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MOTIVATION

• Test Family SUSY Models with definite signatures at 
the LHC

• FS could solve flavour and CP problems so models 
with underlying supergravity at High-Scale may be not 
that ugly with light gluinos and heavy scalars. 

• Reassess the importance of getting limits of SUSY 
models using the Kaon sector at NLO QCD, despite 
the uncertainties in the SM determination.

• Interesting LHC phenomenology (gluino decays)
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TYPICAL MASS RANGES 
CONSIDERED
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• Why?

• FCNC controlled by gluino exchanges    easier to pin-
down flavour structures: need to worry just about kaon 
sector 

• If                           it gets difficult to probe flavour 
structures

• As it happens often in PP similar features have been 
considered with other motivations
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• As it is well known MSSM has plenty of CP violation 

sources so contributions to ε and ε′ can be huge.  
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Figure 2: Flavour changing ∆F = 2 box diagrams, q′ represents a different kind of quark than q, e.g.
q = b then q′ = t.
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K = (0.00178 ± 0.00025)

εexp
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The gluino contribution plays a crucial role, and in this case of heavy scalars, the
leading one, so we can test:

εK = εSM
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K
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{
< K̄|H g̃|K >

}
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The first observation is to recall what Nir et al. say about the particles beyond the SM
behaviour [7], that in the case of the K0 mixing:

M(K0 − K̄0) ∼ cSM
(ytVtdVts)2

16π2
+ cBSM

1

Λ2
BSM

, (43)

13

Vis
*

V idVis

Wednesday, March 7, 12

R.2/18

�F = 2

b ! s�, b ! sµ+µ�, B !� ⌧�⌫�
⌧ , etc...

. 2 TeV

(g � 2)µ, etc...

✏ and ✏0 (K0 mixing)

mg̃ ⇠ O(1) TeV

mf̃  O(10) TeV

mf̃ > 10 TeV

µ ! e�

m3/2

�

mh

m3/2 ka(1 +�a), M2 > M1,M3, ka < 1

m3/2

m3/2

10

Re(✏0/✏) = O(10�6)

�✏SUSY = O(10�3) (1)

1

Thursday, March 8, 12



• Gaugino Anomaly Mediation 
Symmetry Breaking 

• G2-MSSM models

• U(2)-FS SUSY models (achieving 
orders of magnitude splitting 
among first two heavier scalar 
generations and a lighter one )
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• Gaugino Anomaly Mediation 
Symmetry Breaking 

• G2-MSSM models

• U(2)-FS SUSY models (achieving 
orders of magnitude splitting 
among first two heavier scalar 
generations and a lighter one )

Somewhat
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than what
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• Gaugino Anomaly Mediation 
Symmetry Breaking 

• G2-MSSM models

• U(2)-FS SUSY models (achieving 
orders of magnitude splitting 
among first two heavier scalar 
generations and a lighter one )

Somewhat
heavier

than what
 we want

In our set ups
we are 

interested
in  the case of 

three
scalar families of 
the same order
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• Gaugino Anomaly Mediation Symmetry Breaking 

• G2-MSSM models

• U(2)-FS SUSY models (achieving orders of 
magnitude splitting among first two heavier scalar 
generations and a lighter one )
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• Gaugino masses      

• Scalar masses

• Trilinear masses

• tan                            small
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p
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2
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2
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Table 1: Limits on Re(�d12)AB with mg̃ = 900 GeV.
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Table 2: Limits on Im(�d12)AB with mg̃ = 900 GeV.
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Where could it be found?

• Effective supergravity scenarios coming from string 
compactifications where the overall modulus, and not 
the dilaton, gives the main contribution to gaugino 
masses
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Figure 4: The same as in Figure 2, except that in this case trilinear terms are not proportional to Yukawa
couplings and new phases appear, i.e., we have used Eq. (2) with complex coefficients cfij . Instead of just
a point as in Figure 2, we have now a range delimited by the two blue dots. It is to this range that we
have added the 2σ SM error, represented by the vertical dashed blue line. For each G2-MSSM point we
can obtain values in agreement with the experimental value εexp in a part of the parameter space.

Re(ε′/ε) All kinds of mass insertions contribute to ε′ [30], however those potentially
large are the ones multiplied by the factor mg̃/ms, which are δdLR and δdRL, contained in
the sum of the terms C8O8 + C̃8Õ8 ⊃ H∆S=1

SUSY . Due to the hierarchy of mass insertions
we have found in this example, (δdRR)12 > (δdLL)12 " (δdLR)12 ∼ (δdRL)12, we have checked
if contributions from (δdLL)12 and (δdRR)12 could play an important role. In fact, these
contributions are suppressed by just one order of magnitude in comparison to those from
δdLR and δdRL.

The current experimental average of ε′/ε from KTeV and NA48 is [27]

Re

(

ε′

ε

)

exp

= (1.65± 0.26)× 10−3. (25)

With a conservative theoretical uncertainty, the SM contribution is 0 < Re(ε′/ε)SM <
3.3× 10−3 [43].

For the case of trilinear terms proportional to Yukawa couplings, Eq. (20), the SUSY
contribution to Re(ε′/ε) is of the order 10−9 for all G2-MSSM points, as expected because
the off-diagonal trilinear terms generated after the running are too small. For trilinear
terms not proportional to Yukawa couplings, Figure 5 shows the the values of Re(ε′/ε) in
the case where no phases are involved, Eq. (21), while the results with new phases, Eq. (22),
are plotted in Figure 6. In all cases the SUSY contribution is significantly smaller than
10−6 and thus negligible.

5.4.2 Not constraining observables

Electric Dipole Moments. We have discussed the effects of the off-diagonal trilinear
couplings, but there are constraints on the diagonal terms as well. For instance, the
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can obtain values in agreement with the experimental value εexp in a part of the parameter space.

Re(ε′/ε) All kinds of mass insertions contribute to ε′ [30], however those potentially
large are the ones multiplied by the factor mg̃/ms, which are δdLR and δdRL, contained in
the sum of the terms C8O8 + C̃8Õ8 ⊃ H∆S=1

SUSY . Due to the hierarchy of mass insertions
we have found in this example, (δdRR)12 > (δdLL)12 " (δdLR)12 ∼ (δdRL)12, we have checked
if contributions from (δdLL)12 and (δdRR)12 could play an important role. In fact, these
contributions are suppressed by just one order of magnitude in comparison to those from
δdLR and δdRL.

The current experimental average of ε′/ε from KTeV and NA48 is [27]
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= (1.65± 0.26)× 10−3. (25)

With a conservative theoretical uncertainty, the SM contribution is 0 < Re(ε′/ε)SM <
3.3× 10−3 [43].

For the case of trilinear terms proportional to Yukawa couplings, Eq. (20), the SUSY
contribution to Re(ε′/ε) is of the order 10−9 for all G2-MSSM points, as expected because
the off-diagonal trilinear terms generated after the running are too small. For trilinear
terms not proportional to Yukawa couplings, Figure 5 shows the the values of Re(ε′/ε) in
the case where no phases are involved, Eq. (21), while the results with new phases, Eq. (22),
are plotted in Figure 6. In all cases the SUSY contribution is significantly smaller than
10−6 and thus negligible.

5.4.2 Not constraining observables

Electric Dipole Moments. We have discussed the effects of the off-diagonal trilinear
couplings, but there are constraints on the diagonal terms as well. For instance, the
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Re(ε′/ε) All kinds of mass insertions contribute to ε′ [30], however those potentially
large are the ones multiplied by the factor mg̃/ms, which are δdLR and δdRL, contained in
the sum of the terms C8O8 + C̃8Õ8 ⊃ H∆S=1

SUSY . Due to the hierarchy of mass insertions
we have found in this example, (δdRR)12 > (δdLL)12 " (δdLR)12 ∼ (δdRL)12, we have checked
if contributions from (δdLL)12 and (δdRR)12 could play an important role. In fact, these
contributions are suppressed by just one order of magnitude in comparison to those from
δdLR and δdRL.

The current experimental average of ε′/ε from KTeV and NA48 is [27]
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)

exp

= (1.65± 0.26)× 10−3. (25)

With a conservative theoretical uncertainty, the SM contribution is 0 < Re(ε′/ε)SM <
3.3× 10−3 [43].

For the case of trilinear terms proportional to Yukawa couplings, Eq. (20), the SUSY
contribution to Re(ε′/ε) is of the order 10−9 for all G2-MSSM points, as expected because
the off-diagonal trilinear terms generated after the running are too small. For trilinear
terms not proportional to Yukawa couplings, Figure 5 shows the the values of Re(ε′/ε) in
the case where no phases are involved, Eq. (21), while the results with new phases, Eq. (22),
are plotted in Figure 6. In all cases the SUSY contribution is significantly smaller than
10−6 and thus negligible.

5.4.2 Not constraining observables

Electric Dipole Moments. We have discussed the effects of the off-diagonal trilinear
couplings, but there are constraints on the diagonal terms as well. For instance, the
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f̃
)23

(M̂2
f̃
)22
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 (38)

How relevant this is, we exemplify it for P1 and P4 of table 1 in 0801.0478. First at all,
if we had equal couplings in both terms of Eq. (35) the dominant contribution would come
from the second. For P1 and P4 we have respectively that θd

23 is O(10−4) and O(10−3),
compared to the order of magnitude of |V ∗

tsVtb| = 0.035, we see that this can be relevant
to limited cases

4.2 ∆F = 2 processes

d

s W−

{t, c, u}

W−

{t, c, u}

s

d

The box diagrams associate to ∆F = 2 processes are given in figure

4.2.1 K0 − K̄0 mixing

In the SM that CP-violating parameter εK is

|εK |SM = κεCεB̂K |Vcb|2|Vus|2
(

1

2
|Vcb|2R2

t sin 2βηttS0(xt) + Rt sin β(ηctS0(xc, xt) − ηccxc)

)
,

12

V js

Vjd

V id
*

V is
*

even with large Af̃ , this does not imply that FCNCs cannot be under control. In fact,
even in models with a light supersymmetric spectrum, family symmetries are a nice way to
control dangerous FCNCs [15, 17, 18, 19, 20, 21, 22, 23, 24, 25]. For heavy scalar masses,
one may expect that supersymmetric effects will mostly decouple, hence ameliorating the
SUSY flavour problem. For the concrete examples to be discussed in §5.4.1, for instance,
FCNCs and CP violation will be suppressed because of the hierarchy between the gaugino
and the scalar masses. However, given the precision of observations especially in the kaon
sector, even suppressed SUSY contributions can be relevant.

3 FCNC observables leading to bounds

The most important indirect tests that most scenarios for physics beyond the Standard
Model (SM) have to face are the electroweak precision observables, the anomalous magnetic
moment of the muon, FCNCs, and CP violation. For the G2-MSSM examples we shall
discuss in §5.4.1, for instance, the electroweak parameters are worked out in such a way that
contributions due to the large values of Higgs masses involved in the theory are avoided.
The Higgs sector behaves as an effective single doublet, with one light scalar and the other
mass eigenstates heavy.

In the FCNC sector the K0 − K̄0 observables ε and ε′ can indeed give us a hint of
ways to restrict boundary conditions of soft terms at MG. In this section we discuss the
computation of these parameters. Recall that QCD corrections are important for these
observables and therefore the different scales involved in the determination of ε and ε′ play
an important role. In §5, where we consider specific examples, we mention other processes
as well, for example, li → ljγ, b → sγ, and D0 − D̄0 mixing, which are not constraining.

