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

Always at least a factor of 
100 tuning.

⇤ = 10 TeV

(Beyond MSSM is different story)



Split SUSY, Take 1:

Higgs 125 GeV
Gauginos 1 TeV

10s-100 TeVScalars, Gravitino, Moduli

⇠ ↵/⇡ ?

• Heavy scalars (10s of TeV) at large tan β: right Higgs mass 
• Loop factor: arises in AMSB (Giudice, Luty, Murayama, 
Rattazzi ’98) and some moduli mediation 

• Late-time gravitino and moduli decays populate nonthermal 
dark matter, e.g. winos (Moroi, Randall ’99; Kane et al.) 

Many recent papers on “Mini-Split”: Arvanitaki et al., Arkani-Hamed et al., …



profiles with softened cusps such as cored profiles.
In setting the bounds, we neglected the energy differences of photons in �� and �Z final states for m �̃0 � 200

GeV, assuming the two final states contribute to a single line-like feature in the fit. The energy of the photon in the
�Z final state is larger than that of the photons in �� by an amount

�m =
m 2

Z

4m �̃0
⇡ 10 GeV

Ç
200GeV

m �̃0

å2
. (7)

Given the current energy resolutions of both experiments ⇠> 10 GeV, this is a reasonable approximation for m �̃0 �
200 GeV [53, 58]. For 100 GeV m �̃0 < 200 GeV, we consider only the contribution of the process ending in �Z to
the photon line flux because it is about 2.5�2.8 times that of the process leading to ��.

From Fig. 3, we can see that if dark matter is purely wino, the constraint from line searches rules out winos in the
range (100�300)GeV and (500 GeV�3 TeV), with (700 GeV�1.4 TeV) less constrained or unconstrained depending
on the astrophysical parameters. Combined with constraints from continuum photons from galactic center,
pure wino dark matter in the whole range from 100 GeV to 3 TeV (with the possible exception of a range between
700 GeV and 1.4 TeV) is ruled out for both NFW and Einasto profiles, allowing astrophysical parameters to vary
in the 2� range in [49].

Wino thermal relic
HESS line H1301.1173L
Fermi line H1305.5597L
Fermi dwarf 4 yrs
Hooper et. al. GCH1209.3015L
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Figure 4: Constraints on the relic abundance of wino dark matter (i.e., a wino component in a scenario with multiple dark
matter particles). The burgundy dashed curve is the thermal relic abundance of winos calculated in [21, 22]. The other curves
are constraints from different indirect detection searches. Black dot-dashed: Fermi dwarf galaxy; purple line and bands: Fermi
line search assuming NFW profile with ⇢(r�) = 0.4 GeV/cm3 with r� = 8 kpc (purple solid line), NFW profile with varying ⇢(r�)
(purple band), Einasto profile with varying ⇢(r�) (lighter purple band); green line and bands: HESS line search assuming NFW
profile with ⇢(r�) = 0.4 GeV/cm3 with r� = 8 kpc (green solid line), NFW profile with varying ⇢(r�) (green band), Einasto profile
with varying⇢(r�) (lighter green band); blue line and bands: Fermi galactic center continuum search analyzed in [42] assuming
NFW profile with ⇢(r�) = 0.4 GeV/cm3 with r� = 8 kpc (blue solid line), NFW profile with varying ⇢(r�) (blue band), Einasto
profile with varying ⇢(r�) (lighter blue band). The vertical dashed orange line marks the wino with thermal relic abundance
⌦thermalh2 = 0.12.

In Fig. 4, we present constraints from various indirect searches using photons on the relic abundance of a wino
dark matter component. In the plot, we also plotted the wino thermal relic abundance calculated in [21, 22]. From
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Wino DM?2.2 Photon line constraints

Both Fermi and HESS searches for line-like features in the photon spectrum are already sensitive to the cross
section of wino dark matter annihilating into two photons or a photon and a Z boson [52, 53]. The difference is
that currently the Fermi search is only sensitive to photons with energy below 300 GeV, while HESS is sensitive
to photons in a higher energy range above 500 GeV. In this subsection, we will derive bounds on neutralino dark
matter annihilation from photon line searches.

