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MOTIVATION

Gauge Mediation very predictive 
scenario of  SUSY breaking

small A-terms

MFV

need heavy SUSY spectrum 
for large Higgs mass 

cannot have large 
FV effects

e.g. MS ≈ 4TeV for mh ≈ 125GeV



MOTIVATION

∆ASUSY
CP ∼ 0.6%

Im(δuLR)12
10−3

�
1TeV

m̃

�

 Can be explained SUSY with “disoriented A-terms”  
Giudice, Isidori, Paradisi ’12

Evidence for direct CP violation in D decays

∆ACP ≡ ACP (K
+K−)−ACP (π

+π−) = −0.0064± 0.0014

Not possible in MFV: (δuLR)12 ∼ 10−7



OUTLINE

Minimally modify Gauge Mediation           
to get large non-MFV A-terms

Same field content as GM with one new 
coupling determining SUSY spectrum 

Rich flavor phenomenology controlled by 
full Yukawa structure

can get large Higgs mass for light spectrum 

can account for ∆ACP

Evans & al. ’11 (MFV)

Shadmi, Szabo ’11 (slepton sector)



MINIMAL GAUGE MEDIATIONGauge Mediation

〈Z〉 = M + F θ2

SUSY

SECTOR W = ZΦΦ
BREAKING

Φ Φ Q, U c, Dc, Ec, L

MESSENGER

SECTOR

OBSERV ABLE

SECTOR
MSSM

INTERACTIONS

GAUGE

Messenger sector charged under SM and couples at tree-level to
SUSY breaking sector
Messengers acquire SUSY breaking masses

M2
ferm = M2 M2

scal = M2 ± F

Soft terms arise from integrating out messengers at loop level

msoft ∼
α

4π
F
M

Robert Ziegler (SISSA) Tree-level Gauge Mediation 12 / 32

A-terms vanish at messenger scale

complete SU(5) multiplets:

1-loop gaugino masses

2-loop sfermion masses
�
m̃2

Q

�
ij
∼ δij

�αa

4π

�2
�

F

M

�2

N × (5+ 5)

A = 0



MODIFIED SETUP

Allows for direct couplings of  messenger to obs sector

λU
ij ∼ yUij

controlled by flavor symmetries: 
parametrically suppressed as Yukawas

only              λU
33

W = ZΦΦ+QiUj(y
U
ijHu + λ

U
ijΦD)

Can be motivated by symmetry: similar ΦT ,ΦD,ΦT

≡ λU sizable              



HIGH ENERGY SPECTRUM

New contributions to soft terms controlled by 
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LOW ENERGY SPECTRUM
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Figure 1: Low-energy spectrum for scenario A (λD = 0) normalized by the gluino mass mg.

4 SUSY Phenomenology

4.1 Features of the Low-Energy Spectrum

We now discuss the consequences of the new contributions to soft terms in Eqns. for the low-

energy spectrum. The main features can be understood by considering for simplicity scenario

A (λD = 0), whose low-energy spectrum we show in Fig. 1 as a function of λU , where λU = 0

corresponds to the ordinary case.

First of all, the gaugino spectrum is unchanged with respect to ordinary Gauge Mediation.

A-terms instead receive a new negative contribution at the messenger scale, which remains

sizable at low-energy. This has important consequences for the lightest Higgs boson mass and

FCNC effects as we will discuss later in more detail. From Eqs. one can see that the new

contributions to Higgs soft masses are always negative. Again this goes in the same direction

as the RG effects, so that Higgs soft masses end up more negative than in ordinary Gauge

Mediation. This might spoil electroweak symmetry breaking (EWSB), once m2
Hd

becomes

smaller than m2
Hu

. If this does not happen, then µ and Bµ can be adjusted as usual to allow

for successful EWSB, with µ2 ≈ −m2
Hu

in the largish tanβ regime. As m2
Hu

is more negative,

µ gets increased and therefore the amount of fine-tuning can be larger than in ordinary Gauge

Mediation.