3.1 ε

The CP-violating parameter in neutral kaon mixing is defined as

ε =
exp(iπ/4)√

2

Im〈K0|H∆S=2
eff |K̄0〉

∆mK
(3)

with ∆mK = 2Re〈K0|H∆S=2
eff |K̄0〉, where H∆S=2

eff is the effective Hamiltonian describing
∆S = 2 transitions in the K0−K̄0 system. The SM prediction and the experimental value
of ε are [26]

εSM = (1.91± 0.30)× 10−3,

|ε|exp = (2.228± 0.011)× 10−3, (4)

respectively. It is well-known that gluino interactions typically give the most relevant
SUSY contributions to ε for general soft parameters. How important these are when the
scalars are heavy while the gluino remains light is an interesting question on its own.
We know that the SM and gluino/sdown contributions to 〈K0|H∆S=2

eff |K̄0〉 are given by
α2
W

4M2
W

[(V ∗
tdVts)2S(xt)+(V ∗

cdVcs)2S(xc)+(V ∗
cdVcs)(V ∗

tdVts)S(xt, xc)]+
α2
s

4m2
g̃
kg̃d̃Gg̃(xg̃), where xt =

m2
t/M

2
W, xc = m2

c/M
2
W and xg̃ = m2

g̃/m
2
d̃
.2

2The values used here are those from [27].
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El Modelo Estándar de las partículas elementales (ME) 1 no hace ninguna referencia a por

qué las masas de los fermiones son tan diversas entre sí. El fermion más pesado, el top cuark,

tiene una masa de aproximademente 173 GeV, en tanto que el más ligero, el electrón, tiene

una masa de aproximademente 0.00511 GeV. Aun más drástica es la escala de masas de los

neutrinos, de la cual conocemos una cota cosmológica confiable:
P

im⌫i < 1⇥ 10�9 GeV. Por

otra parte, la corriente cargada que involucra a los cuarks nos dice que los estados de cuarks
1 El ME es el conjunto de tres teorías cuánticas de norma: el electromagnetismo y las fuerzas fuerte y débil.
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even with large Af̃ , this does not imply that FCNCs cannot be under control. In fact,
even in models with a light supersymmetric spectrum, family symmetries are a nice way to
control dangerous FCNCs [15, 17, 18, 19, 20, 21, 22, 23, 24, 25]. For heavy scalar masses,
one may expect that supersymmetric effects will mostly decouple, hence ameliorating the
SUSY flavour problem. For the concrete examples to be discussed in §5.4.1, for instance,
FCNCs and CP violation will be suppressed because of the hierarchy between the gaugino
and the scalar masses. However, given the precision of observations especially in the kaon
sector, even suppressed SUSY contributions can be relevant.
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The most important indirect tests that most scenarios for physics beyond the Standard
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moment of the muon, FCNCs, and CP violation. For the G2-MSSM examples we shall
discuss in §5.4.1, for instance, the electroweak parameters are worked out in such a way that
contributions due to the large values of Higgs masses involved in the theory are avoided.
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mass eigenstates heavy.
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Table 1: Limits on Im(�d12)AB with M2 = 250 GeV.
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Re(ε′/ε) All kinds of mass insertions contribute to ε′ [30], however those potentially
large are the ones multiplied by the factor mg̃/ms, which are δdLR and δdRL, contained in
the sum of the terms C8O8 + C̃8Õ8 ⊃ H∆S=1

SUSY . Due to the hierarchy of mass insertions
we have found in this example, (δdRR)12 > (δdLL)12 " (δdLR)12 ∼ (δdRL)12, we have checked
if contributions from (δdLL)12 and (δdRR)12 could play an important role. In fact, these
contributions are suppressed by just one order of magnitude in comparison to those from
δdLR and δdRL.

The current experimental average of ε′/ε from KTeV and NA48 is [27]

Re

(
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ε

)

exp

= (1.65± 0.26)× 10−3. (25)

With a conservative theoretical uncertainty, the SM contribution is 0 < Re(ε′/ε)SM <
3.3× 10−3 [43].

For the case of trilinear terms proportional to Yukawa couplings, Eq. (20), the SUSY
contribution to Re(ε′/ε) is of the order 10−9 for all G2-MSSM points, as expected because
the off-diagonal trilinear terms generated after the running are too small. For trilinear
terms not proportional to Yukawa couplings, Figure 5 shows the the values of Re(ε′/ε) in
the case where no phases are involved, Eq. (21), while the results with new phases, Eq. (22),
are plotted in Figure 6. In all cases the SUSY contribution is significantly smaller than
10−6 and thus negligible.

5.4.2 Not constraining observables

Electric Dipole Moments. We have discussed the effects of the off-diagonal trilinear
couplings, but there are constraints on the diagonal terms as well. For instance, the
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we have found in this example, (δdRR)12 > (δdLL)12 " (δdLR)12 ∼ (δdRL)12, we have checked
if contributions from (δdLL)12 and (δdRR)12 could play an important role. In fact, these
contributions are suppressed by just one order of magnitude in comparison to those from
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For the case of trilinear terms proportional to Yukawa couplings, Eq. (20), the SUSY
contribution to Re(ε′/ε) is of the order 10−9 for all G2-MSSM points, as expected because
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we have found in this example, (δdRR)12 > (δdLL)12 " (δdLR)12 ∼ (δdRL)12, we have checked
if contributions from (δdLL)12 and (δdRR)12 could play an important role. In fact, these
contributions are suppressed by just one order of magnitude in comparison to those from
δdLR and δdRL.

The current experimental average of ε′/ε from KTeV and NA48 is [27]
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For the case of trilinear terms proportional to Yukawa couplings, Eq. (20), the SUSY
contribution to Re(ε′/ε) is of the order 10−9 for all G2-MSSM points, as expected because
the off-diagonal trilinear terms generated after the running are too small. For trilinear
terms not proportional to Yukawa couplings, Figure 5 shows the the values of Re(ε′/ε) in
the case where no phases are involved, Eq. (21), while the results with new phases, Eq. (22),
are plotted in Figure 6. In all cases the SUSY contribution is significantly smaller than
10−6 and thus negligible.
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How relevant this is, we exemplify it for P1 and P4 of table 1 in 0801.0478. First at all,
if we had equal couplings in both terms of Eq. (35) the dominant contribution would come
from the second. For P1 and P4 we have respectively that θd

23 is O(10−4) and O(10−3),
compared to the order of magnitude of |V ∗

tsVtb| = 0.035, we see that this can be relevant
to limited cases

4.2 ∆F = 2 processes
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The box diagrams associate to ∆F = 2 processes are given in figure

4.2.1 K0 − K̄0 mixing

In the SM that CP-violating parameter εK is

|εK |SM = κεCεB̂K |Vcb|2|Vus|2
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2
|Vcb|2R2

t sin 2βηttS0(xt) + Rt sin β(ηctS0(xc, xt) − ηccxc)

)
,
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even with large Af̃ , this does not imply that FCNCs cannot be under control. In fact,
even in models with a light supersymmetric spectrum, family symmetries are a nice way to
control dangerous FCNCs [15, 17, 18, 19, 20, 21, 22, 23, 24, 25]. For heavy scalar masses,
one may expect that supersymmetric effects will mostly decouple, hence ameliorating the
SUSY flavour problem. For the concrete examples to be discussed in §5.4.1, for instance,
FCNCs and CP violation will be suppressed because of the hierarchy between the gaugino
and the scalar masses. However, given the precision of observations especially in the kaon
sector, even suppressed SUSY contributions can be relevant.

3 FCNC observables leading to bounds

The most important indirect tests that most scenarios for physics beyond the Standard
Model (SM) have to face are the electroweak precision observables, the anomalous magnetic
moment of the muon, FCNCs, and CP violation. For the G2-MSSM examples we shall
discuss in §5.4.1, for instance, the electroweak parameters are worked out in such a way that
contributions due to the large values of Higgs masses involved in the theory are avoided.
The Higgs sector behaves as an effective single doublet, with one light scalar and the other
mass eigenstates heavy.

In the FCNC sector the K0 − K̄0 observables ε and ε′ can indeed give us a hint of
ways to restrict boundary conditions of soft terms at MG. In this section we discuss the
computation of these parameters. Recall that QCD corrections are important for these
observables and therefore the different scales involved in the determination of ε and ε′ play
an important role. In §5, where we consider specific examples, we mention other processes
as well, for example, li → ljγ, b → sγ, and D0 − D̄0 mixing, which are not constraining.

3.1 ε

The CP-violating parameter in neutral kaon mixing is defined as

ε =
exp(iπ/4)√

2

Im〈K0|H∆S=2
eff |K̄0〉

∆mK
(3)

with ∆mK = 2Re〈K0|H∆S=2
eff |K̄0〉, where H∆S=2

eff is the effective Hamiltonian describing
∆S = 2 transitions in the K0−K̄0 system. The SM prediction and the experimental value
of ε are [26]

εSM = (1.91± 0.30)× 10−3,

|ε|exp = (2.228± 0.011)× 10−3, (4)

respectively. It is well-known that gluino interactions typically give the most relevant
SUSY contributions to ε for general soft parameters. How important these are when the
scalars are heavy while the gluino remains light is an interesting question on its own.
We know that the SM and gluino/sdown contributions to 〈K0|H∆S=2

eff |K̄0〉 are given by
α2
W

4M2
W

[(V ∗
tdVts)2S(xt)+(V ∗

cdVcs)2S(xc)+(V ∗
cdVcs)(V ∗

tdVts)S(xt, xc)]+
α2
s

4m2
g̃
kg̃d̃Gg̃(xg̃), where xt =

m2
t/M

2
W, xc = m2

c/M
2
W and xg̃ = m2

g̃/m
2
d̃
.2

2The values used here are those from [27].
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even with large Af̃ , this does not imply that FCNCs cannot be under control. In fact,
even in models with a light supersymmetric spectrum, family symmetries are a nice way to
control dangerous FCNCs [15, 17, 18, 19, 20, 21, 22, 23, 24, 25]. For heavy scalar masses,
one may expect that supersymmetric effects will mostly decouple, hence ameliorating the
SUSY flavour problem. For the concrete examples to be discussed in §5.4.1, for instance,
FCNCs and CP violation will be suppressed because of the hierarchy between the gaugino
and the scalar masses. However, given the precision of observations especially in the kaon
sector, even suppressed SUSY contributions can be relevant.

3 FCNC observables leading to bounds

The most important indirect tests that most scenarios for physics beyond the Standard
Model (SM) have to face are the electroweak precision observables, the anomalous magnetic
moment of the muon, FCNCs, and CP violation. For the G2-MSSM examples we shall
discuss in §5.4.1, for instance, the electroweak parameters are worked out in such a way that
contributions due to the large values of Higgs masses involved in the theory are avoided.
The Higgs sector behaves as an effective single doublet, with one light scalar and the other
mass eigenstates heavy.

