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• What will precision e+e- measurements at future 
colliders (e.g. ILC or TLEP) tell us about 
naturalness? 

• What are some of the physics possibilities at a 
future 100 TeV proton-proton collider? 

• What’s the interplay between future experimental 
results on dark matter (indirect & direct detection) 
and future collider physics?



e+e-



e+e- precision physics
Proposed e+e- colliders like ILC, TLEP, or CEPC have limited 
energy reach for discovery compared to the LHC. To what 
extent can they be an improved probe of naturalness?

e.g.: reach for loop effects of stops? for composite Higgs? 
!
If I’m very conservative, the LHC has only guaranteed factors 
of ~ 10 tuning for SUSY and ~ 100 for composite Higgs. Most 
particular models are worse, but it’s hard to make completely 
generic arguments given LHC data.



Loophole Closing
LHC direct searches are powerful but can fail if decay 
modes are altered so that signals hide in SM backgrounds.
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Abstract

We present a broad class of supersymmetric models that preserve R-parity but lack missing

energy signatures. These models have new light particles with weak-scale supersymmetric masses

that feel SUSY breaking only through couplings to the MSSM. This small SUSY breaking leads

to nearly degenerate fermion/boson pairs, with small mass splittings and hence small phase space

for decays carrying away invisible energy. The simplest scenario has low-scale SUSY breaking,

with missing energy only from soft gravitinos. This scenario is natural, lacks artificial tunings to

produce a squeezed spectrum, and is consistent with gauge coupling unification. The resulting

collider signals will be jet-rich events containing false resonances that could resemble signatures of

R-parity violation. We discuss several concrete examples of the general idea, and emphasize �jj

resonances, displaced vertices, and very large numbers of b-jets as three possible discovery modes.
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Searches for supersymmetry (SUSY) often rely on a combination of hard physics objects (jets,
leptons) along with large missing transverse energy to separate New Physics from Standard Model
hard processes. We consider a class of “double-invisible” SUSY scenarios: where squarks, stops and
sbottoms have a three-body decay into two (rather than one) invisible final-state particles. This
occurs naturally when the LSP carries an additional conserved quantum number under which other
superpartners are not charged. In these topologies, the available energy is diluted into invisible
particles, reducing the observed missing energy and visible energy. This can lead to sizable changes
in the sensitivity of existing searches, dramatically changing the qualitative constraints on super-
partners. In particular, for mLSP & 160 GeV, we find no robust constraints from the LHC at any
squark mass for any generation, while for lighter LSPs we find significant reductions in constraints.
If confirmed by a full reanalysis from the collaborations, such scenarios allow for the possibility of
significantly more natural SUSY models. While not realized in the MSSM, such phenomenology
occurs naturally in models with mixed sneutrinos, Dirac gauginos and NMSSM-like models.

I. INTRODUCTION

With the successful operation of the LHC at 7 and 8
TeV energies, experimental results have now probed the
energy regime well above the weak scale. While the in-
credible agreement of the Standard Model is a major suc-
cess of particle physics, the absence of any clear signs of
new physics challenges our basic assumptions about nat-
uralness. In particular, it is expected that a top partner
should be present to cancel the leading quadratic diver-
gence to the Higgs mass. As a consequence, a hadron
collider such as the LHC should be capable of copiously
producing such top partners and any other associated col-
ored particles. Specific arguments within supersymmetry
for a stable R-parity odd particle, and more generally
for a stable T-parity odd particle [1] motivate a robust
search strategy for jets+missing energy. Such searches
have shown no sign of the excesses expected of squarks at
several hundred GeV (see, e.g., [2–7]). As a consequence,
there is a greater movement to reconsider naturalness en-
tirely [8–16].

Technically natural models can still be found by re-
stricting the low energy spectrum to the minimal con-
tent needed in order to avoid fine-tuning of the elec-
troweak scale (generally stops and Higgsinos with a cut-
o↵) [17, 18]. While such scenarios can achieve technical
naturalness, they are often ad hoc in removing other par-
ticles from the spectrum (such as unflavored squarks).

The weak scale may still be generically natural, how-
ever, if these jets+MET signals are hidden within Stan-
dard Model backgrounds. Since large missing transverse
energy (MET) is what generally distinguishes these sig-
nal events from multijet backgrounds, the simplest pos-
sibility is to deform this class of signals by converting
MET into visible energy, and hadronic energy in partic-
ular. This is realized simply through hadronic R-parity
violation, for instance [18, 19]. Detailed questions of fla-
vor violation and baryon number conservation constrain
these models [20], but even more pertinent are the con-

straints from high jet multiplicity searches [21, 22] on
how well such models hide SUSY.
A second approach is to kinematically suppress missing

transverse energy with the presence of nearly degenerate
states. This could arise by squeezing the spectrum of
squark and bino, for instance, through an accidental de-
generacy of the spectrum. Alternatively, “stealth” SUSY
models [23, 24] invoke an approximately supersymmetric
dark sector to achieve this degeneracy. Both of these
approaches attempt to suppress the missing energy by
converting as much of the available energy into a visible
form. This is successful in suppressing the e�ciency of
jets + MET searches, but can make other (often dedi-
cated) searches more sensitive, such as [25–27].
In this Letter we will consider an alternative possibil-

ity - that one can “dilute” the final state energy into
many invisible particles, and in doing so, obscure signals
of New Physics. Momentarily counterintuitive, a brief re-
flection on the kinematics of the process will make it clear
why this suppresses the sensitivity of existing jets+MET
searches.

A. Hiding Missing Energy in Missing Energy

The most conventional scenarios in SUSY involve cas-
cades that conclude with a neutralino LSP. In such cases,
these cascades generally end with only a single invisible
particle - e.g., a single squark will cascade to a single
R-parity odd neutralino and (mostly) visible energy oth-
erwise. However, this “single-invisible” aspect of SUSY is
particular to scenarios like the MSSM where the LSP only

carries a single quantum number or parity (in this case
R-parity). If the LSP carries a second conserved quan-
tum number not shared by the mother particle, then,
to conserve that, there must always be a second stable
particle in the cascade (for instance, the R-parity even
partner of the LSP). If this particle is invisible, the total
amount of missing energy can be increased.
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Displaced Supersymmetry
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The apparent absence of light superpartners at the LHC strongly constrains the viability

of the MSSM as a solution to the hierarchy problem. These constraints can be significantly

alleviated by R-parity violation (RPV). Bilinear R-parity violation, with the single operator

LHu, does not require any special flavor structure and can be naturally embedded in a GUT

while avoiding constraints from proton decay (unlike baryon-number-violating RPV). The

LSP in this scenario can be naturally long-lived, giving rise to displaced vertices. Many

collider searches, particularly those selecting b-jets or leptons, are insensitive to events with

such detector-scale displaced decays owing to cuts on track quality and impact parameter.

We demonstrate that for decay lengths in the window ⇠ 1 � 103 mm, constraints on su-

perpartner masses can be as low as ⇠ 450 GeV for squarks and ⇠ 40 GeV for LSPs. In

some parts of parameter space light LSPs can dominate the Higgs decay width, hiding the

Higgs from existing searches. This framework motivates collider searches for detector-scale

displaced vertices. LHCb may be ideally suited to trigger on such events, while ATLAS and

CMS may need to trigger on missing energy or multijet signatures.

Contents

I. Introduction 3

II. Synopsis 4

III. The Model: Bilinear R-parity Violation 5

IV. Collider Searches for Displaced Vertices 8

A. Displaced jets 10

B. Displaced leptons 11

ar
X

iv
:1

20
4.

60
38

v1
  [

he
p-

ph
]  

26
 A

pr
 2

01
2Model builders can do amusing (or annoying, depending on 

your viewpoint) things to hide particles like stops. Would ILC 
and/or TLEP shut down these model-building games?



Precision Higgs

Table 8: Relative statistical uncertainty on the Higgs boson couplings, as expected from the physics programme
at
p
s = 240 and 350 GeV at TLEP. (The first column indicates the expected precision at TLEP when the sole 240

GeV data are considered. The substantial improvement with the inclusion of the 350 GeV data – in the second
column – mostly stems from the precise total Higgs boson width measurement, which constrains all couplings
simultaneously.) The numbers between brackets indicates the uncertainties expected with two detectors instead
of four. For illustration, the uncertainties expected from the ILC baseline programme at 250 and 350 GeV are
also given. The first three columns give the results of a truly model-independent fit, while the last two include the
two assumptions made in Ref. [42] on the W/Z couplings and on the exotic decays, for completeness and easier
comparison. The column labelled "TLEP-240" holds for the sole period at 240 GeV for TLEP. The last line gives
the absolute uncertainty on the Higgs boson branching fraction to exotic particles (invisible or not).

Model-independent fit Constrained fit
Coupling TLEP-240 TLEP ILC TLEP ILC

gHZZ 0.16% 0.15% (0.18%) 0.9% 0.05% (0.06%) 0.31%
gHWW 0.85% 0.19% (0.23%) 0.5% 0.09% (0.11%) 0.25%
gHbb 0.88% 0.42% (0.52%) 2.4% 0.19% (0.23%) 0.85%
gHcc 1.0% 0.71% (0.87%) 3.8% 0.68% (0.84%) 3.5%
gHgg 1.1% 0.80% (0.98%) 4.4% 0.79% (0.97%) 4.4%
gH⌧⌧ 0.94% 0.54% (0.66%) 2.9% 0.49% (0.60%) 2.6%
gHµµ 6.4% 6.2% (7.6%) 45% 6.2% (7.6%) 45%
gH�� 1.7% 1.5% (1.8%) 14.5% 1.4% (1.7%) 14.5%

BRexo 0.48% 0.45% (0.55%) 2.9% 0.16% (0.20%) 0.9%

It is also important to compare the projections of TLEP to those from the HL-LHC, as to eval-
uate the added value of a circular e+e� Higgs factory after 3 ab�1 of proton-proton collision data. A
truly model-independent fit cannot be performed from proton-proton collision data: the total decay width
cannot be easily determined with the sole LHC measurements and the H ! cc̄ decay likely cannot be
isolated by the LHC detectors – although new ideas are emerging on these two fronts [43–45]. Additional
assumptions thus need to be made for a meaningful comparison with e+e� Higgs factories. Here, con-
straints similar to those used in Ref. [46] are applied: it is assumed that no Higgs boson exotic decays take
place, and that deviations of the charm and top couplings are correlated. The CMS report [47] submit-
ted to the recent Snowmass process contains estimates of the CMS projected performance with 3 ab�1,
with similar hypotheses, in two scenarios: Scenario 1 with all systematic uncertainties unchanged, and
Scenario 2, with experimental systematic uncertainties scaling like 1/

p
L and theoretical errors halved.

These estimates are displayed in Fig. 12 and compared to a fit of the TLEP projectionsextracted with the
same assumptions about the theoretical uncertainties in Higgs boson decays.

Within the mildly model-dependent assumptions used in the fit – no exotic decays, and correlated
up-type-quark couplings – the projections for HL-LHC in Scenario 2 are truly impressive, and will further
improve by including the other detector (ATLAS projections are available in Ref. [48]) and additional
dedicated analyses in the combination. In this challenging context, TLEP data collected at 250 and 350
GeV would enable very significant improvements on these coupling measurements well beyond the HL-
LHC projected precision, and with an accuracy adequate to become sensitive to multi-TeV new physics.
The interest of e+e� collision data at centre-of-mass energies above 350 GeV for Higgs boson physics
is briefly discussed in Section 5.

3.4 Sensitivity to new physics and theory uncertainties
As examples of new physics models that would be probed with precision Higgs measurements at TLEP,
supersymmetric models that are compatible with current measurements, including the non-observation

21

Higgs coupling measurements expected at TLEP and ILC, 
from the TLEP “First Look at Physics Case” paper 1308.6176.



EWPT Observables
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at the 6th TLEP workshop
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Need to consider whether the machine runs on the Z-pole 
enough for GigaZ, TeraZ, etc. Key for maximizing new physics 
reach: a Higgs factory is not enough; also need to re-run LEP, 
only better.

Also: Rb at 2 to 5 × 10-5.



Composite Higgs?

V (h) ⇠ a�2

16⇡2
cos(h/f) +

b�2

16⇡2
sin

2
(h/f)

Tuning in Higgs VEV and Higgs mass. Specifically: for Higgs 
as a pseudo-Goldstone, expect a potential something like

This has v ~ f unless:
�2 cos(h/f)� (1 + ✏) sin2(h/f) ) hhi2 ⇡ 2✏f2

We tune v << f by making ϵ << 1. 
!
(Exception: “little Higgs” with extended symmetry structure. 
Pay a big price in complexity.)