2.2.1 Neutralino annihilations into two photons

Analytic results of the full one-loop calculation of neutralino annihilation into two photons or photon+Z have
been derived in [54–57]. The Sommerfeld enhancement for pure wino or pure higgsino have been calculated in [50,
51]. The two calculations are different and there are some limitations of both calculations, which we will discuss
in Appendix B. To understand the behavior of the cross sections, we first inspect the limit when the neutralino is
heavy and the lightest superpartner (LSP) and its corresponding charged state are nearly degenerate in masses. We
will neglect Sommerfeld enhancement for the moment. In this limit, only one type of box diagram dominates, as
shown in Fig. 2. Other contributions to the rate are suppressed by 1/m 2

� . The analytic formula of the cross sections
in this limit are given by

h�v i�̃0�̃0!�� ⇡ 4↵4⇡

m 2
W sin4✓W

⇡ 1.6⇥10�27 cm3/s (�̃0 = W̃ 0),

⇡ ↵4⇡

4m 2
W sin4✓W

⇡ 10�28 cm3/s (�̃0 = H̃ 0), (5)

h�v i�̃0�̃0!Z� ⇡ 8↵4⇡cos2✓W

m 2
W sin6✓W

⇡ 1.1⇥10�26 cm3/s (�̃0 = W̃ 0),

⇡ ↵
4⇡
Ä

sin2✓W �0.5
ä2

2m 2
W sin6✓W cos2✓W

⇡ 8.0⇥10�29 cm3/s (�̃0 = H̃ 0). (6)

We see that for heavy neutralino, without Sommerfeld enhancement, its annihilation cross section is approxi-
mately a constant, independent of its mass at the leading order. (Taking into account the small but finite mass
splitting leads to a gradual decline in this cross section at high masses.)

Figure 2: Dominant diagram in the wino or higgsino annihilation into photons at the one-loop level, in the limit when the
neutralino is heavy.

For pure winos, the Z� annihilation cross section is about one order of magnitude larger than �� annihilation,
whereas for pure higgsinos they are comparable. The differences in wino and higgsino production cross sections
originate from their couplings to Z and �. For a �� final state, there is an additional Bose factor of 1/2 compared to
Z�.

In Fig. 3, we plotted the total cross section of wino annihilation into photons weighted by the number of pho-
tons in the final state, 2h�v i�� + h�v iZ�, as a function of the wino mass. The cross section is a result of matching
between the one-loop analytic calculation, which is more reliable for light winos, and the calculation including
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Fermi-LAT telescope 
(in space) and HESS 
(in Namibia)
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Figure 4: Some annihilation modes
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Gravitino Decays
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Figure 8: The bound on reheating temperature converted to a lower bound on the scale of moduli masses using Eq. 8 and 9.
Rather than using the reheating bound from Fig. 7, we have been somewhat more conservative by using the bound on h�v iW W

assuming a 1 kpc cored NFW profile from Fig. 5 (right hand plot). We also show a range of gravitino masses that might be
associated with a given wino temperature. The central dashed line is the AMSB prediction, and the band encompasses a factor
of 2 around this prediction in either direction.

other models where the detailed numerical coefficient is sensitive to moduli stabilization or other dynamics. What
is clearly visible in Fig. 8 is that the moduli mass scale preferred for achieving a sufficiently small wino relic
abundance is notably larger than the gravitino mass expected to lead to the chosen wino mass.

