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OVERVIEW

Lots of models out there...

H. Murayama



OVERVIEW

No evidence for SUSY



OVERVIEW

No evidence for anything else...



THE END



OR IS IT?



NOT ALL MODELS CREATED 
EQUALLY



AND WE FOUND 
SOMETHING*!



WHY HAVEN’T WE FOUND ANYTHING 
ELSE AND WHERE TO LOOK?

•What are we looking for so far?

• Physics of EWSB

• EW naturalness

•Dark Matter

•Odd balls
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Weakly coupled Strongly coupled
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EW NATURALNESS
AFTER DECADES OF RESEARCH...

AdS/CFT 

Supersymmetry 

Extra Dimensions 

Strong Dynamics 

Something Else? 



How do we put it on trial???

R. Sundrum 
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The WIMPless Miracle: Dark Matter Particles

without Weak-scale Masses or Weak Interactions

Jonathan L. Feng and Jason Kumar
Department of Physics and Astronomy, University of California, Irvine, CA 92697, USA

We propose that dark matter is composed of particles that naturally have the correct thermal
relic density, but have neither weak-scale masses nor weak interactions. These WIMPless models
emerge naturally from gauge-mediated supersymmetry breaking, where they elegantly solve the
dark matter problem. The framework accommodates single or multiple component dark matter,
dark matter masses from 10 MeV to 10 TeV, and interaction strengths from gravitational to strong.
These candidates enhance many direct and indirect signals relative to WIMPs and have qualitatively
new implications for dark matter searches and cosmological implications for colliders.

PACS numbers: 95.35.+d, 04.65.+e, 12.60.Jv

Introduction. Cosmological observations require dark
matter that cannot be composed of any of the known
particles. At the same time, attempts to understand
the weak force also invariably require new states. These
typically include weakly-interacting massive particles
(WIMPs) with masses around the weak scale mweak ∼
100 GeV − 1 TeV and weak interactions with coupling
gweak # 0.65. An appealing possibility is that one of
the particles motivated by particle physics simultane-
ously satisfies the needs of cosmology. This idea is moti-
vated by a striking quantitative fact, the “WIMP mira-
cle”: WIMPs are naturally produced as thermal relics of
the Big Bang with the densities required for dark matter.
This WIMP miracle drives most dark matter searches.

We show here, however, that the WIMP miracle does
not necessarily imply the existence of WIMPs. More pre-
cisely, we present well-motivated particle physics mod-
els in which particles naturally have the desired ther-
mal relic density, but have neither weak-scale masses
nor weak force interactions. In these models, dark mat-
ter may interact very weakly or it may couple more
strongly to known particles. The latter possibility im-
plies that prospects for some dark matter experiments
may be greatly enhanced relative to WIMPs, with search
implications that differ radically from those of WIMPs.

Quite generally, a particle’s thermal relic density is [1]

ΩX ∝
1

〈σv〉
∼

m2
X

g4
X

, (1)

where 〈σv〉 is its thermally-averaged annihilation cross
section, mX and gX are the characteristic mass scale
and coupling entering this cross section, and the last
step follows from dimensional analysis. In the mod-
els discussed here, mX will be the dark matter parti-
cle’s mass. The WIMP miracle is the statement that,
for (mX , gX) ∼ (mweak, gweak), the relic density is typi-
cally within an order of magnitude of the observed value,
ΩX ≈ 0.24. Equation (1) makes clear, however, that
the thermal relic density fixes only one combination of
the dark matter’s mass and coupling, and other values of

FIG. 1: Sectors of the model. SUSY breaking is mediated by
gauge interactions to the MSSM and the hidden sector, which
contains the dark matter particle X. An optional connector
sector contains fields Y , charged under both MSSM and hid-
den sector gauge groups, which induce signals in direct and
indirect searches and at colliders. There may also be other
hidden sectors, leading to multi-component dark matter.

(mX , gX) can also give the correct ΩX . Here, however,
we further show that simple models with low-energy su-
persymmetry (SUSY) predict exactly the combinations
of (mX , gX) that give the correct ΩX . In these models,
mX is a free parameter. For mX (= mweak, these models
are WIMPless, but for all mX they contain dark matter
with the desired thermal relic density.

