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Figure 2: Weighted by “observers per baryon”, the probability distribution for ρΛ de-

pends strongly on specific assumptions about conditions necessary for life. Three curves

are shown, corresponding to different choices for the minimum required mass of a galaxy:

M∗ = (107, 109, 1012)M". In neither case is the observed value (vertical bar) in the preferred

range. The choice M∗ = 107M" (also shown in Fig. 1) corresponds to the smallest observed

galaxies. The choice M∗ = 1012M" minimizes the discrepancy with observation but amounts

to assuming that only the largest galaxies can host observers. By contrast, the Causal En-

tropic Principle does not assume that observers require structure formation, let alone galaxies

of a certain mass; yet its prediction is in excellent agreement with the observed value (see

Fig. 8).

different approach, which is always well-defined. It will allow us to assume nothing
more about observers than that they respect the laws of thermodynamics.

2.3 Weighting by entropy production in the causal diamond

Causal Entropic Principle In this paper we will compute the probability distribu-
tion for ρΛ based on the Causal Entropic Principle, which is defined by the following

two conjectures [21]:

(1) The universe consists of one causally connected region, or “causal diamond”.

Larger regions cannot be probed and should not be considered part of the semi-
classical geometry.

– 10 –

Fraction of virialized baryons
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Figure 1: The probability distribution of the vacuum energy measured by typical observers,

computed from the Causal Entropic Principle, is shown as a solid curve. The values consistent

with present cosmological data, in the shaded vertical bar, are well inside the 1σ region (shown

in white), and hence, not atypical. For comparison, the dashed line shows the distribution

derived by estimating the number of observers per baryon. Unlike our curve, it assumes

that galaxies are necessary for observers; yet, the observed value is very unlikely under this

distribution. For more details about both curves, see Figures 2 and 8.

In this paper we address the third condition. We will use a novel approach, the
Causal Entropic Principle, to argue that the observed value of ρΛ is not unlikely. Our
main result is shown in Fig. 1.

The Causal Entropic Principle is based on two ideas: any act of observation in-
creases the entropy, and spacetime regions that are causally inaccessible should be

disregarded. It assumes that on average, the number of observations will be propor-
tional to the amount of matter entropy produced in a causally connected region, ∆S.

Vacua should be weighted by this factor to account for the rate at which they will be

the cosmological constant gradually [12, 13]. In the string landscape, the vacuum preceding ours was
likely to have had an enormous cosmological constant. Its decay acted like a big bang for the observed
universe and allowed for efficient reheating [6].

– 3 –
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Figure 2: The Higgs mass prediction in the SM for theories where the boundary condition for the
quartic coupling at m̃ is given by Eq. (2), for fixed values of m̃ = 1014 GeV and αs(MZ) = 0.1176.
The solid red curve gives the Higgs mass prediction for mt = 173.1 GeV, while the shaded red
band shows the uncertainty that arises from the experimental uncertainty in the top quark mass
of ±1.3 GeV. The horizontal blue lines show the corresponding asymptotes of the prediction for
large tanβ. For tan β < 1, an identical figure results provided the horizontal axis is labeled by
cotβ.

section 3.3 we discuss the relation to other work.

All figures and analytical results are obtained using two-loop renormalization group (RG)

scaling of all couplings from m̃ to the weak scale, together with one-loop threshold corrections

at the weak scale, including the one-loop effective potential for the Higgs field. In addition,

we include the two- and three-loop QCD threshold corrections in converting the top-quark pole

mass to the MS top Yukawa coupling, since they are anomalously large. Experimental values of

mt = 173.1 ± 1.3 GeV [11] and αs(MZ) = 0.1176 ± 0.002 [12] are used.

