second flavor violation which comes from either

minimal or non-minimal flavor violation. However, instead, we focus on the gluino decays

accompanied with third flavor violation (g̃ → q1,2q3χ), since these constraints are weak and

third-family violating gluino decay may be experimentally more viable to be discovered.

Using the same setup in figure 8, we show the upper-bound on the branching fraction

of g̃ → q1,2q3χ, keeping the current experimental constraints in figure 9. We adopt the

lightest squark mass as the boundary scale m̃. As the squark mass scale m0 gets larger,

the larger flavor violation δ’s are allowed. In the case of the large δ’s, the lightest squarks,

which are mixed states of different generations, dominate the gluino decay process and
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Figure 9. Upper-bound on the gluino branching fraction with third-family flavor violation.

the flavor violating branching fraction approximates 50%. Except for the constraints from

ǫK , the squark mass scale higher than O(102–3) TeV can saturate the gluino flavor violat-

ing branching fraction. As m0 is larger, the RG evolution effects get more efficient and

logarithmically enhance this fraction. In the case of non-zero diagonal elements ∆’s in

eq. (3.1), the upper bound of the flavor violation branching fraction is reduced, since the

squark flavor mixings are suppressed to avoid tachyonic squarks.

4 Collider signature

Let us briefly discuss the collider signature of the gluino decay in the high-scale SUSY

models. Distinctive features of the gluino decay in the high-scale SUSY models are the

longevity of the gluino lifetime and the flavor violating decay modes. The signatures of the

long-lived gluinos are often discussed in the high-scale SUSY scenarios and leave unique

signatures [65, 66]. Instead we focus on the signals of the flavorful gluino decay. Depending

on the lifetime of the gluino, the way to identify the flavorful gluino decay differs.
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Case I. cτg̃ ≪ O(1)mm (m̃ < O(103) TeV)

In this case, the impact parameters of the gluino decay products are less than the

limitation of the LHC detector. Therefore it is difficult to directly measure the gluino

lifetime. Instead, in this case, conventional collider techniques such as heavy-flavor

quark and lepton tagging, jet reconstructions and so on are available. Depending

on the gluino decay mode, distinctive signatures can be expected [67]. Using, for

instance, the techniques developed in ref. [50], we can estimate the gluino branching

fractions.

Case II. O(1)mm < cτg̃ < O(10)m (O(103) TeV < m̃ < O(104) TeV)

In this case, although the gluino can decay inside the detector, some of traditional

collider techniques will fail. For example, usage of the conventional b-tagging is doubt-

ful, since it owes to impact parameters of the b decays. However, studies of collider

signatures with displaced vertices are developing. We expect the detailed analysis of

track reconstructions and energy deposit in detectors can reveal the displaced gluino

decays.

Case III. cτg̃ ≫ O(10)m (m̃ ≫ O(104) TeV)

In this case, the detection of in-flight decays of the gluinos is difficult. However,

if a number of gluinos are produced, some of the gluinos can be trapped in the

detector [68]. Information of the energy deposit in the gluino decay may be helpful,

as discussed in the context of measurement of the branching fraction of the trapped

staus [69]. For instance, t quarks from the gluino decay emit leptons, which change

hadronic energy deposit of the gluino decay. Therefore a detailed study of the energy

deposit of the stopped gluino decay gives us a clue for the gluino decay mode.

Once the gluino decays can be fully identified, ideally, O(104) gluino decays may result

in O(1)% accuracy of the measurement of the gluino branching fractions. However it is

unclear whether we can identify the gluino decay, eliminating the background. The detailed

analysis is beyond the scope of this paper and will be done elsewhere [70].