What regards the stop masses, the new contribution can have either sign depending on

the relative size of λU and the gauge couplings, as one can see from Eqns. . For λU = 0

6

induced FI term 

minimal GM
∆m2

L ∼ S ∼ m2
Q − 2m2

U



HIGGS BOSON MASS 
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Figure 5: Minimal value of MS as a function of λU in scenario A.

soft matrices of the form:

(m2
q̃,u)ij = m2

q̃,ũδij +∆m2
q̃3,ũ3

δ3iδ3j , (34)

(Au)ij = A
�
δi3 y

U
3j + 2 δ3j y

U
i3

�
Λ, (35)

(Ad)ij = A δi3 y
D
3j Λ, (36)

where m2
q̃,ũ, ∆m2

q̃3,ũ3
are given in Eq. (7), Eqs. (??, ??) respectively, and A ≡ − Λ

16π2 . Per-

forming the rotations defined as follows:

Y diag
u = (V u

L )†YuV
u
R (37)

Y diag
d = (V d

L )
†YdV

d
R (38)
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Figure 2: Low-energy spectrum for scenario B (λD = 0) normalized by the gluino mass mg.

contribution to m2
Hd

can become very strong, preventing successful EWSB and thus excluding

large portions of the parameter space.

Finally the inclusion of triplet couplings only leads to an enhanced dependence of the new

contributions on λU,D, and therefore amplifies the basic features of scenarios A and B. In

the examples we show in Fig. 3 this amplification is strong enough to drive also the RH stop

tachyonic in some portion of the parameter space.

4.2 Discussion

We now discuss the relevance of the new features described in the last section. The most

important difference with respect to ordinary Gauge Mediation is the occurrence of large

negative A-terms which can lead to large Higgs boson masses even for a quite light spectrum.

First of all, A-terms cannot be too large because they have to respect the vacuum stability

bound [? ]

A2
t + 3µ2 ≤ 7.5 (m2

Q3
+m2

U3
). (31)

If this bound is fulfilled, the A-terms control the top-stop 1-loop contribution to the Higgs

mass through the stop mixing parameter Xt ≡ At−µ cotanβ, which for tanβ � 10 is basically

8
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Figure 3: Low-energy spectrum for scenarios AT and BT normalized by the gluino mass mg.

given by At:

∆m2
h =

3m4
t

8π2v2

�
log

M2
S

m2
t
+

X2
t

M2
S

�
1− X2

t

12M2
S

��
, (32)

where v ≈ 174 GeV. These corrections are maximized for Xt/MS ≈ ±
√
6, in which case they

bring up the Higgs mass to 125 GeV for MS = 1 TeV. As an example, in Fig. 4 we plot

At/MS as a function of λU for scenario A and the same choice of the parameters used in Fig. 1.

As one would expect, the ratio is maximized for those values of λU which give minimal stop

masses and is close to the value of
√
6 that maximizes the 1-loop contributions to mh. Note

that ordinary Gauge Mediation is recovered at the left edge of the plot (i.e. with λU = 0).

In order to understand what is the overall scale of the SUSY spectrum needed to get heavy

Higgs boson masses, in Fig. 5 we show the minimal required values of the SUSY breaking

scale MS for different values of the Higgs mass used simple formula, check Feynhiggs

give same result. As one can see, near the minimum the SUSY breaking scale can be

lighter than in ordinary Gauge Mediation by roughly a factor 3. Since the spectrum is quite

distorted, in Fig. 6 we plot the spectrum of scenario A corresponding to a 122 GeV Higgs

mass. Note that this plot is obtained from a simple rescaling of the spectrum of Fig. 1 with

the function shown in Fig. 5. Although the µ term, and therefore the fine-tuning is slightly

larger than in ordinary Gauge Mediation, the SUSY particles can be much lighter. Besides

the minimum at λU ≈ 0.6, where the lightest stop is around 500 GeV, also larger values of λU

are interesting since it gives both light first family squarks, light gluinos and light sleptons.

