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WHY SUPERSYMMETRY?

•Naturalness
•Gauge Coupling Unification
•Dark Matter
Recent experimental results make this look 
shakier than before....
(This is a review talk; apologies for omissions and idiosyncracies)



NATURAL SUSY, 1984
From Lawrence Hall’s talk at SavasFestSUSY Spectrum, 1984

Text

Over 3 decades of susy:  seismic shifts!

W boson near 
the top of the 
spectrum....

1984 was a 
utopian year 
for SUSY.

Times have 
changed!



125 GEV HIGGS AND SUSY



125 GEV HIGGS AND SUSY

Very interesting! Light enough that SUSY still 
seems sane, but heavy enough that many models don’t.
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Recently, the ATLAS and CMS collaborations have announced exciting hints for a Standard
Model-like Higgs boson at a mass of � 125 GeV. In this paper, we explore the potential consequences
for the MSSM and low scale SUSY-breaking. As is well-known, a 125 GeV Higgs implies either
extremely heavy stops (& 10 TeV), or near-maximal stop mixing. We review and quantify these
statements, and investigate the implications for models of low-scale SUSY breaking such as gauge
mediation where the A-terms are small at the messenger scale. For such models, we find that either
a gaugino must be superheavy or the NLSP is long-lived. Furthermore, stops will be tachyonic
at high scales. These are very strong restrictions on the mediation of supersymmetry breaking in
the MSSM, and suggest that if the Higgs truly is at 125 GeV, viable models of gauge-mediated
supersymmetry breaking are reduced to small corners of parameter space or must incorporate new
Higgs-sector physics.

I. INTRODUCTION

Recently, intriguing hints of the Standard Model (SM)-
like Higgs boson have been reported by the LHC. The
ATLAS collaboration has presented results in the dipho-
ton [1] and ZZ⇤ ⇧ 4⌘ [2] channels, showing a combined
⇤ 3⇧ excess at mh ⌅ 126 GeV. The CMS collaboration
has also presented results with a weaker ⇤ 2⇧ excess in
the ⇥⇥ channel at mh ⌅ 123 GeV [3] and two events in
the ZZ⇤ channel near the same mass [4]. It is too early
to say whether these preliminary results will grow in sig-
nificance to become a Higgs discovery, but it is not too
early to consider some of the consequences if they do.

The potential discovery of a light Higgs renews the
urgency of the gauge hierarchy problem. Supersymme-
try remains the best-motivated solution to the hierar-
chy problem. Although it has not yet been found at
the LHC, considerable discovery potential still remains
in the parameter space relevant for naturalness [5]. How-
ever, a 125 GeV Higgs places stringent constraints on
supersymmetry, especially in the context of the minimal
supersymmetric standard model (MSSM). In this paper
we will examine these constraints in detail and use this
to study the implications for low-scale SUSY breaking.

In the MSSM, for values of the CP -odd Higgs mass
mA & 200 GeV, there exists a light CP -even Higgs
state in the spectrum with SM-like couplings to the elec-
troweak gauge bosons. The SM-Higgs mass and proper-
ties are dominantly controlled by just a few weak-scale
MSSM parameters: at tree level, mA and tan�, joined at
higher order by the stop masses mt̃1,2 and the stop mix-
ing parameter Xt ⇥ At�µ cot�. At tree-level, the Higgs
mass is bounded above by mZ cos 2�. One-loop correc-
tions from stops are responsible for lifting this bound
to ⇤ 130 GeV [6–10, 12], for a general review, see [13].
Other parameters of the MSSM contribute radiative cor-
rections to the Higgs mass, but in general are highly sub-
dominant to the stop sector. Even with large loop e�ects,

it is noteworthy that 125 GeV is a relatively large Higgs
mass for the MSSM—this fact allows us to constrain the
stop masses and mixing.
In this paper, we will focus on stop masses mt̃ . 5 TeV

which includes the collider relevant region. (We briefly
consider heavier stops in the appendix.) Here fixed-order
Higgs spectrum calculators such as FeynHiggs [14–17],
which implements a broad set of one and two-loop cor-
rections to the physical Higgs mass, should be fairly ac-
curate. Imposing an upper bound on the stop masses
implies stringent bounds on tan� and At, and in partic-
ular requires large mixings among the stops.
FormA . 500 GeV, the SM-like Higgs has an enhanced

coupling to the down-type fermions, leading to an in-
crease in the h ⇧ bb̄ partial width and suppressing the
branching fractions into the main low-mass LHC search
modes, h ⇧ ⇥⇥,WW [18–20]. Since the LHC sees a rate
consistent with SM expectations (albeit with a sizeable
error bar), in this work we take mA = 1 TeV, where all
the Higgs couplings are SM-like. This limit also avoids
constraints from direct searches for H/A ⇧ ⌃⌃ [21–23].
For tan� we will set a benchmark value of 30 and con-
sider a range of values in some cases.

II. IMPLICATIONS FOR WEAK-SCALE MSSM
PARAMETERS

For mt̃ . 5 TeV, a Higgs mass of mh ⌅ 125 GeV
places strong constraints on tan� and the stop parame-
ters. Although we will use FeynHiggs for all the plots in
this section, it is useful to keep in mind the approximate
one-loop formula for the Higgs mass,
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Consider the diagrams in Fig. 1. We’ve already observed that the one at left is problematic: it’s a
renormalization of an external line, so we don’t want to include it when we compute a loop amplitude. In
shamplitude calculations, it shows up as unpleasant 1

s12...(n�1)
⇥ ⇤ factors in the amplitudes we’re trying

to build the shamplitude out of, which we are currently removing by hand.
The other kind of bubble diagram with one gluon connected at one end is shown on the right in Fig. 1.

It has a two-particle vertex at the other end. As a result, it has the structure:

�
d4⇤

(2⇥)4
�1µ (2⇤µ + kµ1 ) J(k2, . . . kj) · J(kj+1, . . . kn)

(⇤2 �m2)((⇤+ k1)2 �m2)
. (1)

Notice that this always contributes 0 to the loop integral: �1 · k1 = 0, and the bubble integral, linear in ⇤µ,
can only be proportional to kµ1 , because all dependence on the other momenta factors out of the integrand.