Models. We will consider SUSY models with gauge-
mediated SUSY breaking (GMSB) [2, 3]. These models
have several sectors, as shown in Fig. 1. The MSSM
sector includes the fields of the minimal supersymmet-
ric standard model. The SUSY-breaking sector includes
the fields that break SUSY dynamically and mediate this
breaking to the MSSM through gauge interactions. There
are also one or more additional sectors which have SUSY
breaking gauge-mediated to them; these sectors contain
the dark matter particles. These sectors may not be very
well-hidden, depending on the presence of connector sec-
tors (discussed below), but we will follow precedent and
refer to them as “hidden” sectors. For other recent stud-
ies of hidden dark matter, see Refs. [4].

This is a well-motivated scenario for new physics.

If we have weak scale couplings and 
masses this works out right

Just one number, maybe we put too much 
stock in it as far as the LHC goes
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EWSB Naturalness DM Oddballs

Signatures
MET Who KnowsNon-MET



WHAT’S EXCLUDED?

• ATLAS and CMS have done well at the following things so far :

• Basic two body final states and close to these...

• Really blatant oddballs

• Anything + MET



BUMPS AND BIG SIGNAL 
SEARCHES

Analysis Steps 

Remove everything but SM WZ. Then 
add further cuts to suppress SM WZ. 
• Reconstruct Z mass [60-120] for 1 Z 
• Reconstruct W MT 

• Reconstruct MWZ . WZ accounts for 
90% of bkgr. Good agreement data-
MC 
 

• To discriminate signal from bkgr: 
 
 

• Search for bump in WZ mass distr. 
• Optimize search window for W´ 

masses 
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Before HT cut  

After HT cut  
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Figure 5: Measured leading jet pT and EmissT distributions (black dots) in the LowPt region compared to the pre-
dictions for SM backgrounds (histograms). Only statistical uncertainties are considered. For illustrative purposes,
the impact of two different ADD scenarios is included.
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Figure 6: Measured leading jet pT and EmissT distributions (black dots) in the HighPt region compared to the pre-
dictions for SM backgrounds (histograms). Only statistical uncertainties are considered. For illustrative purposes,
the impact of two different ADD scenarios is included.

13

Search for Jet + Missing ET

10

Very High pT Results
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Figure 7: Measured leading jet pT and EmissT distributions (black dots) in the veryHighPt region compared to
the predictions for SM backgrounds (histograms). Only statistical uncertainties are considered. For illustrative
purposes, the impact of two different ADD scenarios is included.

Figure 8: Event display for one of the monojet candidates in the data. The event has a jet with pT = 602 GeV at
η =−1 and φ = 2.6, EmissT = 523 GeV, and no additional jet with pT > 30 GeV in the final state.
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Analysis Steps 

Remove everything but SM WZ. Then 
add further cuts to suppress SM WZ. 
• Reconstruct Z mass [60-120] for 1 Z 
• Reconstruct W MT 

• Reconstruct MWZ . WZ accounts for 
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Nothing here... move along our p-value is big



OBVIOUS ODDBALLS



SUSY OVERVIEW
• Experiments have looked for SUSY in a variety of different flavors and channels:

• Jets + MET

• b jets +MET

• 1lep+jets +MET

• OS dileptons +MET

• SS dileptons + MET

• diphoton+MET

• multileptons

• R-hadrons

• AMSB



SUSY OVERVIEW
An Observation

production

cascade
NLSP

G̃

SM partner

cascade
NLSP

G̃

SM partner

cascade
NLSP SM partner

G̃

cascade
NLSP SM partner

G̃

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

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

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

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

d4`

(2�)4
�1µ (2`µ + kµ

1 ) J(k2, . . . kj) · J(kj+1, . . . kn)

(`2 � m2)((` + k1)2 � m2)
. (1)

Notice that this always contributes 0 to the loop integral: �1 · k1 = 0, and the bubble integral, linear in `µ,
can only be proportional to kµ

1 , because all dependence on the other momenta factors out of the integrand.

