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• Flavor motivation

• Mini-split SUSY motivation

• A model for the up quarks

• Down and leptons + CKM matrix

• Constraints and (austere) phenomenology

• Conclusions
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• Masses vary by orders of 
magnitude

• Three generations, each 
much heavier than the 
previous

• Seems to be a regular pattern 
between mass ratios
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• Masses vary by orders of 
magnitude

• Three generations, each 
much heavier than the 
previous

• Seems to be a regular pattern 
between mass ratios

• Neutrinos are completely 
different
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SM FLAVOR STRUCTURE
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mu

mc
⇡ 0.002

mc

mt
⇡ 0.007 1

16⇡2
⇡ 0.006

Radiative flavor generation?

Top mass         :   tree level

Charm mass   :   1-loop

Up mass           :   2-loop
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RADIATIVE FLAVOR GENERATION
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Old idea:

• Derive electron mass from muon mass

• Many other works including

• Also SUSY versions

Glashow, Georgi ‘72. Weinberg ‘72. Barr, Zee ‘77.

Ibanez ’81.  Balakrishna, Kagan, Mohapatra ’88. Babu, Ma ’89. 
Dobrescu, Fox ’08.

Ibanez ’82.  Banks ’88. Babu, Balakrishna, Mohapatra ’90. 
Arkani-Hamed, Cheng, Hall ’96. Graham, Rajendran ’09. 
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LHC is exploring the TeV scale.
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Higgs-like particle discovered with mass around 126 GeV!
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Run I of the LHC has sharpened the hierarchy problem

We appear to have an elementary scalar, yet no sense of 
how its radiative corrections are tamed
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WHAT NOW?

10

Run I of the LHC has sharpened the hierarchy problem

We appear to have an elementary scalar, yet no sense of 
how its radiative corrections are tamed

Nature could be fine-tuned to the Planck scale...

...or we could live in a meso-tuned world. 
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Implement meso-tuning in the 
context of Split Supersymmetry
Wells ’04. Arkani-Hamed, Dimopoulos ’04. 
Giudice, Romanino ’04. 

mW ⇠ 100 GeV

Scalars, Higgsinos, 
other Higgses

mg̃ ⇠ 10 TeV
Gauginos

Mini-split SUSY has received a 
great deal of attention recently
Hall, Nomura ’11. Kane, Kumar, Lu, Zheng ’11. 
Ibe, Matsumoto, Yanagida, ’12. Arvanitaki, 
Craig, Dimopoulos, Villadoro, ’12, Arkani-
Hamed, Gupta, Kaplan, Weiner, Zorawski, ’12. 

msc ⇠ 1000 TeV
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FIG. 3. The allowed parameter space in the tan��Msc plane for a Higgs mass of 125.7±0.8 GeV,

for µ = msc. The solid blue lines delimit the 2� uncertainty. The dashed blue lines show the e↵ect

of the 1� uncertainty in the top mass, mt = 173.2 ± 0.9 GeV [45]. We take the gaugino spectrum

predicted by AMSB (including the heavy Higgsino threshold) with the gravitino mass m3/2 = 500

TeV, resulting in a wino LSP at 2.6 TeV, and a gluino mass of 14.4 TeV. However, the Higgs mass

is highly insensitive to the gaugino spectrum, and a gravitino mass of 50 TeV yields essentially the

same plot above.

the wino mass vanishes! Of course, without soft masses, electroweak symmetry breaking at

a scale much smaller than m3/2 would require Bµ/µ2 ! 1, in which case the wino retains

⇠ 40% of its standard MSSM value. Without sequestering, however, soft masses generally

reduce the threshold e↵ect, and the operator HuHdWhid adds to the magnitude of the wino

10

mh = 125.7± 0.8 GeV

Arkani-Hamed, Gupta, Kaplan, 
Weiner, Zorawski, ’12. 
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Naive gravity mediated SUSY breaking

Scalar masses:
Z

d4✓
X†X

M2
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Naive gravity mediated SUSY breaking

Scalar masses:
Z

d4✓
X†X

M2
Pl

�†� ) m0 ' m3/2

If X has some charge, gaugino mass 
forbidden at tree level

Z
d2✓

X

MPl
W↵W↵

Gaugino masses at one loop from 
anomaly mediation

m1/2 ' g2

16⇡2
m3/2

Giudice, Luty, Murayama, Rattazzi ’98. 
Randall, Sundrum ’98. 