3.1 SM below m̃

In a general supersymmetric model, the SM Higgs doublet may be a combination of super-

symmetric Higgs doublets having opposite hypercharge so that, before including threshold cor-

rections, the boundary condition on the quartic coupling is given by Eq. (2). The resulting

prediction is actually a correlation between the Higgs boson mass and the parameter tanβ, as

shown by the solid red curve in Figure 2. Remarkably, even as β varies over all possible values,

the Higgs mass lies in a narrow, high-scale supersymmetry, window of ! (128 – 141) GeV. Fur-

thermore, for large values of tanβ the Higgs mass rapidly asymptotes to ! 141 GeV, shown by

8
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Figure 1: The a priori probability distribution is peaked at low values of λ.

example, an alternative assumption that P (λ) is peaked at large positive values of λ predicts mH

near the perturbativity limit of 180 GeV. However, this prediction could depend on whether the

theory has a large energy interval in which it is strongly coupled before a perturbative quartic

emerges at low energy. Furthermore, an observation of a Higgs boson mass in this region could

be interpreted in terms of a strongly coupled fundamental theory without any recourse to the

landscape. In the rest of this paper, we concentrate on the possibility that the probability

distribution P (λ) is peaked towards low values, corresponding to a Higgs boson mass near the

stability limit of mH ≈ 106 GeV. A measurement of such a Higgs mass, together with the

absence of any new physics, would provide evidence for environmental selection.

The top quark Yukawa coupling, h, plays an essential role in electroweak symmetry breaking

in the SM with large ΛSM , through its effect on the renormalization group (RG) scaling of the

Higgs quartic coupling, λ. Suppose that h also scans in the landscape, so that there is a

combined probability distribution P (λ, h). How is the discussion of the Higgs mass prediction

changed? As we will show, the metastability boundary in the (λ, h) plane has a special point,

where λ is at a minimum, and a simple assumption for the a priori probability distribution,

P (λ, h), implies that patches of the universe in the desired electroweak phase are most likely

to be in the neighborhood of this point. Remarkably, at this special point

mHc = (121 ± 6) GeV mtc = (176 ± 2) GeV, (5)

where the uncertainty corresponds to ΛSM = 1018±1 GeV, leading simultaneously to a prediction

for the Higgs mass and to a broadly successful post-diction for the top mass. Although there

4

rP
Electroweak vacuum

highly unstable



Higgs Mass Prediction

2.  From Multiverse Argument
  Feldstein, Hall, Watari

  hep-ph/0608121

Figure 1: The a priori probability distribution is peaked at low values of λ.

example, an alternative assumption that P (λ) is peaked at large positive values of λ predicts mH

near the perturbativity limit of 180 GeV. However, this prediction could depend on whether the

theory has a large energy interval in which it is strongly coupled before a perturbative quartic

emerges at low energy. Furthermore, an observation of a Higgs boson mass in this region could

be interpreted in terms of a strongly coupled fundamental theory without any recourse to the

landscape. In the rest of this paper, we concentrate on the possibility that the probability

distribution P (λ) is peaked towards low values, corresponding to a Higgs boson mass near the

stability limit of mH ≈ 106 GeV. A measurement of such a Higgs mass, together with the

absence of any new physics, would provide evidence for environmental selection.

The top quark Yukawa coupling, h, plays an essential role in electroweak symmetry breaking

in the SM with large ΛSM , through its effect on the renormalization group (RG) scaling of the

Higgs quartic coupling, λ. Suppose that h also scans in the landscape, so that there is a

combined probability distribution P (λ, h). How is the discussion of the Higgs mass prediction

changed? As we will show, the metastability boundary in the (λ, h) plane has a special point,

where λ is at a minimum, and a simple assumption for the a priori probability distribution,

P (λ, h), implies that patches of the universe in the desired electroweak phase are most likely

to be in the neighborhood of this point. Remarkably, at this special point

mHc = (121 ± 6) GeV mtc = (176 ± 2) GeV, (5)

where the uncertainty corresponds to ΛSM = 1018±1 GeV, leading simultaneously to a prediction

for the Higgs mass and to a broadly successful post-diction for the top mass. Although there

4

rP
Electroweak vacuum

highly unstable

Top and QCD 
contributions to running2 loop

running
running to 

pole
Strength of probability 

distribution

mH =


112 + 6

✓
mt � 173GeV

2GeV

◆
� 2.6

✓
↵s � 0.1176

0.002

◆
± 6 +

25

q

�
GeV



Both Schemes Require a Heavy Quark

  Feldstein, Hall, Watari
  hep-ph/0608121



Both Schemes Require a Heavy Quark

  Feldstein, Hall, Watari
  hep-ph/0608121

A universal Yukawa distribution peaked around 10�3

y

P (y) Electroweak 
vacuum stability

Complex nuclei
Hydrogen stability



2.  Spread SUSY

Hall, Nomura 1111.4519 



Stabilizing SUSY Breaking at Multi-TeV

Runaway to
High Scale SUSY

m̃

dP

d ln m̃

p > 2

v



?