Composite Higgs?
Constraints: S-parameter S ⇡ 4⇡v2

m2
⇢

, m(NDA)
⇢ ⇠ 4⇡fp

N

Higgs couplings: a =
gV V H

gSMV V h

=

s

1� v2

f2

Tuning: f2/v2 for the VEV; but also quadratically divergent W/Z 
loop cut off at the rho meson mass:

� ⇠ 2�m2
H

m2
h

⇡ 9

32⇡2
g2

m2
⇢

m2
h

⇠ 9g2f2

2m2
hN

Note: 2 < N < 10; problems with first-order phase transition in cosmology at large N. 
(e.g. Creminelli/Nicolis/Rattazzi hep-ph/0107141, Kaplan/Schuster/Toro hep-ph/0609012)



Composite Higgs?
Currently bounds from S and Higgs couplings translate to 
roughly

m⇢
>⇠ 3 TeV, f >⇠ max(

r
N

3

⇥ 400 GeV, 550 GeV)

The Higgs VEV is a factor of ~5 tuning, but the Higgs mass 
tuning is ~ 12. So combined, it’s percent-level tuning. 
!
TLEP would bring the ZZh coupling measurement to the 0.1% 
level, probing f ~ 6 TeV and achieving a factor of ~ 1000 
tuning in the Higgs VEV and (independently) in the Higgs 
mass. The S-parameter measurement will provide a 
comparable improvement in sensitivity. 
!
Note: I haven’t mentioned flavor (makes tuning worse).



Higgs Wavefunction 
Renormalization
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Any new scalar fields that perturbatively solve the hierarchy problem by stabilizing the Higgs
mass also generate new contributions to the Higgs field-strength renormalization, irrespective of their
gauge representation. These new contributions are physical and their magnitude can be inferred from
the requirement of quadratic divergence cancellation, hence they are directly related to the resolution
of the hierarchy problem. Upon canonically normalizing the Higgs field these new contributions lead
to modifications of Higgs couplings which are typically great enough that the hierarchy problem and
the concept of electroweak naturalness can be probed thoroughly within a precision Higgs program.
Specifically, at a Linear Collider this can be achieved through precision measurements of the Higgs
associated production cross-section. This would lead to indirect constraints on perturbative solutions
to the hierarchy problem in the broadest sense, even if the relevant new fields are gauge singlets.

I. INTRODUCTION

The discovery of the Higgs at the LHC [1, 2] and
lack of evidence for physics beyond the Standard Model
have heightened the urgency of the electroweak hierarchy
problem. This motivates focusing experimental searches
towards testing “naturalness from the bottom up” as
broadly as possible. In practice this means generalizing
beyond the specifics of particular UV-complete models
and instead constraining the additional degrees of free-
dom whose couplings to the Higgs are responsible for
canceling the most pressing quadratically divergent Stan-
dard Model contributions to the Higgs mass. While these
couplings may appear tuned from the perspective of the
low-energy e↵ective theory, we may assume they are dic-
tated by symmetries of the full theory. To a certain ex-
tent, this strategy is already being pursued in searches
for stops in SUSY and t0 fermions, however the Stan-
dard Model gauge representations of top partners are
not necessarily fixed by the cancellation of quadratic di-
vergences. For example, in twin Higgs models [3] the
degrees of freedom protecting the Higgs mass are com-
pletely neutral under the Standard Model, while in folded
supersymmetry [4] the scalar top partners are neutral un-
der QCD and only carry electroweak quantum numbers.
Such models provide proof of principle that the Higgs
mass may be protected by degrees of freedom that carry
a variety of Standard Model gauge charges, and there are
likely to be broad classes of theories with similar proper-
ties.

As we will discuss further in Sec. II, direct searches for
these additional degrees of freedom can be particularly

⇤Electronic address: ncraig@ias.edu
†Electronic address: christoph.englert@durham.ac.uk
‡Electronic address: mccull@mit.edu

challenging depending on the gauge charges. Therefore
in this work we will advocate an additional and comple-
mentary approach, concerned with exploring naturalness
indirectly. In certain cases this may be the most promis-
ing avenue for constraining additional degrees of freedom
associated with the naturalness of the Higgs potential.1

Specifically, we establish for the first time a quanti-
tative connection between quadratically divergent Higgs
mass corrections and new contributions to the Higgs
wave-function renormalization in natural theories. The
latter are physical and modify Higgs couplings.

To illustrate the possible indirect e↵ects of natural
new physics, consider a scenario where the Higgs is cou-
pled to some new top-partner fields that cancel the one-
loop quadratic divergences arising from top-quark loops.
Eq. (1) schematically indicates that, as well as the usual
Higgs mass corrections, one will also in general have cor-
rections to the Higgs wave-function renormalization2

�Zh, �m
2
h ⇠

(a)

e�

e+

h

ZG0

(b)

e�

e+

h

ZZ

h h
. (1)

At the Higgs mass-scale we may write the full one-loop
e↵ective Lagrangian as

L = LSM +
1

2
�Zh(@µh)2 + ... (2)

where �Zh is directly related to the new quadratic Higgs
mass corrections, LSM is the full SM Lagrangian at one
loop, and the ellipsis denote corrections to the Higgs
mass, cubic and quartic couplings coming from the new

1 For recent work probing naturalness indirectly when new fields
are charged under QCD and contribute directly to Higgs digluon
and Higgs diphoton couplings at one loop, see e.g. [5–7].

2 There are also typically corrections to the cubic and quartic cou-
plings as well, which we do not show in this diagram.
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h

ZZ

FIG. 1: Sample counterterm diagrams that depend on the
Higgs self-energy.

O(0.5%) uncertainty [15]. Thus Higgs boson coupling
measurements can constrain natural new physics for
generic top partners even when they are neutral under

the SM gauge group. To see the relevant e↵ects clearly,
consider the theory of Eq. (3) when all scalar top part-
ners, �i, are gauge singlets. In the limit m� � v, we may
integrate out the �i and express their e↵ects in terms
of an e↵ective Lagrangian below the scale m� involv-
ing only Standard Model fields with appropriate higher-
dimensional operators. At one loop, integrating out the
�i leads to shifts in the wave-function renormalization
and potential of the Higgs doublet H as well as opera-
tors of dimension six and higher. Most of these shifts
and operators are irrelevant from the perspective of low-
energy physics, except for one dimension-six operator in
the e↵ective Lagrangian:

Leff = LSM +
cH
m2

�

✓
1

2
@µ|H|2@µ|H|2

◆
+ . . . (10)

where the ellipses include additional higher-dimensional
operators that are irrelevant for our purposes. Match-
ing to the full theory at the scale m�, we find cH(m�) =
n�|��|2/96⇡2. Although this operator may be exchanged
for a linear combination of other higher-dimensional op-
erators using field redefinitions or classical equations of
motion, the physical e↵ects are unaltered. Below the
scale of electroweak symmetry breaking, Eq. (10) leads
to a shift in the wave-function renormalization of the
physical scalar h as in Eq. (2), with �Zh = 2cHv2/m2

�.
Canonically normalizing h alters its coupling to vectors
and fermions, leading to a measurable correction to, e.g.,
the hZ associated production cross-section

��Zh = �2cH
v2

m2
�

= �n�|��|2
48⇡2

v2

m2
�

. (11)

where we have defined ��Zh as the fractional change in
the associated production cross section relative to the SM
prediction, which by design vanishes for the SM alone.
Since n�|��|2 is required to be large in order to cancel the
top quadratic divergence, this e↵ect may be observable
in precision measurements of �Zh despite arising at one
loop.

While this e↵ective Lagrangian approach makes the
physical e↵ect transparent, naturalness dictates that

200 400 600 8000.1

0.2

0.5

1.0

2.0

5.0

10.0

mf @GeVD

dsZh @%D
dsZh> 2.5%

dsZh> 0.5%

nf=1

nf=6

FIG. 2: Scalar top-partner corrections to the Higgs associ-
ated production cross-section at a 250 GeV linear collider as
a function of the top-partner mass m� in the e↵ective the-
ory of naturalness of Eq. (3). Corrections are shown for
n� = 1, .., 6 top partners. Estimates for the measurement
precision of 2.5% [22, 23] and 0.5% [29] are also shown. It
is remarkable that with current precision estimates a large
portion of model-independent parameter space for Higgs nat-
uralness can be probed. In particular, if one compares with
the tuning estimates of Eq. (9), this broadly corresponds to
probing 10% tuned regions for a single scalar top partner and
close to 25% tuned regions for n� = 6 scalar top partners as
in SUSY. Optimistically, if the precision could be improved to
��Zh ⇠ 0.1%, then virtually all parameter space for generic
natural scalar theories with up to ⇠ 10% tunings could be
probed.

m� ⇠ v, and threshold corrections to Eq. (10) may be
large and a complete calculation is required. In the on-
shell renormalization scheme, the Higgs self-energy en-
ters through the counter-term part of the renormalized
e+e� ! hZ amplitude via the diagrams depicted in
Fig. 1. Thus the hG0Z and hZZ vertices receive correc-
tions from the Higgs wave-function renormalization.10

For scalar top partners the Higgs wave-function renor-
malization arises at one loop through scalar trilinear cou-
plings, which gauge invariance relates to the quartic ver-
tices, which are in turn directly relevant for the cancel-
lation of the quadratic divergences in �m2

h.
At one loop the e↵ective theory of naturalness defined

in Eq. (3) leads to a correction to the associated produc-
tion cross-section of the form [15]

��Zh = n�
|��|2v2
8⇡2m2

h

(1 + F (⌧�)) (12)

=
9�2

tm
2
t

2⇡2n�m2
h

(1 + F (⌧�)) (13)

10 See e.g. Ref. [31] for a complete list of SM Feynman rules.
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and potential of the Higgs doublet H as well as opera-
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and operators are irrelevant from the perspective of low-
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ing to the full theory at the scale m�, we find cH(m�) =
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scale of electroweak symmetry breaking, Eq. (10) leads
to a shift in the wave-function renormalization of the
physical scalar h as in Eq. (2), with �Zh = 2cHv2/m2
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Canonically normalizing h alters its coupling to vectors
and fermions, leading to a measurable correction to, e.g.,
the hZ associated production cross-section

��Zh = �2cH
v2

m2
�

= �n�|��|2
48⇡2

v2

m2
�

. (11)

where we have defined ��Zh as the fractional change in
the associated production cross section relative to the SM
prediction, which by design vanishes for the SM alone.
Since n�|��|2 is required to be large in order to cancel the
top quadratic divergence, this e↵ect may be observable
in precision measurements of �Zh despite arising at one
loop.

While this e↵ective Lagrangian approach makes the
physical e↵ect transparent, naturalness dictates that
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FIG. 2: Scalar top-partner corrections to the Higgs associ-
ated production cross-section at a 250 GeV linear collider as
a function of the top-partner mass m� in the e↵ective the-
ory of naturalness of Eq. (3). Corrections are shown for
n� = 1, .., 6 top partners. Estimates for the measurement
precision of 2.5% [22, 23] and 0.5% [29] are also shown. It
is remarkable that with current precision estimates a large
portion of model-independent parameter space for Higgs nat-
uralness can be probed. In particular, if one compares with
the tuning estimates of Eq. (9), this broadly corresponds to
probing 10% tuned regions for a single scalar top partner and
close to 25% tuned regions for n� = 6 scalar top partners as
in SUSY. Optimistically, if the precision could be improved to
��Zh ⇠ 0.1%, then virtually all parameter space for generic
natural scalar theories with up to ⇠ 10% tunings could be
probed.

m� ⇠ v, and threshold corrections to Eq. (10) may be
large and a complete calculation is required. In the on-
shell renormalization scheme, the Higgs self-energy en-
ters through the counter-term part of the renormalized
e+e� ! hZ amplitude via the diagrams depicted in
Fig. 1. Thus the hG0Z and hZZ vertices receive correc-
tions from the Higgs wave-function renormalization.10

For scalar top partners the Higgs wave-function renor-
malization arises at one loop through scalar trilinear cou-
plings, which gauge invariance relates to the quartic ver-
tices, which are in turn directly relevant for the cancel-
lation of the quadratic divergences in �m2

h.
At one loop the e↵ective theory of naturalness defined

in Eq. (3) leads to a correction to the associated produc-
tion cross-section of the form [15]

��Zh = n�
|��|2v2
8⇡2m2

h

(1 + F (⌧�)) (12)

=
9�2

tm
2
t

2⇡2n�m2
h

(1 + F (⌧�)) (13)

10 See e.g. Ref. [31] for a complete list of SM Feynman rules.



Probes Any Natural Physics
E.g. toy model:

2

fields.3 As with the precision electroweak program [8–13]
we need to determine which corrections are physical and
can be constrained by measurement, and which are un-
physical. We first canonically normalize the Higgs field
by the re-scaling h ! (1 � �Zh/2)h. This re-scales all
Higgs couplings and the mass operator. The Higgs cubic
and quartic couplings have not been measured directly,
and so the new re-scaled values are unconstrained. Also,
the Higgs mass is a free parameter of the theory which
can absorb this field re-definition. However all Higgs
couplings to weak gauge bosons and fermions have been
re-scaled by the same amount. This re-scaling is physi-
cal: it can be moved around by re-scaling other fields or
couplings but cannot be removed from the theory. For
canonically normalized fields this re-scaling will in gen-
eral break the SM prediction for the relationship between
the mass of a field and its coupling to the Higgs. This
deviation from SM predictions can then be constrained
with precision Higgs coupling measurements.

In the case where the new fields are not gauge sin-
glets one expects additional corrections beyond the wave-
function renormalization. Some of these corrections in-
volve the gauge sector alone, and can be constrained via
the Peskin-Takeuchi parameters [8, 9] and their general-
ization [14]; other corrections may also directly correct
the Higgs-weak boson vertices. Although this situation
is more involved, the wave-function renormalization typ-
ically dominates [15]. Hence we see that if the hierarchy
problem is resolved by new physics then it may leave its
footprint through indirect signatures in SM processes via
modified Higgs couplings, even in situations where it is
di�cult to observe the new physics directly.