To restate this: scenarios in which gauginos are a loop factor below m3/2 and moduli lie near m3/2 are dis-
favored, whereas moduli an order of magnitude or more heavier than m3/2 are compatible with the data. The
modulus mass can only be significantly heavier than the gravitino mass if moduli are stabilized in a supersymmet-
ric manner. Furthermore, it would be a surprise if all moduli are stabilized supersymmetrically. For instance, if
a QCD axion originates from a modulus field, its scalar superpartner, the saxion, would be catastrophically light
unless it is stabilized in a nonsupersymmetric manner [81, 87, 88]. Hence, we might expect the saxion to overpro-
duce winos. This may not be an insurmountable problem: if the axion’s decay constant is relatively small, perhaps
the saxion stored a small fraction of the energy density compared to other moduli, and hence is a subdominant
effect compared to heavier, supersymmetrically stabilized moduli. Another possible problem is that moduli heavy
relative to m3/2 will decay to gravitinos, potentially creating a moduli-induced gravitino problem [25, 76, 77]. The
decay rate of gravitinos in the MSSM is [77]

�3/2 =
193

384⇡

m 3
3/2

M 2
Pl

, (13)

parametrically similar to moduli decay with c ⇡ 2 but with m� traded for the smaller m3/2. This can be problematic
for BBN; for instance, 100 TeV gravitinos decay when the temperature is about 7.8 MeV. The gravitino decays also
produce additional LSPs, which at these later times do not annihilate as efficiently. As a result, the data appears
to be forcing us into a special corner of model space in which moduli decays to gravitinos are suppressed [79, 81].
This problem, known for several years, is more severe now that data has told us that low-mass winos can constitute
at most a small fraction of the dark matter. The bound on the reheating temperature is such that we can’t appeal
to moduli lighter than 2m3/2 to escape the problem, at least unless gaugino masses are suppressed far below their
anomaly-mediated values relative to m3/2.
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Tdec ⇡ 10 MeV
⇣ m3/2

100 TeV

⌘3/2

Decays when CMB temp. isGrav. strength                         .

Regimes of gravitino mass:
m3/2

m�0
1

Grav. LSP; 
tends to 
overclose. 
Light sparticles

Grav. decays 
spoil BBN

100 TeV 104 TeV

Grav. decays 
alter DM relic 
density

Grav. decays 
safe: 
Tdec > TFO



Decoupling the Gravitino

graviton

1/MPl 1/MPl
No SUSY: 

SUSY: 

�m2 ⇠ ⇤4

16⇡2M2
Pl

�m2 ⇠
⇤2m2

3/2

16⇡2M2
Pl

Gauginos: gravitino mass breaks R and chiral symmetries

�m� ⇠ ⇤2

16⇡2M2
Pl

m3/2

Can we keep gauginos at a TeV (e.g. for dark matter, 
LHC signals) while putting the gravitino above 104 TeV? 

Dimensional analysis / EFT: yes, but only in a theory 
with a low cutoff.



Split SUSY, Take 2:

Higgs 125 GeV
Gauginos 1 TeV

Scalars
𝜖

Missing step: SUSY breaking
Gravitino

𝜖

Cutoff

Planck scale
𝜖

?



Where Did AMSB Go?
A naive expectation is that we always have 

m
gaugino

>⇠
↵

⇡
m

3/2

due to anomaly mediation. But AMSB can be suppressed! 
A useful approach is to work in superspace with the 
conformal compensator formalism, in which we have:

m
gaugino

>⇠
↵

⇡
F�

(naive)

(correct)

Key phenomenological question to decouple the 
gravitino (and, possibly, moduli) problems:

How to achieve                   , i.e., no-scale structure?F� ⌧ m3/2



Where Do We Find  
No-Scale Structure?

A simple, classic example is compactifying 5D 
supergravity on a circle. Gives rise to what I’ll call 
“single-field no-scale structure”:

Z
d4✓ �†�

�
T + T †�

If this is the only term involving T in the Lagrangian,

�

�F †
T

: F� = 0
Ellis, Enqvist, Nanopolous ’84 
Luty, Sundrum ’99 
Arkani-Hamed, Dimopoulos ’04

Scalar field with kinetic term only via mixing with gravity!



