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(Disclaimer:  I was asked to have an opinion.)
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Beyond the SUSY field content and spectrum...

Beyond a description in terms of simplified models...

Taking the Broad View
 

MSSM, NMSSM, MRSSM, ...

3

Want to test SUSY as a (well-motivated)
extension of space-time symmetry  

cMSSM, pMSSM, GMSB, ...

C8 → t t C0, C3 → t C0, ...

Use superpartners as probes
of structural questions

Ideally:
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Naturalness

Ideally: want direct experimental probes of this

If SUSY realized in nature...
...potentially relevant for understanding the holy trinity

Unification Dark Matter

(already probed?)

(more later...)
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?
=λ2

top

✕

[see e.g. Craig, Englert, McCullough; 
Farina, Perelstein, Lorier]
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If SUSY realized in nature...
...likely to involve standard SUSY paradigm

SSM SUSY
mediators

Hidden SectorVisible Sector

msoft �
F

M
mmess � M �X� � θ2F

Ideally: want direct experimental probes of this
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If SUSY realized in nature...
...we’ll all have to learn about SUSY in AdS space

Ideally: want direct experimental probes of this

[see D’Eramo, JDT, Thomas]
SUSY in AdS4

≈ Flat Space
(broken AdS4 SUSY)

V = 0

V = −3m2
3/2M

2
Pl

+ F 2

Source of “anomaly mediation”

m3/2 ←→ F√
3MPl

Preserves
(AdS) SUSY

Breaks
(AdS) SUSY

Fine Tuning
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Find superpartners of all standard model fields

Verify SUSY (and unification) coupling relations

Verify fine-tuning of AdS curvature against SUSY breaking

Extract hidden sector dynamics

Test whether moduli are stabilized supersymmetrically

Verify cancellation of quadratic divergences in Higgs sector

An Unreasonable Wish List
(Save for Snowmass 2013+N)

Measure m3/2 (and abundance Ω3/2)

Extract messenger quantum numbers

...
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Determine which string vacuum we occupy
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Not entirely pie-in-the-sky!
Decays of meta-stable charged particles to gravitinos

[Hamaguchi, Kuno, Nakaya, Nojiri;
Feng, Smith; Hamaguchi, Nojiri, de Roeck; ...]
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FIG. 1: Left: a schematic figure of the CMS detector and two stoppers. The numbers are in units

of meters, and (0, 0, 0) is the collision point. Right: two stopper–detectors and a circle about the

size of CMS detector are superimposed on the cross section of CMS cavern UXC 55, drawing taken

from Ref. [9].

where θ is angle between the CNLSP direction and the beam direction. The number comes

from the average density of CMS detector, 3.37g/cm3, which leads to the weight per cm2

for the radial direction of 2500g/cm2.

As discussed in the previous paper [2], the stopper can be a hadronic and electromagnetic

calorimeter simultaneously, if the detector consists of layers of dense stopper and tracking

devices. The measurement of the energy of the decay product of the CNLSP is the key

ingredient to explore the CNLSP interactions to the X particle. In this paper we assume

that the CNLSP is the scalar tau lepton τ̃ , which decays mostly as τ̃ → τX where X = G̃

or ã.

The τ decays into lν̄lντ , or into π± and π0’s. We do not consider the decays into µ,

because the muon energy cannot be measured unless the stopper contains a magnetic field.

The energy of the leptons are much softer than the parent τ energy anyway, so that they

are less useful for the study of the decay kinematics.

A large volume detector is advantageous to measure the energy of the τ decay products,

because the detector must contain most of the energy of the showers from the τ decay prod-

ucts. To fully absorb the hadronic cascade one needs sufficient thickness of the calorimeter.
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Not entirely pie-in-the-sky!
Decays of meta-stable charged particles to “goldstini”

mζ � 2m3/2

G̃

�̃

ζ

→ �

slepton

gravitino

pseudo-goldstino
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FIG. 1: Left: a schematic figure of the CMS detector and two stoppers. The numbers are in units

of meters, and (0, 0, 0) is the collision point. Right: two stopper–detectors and a circle about the

size of CMS detector are superimposed on the cross section of CMS cavern UXC 55, drawing taken

from Ref. [9].

where θ is angle between the CNLSP direction and the beam direction. The number comes

from the average density of CMS detector, 3.37g/cm3, which leads to the weight per cm2

for the radial direction of 2500g/cm2.