Thus far the discussion has been rather general. To
render these e↵ects quantitative, we must commit to a
concrete, calculable set-up. In Sec. II we will construct a
general scenario based solely on the naturalness criterion:
a “weak-scale e↵ective theory of naturalness,” restricted
only by the simplifying assumption that the new fields
canceling the top quadratic divergence are scalars.4 In
Sec. III we describe how, guided by naturalness alone, one
is led to very specific quantitative predictions for Higgs
coupling corrections within this e↵ective natural theory,
with the only free variables being the number of fields
and their masses. We will clearly demonstrate that, even
if direct evidence for a natural weak scale remains elu-
sive, the generic parameter space of natural theories can
be thoroughly explored through percent-level precision
Higgs coupling measurements at a Linear Collider (LC)
or potentially at the LHC.

3 We have, for now, assumed that the new fields are gauge singlets
and so expect no corrections to the weak fields or couplings other
than Higgs self-couplings. We will discuss scenarios with non-
gauge-singlet fields shortly.

4 We note that a generalization to spin-1/2 or even spin-1 partners
is also in principle possible.

II. WEAK-SCALE EFFECTIVE THEORY OF
NATURALNESS

Assuming that the leading natural degrees of freedom
are scalar top partners we can define the perturbative
e↵ective natural theory as

L = LSM +
X

i

�|@µ�i|2 � m2
i |�i|2 � �i|H|2|�i|2

�
, (3)

where without loss of generality we take the scalars
to be complex, and we use the EW symmetry break-
ing conventions H ! v + h/

p
2 with v ⇡ 174 GeV

and m2
�i

= m2
i + �iv

2, leading to a trilinear coupling

L � p
2�ivh|�i|2.5 Here the index i = 1, . . . , n� counts

the number of fields coupled to H, which may be re-
lated by gauge or global symmetries. For example, in
SUSY n� = 6 counts the two top squarks transforming
as triplets under SU(3)c, while in folded SUSY n� = 6
counts the two top squirks transforming as triplets under
a distinct SU(3) gauge group.

In order to cancel one-loop quadratic Higgs mass cor-
rections from the top quark alone it is simply required
that

X

i

�i = 6�2
t , (4)

where �t is the top Yukawa coupling.6 For simplicity
we can make the further assumption that all n� scalars
have the same mass, m�, and the same coupling ��. As
we will show, this extremely simple e↵ective theory of
naturalness is broad enough to capture the dominant in-
direct corrections to Higgs physics even though we have
not specified the gauge representations and are agnostic
as to the UV-completion of the model.

From this point we can define a measure of natural-
ness. Although the theory so far is renormalizable we
should choose an energy scale, ⇤, at which the theory
is UV-completed.7 We can then calculate corrections to
the high-scale Higgs mass, mH , due to logarithmic run-
ning from ⇤ down to the weak scale. At one loop this
correction is

�m2
H = �n�

��

8⇡2
m2

� log

✓
⇤

m�

◆
, (5)

= �6�2
t

8⇡2
m2

� log

✓
⇤

m�

◆
, (6)

5 If the top partners are in weak doublets we could also have cou-
plings such as V � |H · �|2, as in the MSSM for the left-handed
top squark. However, since we are only really concerned with the
couplings between top-partners and the neutral Higgs, Eq. (3)
still captures the relevant phenomenology.

6 We will not be concerned with one-loop quadratic divergences
from loops of gauge degrees of freedom, however if desired these
loops could be cancelled by extra fermions, as in SUSY, or even
by choosing a modified value of ��.

7 For example, in SUSY theories this would typically correspond
to the SUSY-breaking messenger scale.
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can be constrained by measurement, and which are un-
physical. We first canonically normalize the Higgs field
by the re-scaling h ! (1 � �Zh/2)h. This re-scales all
Higgs couplings and the mass operator. The Higgs cubic
and quartic couplings have not been measured directly,
and so the new re-scaled values are unconstrained. Also,
the Higgs mass is a free parameter of the theory which
can absorb this field re-definition. However all Higgs
couplings to weak gauge bosons and fermions have been
re-scaled by the same amount. This re-scaling is physi-
cal: it can be moved around by re-scaling other fields or
couplings but cannot be removed from the theory. For
canonically normalized fields this re-scaling will in gen-
eral break the SM prediction for the relationship between
the mass of a field and its coupling to the Higgs. This
deviation from SM predictions can then be constrained
with precision Higgs coupling measurements.

In the case where the new fields are not gauge sin-
glets one expects additional corrections beyond the wave-
function renormalization. Some of these corrections in-
volve the gauge sector alone, and can be constrained via
the Peskin-Takeuchi parameters [8, 9] and their general-
ization [14]; other corrections may also directly correct
the Higgs-weak boson vertices. Although this situation
is more involved, the wave-function renormalization typ-
ically dominates [15]. Hence we see that if the hierarchy
problem is resolved by new physics then it may leave its
footprint through indirect signatures in SM processes via
modified Higgs couplings, even in situations where it is
di�cult to observe the new physics directly.

Thus far the discussion has been rather general. To
render these e↵ects quantitative, we must commit to a
concrete, calculable set-up. In Sec. II we will construct a
general scenario based solely on the naturalness criterion:
a “weak-scale e↵ective theory of naturalness,” restricted
only by the simplifying assumption that the new fields
canceling the top quadratic divergence are scalars.4 In
Sec. III we describe how, guided by naturalness alone, one
is led to very specific quantitative predictions for Higgs
coupling corrections within this e↵ective natural theory,
with the only free variables being the number of fields
and their masses. We will clearly demonstrate that, even
if direct evidence for a natural weak scale remains elu-
sive, the generic parameter space of natural theories can
be thoroughly explored through percent-level precision
Higgs coupling measurements at a Linear Collider (LC)
or potentially at the LHC.

3 We have, for now, assumed that the new fields are gauge singlets
and so expect no corrections to the weak fields or couplings other
than Higgs self-couplings. We will discuss scenarios with non-
gauge-singlet fields shortly.

4 We note that a generalization to spin-1/2 or even spin-1 partners
is also in principle possible.
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the number of fields coupled to H, which may be re-
lated by gauge or global symmetries. For example, in
SUSY n� = 6 counts the two top squarks transforming
as triplets under SU(3)c, while in folded SUSY n� = 6
counts the two top squirks transforming as triplets under
a distinct SU(3) gauge group.

In order to cancel one-loop quadratic Higgs mass cor-
rections from the top quark alone it is simply required
that
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t , (4)

where �t is the top Yukawa coupling.6 For simplicity
we can make the further assumption that all n� scalars
have the same mass, m�, and the same coupling ��. As
we will show, this extremely simple e↵ective theory of
naturalness is broad enough to capture the dominant in-
direct corrections to Higgs physics even though we have
not specified the gauge representations and are agnostic
as to the UV-completion of the model.

From this point we can define a measure of natural-
ness. Although the theory so far is renormalizable we
should choose an energy scale, ⇤, at which the theory
is UV-completed.7 We can then calculate corrections to
the high-scale Higgs mass, mH , due to logarithmic run-
ning from ⇤ down to the weak scale. At one loop this
correction is
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5 If the top partners are in weak doublets we could also have cou-
plings such as V � |H · �|2, as in the MSSM for the left-handed
top squark. However, since we are only really concerned with the
couplings between top-partners and the neutral Higgs, Eq. (3)
still captures the relevant phenomenology.

6 We will not be concerned with one-loop quadratic divergences
from loops of gauge degrees of freedom, however if desired these
loops could be cancelled by extra fermions, as in SUSY, or even
by choosing a modified value of ��.

7 For example, in SUSY theories this would typically correspond
to the SUSY-breaking messenger scale.

Less “toy” analogues include Twin Higgs or Folded 
Supersymmetry: cancel top loops with partner particles that 
do not have QCD color and so are hard to make directly.



Reach at ILC/TLEP

Craig, Englert, 
McCullough

(also useful to probe EW baryogenesis: e.g. Katz, Perelstein 1401.1827)



Higgs Constraints on Stops
A low-energy theorem tells us stops correct Higgs couplings 
to gluons or photons:

A
˜t�loop

(gg ! h) /
@ log detM2

˜t

@v
⇠ ytmt

m̃2

Q + m̃2

u �X2

t sin
2 �

m̃2

Qm̃
2

u �X2

t m
2

t sin
2 �

For light enough stops, can only avoid a big correction via a 
sizable mixing term Xt. Implies tuning of the coupling. 
!
For any pair of physical stop masses, there’s a maximum Xt. 
(On the diagonal, Xt = 0: symmetric matrix with off-diagonal 
term will always have two unequal eigenvalues.) 
!
So: robust bound on light stops.



Future Bounds on Stops 
From hgg, hγγ
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Figure 7: Projected constraints on stops (from a one-parameter fit) from future experiments. The purple shaded region along
the diagonal has a minimum |Xt | needed to fit the data at 95% CL that is larger than

��X max
t

��. The blue shaded region requires a
tuning of Xt by more than a factor of 10 to fit the data. The dot-dashed red contours label Higgs mass fine-tuning.

degenerate stops up to high masses as precision increases. However, as discussed in Section 2, the exclusion region
is anchored at 350 GeV on both axes, and we see that the constraint does not extend far from the diagonal. As the
precision of the measurements increases, the exclusion based on tuning of Higgs couplings becomes progressively
more important, as indicated by the shaded blue regions in the figure. Furthermore, because the value of

��X min
t

�� for
given stop masses increases with the precision of the measurement and At enters the tuning measure, we can see
that the tuning curves move inward over time. TLEP would completely rule out regions of 10% tuning, as well as
a slice of parameter space with even higher fine-tuning. The ILC or TLEP would also directly constrain higgsinos,
and thus pin down tree-level fine-tuning as well as the loop effects we discuss.

4 Constraints on Folded Stops

In light of our failure to find supersymmetry so far, one could wonder if naturalness of electroweak symmetry
breaking might be enforced by a more subtle mechanism. One such theoretical proposal is Folded Supersymme-
try [9], in which top partners still cancel loop corrections to the Higgs mass, but these top partners have no Stan-
dard Model SU(3)c quantum numbers. However, these “F -stops” still have electroweak quantum numbers, which
are necessary to allow them to couple to the Higgs boson. They would contribute loop corrections to the h ! ��
amplitude but not to the h ! g g amplitude. The Higgs also acquires a new decay to hidden gluons, h ! g h g h ,
which may or may not appear as an invisible width experimentally depending on the lifetime of the hidden sector
glueballs, but in any case is very small and does not affect the fits. Because the W loop dominates over the top
loop in the SM h ! �� amplitude, the loop corrections from F -stops are more difficult to observe than those of
ordinary stops (which show up dominantly in the coupling h! g g ). Still, we can ask how well the LHC and future
colliders can constrain F -stops, and whether measurements of the h! �� amplitude could be complementary to
studies of Higgs wavefunction renormalization as a probe of naturalness in this scenario [16].

The original model of Folded SUSY makes fairly specific predictions for the mass spectrum, but here we just
assume the existence of F -stops that have all of the couplings of ordinary stops except for the coupling to gluons.
The constraints arising from the F -stops’ modifications of the h ! �� decay width are plotted in Fig. 8, which
also shows projected TLEP reach. These constraints are significantly weaker than constraints on ordinary stops,
reinforcing the idea that “colorless supersymmetry” is a challenging scenario to constrain with the LHC. Even
a future collider like TLEP, which would set very powerful constraints on ordinary stops, would only constrain
folded stops to about the 20% tuning level. (Other colorless supersymmetry scenarios also typically involve new
electroweak states that might alter Higgs properties; see, for instance, refs. [61, 62].)
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Even TLEP won’t probe down to 1% tuning. Can do better with 
additional precision observables. But first…

J. Fan, MR 1401.7671



Future Bounds on Folded 
Stops From hγγ

No color, just charge, so difficult to exclude. But 
complementary to the wavefunction renormalization effect.
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Figure 8: Constraints on folded SUSY-like models from a one-parameter fit with “F -stops,” i.e. scalars that have the electroweak
quantum numbers and Yukawa couplings of stops but no QCD charge. Because they affect h! �� but not h! g g , constraints
on such particles are much weaker than on stops. At left are the current constraints. The three shaded purple regions, from
darkest to lightest, are excluded at 3� (99.73%) level; 2� (95.45%) level; and 1� (68.27%) level. The red solid lines: contours of
Higgs mass fine-tuning. The blue dashed line displaying 10% fine-tuning associated with r t̃

� is barely visible in the left-hand
corner, indicating that we do not yet have enough precision to make this argument. At right: projected constraints from TLEP.
The purple shaded region along the diagonal has a minimum |Xt | needed to fit the data at 95% CL that is larger than

��X max
t

��. The
blue shaded region requires a tuning of Xt by more than a factor of 10 to fit the data. The dot-dashed red contours label Higgs
mass fine-tuning.

5 Discussion

5.1 Possible Caveats

In our analysis, we neglect beyond-MSSM physics in loops, assuming that the leading loop correction to the Higgs-
gluon coupling originates from stops. If there exist light vector-like colored states beyond MSSM which contribute
negatively to the Higgs-gluon coupling, the constraints on stop masses might be relaxed. However, the cancelation
between the new colored states and stops still contributes to the Higgs coupling fine-tuning.