In the FCNC sector the K0 − K̄0 observables ε and ε′ can indeed give us a hint of
ways to restrict boundary conditions of soft terms at MG. In this section we discuss the
computation of these parameters. Recall that QCD corrections are important for these
observables and therefore the different scales involved in the determination of ε and ε′ play
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respectively. It is well-known that gluino interactions typically give the most relevant
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Table 1: Limits on Im(�d12)AB with M2 = 250 GeV.
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couplings and new phases appear, i.e., we have used Eq. (2) with complex coefficients cfij . Instead of just
a point as in Figure 2, we have now a range delimited by the two blue dots. It is to this range that we
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can obtain values in agreement with the experimental value εexp in a part of the parameter space.

Re(ε′/ε) All kinds of mass insertions contribute to ε′ [30], however those potentially
large are the ones multiplied by the factor mg̃/ms, which are δdLR and δdRL, contained in
the sum of the terms C8O8 + C̃8Õ8 ⊃ H∆S=1

SUSY . Due to the hierarchy of mass insertions
we have found in this example, (δdRR)12 > (δdLL)12 " (δdLR)12 ∼ (δdRL)12, we have checked
if contributions from (δdLL)12 and (δdRR)12 could play an important role. In fact, these
contributions are suppressed by just one order of magnitude in comparison to those from
δdLR and δdRL.

The current experimental average of ε′/ε from KTeV and NA48 is [27]

Re

(

ε′

ε

)

exp

= (1.65± 0.26)× 10−3. (25)

With a conservative theoretical uncertainty, the SM contribution is 0 < Re(ε′/ε)SM <
3.3× 10−3 [43].

For the case of trilinear terms proportional to Yukawa couplings, Eq. (20), the SUSY
contribution to Re(ε′/ε) is of the order 10−9 for all G2-MSSM points, as expected because
the off-diagonal trilinear terms generated after the running are too small. For trilinear
terms not proportional to Yukawa couplings, Figure 5 shows the the values of Re(ε′/ε) in
the case where no phases are involved, Eq. (21), while the results with new phases, Eq. (22),
are plotted in Figure 6. In all cases the SUSY contribution is significantly smaller than
10−6 and thus negligible.

5.4.2 Not constraining observables

Electric Dipole Moments. We have discussed the effects of the off-diagonal trilinear
couplings, but there are constraints on the diagonal terms as well. For instance, the
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Re(ε′/ε) All kinds of mass insertions contribute to ε′ [30], however those potentially
large are the ones multiplied by the factor mg̃/ms, which are δdLR and δdRL, contained in
the sum of the terms C8O8 + C̃8Õ8 ⊃ H∆S=1

SUSY . Due to the hierarchy of mass insertions
we have found in this example, (δdRR)12 > (δdLL)12 " (δdLR)12 ∼ (δdRL)12, we have checked
if contributions from (δdLL)12 and (δdRR)12 could play an important role. In fact, these
contributions are suppressed by just one order of magnitude in comparison to those from
δdLR and δdRL.

The current experimental average of ε′/ε from KTeV and NA48 is [27]
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= (1.65± 0.26)× 10−3. (25)

With a conservative theoretical uncertainty, the SM contribution is 0 < Re(ε′/ε)SM <
3.3× 10−3 [43].

For the case of trilinear terms proportional to Yukawa couplings, Eq. (20), the SUSY
contribution to Re(ε′/ε) is of the order 10−9 for all G2-MSSM points, as expected because
the off-diagonal trilinear terms generated after the running are too small. For trilinear
terms not proportional to Yukawa couplings, Figure 5 shows the the values of Re(ε′/ε) in
the case where no phases are involved, Eq. (21), while the results with new phases, Eq. (22),
are plotted in Figure 6. In all cases the SUSY contribution is significantly smaller than
10−6 and thus negligible.

5.4.2 Not constraining observables

Electric Dipole Moments. We have discussed the effects of the off-diagonal trilinear
couplings, but there are constraints on the diagonal terms as well. For instance, the
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Re(ε′/ε) All kinds of mass insertions contribute to ε′ [30], however those potentially
large are the ones multiplied by the factor mg̃/ms, which are δdLR and δdRL, contained in
the sum of the terms C8O8 + C̃8Õ8 ⊃ H∆S=1

SUSY . Due to the hierarchy of mass insertions
we have found in this example, (δdRR)12 > (δdLL)12 " (δdLR)12 ∼ (δdRL)12, we have checked
if contributions from (δdLL)12 and (δdRR)12 could play an important role. In fact, these
contributions are suppressed by just one order of magnitude in comparison to those from
δdLR and δdRL.

The current experimental average of ε′/ε from KTeV and NA48 is [27]

Re

(

ε′

ε

)

exp

= (1.65± 0.26)× 10−3. (25)

With a conservative theoretical uncertainty, the SM contribution is 0 < Re(ε′/ε)SM <
3.3× 10−3 [43].

For the case of trilinear terms proportional to Yukawa couplings, Eq. (20), the SUSY
contribution to Re(ε′/ε) is of the order 10−9 for all G2-MSSM points, as expected because
the off-diagonal trilinear terms generated after the running are too small. For trilinear
terms not proportional to Yukawa couplings, Figure 5 shows the the values of Re(ε′/ε) in
the case where no phases are involved, Eq. (21), while the results with new phases, Eq. (22),
are plotted in Figure 6. In all cases the SUSY contribution is significantly smaller than
10−6 and thus negligible.

5.4.2 Not constraining observables

Electric Dipole Moments. We have discussed the effects of the off-diagonal trilinear
couplings, but there are constraints on the diagonal terms as well. For instance, the
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How relevant this is, we exemplify it for P1 and P4 of table 1 in 0801.0478. First at all,
if we had equal couplings in both terms of Eq. (35) the dominant contribution would come
from the second. For P1 and P4 we have respectively that θd

23 is O(10−4) and O(10−3),
compared to the order of magnitude of |V ∗

tsVtb| = 0.035, we see that this can be relevant
to limited cases

4.2 ∆F = 2 processes
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The box diagrams associate to ∆F = 2 processes are given in figure

4.2.1 K0 − K̄0 mixing

In the SM that CP-violating parameter εK is

|εK |SM = κεCεB̂K |Vcb|2|Vus|2
(

1

2
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t sin 2βηttS0(xt) + Rt sin β(ηctS0(xc, xt) − ηccxc)

)
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even with large Af̃ , this does not imply that FCNCs cannot be under control. In fact,
even in models with a light supersymmetric spectrum, family symmetries are a nice way to
control dangerous FCNCs [15, 17, 18, 19, 20, 21, 22, 23, 24, 25]. For heavy scalar masses,
one may expect that supersymmetric effects will mostly decouple, hence ameliorating the
SUSY flavour problem. For the concrete examples to be discussed in §5.4.1, for instance,
FCNCs and CP violation will be suppressed because of the hierarchy between the gaugino
and the scalar masses. However, given the precision of observations especially in the kaon
sector, even suppressed SUSY contributions can be relevant.

3 FCNC observables leading to bounds

The most important indirect tests that most scenarios for physics beyond the Standard
Model (SM) have to face are the electroweak precision observables, the anomalous magnetic
moment of the muon, FCNCs, and CP violation. For the G2-MSSM examples we shall
discuss in §5.4.1, for instance, the electroweak parameters are worked out in such a way that
contributions due to the large values of Higgs masses involved in the theory are avoided.
The Higgs sector behaves as an effective single doublet, with one light scalar and the other
mass eigenstates heavy.

In the FCNC sector the K0 − K̄0 observables ε and ε′ can indeed give us a hint of
ways to restrict boundary conditions of soft terms at MG. In this section we discuss the
computation of these parameters. Recall that QCD corrections are important for these
observables and therefore the different scales involved in the determination of ε and ε′ play
an important role. In §5, where we consider specific examples, we mention other processes
as well, for example, li → ljγ, b → sγ, and D0 − D̄0 mixing, which are not constraining.

3.1 ε

The CP-violating parameter in neutral kaon mixing is defined as

ε =
exp(iπ/4)√

2

Im〈K0|H∆S=2
eff |K̄0〉

∆mK
(3)

with ∆mK = 2Re〈K0|H∆S=2
eff |K̄0〉, where H∆S=2

eff is the effective Hamiltonian describing
∆S = 2 transitions in the K0−K̄0 system. The SM prediction and the experimental value
of ε are [26]

εSM = (1.91± 0.30)× 10−3,

|ε|exp = (2.228± 0.011)× 10−3, (4)

respectively. It is well-known that gluino interactions typically give the most relevant
SUSY contributions to ε for general soft parameters. How important these are when the
scalars are heavy while the gluino remains light is an interesting question on its own.
We know that the SM and gluino/sdown contributions to 〈K0|H∆S=2

eff |K̄0〉 are given by
α2
W

4M2
W

[(V ∗
tdVts)2S(xt)+(V ∗

cdVcs)2S(xc)+(V ∗
cdVcs)(V ∗

tdVts)S(xt, xc)]+
α2
s

4m2
g̃
kg̃d̃Gg̃(xg̃), where xt =

m2
t/M

2
W, xc = m2

c/M
2
W and xg̃ = m2

g̃/m
2
d̃
.2

2The values used here are those from [27].
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even with large Af̃ , this does not imply that FCNCs cannot be under control. In fact,
even in models with a light supersymmetric spectrum, family symmetries are a nice way to
control dangerous FCNCs [15, 17, 18, 19, 20, 21, 22, 23, 24, 25]. For heavy scalar masses,
one may expect that supersymmetric effects will mostly decouple, hence ameliorating the
SUSY flavour problem. For the concrete examples to be discussed in §5.4.1, for instance,
FCNCs and CP violation will be suppressed because of the hierarchy between the gaugino
and the scalar masses. However, given the precision of observations especially in the kaon
sector, even suppressed SUSY contributions can be relevant.

3 FCNC observables leading to bounds

The most important indirect tests that most scenarios for physics beyond the Standard
Model (SM) have to face are the electroweak precision observables, the anomalous magnetic
moment of the muon, FCNCs, and CP violation. For the G2-MSSM examples we shall
discuss in §5.4.1, for instance, the electroweak parameters are worked out in such a way that
contributions due to the large values of Higgs masses involved in the theory are avoided.
The Higgs sector behaves as an effective single doublet, with one light scalar and the other
mass eigenstates heavy.

In the FCNC sector the K0 − K̄0 observables ε and ε′ can indeed give us a hint of
ways to restrict boundary conditions of soft terms at MG. In this section we discuss the
computation of these parameters. Recall that QCD corrections are important for these
observables and therefore the different scales involved in the determination of ε and ε′ play
an important role. In §5, where we consider specific examples, we mention other processes
as well, for example, li → ljγ, b → sγ, and D0 − D̄0 mixing, which are not constraining.

3.1 ε
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ε =
exp(iπ/4)√

2

Im〈K0|H∆S=2
eff |K̄0〉

∆mK
(3)

with ∆mK = 2Re〈K0|H∆S=2
eff |K̄0〉, where H∆S=2

eff is the effective Hamiltonian describing
∆S = 2 transitions in the K0−K̄0 system. The SM prediction and the experimental value
of ε are [26]

εSM = (1.91± 0.30)× 10−3,

|ε|exp = (2.228± 0.011)× 10−3, (4)

respectively. It is well-known that gluino interactions typically give the most relevant
SUSY contributions to ε for general soft parameters. How important these are when the
scalars are heavy while the gluino remains light is an interesting question on its own.
We know that the SM and gluino/sdown contributions to 〈K0|H∆S=2
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Table 1: Limits on Im(�d12)AB with M2 = 250 GeV.
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Figure 4: The same as in Figure 2, except that in this case trilinear terms are not proportional to Yukawa
couplings and new phases appear, i.e., we have used Eq. (2) with complex coefficients cfij . Instead of just
a point as in Figure 2, we have now a range delimited by the two blue dots. It is to this range that we
have added the 2σ SM error, represented by the vertical dashed blue line. For each G2-MSSM point we
can obtain values in agreement with the experimental value εexp in a part of the parameter space.