As discussed in the previous paper [2], the stopper can be a hadronic and electromagnetic

calorimeter simultaneously, if the detector consists of layers of dense stopper and tracking

devices. The measurement of the energy of the decay product of the CNLSP is the key

ingredient to explore the CNLSP interactions to the X particle. In this paper we assume

that the CNLSP is the scalar tau lepton τ̃ , which decays mostly as τ̃ → τX where X = G̃

or ã.

The τ decays into lν̄lντ , or into π± and π0’s. We do not consider the decays into µ,

because the muon energy cannot be measured unless the stopper contains a magnetic field.

The energy of the leptons are much softer than the parent τ energy anyway, so that they

are less useful for the study of the decay kinematics.

A large volume detector is advantageous to measure the energy of the τ decay products,

because the detector must contain most of the energy of the showers from the τ decay prod-

ucts. To fully absorb the hadronic cascade one needs sufficient thickness of the calorimeter.
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�̃

�

ζ

SSM SUSY

SUSY

[Cheung, Nomura, JDT;
[Cheung, Mardon, Nomura, JDT; ...]
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Mass scales [GeV]
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Summary of CMS SUSY Results* in SMS framework

CMS Preliminary

m(mother)-m(LSP)=200 GeV m(LSP)=0 GeV
LHCP 2013

 = 7 TeVs
 = 8 TeVs

lspm'-(1-x)motherm' = xintermediatem
For decays with intermediate mass,

Only a selection of available mass limits
*Observed limits, theory uncertainties not included

Probe *up to* the quoted mass limit

Supersymmetry in 2013
No superpartners under the lamppost

Squeezed Spectra?  R-parity Violation?  Third-Generation Rich? Other Blind Spots? 

Current task:  Find any evidence for superpartners 
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Summary of CMS SUSY Results* in SMS framework

CMS Preliminary

m(mother)-m(LSP)=200 GeV m(LSP)=0 GeV
LHCP 2013

 = 7 TeVs
 = 8 TeVs

lspm'-(1-x)motherm' = xintermediatem
For decays with intermediate mass,

Only a selection of available mass limits
*Observed limits, theory uncertainties not included

Probe *up to* the quoted mass limit

Supersymmetry in 2013
No superpartners under the lamppost

Squeezed Spectra?  R-parity Violation?  Third-Generation Rich? Other Blind Spots? 

Current task:  Find any evidence for superpartners 
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Reason for Optimism:  Natural SUSY
(though quite constrained by top-rich searches)

11

[many papers since mid-90s; figure adapted from Papucci, Ruderman, Weiler]

H̃

t̃L
b̃L

t̃R

g̃

natural SUSY decoupled SUSY

W̃

B̃
L̃i, ẽi

b̃R

Q̃1,2, ũ1,2, d̃1,2

FIG. 1: Natural electroweak symmetry breaking constrains the superpartners on the left to be

light. Meanwhile, the superpartners on the right can be heavy, M � 1 TeV, without spoiling

naturalness. In this paper, we focus on determining how the LHC data constrains the masses of

the superpartners on the left.

the main points, necessary for the discussions of the following sections. In doing so, we will

try to keep the discussion as general as possible, without committing to the specific Higgs

potential of the MSSM. We do specialize the discussion to 4D theories because some aspects

of fine tuning can be modified in higher dimensional setups.

In a natural theory of EWSB the various contributions to the quadratic terms of the Higgs

potential should be comparable in size and of the order of the electroweak scale v ∼ 246GeV.

The relevant terms are actually those determining the curvature of the potential in the

direction of the Higgs vacuum expectation value. Therefore the discussion of naturalness

7

≈ 250 GeV

≈ 500 GeV

≈ 1000 GeV

≈ Multi-TeV

one-loop

tree-level

two-loop

who cares?

Scale δmh2

Opportunity for new  
connections between

flavor & SUSY
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Flavor Mediation Delivers Natural SUSY
(anomaly-free) gauged SU(3)F as mediator of SUSY breaking

12

Standard Model
Quark Hierarchy

t
c
u

Broken SU(3)F Gauge Group
(Cartan Rank 2)

SU(3)/SU(2)

SU(2)

Desired Natural
Superpartner Hierarchy

�q1,2, ��1,2
�t,�b, �τ , �ν3

If true, expect flavor signals, 
e.g. B-meson mixing

[Craig, McCullough, JDT]
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Reason for Pessimism:  SM-ish Higgs at 126 GeV

Circumstantial evidence for a mini-desert

If MSSM, then at least we know
where to look for stops

13

(Of course, could be NMSSM, λSUSY, non-decoupling D-terms, ...
split-ish spectrum of heavy sfermions but light gauginos, ...)