This latter feature can be particularly relevant for the SUSY contribution to the anomalous

magnetic moment of the muon (∆aµ ≡ (g−2)
SUSY
µ /2), as was pointed out already in [5]. ∆aµ

can be roughly approximated by (with the relevant SUSY masses roughly degenerate) [? ]

∆aµ ≈ 1.5× 10
−9

�
tanβ

10

��
300GeV

mµ̃L

�2

sgnµ. (33)

As we discussed, LH slepton masses strongly decrease for sizeable values of λU (and can be-

come smaller than the RH ones). and thus are significantly lighter than in ordinary Gauge

9

Vacuum stability:



SPECTRUM WITH LARGE mh
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Figure 6: Spectrum for a Higgs boson mass of 122 GeV in scenario A.

we then obtain the flavour violating mass-insertions:

(δuLL)ij = (V u
L )

∗
3i(V

u
L )3j

∆m2
q̃3

m2
q̃

, (39)

(δdLL)ij = (V d
L )

∗
3i(V

d
L )3j

∆m2
q̃3

m2
q̃

, (40)

(δuRR)ij = (V u
R )

∗
3i(V

u
R )3j

∆m2
ũ3

m2
ũ

, (41)

(δdRR)ij = (V d
R)

∗
3i(V

d
R)3j

∆m2
d̃3

m2
d̃

, (42)

(δuLR)ij = − A

mq̃mũ

�
V u
L )

∗
3i(V

u
L )3jmuj + 2(V u

R )
∗
3i(V

u
R )3imui

�

≈ (V u
L )

∗
3i(V

u
L )3j

muj

MS
+ 2(V u

R )
∗
3i(V

u
R )3i

mui

MS
, (43)

(δdLR)ij =
A

mq̃md̃

V d
L )

∗
3i(V

d
L )3jmdj

≈ (V d
L )

∗
3i(V

d
L )3j

mdj

MS
, (44)

where we have made used of the fact that the mass splittings and A/MS are O (1), as shown in

the previous sections. Therefore, the size of the flavour violating effects can be easily estimated

in terms of quark rotations only, keeping in mind that the LH rotations are constrained by the

CKM matrix, (V d,u
L )31 � λ3

, (V d,u
L )32 � λ2

(λ ≈ 0.2), while the RH ones are unconstrained

and can be even maximal. For later purposes it will be useful to introduce the “effective” LR

12

light 1,2 squarks 
& gluinos

light stops light LH smuon: g-2 



FLAVOR STRUCTURE

go to convenient flavor basis: yD = ydiagD yU = V †
CKMydiagU

minimal GM: MFV  new FV from 

≈ 0 for mod. tan!

m2
U ∼




m2

0 0 0
0 m2

0 0
0 0 m2

0



+
�
g2λ†

UλU + . . .
�
m2

0

m2
D ∼




m2

0 0 0
0 m2

0 0
0 0 m2

0



+
�
(ydiagD )†λUλ

†
Uy

diag
D

�
m2

0

λU ∼ yU



MASS INSERTIONS
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Figure 7: ∆aµ for a Higgs boson mass of 122 GeV in scenario A.

mass insertions (δuLR)
eff
ij ≡ (δuLL)ik(δ

u
LR)kl(δ

u
RR)lj , which are approximately given by

(δuLR)
eff
ij ≈ 3A

MS

mt

MS
(V u

L )
∗
3i(V

u
R )3j . (45)

In the next section, we are going to estimate constraints and possible effects of the above

flavour structure.

6 Constraints and prediction for ∆aCP

We first discuss constraints from ∆F = 2 observable. Let’s start with the down sector. The

only contributions come from the δdLL of Eq. (??), which have a MFV structure, and thus we

can expect the effects to be under control. In fact, we have:

(δdLL)12 � λ5 ≈ 7× 10
−4, (δdLL)13 � λ3 ≈ 1× 10

−2, (δdLR)12 �
ms

MS
λ5 ≈ 6.4× 10

−8

(46)

to be compared to the bounds corresponding to 1 TeV squarks that are: (δdLL)12 < 1.2×10
−2

,

(δdLL)13 < 0.3, (δdLR)12 < 4× 10
−5.