Re(ε′/ε) All kinds of mass insertions contribute to ε′ [30], however those potentially
large are the ones multiplied by the factor mg̃/ms, which are δdLR and δdRL, contained in
the sum of the terms C8O8 + C̃8Õ8 ⊃ H∆S=1

SUSY . Due to the hierarchy of mass insertions
we have found in this example, (δdRR)12 > (δdLL)12 " (δdLR)12 ∼ (δdRL)12, we have checked
if contributions from (δdLL)12 and (δdRR)12 could play an important role. In fact, these
contributions are suppressed by just one order of magnitude in comparison to those from
δdLR and δdRL.

The current experimental average of ε′/ε from KTeV and NA48 is [27]

Re

(

ε′

ε

)

exp

= (1.65± 0.26)× 10−3. (25)

With a conservative theoretical uncertainty, the SM contribution is 0 < Re(ε′/ε)SM <
3.3× 10−3 [43].

For the case of trilinear terms proportional to Yukawa couplings, Eq. (20), the SUSY
contribution to Re(ε′/ε) is of the order 10−9 for all G2-MSSM points, as expected because
the off-diagonal trilinear terms generated after the running are too small. For trilinear
terms not proportional to Yukawa couplings, Figure 5 shows the the values of Re(ε′/ε) in
the case where no phases are involved, Eq. (21), while the results with new phases, Eq. (22),
are plotted in Figure 6. In all cases the SUSY contribution is significantly smaller than
10−6 and thus negligible.

5.4.2 Not constraining observables

Electric Dipole Moments. We have discussed the effects of the off-diagonal trilinear
couplings, but there are constraints on the diagonal terms as well. For instance, the
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Re(ε′/ε) All kinds of mass insertions contribute to ε′ [30], however those potentially
large are the ones multiplied by the factor mg̃/ms, which are δdLR and δdRL, contained in
the sum of the terms C8O8 + C̃8Õ8 ⊃ H∆S=1

SUSY . Due to the hierarchy of mass insertions
we have found in this example, (δdRR)12 > (δdLL)12 " (δdLR)12 ∼ (δdRL)12, we have checked
if contributions from (δdLL)12 and (δdRR)12 could play an important role. In fact, these
contributions are suppressed by just one order of magnitude in comparison to those from
δdLR and δdRL.

The current experimental average of ε′/ε from KTeV and NA48 is [27]
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= (1.65± 0.26)× 10−3. (25)

With a conservative theoretical uncertainty, the SM contribution is 0 < Re(ε′/ε)SM <
3.3× 10−3 [43].

For the case of trilinear terms proportional to Yukawa couplings, Eq. (20), the SUSY
contribution to Re(ε′/ε) is of the order 10−9 for all G2-MSSM points, as expected because
the off-diagonal trilinear terms generated after the running are too small. For trilinear
terms not proportional to Yukawa couplings, Figure 5 shows the the values of Re(ε′/ε) in
the case where no phases are involved, Eq. (21), while the results with new phases, Eq. (22),
are plotted in Figure 6. In all cases the SUSY contribution is significantly smaller than
10−6 and thus negligible.

5.4.2 Not constraining observables

Electric Dipole Moments. We have discussed the effects of the off-diagonal trilinear
couplings, but there are constraints on the diagonal terms as well. For instance, the
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Re(ε′/ε) All kinds of mass insertions contribute to ε′ [30], however those potentially
large are the ones multiplied by the factor mg̃/ms, which are δdLR and δdRL, contained in
the sum of the terms C8O8 + C̃8Õ8 ⊃ H∆S=1

SUSY . Due to the hierarchy of mass insertions
we have found in this example, (δdRR)12 > (δdLL)12 " (δdLR)12 ∼ (δdRL)12, we have checked
if contributions from (δdLL)12 and (δdRR)12 could play an important role. In fact, these
contributions are suppressed by just one order of magnitude in comparison to those from
δdLR and δdRL.

The current experimental average of ε′/ε from KTeV and NA48 is [27]
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With a conservative theoretical uncertainty, the SM contribution is 0 < Re(ε′/ε)SM <
3.3× 10−3 [43].

For the case of trilinear terms proportional to Yukawa couplings, Eq. (20), the SUSY
contribution to Re(ε′/ε) is of the order 10−9 for all G2-MSSM points, as expected because
the off-diagonal trilinear terms generated after the running are too small. For trilinear
terms not proportional to Yukawa couplings, Figure 5 shows the the values of Re(ε′/ε) in
the case where no phases are involved, Eq. (21), while the results with new phases, Eq. (22),
are plotted in Figure 6. In all cases the SUSY contribution is significantly smaller than
10−6 and thus negligible.

5.4.2 Not constraining observables

Electric Dipole Moments. We have discussed the effects of the off-diagonal trilinear
couplings, but there are constraints on the diagonal terms as well. For instance, the
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How relevant this is, we exemplify it for P1 and P4 of table 1 in 0801.0478. First at all,
if we had equal couplings in both terms of Eq. (35) the dominant contribution would come
from the second. For P1 and P4 we have respectively that θd

23 is O(10−4) and O(10−3),
compared to the order of magnitude of |V ∗

tsVtb| = 0.035, we see that this can be relevant
to limited cases
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In the SM that CP-violating parameter εK is
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even with large Af̃ , this does not imply that FCNCs cannot be under control. In fact,
even in models with a light supersymmetric spectrum, family symmetries are a nice way to
control dangerous FCNCs [15, 17, 18, 19, 20, 21, 22, 23, 24, 25]. For heavy scalar masses,
one may expect that supersymmetric effects will mostly decouple, hence ameliorating the
SUSY flavour problem. For the concrete examples to be discussed in §5.4.1, for instance,
FCNCs and CP violation will be suppressed because of the hierarchy between the gaugino
and the scalar masses. However, given the precision of observations especially in the kaon
sector, even suppressed SUSY contributions can be relevant.

3 FCNC observables leading to bounds

The most important indirect tests that most scenarios for physics beyond the Standard
Model (SM) have to face are the electroweak precision observables, the anomalous magnetic
moment of the muon, FCNCs, and CP violation. For the G2-MSSM examples we shall
discuss in §5.4.1, for instance, the electroweak parameters are worked out in such a way that
contributions due to the large values of Higgs masses involved in the theory are avoided.
The Higgs sector behaves as an effective single doublet, with one light scalar and the other
mass eigenstates heavy.

In the FCNC sector the K0 − K̄0 observables ε and ε′ can indeed give us a hint of
ways to restrict boundary conditions of soft terms at MG. In this section we discuss the
computation of these parameters. Recall that QCD corrections are important for these
observables and therefore the different scales involved in the determination of ε and ε′ play
an important role. In §5, where we consider specific examples, we mention other processes
as well, for example, li → ljγ, b → sγ, and D0 − D̄0 mixing, which are not constraining.

3.1 ε

The CP-violating parameter in neutral kaon mixing is defined as

ε =
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eff is the effective Hamiltonian describing
∆S = 2 transitions in the K0−K̄0 system. The SM prediction and the experimental value
of ε are [26]

εSM = (1.91± 0.30)× 10−3,

|ε|exp = (2.228± 0.011)× 10−3, (4)

respectively. It is well-known that gluino interactions typically give the most relevant
SUSY contributions to ε for general soft parameters. How important these are when the
scalars are heavy while the gluino remains light is an interesting question on its own.
We know that the SM and gluino/sdown contributions to 〈K0|H∆S=2

eff |K̄0〉 are given by
α2
W

4M2
W

[(V ∗
tdVts)2S(xt)+(V ∗

cdVcs)2S(xc)+(V ∗
cdVcs)(V ∗

tdVts)S(xt, xc)]+
α2
s

4m2
g̃
kg̃d̃Gg̃(xg̃), where xt =

m2
t/M

2
W, xc = m2

c/M
2
W and xg̃ = m2

g̃/m
2
d̃
.2

2The values used here are those from [27].

4

Generación de las masas de fermiones del Modelo

Estándar y violación de CP y del sabor

Liliana Velasco-Sevilla

CINVESTAV, Ave. IPN 2508, Col. San Pedro Zacatenco CP 07360, México D.F., México

E-mail: lvelasco@fis.CINVESTAV.mx

Abstract. Proyecto dentro del rubro de Jóvenes Investigadores, que se somete al concurso de

la convocatoria 2011-2012 de los Proyectos en Investigación de Ciencia Básica del CONACyT.

1. Antecedentes

A0,2e
i�0,2 = h⇡⇡(0, 2)|H�F=1|K 0i

✏0 =
ei⇡/4p

2

1

ReA0

✓
ImA2 � ReRe

ReA2
ImA0

◆

El Modelo Estándar de las partículas elementales (ME) 1 no hace ninguna referencia a por

qué las masas de los fermiones son tan diversas entre sí. El fermion más pesado, el top cuark,

tiene una masa de aproximademente 173 GeV, en tanto que el más ligero, el electrón, tiene

una masa de aproximademente 0.00511 GeV. Aun más drástica es la escala de masas de los

neutrinos, de la cual conocemos una cota cosmológica confiable:
P

im⌫i < 1⇥ 10�9 GeV. Por

otra parte, la corriente cargada que involucra a los cuarks nos dice que los estados de cuarks
1 El ME es el conjunto de tres teorías cuánticas de norma: el electromagnetismo y las fuerzas fuerte y débil.

Generación de las masas de fermiones del Modelo

Estándar y violación de CP y del sabor

Liliana Velasco-Sevilla

CINVESTAV, Ave. IPN 2508, Col. San Pedro Zacatenco CP 07360, México D.F., México

E-mail: lvelasco@fis.CINVESTAV.mx

Abstract. Proyecto dentro del rubro de Jóvenes Investigadores, que se somete al concurso de

la convocatoria 2011-2012 de los Proyectos en Investigación de Ciencia Básica del CONACyT.

1. Antecedentes

A0,2e
i�0,2 = h⇡⇡(0, 2)|H�F=1|K 0i

✏0 =
ei⇡/4p

2

1

ReA0

✓
ImA2 � ReA0

ReA2
ImA0

◆

El Modelo Estándar de las partículas elementales (ME) 1 no hace ninguna referencia a por

qué las masas de los fermiones son tan diversas entre sí. El fermion más pesado, el top cuark,

tiene una masa de aproximademente 173 GeV, en tanto que el más ligero, el electrón, tiene

una masa de aproximademente 0.00511 GeV. Aun más drástica es la escala de masas de los

neutrinos, de la cual conocemos una cota cosmológica confiable:
P

im⌫i < 1⇥ 10�9 GeV. Por

otra parte, la corriente cargada que involucra a los cuarks nos dice que los estados de cuarks
1 El ME es el conjunto de tres teorías cuánticas de norma: el electromagnetismo y las fuerzas fuerte y débil.