Friday, March 14, 14



DANIEL STOLARSKI     March 14, 2014      CERN Seminar

DARK MATTER
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Gluino

Bino

Wino

Anomaly mediation predicts Wino 
LSP

Wino LSP with mass ~ 3 TeV gives 
correct WIMP dark matter density
Hisano, Matsumoto, Nagai, Saito, Senami, ’06.
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GAUGE UNIFICATION
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Arkani-Hamed, Gupta, Kaplan, 
Weiner, Zorawski, ’12. 
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FIG. 4. Here we show the running of the gauge couplings with scalar masses and Higgsinos fixed at

103 TeV. Error bands on ↵s are at the three-sigma level according to the Particle Data Group [45].

We use Mgluino = 14.4 TeV, Mwino = 2.6 TeV, Msc = µ = 103 TeV and tan� = 2.2 to generate

this plot.

mass and thus reduces the large splitting.

B. New Vector-Like States

As with the µ-term, m3/2 is a natural mass scale for vector-like states. Additional vector-

like states, with big SUSY breaking, can further significantly modify change the anomaly-

mediated spectrum of gauginos. To preserve gauge coupling unification, we assume that

these states are in complete multiplets of SU(5). In the simple limit that their masses come

from a pure GM mass term, they invariably produce a squeezed spectrum among the MSSM

gauginos [48]. As defined in [48], the e↵ective number of messengers measures the size of

the threshold correction compared to that of one canonical 5 + 5̄ pair (in standard SU(5)

language) with a pure GM mass and no additional scalar soft masses.

A heavy vector-like state whose mass comes only from a superpotential (i.e., supersym-

metric) operator would, at leading order in F/M , decouple in such a way as to leave the

11

mg̃ = 14.4 TeV

mW̃ = 2.6 TeV

msc = µ = 1000 TeV

tan� = 2.2
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d̃L s̃L
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(b)
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d s
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(c)

Figure 6.7: Some of the diagrams that contribute to K0 ↔ K
0
mixing in models with strangeness-

violating soft supersymmetry breaking parameters (indicated by ×). These diagrams contribute to
constraints on the off-diagonal elements of (a) m2

d
, (b) the combination of m2

d
and m2

Q, and (c) ad.

There are also important experimental constraints on the squark squared-mass matrices. The

strongest of these come from the neutral kaon system. The effective Hamiltonian for K0 ↔ K
0
mixing

gets contributions from the diagrams in Figure 6.7, among others, if LMSSM
soft contains terms that mix

down squarks and strange squarks. The gluino-squark-quark vertices in Figure 6.7 are all fixed by
supersymmetry to be of QCD interaction strength. (There are similar diagrams in which the bino and
winos are exchanged, which can be important depending on the relative sizes of the gaugino masses.)
For example, suppose that there is a non-zero right-handed down-squark squared-mass mixing (m2

d
)21 in

the basis corresponding to the quark mass eigenstates. Assuming that the supersymmetric correction
to ∆mK ≡ mKL − mKS following from fig. 6.7a and others does not exceed, in absolute value, the
experimental value 3.5× 10−12 MeV, ref. [93] obtains:

|Re[(m2
s̃∗Rd̃R

)2]|1/2

m2
q̃

<
(

mq̃

1000 GeV

)
×






0.04 for mg̃ = 0.5mq̃,

0.10 for mg̃ = mq̃,

0.22 for mg̃ = 2mq̃.

(6.4.2)

Here nearly degenerate squarks with mass mq̃ are assumed for simplicity, with m2
s̃∗Rd̃R

= (m2
d
)21 treated

as a perturbation. The same limit applies when m2
s̃∗Rd̃R

is replaced by m2
s̃∗Ld̃L

= (m2
Q)21, in a basis

corresponding to the down-type quark mass eigenstates. An even more striking limit applies to the
combination of both types of flavor mixing when they are comparable in size, from diagrams including
fig. 6.7b. The numerical constraint is [93]:

|Re[m2
s̃∗Rd̃R

m2
s̃∗Ld̃L

]|1/2

m2
q̃

<
(

mq̃

1000 GeV

)
×






0.0016 for mg̃ = 0.5mq̃,

0.0020 for mg̃ = mq̃,

0.0026 for mg̃ = 2mq̃.

(6.4.3)

An off-diagonal contribution from ad would cause flavor mixing between left-handed and right-handed
squarks, just as discussed above for sleptons, resulting in a strong constraint from diagrams like fig. 6.7c.
More generally, limits on ∆mK and ε and ε′/ε appearing in the neutral kaon effective Hamiltonian
severely restrict the amounts of d̃L,R, s̃L,R squark mixings (separately and in various combinations),
and associated CP-violating complex phases, that one can tolerate in the soft squared masses.