So, we can in fact drop every diagram with only one gluon connected on one side of a bubble. It’s tempting
to try to inductively turn this into a procedure for generating shamplitudes only from other shamplitudes,
not from amplitudes, but the argument doesn’t work. It would be nice to do something more systematic
than dropping terms by hand. Is there a nice procedure that makes use of this fact?

At least for the 4-point shamplitude, it means computing it directly from Feynman diagrams only involves
summing up nine diagrams (Fig. 2). We can eliminate four of these with a convenient gauge choice.

Four-point loops from Feynman diagrams

If we want to compute the + + ++ amplitude, we can make �i · �j = 0 simply by taking �i =
µ�̃i

hµ ii for all i.

In the + + +� case, we can make �i · �j = 0 by taking �i =
�4�̃i
h4 ii for i = 1, 2, 3 and �4 = �4�̃1

[4 1] . Thus, we can

discard all Feynman diagrams with 4-point (2-scalar 2-gluon) vertices. The remaining diagrams are boxes,
triangles, and the bubble with two particles on each side attached at 3-gluon vertices.
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I. INTRODUCTION

Recently, intriguing hints of the Standard Model (SM)-
like Higgs boson have been reported by the LHC. The
ATLAS collaboration has presented results in the dipho-
ton [1] and ZZ⇤ ⇧ 4⌘ [2] channels, showing a combined
⇤ 3⇧ excess at mh ⌅ 126 GeV. The CMS collaboration
has also presented results with a weaker ⇤ 2⇧ excess in
the ⇥⇥ channel at mh ⌅ 123 GeV [3] and two events in
the ZZ⇤ channel near the same mass [4]. It is too early
to say whether these preliminary results will grow in sig-
nificance to become a Higgs discovery, but it is not too
early to consider some of the consequences if they do.

The potential discovery of a light Higgs renews the
urgency of the gauge hierarchy problem. Supersymme-
try remains the best-motivated solution to the hierar-
chy problem. Although it has not yet been found at
the LHC, considerable discovery potential still remains
in the parameter space relevant for naturalness [5]. How-
ever, a 125 GeV Higgs places stringent constraints on
supersymmetry, especially in the context of the minimal
supersymmetric standard model (MSSM). In this paper
we will examine these constraints in detail and use this
to study the implications for low-scale SUSY breaking.

In the MSSM, for values of the CP -odd Higgs mass
mA & 200 GeV, there exists a light CP -even Higgs
state in the spectrum with SM-like couplings to the elec-
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ties are dominantly controlled by just a few weak-scale
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tions from stops are responsible for lifting this bound
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it is noteworthy that 125 GeV is a relatively large Higgs
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stop masses and mixing.
In this paper, we will focus on stop masses mt̃ . 5 TeV
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Higgs spectrum calculators such as FeynHiggs [14–17],
which implements a broad set of one and two-loop cor-
rections to the physical Higgs mass, should be fairly ac-
curate. Imposing an upper bound on the stop masses
implies stringent bounds on tan� and At, and in partic-
ular requires large mixings among the stops.
FormA . 500 GeV, the SM-like Higgs has an enhanced
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error bar), in this work we take mA = 1 TeV, where all
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Tree-level bound: 90 GeV

Very interesting! Light enough that SUSY still 
seems sane, but heavy enough that many models don’t.
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Consider the diagrams in Fig. 1. We’ve already observed that the one at left is problematic: it’s a
renormalization of an external line, so we don’t want to include it when we compute a loop amplitude. In
shamplitude calculations, it shows up as unpleasant 1

s12...(n�1)
⇥ ⇤ factors in the amplitudes we’re trying

to build the shamplitude out of, which we are currently removing by hand.
The other kind of bubble diagram with one gluon connected at one end is shown on the right in Fig. 1.

It has a two-particle vertex at the other end. As a result, it has the structure:

�
d4⇤

(2⇥)4
�1µ (2⇤µ + kµ1 ) J(k2, . . . kj) · J(kj+1, . . . kn)

(⇤2 �m2)((⇤+ k1)2 �m2)
. (1)

Notice that this always contributes 0 to the loop integral: �1 · k1 = 0, and the bubble integral, linear in ⇤µ,
can only be proportional to kµ1 , because all dependence on the other momenta factors out of the integrand.

So, we can in fact drop every diagram with only one gluon connected on one side of a bubble. It’s tempting
to try to inductively turn this into a procedure for generating shamplitudes only from other shamplitudes,
not from amplitudes, but the argument doesn’t work. It would be nice to do something more systematic
than dropping terms by hand. Is there a nice procedure that makes use of this fact?

At least for the 4-point shamplitude, it means computing it directly from Feynman diagrams only involves
summing up nine diagrams (Fig. 2). We can eliminate four of these with a convenient gauge choice.

Four-point loops from Feynman diagrams

If we want to compute the + + ++ amplitude, we can make �i · �j = 0 simply by taking �i =
µ�̃i

hµ ii for all i.

In the + + +� case, we can make �i · �j = 0 by taking �i =
�4�̃i
h4 ii for i = 1, 2, 3 and �4 = �4�̃1

[4 1] . Thus, we can

discard all Feynman diagrams with 4-point (2-scalar 2-gluon) vertices. The remaining diagrams are boxes,
triangles, and the bubble with two particles on each side attached at 3-gluon vertices.

1
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I. INTRODUCTION

Recently, intriguing hints of the Standard Model (SM)-
like Higgs boson have been reported by the LHC. The
ATLAS collaboration has presented results in the dipho-
ton [1] and ZZ⇤ ⇧ 4⌘ [2] channels, showing a combined
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the ZZ⇤ channel near the same mass [4]. It is too early
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in the parameter space relevant for naturalness [5]. How-
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supersymmetry, especially in the context of the minimal
supersymmetric standard model (MSSM). In this paper
we will examine these constraints in detail and use this
to study the implications for low-scale SUSY breaking.