Vid
*V js Vjd V is

*Σ
i,j

even with large Af̃ , this does not imply that FCNCs cannot be under control. In fact,
even in models with a light supersymmetric spectrum, family symmetries are a nice way to
control dangerous FCNCs [15, 17, 18, 19, 20, 21, 22, 23, 24, 25]. For heavy scalar masses,
one may expect that supersymmetric effects will mostly decouple, hence ameliorating the
SUSY flavour problem. For the concrete examples to be discussed in §5.4.1, for instance,
FCNCs and CP violation will be suppressed because of the hierarchy between the gaugino
and the scalar masses. However, given the precision of observations especially in the kaon
sector, even suppressed SUSY contributions can be relevant.

3 FCNC observables leading to bounds

The most important indirect tests that most scenarios for physics beyond the Standard
Model (SM) have to face are the electroweak precision observables, the anomalous magnetic
moment of the muon, FCNCs, and CP violation. For the G2-MSSM examples we shall
discuss in §5.4.1, for instance, the electroweak parameters are worked out in such a way that
contributions due to the large values of Higgs masses involved in the theory are avoided.
The Higgs sector behaves as an effective single doublet, with one light scalar and the other
mass eigenstates heavy.

In the FCNC sector the K0 − K̄0 observables ε and ε′ can indeed give us a hint of
ways to restrict boundary conditions of soft terms at MG. In this section we discuss the
computation of these parameters. Recall that QCD corrections are important for these
observables and therefore the different scales involved in the determination of ε and ε′ play
an important role. In §5, where we consider specific examples, we mention other processes
as well, for example, li → ljγ, b → sγ, and D0 − D̄0 mixing, which are not constraining.

3.1 ε
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with ∆mK = 2Re〈K0|H∆S=2
eff |K̄0〉, where H∆S=2

eff is the effective Hamiltonian describing
∆S = 2 transitions in the K0−K̄0 system. The SM prediction and the experimental value
of ε are [26]

εSM = (1.91± 0.30)× 10−3,

|ε|exp = (2.228± 0.011)× 10−3, (4)

respectively. It is well-known that gluino interactions typically give the most relevant
SUSY contributions to ε for general soft parameters. How important these are when the
scalars are heavy while the gluino remains light is an interesting question on its own.
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• As it is well known SUSY has plenty of CP violation 

sources so contributions to        ε and ε′ can be 
huge.  
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Figure 2: Flavour changing ∆F = 2 box diagrams, q′ represents a different kind of quark than q, e.g.
q = b then q′ = t.

(39)

where

Cε =
G2

FM2
W F 2

KmK0

6
√

2π2∆MK

" 3.655 × 104 (40)

εSM
K = (0.00178 ± 0.00025)

εexp
K = (0.00229 ± 0.00010) (41)

The gluino contribution plays a crucial role, and in this case of heavy scalars, the
leading one, so we can test:

εK = εSM
K + εSUSY

K

εSUSY
K ∝ Im

{
< K̄|H g̃|K >

}
(42)

The first observation is to recall what Nir et al. say about the particles beyond the SM
behaviour [7], that in the case of the K0 mixing:

M(K0 − K̄0) ∼ cSM
(ytVtdVts)2

16π2
+ cBSM

1

Λ2
BSM

, (43)
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• Given the  uncertainties *, is there a point in using                                     

ε and ε′ as constraints for the models under 
consideration?

• Yes, because of the sensitivity of these parameters to 
physics BSM

*Hadronic, long distance, experimental determination of CKM parameters, 
etc.
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• Importance of NLO QCD Corrections

1.3 Higgs Sector

We know that, according to Table I, we have a � sign regarding the term Bµ so using
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the mass matrix of the Higgs sector becomes
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so just the opposite sign as well in 9709356 and also in eq. 227 of 0810.3285.

1.4 Fermion–sfermion interactions

1.4.1 Quark–squark–gluino interactions

The interaction between quarks, squarks, and gluinos is described by the Lagrangian (which is
consistent with references [?, ?, ?])
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in the electroweak-color basis, where PR,L = (1 ± �
5

)/2, a is the gluino color index, ↵, � are the
quark-squark color indices and i is the generation index. In the gauge basis, the couplings at the
quark-squark-gluino vertex are given by, for incoming gluinos to sfermion-fermion, Cg̃ ˜f(2l�1)(f
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In Eq. (??) i, j = 1, 2, 3 are the family indices, and (Mf )ij are the non-diagonalized fermion mass
matrices. Note that according to the notation of Eqs. (??–??) µ and the trilinear terms a have the
same sign.
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Figure 1: For top to bottom, the curves log(F g̃(mg̃)/FW (M
W

)) for m
˜d = {400, 10000} GeV. We can see

that for m
˜d = 400 GeV we need a coupling a bit more than three orders of magnitude bigger than the SM

in order to make the SUSY contribution comparable to the SM one.
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where the operators are given in Appendix ??. The coe�cients C̃i and operators Õi are
obtained from Ci and Oi, respectively, by interchanging L $ R. The functions f6 and f̃6
are defined in Appendix ??. The mass-insertion parameters are defined as usual,
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)ii(m̂
2
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)jj
, (6)

where X,Y 2 {L,R} and where a hat denotes a matrix in the super-CKM (SCKM) basis
[?], where Yukawa couplings are diagonal.3

We take the results of [?] as a first approximation for the e↵ective Hamiltonian at the
kaon scale. In particular, we use the values for the low-energy Wilson coe�cients given in
that work. This neglects the fact that in the scenario of [?] one sfermion family is signif-
icantly lighter than the two heavy ones, while the models of our interest, to be discussed
with concrete examples in §??, contain scalar masses of the same order of magnitude. In
order to estimate the impact of this di↵erence, we have calculated the running of the strong
gauge coupling due to two-loop QCD corrections with and without the contributions of
the first squark family from the scale where the heaviest families decouple to the gluino
mass scale. The di↵erence between the values of g3(mg̃) in the two cases is only about 4%,
which gives us a reason to expect the change in the running of the Wilson coe�cients not
to be dramatic either.
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so just the opposite sign as well in 9709356 and also in eq. 227 of 0810.3285.
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in the electroweak-color basis, where PR,L = (1 ± �
5

)/2, a is the gluino color index, ↵, � are the
quark-squark color indices and i is the generation index. In the gauge basis, the couplings at the
quark-squark-gluino vertex are given by, for incoming gluinos to sfermion-fermion, Cg̃ ˜f(2l�1)(f
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In Eq. (??) i, j = 1, 2, 3 are the family indices, and (Mf )ij are the non-diagonalized fermion mass
matrices. Note that according to the notation of Eqs. (??–??) µ and the trilinear terms a have the
same sign.
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Figure 1: For top to bottom, the curves log(F g̃(mg̃)/FW (M
W

)) for m
˜d = {400, 10000} GeV. We can see

that for m
˜d = 400 GeV we need a coupling a bit more than three orders of magnitude bigger than the SM

in order to make the SUSY contribution comparable to the SM one.
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where the operators are given in Appendix ??. The coe�cients C̃i and operators Õi are
obtained from Ci and Oi, respectively, by interchanging L $ R. The functions f6 and f̃6
are defined in Appendix ??. The mass-insertion parameters are defined as usual,
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where X,Y 2 {L,R} and where a hat denotes a matrix in the super-CKM (SCKM) basis
[?], where Yukawa couplings are diagonal.3

We take the results of [?] as a first approximation for the e↵ective Hamiltonian at the
kaon scale. In particular, we use the values for the low-energy Wilson coe�cients given in
that work. This neglects the fact that in the scenario of [?] one sfermion family is signif-
icantly lighter than the two heavy ones, while the models of our interest, to be discussed
with concrete examples in §??, contain scalar masses of the same order of magnitude. In
order to estimate the impact of this di↵erence, we have calculated the running of the strong
gauge coupling due to two-loop QCD corrections with and without the contributions of
the first squark family from the scale where the heaviest families decouple to the gluino
mass scale. The di↵erence between the values of g3(mg̃) in the two cases is only about 4%,
which gives us a reason to expect the change in the running of the Wilson coe�cients not
to be dramatic either.
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In Eq. (??) i, j = 1, 2, 3 are the family indices, and (Mf )ij are the non-diagonalized fermion mass
matrices. Note that according to the notation of Eqs. (??–??) µ and the trilinear terms a have the
same sign.
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Figure 1: For top to bottom, the curves log(F g̃(mg̃)/FW (M
W

)) for m
˜d = {400, 10000} GeV. We can see

that for m
˜d = 400 GeV we need a coupling a bit more than three orders of magnitude bigger than the SM

in order to make the SUSY contribution comparable to the SM one.
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where the operators are given in Appendix ??. The coe�cients C̃i and operators Õi are
obtained from Ci and Oi, respectively, by interchanging L $ R. The functions f6 and f̃6
are defined in Appendix ??. The mass-insertion parameters are defined as usual,
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where X,Y 2 {L,R} and where a hat denotes a matrix in the super-CKM (SCKM) basis
[?], where Yukawa couplings are diagonal.3

We take the results of [?] as a first approximation for the e↵ective Hamiltonian at the
kaon scale. In particular, we use the values for the low-energy Wilson coe�cients given in
that work. This neglects the fact that in the scenario of [?] one sfermion family is signif-
icantly lighter than the two heavy ones, while the models of our interest, to be discussed
with concrete examples in §??, contain scalar masses of the same order of magnitude. In
order to estimate the impact of this di↵erence, we have calculated the running of the strong
gauge coupling due to two-loop QCD corrections with and without the contributions of
the first squark family from the scale where the heaviest families decouple to the gluino
mass scale. The di↵erence between the values of g3(mg̃) in the two cases is only about 4%,
which gives us a reason to expect the change in the running of the Wilson coe�cients not
to be dramatic either.
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LIMITS FROM 

b ! s�, b ! sµ+µ�
, B !� ⌧�⌫�

⌧ , etc...

. 2 TeV

(g � 2)µ, etc...

✏ and ✏0 (K0
mixing)
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) (1)

�mk = (2)

✏ =
A (KL ! (⇡⇡)I=0)

A (KS ! (⇡⇡)I=0)
(3)

|✏NNLO| = (1.90± 0.26)⇥ 10

�3

✏ = (2.228± 0.011)⇥ 10
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12)RR and (δd

12)LR = (δd
12)RL. In these cases the coefficients proportional to (δd

12)LL(δd
12)RR,

(δd
12)LR(δd

12)RL dominate the others.

We have checked that the uncertainties of the results due to higher perturbative orders,
are sizeable, being, in some cases up to 10%.

4 Constraints on squarks spectrum

In this section, following the discussion of ref. [16], we provide a different kind of constraints.

For fixed values of the δ’s and of the average light sparticle mass, mg̃, it is possible to
calculate the minimum value of Msq necessary to suppress the FCNC at an experimentally
acceptable level. Here we give constraints on Msq and we discuss about their consistency.
Using Renormalization Group Equations, one finds that a too large Msq can drive to zero or
negative values the average mass of the third generation of sfermions, mf̃ , at the TeV scale
(mf̃ (∼ 1TeV)). To circumvent this problem, a minimum value for mf̃ (µGUT) at the GUT
scale has to be chosen. If mf̃ (µGUT) is too high (say more then 3-4 TeV), however, a too large
fine-tuning of the SUSY parameters is required in order to account for the observed mass
of the Z-boson and severe naturalness problems arise [14, 15]. This problem was studied in
refs. [16, 17].