Weaker, but still interesting, constraints come from the D0,D
0
system, which limits the amounts

of ũ, c̃ mixings from m2
u, m

2
Q and au. The B0

d , B
0
d and B0

s , B
0
s systems similarly limit the amounts of

d̃, b̃ and s̃, b̃ squark mixings from soft supersymmetry-breaking sources. More constraints follow from
rare ∆F = 1 meson decays, notably those involving the parton-level processes b → sγ and b → s#+#−

and c → u#+#− and s → de+e− and s → dνν̄, all of which can be mediated by flavor mixing in
soft supersymmetry breaking. There are also strict constraints on CP-violating phases in the gaugino
masses and (scalar)3 soft couplings following from limits on the electric dipole moments of the neutron

58

Scalar masses generically change 
flavor:

Ruled out for TeV scale squarks:

Kaon mixing motivates choice of 1000 TeV squark mass
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SUSY FLAVOR FEATURE
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Z
d4✓

X†X
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Scalar masses generically change 
flavor:

Flavor anarchy can be used 
to generate SM Yukawa 
couplings
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ADVANTAGES OF MINI-SPLIT
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• Generate superpotential Yukawa operators by loops, 

can only be done in conjunction with SUSY breaking

• Scalars do some of the work, need fewer new fields 
than previous models

• Requires flavor anarchy in soft mass, a natural 
consequence of the simplest gravity mediation
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which forbids SM Yukawa 
coupling

Hu

qi uj

Friday, March 14, 14



DANIEL STOLARSKI     March 14, 2014      CERN Seminar

TREE LEVEL TOP MASS

22

1. Introduce U(1) symmetry 
which forbids SM Yukawa 
coupling

Hu

qi uj

Friday, March 14, 14



DANIEL STOLARSKI     March 14, 2014      CERN Seminar

TREE LEVEL TOP MASS

22

1. Introduce U(1) symmetry 
which forbids SM Yukawa 
coupling

2. Add vectorlike Q and U 
which couple to Higgs but 
don’t have flavor

Hu

Q U

Hu

qi uj
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TREE LEVEL TOP MASS
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Mix SM fields into new fermions via U(1) breaking

q3 u3Q̄ Q

Hu

ŪU

� �
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TREE LEVEL TOP MASS

23

Mix SM fields into new fermions via U(1) breaking

q3 u3Q̄ Q

Hu

ŪU

� �

Only top gets mass at tree level

coupling is rank 1qiQ̄
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ŪU

� �

Friday, March 14, 14



DANIEL STOLARSKI     March 14, 2014      CERN Seminar

ONE LOOP CHARM MASS

25

Make      a doublet:�

q3 u3Q̄ Q

Hu

ŪU
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ONE LOOP CHARM MASS

25

Make      a doublet:

Propagating     couples to 
second generation 

Make loop of 

Top mass dynamics 
contains one loop 
charm mass!

q2 u2Q̄ Q

Hu

ŪU

�

�

�

�
�

�

�
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Need SUSY-rotated diagram as well
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TWO LOOP UP MASS

28

Use squark mixing to seed two loop up mass
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Gluino mass insertion 
is one-loop

Use anarchic 
squark flavor 
structure
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STRUCTURE OF MODEL
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STRUCTURE OF MODEL
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DOWN TYPE MASSES

31

As before, forbid Yukawa 
coupling, but allow coupling to 
new vectorlike pair 

Q D

Hd

qi

Hd

dj
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EXTRA VECTORLIKE PAIR

32

i = 1, ..., 4

W = µDDD̄ +QDHd + µi did̄+ fd
i di D̄ �
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EXTRA VECTORLIKE PAIR

32

i = 1, ..., 4

Add additional vectorlike pair which cannot get Yukawa 
coupling

W = µDDD̄ +QDHd + µi did̄+ fd
i di D̄ �
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EXTRA VECTORLIKE PAIR

32

i = 1, ..., 4

Can choose basis such that

leaving 3 massless and one heavy down. 