Multiverse for v,       , and   ⇤CC m̃

 ⇤CC
No

Large Scale Structure
Weinberg PRL 1987 

rP

Agrawal, Barr, Donoghue, Seckel
ph/9707380

v
No

Complex Nuclei

rP

Hall, Nomura   1111.4519


Too much

Dark Matter
m̃

rP



A Boundary from LSP Freeze-Out

Assumptions: 1.   The LSP is cosmologically stable
2. TR � m̃
3.    No Dilution

The result: ⌦h2 / 1

h�Avi
/ m2

LSP / m̃2

⇢D < ⇢c m̃ < m̃c



A Boundary from LSP Freeze-Out

Assumptions: 1.   The LSP is cosmologically stable
2. TR � m̃
3.    No Dilution

The result:

Galactic disks don’t fragmentTegmark, Aguirre, Rees, Wilczek  astro-ph/0511774
Close stellar encounters disrupt planets{

⌦h2 / 1

h�Avi
/ m2

LSP / m̃2

⇢D < ⇢c m̃ < m̃c



A Boundary from LSP Freeze-Out

Assumptions: 1.   The LSP is cosmologically stable
2. TR � m̃
3.    No Dilution

The result:

mLSP � �e�

⇤
TeqMP ⇥

� �e�

0.01

⇥
1 TeV Unnatural 

Multi-TeV SUSY

Galactic disks don’t fragmentTegmark, Aguirre, Rees, Wilczek  astro-ph/0511774
Close stellar encounters disrupt planets{

⌦h2 / 1

h�Avi
/ m2

LSP / m̃2

⇢D < ⇢c m̃ < m̃c



Two Cases

Scalar Masses X†X

M2
(Q†Q+ . . . ) m̃ ⇠ FX

M
⇠ m3/2



Two Cases

Scalar Masses X†X

M2
(Q†Q+ . . . ) m̃ ⇠ FX

M
⇠ m3/2

X

M
W↵W↵

??



Two Cases

Scalar Masses X†X

M2
(Q†Q+ . . . ) m̃ ⇠ FX

M
⇠ m3/2

TeV
q̃, g̃, . . .

Multiverse MSSM

Yes X

M
W↵W↵

??



Two Cases

Scalar Masses X†X

M2
(Q†Q+ . . . ) m̃ ⇠ FX

M
⇠ m3/2

TeV
q̃, g̃, . . .

Multiverse MSSM

Yes X

M
W↵W↵

??

100 TeV

TeV

q̃, . . .

g̃, . . .

Spread SUSY

No
1-loop anomaly

mediation
Giudice, Luty, 

Murayama, Rattazzi   
hep-ph/9810442 



Spread SUSY

TeV

Gaugino dark matter

TeV

Munif

Munif

m̃s

m̃f



Spread SUSY

TeV

Gaugino dark matter

TeV

Munif

Munif

m̃s

m̃f

125 GeV Scalar is “effortless”

m̃s



Spread SUSY

TeV

Gaugino dark matter

Spread Hall, Nomura arXiv:1111.4519 

Pure Gravity Mediation Ibe, Yanagida arXiv:1112.2462 

Mini-Split Arvanitaki, Craig, Dimopoulos, 
Villadoro arXiv:1210.0555 

Simply Unnatural Arkani-Hamed, Gupta, Kaplan, 
Weiner, Zorawski  arXiv:1212.6971 

TeV

Munif

Munif

m̃s

m̃f

125 GeV Scalar is “effortless”

m̃s



Susy Spectrum

Hall, Nomura, Shirai 
arXiv:1210.2395 

0.2

0.5

1

2

10100

√
F
X

[G
eV

]

r∗

×1012

Mg̃ =10 TeV

5 TeV

3 TeV

2 TeV

1 TeV

MW̃ =3 TeV

1 TeV

500 GeV

200 GeV

Mass Spectrum

m̃=10
2
TeVm̃=10

3
TeV

m̃=10
4
TeV

m̃=10
5
TeV

10

100

1000

10100

m
3/

2
[T
eV

]

r∗

1

1

0.1

0.1

0.01

10m 1m
0.1m

1cm
1mm

0.1mm

TR = 106 GeV

0.2

0.5

1

2

√
F
X

[G
eV

]