One obtains constraints about the consistency of models with a splitted mass spectrum
following three steps:

• determining the minimum value of Msq necessary to suppress FCNC. This is discussed
in subsec. 4.1;

• computing the maximum value of Msq allowed by positiveness of light scalar masses
and fine-tuning. More about this in subsec. 4.2;

• combining the previous two results one can determine regions of allowable values of
Msq that satisfy both the requests of the previous points. We comment about that in
subsec. 4.3.

4.1 Minimum values for heavy squark mass

In order to obtain constraints on Msq one has to specify a value for the δ’s. We consider the
cases

(δd
12)LL (δd

12)LR (δd
12)RL (δd

12)RR

I K 0 0 0
II 0 K 0 0
III K 0 0 K
IV 0 K K 0

(14)
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CiÕi, (1)

the rest of our notation is like in [2]. The QCD evolution from a given scale M down

to µ is achieved through the operator cW [µ,M ] [3]

�!
C (µ) = cW [µ,M ]

�!
C (M), (2)

where at LO and NLO respectively we have

cW [µ,M ]LO = bU [µ,M ]

=


↵s(M)

↵s(µ)

�b�T /(2�
0

)i

,

cW [µ,M ]NLO = cM bU [µ,M ]cM�1

⇡ bU [µ,M ] +
↵s(µ)

4⇡
J(nf )bU [µ,M ]� ↵s(M)

4⇡
bU [µ,M ]J(nf ). (3)

J(nf ) are defined in di↵erent schemes [3] and it can be shown that the evolution from
the scale where s-quarks decouple can be obtained as a function of an e↵ective number
of fermions nf . We use the basis of the LRI scheme where the Wilson operators can

1

pp ! g̃g̃, �̃0
1�̃

±
1 , �̃±

1 �̃
⌥
1

g̃ ! �̃0
2 tt̄

! �̃0
1 bb̄

! �̃0
1 qq̄

!
�
�̃�
1 d̄u+ h.c.

�
(7)

�̃0
2 ! �±

1 W
⇤ ! �±

1 `⌫`, �±
1 qq

0

�±
1 ! �̃0

1 ! �0
1`⌫`, �0

1qq
0

�SUSY [fb]

mg̃[GeV]

f(m2
g̃/m

2
d̃
)

(8)

(�dLR)12 =
�(µ tan �mf12 + a12vd)q

(m̂2
d̃
)11m̂2

d̃
)22

=
Ad̃(ms,mb)✏rq
(m̂2

d̃
)11(m̂2

d̃
)22

⇠ (ms,mb)✏r

fm3/2
⇠ 10�2 (9)

1 References

L. Randall and R. Sundrum, Nucl. Phys. B557, 79 (1999).
G.F. Giudice, M.A. Luty, H. Murayama and R. Rattazzi, J. High Energy Phys.
12, 027 (1998).

3

K.11/18

L  200pb�1

L  800pb�1

M2 �M1

�± ! �0⇡±

��  m⇡ ! 10 m

�� & m⇡ ! 0.1 m

(6)

mf̃2
⇡ mf̃3

⇠ 2 ⇡ mf̃1
⇠ m3/2

900GeV < mg̃ < 1800GeV

4 < tan � < 20

(7)

pp ! g̃g̃, �̃0
1�̃

±
1 , �̃±

1 �̃
⌥
1

g̃ ! �̃0
2 tt̄

! �̃0
1 bb̄

! �̃0
1 qq̄

!
�
�̃�
1 d̄u+ h.c.

�
(8)

�̃0
2 ! �±

1 W
⇤ ! �±

1 `⌫`, �±
1 qq

0

�±
1 ! �̃0

1 ! �0
1`⌫`, �0

1qq
0

�SUSY [pb]

mg̃[GeV]

f(m2
g̃/m

2
d̃
)

(9)

�m� = �± � �0

md̃ �! mg̃ �! mt ... �! 2GeV

(10)

3

Thursday, March 8, 12



LIMITS FROM 

b ! s�, b ! sµ+µ�
, B !� ⌧�⌫�

⌧ , etc...

. 2 TeV

(g � 2)µ, etc...

✏ and ✏0 (K0
mixing)

mg̃ ⇠ O(1) TeV

mf̃ > O(10) TeV

µ ! e�

mh

Re(✏0/✏) = O(10

�6
)

�✏SUSY
= O(10

�3
) (1)

�mk = (2)

✏ =
A (KL ! (⇡⇡)I=0)

A (KS ! (⇡⇡)I=0)
(3)

|✏NNLO| = (1.90± 0.26)⇥ 10

�3

✏ = (2.228± 0.011)⇥ 10

�3 ⇥ ei43.5±0.7 o

(4)

Re(�d12)
2
AB

�mK = 2Re hK0|H�S=2
e↵ |K0i = G2

Ff
2
KmKBK

6⇡2
Re[X],

X =

⇥
(V ⇤

tdVts)
2S(xt)⌘tt + (V ⇤

cdVcs)
2S(xc)⌘cc + 2(V ⇤

cdVcs)(V
⇤
tdVts)S(xt, xc)⌘tc

+Cg̃S(xg̃)]

Im(�d12)
2
AB

Im hK0|H�S=2
e↵ |K0i = G2

Ff
2
kmkBk

6⇡2
Im[X],

Im(�d12)
2
LR Im(�d12)

2
RL

1

(δd
12)RR and (δd

12)LR = (δd
12)RL. In these cases the coefficients proportional to (δd

12)LL(δd
12)RR,

(δd
12)LR(δd

12)RL dominate the others.

We have checked that the uncertainties of the results due to higher perturbative orders,
are sizeable, being, in some cases up to 10%.

4 Constraints on squarks spectrum

In this section, following the discussion of ref. [16], we provide a different kind of constraints.

For fixed values of the δ’s and of the average light sparticle mass, mg̃, it is possible to
calculate the minimum value of Msq necessary to suppress the FCNC at an experimentally
acceptable level. Here we give constraints on Msq and we discuss about their consistency.
Using Renormalization Group Equations, one finds that a too large Msq can drive to zero or
negative values the average mass of the third generation of sfermions, mf̃ , at the TeV scale
(mf̃ (∼ 1TeV)). To circumvent this problem, a minimum value for mf̃ (µGUT) at the GUT
scale has to be chosen. If mf̃ (µGUT) is too high (say more then 3-4 TeV), however, a too large
fine-tuning of the SUSY parameters is required in order to account for the observed mass
of the Z-boson and severe naturalness problems arise [14, 15]. This problem was studied in
refs. [16, 17].

One obtains constraints about the consistency of models with a splitted mass spectrum
following three steps:

• determining the minimum value of Msq necessary to suppress FCNC. This is discussed
in subsec. 4.1;

• computing the maximum value of Msq allowed by positiveness of light scalar masses
and fine-tuning. More about this in subsec. 4.2;

• combining the previous two results one can determine regions of allowable values of
Msq that satisfy both the requests of the previous points. We comment about that in
subsec. 4.3.

4.1 Minimum values for heavy squark mass

In order to obtain constraints on Msq one has to specify a value for the δ’s. We consider the
cases

(δd
12)LL (δd

12)LR (δd
12)RL (δd

12)RR

I K 0 0 0
II 0 K 0 0
III K 0 0 K
IV 0 K K 0

(14)

9

• Importance of NLO QCD Corrections

0.8 1.0 1.2 1.4 1.6
mg! !TeV"

10

15

20

mq! !TeV" NLO

LO

VIA

mq̃

p
Im(�d12)

2
LL

p
Im(�d12)

2
LR

p
Im(�d12)

2
RL

p
Im(�d12)

2
RR

2 TeV 6.⇥ 10

�3
3.⇥ 10

�3
4.⇥ 10

�4
6.⇥ 10

�4

5 TeV 2.⇥ 10

�3
9.⇥ 10

�3
8.⇥ 10

�4
2.⇥ 10

�3

10 TeV 3.⇥ 10

�3
3.⇥ 10

�3
2.⇥ 10

�3
4.⇥ 10

�3
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model of new physics in which the new contributions with respect to the SM originate from
the extra heavy particles. It is sufficient to compute the values of the coefficients at the
matching scales Msq and mg̃ and put them in eq. (9).

2.3 Hadronic Matrix Elements

The hadronic matrix elements of the operators of eq. (2) in the Vacuum Insertion Approxi-
mation (VIA) are:

〈K0|Q1|K̄0〉V IA =
1

3
MKf 2

K ,

〈K0|Q2|K̄0〉V IA = −
5

24

(
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MKf 2
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4

(
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)2
]
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K ,

〈K0|Q5|K̄0〉V IA =

[

1

8
+

1

12

(

MK

ms + md

)2
]

MKf 2
K , (10)

where MK is the mass of the K meson and ms, md are the masses of the s and d quarks
respectively. An analogous definition holds for Q̃1,2,3.

Hadronic matrix elements can be evaluated non-perturbatively introducing B-parame-
ters, defined as follows:

〈K0|Q1(µ)|K̄0〉 =
1

3
MKf 2

KB1(µ),

〈K0|Q2(µ)|K̄0〉 = −
5

24

(
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MKf 2
KB5(µ), (11)

where Qi(µ) are the operators renormalized at the scale µ. The B-parameters for Q̃1,2,3(µ)
are the same as those of Q1,2,3(µ).

In the computation of Bi for the operators 2-5, smaller contributions of higher order in
chiral expansion, coming from axial current, have been neglected. A detailed explanation of
the reasons of this approximation can be found in ref. [20]. The definition of B-parameters
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where Qi(µ) are the operators renormalized at the scale µ. The B-parameters for Q̃1,2,3(µ)
are the same as those of Q1,2,3(µ).

In the computation of Bi for the operators 2-5, smaller contributions of higher order in
chiral expansion, coming from axial current, have been neglected. A detailed explanation of
the reasons of this approximation can be found in ref. [20]. The definition of B-parameters
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12)RL dominate the others.

We have checked that the uncertainties of the results due to higher perturbative orders,
are sizeable, being, in some cases up to 10%.

4 Constraints on squarks spectrum

In this section, following the discussion of ref. [16], we provide a different kind of constraints.

For fixed values of the δ’s and of the average light sparticle mass, mg̃, it is possible to
calculate the minimum value of Msq necessary to suppress the FCNC at an experimentally
acceptable level. Here we give constraints on Msq and we discuss about their consistency.
Using Renormalization Group Equations, one finds that a too large Msq can drive to zero or
negative values the average mass of the third generation of sfermions, mf̃ , at the TeV scale
(mf̃ (∼ 1TeV)). To circumvent this problem, a minimum value for mf̃ (µGUT) at the GUT
scale has to be chosen. If mf̃ (µGUT) is too high (say more then 3-4 TeV), however, a too large
fine-tuning of the SUSY parameters is required in order to account for the observed mass
of the Z-boson and severe naturalness problems arise [14, 15]. This problem was studied in
refs. [16, 17].

One obtains constraints about the consistency of models with a splitted mass spectrum
following three steps:

• determining the minimum value of Msq necessary to suppress FCNC. This is discussed
in subsec. 4.1;

• computing the maximum value of Msq allowed by positiveness of light scalar masses
and fine-tuning. More about this in subsec. 4.2;

• combining the previous two results one can determine regions of allowable values of
Msq that satisfy both the requests of the previous points. We comment about that in
subsec. 4.3.