In the MSSM, for values of the CP -odd Higgs mass
mA & 200 GeV, there exists a light CP -even Higgs
state in the spectrum with SM-like couplings to the elec-
troweak gauge bosons. The SM-Higgs mass and proper-
ties are dominantly controlled by just a few weak-scale
MSSM parameters: at tree level, mA and tan�, joined at
higher order by the stop masses mt̃1,2 and the stop mix-
ing parameter Xt ⇥ At�µ cot�. At tree-level, the Higgs
mass is bounded above by mZ cos 2�. One-loop correc-
tions from stops are responsible for lifting this bound
to ⇤ 130 GeV [6–10, 12], for a general review, see [13].
Other parameters of the MSSM contribute radiative cor-
rections to the Higgs mass, but in general are highly sub-
dominant to the stop sector. Even with large loop e�ects,

it is noteworthy that 125 GeV is a relatively large Higgs
mass for the MSSM—this fact allows us to constrain the
stop masses and mixing.
In this paper, we will focus on stop masses mt̃ . 5 TeV

which includes the collider relevant region. (We briefly
consider heavier stops in the appendix.) Here fixed-order
Higgs spectrum calculators such as FeynHiggs [14–17],
which implements a broad set of one and two-loop cor-
rections to the physical Higgs mass, should be fairly ac-
curate. Imposing an upper bound on the stop masses
implies stringent bounds on tan� and At, and in partic-
ular requires large mixings among the stops.
FormA . 500 GeV, the SM-like Higgs has an enhanced

coupling to the down-type fermions, leading to an in-
crease in the h ⇧ bb̄ partial width and suppressing the
branching fractions into the main low-mass LHC search
modes, h ⇧ ⇥⇥,WW [18–20]. Since the LHC sees a rate
consistent with SM expectations (albeit with a sizeable
error bar), in this work we take mA = 1 TeV, where all
the Higgs couplings are SM-like. This limit also avoids
constraints from direct searches for H/A ⇧ ⌃⌃ [21–23].
For tan� we will set a benchmark value of 30 and con-
sider a range of values in some cases.
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this section, it is useful to keep in mind the approximate
one-loop formula for the Higgs mass,
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Consider the diagrams in Fig. 1. We’ve already observed that the one at left is problematic: it’s a
renormalization of an external line, so we don’t want to include it when we compute a loop amplitude. In
shamplitude calculations, it shows up as unpleasant 1

s12...(n�1)
⇥ ⇤ factors in the amplitudes we’re trying

to build the shamplitude out of, which we are currently removing by hand.
The other kind of bubble diagram with one gluon connected at one end is shown on the right in Fig. 1.

It has a two-particle vertex at the other end. As a result, it has the structure:

�
d4⇤

(2⇥)4
�1µ (2⇤µ + kµ1 ) J(k2, . . . kj) · J(kj+1, . . . kn)

(⇤2 �m2)((⇤+ k1)2 �m2)
. (1)

Notice that this always contributes 0 to the loop integral: �1 · k1 = 0, and the bubble integral, linear in ⇤µ,
can only be proportional to kµ1 , because all dependence on the other momenta factors out of the integrand.

So, we can in fact drop every diagram with only one gluon connected on one side of a bubble. It’s tempting
to try to inductively turn this into a procedure for generating shamplitudes only from other shamplitudes,
not from amplitudes, but the argument doesn’t work. It would be nice to do something more systematic
than dropping terms by hand. Is there a nice procedure that makes use of this fact?

At least for the 4-point shamplitude, it means computing it directly from Feynman diagrams only involves
summing up nine diagrams (Fig. 2). We can eliminate four of these with a convenient gauge choice.

Four-point loops from Feynman diagrams

If we want to compute the + + ++ amplitude, we can make �i · �j = 0 simply by taking �i =
µ�̃i

hµ ii for all i.

In the + + +� case, we can make �i · �j = 0 by taking �i =
�4�̃i
h4 ii for i = 1, 2, 3 and �4 = �4�̃1

[4 1] . Thus, we can

discard all Feynman diagrams with 4-point (2-scalar 2-gluon) vertices. The remaining diagrams are boxes,
triangles, and the bubble with two particles on each side attached at 3-gluon vertices.

1
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supersymmetric standard model (MSSM). In this paper
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In the MSSM, for values of the CP -odd Higgs mass
mA & 200 GeV, there exists a light CP -even Higgs
state in the spectrum with SM-like couplings to the elec-
troweak gauge bosons. The SM-Higgs mass and proper-
ties are dominantly controlled by just a few weak-scale
MSSM parameters: at tree level, mA and tan�, joined at
higher order by the stop masses mt̃1,2 and the stop mix-
ing parameter Xt ⇥ At�µ cot�. At tree-level, the Higgs
mass is bounded above by mZ cos 2�. One-loop correc-
tions from stops are responsible for lifting this bound
to ⇤ 130 GeV [6–10, 12], for a general review, see [13].
Other parameters of the MSSM contribute radiative cor-
rections to the Higgs mass, but in general are highly sub-
dominant to the stop sector. Even with large loop e�ects,
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mass for the MSSM—this fact allows us to constrain the
stop masses and mixing.
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consider heavier stops in the appendix.) Here fixed-order
Higgs spectrum calculators such as FeynHiggs [14–17],
which implements a broad set of one and two-loop cor-
rections to the physical Higgs mass, should be fairly ac-
curate. Imposing an upper bound on the stop masses
implies stringent bounds on tan� and At, and in partic-
ular requires large mixings among the stops.
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places strong constraints on tan� and the stop parame-
ters. Although we will use FeynHiggs for all the plots in
this section, it is useful to keep in mind the approximate
one-loop formula for the Higgs mass,

m2
h = m2

Zc
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t
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�
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m2
t

⇥
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�
1� X2

t

12M2
S
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Haber, Hempfling ’91

more: Haber, Hempfling, Hoang, Ellis, Ridolfi, Zwirner, Casas, Espinosa, Quiros, Riotto, 
Carena, Wagner, Degrassi, Heinemeyer, Hollik, Slavich, Weiglein

Very interesting! Light enough that SUSY still 
seems sane, but heavy enough that many models don’t.
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Consider the diagrams in Fig. 1. We’ve already observed that the one at left is problematic: it’s a
renormalization of an external line, so we don’t want to include it when we compute a loop amplitude. In
shamplitude calculations, it shows up as unpleasant 1

s12...(n�1)
⇥ ⇤ factors in the amplitudes we’re trying

to build the shamplitude out of, which we are currently removing by hand.
The other kind of bubble diagram with one gluon connected at one end is shown on the right in Fig. 1.