When including Higgs mixing effects in Sec. 3.2 and Sec. 3.3, we neglect non-holomorphic bottom and tau
Yukawa couplings that could arise from integrating out third generation squarks, higgsinos and gauginos at the
one-loop level. Such non-holomorphic Yukawas would alter the 2HDM coupling relations that we assumed. They
are only non-negligible when tan� is large, e.g, tan� ¶ 50. However SUSY scenarios with such a large tan� are
always fine-tuned at worse than 1% level in flavor observables such as Bs ! Xs� [14, 53]. Thus we do not consider
these scenarios here further.

5.2 What is Tuning?

Attitudes about fine-tuning vary widely in the particle theory community. We have seen in Figure 2 that at 95% con-
fidence level, theories where the dominant corrections to Higgs properties arise from stop loops are constrained
to be tuned at worse than the 20% level (according to the measure in equation 9). A 10% fine-tuning is still com-
patible with the data at 90% confidence level, although a substantial portion of the parameter space with less than
10% tuning is already ruled out. Theorists often discuss models that are much more tuned, so one might wonder
how significant this result is. We believe it is an important conclusion. Of course, to some extent this is an aesthetic
judgment, and in any case it relies on intuitions about the structure of the space of UV completions of the Standard
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Stop/Higgsino Loop for Rb

This new operator then mixes at one loop into the operator coupling Z bosons to the left-handed b quark:
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In the expansion above we assumed µ⌧mt̃1 , mt̃2 , so the log is the ratio of stop masses. Furthermore, we have
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so the scaling of the coefficient matches between the full calculation and the EFT argument.
The case of the unmixed term involving only the right-handed stop seems slightly trickier, because it is unclear

where we could put a Higgs insertion to obtain a factor of H †i
 !
D µH . The resolution to this argument is that

we actually generate a different operator, not present in the list of 59 independent operators because it can be
expressed as a (cumbersome) linear combination of these operators. The complete list of operators [3] includes
the additional terms

W I
µ⌫Q

†⌧I�µi D⌫Q , Bµ⌫Q
†�µi D⌫Q , (6)

which also couple the left-handed bottom quark to the Z boson. Integrating by parts turns this into a linear com-
bination of several other operators including the one with the Higgs current that we discussed above [2]. In this
case we can first integrate out the right-handed stop to produce a four-fermion operator:
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This operator then mixes with the Zbb coupling as we integrate out the higgsinos:
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(8)

The structure of derivatives in this operator produces the factor of m 2
Z in the formula for Rb .

The full dependence of Rb on dimension-six operators is worked out in ref. [4].
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Rely on the large top Yukawa. Useful only if higgsinos are light 
(not so much in JMR’s scenario from yesterday). Leading term 
from operator mixing:
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Complementary Stop Constraints

that mW probes region with light left-handed stop while Rb probes region with light right-handed stop. Yet when
one turns on a small mixing angle ¶ 0.1, the region that they are sensitive to are symmetrized with respect to the
diagonal.

could be helpful to check whether one could define a reasonable fine-tuning measure with Rb and how con-
straining that is.

Point made by Matt: vacuum instability puts a bound on Xt and thus on the mixing angle ✓t̃ . So one may
want to combine the vacuum instability bound with the electroweak observable bound.
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Figure 3: Regions in the stop mass plane with |�RSUSY
b |> 2⇥10�5 (red) and�m SUSY

W > 2.4 MeV (purple) which could be probed
by TLEP. Left: ✓ = 0; middle: ✓ =⇡/16; right: ✓ =⇡/4.

2.3.1 Estimate of Systematic Uncertainty

A quick summary: systematics from errors of input parameters is currently of order 3⇥10�5, which is dominantly
from top mass. The total error is mostly from the theory error and thus it doesn’t help much just to reduce the error
of the input parameters. The current theory error is 2⇥10�4 and the estimated future error is only down by a factor
of 2 in [8]. I’m confused by the statement in both [7] and [8] that TLEP could measure Rb down to (2 ⇠ 5)⇥ 10�5

given the theory error quoted in [8]?! Needs to understand why the reduction in the theory error is small. cite
1401.2447.

3 Other scenarios

study sensitivities of electroweak observables to scenarios other than stops, Higgs portal? see Berk’s paper 1404.1058.

4 Discussion
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The Message
A combination of precision measurements of Higgs couplings, 
Z couplings, the W mass, etc. can be a powerful probe of 
naturalness. 
!
Corrections that cancel in corners of parameter space (e.g. 
mixing angle dependence) for one observable will generally 
not cancel in another. 
!
Can probably rule out stops up to ~1 TeV (~ 1% tuning) 
completely model-independently with a future e+e- collider. 
Work in progress with JiJi Fan and Lian-Tao Wang.
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Gavin Salam’s Rules of Thumb

Gavin Salam (CERN) — SLAC 100 TeV Collider Workshop

Rule of Thumb #1
(well known among practitioners)

Increase collider energy by factor X
& increase luminosity by a factor X2

→ reach goes up by a factor X
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[Because you keep same Bjorken-x &
luminosity increase compensates for 
1/mass2 scaling of cross sections]

√s x 2,
lumi x 4 

PDF scaling variations are small effect
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Gavin Salam’s Rules of Thumb
G. Salam’s slide from SLAC 100 TeV workshop

Gavin Salam (CERN) — SLAC 100 TeV Collider Workshop

Rule of Thumb #2
(apparently not widely known previously)

Increase luminosity by factor 10
→ reach increases by constant  

Δm ≃ 0.07√s

i.e. for √s=14 TeV, reach goes by up 
1 TeV

No deep reason — a somewhat 
random characteristic of large-x PDFs.

Only holds for 0.15    M/√s     0.6. .
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Gluino Reach

8.8 Results: 100 TeV

Using the signal regions outlined in the previous section, we determine the ability of the 100 TeV
LHC to probe this model in the SSDL channel. These results are presented in Fig. 54, where we
show the 95% CL exclusion [solid line] and the 5� discovery contours in the me�0

1
versus meg plane.

A 20% systematic uncertainty has been assumed for the background. Also shown in the right
panel of this figure are the results without including pileup. The dominant effect of pileup on this
analysis is that it can contaminate the lepton isolation cones, thereby reducing the signal strength.
As we go to higher CM energy colliders the min bias events have higher pT and begin to affect
the lepton isolation more significantly. At 100 TeV, this effect is significant enough to decrease
the limits on the gluino mass in this analysis by almost 1 TeV. Note that the lepton isolation cuts
were not optimized for the higher pile-up and CM energy environments in this study; an interesting
direction for future work would be to study how this issue can be ameliorated.
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Figure 54: Results for the gluino-neutralino model with heavy flavor decays are given in the me�0
1

versus meg
plane. The solid [dotted] lines shows the expected 5� discovery reach [95% confidence level upper limits]
for gluino pair production. Mass points to the left/below the contours are expected to be probed at a 100 TeV
proton collider using 3000 fb�1 of integrated luminosity. A 20% systematic uncertainty is assumed. For the
figure on the left [right], an average of 140 [0] pileup events are included.

Using the NLO gluino pair production cross section one can make a very naive estimate for the
reach of a given collider. For example, we find that the choice of gluino mass which would yield
10 SSDL events at 3000 fb�1 is 12.7 TeV. This roughly corresponds to the maximal possible reach
one could expect for a given luminosity using 100 TeV proton collisions.

Using a realistic simulation framework along with the search strategy employed here the 100 TeV
3000 fb�1 limit is projected to be 8.8 TeV (corresponding to 224 events). Finally, we note that
a 100 TeV proton collider with 3000 fb�1 could discover a gluino (with eg ! t t e�0

1) as heavy as
6.4 TeV if the neutralino is massless. Note that due to the relatively weak cuts that can be placed
on Emiss

T , the SSDL signal is robust against models with almost degenerate gluino and neutralino.
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8.4 Results: 14 TeV

Using the signal regions outlined in the previous section, we determine the ability of the 14 TeV
LHC to probe this model in the SSDL channel. These results are presented in Fig. 52, where we
show the 95% CL exclusion [solid line] and the 5� discovery contours in the me�0

1
versus meg plane.

A 20% systematic uncertainty has been assumed for the background. Also shown on the bottom
row of this figure are the results without including pileup. The dominant effect of pileup on this
analysis is that it can contaminate the lepton isolation cones, thereby reducing the signal strength.
At 14 TeV this effect is significant only in the high mass compressed region, where it slightly
weakens the limits.

 [TeV]g~m
0.5 1 1.5 2 2.5 3

 [T
eV

]
0 1χ∼

m

0.5

1

1.5

2

2.5

Si
gn

al
 S

ig
ni

fic
an

ce

1
2
3
4
5
6
7
8
9
10

0
1
χ∼ t t 0

1
χ∼ t  t →g~g~→pp

 = 14 TeV, Same Sign di-leptonss

50 Pile-up
-1Ldt = 300 fb∫

 [TeV]g~m
0.5 1 1.5 2 2.5 3

 [T
eV

]
0 1χ∼

m

0.5

1

1.5

2

2.5

Si
gn

al
 S

ig
ni

fic
an

ce

1
2
3
4
5
6
7
8
9
10

0
1
χ∼ t t 0

1
χ∼ t  t →g~g~→pp

 = 14 TeV, Same Sign di-leptonss

140 Pile-up
-1Ldt = 3000 fb∫

 [TeV]g~m
0.5 1 1.5 2 2.5 3

 [T
eV

]
0 1χ∼

m

0.5

1

1.5

2

2.5

Si
gn

al
 S

ig
ni

fic
an

ce

1
2
3
4
5
6
7
8
9
10

0
1
χ∼ t t 0

1
χ∼ t  t →g~g~→pp

 = 14 TeV, Same Sign di-leptonss

0 Pile-up
-1Ldt = 300 fb∫

 [TeV]g~m
0.5 1 1.5 2 2.5 3

 [T
eV

]
0 1χ∼

m

0.5

1

1.5

2

2.5

Si
gn

al
 S

ig
ni

fic
an

ce

1
2
3
4
5
6
7
8
9
10

0
1
χ∼ t t 0

1
χ∼ t  t →g~g~→pp

 = 14 TeV, Same Sign di-leptonss

0 Pile-up
-1Ldt = 3000 fb∫

Figure 52: Results for the gluino-neutralino model with heavy flavor decays are given in the me�0
1

versus meg
plane. The solid [dotted] lines shows the expected 5� discovery reach [95% confidence level upper limits]
for gluino pair production. Mass points to the left/below the contours are expected to be probed at the 14 TeV
LHC using 300 fb�1 [left] and 3000 fb�1 [right] of integrated luminosity. A 20% systematic uncertainty is
assumed. The 300 fb�1 result on the left includes an average of 50 pileup events; the3000 fb�1 result on
the right includes an average of 140 pileup events. The results on the bottom do not include the effects of
pileup.

Using the NLO gluino pair production cross section one can make a very naive estimate for the
reach of a given collider. For example, we find that the choice of gluino mass which would yield
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Using the NLO gluino pair production cross section one can make a very naive estimate for the
reach of a given collider. For example, we find that the choice of gluino mass which would yield 10

events at 300 fb�1
�
3000 fb�1

�
is 2.8 (3.3) TeV. This roughly corresponds to the maximal possible

reach one could expect for a given luminosity using 14 TeV proton collisions.

Using a realistic simulation framework along with the search strategy employed here, the 14 TeV
300 fb�1 limit with massless neutralinos is projected to be at a gluino mass of 2.3 TeV (correspond-
ing to 110 events), while the 14 TeV 3000 fb�1 limit is projected to be at 2.7 TeV (corresponding
to 175 events). Furthermore, the 14 TeV LHC with 3000 fb�1 could discover a gluino as heavy
as 2.3 TeV if the neutralino is massless, while for me�0

1
& 500 GeV the gluino mass reach rapidly

diminishes.
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Figure 3: Results at 14 TeV for the gluino-neutralino model with light flavor decays are given in the me�0
1

versus meg plane. The top [bottom] row shows the expected 5� discovery reach [95% confidence level upper
limits] for gluino pair production. Mass points to the left/below the contours are expected to be probed at
300 fb�1 [left] and 3000 fb�1 [right]. A 20% systematic uncertainty is assumed and pileup is not included.
The black crosses mark the simulated models.
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3.8 Results: 100 TeV

The 5� discovery [left] and 95% CL limits [right] for the gluino-neutralino model are shown in
Fig. 7, assuming 3000 fb�1 of integrated luminosity. 20% systematic uncertainty is applied to the
backgrounds. The assumed signal systematic are outlined in the appendix. Pileup is not included;
a demonstration that pileup will not significantly change these results is given in Sec. 3.12 below.

Using the NLO gluino pair production cross section one can make a very naive estimate for the
reach of a given collider. For example, we find that the choice of gluino mass which would yield
10 events at 3000 fb�1 is 16.1 TeV. This roughly corresponds to the maximal possible reach one
could expect for a given luminosity using 100 TeV proton collisions.

Using a realistic simulation framework along with the search strategy employed here the 100 TeV
3000 fb�1 limit with massless neutralinos is projected to be 13.5 TeV (corresponding to 60 events).
Furthermore, the 100 TeV proton collider with 3000 fb�1 could discover a gluino as heavy as
11 TeV if the neutralino is massless, while for me�0

1
& 1 TeV the gluino mass reach rapidly

diminishes.