×1012

1

1

0.1

0.01

10m 1m
0.1m

1cm
1mm

0.1mm

TR = 107 GeV

10

100

1000

m
3/

2
[T
eV

]

1

0.1

0.01

10m 1m
0.1m

1cm
1mm

0.1mm

TR = 108 GeV

0.2

0.5

1

2

1016 1017 1018

√
F
X

[G
eV

]

M∗ [GeV]

×1012

1

0.1

0.01

10m 1m
0.1m

1cm
1mm

0.1mm

TR = 109 GeV

1016 1017 1018
10

100

1000

m
3/

2
[T
eV

]

M∗ [GeV]

1

0.1

10m 1m
0.1m

1cm
1mm

0.1mm

TR = 3×109 GeV

ΩW̃h2

cτg̃
1 < Mg̃ < 3 TeV

AMS-02(KRA)
AMS-02(MIN)

Fermi
Fermi(3×weaker)

Figure 6: Contours of the gluino decay length cτg̃ and the wino relic abundance ΩW̃h2, as well as
the constraint from the Fermi photon observation and future prospect for the AMS-02 antiproton
search, are shown in theM∗-

√
FX (or r∗-m3/2) plane for various values of the reheating temperature

TR. Contours of the gluino and wino masses Mg̃,W̃ and the degenerate squark mass m̃ are also
shown in the top left panel. The value of L has been chosen such that MW̃ is maximized, keeping
the wino LSP; numerically, L # 3m3/2.
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Much To Explore: (1) Flavor/CP

Arkani-Hamed, Gupta, Kaplan, 
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With m2
ij/m

2
sc ⇠ O(1), tan � ⇠ O(1), and µ ⇠ mg̃ ⇠ msc, this gives a correction to all up

Yukawa couplings of order ⇠ 10�2, vastly larger than observed.

It is interesting that with our minimally split spectrum, with µ ⇠ msc and mg̃ ⇠ 10�2msc,

this correction is roughly of the order of the up quark Yukawa coupling. The up quark mass

can plausibly arise from this “SUSY slop”. Note that the analogous “slop” can not be

significant for the down and electron Yukawa couplings since the correction are / �b,⌧ tan

�, and for the moderate tan� we are forced to have, the corrections are about 10�2 of the

observed values.

More generally, supersymmetric theories with a split spectrum allow us to re-open the

idea of a radiatively generated hierarchy for Yukawa couplings. The central challenge to

building such theories of flavor is the following: the chiral symmetries protecting the gener-

ation of Yukawa couplings must obviously be broken, but then what forces the Yukawas to

only be generated at higher loop orders [58, 59]? Supersymmetry o↵ers the perfect solution

to this problem, since the chiral symmetries can be broken in the Kähler potential, while

holomorphy can prevent these breaking to be transmitted to Yukawa couplings in the super-

potential. The chiral symmetry breaking is only transmitted to generate Yukawa couplings,

radiatively, after SUSY breaking [60]. Unfortunately, it is extremely di�cult to realize this

idea in a simple way, with a natural supersymmetric spectrum; the flavor violations needed

in the soft terms are large, and would lead to huge flavor-changing neutral currents. But in

our new picture this is no longer the case: Yukawa couplings are dimensionless and can be

generated at any scale, while the FCNC’s decouple as the scalars are made heavy.

17

Radiative quark and lepton masses

McKeen, Pospelov, Ritz 
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4

For the chosen normalization parameters, this is signif-
icantly below the current constraint of |de| . 1.05 ⇥
10�27 e cm [14], unless tan � is particularly large. Notice
also that the 1-loop bino-slepton EDM diagram does not
receive a logarithmic enhancement. The technical rea-
son for the log-enhancements of the CEDMs at one loop
can be traced to the fact that the gluino carries a color
charge, and more precisely to the part of the gluino prop-
agator given by taGa

µ⌫�µ⌫M3/(p2 � M2
3 )2 in an external

field; the corresponding term in the bino propagator is
absent due to its neutrality. A similar log-enhancement
does appear in the chargino-slepton loop, but given that
one of the vertices is proportional to the Yukawa coupling
of the external fermion, such diagrams are subleading as
they do not recieve the m⌧/me enhancement due to large
LR mixing.