It has a two-particle vertex at the other end. As a result, it has the structure:

�
d4⇤

(2⇥)4
�1µ (2⇤µ + kµ1 ) J(k2, . . . kj) · J(kj+1, . . . kn)

(⇤2 �m2)((⇤+ k1)2 �m2)
. (1)

Notice that this always contributes 0 to the loop integral: �1 · k1 = 0, and the bubble integral, linear in ⇤µ,
can only be proportional to kµ1 , because all dependence on the other momenta factors out of the integrand.

So, we can in fact drop every diagram with only one gluon connected on one side of a bubble. It’s tempting
to try to inductively turn this into a procedure for generating shamplitudes only from other shamplitudes,
not from amplitudes, but the argument doesn’t work. It would be nice to do something more systematic
than dropping terms by hand. Is there a nice procedure that makes use of this fact?

At least for the 4-point shamplitude, it means computing it directly from Feynman diagrams only involves
summing up nine diagrams (Fig. 2). We can eliminate four of these with a convenient gauge choice.

Four-point loops from Feynman diagrams

If we want to compute the + + ++ amplitude, we can make �i · �j = 0 simply by taking �i =
µ�̃i

hµ ii for all i.

In the + + +� case, we can make �i · �j = 0 by taking �i =
�4�̃i
h4 ii for i = 1, 2, 3 and �4 = �4�̃1

[4 1] . Thus, we can

discard all Feynman diagrams with 4-point (2-scalar 2-gluon) vertices. The remaining diagrams are boxes,
triangles, and the bubble with two particles on each side attached at 3-gluon vertices.

1

Polynomial growth with Xt, a mixing 
between left- and right- handed stops.
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FIG. 5. Messenger scale required to produce su�ciently large |At| for mh = 123 GeV (left) and mh = 125 GeV
(right) through renormalization group evolution.

At = 0 at the messenger scale. Clearly this is not com-
pletely set in stone, and it would be interesting to look for
models of GMSB (or more generally flavor-blind models)
with large At at the messenger scale. This may be pos-
sible in more extended models, for instance in [37] where
the Higgses mix with doublet messengers.
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Appendix A: Comments on “heavy SUSY” scenarios

Although we have focused on mixed stops which can
be light enough to be produced at the LHC, let us briefly
consider the case of stops without mixing. For small
MS , we can compute the Higgs mass with FeynHiggs.
For larger MS , we use a one-loop RGE to evolve the
SUSY quartic down to the electroweak scale, computing
the physical Higgs mass by including self-energy correc-
tions [38, 39]. In Figure 6, we plot the resulting value of
mh as a function of MS , in the case of zero mixing. We
plot the FeynHiggs output only up to 3 TeV, at which
point its uncertainties become large and the RGE is more
trustworthy. One can see from the plot that accommo-

dating a 125 GeV Higgs in the MSSM with small A-terms
requires scalar masses in the range of 5 to 10 TeV.
A variation on this “heavy stop” scenario is Split Su-

persymmetry [40, 41], in which gauginos and higgsinos
have masses well below MS and influence the running of
�. In this case, the running below MS is modified by the
light superpartners, and the preferred scalar mass scale
for a 125 GeV Higgs can be even larger [42–44].
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FIG. 6. Higgs mass as a function of MS , with Xt = 0. The
green band is the output of FeynHiggs together with its as-
sociated uncertainty. The blue line represents 1-loop renor-
malization group evolution in the Standard Model matched
to the MSSM at MS . The blue bands give estimates of errors
from varying the top mass between 172 and 174 GeV (darker
band) and the renormalization scale between mt/2 and 2mt

(lighter band).
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as it captures many of the qualitative features that we
will see. We have characterized the scale of superpart-

ner masses with MS ⇤
�
mt̃1mt̃2

⇥1/2
. First, we see that

decreasing tan� always decreases the Higgs mass, inde-
pendent of all the other parameters (keeping in mind that
tan� � 1.5 for perturbativity). So we expect to find a
lower bound on tan� coming from the Higgs mass. Sec-
ond, we see that the Higgs mass depends on Xt/MS as
a quartic polynomial, and in general it has two peaks at
Xt/MS ⇧ ±

⌥
6, the “maximal mixing scenario” [10]. So

we expect that mh = 125 GeV intersects this quartic in
up to four places, leading to up to four preferred values
for Xt/MS . Finally, we see that for fixed Xt/MS , the
Higgs mass only increases logarithmically with MS itself.
So we expect a mild lower bound on MS from mh = 125
GeV.

Now let’s demonstrate these general points with de-
tailed calculations using FeynHiggs. Shown in fig. 1 are
contours of constant Higgs mass in the tan�, Xt/MS

plane, for mQ = mU = 2 TeV (where mQ and mU

are the soft masses of the third-generation left-handed
quark and right-handed up-type quark scalar fields). The
shaded band corresponds to mh = 123 � 127 GeV, and
the dashed lines indicate the same range of Higgs masses
but with mt = 172 � 174 GeV. (The central value in all
our plots will always be mh = 125 GeV at mt = 173.2
GeV.) From all this, we conclude that to be able to get
mh ⇧ 125 GeV, we must have

tan� � 3.5 (2)

So this is an absolute lower bound on tan� just from the
Higgs mass measurement. We also find that the Higgs
mass basically ceases to depend on tan� for tan� beyond
⌅ 20. So for the rest of the paper we will take tan� = 30
for simplicity.