The next section provides a comparison of the impact that the four Snowmass collider scenarios
can have on the parameter space of this model.
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Figure 7: Results at 100 TeV for the gluino-neutralino model with light flavor decays are given in the me�0
1

versus meg plane. The left [right] plot shows the expected 5� discovery reach [95% confidence level upper
limits] for gluino pair production. Mass points to the left/below the contours are expected to be probed at
3000 fb�1. A 20% systematic uncertainty is assumed and pileup is not included. The black crosses mark
the simulated models.
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Gluino Reach
3000 fb-1 is being used as a benchmark number, but 10 
times that could be better for maximizing reach.

An 8 TeV gluino constraint corresponds to 2-loop tuning of 
the Higgs mass-squared by a factor of about 500 
(depending on the log in the running). 
!
Potentially can push this up above 1000 with further work.



Gluino Lifetime

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

18

Important additional parameter that should be taken into 
account. Probes scalar masses.

Arvanitaki, Craig, Dimopoulos, Villadoro 1210.0555; Arkani-
Hamed, Gupta, Kaplan, Weiner, Zorawski 1212.6971
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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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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
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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
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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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Stop Detection

4

and the resulting top jet has a typical size of �R ⇠ 1/�t ⇠ mt/p
t
T .

The left panel of of Fig. 1 shows the pT distribution of the leading top quark for three

di↵erent stop masses (assuming a massless neutralino). For stops with a mass of a few TeV

or higher, the tops from the stop decay are highly boosted with pT � mt. The right panel

of Fig. 1 shows the mean distance between the W boson and the b from the decay of the

top as a function of met and me�0
1
.

Given that the jet radius chosen for this study is �R = 0.5, the top will on average be

contained within a single jet. Stop searches at a 100 TeV collider will therefore have to

probe a kinematic regime not accessible to the 14 TeV LHC, where the top pT relevant for

most searches is less than a TeV.
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FIG. 1: The pT distribution of the leading top quark for met = 2, 6, 10 TeV assuming me�0
1
= 1GeV

[left]. The average size of top jets from stop decays as a function of met and me�0
1
[right].

One possible tool for separating signal from background is to tag these highly boosted

tops. Note that top taggers constructed for LHC energies are optimized for large radius

jets with �R ⇡ 1.0 � 1.5 (for a review, see [40]). It is therefore interesting to understand

if existing algorithms are suitable for events at 100 TeV. If the top tagger depends on an

intrinsic angular scale, for example the Johns Hopkins top tagger [41], then the choices

appropriate for tagging boosted tops at the LHC will need to be reconsidered. In contrast,

the HEP top tagger [42] does not make any assumption about the angular separation of the

top decay products.

Given the magnitude of the boost being considered, separating the individual constituents

of the top decay requires detector granularities higher than presently available in hadronic

calorimeters. For example, a 5 TeV top jet falls within a cone size of roughly �R ⇡ 0.07,

while the typical size of a calorimeter cell at ATLAS is �⌘ ⇥ �� ⇠ O�
0.1 ⇥ 0.1

�
[43]. In

Collimated tops: a top at 100 TeV is like a b-quark at the 
Tevatron. Substructure difficult without very fine-grained 
calorimetry (is that feasible?). Tag it with a muon inside the jet.

6
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FIG. 3: E�ciency for finding a µ± with pT > 200 GeV within �R < 0.5 of the leading jet for three
choices of stop mass, along with the t t+W/Z, t t and QCD backgrounds.

Requiring a hard lepton inside a jet can therefore be used to tag boosted tops much like

leptonic b-tagging techniques implemented at the Tevatron [48–53] and at the LHC [54–57].

By definition these leptons will not be isolated from nearby tracks or calorimeter activity,

removing a common handle for rejecting fake leptons. For simplicity we therefore only

consider the case where a muon is collinear with a jet, and assume that a layered detector

design similar to that employed by LHC experiments will provide adequate rejection of fake

muons. Rejection of fake electrons without the use of an isolation requirement is more

detector-dependent, and is not considered here.

Figure 3 shows the probability of finding a 200 GeV muon within a �R < 0.5 cone of the

leading jet as a function of the leading jet pT for several signal and background samples.2

The signal e�ciency for this requirement is roughly 15%, compared to t t+W/Z e�ciencies

of around 3%, t t e�ciencies of around 2% and QCD e�ciencies around 0.4%.

For the t t background, the top quarks contribute only ⇠ 60% to the total jet pT in the

highly boosted regime, indicating a significant contribution from additional QCD radiation.

This leads to a lower e�ciency for t t than in signal events, where more of the total pT is

carried by top jets.

Our results in this section ignore the impact of any additional p p interactions (pile-up)

2 Due to the structure of the Snowmass detector card, we are using generator level muons when computing

the muon-in-jet requirement. This procedure was validated against a dedicated sample that was produced

with no lepton isolation requirements imposed, thereby giving detector level muons inside jets.

Cohen, D’Agnolo, Hance, Lou, Wacker 1406.4512
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assuming 3000 fb�1 of integrated luminosity. The exclusion reach is ⇡ 8 TeV, which

corresponds to roughly 110 signal events before cuts. Note that this agrees with the estimate

obtained by extrapolating the number of excluded signal events at
p
s = 8 TeV [63].

The searches proposed here also have good discriminating power away from the massless

neutralino limit. A 2 TeV stop could be discovered in the compressed region of parameter

space. It is possible to exclude neutralino masses up to 3 TeV in most of the parameter

space.

All of the results presented here have been obtained with very minimal cut-flows that do

not rely on b-tagging or jet substructure techniques. Additional refinements should increase

the search sensitivity, at the price of making assumptions on the future detector design.

(GeV)

t~
m

2000 4000 6000 8000

(
G

e
V

)

10
�⇥

m

0

2000

4000

6000

8000

S
i
g

n
i
f
i
c
a

n
c
e

1

10

Boosted Top

Compressed

Discovery

s

CL

= 100 TeVs

-1

dt = 3000 fbL⇤
= 20%

sys,bkg

⌅
= 20%

sys,sig

⌅

(GeV)

t~
m

2000 4000 6000 8000 10000

(
G

e
V

)

10
�⇥

m

(
f
b

)
⇤

E
x
c
l
u

d
e

d
 

-4

10

-3

10

-2

10

-1

10

1

Boosted Top

Compressed

Exclusion

s

CL

= 100 TeVs

-1

dt = 3000 fbL⌅
= 20%

sys,bkg

⇧
= 20%

sys,sig

⇧

0

2000

4000

6000

8000

10000

FIG. 5: Projected discovery potential [left] and exclusion limits [right] for 3000 fb�1 of total
integrated luminosity. At each signal point, the significance is obtained by taking the smaller CLs

between the heavy stop and compressed spectra search strategies, and converting CLs to number
of �’s. The blue and black contours (dotted) are the expected (±1�) exclusions/discovery contours
using the heavy stop and compressed spectra searches.

D. Di↵erent Luminosities

An open question in the design for the 100 TeV proton-proton collider is the luminosity

that is necessary to take full advantage of the high center of mass energy. As cross sections fall

with increased center of mass energy, one should expect that higher energy colliders require

more integrated luminosity to fulfill their potential. The necessary luminosity typically

scales quadratically with the center of mass energy, meaning that one should expect that

the 100 TeV proton-proton collider would need roughly 50 times the luminosity of the LHC

at 14 TeV.

Cohen, D’Agnolo, Hance, Lou, Wacker 1406.4512 
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Electroweakinos

of a track. While no upper limit on track length is enforced in Fig. 2, as the distribution

is exponential the value of the upper limit, dtrack ⇠ 80 cm for ATLAS [61], has a negligible

impact4.

Since the dominant background for a disappearing track search would be mismeasured

low pT tracks, it is not possible to accurately project the background in a yet-to-be-designed

detector at a 100 TeV proton-proton collider. Nevertheless, Fig. 2 can serve as a rough

guide. For example, one could require d

track
> 30 cm and there be tens of signal events

passing all cuts, which is roughly where the 8 TeV ATLAS limit is set. We choose to attempt

a more systematic approach and naively extrapolate the dominant ATLAS background of

mismeasured tracks. The ATLAS search selects events with one or two hard jets and large
/

ET where neither of the jets can be too close to the /

ET direction. As this is the same

criteria as the monojet search we estimate the background normalization to be set by the

Z(⌫⌫) + jets rate. Additional details on our scaling procedure are found in App. A. The

results of the extrapolation are shown in Fig. 3 with � = 10% and � = 20%. The band is

generated by varying the background normalization up and down by a factor of 5.
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Figure 3: The mass reach in the pure wino scenario in the disappearing track channel with

L = 3000 fb�1 for the 14 TeV LHC (blue) and a 100 TeV proton-proton collider (red). The

bands are generated by varying the background normalization between 20 � 500%. Only

events passing the analysis cuts in App. A are considered.

The results are summarized in Table 1. In the monojet channel, we find that a 100 TeV

collider extends the wino mass reach about 4�5 times that of the LHC entering the TeV mass

range. A much more promising search, however, is the disappearing track search. Already at

4The pure wino scenario results in a chargino lifetime of c⌧ ⇠ 6 cm in the bulk of the mass range. Even

with the boost dtrack = ��c⌧ , most charginos decay before reaching the end of the inner detector. However, if

the chargino lifetime were modified such that c⌧ ⇠ dtracker, then the length of the tracker becomes a relevant

parameter.

– 8 –
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Figure 6: The mass reach in the pure higgsino scenario in the disappearing track channel

with L = 3000 fb�1 for the 14 TeV LHC (blue) and a 100 TeV proton-proton collider (red).

The bands are generated by varying the background normalization between 20� 500%. Only

events passing the analysis cuts in App. A are considered.

channel
systematics/ 14 TeV 100 TeV

normalization 95% limit 5� discovery 95% limit 5� discovery

monojet
1% 185 GeV 80 GeV 870 GeV 285 GeV

2% 95 GeV 50 GeV 580 GeV 80 GeV

disappearing tracks

20% 185 GeV 155 GeV 750 GeV 595 GeV

100% 140 GeV 95 GeV 615 GeV 485 GeV

500% 90 GeV 70 GeV 485 GeV 380 GeV

Table 2: Mass reach for the pure higgsino scenario. For the monojet channel, the second

column shows the systematic uncertainty on the background used, while the systematic uncer-

tainty on the signal was 10%. For the disappearing tracks channel, the second column shows

the background normalization. For this channel the background systematic uncertainty was

20% and the signal systematic uncertainty was 10%.

is not as sensitive as the monojet search, but were the splitting to be decreased by a factor

of two, the limits would be comparable to the reach for winos.

5 Mixed Spectra

In the previous two sections we studied the phenomenology of pure LSPs which feature nearly

degenerate electroweakinos. In more general mixed scenarios, larger mass splittings between

charginos and neutralinos can be generated. In this paper, we look at the compressed case

– 11 –

Disappearing track channel. More representative of winos 
than higgsinos, in general (dim-7 versus dim-5 tree-level 
splitting)
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Figure 7: The mass reach in the mixed bino/higgsino (� = 20 GeV) scenario in the soft

lepton channel at 100 TeV with L = 3000 fb�1 at 100 TeV looking for 0 leptons (blue), 0

or 1 leptons (green), and 0, 1, or 2 leptons (red). The bands are generated by varying the

background systematics between 2� 5% and the signal systematic uncertainty is set to 10%.
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Figure 8: The mass reach in the mixed bino/higgsino (� = 30 GeV) scenario in the soft

lepton channel at 100 TeV with L = 3000 fb�1 at 100 TeV looking for 0 leptons (blue), 0

or 1 leptons (green), and 0, 1, or 2 leptons (red). The bands are generated by varying the

background systematics between 2� 5% and the signal systematic uncertainty is set to 10%.

of �m = 20 � 30 GeV, where the heavier charginos and neutralinos decay to the LSP via

o↵-shell W ’s and Z’s.

Unlike pure spectra, mixed spectra are known to be able to thermally saturate the relic

– 12 –

Supplementing monojet with soft leptons.



New Heavy Gauge Bosons

Figure 15: Transverse mass distributions for W 0 production at
p
s = 100 TeV as discussed

in the text. The SM background is shown in yellow whereas the signal for a LH(RH) coupled
W 0 is shown in red(blue). The upper left(right) panel is for a W 0 mass of 12(15) TeV whereas
the lower left(right) panel corresponds to a mass of 20(25) TeV. An integrated luminosity of
1 ab�1 has been assumed in obtaining these results.
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Tom Rizzo, 1403.5465

Figure 15: Transverse mass distributions for W 0 production at
p
s = 100 TeV as discussed

in the text. The SM background is shown in yellow whereas the signal for a LH(RH) coupled
W 0 is shown in red(blue). The upper left(right) panel is for a W 0 mass of 12(15) TeV whereas
the lower left(right) panel corresponds to a mass of 20(25) TeV. An integrated luminosity of
1 ab�1 has been assumed in obtaining these results.
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Potentially dramatic signals possible: here, a W’ with Standard 
Model-like couplings.