Single-Field No-Scale
More generally, when does the length scale of extra 
dimensions enforce this leading no-scale form? 
Compactify D = d + n down to d.

ds

2 = gµ⌫dx
µ
dx

⌫ + L

2
hlm(y)dyldym, h Ricci flat

L = � V (h)

16⇡GD

Z
d

d
x

p
�gL

n

✓
R+

(@L)2

L

2

◆
Kaluza-Klein:

Weyl transform to remove L kinetic term:

L = � 1

16⇡Gd

Z
d

d
x

p
�gRL

↵
, where ↵ =

r
n(n+ d� 2)

d� 1



Single-Field No-Scale 
Candidates

L = � 1

16⇡Gd

Z
d

d
x

p
�gRL

↵
, where ↵ =

r
n(n+ d� 2)

d� 1

Compactify n dimensions of overall length scale L:

Want       to be real part of chiral superfield with shift 
symmetry. So when is 𝛼 an integer p? Then imaginary part 
of superfield can come from p-form gauge field.

d = 4: n = 1, p = 1. 5D → 4D, 1-form gauge field 
n = 6, p = 4. 10D → 6D, 4-form gauge field

L↵

Only two integer solutions:



Single-Field No-Scale 
Candidates

L = � 1

16⇡Gd

Z
d

d
x

p
�gRL

↵
, where ↵ =

r
n(n+ d� 2)

d� 1

Compactify n dimensions of overall length scale L:

Want L to be real part of chiral superfield with shift 
symmetry. So when is 𝛼 an integer p? Then imaginary part 
of superfield can come from p-form gauge field.

It isn’t an accident that phenomenological models of 
no-scale structure have been discussed in the 
literature mostly in two cases:

5D SUGRA compactified on a circle
10D Type IIB SUGRA at large volume 
(IIB, not IIA, because of the 4-form)

Any other case will involve multiple fields enforcing 
no-scale and is likely less robust.

d = 4: n = 1, p = 1. 5D → 4D, 1-form gauge field 
n = 6, p = 4. 10D → 6D, 4-form gauge field



We’ve now motivated studying supergravity theories arising 
from 5D (heterotic M-theory on small Calabi-Yau?) or 10D 
Type IIB.  

Need to study moduli stabilization and SUSY breaking to 
complete the spectrum I drew earlier. 

For the IIB case, we can draw on the well-studied string 
theory Large Volume Scenario for SUSY breaking: 
Balasubramanian, Berglund, Conlon, Quevedo ’04 
Conlon, Quevedo, Suruliz ’05 
… 
Aparicio, Cicoli, Krippendorf, Maharana, Muia, Quevedo ’14



Gravitino Estimate
We need the moduli stabilization model to fill in the 
details, but can estimate: 

Assumptions: 

m3/2 =
1

M2
Pl

D
eK/(2M2

Pl)W
E
⇠ MPl

hT + T †i3/2

• W takes values near Planck scale 
• Single-field dominance of <K> ~ -3 log<T> 
• Cutoff at higher-dim Planck scale

10D Type IIB : m3/2 ⇠ ✏2MPl

5D : m3/2 ⇠ ✏3MPl

Leads to: 



SUSY’s Ladder

Higgs 125 GeV
Gauginos 100s GeV - 1 TeV

Scalars, Volume modulus
𝜖

Gravitino, Moduli
𝜖

String scale
𝜖

Planck scale
𝜖

106 GeV

1010 GeV

1014 GeV

1018 GeV

Possible realization of gravitino decoupling from 10D IIB



Loop Corrections:  
Coleman-Weinberg

Can ask: are the volume-suppressed Kähler terms we 
assume radiatively stable? Have quadratic divergences:

�K =

⇤

2

16⇡2
log detK(2)

matrix of 2nd derivs  
of Kähler potential

Up to logs, recover assumed structure. Stable against loops.

Key point: cutoff scale is field-dependent; at most, it’s the 
string scale ~ MPl/(T + T †)3/4

(one of several terms in 1-loop C-W potential)



Next Steps
One reason phenomenologists have been wary of no-scale 
structure is largely that it’s not so easy to understand if 
corrections spoil all of the magic. 

We’ve found that working in superspace in the conformal 
compensator formalism makes many cancelations obvious. 
Good starting point for asking EFT questions. 

Need to develop this systematically. Power-counting in 
volume suggests a spurion-based EFT approach to no-
scale breaking that can be convincing. Possibly can help to 
reorganize and clarify results in string pheno literature.