If we fix the mixings in the u-, d-, and e-sectors to
✓2u,d,e = 1/3 as well as the gaugino masses to M1,3 =

1 TeV, we can calculate the (C)EDMs d̃u,d, de as func-
tions of tan � and ⇤SUSY. In Fig. 2, we show contours of
constant �mq and d̃u,d, varying tan � and ⇤SUSY. We see
that the EDM limits probe scales of O(0.1) PeV or even
higher in this scenario. The corresponding contour for de
is similar in shape to that for d̃d, and using the current
limit from the bound on the EDM of YbF [14], is sen-
sitive to scales of O(30) TeV with the same parameters.

Finally, we will comment briefly on the contribution of
two-loop Barr-Zee-type diagrams with a closed chargino
loop attached to the quark lines by a virtual h� pair
[16]. For the scenarios we are considering, these dia-
grams constitute a small correction (although they can
be important in scenarios where the h ! �� rate is in-
creased through CP-violating interactions [17]). In fact,
while these corrections are small for case 1, they are tiny
for case 2. Although they have a milder decoupling with
⇤SUSY, d2�loop BZ

i / 1/µ ⇠ 1/⇤SUSY, they do not re-
ceive the corresponding mass enhancement by mt/mu,
i.e. d2�loop BZ

i ⇠ mi, which renders them subdominant
over the full range of ⇤SUSY that is of interest here.

3. FLAVOR-VIOLATING OBSERVABLES

In contrast to EDMs, most flavor-violating observables
arise in the down-type fermion sector and so cannot ac-
cess the large mt/mu enhancement from generic flavor
mixing at the sfermion scale. Nonetheless, dipole transi-
tions can still be important, particularly for large tan �.
Observables which do not require a chirality flip are again
comparatively weaker in this scenario, but we still find
that ✏K provides the best sensitivity in the 1-2–sector,
albeit only probing slightly higher scales than EDMs.
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FIG. 2. Contours of �mu = 1MeV and �md = 2MeV (blue,
dashed) and d̃q = 6 ⇥ 10�27 cm for q = u, d (red, solid) are
shown, with ✓2q13 = 1/3, M3 = 1 TeV, and sin�q̃µ = 1/

p
2. If

the limit |d̃u� d̃d| . 6⇥10�27 cm from the mercury EDM [11]
is interpreted as a limit on d̃u(✓ũµ) and d̃d(✓d̃µ) independently,
given the distinct CP phases, then the shaded region to the
left of each contour is ruled out. For comparison, we have
shown the region of parameter space consistent at 2� with
a Higgs mass mh = 125.7 ± 0.8 GeV [1] and the top mass
fixed to mt = 173.5 GeV (green, inner band) and with mt in
the range 173.5± 1 GeV (yellow, outer band). (The one-loop
leading-log corrections [15] to the Higgs mass are used here;
two-loop corrections tend to lower the band to slightly smaller
values of tan�, see, e.g., [2].)

A. Kaon mixing and ✏K

As always, limits from K0 � K
0

mixing are extremely
important, in particular the constraint from indirect CP-
violation in neutral kaon decay. For case 1, ✏K takes the
form [18]

✏SUSY
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(17)

assuming that the K0�K
0

mass di↵erence is dominantly
accounted for by the SM. For case 2, the coe�cient 0.15
is replaced by 0.30 in the above expression. If all of the
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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

3
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Much To Explore: (2) Proton Decay

(a)
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Figure 2: One-loop diagrams which yield the baryon-number violating four-Fermi op-
erators. Diagrams (a) and (b) are generated by charged wino and higgsino exchanging
processes, respectively. Gray dots indicate dimension-five effective interactions, while
black dots represent wino or higgsino mass terms.

which yields the dimension-five effective operators,

L5 =

∫

d2θW5 + h.c. . (14)