1

Figure 1: Schematic Feynman diagram for a GMSB event. The typical production will be of colored
superpartners, e.g., gluinos. Their cascade decays will produce jets and possibly other particles
(depicted here as green wedges), and will end in the NLSP. The NLSP will always decay to its SM
partner plus an invisible gravitino.

Tevatron-era work on gauge mediated phenomenology [43–48].
A typical GMSB topology is shown in Fig. 1. This figure illustrates a number of important

features of GMSB. First, the gravitino is always the LSP. Second, the identity of the next-
to-lightest-superpartner (NLSP) dictates much of the phenomenology, because it appears at
the bottom of every cascade decay and always decays to its SM partner and the gravitino.
(We assume R-parity throughout.) Correspondingly, we will partition the parameter space of
GMSB primarily via the NLSP identity.

An important feature of the GGM framework is that it allows almost any superpartner to
be the NLSP. We will thoroughly investigate all NLSP types: neutralino (bino, wino, Z-rich
higgsino, h-rich higgsino), chargino, right-handed slepton, sneutrino, gluino, squark, stop, and
sbottom. As we will see, by studying the signatures that arise from every NLSP type in GGM,
we will naturally be led to consider most, if not all, of the current LHC searches. In Table 2
we have listed the final states relevant for the various NLSP types. The table serves as a useful
guide for understanding which analyses might be useful for each NLSP type and facilitates
a more general application of our results to other models with similar final states. As the
table illustrates, GGM is a very e↵ective “signature generator”: it provides a nice unifying
framework through which to view the myriad results at the LHC.

In addition to the NLSP type, the SUSY production mechanism is important for specifying
the relevant phenomenology. Here we could consider either production of colored superpartners

3

For the most part 
exclusion is based on 
MET + (n)m (b)-jets

+k leptons



SUSY OVERVIEW
•Where do we expect exclusions?
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Figure 2: NLO production cross sections for wino pairs (left) and gluino pairs (right). The dashed
lines indicate 10 fb, 1 fb and 0.1 fb, while the blue, red and green curves correspond to Tevatron,
7 TeV LHC, and 14 TeV LHC. The 10 fb rate roughly corresponds to the kinematic reach of the
current 1/fb LHC searches. The 1 fb rate corresponds to the kinematic limit for the Tevatron and the
7 TeV LHC, both of which will collect O(10 fb�1) of data in their complete runs. Finally, the 0.1 fb
rate corresponds to the kinematic limit for the 14 TeV LHC, which is expected to collect O(100 fb�1)
in total.

di↵erent jet multiplicities and kinematics in determining the limits. We will find that for
NLSPs with the cleanest final states (bino NLSP with ��+MET; slepton co-NLSPs with
same-sign dileptons+MET), the limits on gluino mass are nearly 1000 GeV. So already with
1/fb we are very close to the kinematic limit for 7 TeV LHC in these scenarios. Most of
the discovery potential at 7 TeV has already been used up here. For more complicated cases
(squeezed spectra, multiple final states, third generation), the limits on the gluino mass are
much weaker, ranging typically from 600-800 GeV. So there is considerable room for growth
and improvement here. Finally, we find that the only existing LHC searches that constrain
electroweak production are the ATLAS and CMS ��+MET searches, which constrain winos
decaying to bino NLSPs. There is a large amount of growth possible in probing electroweak
production of new particles.

There is already a large literature (too large to review here) interpreting LHC results as
SUSY limits, so it is worthwhile to make some remarks on our motivation and how our work fits
into that broader context. Most of the existing work studies spectra involving all the MSSM
particles, often from a top-down point of view (such as the CMSSM) or in high-dimensional
parameter spaces. These models have an abundance of possible production modes and decays,
and it is di�cult to isolate the physics that goes into setting limits.