Figure 4: The scalar mass scale in Split Supersymmetry as a function of tan β for a Higgs mass

fixed at 125.5 GeV for no and maximal stop mixing. The 1σ error bands coming from the top

mass measurement (which dominate over other uncertainties) are also shown.

high scale SUSY breaking models (as in gravity or anomaly mediation). The gluino RG effects
become stronger as Λ is pushed up and it gets harder to have a stop much lighter than the gluino.

The bounds on the tuning from current direct stop searches are not competitive with the gluino

ones, and thus do not pose a significant constraint on the parameter space. When mλ3 � mt̃1 ,

additional tuning is required because of the large correction to the stop mass from the gluino.

Making the LSP heavier than 400 GeV to evade the gluino bounds does not improve the situation;

a heavy LSP implies a large µ-term which increases the tree-level tuning of the theory. Fig. 2

finally shows that the small window left for naturalness in SUSY will be probed already by the

end of the 8 TeV LHC run, when the gluino searches are pushed above 1.5-1.8 TeV mass range.

The absence of evidence for sparticles suggests that either low-energy SUSY theories have to be

tuned, or sparticles are absent from the weak scale altogether. Why, then, does supersymmetric

unification work so well if the sparticles responsible for it are not present? An answer to this

question comes from Split SUSY [7, 8], a theory motivated by the multiverse. In Split SUSY,

scalar sparticles are heavy—at the SUSY breaking scale m0—whereas fermions (gauginos and

higgsinos) are lighter as they are further protected by the R-symmetry whose breaking scale can

be lower than m0. Choosing the fermion masses near a TeV, as dictated by the WIMP “miracle”,

reproduces successful unification independent of the masses of scalar sparticles. So in Split only

the gauginos and higgsinos may be accessible to the LHC, whereas the scalar masses can be

anywhere between the GUT and the weak scale.

This uncertainty in m0, which has been blurring the phenomenology and model building of

Split, has come to an end with the discovery of the Higgs [4]. The Higgs mass mh correlates with

m0 [7, 8] as shown in Fig. 3 [9], and for mh = 125.5 GeV the scalar sparticle masses are in the

4

[from Arvanitaki, Craig, Dimopoulos, Villadoro]
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Find evidence for superpartners

SUSY right around the corner?

✔

14

✔ Upgrade LHC to 13/14 TeV

Confront challenging kinematics/final states✔

High Luminosity LHC, esp. for background-limited searches

trilepton search
for electroweakino pairs

✔
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SUSY right around the next corner?

SUSY right around the corner?

Search for (colored) superpartners
✍

Consider less direct probes of SUSY

15

Invest longterm in advanced accelerator technology

Build a 100 TeV proton-proton machine

??

(Hope we can check 
more than one box...)

Find evidence for superpartners✔
✔ Upgrade LHC to 13/14 TeV

Confront challenging kinematics/final states✔

(I was asked to have an opinion.  You should have one as well.)

High Luminosity LHC, esp. for background-limited searches✔
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Two Higgs Doublet (+ Singlet) Sectors 

(Thermal-Relic) Neutralino Dark Matter

High-Scale Symmetry Violation (esp. CP)

Wish List for the Frontiers
a.k.a. three oases in the mini-desert?

16

Focus on ubiquitous elements of SUSY models
that are accessible in near-term frontier experiments

If sfermions are quasi-decoupled...
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Two Higgs Doublet (+ Singlet) Sectors

17

Questions:

‣ Direct searches for H0/A0/H±/S0 vs.
Indirect tests through h0 properties?
[e.g. Craig, Galloway,Thomas; ...]

‣ How fast do we hit decoupling 
regime (from e+e– perspective)?

‣ Model building? (i.e. alignment 
without decoupling, RG stability?) 

[in MSSM, from Djouadi, Quevillon]

1

3
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50
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t
a
n
β
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LHC sensitivity

7+ 8 TeV/ 25 fb
−1

H/A → ττ
H → VV

A → hZ

H → hh

H/A → tt̄

Figure 10: The estimated sensitivities in the various search channels for the heavier MSSM Higgs

bosons in the [tanβ,MA] plane: H/A → τ+τ− (light blue), t → H
+
b → τνb (dark blue), H →

WW + ZZ (green), H/A → tt̄ (red), A → hZ (brown) and H → hh (yellow). The projection

is made for the LHC with 7+8 TeV and the full 25 fb
−1

of data collected so far. The radiative

corrections are such that the lightest h mass is Mh = 126 GeV.