Phenomenology
Many aspects already discussed in LVS papers. Wei Xue 
and I have rederived many of these results in a superspace 
formalism. Many cancelations become manifest. 

Important phenomenological consequences: 
• The hierarchies                                and                            

can be consistently achieved in effective field theory. 

• The lightest modulus—arising from the field T that controls 
no-scale structure—has special SUSY-breaking couplings 
so it can decay rarely to R-parity odd particles (Cicoli, 
Conlon, Quevedo ’12; Higaki, Takahashi, ’12)

m
gaugino

⇠ ✏2m
3/2 mscalar ⇠ ✏m3/2



Modulus Decays
Relatively clear in Cheung-D’Eramo-Thaler gauge

removing kinetic mixing of modulus and graviton. 
No-scale limit: conformal compensator 𝚽 linear in 
modulus but lacks F-term:

Result: sequestered Kähler potential 
leads to moduli decays to scalars but not fermions in the Q 
multiplets! Need to more thoroughly explore whether this can 
be used for dark matter abundance.



Gluino Lifetime
The obvious experimental handle on this theory is the gluino. 
Can we use it to learn the scalar mass scale?

Figure 10: Summary of the gluino decay phenomenology as a function of the gluino mass and the
scalar mass scale. We have assumed that for displaced gluinos 100 µm  c⌧  10 m.

4 Mini-Split Phenomenology

If there are no light scalars apart from the Higgs, searching for evidence of supersymmetry at the
LHC becomes more challenging but is far from impossible. Of course, the most promising signal
is the dimension-6 gluino decay through o↵-shell scalars to the lightest neutralino state. The
lifetime for such a decay can easily vary from a few femtoseconds to Hubble scales as can be seen
from Fig. 10 [30]. The collider signals for such a decay have been studied extensively [31, 32] and
there are already bounds for gluinos in Split [33, 34, 35, 36] which place their mass above 1 TeV.
In addition, as already discussed, taking into account the given Higgs mass and gauge coupling
unification, we can infer that the scalar masses in Split scenarios have to lie below 105 TeV. This
means that the gluino lifetime is now generically less than ⇠ 10�8 sec, and gluinos, when produced
at the LHC, will give rise to displaced vertices or prompt decays unless the scalars are above 104

TeV. This makes the search strategies for gluinos in Split more in tune with ordinary gluino SUSY
searches.

If the gluino is the ordinary LSP, it instead decays directly to e.g. a gravitino and a gluon.
Its decay still gives rise to interesting phenomenology [30], athough the connection between the
gluino lifetime and the scalar masses is lost, and current bounds place its mass above 1 TeV.

Finally, gluino searches may be supplemented or even supplanted, in cases where the gluino
is out of LHC reach, by searches targeting the remaining gauginos or higgsinos. In this case the
optimal LHC search strategy depends on the detailed spectrum. The discovery prospects for a
light bino with no other accessible states are fairly hopeless, but pure electroweak production of
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Arvanitaki, Craig, 
Dimopoulos, 
Villadoro ’12 

We’re on the 
border, ~100 μm  
decay lengths. 
Experimentally 
challenging, but 
possible?



Higgs Mass in Split SUSY

Lighter band: mé ê3 < mi < 3mé

Darker: Mt = 173.34 ± 0.76 GeV
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Figure 4: Left: Regions in the (m̃, tan �) plane that reproduce the observed Higgs mass for High-

Scale SUSY. The black solid line gives the prediction for Xt = 0, mass-degenerate superparticles,

and central values for the SM parameters. The light-blue band shows the e↵ect of superparticle

thresholds by varying the supersymmetric parameters M
1

,M
2

,M
3

, mQi
,mUi

,mDi
,mEi

, mLi
and

µ randomly by up to a factor 3 above or below the scale m̃, and At within the range allowed

by vacuum stability. The dark-blue band corresponds to mass-degenerate superparticles, but

includes a 1� variation in Mt. Right: Same as the left plot for the case of Split SUSY. The

gaugino and higgsino masses are all set to 1TeV, and At = 0. The dot-dashed curve corresponds

to the EW tuning condition in the case of universal scalar masses at the GUT scale.