Fixing tan�, the Higgs mass is then a function of Xt

and MS . Shown in fig. 2 are contours of constant mh vs
MS and Xt. We see that for large MS , we want

Xt

MS
⇧ �3, �1.7, 1.5, or 3.5 (3)

We also see that the smallest the A-terms and the SUSY-
scale can absolutely be are

|Xt| � 1000 GeV, MS � 500 GeV. (4)

It is also interesting to examine the limits in the plane
of physical stop masses. Shown in fig. 3 are plots of the
contours of constant Xt in the mt̃2 vs. mt̃1 plane. Here
the values of Xt < 0 and Xt > 0 were chosen to satisfy
mh = 125 GeV, and the solution with smaller absolute
value was chosen. In the dark gray shaded region, no
solution to mh = 125 GeV was found. Here we see that
the t̃1 can be as light as 200 GeV, provided we take t̃2 to
be heavy enough. We also see that the heavy stop has to
be much heavier in general in the Xt < 0 case.
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FIG. 1. Contour plot of mh in the tan� vs. Xt/MS plane.
The stops were set at mQ = mU = 2 TeV, and the result is
only weakly dependent on the stop mass up to � 5 TeV. The
solid curve is mh = 125 GeV with mt = 173.2 GeV. The band
around the curve corresponds to mh =123-127 GeV. Finally,
the dashed lines correspond to varying mt from 172-174.
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FIG. 2. Contours of constant mh in the MS vs. Xt plane,
with tan� = 30 and mQ = mU . The solid/dashed lines and
gray bands are as in fig. 1.

III. IMPLICATIONS FOR THE SUSY
BREAKING SCALE

Having understood what mh ⇧ 125 GeV implies for
the weak-scale MSSM parameters, we now turn to the
implications for the underlying model of SUSY-breaking
and mediation. In RG running down from a high scale,
for positive gluino mass M3, the A-term At decreases.
The gluino mass also drives squark mass-squareds larger

P. Draper, P. Meade, MR, D. Shih ’11; similar work by many others

In the MSSM, a 125 GeV Higgs requires large quantum 
corrections, with multi-TeV SUSY-breaking parameters, 
reintroducing (part of) the hierarchy.

lifting the 
Higgs mass 
needs ~ 5 
to 10 TeV 
scalar 
masses

or few TeV trilinear 
Higgs-stop-stop coupling

“high-scale SUSY”
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Consider the diagrams in Fig. 1. We’ve already observed that the one at left is problematic: it’s a
renormalization of an external line, so we don’t want to include it when we compute a loop amplitude. In
shamplitude calculations, it shows up as unpleasant 1

s12...(n�1)
⇥ ⇤ factors in the amplitudes we’re trying

to build the shamplitude out of, which we are currently removing by hand.
The other kind of bubble diagram with one gluon connected at one end is shown on the right in Fig. 1.

It has a two-particle vertex at the other end. As a result, it has the structure:

�
d4⇤

(2⇥)4
�1µ (2⇤µ + kµ1 ) J(k2, . . . kj) · J(kj+1, . . . kn)

(⇤2 �m2)((⇤+ k1)2 �m2)
. (1)

Notice that this always contributes 0 to the loop integral: �1 · k1 = 0, and the bubble integral, linear in ⇤µ,
can only be proportional to kµ1 , because all dependence on the other momenta factors out of the integrand.

So, we can in fact drop every diagram with only one gluon connected on one side of a bubble. It’s tempting
to try to inductively turn this into a procedure for generating shamplitudes only from other shamplitudes,
not from amplitudes, but the argument doesn’t work. It would be nice to do something more systematic
than dropping terms by hand. Is there a nice procedure that makes use of this fact?

At least for the 4-point shamplitude, it means computing it directly from Feynman diagrams only involves
summing up nine diagrams (Fig. 2). We can eliminate four of these with a convenient gauge choice.

Four-point loops from Feynman diagrams

If we want to compute the + + ++ amplitude, we can make �i · �j = 0 simply by taking �i =
µ�̃i

hµ ii for all i.

In the + + +� case, we can make �i · �j = 0 by taking �i =
�4�̃i
h4 ii for i = 1, 2, 3 and �4 = �4�̃1

[4 1] . Thus, we can

discard all Feynman diagrams with 4-point (2-scalar 2-gluon) vertices. The remaining diagrams are boxes,
triangles, and the bubble with two particles on each side attached at 3-gluon vertices.

The box diagram is:

16

�
d4⇤

(2⇥)4
�1 · ⇤ �2 · (⇤+ k1) �3 · (⇤� k4) �4 · ⇤

(⇤2 �m2)((⇤+ k1)2 �m2)((⇤+ k1 + k2)2 �m2)((⇤� k4)2 �m2)
. (2)
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Consider the diagrams in Fig. 1. We’ve already observed that the one at left is problematic: it’s a
renormalization of an external line, so we don’t want to include it when we compute a loop amplitude. In
shamplitude calculations, it shows up as unpleasant 1

s12...(n�1)
⇥ ⇤ factors in the amplitudes we’re trying

to build the shamplitude out of, which we are currently removing by hand.
The other kind of bubble diagram with one gluon connected at one end is shown on the right in Fig. 1.

It has a two-particle vertex at the other end. As a result, it has the structure:

�
d4⇤

(2⇥)4
�1µ (2⇤µ + kµ1 ) J(k2, . . . kj) · J(kj+1, . . . kn)

(⇤2 �m2)((⇤+ k1)2 �m2)
. (1)

Notice that this always contributes 0 to the loop integral: �1 · k1 = 0, and the bubble integral, linear in ⇤µ,
can only be proportional to kµ1 , because all dependence on the other momenta factors out of the integrand.

So, we can in fact drop every diagram with only one gluon connected on one side of a bubble. It’s tempting
to try to inductively turn this into a procedure for generating shamplitudes only from other shamplitudes,
not from amplitudes, but the argument doesn’t work. It would be nice to do something more systematic
than dropping terms by hand. Is there a nice procedure that makes use of this fact?

At least for the 4-point shamplitude, it means computing it directly from Feynman diagrams only involves
summing up nine diagrams (Fig. 2). We can eliminate four of these with a convenient gauge choice.