Moving to the up sector, we find that D−D mixing constraints are easily fulfilled too in

the LL sector. The strongest bounds correspond to �δu12� ≡ ((δuLL)12(δ
u
RR)12)

1/2 < 4 × 10
−3

and (δuRR)12 < 6.0× 10
−2

. From Eqs. (39-41) we have:

θuR13 θuR23 � 6.0× 10
−2, (47)

θuL13 θ
uL
23 θ

uR
13 θuR23 � 1.6× 10

−5
(48)

13

large effects only in up-sector!

(δuLL)ij ∼ (λU )i3(λU )
∗
j3

(δdLL)ij ∼ (λU )i3(λU )
∗
j3

(δuRR)ij ∼ (λU )
∗
3i(λU )3j

(δdRR)ij ≈ 0

(δdLR)ij ∼
A

m̃
(λU )i3(λU )

∗
j3

(mdiag
D )jj
m̃

(δuLR)ij ∼
A

m̃
(λU )3i(λU )

∗
3j

(mdiag
U )ii
m̃

(δuLR)
eff
ij ∼ A

m̃

mt

m̃
(λU )i3(λU )3j

CKM



FLAVOR PHENOMENOLOGY

bounds on !’s constrain parameters

EDM

large "ACP easily possible for sizable RH rots!

(λU )
∗
31(λU )32 � 6.0× 10−2

�
MS

1TeV

�

(λU )13(λU )31 � 1.7× 10−5

�
MS

1TeV

��
MS

A

�
mixingD −D

(δuLR)12 ∼ 2.1× 10−3

�
1TeV

MS

��
A

MS

��
(λU )13
λ3

��
(λU )32
O(1)

�

(δuLR)21 ∼ 9.2× 10−3

�
1TeV

MS

��
A

MS

��
(λU )23
λ2

��
(λU )31
O(1)

�



SUMMARY

introduce couplings of  GM messenger to 
MSSM that are parametrically small as Yuks

large misaligned A-terms 

light stops or light squarks, gluinos, sleptons

can get large mh with light, calculable spectrum 

flavor pheno depends on Yukawa structure

only "C=1 effects large, can account for "ACP
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THEORETICAL MOTIVATION

(ΦD,T )i (ΦD,T )i (ΦD)1 (ΦD)1 (ΦT )1 (ΦT )1 Hu Hd X Q
U(1) 0 0 1 −1 0 0 1 1 0 −1/2

Field (ΦD,T )i (ΦD,T )i (ΦD)2 (ΦD)2 (ΦD)1 (ΦD)1 Hu Hd X

U(1)PQ 0 0 1 −1 −1 1 1 1 0

Table 1: U(1) charge assignment for the most general scenario C. Scenarios A [B] are

obtained by setting the charges of (ΦD)1 [(ΦD)2] and their conjugate fields to zero. (ΦD,T )i

and (ΦD,T )i, i = 3...N −1 denote messengers that do not couple to light fields. The messenger

triplets (ΦT )1,2 and (ΦT )1,2 have either the same charges as the associated doublets or charge

0. We denote the corresponding scenarios by AT, BT and CT.

by the messenger index N (note that N ≥ 2 in scenarios C and CT). In order to be general,

we allow for the possibility that the triplet messengers ΦT ,ΦT can have different charges than

the corresponding messenger doublets. Still, we consider only the possibility that either the

triplet messengers couple to light fields as dictated by SU(5) or they do not couple at all.