We believe that, at this point, a study in terms of simplified spectra is sorely needed, and
substantially di↵erent from studies of the full MSSM. In the absence of any discovery, our main
goal in studying LHC limits on supersymmetry is twofold: first, to obtain a global picture of

5



SUSY OVERVIEW
•Not all searches as powerful as they could be (at least at 1/fb)

4.2 Third Generation Squark NLSPs

Given that the point of weak-scale SUSY is to solve the gauge hierarchy problem, and that
stop loops contribute most of all to the renormalization of the higgs mass, light stops are very
well-motivated components of a natural MSSM spectrum, as is the light sbottom that comes
with the left-handed stop. In general, even in a flavor blind mediation scheme such as GGM,
the third generation squarks can be split from the first two generations. Already at tree level,
the third generation is split due to o↵-diagonal mass matrix elements proportional to Yukawa
couplings, which can be large either due to large A-terms or large µ. Further large splittings
among generations can arise when renormalization-group running e↵ects are included from
the SUSY breaking scale to the weak scale, due to the larger Yukawa couplings of the third
generation. In this subsection we investigate the possibility that the third generation squarks
are in fact the NLSP. Having a third generation NLSP presents an interesting opportunity
and challenge for the experiments given that b-jets can be tagged, and top quarks provide an
entirely di↵erent experimental signature than all other quarks.

In gauge mediation, A-terms are typically small, but this does not preclude interesting
splittings from µ and running. An interesting question for the case of light third generation
squarks is how much they can be split from the first and second generations in GGM. This
has never been fully answered and deserves a closer look. However, it is beyond the scope of
this paper. Instead, we will treat the stop or sbottom mass as a free parameter which can
be arbitrarily light compared to the other squarks, though this is not necessarily realistic in
the context of any given model. Even if part of this parameter space proves to be outside the
reach of GGM, it could be compatible with other models of low-scale SUSY breaking with
light gravitinos. Some interesting examples of model-building along these lines can be found

particle mass relevant decays
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1
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particle mass relevant decays

g̃ M
gluino

g̃ ! bb̃
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M
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! bG̃

Table 13: Simplified parameter spaces for sbottom NLSP. In both, we take all the squarks but b̃
1

to
be degenerate, with no regard to the GGM sum rules (in contrast with the rest of the paper). On the
top left (squark-bino-sbottom), the signatures consist of 4b+jets+MET. On the top right (squark-
wino-sbottom) they include 4b+jets+MET, 3b + t(⇤)+jets+MET, and 2b + 2t(⇤)+jets+MET. Finally
on the bottom (gluino-sbottom), the signature is 4b+MET. This di↵ers from the squark-bino-sbottom
by not having the extra jets.
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Figure 13: Current best limits on the simplified parameter spaces for sbottom NLSP with gluino
production described in Table 13.

states. The bino case gives 4b+jets+MET, while the wino case gives a mixture of this along
with 3b + t(⇤)+jets+MET and 2b + t(⇤)+jets+MET. So it is interesting to compare the two
scenarios.

The limits on these three simplified models are shown in Figs. 12 and 13. Note the vertical
branch of the CMS jets+MET limit curve, which shows that it is sensitive to direct production
of a single sbottom even when the other squarks (and the gluino) are decoupled. The limit on
the sbottom mass is about 280 GeV, comparable to (given the uncertainty of our estimate)
the D? limit of 250 GeV [66].

4.2.2 Stop NLSP (direct production)

The case of a stop NLSP is special because it may be very light, perhaps even lighter than
the top. Stop NLSPs decay as t̃ ! WbG̃ (or t̃ ! tG̃ if m

˜t > mt). As a result, it is di�cult
to see direct production of stop pairs on top of the tt background. In [31], simulations of
the relevant Tevatron and LHC analyses were used to argue that a stop NLSP considered in
isolation could still be as light as 150 GeV. We will re-examine the situation in view of the
more recent searches. In the next subsection, we will consider more general scenarios in which
the stops are produced from the decays of gluinos or squarks.