EWK Radiation
Expect that at a 100 TeV collider, the electroweak symmetry 
should look approximately unbroken. Parton showers radiate 
not just photons, but W and Z bosons.
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Figure 1. �R and �� between the neutrino and the Z for a 5 TeV W 0 decaying to a

lepton, neutrino and a Z. EW radiation has a collinear singularity cut o↵ by the mass of the

W/Z bosons. The e↵ect of this collinear enhancement is clearly seen. The Z is radiated o↵

of either the neutrino or the lepton. Given that the neutrino and lepton tend to be back to

back and that the Z couples to the neutrino stronger than to the lepton, there is a smaller

enhancement at �R or �� ⇡ 3 due to the Zs radiated o↵ of the visible lepton.

The additional Z in these events can come from ISR, radiation o↵ of the W 0 and

FSR from both the lepton and neutrino. The last is of course especially interesting

for us as we are interested in genuine three-body decays where the Z is expected to

be roughly collinear with the neutrino or lepton. To show the e↵ect of the collinear

log enhancement, we plot in Fig. 1 the distribution of �R and �� between the recon-

structed Z and the neutrino.5 The collinear enhancement is seen very clearly. The Z

has larger couplings to the neutrino than to the leptons as can also be seen in the plot

as the lepton and neutrino are roughly back to back.

When the �R between the neutrino and the Z is small, then the direction of the

Z approximately corresponds to the spatial direction of the neutrino, thus allowing the

full reconstruction of the latter. To establish that the leptonic Z was Sudakov radiated

o↵ of the neutrino rather than the lepton, we put a ��Zl /ET
< 0.5 cut between the

reconstructed Z and the missing energy. Zs emitted from ISR which happen to point

in the same � direction as the missing energy can be e↵ectively removed by requiring

that the reconstructed Z boson has |⌘| < 2.5 (not to be confused with the acceptance

cut that we put on the leptons themselves).

We work at parton level assuming that the leptons and missing energy are measured

perfectly. Madgraph5 [10, 11, 12] was used to generate the events. In this very pre-

liminary analysis, alongside with the standard acceptance criteria, we apply following

5As usual, we define �R ⌘
p
�⌘2 +��2.
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Neutrinos are visible.

W 0 ! `⌫(⇤) ! `⌫Z

A. Hook, A. Katz (to appear)
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Figure 2. On the LHS plot we plot the di↵erence between our “guess” about the energy

of the neutrino and the actual neutrino energy. The “guess” for the neutrino energy comes

from assuming that the neutrino is collinear with the leptonic Z. The reconstructed Z is

required to have |⌘| < 2.5 and ��Z /ET
< 0.5. The reconstructed neutrino allows one to guess

the real missing energy in an event as well as reconstruct the full mass peak of a W 0 particle

(plot on the RHS). The mass resolution is smeared since the Z is not always collinear with

the neutrino, but the peak is very clearly at the W 0 mass of 5 TeV.

cuts:

• Exactly three leptons (either e or µ) in the event

• pT > 0.5 TeV for the leading lepton

• The invariant mass of the subleading leptons reconstructs the Z mass. 75 GeV <

mll < 105 GeV

• Eta of all leptons and reconstructed Z obey |⌘Z,l| < 2.5

• ��Z /ET
< 0.5

• /ET > 0.5 TeV and mT (l, /ET ) > 0.5 TeV

We present the results of the W 0 reconstruction in Fig. 2. In most of the cases,

the missing energy can be reconstructed to the precision of ⇠ 20% or even better.

The reconstructed mass peak (the same figure on the right) is a little smeared due to

imperfect reconstruction of the neutrino, however the mass peak is still clearly visible.

For a 5 TeV W 0, �⇥Br⇥✏ ⇠ 14 fb. Thus for a rather reasonable integrated luminosity,

we can obtain enough signal events to easily determine the mass of the W 0 through

this method. The dominant background comes from WZZ which has a cross section of

⇠ 10�5 fb.

– 7 –

Picking up the Z radiated from a neutrino and approximating 
the missing energy (via collinearity assumption) allows one to 
plot a W’ mass, not just transverse mass.

A. Hook, A. Katz, to appear
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Figure 10. Expected reach for SUSY dark matter with a Zl+ /ET search at 100 TeV collider

with integrated luminosity L = 3 ab�1.

The dominant background is ZinvZl. We place a cut on a pT (Zl), depending on the

mass of the DM we are interested in. This cut varies from pT (Zl) > 0.2 TeV for the

light DM (we start our scan from mDM = 200 GeV) and goes up to pT (Zl) > 0.8 TeV

for the heaviest DM that we consider, which is 1 TeV. The results of this search are

shown in Fig. 10. We see that because Z emission is only single log enhanced, the

bounds are not competitive with the jet+/ET search as it was derived in Ref. [31] Even

the winos (an SU(2)W triplet) cannot be excluded beyond 1 TeV using this channel,

while the reach for higgsinos (an SU(2) doublet) would reach 400 GeV at best. We

do not show the expected reach for the binos since the production rate for Zl + /ET in

this case is almost an order of magnitude smaller than for higgsinos, preventing any

reasonable reach even at small masses.

We conclude that this search should be performed at 100 TeV collider, however it

will be supplementary to the jet+/ET search and will give us useful information about

the collider stable particle if its mass is below 1 TeV.
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FIG. 1: Theoretical prediction versus aleph data at lep 1
for the standard model and the standard model with a 25
GeV gluino. The total statistical uncertainty band includes
theoretical statistical uncertainty from the Monte Carlo used
to generate the NNLO fixed-order thrust distribution.

models are shown in Figure 1, where it is clear that the
model with the gluino is systematically worse.

To properly scan over masses, we must specify how
to handle the thresholds. First, consider the total
hadronic cross section, σhad. The exact leading or-
der dependence of σhad on the new particle mass can
be extracted from [28]. For m < µ, the contribution
to the total cross section is proportional to ∆σhad =

α2
s(µ)

(
ρV (m2

Q2 ) + ρR(m2

Q2 ) + 1

4
log(m2

µ2 )
)
, where ρV is the

virtual contribution which vanishes at m = ∞ and ρR

is the real emission contribution which vanishes for m >
Q/2. The explicit log compensates the µ-dependence of
αs and is necessary to have a smooth m → 0 limit. We
will use this exact expression ∆σhad for the new physics
contribution to σhad in Eq. (1), but observe that, as
shown in [28], it is well approximated for 0 < m < Q
by the leading power in m2/Q2. Actually, it is not
clear whether the experiments would have included de-
cay products of real gluinos in their event selection for the
thrust distribution, so in the spirit of providing a model-
independent bound, we allow ∆σhad to scan between 0
and the cross section for ∆nf additional massless fla-
vors. This variation is included in the uncertainty band
described below.

The exact contributions of massive colored states to
the jet, soft, and hard functions are not known, but since
the same loops and real-emission diagrams are relevant
for them as for ∆σhad, it is likely that the result would
be similar to that of ∆σhad. Thus, we assume the leading
power is linear in m2/µ2

h for the hard function, m2/µ2
j for

the jet function, and m2/µ2
s for the soft function. That is,

we take H, j̃ and s̃ to interpolate between the expression
for nf = 5 + ∆nf flavors at m = 0 and nf = 5 flavors
at the relevant threshold. This removes any remaining
discontinuity in the thrust distribution, and should be a
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FIG. 2: Bounds on light colored particles from lep data. The
darker region is completely excluded at 95% confidence. The
lighter region is an uncertainty band including estimates of
various theoretical uncertainties.

good approximation to the (unknown) exact result. In
a similar vein, the matching correction, r(τ) in Eq. (2),
formally takes place at the hard scale Q. However, it
depends on nf and would be discontinuous as m crosses
Q unless the discontinuity is removed by inclusion of ex-
plicit mass corrections. We use an interpolation also lin-
ear in m2/Q2 for this effect. Using this model for the
mass thresholds, in lieu of the exact result, introduces
some theoretical uncertainty. To account for that un-
certainty, we explore some variations of the model and
include the errors in our final bound, as described below.

With this treatment of the threshold effects, the thrust
distribution is smooth and can be compared with the
data for each m and ∆nf . We perform a combined fit to
the aleph [22] and opal [24, 25] data sets from 91.2−206
GeV [26, 27]. The fit regions used are 0.1 < τ < 0.24
for lep 1 , and 0.04 < τ < 0.25 for aleph lep 2 and
0.05 < τ < 0.22 for opal lep 2 . The data are cor-
rected bin-by-bin for hadronization and bottom/charm
mass effects using pythia. We perform a least-squares
fit of the theoretical prediction to the corrected data, us-
ing errors which include both the experimental statistical
errors and the statistical errors of the NNLO fixed-order
calculation, rescaled by 1.5, as described above. For the
standard model, the χ2 is 85.7 for 78 degrees-of-freedom.
For each value of m and ∆nf , we minimize χ2 and com-
pute the maximum likelihood ratio as compared with the
standard model. The resulting 95% C.L. bound is shown
in Figure 2. For ∆nf = 3, the limit is meg > 52.5 GeV.
For a real gluino (with the appropriate group theory fac-
tors differing from ∆nf = 3 at higher orders), the bound
differs by 0.03 GeV.

To account for the theoretical uncertainty, we include
an uncertainty band (the light shaded region in Figure 2).
This subsumes the following variations: (i) Removing
the lowest bins from each data set in the fit. (ii) Not
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Top Quark PDFs?
At a 100 TeV collider, top quarks play a role similar to bottom 
quarks at the Tevatron: 
!
Tops @ 100 TeV: Ecollider/mtop ~ 100 TeV / 175 GeV ~ 570 
B-quarks @ Tevatron: Ecollider/mb ~ 2 TeV / 4.2 GeV ~ 480 
!
So should we include the “top quark PDF” in the proton? 
Answer seems to be: not really. The collinear-enhanced 
coupling,                      , is still small at these energies. 
!
!
Gluon splitting with 5-flavor PDFs is mostly right. For more 
see: S. Dawson, A. Ismail, I. Low 1405.6211
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SUSY Dark Matter 
in 20 Years?
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Figure 9: Complementarity of direct and indirect detection in the higgsino/bino plane. The direct detection bounds are ex-
tracted from Ref. [92]. The darkest purple region is the current XENON100 bound on spin-independent dark matter–nucleus
scattering. The two surrounding lighter purple regions are the projected LUX and XENON1T bounds, respectively. The dark
orange shaded region in the top left plot, and that in the bottom left plot, are IceCube bounds on the spin-dependent dark
matter–nucleus scattering rate (assuming annihilation to W +W �) while the lighter orange region in the top left plot is the
XENON1T spin-dependent projected reach. The red shaded regions are Einasto (lighter) and NFW (darker) exclusions from
Ref. [42]. Dot-dashed green curves show gamma-ray line rates and dashed red lines show gamma-ray continuum rates, com-
puted with MicrOMEGAs [93].

current and future constraints on mixed higgsino/bino dark matter in Fig. 9. The direct detection current and
prospective bounds (XENON and LUX spin-independent, XENON spin-dependent, and IceCube from solar cap-
ture followed by annihilation to W +W �) are all extracted from figures in Ref. [92]. We have superimposed the
Fermi-LAT gamma ray continuum limit from Ref. [42]. The gamma-ray continuum and line rates were computed
with MicrOMEGAs, which includes diagrams relevant for higgsino annihilation to Z� that are absent from the early
literature and treated for the first time in Ref. [57].

The figure displays an important complementarity between direct and indirect detection. As already noted,
direct detection bounds arise dominantly from Higgs exchange, which depends on the Higgs–bino–higgsino cou-
pling and hence on having µ ⇠M 1. The large bino mixture leads to a larger splitting between charged and neu-

15

The bino/higgsino plane. Direct detection, indirect detection, 
LHC (good at covering subdominant fractions) cover a lot.



Fraction of Allowed  
Wino Dark Matter

FRACTION OF ALLOWED 
WINO DARK MATTER

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

7

still a way to 
go before 
ruling out a 
subdominant 
thermal light 
wino

?

Gamma ray 
observations:!
winos are not all 
of the dark 
matter. Light 
winos aren’t even 
a tenth of the dark 
matter.

J. Fan and MR, 1307.4400; see also Cohen, Lisanti, Pierce, 
Slatyer 1307.4082



Astrophysical Uncertainties

the galactic center, the Fermi di↵use background model relies on understanding cosmic ray
propagation and the processes through which cosmic rays emit photons. Despite all of these
subtleties and uncertain aspects of the physics, by far the largest source of uncertainty at
this time arises from the unknown J-factor, which is sensitive to the unknown distribution
of dark matter along the line of sight. Constraints on dark matter from indirect detection
signals from the galactic center (or inner galaxy) are typically presented as a family of curves
for di↵erent choices of the unknown dark matter halo properties, as in the plots from the
PI’s work in ref. [56] reproduced in Fig. 3.

Matched calculation
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Figure 3: Limits and astrophysical uncertainties on wino dark matter [56]. At left: the
purple and green bands represent the bounds derived from gamma-ray line searches at Fermi-
LAT [59] and HESS [54]. The red curve shows the rate predicted if dark matter is entirely
composed of winos with the mass indicated on the horizontal axis. The thickness of the
purple and green bands represents the range of possibilities from NFW or Einasto profiles
if we vary the dark matter density over the range allowed by the fits of ref. [60]. At right,
we show the size of the dark matter core rc, in kiloparsec, that is needed to eliminate the
bound on wino dark matter as a function of mass. Core sizes on the order of a kiloparsec
can weaken the bounds significantly.