corrections that could reduce the Higgs mass when the parameter X̃t = (At�µ cot �)2/mQ3mU3

is larger than about 12. The well-known bounds valid in the case of natural SUSY (see, e.g.,
ref. [35]) need to be adapted to the case of High-Scale SUSY, where the mass term for a
combination of the two MSSM Higgs doublets almost vanishes because of the electroweak fine-
tuning. In order to determine the upper bound on X̃t, let us consider the scalar potential for
the stop-Higgs system

V = m2

Q3
|Q̃

3

|2 +m2

U3
|Ũ

3

|2 + gt
sin �

⇣
AtHuQ̃3

Ũ
3

+ µH⇤
dQ̃3

Ũ
3

+ h.c.
⌘

+
g2t

sin2 �

⇣
|HuQ̃3

|2 + |HuŨ3

|2 + |Q̃
3

Ũ
3

|2
⌘
+Higgs-mass terms +D-terms , (37)

where the appropriate SU(2)L contractions are implicit and where gt is the top Yukawa coupling
of the SM. Let us consider the potential along the direction of the approximately-massless Higgs
fieldH (withHu = H sin �, Hd = ✏H⇤ cos �) and along a squark direction such that theD-terms
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If we start with universal 
scalar masses: 

then a 125 GeV Higgs 
occurs when they are 
about 106 GeV. RG 
running lowers 
relative to         : 
end up with 
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Higgs Mass in Split SUSY
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Darker: Mt = 173.34 ± 0.76 GeV

104 106 108 1010 1012
1

10

3

SUSY scale in GeV

ta
nb

High-Scale SUSY

Lighter band: mé ê3 < mi < 3mé

darker: Mt= 173.34 ± 0.76 GeV

Tuning condition
for universal scalars

104 106 108 1010 1012
1

10

3

SUSY scale in GeV

ta
nb

Split SUSY

Figure 4: Left: Regions in the (m̃, tan �) plane that reproduce the observed Higgs mass for High-

Scale SUSY. The black solid line gives the prediction for Xt = 0, mass-degenerate superparticles,

and central values for the SM parameters. The light-blue band shows the e↵ect of superparticle

thresholds by varying the supersymmetric parameters M
1

,M
2

,M
3

, mQi
,mUi

,mDi
,mEi

, mLi
and

µ randomly by up to a factor 3 above or below the scale m̃, and At within the range allowed

by vacuum stability. The dark-blue band corresponds to mass-degenerate superparticles, but

includes a 1� variation in Mt. Right: Same as the left plot for the case of Split SUSY. The

gaugino and higgsino masses are all set to 1TeV, and At = 0. The dot-dashed curve corresponds

to the EW tuning condition in the case of universal scalar masses at the GUT scale.

corrections that could reduce the Higgs mass when the parameter X̃t = (At�µ cot �)2/mQ3mU3

is larger than about 12. The well-known bounds valid in the case of natural SUSY (see, e.g.,
ref. [35]) need to be adapted to the case of High-Scale SUSY, where the mass term for a
combination of the two MSSM Higgs doublets almost vanishes because of the electroweak fine-
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If we start with universal 
scalar masses— 

—a 125 GeV Higgs 
occurs when they are 
about 106 GeV. RG 
running lowers 
relative to         : 
end up with 

m2
Hu

= m2
Hd

= m2
0

m2
Hu

m2
Hd

tan� ⇡ 2

The value of the universal 
scalar mass that predicts the 
Higgs mass correctly is ~ PeV, 
in the same range that we 
want for the “SUSY’s Ladder” 
maximally spread spectrum!

Looks consistent with no-
scale structure, Large Volume 
Scenario.



Higgsino/Bino DM Directly
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Interpreting the recent LUX 
2016 spin-independent 
result (PandaX not far 
behind!) 
Well-tempered DM is not 
showing up. 
Nonthermal: still room.