An obvious place to look for directly produced light stop NLSPs is in analyses of tt (or
tt-like) samples since they have similar signatures. In [31], it was estimated that two of the
35/pb LHC analyses available at that time would be able to probe stops up to about 180 GeV,
if updated to 1/fb. The updated versions of these two analyses are the non-b-tagged sample of
the ATLAS tt cross section measurement in the dilepton channel [68] (0.7/fb) and the ATLAS
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follow-up to pursue. It is also important to note that the CMS lepton+jets+MET search
imposes a cut on transverse impact parameter of muons at 0.2 mm. This could be ine�cient
when NLSPs have c⌧ which is similar or larger, so the limit shown is strictly only valid for
very low SUSY-breaking scales in GMSB.

Due to the key role played by naturalness in theoretical investigations of supersymmetry, it
would be very interesting for any of the analysis groups mentioned above (ATLAS tt+MET,
CMS jets+MET, CMS lepton+jets+MET, CMS OS dileptons+MET) to release an o�cial
limit on light stop NLSPs. It would also be interesting to statistically combine di↵erent
searches to achieve the strongest possible limit. Our results here amount to only a crude
estimate; at best we can say that some of the current SUSY searches should have good
sensitivity to ultra-light stops.

It may also be interesting to do a search in the dilepton channel where the tt background
can be reduced by using the variable “leptonic MT2

” that we will discuss in the next section.
One could also look in the jets+MET channel of the tt sample, as in the recent CDF search [70].
In this channel, stop events would naturally be enhanced relative to the top since such a final
state does not usually arise for the top unless hadronically decaying taus are involved. Given
all of these possible strategies, we believe that in the near future the LHC should either
discover or rule out a light stop up to several hundred GeV.

4.2.3 Stop NLSP (from additional colored production)

To investigate stops that are produced from heavier squarks we choose the same simplified
parameter spaces as for the case of the sbottom in the previous subsection, simply replacing
the sbottom with the stop. These are summarized in Table 14 (first row). The current limits
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particle mass relevant decays

g̃ M
gluino

g̃ ! tt̃
1

t̃
1

M
stop

t̃
1

! tG̃

Table 14: Simplified parameter spaces for stop NLSP. In the first two cases, we take all the squarks
but t̃

1

to be degenerate, with no regard to the GGM sum rules (in contrast with the rest of the
paper). On the top left (squark-bino-stop), the signatures consist of 4t(⇤)+jets+MET. On the
top right (squark-wino-stop) they include this signature, together with 3t(⇤)+b+jets+MET, and
2t(⇤)+2b+jets+MET. Finally, on the bottom (gluino-stop), the signature is 4t(⇤)+MET. This di↵ers
from the squark-bino-stop by not having the extra jets.
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Figure 16: Current best limits on the simplified parameter space for stop NLSPs produced from
gluinos, described in Table 14 (bottom row). The diagonal is positioned to allow on-shell g̃ ! tt̃

1

.

examine the reasons for this in more detail.
When the higgsino is heavy, near the gluino mass, most of the energy of the gluino goes

into the higgsino mass and the result is an energetic ZZG̃G̃ final state, for which hard missing
ET cuts perform well. However, when the higgsino is light, much of the gluino energy goes into
jets, and the Z bosons and gravitinos end up carrying a smaller fraction of the energy. The
dominant background, as shown in [13], is tt production with both tops decaying leptonically,
and the mass of the lepton pair accidentally falling near the Z mass. In Figure 17 at left,
we show the missing ET distributions for two di↵erent values of the higgsino mass and for
tt background, after applying all the cuts of [13] except the 100 or 200 GeV cut on missing
ET . It is apparent that at small higgsino masses, a cut on missing ET at 100 GeV keeps a
substantial fraction of both signal and background, while a cut at 200 GeV eliminates most
of the tt background at the cost of low signal e�ciency.