5 Conclusion and discussion

The framework of high-scale SUSY models is well motivated from both phenomenological

and theoretical viewpoints. In particular the MSSM with the scalar scale O(10–106) TeV

can explain the Higgs boson with a mass of about 125GeV. In such a framework, while the

SUSY particles in the electroweak scale have a rather simple spectrum and can be accessible

by experiments, the structure of the sfermion sector has strong model dependence and

cannot be directly probed by the experiments. Examining the sfermion sector is essential

to discriminate the underlying model. In this paper, we have discussed the gluino decay as

a probe of the sfermion sector in a high-scale SUSY model. We have studied the relation

between the squark sector and the gluino decay in detail.

If the gaugino mass scale is within the reach of a collider, we can observe the gluino

decay which is strongly affected by the squark sector. The gluino lifetime reflects the
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squark scale and the decay products are sensitive to the squark flavor structure. Therefore

the gluino decay will provide us clues to investigate the heavy sfermion sector. Especially,

in our study, we focused on the flavor structure of the gluino decay and investigated the

correlation with low-energy observations.

The large mass hierarchy between the sfermion and gaugino scale can result in large

quantum corrections for the gluino decay. We have used RG methods to tame the quantum

corrections. We have found that the squark mass scale is higher than O(100)TeV, the

quantum corrections can affect the branching ratio by O(10)%, compared to the tree-level

results. Ideally, by observing O(104) gluino decays at a collider, we can estimate the

branching fraction with O(1)% accuracy. Compared to this accuracy, the effects of the

quantum corrections are more significant, when we try to reconstruct the squark sector via

measurement of the gluino decays.

We also discussed the correlation between the gluino decay and low-energy flavor/CP

observations. From the current constraints from the flavor/CP, we have found that the

scalar scale O(10–106) TeV allows large flavor violating gluino decay. Unlike the flavor

structure of the gluino decay products, measurement of CP violation of the gluino decay

seems hard. On the other hand, (future) low-energy flavor/CP experiments are sensitive to

such CP violation. The combination of the gluino decay, the lifetime and decay modes, and

low-energy flavor/CP observations is crucially important for the study of the underlying

flavor/CP symmetry of SSMs.

In this study, we focus on the flavor structure of the quark sector. Recently, flavor

violation of a leptonic sector in a high-scale SUSY model is also studied [71, 72]. Combining

these sfermion information will provide us a hint for an underlying flavor and GUT model.
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A Note on flavor basis

In this appendix, we summarize notations of the flavor structure which is used in this

paper. We neglect A-terms of squarks, then, the flavor dependent terms in the Lagrangian

is written as,

LYukawa +Lsoft = (HQLYuu
c
R +H∗QLYdd

c
R +h.c.)− Q̃∗

Lm
2
Q̃L

Q̃L − ũcRm
2
ũR

ũc∗R − d̃cRm
2

d̃R
d̃c∗R .

(A.1)
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A.1 Weak basis

We can redefine quark and squark fields by using SU(2)L ×U(1)Y symmetric redefinition.

QL,i → Q′
L,i = UQ

ijQL,j , Q̃L,i → Q̃′
L,i = UQ

ij Q̃L,j , (A.2)

ucR,i → ucR,i
′ = Uu

iju
c
L,j , ũcR,i → ˜ucR,i

′
= Uu

ij ũ
c
R,j , (A.3)

dcR,i → dcR,i
′ = Ud

ijd
c
L,j , d̃cR,i → ˜dcR,i

′
= Ud

ij d̃
c
R,j . (A.4)

By using the above redefinition, we take a basis in which Yukawa matrices at electroweak

scale is given as,

Yu = V T
CKM diag(yu, yc, yt) , Yd = diag(yd, ys, yb) . (A.5)

Note on that RG evolution of Yukawa matrices destroys the above form except for elec-

troweak scale because we take scale independent U ’s. We denote this basis as “weak basis”

in this paper. In this basis, we can write interaction terms as SU(2)L symmetric forms,

then, this basis is convenient to calculate the RG equations.