(higgsino/wino is a similar story)

1608.07648



Future Direct Detection
⬅  Z exchange

⬅ h exchange

⬅ W loop (wino)
⬅ W loop (higgsino)

SU(2) multiplets dominantly scattering through loops are a 
real challenge, beyond the next generation of experiments.

Snowmass: Cushman et al. 1310.8327



Indirect Detection

Continuum photons: 
Fermi-LAT dwarf 
galaxy bounds 
(1503.02641) and 
HESS galactic center 
with NFW profile 
(1607.08142)

Also line searches at high energies. Winos essentially ruled 
out as 100% DM! Higgsinos ruled out to ~340 GeV. 
Cohen, Lisanti, Pierce, Slatyer 1307.4082; Fan, MR 1307.4400



Future Indirect Detection

1408.4131 
Silverwood, 

Weniger, Scott, 
Bertone

CTA (Cherenkov Telescope Array) will get close to ruling out 
thermal relic dark matter over most of the hundreds-of-GeV 
range, but will likely not quite reach TeV higgsinos.

(Assuming no significantly new techniques.)



100 TeV?
Future colliders are being discussed at different energies 

FCC-hh: 100 km tunnel, 100 TeV proton-proton 
SppC: 55 km tunnel, 70 TeV proton-proton 

The energy reached depends on magnet technology.  
12 Tesla seems completely feasible; 16 Tesla within reach; 
20 Tesla boldly optimistic. 

SppC could fall short of 70 TeV, without a bigger tunnel. 

Do we have a clear physics case for 50 TeV, 70 TeV, 100 
TeV, 120 TeV, …? Need well-defined questions to assess.



Precision BSM at 100 TeV
If the LHC discovers new physics, it will likely only provide 
the first glimpse of it. 

A higher-energy, high-luminosity collider would help 
solidify the new Standard Model. 

Most 100 TeV BSM studies to date are simple estimates of 
exclusion/discovery reach of very heavy particles. 
 
We need more investigation of the real power of such a 
machine to reveal couplings, mechanisms, and principles, 
not just bumps.



One Such Collider Challenge: 
Why 125 GeV?

In the MSSM: basically a 
function of the stop mass 
and tan beta. 

Can a future hadron collider 
measure them well enough 
to test if this is the right 
theory? 

Precision physics: 
millions of gluino pairs.
(work in progress with P. 
Agrawal, J. Fan, W. Xue)
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Testing MSSM 125 GeV
Scalar mass scale: 
gluino lifetime; 
log in one-loop branching ratio; 
squark/gluino production 
(also see Sato, Shirai, Tobioka 1207.3608)

Measuring tan beta is trickier. Several observables; which 
is best depends on ordering of bino, wino, and higgsino 
masses. For instance:

Preliminary results in the CERN Report; paper this summer

Agrawal, Fan, MR, Xue in progress



Electroweakino Production
Winos and higgsinos can be pair-produced through 
their electroweak interactions.
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13 TeV Electroweak Cross Sections
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For on-shell bosons: produce 
one multiplet, decay to 
another.



Wino to Bino
There is no renormalizable coupling between winos and 
binos; the decay goes through their mutual interaction 
with higgsinos. Tree level dimension 5:

W̃ 0 ! hB̃, W̃± ! W±B̃

Only two body decays are:

Plus phase-space suppressed 3-body decays: 

W̃ 0 ! hhB̃, ZZB̃,W+W�B̃

W̃± ! W±hB̃,W±ZB̃

⇠ gg0

µ tan�

�
h†�ih

�
W̃ iB̃

(are these ever useful? I’m 
not aware of studies)



Wino to Bino
The 2-body decay to a Z boson happens only at 
dimension 6 (or at dim. 5 at one loop):

gg0

µ2

�
h†�iDµh

�
B̃†�̄µW̃ i

So, roughly expect the branching fraction of Higgs relative to 
Z is enhanced:

Upshot: largest SUSY diboson rate in wino/bino is 
W + higgs + MET, except at large tan 𝛽 where Z appears.