We would like to propose a specific choice of cut, “leptonic MT2

,” which can more precisely
remove background and probe the region of small higgsino masses. Because the dominant
background is tt, in which both the leptons and the missing transverse energy come from
the decay of two W bosons, we can remove the background very precisely. The variable
MT2

(or “stransverse mass”) is useful, since MT2

computed from the two leptons and missing
ET is bounded above by the W mass [71]. In particular, because both the leptons and the
missing neutrinos are essentially massless, we can use an analytic formula for MT2

[72] rather
than a time-consuming iterative method. In the right panel of Figure 17, we show the MT2

distributions for signal and background. Note that the tt background falls o↵ rapidly at about
80 GeV. Previous discussions of the use of MT2

to reject backgrounds have generally included
jets [73]; an MT2

variable with jets and leptons could be used with an edge at the top mass,
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REGARDLESS OF SUBTLE 
DETAILS
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Figure 19: A summary of the limits on gluino mass for various NLSPs, in the gluino-NLSP plane
(one of the many simplified models considered in this paper). Masses in the blue band are ruled
out, while the green band represents the range of possible excluded values as the NLSP mass varies.
The dashed vertical line represents the idealized “kinematic limit” of LHC7, as discussed in the
Introduction.

Figure 19. Some of the limits are strong and are already close to the kinematic limit of the
7 TeV LHC (depicted by the dashed vertical line in Figure 19). Still, a large amount of
parameter space remains viable at 7 TeV.

Scenarios in which just a single third-generation squark is light have much weaker limits.
We have found a limit of M

sbottom

& 280 GeV on the direct pair production of sbottom NLSPs.
We have also found that multiple SUSY searches are interesting for light stop NLSPs, becoming
competitive with the current estimated Tevatron limit of M

stop

& 150 GeV. It should be noted
though that the cuts used in these searches are rather hard relative to the stop mass, and the
light stop events make it into the sample only due to their large cross sections. Because of
these tiny e�ciencies, the results strongly depend on the tails of distributions which we cannot
claim to have simulated reliably. Therefore, we prefer not to quote a limit on the stop NLSP
mass, which might be somewhere around 175 GeV. More dedicated experimental searches for
stop NLSPs, or more careful simulations of the existing ones, are sorely needed. We have
pointed out that small optimizations of some of the existing analyses, or certain other types
of searches, can probe the light stop regime more thoroughly. Clearly, stop NLSPs can still
be as light as ⇠ 200 GeV, and we have also seen that in such a scenario all the other squarks
can be relatively light as well, near just 600 GeV.

Constraining electroweak production is harder, and overall the LHC is far from reaching
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WHAT’S NOT EXCLUDED 
YET...

• Final states without much MET

• primarily 3rd Generation final states produced from direct 
production of 3rd generation partners

• Long lived final states

•Odd balls

• All of these ideas may be correlated! 
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We present a broad class of supersymmetric models that preserve R-parity but lack missing
energy signatures. The key assumptions are a low fundamental SUSY breaking scale and new light
particles with weak-scale supersymmetric masses that feel SUSY breaking only through couplings to
the MSSM. Such particles are nearly-supersymmetric NLSPs, leading to missing ET only from soft
gravitinos. We emphasize that 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 or
of other scenarios like technicolor. We discuss several concrete examples of the general idea, and
emphasize �jj resonances and very large numbers of b-jets as two possible discovery modes.

Introduction. The Large Hadron Collider (LHC) has
embarked on a broad campaign to discover weak scale
supersymmetry (SUSY). Many SUSY (see [1] for a re-
view) searches are now underway, hoping to discover en-
ergetic jets, leptons, and/or photons produced by the de-
cays of superpartners. A common feature of most SUSY
searches [2–5] is that they demand a large amount of
missing transverse energy as a strategy to reduce Stan-
dard Model (SM) backgrounds. This approach is moti-
vated by R-parity, which, if preserved, implies that the
lightest superpartner (LSP) is stable and contributes to
missing energy. In this paper, we introduce a new class of
SUSY models that preserve R-parity, yet lack missing en-
ergy signatures. These models of Stealth Supersymmetry
will be missed by standard SUSY searches.