µi = (0, 0, 0, µ)

Add additional vectorlike pair which cannot get Yukawa 
coupling

W = µDDD̄ +QDHd + µi did̄+ fd
i di D̄ �

Friday, March 14, 14



DANIEL STOLARSKI     March 14, 2014      CERN Seminar

EXTRA VECTORLIKE PAIR

33

Add additional vectorlike pair which cannot get Yukawa 
coupling

W = µDDD̄ +QDHd + µi did̄+ fd
i di D̄ �

Make all remaining f couplings somewhat 
smaller than 1, a technically natural tuning. fd ⇠

0

BB@

yb
yb
yb
1

1

CCA

i = 1, ..., 4
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TREE LEVEL BOTTOM MASS

34

q3 Q̄ Q

� �

Hd

D̄D d4
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TREE LEVEL BOTTOM MASS

34

q3 Q̄ Q

� �

Hd

D̄D

same as top-like mass

d4
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TREE LEVEL BOTTOM MASS

34

q3 Q̄ Q

� �

Hd

D̄D d4

O(1)
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TREE LEVEL BOTTOM MASS

34

q3 Q̄ Q

� �

Hd

D̄D d3

yb
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TREE LEVEL BOTTOM MASS

35

yd ⇠

0

BB@

0 0 0
0 0 0
0 0 yb
0 0 1

1
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ONE LOOP STRANGE MASS

36

q2 d2Q̄ Q

�

� �

�

D̄D

Hd

q3 d3
d4

Make      and 
doublets

� �
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ONE LOOP STRANGE MASS
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TWO LOOP DOWN MASS

38

Same two loop mass as up

1 QED
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g̃
qi

q̃i

q̃3

Gluino mass insertion 
is one-loop

Use anarchic 
squark flavor 
structure

dj

d̃j

d̃4

Hu
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TWO LOOP DOWN MASS

38

Same two loop mass as up
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qi

q̃i

q̃3

Gluino mass insertion 
is one-loop

Use anarchic 
squark flavor 
structure

dj

d̃j

d̃4

Hu

Seeded by large 
coupling to ‘4’
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TWO LOOP DOWN MASS

yd ⇠
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TWO LOOP DOWN MASS
Fourth generation has vectorlike mass

At scales well below 

µd4d̄

µ

Masses: ("2, yb", yb)

yd ⇠

0

@
"2 "2 "2

"2 yb" yb"
"2 yb" yb
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A
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WHY ALL THE FUSS?

41

h
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d4
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s

u d

yb

yb"

O(1)

"

"2 "2

O(1)

If up and down sectors 
were the same, then 

If we want a proton that is 
lighter than the neutron, 
need more structure

Current setup gives

mu

mt
' md

mb
) md ⌧ mu

mu

mt
' md

mt
) md ' mu
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CKM MATRIX
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CKM MATRIX
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CKM MATRIX

Vd ⇠

0

@
1 "/yb "2/yb

"/yb 1 "
"2/yb " 1

1

A

yd ⇠

0

@
"2 "2 "2

"2 yb" yb"
"2 yb" yb

1

Ayu ⇠

0

@
"2 "2 "2

"2 " "
"2 " 1

1

A

Vu ⇠

0

@
1 " "2

" 1 "
"2 " 1

1

A

VCKM = V†
uVd ⇠

0

@
1 "/yb "2/yb

"/yb 1 "
"2/yb " 1

1

A

42

Vus = � ' sin ✓c ⇠ "/yb

Friday, March 14, 14



DANIEL STOLARSKI     March 14, 2014      CERN Seminar

CKM PHASE

q3 u3Q̄ Q

Hu

ŪU

� �

q2 Q̄ Q

�

�

�

�

Hu

u2ŪU

Diagrams that generate 
Yukawa’s have complex 
couplings

Different couplings go into 
different Yukawa entries

CKM matrix will have O(1) 
phase

43
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LEPTON SECTOR
Model consistent with SU(5) unification: 

Leptons like downs d ! ` q ! e

q3 Q̄ Q

� �

Hd

D̄D d3

m⌧ ' mb

44
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LEPTON SECTOR
Model consistent with SU(5) unification: 

Leptons like downs d ! ` q ! e

q2 Q̄ Q

�

� �

�

d2D̄D

Hd

mµ ' ms
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LEPTON SECTOR
Model consistent with SU(5) unification: 

Leptons like downs d ! ` q ! e
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SUMMARY OF FIELD CONTENT
TABLE V: The full particle content of our model in addition to that of the MSSM. We

also give the charges under U(1)F , the SM gauge group, and R-parity. Note that the

MSSM fields q, u, d, `, e are neutral under U(1)F and negative under Rp.