We are then left with 6 scenarios, which we summarize in Table 1. Note that in general the

messenger triplets have the same quantum numbers as the Higgs triplets, which we define

as the linear combinations that get GUT scale mass terms. The couplings to the spurion

re-introduce a mixing of Higgs and messenger triplets, but for �X� � MGUT this mixing is

negligible. The most general superpotential (baring explicit messenger mass terms) consistent

with the PQ symmetry is then given by

W = X

N�

α=1

(ΦD,T )α(ΦD,T )α + (yU )ijQiUjHu + (yD)ijQiDjHd + (yE)ijLiEjHd

+ (λU )ijQiUjΦD + (λD)ijQiDjΦD + (λE)ijLiEjΦD

+
1

2
(κQQ)ijQiQjΦT + (κUE)ijUiEjΦT + (κQL)ijQiLjΦT + (κUD)ijUiDjΦT (1)

where we have omitted the heavy Higgs triplets (and their small mixing with messenger

triplets). If the respective couplings are present, we assume that they have the same hierar-

chical structure as the Yukawas and approximately respect SU(5)

κQQ ∼ κUE ∼ λU ∼ yU (2)

κQL ∼ κUD ∼ λD ∼ λE ∼ yE ∼ yD. (3)

Here we take SU(5) just as a guideline to estimate the order of magnitude relations among

the new parameters. It is well known that the relation yE ∼ yD works well for the third

generation, but has to be corrected in the 1-2 sector. Similarly we do not take yU to be

exactly symmetric.

The full superpotential in Eq. (1) corresponds to scenario CT. The other scenarios are

obtained by setting certain couplings to zero as indicated in table 2. Although it is straight-

forward to calculate the soft terms for the full flavor structure of the new couplings, we now

restrict to the 33 entries which give the dominant contribution. Since in this sector the SU(5)

relations work pretty well, we take Eqs. (2,3) as exact equalities for the new couplings in the

2
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ORIGIN OF A-TERMS
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Figure 7: ∆aµ for a Higgs boson mass of 122 GeV in scenario A.

mass insertions (δuLR)
eff
ij ≡ (δuLL)ik(δ

u
LR)kl(δ

u
RR)lj , which are approximately given by

(δuLR)
eff
ij ≈ 3A

MS

mt

MS
(V u

L )
∗
3i(V

u
R )3j . (45)

In the next section, we are going to estimate constraints and possible effects of the above

flavour structure.

6 Constraints and prediction for ∆aCP

We first discuss constraints from ∆F = 2 observable. Let’s start with the down sector. The

only contributions come from the δdLL of Eq. (??), which have a MFV structure, and thus we

can expect the effects to be under control. In fact, we have:

(δdLL)12 � λ5 ≈ 7× 10
−4, (δdLL)13 � λ3 ≈ 1× 10

−2, (δdLR)12 �
ms

MS
λ5 ≈ 6.4× 10

−8

(46)

to be compared to the bounds corresponding to 1 TeV squarks that are: (δdLL)12 < 1.2×10
−2

,

(δdLL)13 < 0.3, (δdLR)12 < 4× 10
−5.

Moving to the up sector, we find that D−D mixing constraints are easily fulfilled too in

the LL sector. The strongest bounds correspond to �δu12� ≡ ((δuLL)12(δ
u
RR)12)

1/2 < 4 × 10
−3

and (δuRR)12 < 6.0× 10
−2

. From Eqs. (39-41) we have:

θuR13 θuR23 � 6.0× 10
−2, (47)

θuL13 θ
uL
23 θ

uR
13 θuR23 � 1.6× 10

−5
(48)
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FULL FLAVOR STRUCTURE

m2
U ∼ 1

(16π2)2
F 2

M2

�
g2λ†

UλU + λ†
UYUY

†
UλU + λ†

UλUλ
†
UλU + Y †

UλUλ
†
UYU

�

Au ∼ − 1

16π2

F

M

�
λUλ

†
UYu + Yuλ

†
UλU

�

m2
Q ∼ 1

(16π2)2
F 2

M2

�
g2λUλ

†
U + λUY

†
UYUλ

†
U + λUλ

†
UλUλ

†
U + YUλ

†
UλUY

†
U

�

Aeff
u ∼ − 1

16π2

F

M
λUλ

†
U

�
λUλ

†
UYu + Yuλ

†
UλU

�
λ†
UλU

(δuRR)12 ∼ (λ∗
U )31(λU )32

(δuLR)
eff
12 ∼ (λU )13(λU )32

(δuLR)
eff
11 ∼ (λU )13(λU )31

∆

∆



(δDXX)12 9.2× 10
−2

[Re] 1.2× 10
−2

[Im]