A.2 Super-CKM basis

In this basis, Yukawa interaction of quarks are diagonalized at electroweak scale. Quarks

and squarks in this basis are related to ones in weak-basis as,

ûL = VCKMuL , ûcR = ucR , d̂L = dL , d̂cR = dcR , (A.6)

ˆ̃uL = VCKMũL , ˆ̃ucR = ũcR ,
ˆ̃
dL = d̃L ,

ˆ̃
dcR = d̃cR . (A.7)

Each quark is mass eigenstate, and each squark is defined as a super-partner of each quark.

In this basis, mass-squared matrices of squarks are given by,

Lsoft = −ˆ̃u∗Lm̂
2
ũL

ˆ̃uL − ˆ̃
d∗Lm̂

2

d̃L

ˆ̃
dL − ˆ̃ucRm̂

2
ũR

ˆ̃uc∗R − ˆ̃
dcRm̂

2

d̃R

ˆ̃
dc∗R , (A.8)

where,

m̂2
ũL

= VCKMm2
Q̃L

V †
CKM , m̂2

d̃L
= m2

Q̃L
, m̂2

ũR
= m2

ũR
, m̂2

d̃R
= m2

d̃R
. (A.9)

B RG equations for Wilson coefficients of Higgsinos

In some high-scale SUSY models, the Higgsino mass is also much smaller than the sfermion

and heavy Higgs boson masses. If the gluino is heavier than the Higgsinos, it can decay into

the Higgsino. Such decay processes are induced by the following dimension six effective

interactions:

QH̃
1u,ij = (H̃ug̃)(QL,iu

c
R,j) , (B.1)

QH̃
2u,ij = (H̃uσ

µν g̃)(QL,iσµνu
c
R,j) , (B.2)

QH̃
5u = (H̃uσ

µν g̃)HGµν , (B.3)

QH̃
1d,ij = (H̃dg̃)(QL,id

c
R,j) , (B.4)

QH̃
2d,ij = (H̃dσ

µν g̃)(QL,iσµνd
c
R,j) , (B.5)

QH̃
5d = (H̃dσ

µν g̃)H∗Gµν . (B.6)
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Dimensionless couplings in MSSM respect PQ-symmetry, then, at the leading order, we

do not have to consider PQ-breaking operators, e.g., (H̃dg̃)(qL,iu
c
R,j)

†. The effective La-

grangian contains the following interaction terms:

Leff =
1

m̃2

[

∑

i,j

(

CH̃
1u,ijQ

H̃
1u,ij + CH̃

2u,ijQ
H̃
2u,ij + CH̃

1d,ijQ
H̃
1d,ij + CH̃

2d,ijQ
H̃
2d,ij

)

+ CH̃
5uQ

H̃
5u + CH̃

5dQ
H̃
5d

]

+ h.c. . (B.7)

The boundary conditions at the squark mass scale m̃ are given by,

CH̃
1u(m̃) =

gs√
2 sinβ

m̃2
[

(m2
Q̃L

)−1Yu − Yu
(

(m2
ũR

)−1
)T ]

, (B.8)

CH̃
2u(m̃) =

gs

4
√
2 sinβ

m̃2
[

(m2
Q̃L

)−1Yu + Yu
(

(m2
ũR

)−1
)T ]

, (B.9)

CH̃
5u(m̃) =

g2s
32
√
2π2 sinβ

m̃2
(

tr[YuY
†
u (m

2
Q̃L

)−1] + tr[Y ∗
u Y

T
u (m2

ũR
)−1]

)

, (B.10)

CH̃
1d(m̃) =

gs√
2 cosβ

m̃2
[

(m2
Q̃L

)−1Yd − Yd
(

(m2

d̃R
)−1

)T ]
, (B.11)

CH̃
2d(m̃) = − gs

4
√
2 cosβ

m̃2
[

(m2
Q̃L

)−1Yd + Yd
(

(m2

d̃R
)−1

)T ]
, (B.12)