Four-point loops from Feynman diagrams

If we want to compute the + + ++ amplitude, we can make �i · �j = 0 simply by taking �i =
µ�̃i

hµ ii for all i.

In the + + +� case, we can make �i · �j = 0 by taking �i =
�4�̃i
h4 ii for i = 1, 2, 3 and �4 = �4�̃1

[4 1] . Thus, we can

discard all Feynman diagrams with 4-point (2-scalar 2-gluon) vertices. The remaining diagrams are boxes,
triangles, and the bubble with two particles on each side attached at 3-gluon vertices.

1

Higgs potential -μ2|H|2+λ|H|4: large quantum corrections 
to the mass2 term. Direct searches constrain them:

�m2
Hu

= � 3

8⇡2
y2t

⇣
m2

t̃L
+m2

t̃R
+ |At|2

⌘
log

⇤

TeV

.

Either the stop is light, or Higgs potential is finely-tuned.

Two stops (LH/RH), one sbottom (LH) should be below 
about 500 - 700 GeV (e.g. 1110.6926 Papucci et al.)



THE MSSM IS UNNATURAL
In the MSSM, a 125 GeV Higgs mass requires heavy 
stops / large A-terms, but those directly undermine the 
naturalness argument for SUSY. 
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Figure 4: Contours of mh in the MSSM as a function of a common stop mass mQ3 = mu3 = m
˜t

and the stop mixing parameter Xt, for tan � = 20. The red/blue bands show the result from
Suspect/FeynHiggs for mh in the range 124–126 GeV. The left panel shows contours of the fine-
tuning of the Higgs mass, �mh

, and we see that �mh
> 75(100) in order to achieve a Higgs mass

of 124 (126) GeV. The right panel shows contours of the lightest stop mass, which is always
heavier than 300 (500) GeV when the Higgs mass is 124 (126) GeV.

We now consider the degree of fine-tuning [5, 6, 7, 8, 9] necessary in the MSSM to accommo-

date a Higgs of 125 GeV. We have just seen that rather heavy stops are necessary in order to

boost the Higgs to 125 GeV using the loop correction. The (well-known) problem is that heavy

stops lead to large contributions to the quadratic term of the Higgs potential, �m2

Hu
,

�m2

Hu
= �3y2t

8⇡2

�
m2

Q3
+m2

u3
+ |At|2

�
ln

✓
⇤

m
˜t

◆
, (5)

where ⇤ is the messenger scale for supersymmetry breaking. If �m2

Hu
becomes too large the

parameters of the theory must be tuned against each other to achieve the correct scale of elec-

troweak symmetry breaking. We see from equation 5 that large stop mixing also comes with a

cost because At induces fine-tuning. At large tan �, Xt ⇡ At, and maximal mixing (|At|2 = 6m2

˜t
)

introduces the same amount of fine-tuning as doubling both stop masses in the unmixed case.

In order to quantify the fine-tuning [8], it is helpful to consider a single Higgs field with a

potential

V = m2

H |h|2 +
�h

4
|h|4. (6)

7

Tuning contours (Hall/
Pinner/Ruderman 
1112.2703) for low-scale 
mediation,                 .

Always at least a factor of 
100 tuning.

⇤ = 10 TeV



DICHOTOMY
Higgs at 125 GeV

Beyond MSSM, 
natural

Stop search;
Higgs sector 
(rates, decays)

Models?
(NMSSM, D-terms, 
compositeness....)

MSSM, tuned 
with heavy 
scalars

Gluino 
search

Top-down 
theory

robust
experimental
connection
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NATURAL SUSY
Have to complicate the MSSM in two ways:

1. Raise the Higgs mass to 125 GeV. Typically 
new tree-level interactions.

2. Explain lack of squark signals. Usually splitting 
1st/2nd gen from third. Example: U(2)3 flavor models (e.g. 
1206.1327 by Barbieri, Buttazzo, Sala, Straub, “less minimal flavor violation”)

or hide the decays, so all squarks can be light: e.g. R-parity 
violation (Barbier et al. review hep-ph/0406039, “MFV RPV” by Csaki, 
Grossman, Heidenreich), stealth supersymmetry (Fan, MR, 
Ruderman )



125 GEV, NATURALLY
The Higgs mass could be raised to 125 GeV by beyond-
MSSM tree-level interactions (quartic terms).

W = �SHuHd + f(S)

NMSSM / Fat Higgs / 
lambdaSUSY

works best with low-
scale compositeness:
higher-dim operators 
around the corner?

SU(2) SU(2)

SU(2)

New D-terms:

Z’ bosons at a 
few TeV?

Look for more Higgses!



DIRECT STOP LIMITS
2013 update: ATLAS and CMS are aggressively pursuing 
the direct signatures of naturalness. No hints so far.



TARGETING STOPS
NEXT STEPS

Probe the scalar nature through spin correlations or 
rapidity differences (Z. Han, A. Katz, D. Krohn, MR, 1205.5808)

Allow for asymmetric decays t̃t̃ !
�
t�0

� �
b�+

�

(Graesser, Shelton 1212.4495)
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FIG. 1: The distribution of dileptonic mT2 (left) and semileptonic mT (right) for 220 GeV right-

handed stops decaying into either a massless bino-like neutralino or a massless higgsino-like neu-

tralino. For comparison, the distribution for the SM tt̄ background is also shown. Events have

been processed through the reconstruction described in appendix A. The mT2 distribution was

formed after application of our final analysis cuts described in section IVB. The mT distribution

was formed after application of the “SR A” type cuts described in [15], except for the cut on mT

itself. (Error bars are Monte Carlo statistics.)

difference between the models is due to spin effects, which we will shortly discuss in detail.