Field U(1)F SU(3) ⇥ SU(2) ⇥ U(1) Rp

Hu, Hd ⌥2 (1,2)1/2 + (1,2)�1/2 +

Q, Q̄ ±1 (3,2)1/6 + (3̄,2)�1/6 �
U , Ū ±1 (3̄,1)�2/3 + (3,1)2/3 �
E, Ē ±1 (1,1)1 + (1,1)�1 �
D, D̄ ⌥3 (3̄,1)1/3 + (3,1)�1/3 �
L, L̄ ⌥3 (1,2)�1/2 + (1,2)1/2 �
`4, ¯̀ 0 (1,2)�1/2 + (1,2)1/2 �
d4, d̄ 0 (3̄,1)1/3 + (3,1)�1/3 �

�1,2, �̄1,2 ±1 (1,1)0 +

�1,2, �̄1,2 ⌥3 (1,1)0 +

⇠, ⇠̄ ⌥2 (1,1)0 +

explaining the many hierarchies we have seen through the physics of radiative corrections.

Only the ratio of the bottom to top quark masses is left unexplained, but this ratio is

correlated with the size of the Cabibbo angle, giving unexpected agreement in both sectors.

All other small numbers in the SM flavor sector are the result of loop corrections and a

consequence of linear algebra. The theory does not need to distinguish di↵erent generations,

yet it generates all the flavor hierarchies we observe in nature.
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Appendix A: Flavon Sector Details

The field content of the model is given in Tables I, II, and III, and we give the full field

content in here in Table V for completeness. In this Appendix, we explain the field content

33

• Field content is consistent with 
SU(5) unification and R-parity

• SM matter neutral under U(1), all 
other matter vectorlike

• Anomalies cancel trivially, 
everybody gets supersymmetric 
mass

• Flavon sector slightly 
complicated
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MSSM CONTRAINTS
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FIG. 1: Summary of various low energy constraints (left of the lines are the excluded regions) in

the sfermion mass vs. tan� plane for the example of 3 TeV bino and wino and 10 TeV gluino,

while fixing the mass insertion parameters to be (�
A

)
ij

= 0.3 when using the super-CKM basis.

The dark (light) blue shaded band is the parameter space compatible with a Higgs mass of m
h

=

125.5±1 GeV within 1� (2�). The upper (lower) plot gives the reach of current (projected future)

experimental results collected in Tab. I.

electric dipole moments (EDMs). In this work we investigate the limits that these searches

place on flavor violation at the PeV scale. We will see that in many cases the diagrams

which constrain the split SUSY case are di↵erent than those which place constraints in the

well studied low scale SUSY case. Our results are summarized in Fig. 1 in which current

bounds and future sensitivity to the scalar masses is shown in a slice of parameter space

(see the next section for more details of assumptions made). Our conclusion is that the

0.1-1 PeV scale will be probed by a host of experiments in the near future. Constraints

from Kaon oscillations are already probing squark masses of a PeV. Bounds on neutron and

nuclear EDMs are likely to improve by several orders of magnitude and can also probe PeV

scale quarks. Searches for muon lepton flavor violation as well as precision measurements of

D0-D̄0 oscillations will also reach this interesting range.

In Fig. 1 we have assumed that the squark and slepton mass matrices are anarchic in

3

Altmannshofer, Harnik, Zupan ’13. 
See also McKeen, Pospelov, Ritz ’13. 
Moroi, Nagai ’13. Eliaz, Giveon, 
Gudnason, Tsuk, 13. 
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MODEL PHENO
Model has messengers and flavons (+inos) 
which couple to second and third generation

Precision flavor observables involving second 
and third generation provide in principle test

• Charm (C)EDM

•  

• Bs mixing

⌧ ! µ�

q2 u2Q

Hu

U

�

�

�

�

g/�

50

Need order of magnitude improvement
in experimental precision for discovery
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MODEL PHENO
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MSSM Model

Flavon contribution does not have gaugino mass insertion

Model contribution is one loop enhanced
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CONCLUSIONS
• LHC discoveries (and lack of) make mini-split SUSY an intriguing 

framework with unification and dark matter accommodated

• Dumbest form of SUSY breaking gives anarchic flavor structure in 
soft masses, fine for mini-split

• Anarchic structure can be used to build radiative flavor model and 
give elegant explanation of structure of SM parameters

• Use of one small parameter for b Yukawa gives right Cabibbo 
angle and CKM matrix

• Model presented here all the hierarchies of the SM quark and 
charged lepton sector
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