The case of constraints on dark matter annihilation from dwarf galaxies is another impor-
tant example. In this case, the dark matter halo properties are constrained by measurements
of stellar kinematics, and limits are provided that include the uncertain J-factors as nuisance
parameters in the fit [61]. However, another source of uncertainty exists which potentially
overwhelms those that are taken into account: if the dwarf galaxies contain black holes, the
adiabatic contraction e↵ect that they exert on dark matter produces a localized “spike” of
high density that potentially provides limits that are stronger by orders of magnitude [62,63].
It is hard to overstate the possible importance of this question for particle physics. Large
classes of models that are under intense scrutiny at the Large Hadron Collider or in direct
detection experiments are potentially already ruled out by the absence of indirect detection
signals from dwarf galaxies, if dark matter density spikes are induced by central black holes.

Given these uncertainties, it is of high priority to be able to make clear statements about
what we really know about indirect detection constraints given astrophysical uncertainties. I

10

Putting a “core” in the DM distribution in the galaxy can 
remove the limits over most of the heavy wino parameter 
space. At right: needed core size (~ kiloparsec).



DM Density Spikes?
8

FIG. 5. DM annihilation cross-section constraints derived from a combined analysis of 15 dwarf spheroidal galaxies, for the
⌧ ¯tau (left) and EW̄ final states. We used an NFW DM distribution, and a Tremaine relation to assign the black hole masses
to each galaxy.

hole masses and, therefore, we expect our constraints to
bracket a meaningful range of possible outcomes.

In contrast with previous analyses, and due to the max-
imal density cuto↵ alluded to above, the presence of a
black hole enforces a correlation between the astrophys-
ical J factor and the mass and pair-annihilation cross
section of the dark matter particle. The most constrain-
ing dwarf galaxy depends upon the prescription for the
attribution of the central black hole mass. Limits on the
dark matter annihilation rate from observations of indi-
vidual dwarfs are enhanced by many orders of magnitude
in some cases.

We also attempted to derive a combined constraint
that utilizes limits from observations of all 15 dwarfs in
the original sample employed by the Fermi Collaboration.
The joint constraint is always weaker than the constraint
from the best single candidate, as a result of the wide
spread in J factors induced by the presence of a central
black hole.

We find that taken at face value our results rule out a
vanilla WIMP thermal relic for masses well in excess of 1
TeV for an NFW seed density profile, and of 100 GeV for
a seed cored profile. A central black hole in local dwarfs
would conclusively rule out dark matter annihilation as

a source for the Galactic center gamma-ray excess, in-
dependently of the annihilation pathway, and would also
solidly rule out wino dark matter.
We caution the Reader that there are several e↵ects

that could counteract the e↵ect of the adiabatic contrac-
tion scenario we have presented. For instance, if the seed
black hole was formed o↵-center [43], or if a stellar cusp
around the black hole is present, inducing scattering of
the dark matter particles [57], the dark matter cusp could
be smoothed out. Yet, the resulting density profile will be
steeper than what considered in the Fermi analysis. The
expected enhancement e↵ect on the cross section con-
straints would be comparable to the more conservative
scenarios we have discussed here.
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If intermediate-mass black holes exist and formed at the 
centers of dwarf galaxies, could we already have the data to 
rule out most SUSY dark matter?



Future Reach

are array B and E. Nevertheless, the robustness of our results
is hindered by the yet not precise determination of the astro-
physical factor in some cases. Forthcoming detailed astronom-
ical measurements will provide clues for deep exposure obser-
vations on the most promising dSphs, with, e.g., the planned
SkyMapper Southern Sky Survey [214], which will very likely
provide the community with a new dSph population, comple-
menting the Northern hemisphere population discovered by the
SDSS. Also, the uncertainties on dark matter density will be
significantly reduced by new measurements of individual stel-
lar velocities available after the launch of the GAIA mission9.
Stacking-methods of Fermi-LAT dSphs data were proven valid
to make constraints more stringent [49, 215, 216]. The applica-
tion of these methods for CTA is currently under study.

The search for DM signatures in galaxy clusters, investigated
in Section 1.2 was performed for two representative clusters,
Perseus and Fornax. The former one is thought to have the
highest CR-induced photon yield, and the latter is thought to
have the strongest DM-induced signatures. Compared to dSphs,
the gamma-ray signatures of galaxy clusters have several con-
tributions: in the first place, the DM signal is expected from
an extended region that can be larger than a few degrees, and
secondly, gamma-rays induced by interactions of accelerated
cosmic rays with the ambient fields and/or by individual clus-
ter galaxies are an irreducible background to the DM signal,
as recently shown in Refs. [103, 102]. We have simulated the
prospects of detection in 100 h of observation by using MC
simulations of extended sources. Regarding DM signatures, we
have used the model of Pinzke et al. [30] for the Fornax cluster,
and showed that in 100 h we could put contraints on the order of
(σannv) < 10−25 cm3s−1 (Fig. 1.6), which are competitive with
respect to those obtained with dSphs. The results are promis-
ing: if the intrinsic boost factor from subhalos is larger than
that predicted by the model we used, or mechanisms of Som-
merfeld enhancement are at work, there is also the possibility
to have a detection in 100 − 200 h with array B or E. We have
also considered the prospects of detection of CR-induced sig-
nal in hadronic acceleration scenarios in Fig. 1.5. We have seen
that the CR-induced emission from the Perseus cluster could be
detected in about 100 h. Finally, we discussed the more real-
istic case when DM– and CR-induced gamma-rays are treated
together. We discuss that the difference in both the spatial and
spectral features of the two emissions can be used as a method
for discrimination, while more quantitative results need dedi-
cated MC which were not available when writing this contribu-
tion. We underline that the extension of the expected DM emit-
ting region in galaxy clusters represents a problem for current
Cherenkov Telescopes since their FOV is limited to 3 − 5 de-
grees and their sensitivity rapidly decreases moving away from
the centre of the camera. CTA will overcome this limitation,
having a FOV of up to 10 deg and an almost flat sensitivity up
to several degrees from the centre of the camera. For galaxy
cluster searches, CTA will hence mark the difference compared
to the current generation of IACTs.

9www.rssd.esa.int/Gaia

More promising are DM searches of annihilation signatures
in the Galactic halo, where the DM density is expected to be
known with much higher precision than in the Galactic Cen-
tre itself or in (ultra-faint) dSphs or galaxy clusters. This was
studied in Section 1.3. By adopting dedicated observational
strategies of the region close to the Galactic Centre, as shown
in Fig. 1.8, it was shown that CTA has the potential to reach the
thermal annihilation cross-section expected from WIMP DM
of 10−26 cm3s−1 and lower (Fig. 1.9) in 100 h observation of the
vicinities the Galactic Centre using the “Ring” method. Models
with a large photon yield from DM annihilation will be con-
strained for even smaller cross-sections. It is also expected that
the limits presented here can be improved by factor of a few
when the stereoscopic analysis of CTA events has been under-
stood so well that a further suppression of the background be-
comes feasible. This would be the first time that ground-based
Cherenkov telescopes could reach this sensitivity level.

Besides observations of individual dedicated objects, the
capabilities of CTA for searching DM signals in the diffuse
background of gamma-ray radiation were discussed in Sec-
tion 1.4. We discussed the reconstruction performance for
different anisotropy power spectra and residual background
level. Considering a current model for the anisotropy power
spectra, we showed that CTA may be able to distinguish a DM-
induced diffuse gamma-ray component from the astrophysical
background.
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Figure 5.1: Comparison of exclusion curves of Fermi-LAT in 24 months [52]
and expected for 10 years (rescaled with the square root of time). The exclu-
sion curves for the various targets studied in this contribution are also reported
for the b  b annihilation channel: for the dwarf satellite galaxy Segue 1 (green
curve, see Sec. 1.1), for the Fornax galaxy cluster in case only DM-induced
gamma-rays are considered (blue line, see Sec. 1.2) and for the ring-method of
observation of the Galactic Centre vicinities (red line, see Sec. 1.3).

In Fig. 5.1, we summarize the constraints that we expect
with CTA for a WIMP annihilating purely into b  b in 100 h
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FIG. 3: Estimated flux and velocity weighted cross-section sensitivities obtained for GAMMA-400 as a function of the DM
particle mass. Black solid: Expected upper limits for γγ final states (with Nγ = 2); red dashed: detection of γγ at 5σ; green
dot-dashed : discrimination between IB and a monochromatic line (Nγ = 1); blue dotted: discrimination between γZ + γγ and
γγ (assuming BR(χχ → γγ)=BR(χχ → γZ)=0.5; Nγ = 1.5). The cross indicates the 130 GeV signature from Ref. [12].

of converter material in the tracker and design of anti-
coincidence systems (which will be very demanding due
to a very excentric orbit) are not fixed yet, but it is very
probable that GAMMA-400 will be equipped with a 22
X0 calorimeter with claimed energy resolution of about
1.5 % at 100 GeV.

The effective area of GAMMA-400 is however foreseen
to be smaller (around 6400 cm2) above a few tens of GeV
and constant. These two design features immediately
allow a rough estimate of the expected improvement:
for upper limits

√

2/10 ∼ 0.4, for signal significance
10/2 ∼ 5. Interestingly, a larger calorimeter also will
help with background rejection (which is largely based
on shower shape) and extend the usable energy range to
larger energies. As mentioned, the design phase is not
concluded and the design still allows considerable free-
dom. Here, we assume the energy resolution of GAMMA-
400 to scale as the one of the Fermi-LAT (such that it
ranges from 3% at 10 GeV to 1% at 1 TeV).

With the hypothesis that the final design of GAMMA-
400 is similar to the one described above, we derived the
sensitivity of GAMMA-400 for spectral signatures from
dark matter annihilation after 5 years of full sky survey
mode operation. As target region, we select a circular re-
gion around the Galactic centre with 20◦ radius excluding
the Galactic disc part (|ℓ| > 5◦ & |b| < 5◦). To model
the background that will be observed by GAMMA-400,
we make use of the current observations of the gamma-
ray emission observed by the Fermi-LAT as reported

in [12]; the events observed above few GeV in our re-
gion of interest can be described by a power-law function

dN/dEbckg = 6 · 10−11 ×
(

E
1GeV

)−2.5
phGeV−1cm−2s−1.

The exposure time of the source region is 3.2× 107s, as-
suming a field-of-view of 2.4 sr. In our spectral fits, we
will adopt the energy windows from Ref. [12], ranging
from ϵ = 1.5 at 10 GeV to ϵ = 3.1 at 1 TeV. We checked
that our results do not critically depend on this choice.

In Fig. 3, our results for the projected 95%CL upper
limits from GAMMA-400 are shown by the black solid
line. Even if the effective area is smaller than the one
of Fermi-LAT, the better energy resolution of the instru-
ment allows to better distinguish a deviation due to a
line signal from the power law background fluctuations.
This would improve by a factor about two to three the
upper limits that are obtained by Fermi-LAT in the same
observational time.
We also computed the strength of a line-like signal

in order to obtained a 5σ level detection for GAMMA-
400 after 5 years of survey mode. In this case, the γγ
annihilation cross-sections range between 10−29 and 5 ·
10−27cm3s−1, depending on the mass of the DM par-
ticle (see red dotted line on Fig. 3). The confirmation
of the tentative 130 GeV line at 5σ would require ∼ 20
months in survey mode, and ∼ 10 months using pointed
observation.
For such good energy resolution performances, the in-

strument should also be able to probe efficiently the ex-
istence of a secondary line. As an illustrative example,
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FIG. 6: Same as Fig. 3, but for 5 h of Galactic center observations with CTA.

resolution of [18], and we also assume the energy depen-
dence of the effective area from [56]. As signal region, we
adopt a circular target region of 2◦ around the Galactic
center.
The signal region definition and background descrip-

tion we adopted for CTA are similar to the ones dis-
cussed above for HESS-II. With the presence of several
large size telescope in the centre of the array, CTA will
be more sensitive than HESS-II. In order to remain in
the statistically limited regime, we reduced the observ-
ing time for CTA down to 5 hours. At very low energies,
since we impose that the showers are observed at least by
two telescopes, CTA in its current design will not have
a much larger effective area. Moreover the intrinsic fluc-
tuations in the low energy showers limit the energy reso-
lution that will be achieved even with several telescopes,
so that in this energy range, we do not expect stronger
limits from CTA. Above 80 GeV however, the higher tele-
scopes multiplicity will increase the performance (larger
effective area and better energy resolution) so that CTA
sensitivity will be almost constant up to 1 TeV. From
figure 6, we also see that CTA will be very important
to probe line-like signals from DM annihilations above
100 GeV, since after 5 h of observations of the Galac-
tic centre, CTA will be more sensitive than five years of
GAMMA-400 observations.