III. STOP DECAY

A. Basic kinematics

In a simplified SUSY spectrum containing only the lightest stop eigenstate and an in-

visible LSP, stops decay into the same final states as top quarks, but with the addition of

the LSP. In high-scale mediation models with a neutralino LSP, a semileptonic stop decay

looks like t̃ → bl+νχ̃0
1. In low-scale mediation models with a gravitino LSP, the analog is

t̃ → bl+νG̃. If the stop is heavy enough relative to the LSP, namely mt̃ > mt + mLSP, it

can simply undergo a 2-body decay t̃ → t(χ̃0
1/G̃) followed by the decay of the on-shell top

quark. Indeed, to date, two body decays are always assumed in LHC searches for stop pairs.

However, if the stop is somewhat lighter, but still heavy enough to produce an on-shell W

boson (mW + mb + mLSP < mt̃ < mt + mLSP), it will instead undergo a 3-body decay

t̃ → bW+(χ̃0
1/G̃). Even lighter stops, with mt̃ < mW +mb +mLSP, will naively undergo a

7

Dileptonic mT2 
(Kilic/Tweedie 1211.6106)

and more, for instance: Plehn et al 1102.0557 & 1205.2696; Bai et al 
1203.4813; Alves et al. 1205.5805; Kaplan et al. 1205.5816, ....



NATURALNESS AND 
GLUINOS

We need the stop to be relatively light for naturalness of a 
light Higgs. But the stop is itself a scalar field, and can get 
quadratic corrections!

We identify the Higgsino mass with µ. Because we are already taking µ ! 200 GeV, this

translates into a roughly natural wino mass range of

mW̃ ! TeV. (8)

Next, we compute the hypercharge D-term loop contribution to Higgs mass-squared, in

figure 3:

huhu

φi

FIG. 3. Higgs mass correction

This gives rise to a higgs mass correction:

δm2
hu

=
∑

scalars i

g′2YiYhu

16π2

(

Λ2
UV −m2

i ln
Λ2

UV +m2
i

m2
i

)

. (9)

Including both the right-handed sbottom and the down-type higgs, as we do in this

section, ensures that the quadratic divergence cancels, but there is still a residual correction

to the higgs mass. Given that other scalars have already been argued to be relatively light,

we can use this correction to estimate the natural range for the mass of b̃R,

mb̃R
! 3TeV. (10)

Finally, q̃L, t̃R also being relatively light scalars, suffer from their own naturalness problem,

with mass corrections dominated by the diagrams in figure 4:

t̃ t̃

t

g̃

g

t̃t̃ t̃
t̃ t̃

g t̃

t̃t̃

FIG. 4. Stop mass correction
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Large corrections come from the gluino, which hence 
should be light (below about 1.5 TeV). As a color octet, 
the gluino has a large production cross section at the LHC.



GLUINOS
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Gluino mass bounds are now above a TeV; e.g., 1.3 TeV if 
gluino decays through stops.



NATURAL SUSY: SUMMARY
• Requires more complicated model-building: new Higgs 

interactions, possible flavor problems / new flavor structures

• those predict signals -- look for them!

• Standard decay modes of stops, sbottoms, gluinos are being 
ruled out to uncomfortably high masses. Look for higgsinos!

• RPV, stealth, other models could alter decays enough to evade 
bounds, for now...

• Are we complicating the models so much that they’re less 
appealing than tuning?



UNNATURAL SUSY



MSSM WITH LARGE A-TERMS
The least-tuned corner of the MSSM has large At.

This doesn’t happen in “General Gauge Mediation,” but can 
happen in extended models that add “Yukawa mediation”: 
new couplings of messengers to matter.
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Figure 6. The spectra for some of the better models at their points of least tuning are shown. All type I
squark models are shown to the left (Q: I.8-11 and U : I.12-15), type II models, including the three models
which mix the top Yukawa with the messenger field and the UD�D (II.7) are shown to the right. I.90 and I.130

denote the best point within the distinct region of comparable tuning accessible in these two models (see fig. 3)
which present a very di↵erent spectra. In the plot, thick, large lines denote colored particles – g̃, t̃1, t̃2, b̃1, b̃2
and q̃ (the nearly degenerate first-generation squarks) are shown. The thinner lines denote uncolored particles
– ˜̀, �̃0 and �̃± are shown. All four neutralinos and both charginos are displayed. In nearly all models, all
right-handed sleptons and all left-handed sleptons/sneutrinos are approximately degenerate.

suggests that the non-observation of SUSY and the presence of a heavy Higgs may be correlated issues
rather than two distinct problems of SUSY.

4.1 Type I squark models

In the region of least tuning (the base of the horn in fig. 3), the type I squark models have heavy
gluinos and first generation squarks falling between ⇠3.5-5 and ⇠3-4.5 TeV respectively, while the
lightest stop (as well as the sbottom in Q

3

models) has a mass between ⇠0.5-1 TeV. Additionally,
there is almost always an NLSP ⌧̃ or co-NLSP ˜̀s generally between ⇠300-500 GeV (although these
sometimes appear even heavier than 700 GeV). However, the other region of low tuning appearing in
models I.9 and I.13 (in the center of the horn) has a rather di↵erent profile (the best points of this
second region are denoted by I.90 and I.130 in fig. 6). Here, the models have heavier stops, ⇠1.2-2
TeV, but since ⇤ has dropped significantly, the gluinos and first-generation squarks are now much
lighter ⇠2.0-3.5 TeV and ⇠1.5-3 TeV, respectively. Surveying these points with less tuning, it is clear
that the mass of the lightest stop and the masses of the gluino and first-generation squarks tend to be

– 23 –

Evans/Shih 1303.0228: 
spectra of some 
models. Keep searching 
for stops and/or 
gluinos; slepton NLSPs.



SEMI-SPLIT SUSY
Many models predict                                  .m

gaugino

⇠ g2

16⇡2

m
scalar

Tuned EWSB. But: solves “most” of hierarchy problem 
(Planck down to ~100 TeV).

Gauge coupling unification works. SUSY dark matter also 
possible. Helps flavor/CP problems.

Taken seriously early on by James Wells: hep-ph/0306127. 
Followed by Arkani-Hamed / Dimopoulos “split SUSY,” 
others....



HIGGS MASS IN SPLIT MODELS

Yukawa runs relatively strong at the GUT scale, and one would naturally expect significant

threshold corrections.