�δD12� 1.9× 10
−3

[Re] 2.6× 10
−4

[Im]

(δDLR)12 5.6× 10
−3

[Re] 4.0× 10
−5

[Im]

(δUXX)12 1.0× 10
−1

[Re] 6.0× 10
−2

[Im]

�δU12� 6.2× 10
−3

[Re] 4.0× 10
−3

[Im]

(δULR)12 1.6× 10
−2

[Re] 1.6× 10
−2

[Im]

(δDXX)13 2.8× 10
−1

[Re] 6.0× 10
−1

[Im]

�δD13� 4.2× 10
−2

[Re] 1.8× 10
−2

[Im]

(δDLR)13 6.6× 10
−2

[Re] 1.5× 10
−1

[Im]

(δDLR)11 2.0× 10
−6

(δULR)11 3.0× 10
−6

(δELL)12 2.8× 10
−3

[5.7× 10
−4

]

(δERR)12 2.3× 10
−2

[4.6× 10
−3

]

�δE12� 1.8× 10
−3

[3.8× 10
−4

]

(δELR)12 1.7× 10
−5

[3.4× 10
−6

]

Table 1: Bounds on flavour-violating mass-insertions. Here �δfij� ≡
�

(δfLL)ij(δ
f
RR)ij and

X = L,R. Values in [ ] denote expected future bounds. See the text for details.
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U(1) FLAVOR MODELS

"ACP   in slight conflict with EDMs

We see then that a value as Im(δuLR)12 ∼ 10−3, needed to get a large contribution to ∆aCP ,

can be easily achieved in our set-up.

Taking into accounts the bounds in Eqs. (50,51), the 2 possible scenarios are

• Scenario A:

θuL13 ∼ λ3 θuR23 ∼ O (1)

θuR13 � λ4÷5 (54)

• Scenario B:

θuL23 ∼ λ2 θuR13 ∼ λ

θuL13 � λ6÷7 θuR23 � λ (55)

7 Flavor Models

In U(1) models one expects for the four relevant rotation angles the relations [? ]

θuL13 ∼ Vub ∼ λ3 θuL23 ∼ Vcb ∼ λ2

θuR13 ∼ mu

mt|Vub|
∼ λ4÷5 θuR23 ∼ mc

mt|Vcb|
∼ λ1÷2, (56)

which gives

(δuLR)12 ≈ 3.9× 10−4

�
3A

MS

��
1TeV

MS

�
, (57)

(δuLR)21 ≈ 3.6× 10−5

�
3A

MS

��
1TeV

MS

�
(58)

and the constraints in in Eqs. (50, 51) are satisfied. Since large A are possible in this scenario

and LL,RR operators are suppressed with respect to the naive expectation, one can easily

get large ∆aCP even in a U(1) model, in contrast to the results in [? ]. Different relations

can easily be obtained in U(1)× U(1) models.

8 Phenomenology

As pointed out in [7], a good observable to test this scenarios are chargino mediated contri-

butions to ∆S = 1 decays like Bs,d → µ+µ− and K → πνν. The corresponding amplitudes

depend on the rotation angles according to

BR(Bs → µ+µ−) ∼ θuL13 (59)

BR(Bs → µ+µ−) ∼ θuL23 (60)

BR(K → πνν) ∼ θuL13 θ
uL
23 . (61)

In scenario A all effects can be maximal, while in scenario B only BR(Bs → µ+µ−) can be

sizable.
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FLAVOR PHENOMENOLOGY

2 possible scenarios 

θuL13 ∼ λ3θuR23 ∼ O(1) θuR13 � λ4÷5

θuL23 ∼ λ2θuR13 ∼ λ θuL13 � λ6÷7 θuR23 � λ

A)

B)

Predict effects in chargino mediated "S=1 decays

BR(Bd → µ+µ−) ∼ θuL13

BR(Bs → µ+µ−) ∼ θuL23
BR(K → πνν) ∼ θuL13 θ

uL
23

λ ≈ 0.23

in progress...