The effective operators contain sfermions in their external lines. Below the SUSY
breaking scale, MS, these sfermions turn into the SM fermions via the charged wino and
higgsino exchanging processes shown in Fig. 2. In this figure, the gray and black dots
indicate the dimension-five effective interactions and the mass terms for wino or higgsino,
respectively. The first operator in Eq. (13) contributes to the diagram (a), while the
second one induces the diagram (b). Although the contribution of the diagram (b) is
suppressed by the CKM matrix elements as it is generated in the flavor changing process,
it is found to be sizable because of the large Yukawa couplings of the third generation
fermions [11, 58]. The contributions of flavor-conserving neutral gauginos and higgsino
exchange are in general suppressed by the Yukawa couplings of the first generation, thus
negligible. Among them, the gluino contribution might be sizable because of the large
coupling. It turns out, however, that the gluino contribution vanishes in the limit where
squarks are degenerate in mass, and we consider such a case in the following calculation.
When sfermion mass matrices have large flavor mixing, the contributions may also be
significant, though we do not take into account such a situation for simplicity.

After the electroweak symmetry breaking, the charged wino and higgsino are mixed
with each other. In the following calculation, however, we neglect the effect since we
mainly consider the case where M2, µH ! mW with mW the mass of W -boson. When the
masses of wino and higgsino are nearly degenerate, the mixing effects might be significant.
It is straight-forward to modify the formulae obtained below in such a case.
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FIG. 1. Limit on SUSY scales from p ! K⌫ and p ! ⇡e. Precise gaugino masses are related to M
ino

in the text. Projected
limits after 8 years of Hyper-K running [28] are shown as lighter bands around the current constraints. Left: µ = M

scalar

and
zero sfermion mixing. Right: µ = M

ino

and large sfermion mixing. Colors on the right match those as labeled on the left. For
comparison, in the M

ino

< M
scalar

region, we rescale and overlay Fig. 5 of [11] to show the parameter space incompatible with
the observed Higgs mass. (For µ = M

scalar

, we use the approximation that the dominant contributions to the Higgs mass from
the -ino sector are sensitive to max(µ,M

ino

).)

which are typically of order 1-4 and inversely correlated
with the short-range factors. Finally, running from m

t

to the proton mass m
p

, keeping only QCD, we obtain a
universal long-range renormalization

A
L

=

✓
↵3(mt

)

↵3(mb

)

◆� 6
23
✓
↵3(mb

)

↵3(mc

)

◆� 6
25
✓
↵3(mc

)

↵3(mp

)

◆� 2
9

.

(3)

Overall, the product of the A factors provides a factor
of 7-9 enhancement in the case of the QQQL operator,
and a factor of 4-6 enhancement in the case of the uude
operator.2

In Fig. 1 we plot the limits from p ! ⇡e and p !
K⌫ in the cases µ = M

scalar

and µ = M
ino

. In the
first case we take unit sfermion mixing matrices and in
the second we assume a strongly-mixed structure. In

2
Since we are interested primarily in an order-of-magnitude anal-

ysis for the SUSY scales, we have neglected some renormalization

e↵ects, including contributions from the third generation Yukawa

couplings which contribute to AL

S

and AR

S

when the dimension-5

operator contains third generation sfermions. We estimate the

impact of these corrections is tens of percent due to the rela-

tively smaller numerical coe�cient in the RGEs compared to the

gauge sector. We expect that a more precise calculation of the

renormalization factors will not significantly impact the order-

of-magnitude SUSY scales required to suppress proton decay.

both cases we perform the calculation with scalar masses
fixed to M

scalar

and gaugino masses related to M
ino

by
O(1) factors: M

i

= b
i

g2
i

M
ino

, where i is the gauge group
index. This choice is arbitrary and the results are not
sensitive to it as long as the factors are O(1); we have
chosen it to reproduce an anomaly-mediated structure
when M

ino

= M
scalar

/16⇡2. For the strongly-mixed case
we omit left-right mixing, but in the LL and RR sectors
we take for each sfermion mixing matrix an example given
by

V =

0

B@

1p
3

1p
3

1p
3

� 1p
3

� 1
2 +

p
3
6

1
2 +

p
3
6

� 1p
3

1
2 +

p
3
6

1
2 �

p
3
6

1

CA . (4)