In pure anomaly mediation, the gaugino masses are widely split, with the gluino roughly

a factor of ten heavier than then wino. This is due to the same accident as the near

cancellation of the one-loop beta function of SU(2) in the MSSM. With a pure GM term

(ignoring soft masses), the Higgsino threshold increases the wino and bino masses such that

the gluino/wino ratio is reduced to roughly a factor of six. An interesting limit occurs

if the Higgses are mildly sequestered from Whid such that Planck-suppressed couplings to

supersymmetry breaking are absent, but the µ-term comes from HuHdW0. In such a limit,

the threshold correction suppresses the wino mass, and in fact at leading order in Bµ/µ2
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FIG. 2. Here we show the Higgs mass predicted as a function of the scalar masses and tan�.

The bands at tan� = 1 and 50 represent the theoretical uncertainty in the top mass and ↵s.

The gaugino spectrum is that predicted by the anomaly mediated contribution with the gravitino

mass m3/2 = 1000 TeV, resulting in an approximate mass for the LSP wino of ⇠ 2.7 � 3 TeV

(which is roughly the mass necessary for a the wino to have the correct cosmological thermal relic

abundance to be all of dark matter [44]). The µ term is fixed to be equal to the scalar mass – this

threshold has a small but non-negligible e↵ect on the Higgs mass relative to the conventional split

supersymmetry spectrum [7, 8]. The A-terms are small.
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Arkani-Hamed et al 1212.6971; also see Acharya/Kane et al, Arvanitaki et al, Hall/Nomura



POTENTIAL SIGNALS
�0

q

q̄

g̃
q̃
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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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by a loop factor, they should be lost in the overall four jet + MET signals of the o↵-shell
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The gluino remains the best 
bet, possibly with a somewhat 
displaced vertex.

Also, neutralino dark matter 
could give signals in direct or 
indirect detection experiments.

Arkani-Hamed et al 1212.6971



WHY THE HIGH SCALE?
Why couldn’t the whole spectrum have been lighter, both 
semi-split and natural? (1TeV scalars, 1 GeV gauginos)

One possibility: moduli, scalar fields interacting with 
gravitational strength, tend to have mass                   and 
decay width

m� ⇠ m3/2

�� ⇠
m3

�

M2
Pl

Coherent moduli oscillations ruin cosmology 
unless they decay early enough for BBN:

Treheat ⇠
p

��MPl ⇠ 10 MeV ) m� ⇠ 100 TeV

But 100 TeV soft scalar masses imply tuned EWSB!



NONTHERMAL DARK MATTER
Considering moduli cosmology motivates pairing semi-
split SUSY with nonthermal dark matter 
generated through moduli decay.

see: Moroi/Randall hep-ph/9906527; J. Kaplan hep-ph/0601262; Gelmini/
Gondolo hep-ph/0602230, Acharya/Kane/Kuflik 1006.3272, others....

For given       , DM abundance is enhanced by a factor of 
Tfreezeout/TRH. Ideal for light wino DM, with large 
annihilation rate. 

h�vi



IN WINO VERITAS?
Both thermal and nonthermal wino DM are in some 
trouble from observations of the gamma-ray sky:
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Figure 4: Constraints on the relic abundance of Wino component in dark matter. The red solid curve is the thermal relic of
Wino calculated in [12]. The rest curves and points are from different indirect detection searches: purple squares: Fermi line
search; green filled circles: HESS line search; purple dash-dotted line: Fermi photon continuum search in the satellite galaxies
of Milky Way; green dotted (blue dashed): continuum constraints from galactic center assuming NFW (Einasto) profiles.

3 Implications for the cosmological history

Wino with mass around 2.7 TeV leads to a thermal relic equal to the measured dark matter relic today [12]. This is
clearly ruled out by HESS line search as we showed in Sec. 2. The remaining possibilities of neutralino dark matter
in the Split SUSY context are We should have this table in introduction as well

1. Multiple-component dark matter: where LSP is only one component of dark matter and some other stable
particles, e.g., axion, constitute the rest of dark matter relic. Again, in this case, one could have either a
thermal or a non-thermal history for the LSP. If LSP is purely Wino, the indirect searches discussed in Sec. 2
impose interesting constraints on the parameters relevant to the non-thermal history of wino component,
in particular, the reheating temperature. We will discuss this in Sec. 3.1 and Sec. 3.2;

2. Neutralino dark matter: where LSP is not purely Wino but is still the only component of dark matter. In this
case, there are several further possibilities:

(a) Pure Bino dark matter: Given the absence of co-annihilation in Split SUSY, to get the right relic abun-
dance for pure Bino, one needs to invoke some non-thermal mechanism to reduce the Bino thermal
relic, for example, invoking a huge late-time entropy production. To achieve that, one must finely tune
parameters, like the branching fraction of the late-decaying particle and reheating temperature to get
the right relic abundance for Bino. We will discuss this in Sec. 3.3;

(b) Pure Higgsino dark matter: If the indirect searches improve their sensitivity by one order of magni-
tude, this possibility could be ruled in or out. Pure Higgsino dark matter has thermal relic equal to the
observed dark matter relic at mass about 1 TeV. To get pure Higgsino dark matter, µ parameter has to
be small, which means generically tan� 6= 1. This has an interesting implication for the SUSY scale in
split SUSY given Higgs mass at about 125 GeV. We discuss this in Sec. 3.4;
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Hard not to overproduce DM without even 
heavier moduli, RPV, or more complex cosmology. 
Preliminary work in progress, J. Fan and MR.



WHAT’S NEXT?
• If SUSY is right, could well be beyond the MSSM. If SUSY 

is natural, it must be beyond MSSM.

• Important to keep pushing stop and gluino searches, also 
broadening to RPV, etc, to really rule out naturalness.

• “Mildly split” SUSY: scalars at ~100 to ~1000 TeV? Now some 
tension with dark matter / moduli constraints. Add RPV?

• Keep looking for hard-to-find but theoretically motivated 
options: displaced gluinos, light higgsino, pure higgsino DM....

• Still hoping for more surprises!