(Howe, Saraswat 1208.1542; Baer, Barger, Lessa, Sreethawong, Tata 1201.2949) 



Wh: Weak Bounds at LHC 
(So Far!)

Presented results assume wino cross sections, but 
often not wino decay modes!



Higgsino Production
Higgsinos have a Dirac mass                  but mixing with binos 
and winos splits the neutral Dirac higgsino into two neutral 
Majorana particles. The combination is approximately

µH̃u · H̃d

H̃± ⌘ 1p
2

⇣
H̃0

u ± H̃0
d

⌘

The Z-boson couples off-diagonally: make one of each 
neutral mass eigenstate.



Higgsino to Bino
If the bino is lighter, decays go via the couplings

If                , one Higgsino couples to each of the Higgs VEV 
eigenstates. Make a higgsino pair, get one Z and one h.
At large tan 𝛽 get an equal mix of Z, h on each side.

tan� ⇡ 1

g0

2

⇣
H̃0

uH
0
u � H̃0

dH
0
d

⌘
B̃

/ ˜B
h
h
⇣
sin� ˜H0

u � cos� ˜H0
d

⌘
+ iG0

⇣
sin� ˜H0

u + cos� ˜H0
d

⌘i
(Goldstone, i.e. Z)

So produce signals of missing momentum plus: 
Zh, ZZ, hh in a mixture related to tan beta;  
or W+W- from chargino pairs;  
or WZ, Wh in equal amounts from chargino+neutralino

(fine print: alignment limit assumed, 𝛽 ≈ 𝛼 + 𝜋/2)



Higgsino to/from Wino
• We could produce higgsinos that decay to lighter winos, or winos that 

decay to lighter higgsinos. 

• The story is very similar to higgsino -> bino: for tan beta closer to 1 the 
decays approach 100% Z or 100% Higgs; for large tan beta, get a mix. 

• If higgsinos are at the bottom of the spectrum, they are nearly 
degenerate and all essentially invisible. Wino->higgsino production 
populates all Z/h final states randomly. 

• Neutral -> charged decays can produce either sign of W boson. 

• Correlations between the two sides—equal Z and h on average but 
large deviations of hh:Zh:ZZ from 1:2:1—are a strong clue for higgsino 
production.

One lesson: precision electroweakino spectroscopy & 
branching measurements can tell us tan beta!



SU(2) Dark Matter at 100 TeV

some other 100 TeV SUSY DM studies: Cirelli, Sala, Taoso 1407.7058 (disappearing tracks for 
winos); Acharya, Bozek, Pongkitivanichkul, Sakurai 1410.1532 (wino->higgsino); Gori, Jung, 
Wang Wells 1410.6287 (multilepton, dilepton)

M Low and L-T Wang: 1404.0682

Monojet searches cover 
much of the higgsino 
range. Not quite thermal?

higgsino

Notice wide bands: varying background systematics 1-2%. 
Big exp. challenge is well-characterized background!



Fully Test Neutralino DM?
Bramante, Fox, Martin, Ostdiek, Plehn, Schell, Takeuchi 1412.4789 
Bramante, Desai, Fox, Martin, Ostdiek, Plehn 1510.03460

Claim a 100 TeV collider can cover the full parameter 
space of thermal relic neutralinos. Difficult corner: mixed 
bino-winos from compressed searches at 100 TeV.

Red region: 
compressed search

Higgsinos covered by direct 
detection if M1,2<4 TeV. 
Smaller splittings still a 
challenge.

pp ! (�̃0
2 ! ��̃0

1)(�̃
±
1 ! `±⌫`�̃

0
1)j
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Conclusions
• Some version of “mini-split SUSY” is a compelling 

explanation of why the Higgs mass is 125 GeV. 

• But what tethers split SUSY to the weak scale? Could 
be dark matter—but gamma ray constraints. 

• Can explore if these can be evaded by no-scale 
structure; interesting EFT puzzles to solve. 

• Mini-split SUSY, if true, requires a precision physics 
program that a high-energy collider (100 TeV?) might 
be well-suited for.