There is no underlying UV physics motivating this choice
of V ; we use it simply to illustrate the possible impact of
flavor mixing. (V has the property that the lightest mass
eigenstate is maximally mixed, while the products of the
components of the other two eigenstates is maximized.)
The structure of the limit curves is straightforward to

understand. The p ! K⌫ process is able to proceed
by neutral gaugino exchange with no need for sfermion
flavor-changing insertions. Consequently, turning on
large sfermion flavor mixing has little impact on the lim-
its from this process. This is in contrast to the usual
SU(5) calculation, where the corresponding dimension 5
operators would be generated with strong Yukawa sup-

Dine, Draper, Shepherd 
arXiv 1308.0274

The value of the unified gauge coupling at E ! Munif is

gunif(Munif) ! 0.65. (10)

This and Eq. (8) have an important implication on the rate of dimension six proton decay, caused

by an exchange of the unified gauge bosons. Since the (partial) decay rate is proportional to

gunif(Munif)4/M4
unif , we find

ΓSpread

ΓMSSM

! 30 – 200, (11)

where we have used gunif(Munif)|MSSM ! 0.7 and Munif |MSSM ! 2 × 1016 GeV. This corresponds

to the lifetime [20]

τp→e+π0 ! (0.8 – 5)× 1034 years (12)

in 4-dimensional supersymmetric grand unified theories. This range is just above the current

lower limit from Super-Kamiokande τp→e+π0 > 8.2××1033 years [21], and can be fully covered by

the planned Hyper-Kamiokande experiment at the 3σ level [22]. If grand unification is realized

in higher dimensions [23], dimension six proton decay can have a variety of final states [24]. The

lifetime in this case is also expected to be shorter than the corresponding case in which the low

energy theory is the MSSM.

3.3 Dark matter

If dark matter is composed only of Higgsinos then the freeze-out mechanism requires the Higgsino

mass to be 1.1 TeV. On the other hand, with multi-component dark matter the Higgsino fraction,

and therefore the Higgsino mass, depends on the relevant multiverse distribution functions. This

makes the mass of the Higgsino lighter:

mh̃ ! 1.1

(

Ωh̃

ΩDM

)1/2

TeV. (13)

(In this subsection, we ignore the small difference between mh̃ and the LSP mass mχ0
1
.)

For illustration, let us take a distribution function f(m̃)dm̃ = m̃p(dm̃/m̃) for values of m̃

giving a Higgsino mass in the region corresponding to the critical environmental boundary of

Eq. (2). This includes a quadratic weighting factor resulting from the environmental requirement

that the Higgs vacuum expectation value is below its critical value. For mixed Higgsino/axion

dark matter, the environmental boundary of Eq. (2) can be cast in the form

x2 + y2 < 1; x =
m̃

m̃c

=
mh̃

mh̃c

, y =
θ

θc
, (14)

where θ is the axion misalignment angle, whose multiverse distribution is expected to be flat,

and subscripts refer to the critical values. As an example, p = 1 leads to equal multiverse

11
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The lifetime for such a decay can be quite long, with

c⌧ ⇡ 10�5m
⇣ mq̃

PeV

⌘4
✓
TeV

mg̃

◆5

. (9)

This leads to an interesting immediate observation: the fact that gluinos decay at all

inside the detector will imply a scale within a few orders of magnitude of the gluino mass

scale. Moreover, if the gluino decays promptly, without any displacement, we will already

know that the scalar mass scale is at an energy scale ⇠< 100 TeV, that is at least conceivably

accessible to future accelerators.

While this signal places an upper bound on the next mass scale, there are signals that

can simultaneously place a quick lower bound. In particular, it is possible to imagine that

large flavor violation in the scalar sector could produce clear flavor violation in the gluino

decays (e.g., g̃ ! t̄c). If so, closing the loop generates sizable flavor violating four-fermi

operators ↵2
sq

4/M2
scalar. Even for CP conserving processes, constraints push this scale to [72]

⇠ 103 TeV (⇠ 104 TeV if CP is violated). A combination of a lack of displaced vertices and

large flavor violation in gluino decays could quite narrowly place the next scale of physics,

without ever having observed a single particle close to the heavy scale.