4.1 Minimum values for heavy squark mass

In order to obtain constraints on Msq one has to specify a value for the δ’s. We consider the
cases

(δd
12)LL (δd

12)LR (δd
12)RL (δd

12)RR

I K 0 0 0
II 0 K 0 0
III K 0 0 K
IV 0 K K 0
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model of new physics in which the new contributions with respect to the SM originate from
the extra heavy particles. It is sufficient to compute the values of the coefficients at the
matching scales Msq and mg̃ and put them in eq. (9).

2.3 Hadronic Matrix Elements

The hadronic matrix elements of the operators of eq. (2) in the Vacuum Insertion Approxi-
mation (VIA) are:
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)2
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K , (10)

where MK is the mass of the K meson and ms, md are the masses of the s and d quarks
respectively. An analogous definition holds for Q̃1,2,3.

Hadronic matrix elements can be evaluated non-perturbatively introducing B-parame-
ters, defined as follows:
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KB5(µ), (11)

where Qi(µ) are the operators renormalized at the scale µ. The B-parameters for Q̃1,2,3(µ)
are the same as those of Q1,2,3(µ).

In the computation of Bi for the operators 2-5, smaller contributions of higher order in
chiral expansion, coming from axial current, have been neglected. A detailed explanation of
the reasons of this approximation can be found in ref. [20]. The definition of B-parameters
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where MK is the mass of the K meson and ms, md are the masses of the s and d quarks
respectively. An analogous definition holds for Q̃1,2,3.

Hadronic matrix elements can be evaluated non-perturbatively introducing B-parame-
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where Qi(µ) are the operators renormalized at the scale µ. The B-parameters for Q̃1,2,3(µ)
are the same as those of Q1,2,3(µ).

In the computation of Bi for the operators 2-5, smaller contributions of higher order in
chiral expansion, coming from axial current, have been neglected. A detailed explanation of
the reasons of this approximation can be found in ref. [20]. The definition of B-parameters
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12)RL. In these cases the coefficients proportional to (δd

12)LL(δd
12)RR,

(δd
12)LR(δd

12)RL dominate the others.

We have checked that the uncertainties of the results due to higher perturbative orders,
are sizeable, being, in some cases up to 10%.

4 Constraints on squarks spectrum

In this section, following the discussion of ref. [16], we provide a different kind of constraints.

For fixed values of the δ’s and of the average light sparticle mass, mg̃, it is possible to
calculate the minimum value of Msq necessary to suppress the FCNC at an experimentally
acceptable level. Here we give constraints on Msq and we discuss about their consistency.
Using Renormalization Group Equations, one finds that a too large Msq can drive to zero or
negative values the average mass of the third generation of sfermions, mf̃ , at the TeV scale
(mf̃ (∼ 1TeV)). To circumvent this problem, a minimum value for mf̃ (µGUT) at the GUT
scale has to be chosen. If mf̃ (µGUT) is too high (say more then 3-4 TeV), however, a too large
fine-tuning of the SUSY parameters is required in order to account for the observed mass
of the Z-boson and severe naturalness problems arise [14, 15]. This problem was studied in
refs. [16, 17].

One obtains constraints about the consistency of models with a splitted mass spectrum
following three steps:

• determining the minimum value of Msq necessary to suppress FCNC. This is discussed
in subsec. 4.1;

• computing the maximum value of Msq allowed by positiveness of light scalar masses
and fine-tuning. More about this in subsec. 4.2;

• combining the previous two results one can determine regions of allowable values of
Msq that satisfy both the requests of the previous points. We comment about that in
subsec. 4.3.

4.1 Minimum values for heavy squark mass

In order to obtain constraints on Msq one has to specify a value for the δ’s. We consider the
cases
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model of new physics in which the new contributions with respect to the SM originate from
the extra heavy particles. It is sufficient to compute the values of the coefficients at the
matching scales Msq and mg̃ and put them in eq. (9).

2.3 Hadronic Matrix Elements

The hadronic matrix elements of the operators of eq. (2) in the Vacuum Insertion Approxi-
mation (VIA) are:
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where MK is the mass of the K meson and ms, md are the masses of the s and d quarks
respectively. An analogous definition holds for Q̃1,2,3.

Hadronic matrix elements can be evaluated non-perturbatively introducing B-parame-
ters, defined as follows:
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where Qi(µ) are the operators renormalized at the scale µ. The B-parameters for Q̃1,2,3(µ)
are the same as those of Q1,2,3(µ).

In the computation of Bi for the operators 2-5, smaller contributions of higher order in
chiral expansion, coming from axial current, have been neglected. A detailed explanation of
the reasons of this approximation can be found in ref. [20]. The definition of B-parameters
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where MK is the mass of the K meson and ms, md are the masses of the s and d quarks
respectively. An analogous definition holds for Q̃1,2,3.

Hadronic matrix elements can be evaluated non-perturbatively introducing B-parame-
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where Qi(µ) are the operators renormalized at the scale µ. The B-parameters for Q̃1,2,3(µ)
are the same as those of Q1,2,3(µ).

In the computation of Bi for the operators 2-5, smaller contributions of higher order in
chiral expansion, coming from axial current, have been neglected. A detailed explanation of
the reasons of this approximation can be found in ref. [20]. The definition of B-parameters
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Table 1: Limits on Im(�d12)AB with M2 = 250 GeV.
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12)RL. In these cases the coefficients proportional to (δd
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12)RL dominate the others.

We have checked that the uncertainties of the results due to higher perturbative orders,
are sizeable, being, in some cases up to 10%.

4 Constraints on squarks spectrum

In this section, following the discussion of ref. [16], we provide a different kind of constraints.

For fixed values of the δ’s and of the average light sparticle mass, mg̃, it is possible to
calculate the minimum value of Msq necessary to suppress the FCNC at an experimentally
acceptable level. Here we give constraints on Msq and we discuss about their consistency.
Using Renormalization Group Equations, one finds that a too large Msq can drive to zero or
negative values the average mass of the third generation of sfermions, mf̃ , at the TeV scale
(mf̃ (∼ 1TeV)). To circumvent this problem, a minimum value for mf̃ (µGUT) at the GUT
scale has to be chosen. If mf̃ (µGUT) is too high (say more then 3-4 TeV), however, a too large
fine-tuning of the SUSY parameters is required in order to account for the observed mass
of the Z-boson and severe naturalness problems arise [14, 15]. This problem was studied in
refs. [16, 17].

One obtains constraints about the consistency of models with a splitted mass spectrum
following three steps:

• determining the minimum value of Msq necessary to suppress FCNC. This is discussed
in subsec. 4.1;

• computing the maximum value of Msq allowed by positiveness of light scalar masses
and fine-tuning. More about this in subsec. 4.2;

• combining the previous two results one can determine regions of allowable values of
Msq that satisfy both the requests of the previous points. We comment about that in
subsec. 4.3.

4.1 Minimum values for heavy squark mass

In order to obtain constraints on Msq one has to specify a value for the δ’s. We consider the
cases
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Partial answer for FS models

(�dLR)12 =
�(µ tan �mf12 + a12vd)q

(m̂2
d̃
)11m̂2

d̃
)22

=
Ad̃(ms,mb)✏rq
(m̂2

d̃
)11(m̂2

d̃
)22

⇠ (ms,mb)✏r

fm3/2
⇠ 10�2 (11)

1 References

L. Randall and R. Sundrum, Nucl. Phys. B557, 79 (1999).
G.F. Giudice, M.A. Luty, H. Murayama and R. Rattazzi, J. High Energy Phys.
12, 027 (1998).

4

(�dLR)12 =
�(µ tan �mf12 + a12vd)q

(m̂2
d̃
)11m̂2

d̃
)22

=
Ad̃(ms,mb)✏rq
(m̂2

d̃
)11(m̂2

d̃
)22

⇠ (ms,mb)✏r

fm3/2
⇠ 10�2 (11)

1 References

L. Randall and R. Sundrum, Nucl. Phys. B557, 79 (1999).
G.F. Giudice, M.A. Luty, H. Murayama and R. Rattazzi, J. High Energy Phys.
12, 027 (1998).

4

AbelianTipycally

K.14/18

Thursday, March 8, 12



• At NLO

mq̃

p
Re(�d12)

2
LL

p
Re(�d12)

2
LR

p
Re(�d12)

2
RL

p
Re(�d12)

2
RR

5 TeV 0.2 1.⇥ 10�1 1.⇥ 10�2 2.⇥ 10�1

10 TeV 0.5 0.5 1.⇥ 10�1 1.⇥ 10�1

Table 1: Limits on Re(�d12)AB with mg̃ = 900 GeV.

mq̃

p
Im(�d12)

2
LL

p
Im(�d12)

2
LR

p
Im(�d12)

2
RL

p
Im(�d12)

2
RR

2 TeV 6.⇥ 10�3 3.⇥ 10�3 4.⇥ 10�4 6.⇥ 10�4

5 TeV 2.⇥ 10�3 9.⇥ 10�3 8.⇥ 10�4 2.⇥ 10�3

10 TeV 3.⇥ 10�3 3.⇥ 10�3 2.⇥ 10�3 4.⇥ 10�3

Table 2: Limits on Im(�d12)AB with M2 = 250 GeV.

Re(�d12)
2
AB

�mK = 2Re hK0|H�S=2
e↵ |K0i = G2

Ff
2
KmKBK

6⇡2
Re[X],

X =
⇥
(V ⇤

tdVts)
2S(xt)⌘tt + (V ⇤

cdVcs)
2S(xc)⌘cc + 2(V ⇤

cdVcs)(V
⇤
tdVts)S(xt, xc)⌘tc

+Cg̃S(xg̃)]

Im(�d12)
2
AB

K = 0.3

Im hK0|H�S=2
e↵ |K0i = G2

Ff
2
kmkBk

6⇡2
Im[X],

Im(�d12)
2
LR Im(�d12)

2
RL

Mi, m0 ⇡ 0 ⇡ A0

Mi = f3/2m3/2(1 +�i) ⇡ 0.1m0, m0 ⇡ A0 = m3/2

(5)

2

Partial answer for FS models

(�dLR)12 =
�(µ tan �mf12 + a12vd)q

(m̂2
d̃
)11m̂2

d̃
)22

=
Ad̃(ms,mb)✏rq
(m̂2

d̃
)11(m̂2

d̃
)22

⇠ (ms,mb)✏r

fm3/2
⇠ 10�2 (11)

1 References

L. Randall and R. Sundrum, Nucl. Phys. B557, 79 (1999).
G.F. Giudice, M.A. Luty, H. Murayama and R. Rattazzi, J. High Energy Phys.
12, 027 (1998).

4

(�dLR)12 =
�(µ tan �mf12 + a12vd)q

(m̂2
d̃
)11m̂2

d̃
)22

=
Ad̃(ms,mb)✏rq
(m̂2

d̃
)11(m̂2

d̃
)22

⇠ (ms,mb)✏r

fm3/2
⇠ 10�2 (11)

1 References

L. Randall and R. Sundrum, Nucl. Phys. B557, 79 (1999).
G.F. Giudice, M.A. Luty, H. Murayama and R. Rattazzi, J. High Energy Phys.
12, 027 (1998).