IV. DISCUSSION AND CONCLUSIONS

The detection of a sharp feature at an energy of 130
GeV in Fermi-LAT data has sparked the interest of the

astroparticle community, since the presence of gamma-
ray lines has long been considered a smoking-gun signa-
ture of new physics, possibly pointing to the annihilation
of dark matter particles. Of course, future Fermi-LAT
data will be very important: If the Fermi-LAT collabo-
ration can exclude instrumental effects as the cause of the
structure, it may well, in case upcoming data strength-
ens the feature, confidently establish discovery of the ef-
fect. In any case, future gamma-ray observatories would
provide necessary independent confirmation and are ex-
pected to clarify the experimental situation, in view of
their increased effective area or better angular resolu-
tion. In particular we focused here on three upcoming
experiments: HESS-II, CTA and GAMMA-400.
We summarize here the main results:

• We have calculated the sensitivity to gamma-ray
lines for the three experiments, and we have shown
that all of them will be able to confirm or rule out
the presence of the 130 GeV line. In all cases, in
fact, the feature found in Fermi-LAT data would
be detectable with a significance higher than 5σ.

• We have assessed, for each experiment, the
prospects for identifying the presence of additional
lines, which would allow a better reconstruction
of the particle properties of the annihilating dark
matter particle. We found that only GAMMA-
400, thanks to a claimed energy resolution of about
1.5 % at 100 GeV, will be able to separate a γγ line
from a Zγ or Hγ, if the corresponding branching
ratio is comparable to that into two photons, while
HESS-II and CTA cannot separate them.

crucial to decrease astrophysical uncertainties to make 
the most of these telescopes



DM & Future Colliders
If indirect / direct detection exclude neutralino DM, you can 
always imagine it has a lifetime long on collider scales but 
short on cosmological scales. Don’t stop looking for winos 
and higgsinos at colliders. 
!
But: it could become much more interesting to consider 
scenarios like R-parity violation or decays to hidden 
sectors if we have very strong constraints on neutralino dark 
matter. Long-lifetime searches, searches with cascades 
ending in lots of jets, all the “tricky” signals could become 
more important—even at 100 TeV, even if we’re not 
demanding strict naturalness.



Conclusions?
New colliders: push the constraints on naturalness well 
above the mild tuning the LHC requires. 
!
Kill naturalness at percent (sub-percent?) level, 
decisively rule out (or confirm?) electroweak 
baryogenesis…. 
!
What scenarios are we optimistic about discovering at 
this machine? Mini-split SUSY? How strong is the 
argument for this particular scale? (e.g. anthropics?) 
!
No conclusion for now; let’s discuss….
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Why Split?
Arkani-Hamed & Dimopoulos originally had in mind very 
heavy scalars. But what the data points to now may be only 
“mildly” split SUSY, with scalars at 10s—100s TeV.
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FIG. 5. Messenger scale required to produce su�ciently large |A
t

| for m
h

= 123 GeV (left) and m
h

= 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 M
S
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t

= 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 M

S

. The blue bands give estimates of errors
from varying the top mass between 172 and 174 GeV (darker
band) and the renormalization scale between m

t
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t

(lighter band).

Draper, MR, Meade, Shih 1112.3068Figure 4: The scalar mass scale in Split Supersymmetry as a function of tan � for a Higgs mass
fixed at 125.5 GeV for no and maximal stop mixing. The 1� 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 e↵ects
become stronger as ⇤ 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 m�3 � 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

Arvanitaki, Craig, Dimopoulos, Villadoro 
1210.0555



Collider Targets?

FIG. 1. A ’simply unnatural’ spectrum.

the low-energy theory is absent. This means that mH ⇠ 125 GeV is consistent with heavier

scalars than in the split spectrum considered in [46]. In particular, for moderate tan �,

scalar masses in the 103 � 104 TeV range are perfectly allowed, while with light Higgsinos

such heavy scalars are only possible if tan� is tuned to be close to 1. Such heavy scalars

naturally avoid all flavor problems, giving another impetus to focus on a spectrum with

µ ⇠ m3/2.

Because the Higgsinos have a significant impact on the di↵erential running of gauge

couplings, keeping µ heavy noticeably changes the unification prediction. For example, we

see in Figure 4, two-loop running predicts a smaller value of the strong coupling constant

↵(Mz) than what is generally found in the ‘natural’ MSSM. For example, with µ = 1000

TeV, ↵(Mz) = .110 for gluinos at 1.5 TeV and ↵(Mz) = .108 for gluinos at 15 TeV (for

µ = 100 TeV, ↵s(Mz) = .115 and .113 respectively). Of course this prediction is a↵ected by

unknown threshold corrections at the GUT scale, but the values found here are a bit closer to

the world average of ↵(Mz) = .1184(7) [45], and is very close to more recent determinations

using LEP data [47].

Heavy scalars and Higgsinos do moderately better at b-⌧ unification than the natural

MSSM (Figure 5), especially at low values of tan �. In addition, for small tan�, the top

8

A possible spectrum (Arkani-Hamed, Gupta, 
Kaplan, Weiner, Zorawski 1212.7961; see also Hall, Nomura, 

Shirai; Arvanitaki, Craig, Dimopoulos, Villadoro,…). 
!
The obvious collider target is a 
gluino. But: how would it decay? 
Is there a lot of missing 
transverse momentum? 
!
I want to argue for split + RPV as 
an understudied signature. Why? 
(Most) dark matter is not made 
of winos.



Anomaly Mediation and 
Mini-Split

The observed Higgs mass fits well with anomaly mediation or 
other scenarios (including many moduli-mediated scenarios) 
where gaugino masses are set by

m� ⇠ ↵

⇡
m3/2

For plausible and typical models, in such a scenario scalars 
are ~ m3/2 and the spectrum is split. 
!
If gauginos are ~ TeV (and we know they aren’t much 
lighter!), the scalars are in the right place for a 125 GeV 
Higgs. (1 TeV gluino means ~40 TeV gravitino & scalars)



Moduli
Moduli are scalar fields coupling with gravitational strength. In 
string constructions their VEVs determine couplings, e.g. 

L � c�
�

MPl
Fµ⌫F

µ⌫

These fields are often light: the natural scale for their masses 
is ~m3/2. (Coughlan, Fischler, Kolb, Raby, Ross 1983; de 
Carlos, Casas, Quevedo, Roulet 1993). 
!
Overclose the universe or ruin BBN unless their masses are > 
(TBBN2 MPl)1/3 ~ 100 TeV. There’s the 100 TeV scale again!



Triple coincidence?
• If gauginos are at the 100 GeV to 1 TeV scale (and we 

know they aren’t much lighter…), AMSB puts the 
gravitino at ~10 to 100 TeV. 

• If we want moduli to reheat above BBN, this picks out a 
scale ~10 to 100 TeV. 

• If we want to raise the Higgs mass to 125 GeV without 
large A-terms, for moderate to large tan beta this picks 
out scalar masses ~ 10s of TeV. 

• It’s a nice story, aside from the fine-tuning.



Non-thermal abundances
NON-THERMAL 
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Figure 6: The wino relic density in a non-thermal cosmology with decaying moduli fields, as a function of the wino mass and
reheating temperature. The reheating temperature is chosen by convention to be related to the modulus decay width as in
Eq. 8.
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Figure 7: Lower bounds on modulus reheating temperature TRH as a function of wino mass. The blue, purple, green curves with
bands around them correspond to constraints from Fermi galactic center continuum, Fermi line search and HESS line search
respectively. TRH has to be above 5 MeV (the black solid line) for a successful BBN. The burgundy dot-dashed line is the curve
when ⌦non�thermalh2 = 0.12.

is M 2 = � (g )/g m3/2 ⇡ m3/2/360 [14]. We plot this as a dashed red line in Fig. 8, and also plot a band that is a
factor of two around this prediction, which could be thought of as representing a range of plausible outcomes in
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dnW̃

dt
+ 3HnW̃ = −⟨σeffv⟩(n2

W̃
− n2

W̃ ,eq
) +NW̃ΓXnX , (2.1)

dnX

dt
+ 3HnX = −ΓXnX , (2.2)

dρrad
dt

(

1 +
1

3

∂ ln g∗
∂ lnT

)

= (−4Hρrad + q)

(

1 +
1

4

∂ ln g∗
∂ lnT

)

, (2.3)

where nW̃ is the sum of the number densities of neutral and charged Winos, nX is the number
density of X , and q is a heat injection into radiation as

q = (mX −NW̃mW̃ )ΓXnX +mW̃ ⟨σeffv⟩n2
W̃
, (2.4)

with NW̃ being the averaged number of SUSY particles produced by the decay of one X .
In addition, ρrad is the energy density of the relativistic component, and is related to the
cosmic temperature T as

ρR =
π2

30
g∗(T )T

4, (2.5)

where g∗(T ) is the effective number of relativistic degrees of freedom.#1 In our calculation,
we approximated that the full particle content at the temperature above the QCD scale
(which is taken to be 200 MeV in our analysis) is that of the MSSM, while that at the tem-
perature below the QCD scale consists of photon, three generations of leptons, and pions.
Furthermore, nW̃ ,eq denotes the thermal-equilibrium value of nW̃ , H is the expansion rate of
the universe, ΓX is the decay rate of X , and mX and mW̃ are the masses of X and Wino,
respectively.#2 In the above Boltzmann equations, the thermally-averaged effective annihi-
lation cross section ⟨σeffv⟩ accounts both for the coannihilation effect and the Sommerfeld
effect, which were not fully taken into accounts in previous analyses.

The coannihilation processes are included by summing up the cross sections of all the
relevant modes with appropriate weights:

⟨σeffv⟩ =
∑

i,j

rirj⟨σijv⟩, (2.6)

#1We use the fact that g∗s(T ) is numerically very close to g∗(T ), and approximate g∗s(T ) ≃ g∗(T ) in our
calculation, where g∗s(T ) is the effective number of massless degrees of freedom for the calculation of entropy
density, which is related to the entropy density as

s(T ) =
2π2

45
g∗s(T )T

3.

#2Because we are interested in the case where charged and neutral Winos are quite degenerate, we denote
the Wino masses as mW̃ as far as we discuss the quantities which are insensitive to the mass difference.

3

Solve a set of Boltzmann 
equations:

100 GeV winos are all the 
DM for reheat temperatures 
~ 300 MeV.

Light wino LSPs (e.g. from 
anomaly mediation) are 
bad dark matter candidates 
unless we have exactly the 
sort of non-thermal 
cosmology moduli could 
provide. (Moroi & Randall, 
recently Gordy Kane & 
collaborators, Yanagida & 
collaborators, etc)



Fraction of Allowed  
Wino Dark Matter

FRACTION OF ALLOWED 
WINO DARK MATTER

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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still a way to 
go before 
ruling out a 
subdominant 
thermal light 
wino

?

Gamma ray 
observations:!
winos are not all 
of the dark 
matter. Light 
winos aren’t even 
a tenth of the dark 
matter.

J. Fan and MR, 1307.4400; see also Cohen, Lisanti, Pierce, 
Slatyer 1307.4082



R-parity violation
RPV has received a lot of attention recently in the context of 
natural SUSY (hiding superpartners from the LHC). 
!
I think we should also be thinking about RPV in the unnatural, 
mini-split SUSY context. Removes the wino DM problem. 
Produce winos, which decay. How do they decay? 
!
WRPV = ucdcdc has gotten a lot of recent attention (e.g. MFV 
RPV). Good for hiding from LHC searches (multi-jet signals). 
!
One option that received less recent attention (but see papers 
by JWF Valle): bilinear RPV, with 2-body wino decays at LHC.
(for older work: see hep-ph/9612447 by Mukhopadyaya and Roy; hep-ph/0410242 by Chun and Park; also, 
for 3-body decays in bilinear RPV, Graham, Kaplan, Rajendran, Saraswat, 1204.6038)
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Abstract

Mini-split theories raise an obvious question: why is physics not split and natural? We consider anthropic
answers to this question.

1 Introduction

m3/2, mscalar,µ⇠ 10 TeV
l ↵

4⇡
mh, mgaugino⇠ 100 GeV

Unnatural Mini-Split SUSY

m3/2, mscalar,µ, mh⇠ 100 GeV
l ↵

4⇡
mgaugino⇠ 1 GeV

Natural Mini-Split SUSY

Figure 1: The puzzle of mini-split supersymmetry: why would we find ourselves living in the fine tuned universe
on the left, if the fully natural one on the right seems equally viable?

2 Estimate

First pass to try to get parametric scaling right, not worrying about order one numbers:
Let us assume that we can approximate the modulus potential as a quadratic function V (�) ⇡ 1

2
m2
��

2 and
that in the early universe � began with a value �0 6= 0. We expect that typically �0 ⇠ MPl. Because of Hubble
friction the value of � will not change until H ⇠ m� , so we can roughly estimate that at that time the energy
density stored in � versus the energy density stored in radiation are comparable:

⇢� =
1
2

m2
��

2
0 ⇠ 3H2M2

Pl ⇠ ⇢rad =
⇡2

30
g⇤T

4. (1)

This means the yield of � is:

Y� ⌘
n�
s
=

1
m�

⇢�

⇢rad

3g⇤
4g⇤s

T ⇠ T
m�

. (2)

1

Is there a good reason why we might find ourselves living in 
the universe at left instead of the natural one at right? 
!
Maybe cosmological (moduli) answers (work with J Pradler)

Our picture raises a question: SUSY could have been split 
and natural.



The Big Picture?

GeV Planck scale

Anthropic !
pressure

Naturalness !
pressure

We are !
here?

SUSY may solve most of the hierarchy problem. What we see 
conflicts with our notions of naturalness because we could not 
live in the natural world. Balance of two pressures:

Sounds philosophical, but the hope is for an anthropic story 
that relates to cosmology in a predictive way. Still work in 
progress….