CH̃
5d(m̃) =

g2s
32
√
2π2 cosβ

m̃2
(

tr[YdY
†
d (m

2
Q̃L

)−1] + tr[Y ∗
d Y

T
d (m2

d̃R
)−1]

)

. (B.13)

The RG equations for the Wilson coefficients CH̃ ’s are given by,

16π2 dCH̃
1u

d log µ
=

3g2s
NC

CH̃
1u +

1

2
(YuY

†
u + YdY

†
d )C

H̃
1u + CH̃

1uY
†
uYu , (B.14)

16π2 dCH̃
2u

d log µ
= −

(

4NC +
1

NC

)

g2sC
H̃
2u +

1

2
(YuY

†
u + YdY

†
d )C

H̃
2u + CH̃

2uY
†
uYu + 2gsYuC

H̃
5u ,

(B.15)

16π2 dCH̃
5u

d log µ
=

(

2

3
NF − 6NC

)

g2sC
H̃
5u +NC tr

[

YuY
†
u + YdY

†
d

]

CH̃
5u + 4gs tr

[

C2uY
†
u

]

,

(B.16)

16π2 dCH̃
1d

d log µ
=

3g2s
NC

CH̃
1d +

1

2
(YuY

†
u + YdY

†
d )C

H̃
1d + CH̃

1dY
†
d Yd , (B.17)

16π2 dCH̃
2d

d log µ
= −

(

4NC +
1

NC

)

g2sC
H̃
2d +

1

2
(YuY

†
u + YdY

†
d )C

H̃
2d + CH̃

2dY
†
d Yd + 2gsYdC

H̃
5d ,

(B.18)

16π2 dCH̃
5d

d log µ
=

(

2

3
NF − 6NC

)

g2sC
H̃
5d +NC tr

[

YuY
†
u + YdY

†
d

]

CH̃
5d + 4gs tr

[

C2dY
†
d

]

.

(B.19)

Here, we take into account only quark Yukawa and QCD interactions. We have checked

eqs. (B.14)–(B.19) are consistent with ref. [49] in the flavor-symmetric case. For the RG

equations of dimensionless coupling constants, see the appendix of ref. [13].
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C RG equations of soft mass with flavor violation

In this appendix, we show the RG equations for sfermion soft masses. Here, we neglect

trilinear-coupling, gaugino masses. We assume relatively small tanβ, then neglect down-

type quark and lepton Yukawa couplings.

16π2
dm2

Q̃L

d log µ
= 2

{

Y ∗
u Y

T
u ,m2

Q̃L

}

+ 2Y ∗
u (m

2T
ũR

+m2
Hu

)Y T
u +

g21S

5
1 , (C.1)

16π2
dm2

ũR

d log µ
= 4

{

Y †
uYu,m

2
ũR

}

+ 4Y †
u (m

2T
Q̃L

+m2
Hu

1)Yu − 4g21S

5
1 , (C.2)

16π2
dm2

d̃R

d log µ
=

2g21S

5
1 , (C.3)

16π2
dm2

L̃L

d log µ
= −3g21S

5
1 , (C.4)

16π2
dm2

ẽR

d log µ
=

6g21S

5
1 , (C.5)

16π2
dm2

Hu

d log µ
= 6 tr

[

Y ∗
u Y

T
u m2

Q̃L

]

+ 6 tr
[

Y †
uYum

2
ũR

]

+ 6 tr
[

YuY
†
u

]

m2
Hu

+
3g21S

5
, (C.6)

16π2
dm2

Hd

d log µ
= −3g21S

5
. (C.7)

Here, sfermion mass-squared matrices m2
Q̃L

, m2
ũR

, m2

d̃R
, m2

L̃L
and m2

ẽR
and Yukawa matrix

Yu are 3× 3 matrices in flavor space. S = m2
Hu

−m2
Hd

+ tr[m2
Q − 2m2

u +m2
d −m2

L +m2
e].

{A,B} = AB +BA, 1 = diag(1, 1, 1).
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