4

Abelian Non-AbelianTipycally

K.14/18

Thursday, March 8, 12



LIMITS FROM
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• Typical decays
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t, b

Parameter Point 1 Point 2 Point 3 Point 4 Point 5 Point 6 Point 7

m3/2 20000 20000 20000 20000 30000 50000 30000

tan � 3 2.65 2.65 3 3 2.5 3
µ -11943 -13377 -13537 -10969 -10490 -34019 +17486

LSP type Wino Wino Bino Bino Bino Wino Bino
mg̃ 401 449 622 492 1784 1001 596.8
me�0

1
145.1 155.6 189 170 473 373.4 271

me�0
2

153 159 214.3 181.5 702.4 397 334.2
me�±

1
145.2 155.8 214.5 181.7 702.6 373.6 334.2

md̃L
,ms̃L 19799 19803 19809 18785 21052 49524 29727

mb̃1
15342 15250 15224 14635 16783 38473 23236

mt̃1 9130 8779 8662 8928 11151 22887 14264
md̃R

19848 19851 19845 18832 21096 49694 29794
ms̃R 19849 19851 19856 18832 21096 49695 29767
mt̃2 15342 15251 15224 14635 16783 38470 23235

mH0 ,mA0 ,mH± 24614 25846 25943 23158 25029 65690 36623

Table 1: Low-scale spectra for seven benchmark G
2

-MSSM points taken from [13]. The other SUSY
particle masses besides those shown in this table are of order the gravitino mass.

in Table 1, which are characterized by heavy scalar masses of order the gravitino mass
(m3/2 & O(10) TeV) and a light gluino (mg̃ ⇠ 500 GeV). Let us briefly overview the basic
properties of the G2-MSSM and their origin before discussing the flavour issues.

The moduli Kähler potentials of G2-MSSM models are partially determined [40] G2-
holonomy Kähler potentials but the matter Kähler potentials are not [13]. What is known
about these models is the supergravity limit and hence the necessary ingredients to analyze
their phenomenology. This is characterized by a suppression of gaugino masses relative to
the gravitino and the moduli masses.

In M-theory the moduli are stabilized generically because all moduli occur on an equal
footing in the gauge kinetic function, and it occurs in the superpotential, so the moduli have
some interactions and therefore a potential with a minimum. Their vacuum expectation
values and masses can be calculated. In the G2-MSSM the Kähler function is assumed to be
diagonal since the families arise at singularities on the manifold that are unlikely to overlap.
Studying e↵ects of non-diagonal and non-universal diagonal terms phenomenologically is
done in the present paper.

That scalars (squarks, sleptons, etc.) should be heavier than about 30 TeV is more
general than the G2-MSSM, depending only on the generic derivation that the moduli
masses are connected to the gravitino mass, the moduli masses have a lower bound of
order 30 TeV from robust cosmological arguments, and supergravity implies the scalar
masses are closely equal to the gravitino mass.

9
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Table 3: Shown is σSUSY(fb), the theoretical cross section before passing through the detector simulation, σeff (fb), the effective cross section after events have
passed the L1 triggers with L = 1fb−1 at

√
s = 10 TeV. Observable counts in the number of tagged b-jets and multijets are also shown N(2b), N(4 j) along with their

signal to square root background ratios. The missing energy cut is ≥ 200 GeV and we have imposed a transverse sphericity cut of S T ≥ 0.25.
Gm

2 σ(g̃g̃) (fb) σ(Ñ1C̃1) (fb) σ(C̃±1 C̃∓1 ) (fb) σSUSY (fb) σeff (fb) N(4 j) N√
B
|4 j N(2b) N√

B
|2b

G1
1 1613 996 301 2910 1645 416 13.3 37 4.7

G2
2 236 970 277 1484 353 79 2.5 22 2.8

G2
3 481 903 280 1665 553 133 4.2 37 4.7

G2
4 648 877 246 1773 736 217 7.0 32 4.1

G2
5 182 696 208 1087 250 64 2.0 10 1.2
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Figure 3: (Color online) Shown is the discovery potential for the gluino at low
luminosity and variable LHC center of mass energy,

√
s = (7, 10, 14) TeV in

terms of the effective SUSY cross section (cross section after cuts). The colored
regions are the reach in steps of 200 pb−1 (see legend), while the approximated
dashed curves are shown for the purpose of illustration. The missing energy
cut is 200 GeV and S T ≥ 0.25. Scanning over optimal signatures, the best
channels are 0L+ njets and nbjets. The analysis shows that many of the models
can be discovered at

√
s = 10 TeV with order 100 pb−1 of luminosity, and that

the LHC will be able to probe a 550 GeV gluino even at
√

s = 7 TeV with as
little as 500 pb−1 of luminosity.

Models with wino-like LSPs, and thus nearly degenerate
charginos and neutralinos, are well known to be be difficult to
study [47]. The chargino lifetime can be of order a centimeter,
and the second heavier neutralino can even have order tens of
GeV splitting (see Table (1) for such theory motivated exam-
ples). Once a set of gluino candidates have been identified, an
off-line analysis focused towards the study of the chargino and
neutralino states in the gluino decay products will be necessary.

4. General Implications of a Wino-Like LSP

In this section we relax the tight constraints of the G2 the-
ory space and explore the possibility of an LSP which has a
significant wino component (“wino-like”), but may also have
non-negligible bino and Higgsino components. One natural
class of models where such an LSP is achieved are in grand
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Figure 4: (Color online) Rise in the positron fraction predicted from a wino
LSP with the PAMELA [1], HEAT and AMS data [55]. Different wino masses
are shown to illustrate the range of masses that are well motivated to be a part
of a description of the full Satellite data. Masses somewhat below 170 GeV or
a bit above 200 GeV could also provide a reasonable description of the data.

unified models such as SU(5), SO(10), and E6 where the GUT
symmetry is broken by a non-singlet F term leading to gaug-
ino masses at the unification scale that are non-universal, i.e.,
Ma = m1/2(1 + ∆a), a = 1, 2, 3. Such soft breaking mass terms
can give rise to a wino-like LSP with a light gluino if the high
scale values of the gaugino masses, M2 and M3, are reduced
relative to M1.

4.1. Relic Abundance of a Wino-Like LSP
In a general setting, the relic density can be equal to the

observed one with a wino-like or pure wino LSP due to the
late decay of a modulus field. Such is possible in a uni-
verse that has a non-thermal cosmological history [14]. Thus,
for a single heavy modulus field Φ, in the so-called instan-
taneous decay approximation one obtains a reheat tempera-
ture, TR, due to the decay ΓΦ by assuming all energy density
of Φ is transferred into radiation. The modulus decays after

freeze-out and the reheat temperature is TR = C1/4
√

MplΓΦ,
C = 90/(π2g∗(TR)). Here ΓΦ = cΦM3

Φ
/Λ2 , cΦ ∼ 1, where

Λ ' Mpl ≡ Mpl/α, where α parametrizes deviations from
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Table 3: Shown is σSUSY(fb), the theoretical cross section before passing through the detector simulation, σeff (fb), the effective cross section after events have
passed the L1 triggers with L = 1fb−1 at

√
s = 10 TeV. Observable counts in the number of tagged b-jets and multijets are also shown N(2b), N(4 j) along with their

signal to square root background ratios. The missing energy cut is ≥ 200 GeV and we have imposed a transverse sphericity cut of S T ≥ 0.25.
Gm

2 σ(g̃g̃) (fb) σ(Ñ1C̃1) (fb) σ(C̃±1 C̃∓1 ) (fb) σSUSY (fb) σeff (fb) N(4 j) N√
B
|4 j N(2b) N√

B
|2b

G1
1 1613 996 301 2910 1645 416 13.3 37 4.7

G2
2 236 970 277 1484 353 79 2.5 22 2.8

G2
3 481 903 280 1665 553 133 4.2 37 4.7

G2
4 648 877 246 1773 736 217 7.0 32 4.1

G2
5 182 696 208 1087 250 64 2.0 10 1.2
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Figure 3: (Color online) Shown is the discovery potential for the gluino at low
luminosity and variable LHC center of mass energy,

√
s = (7, 10, 14) TeV in

terms of the effective SUSY cross section (cross section after cuts). The colored
regions are the reach in steps of 200 pb−1 (see legend), while the approximated
dashed curves are shown for the purpose of illustration. The missing energy
cut is 200 GeV and S T ≥ 0.25. Scanning over optimal signatures, the best
channels are 0L+ njets and nbjets. The analysis shows that many of the models
can be discovered at

√
s = 10 TeV with order 100 pb−1 of luminosity, and that

the LHC will be able to probe a 550 GeV gluino even at
√

s = 7 TeV with as
little as 500 pb−1 of luminosity.

Models with wino-like LSPs, and thus nearly degenerate
charginos and neutralinos, are well known to be be difficult to
study [47]. The chargino lifetime can be of order a centimeter,
and the second heavier neutralino can even have order tens of
GeV splitting (see Table (1) for such theory motivated exam-
ples). Once a set of gluino candidates have been identified, an
off-line analysis focused towards the study of the chargino and
neutralino states in the gluino decay products will be necessary.

4. General Implications of a Wino-Like LSP

In this section we relax the tight constraints of the G2 the-
ory space and explore the possibility of an LSP which has a
significant wino component (“wino-like”), but may also have
non-negligible bino and Higgsino components. One natural
class of models where such an LSP is achieved are in grand
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Figure 4: (Color online) Rise in the positron fraction predicted from a wino
LSP with the PAMELA [1], HEAT and AMS data [55]. Different wino masses
are shown to illustrate the range of masses that are well motivated to be a part
of a description of the full Satellite data. Masses somewhat below 170 GeV or
a bit above 200 GeV could also provide a reasonable description of the data.

unified models such as SU(5), SO(10), and E6 where the GUT
symmetry is broken by a non-singlet F term leading to gaug-
ino masses at the unification scale that are non-universal, i.e.,
Ma = m1/2(1 + ∆a), a = 1, 2, 3. Such soft breaking mass terms
can give rise to a wino-like LSP with a light gluino if the high
scale values of the gaugino masses, M2 and M3, are reduced
relative to M1.

4.1. Relic Abundance of a Wino-Like LSP
In a general setting, the relic density can be equal to the

observed one with a wino-like or pure wino LSP due to the
late decay of a modulus field. Such is possible in a uni-
verse that has a non-thermal cosmological history [14]. Thus,
for a single heavy modulus field Φ, in the so-called instan-
taneous decay approximation one obtains a reheat tempera-
ture, TR, due to the decay ΓΦ by assuming all energy density
of Φ is transferred into radiation. The modulus decays after

freeze-out and the reheat temperature is TR = C1/4
√

MplΓΦ,
C = 90/(π2g∗(TR)). Here ΓΦ = cΦM3

Φ
/Λ2 , cΦ ∼ 1, where

Λ ' Mpl ≡ Mpl/α, where α parametrizes deviations from
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In the models at hand one needs to first detect gluinos 
and then track down the chargino decays
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RECAP
• LHC is already setting limits on models with light 

gluinos and heavy squarks

• In this work, we wanted to understand still the 
Flavour Problem with out too many 
complications

• Stressed the importance of QCD corrections in 
the Kaon sector                    

• Ready to set limits on      and  FS parameters
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