5.3 Remarks on the charged Higgs boson

We close this discussions with a few remarks on the charged Higgs boson case. First of all,

the production rates are very large only for MH± <∼ 170 GeV when the H
±

state can be

produced in top decays. In this case, the decay channel H
± → τν is always substantial and

leads to the constraints that have been discussed earlier and which are less effective than

those coming from H/A → ττ searches at high tanβ. In the low tanβ region, two other

channels can be considered: H
+ → cs̄ that has been studied by the ATLAS collaboration

in a two–Higgs doublet model with the 7 TeV data [88] and H
+ → cb̄. The branching ratio

for the latter channel is significant for tanβ <∼ 3 and has been obtained by assuming the

same CKM angles as in the SM, in particular Vcb ≈ 0.04 [34]. This channel, if observed

would thus allow to check some of the CKM matrix elements in the charged Higgs sector.

Finally, the processes t → H
+
b at low mass and pp → btH

±
at high mass with

H
± → Wh can have large rates at sufficiently low tanβ. The cross section times branching

fraction is displayed in Fig. 11 in the [tanβ,MA] plane for a 14 TeV c.m. energy. Shown

are the contours with σ × BR = 1.10 and 30 fb which, for a luminosity of 300 fb
−1

would

correspond to a small number of events. We will not perform an analysis for this particular

final state. We simply note that the final state topology, pp → tbH
± → tbWh resembles

that of the pp → tt̄h process that is considered as a means to measure the htt̄ Yukawa

coupling and which is considered to be viable at 14 TeV with a high luminosity.

Hence, even for the charged Higgs bosons, there are interesting search channels which

can be considered if the low tanβ region is reopened.

– 29 –

Sfermions are quasi-decoupled
Extra Higgs/singlets still at weak scale

Logical Possibility:  

Constrained by 
h0 couplings?

W = µHuHd + λSHuHd + . . .
(apologies to the wrong-Higgs/

inert-Higgs literature)

The infamous 
“wedge”
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Symmetry-Violating Terms (esp. CP)

18

W = LHu +QD
c
L+ U

c
D

c
D

c + LLE
c +QQQL+ · · ·

φ = arg(Miµ)

model-building challenge to make aligned!

e.g.

‣ Motivated targets for B/L/flavor-
violation for e.g. 10 TeV sfermions?

Logical Possibility:  Sfermions are quasi-decoupled
Still remnant symmetry-violation

Question:

(B, L, lepton flavor, quark flavor, CP, ...)
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Figure 2: Prediction for dn, de, and their ratio dn/de. We have chosen tan β = 1, sin φ = 1, and
m̃ = 109 GeV. The results for dn and de scale approximately linearly with sin 2β sin φ, while the
ratio is fairly independent of tanβ, sin φ and m̃. The red thick line corresponds to the present
experimental limit de < 1.6 × 10−27e cm [4].
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Figure 1: Two loop contributions to the light SM fermion EDMs. The third diagram is for a
down-type fermion f .

gives an uncertainty on ηQCD of about 2%, while we expect an uncertainty of about 5% from
next-to-leading order effects. Notice that the value of ηQCD obtained here is different than what
computed in ref. [22] and generally used in the literature. Indeed, ref. [22] incorrectly uses the
opposite sign for γ. Our result gives a QCD renormalization coefficient about a factor of 2 smaller
than usually considered, and it agrees with the recent findings of ref. [23].

To express the neutron EDM in terms of the quark EDMs, we use the results of QCD sum-rule
techniques [24, 25]:

dn = (1 ± 0.5)

[
f2

πm2
π

(mu + md)(225MeV)3

](
4

3
dd −

1

3
du

)
, (11)

where fπ ≈ 92MeV and we have neglected the contribution of the quark chromoelectric dipoles,
which does not arise at the two-loop level in the heavy-squark mass limit. Note that dn depends
on the light quark masses only through the ratio mu/md, for which we take the value mu/md =
0.553 ± 0.043.