The quark line above can be closed to yield a chromomagnetic dipole operator as well

g3
3

16⇡2

mg̃

m2
q̃

log(mq̃/mg̃)g̃
i
j�

µ⌫ b̃Gj
iµ⌫ . (10)

Such an operator will produce dijet + MET signals, but because their rate is suppressed

by a loop factor, they should be lost in the overall four jet + MET signals of the o↵-shell
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gluinos (or 3 TeV gluinos for ten times that data). In some cases, the decay g̃ ! t̄bW̃+ will

occur, followed by W̃+ ! W+B̃0. Note that this final state is very similar (topologically)

to the direct decay g̃ ! t̄tB̃0.

Let us consider the possibility that the bottom of the spectrum is reversed and wino

is the LSP. Essentially all the decays should proceed via Higgs emission (if kinematically

available). I.e., the decay g̃ ! t̄tB̃0 will be followed by B̃0 ! W̃h. In contrast, direct decays

to charged winos will proceed g̃ ! t̄bW̃�, with the chargino proceeding to decay into W̃ 0

producing a disappearing track.

Thus, for the mW̃ > mB̃ case, the final states are 4t+ MET, as well 2t2b2W+ MET,

and 4t2h + MET. For the mB̃ > mW̃ case the final states are 4t+MET, 4t2h+MET and

2t2b+MET. It is clear from this list that distinguishing these cases will be nontrivial. How-

ever, the W from the chargino decay should be distinguishable from one that came from

top decay, while the direct decay to b should produce a spectrum of b quarks which are in

principle distinct from those from top decay. And, of course, the presence of the classic

disappearing track signature, once seen, would be a clear sign of the wino LSP.

B. Gluino Decays and Stop Naturalness

One of the key features of an unnatural theory is that the LR soft masses should be

negligible. Even with large A and µ, these terms are also proportional to the Higgs vev,

and are thus naturally ⇠ 104 times smaller than the soft mass-squared terms. This impacts

gluino decays in an interesting way.

In more detail, the gluino decay operators are

g2
⇤2

tl

g̃bLt̄LW̃� g2
⇤2

tl

g̃tLt̄LW̃ 0 g1
⇤2

tl

g̃tLt̄LB̃0 (14)

g1
⇤2

tl

g̃bLb̄LB̃0 g1
⇤2

tr

g̃tRt̄RB̃0 g1
⇤2

br

g̃bRb̄RB̃0

Where ⇤�2
tl

=
P

g3UL
i3m̃

�2
l,i , ⇤�2

tr = g3
P

U tr
i3 m̃�2

tr,i, and ⇤�2
br

= g3
P

U br
i3 m̃�2

br,i are the

weighted mass-squared where the matrix U transforms between the flavor basis and the

mass basis.

The key observation here is that we have five distinct decay modes into heavy flavor,

g̃ ! t̄tW̃ 0, g̃ ! b̄bW̃ 0, g̃ ! t̄bW̃+, g̃ ! t̄tB̃0 and g̃ ! b̄bB̃0. In contrast, we have only three
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Figure 6: Decay length cτg̃ (a), Branching fraction RB̃
tc/tt (b) and RB̃

tc/cc (c) in mSUGRA-
like case. In shaded region of the above figures, the lightest squark becomes lighter than
the gluino or a tachyon. In figures (b) and (c), black lines show branching ratio RB̃

tc/tt and

RB̃
tc/cc, respectively, and red-dashed lines shows each Rresum/Rtree.
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3. TeV Scale Superpartners with

  Bousso, Hall  1304.6407
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No Catastrophic Boundary for  Dark Matter

If this boundary does not exist, 
or is far from our universe, 

are we forced to High Scale SUSY? 
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Summary:
SUSY in the Multiverse
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A Remarkable Situation

Naturalness/Symmetry
may be in trouble

A New Framework

dP / m̃p d ln m̃
A  Multiverse

scanning mass scales: ⇤CC , v, ...

investigate
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Runaway to High Scale SUSY

p > 2

m̃

dP

d ln m̃

v TeV

TeV

Munif

Munif

m̃s

m̃f

High Scale 
SUSY
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  Feldstein, Hall, Watari  hep-ph/0608121
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