3 Expansions in the heavy-chargino limit

We now discuss the result in the limit in which the R-symmetry breaking scale, determining
gaugino and Higgsino masses, is larger than MZ and mH . A leading-order perturbative expansion
of eq. (6) in powers of |M1,2µ|/M2

Z and |M1,2µ|/m2
H (keeping all orders in |M1,2/µ| and in MZ/mH)

5

[from split SUSY study of two-loop 
EDMs: Giudice, Romanino]

e.g. SNS Target

Key Target:  EDMs from SUSY CP
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(Thermal-Relic) Neutralino Dark Matter
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(of course, non-thermal/under-abundant also attractive)

[from comprehensive study in Cheung, Hall, Pinner, Ruderman]
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Figure 13: Limit and reach for thermal bino/wino in the M2, tan β plane for µ = −750 GeV.
M1 is fixed by requiring Ωth

χ = Ωobs. The black dotted lines correspond to the SI blind spot for
bino-like DM given in Eq. (19). The XENON1T SI and SD exclusion reach is shown shaded in
red and blue, respectively, while the LUX SI reach is shown with a dashed green line. The LEP
chargino exclusion is shaded in gray.

of a region around the SI blind spot. For M2 > 0, however, the reach is weakened by virtue of
the proximity of the M1 = M2 blind spot. Note that no additional tuning is required beyond
that which is needed to get the correct thermal relic abundance, only a discrete choice of sign.

Finally, Fig. (14) shows the current limit and expected reach for thermal bino/wino dark
matter in the (M2, µ) plane at tan β = 2. Because of the location of the SI blind spots, Fig. (14)
depicts much weaker constraints for negative µ than positive µ. For small tan β, the blind spots
occur mostly in the bino/Higgsino region of the plane, in which |M2| � |µ|. As tan β is raised,
however the bind spots move to lower values of the gaugino mass relative to µ, weakening the
constraints on the bino/wino parameter space even further.

Currently, there are no limits from SI direct detection for µ < 0. XENON1T will constrain
bino/wino DM to lie near the −M1 = µ sin 2β blind spot for µ,M2 < 0; for M2 > 0, however,
the proximity of the well-tempered line to the M1 = M2 blind spot will once again weaken the
constraints. SD direct detection sets complementary limits, irrespective of the SI blind spots,
but limits will remain relatively weak in the bino/wino region of the parameter space even after
XENON1T because of the relatively small mixing angle.

Regardless of relative signs, the direct detection limits fall off as the magnitude of µ is raised,
since both the Higgs and Z couplings to dark matter are depleted as µ is decoupled. Even at
positive µ, current limits from XENON100 only exclude µ � 250 GeV, leaving large allowed
regions with natural values of µ without requiring any tuning of the cross-section. LUX and

30

Questions:

‣ Can indirect detection 
cover blind spots in
direct detection?

‣ Ultimate LHC reach of 
mono-anything searches 
with decoupled sfermions?

plausible

Logical Possibility:  Sfermions are quasi-decoupled
Still WIMP miracle for neutralinos

χ0 = α1
�B + α2

�W3 + α3
�Hu + α4

�Hd + α5
�S
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Key Benchmark Dark Matter Scenarios
Plausible thermal relics

20

(Nearly) Pure Wino:

Direct Detection:

[σ < 10–47 cm2; see e.g. Hisano, Ishiwata, Nagata, Takesako]

Indirect Detection:

Z0 coupling absent (inelastic for Higgsino)
h0 coupling suppressed by purity
Loop-induced couplings suppressed by accident

Stringent FERMI/HESS bound for non-thermal winos
Prospects for thermal winos/higgsinos?
CTA? Neutrino Telescopes?

Colliders: Can (futuristic) machine test 2.7 TeV winos?
Even if tiny neutralino/chargino mass splittings?

(including Sommerfeld effect)

2.7 TeV   
(Nearly) Pure Higgsino: 1.0 TeV
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Summary
 

Ideally, superpartners could be used as probes to answer structural questions

We are not in that ideal world; Higgs at 126 GeV suggestive of mini-desert

My high priority targets, given ubiquitous elements of SUSY:

Two Higgs Doublet (+ Singlet) Sectors 
Symmetry-Violating Terms (esp. CP)
(Thermal-Relic) Neutralino Dark Matter
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+ High Luminosity LHC, esp. for background-limited processes
+ Ambitious next-generation energy frontier machine (100 TeV pp?)

An Unreasonable Wish List

Supersymmetry in 2013

Wish List for the Frontiers