Even when R-parity is preserved, the lightest SM (‘vis-
ible’ sector) superpartner (LVSP) can decay, as long as
there is a lighter state that is charged under R-parity.
This occurs, for example, when SUSY is broken at a low
scale (as in gauge mediated breaking, reviewed by [6]),
and the LVSP can decay to a gravitino, which is stable
and contributes to missing energy. Here, we consider the
additional possibility that there exists a new hidden sec-
tor of particles at the weak scale, but lighter than the
LVSP. If SUSY is broken at a low scale, it is natural for
the hidden sector to have a spectrum that is approxi-
mately supersymmetric, with a small amount of SUSY
breaking first introduced by interactions with SM fields.

The generic situation described above is all that is re-
quired to suppress missing energy in SUSY cascades. The
LVSP can decay into a hidden sector field, X̃, which we
take to be fermionic, and heavier than its scalar super-
partner, X. Then, X̃ decays to a stable gravitino and its
superpartner, X̃ ! G̃X, and X, which is even under R-
parity, can decay back to SM states like jets, X ! jj. Be-
cause the spectrum in the hidden sector is approximately
supersymmetric, the mass splitting is small within the X
supermultiplet, mX̃ � mX ⌧ mX̃ . Therefore, there is no

phase space for the gravitino to carry momentum: the
resulting gravitino is soft and missing energy is greatly
reduced. We illustrate the spectrum, and decay path,
in figure 1. We emphasize that this scenario requires no
special tuning of masses: the approximate degeneracy
between X and X̃ is enforced by a symmetry: supersym-
metry!
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FIG. 1. An example spectrum and decay chain for Stealth
SUSY with gluino LVSP.

A hidden sector may therefore eliminate missing en-
ergy, making the SUSY searches ine�ective at the LHC.
Moreover, the LEP and Tevatron limits on supersym-
metry mostly rely on missing energy, and do not apply
to these models. This raises the interesting possibility
of hidden SUSY: superpartners may be light enough to
have been produced copiously at LEP and the Tevatron,
yet missed, because their decays do not produce miss-
ing energy. Our proposal is morally similar, but more far
reaching, than the idea that the higgs boson may be light,
but hidden from LEP by exotic decay modes (see the ref-
erences within [7], and more recently [8, 9]). It also has a
great deal in common with SUSY models containing Hid-
den Valleys [10], though in previous discussions 6ET has
been suppressed by longer decay chains, rather than su-
persymmetric degenerate states. Fortunately, there are a
number of experimental handles that can be used to dis-
cover stealth supersymmetry. Possible discovery modes

FIG. 1. An example spectrum and decay chain for Stealth SUSY with gluino LVSP.

cascade, if its mass fits in the small available phase space: we can generalize to X̃ ! ÑX for

a variety of light neutral fermions Ñ . Because gravitino couplings are 1/F -suppressed, such

decays are often preferred if available. Then, we need not assume low-scale SUSY breaking;

gravity mediation can also give rise to this scenario, if a suppressed SUSY-breaking splitting

between X̃ and X is natural. This calls for sequestering, an idea that already plays a key

role in such scenarios as anomaly mediation [4].

A hidden sector may therefore eliminate missing energy, making the SUSY searches inef-

fective at the LHC. Moreover, the LEP and Tevatron limits on supersymmetry mostly rely

on missing energy, and do not apply to these models. This raises the interesting possibility

of hidden SUSY: superpartners may be light enough to have been produced copiously at

LEP and the Tevatron, yet missed, because their decays do not produce missing energy.

Our proposal is morally similar, but more far reaching, than the idea that the higgs boson

may be light, but hidden from LEP by exotic decay modes (see the references within [5],

and more recently [6]). It also has a great deal in common with SUSY models containing

Hidden Valleys [7], though in previous discussions 6ET has been suppressed by longer decay

chains, rather than supersymmetric degenerate states. Fortunately, there are a number of

experimental handles that can be used to discover stealth supersymmetry. Possible discovery

modes that we emphasize in this paper include highly displaced vertices, triple resonances

such as �jj, and the presence of a very large number of b-jets.
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Figure 7: The leading diagrams for stop (left) and left-handed sbottom (right) LSP decay.

non-universal terms are suppressed by Yukawa couplings and/or CKM factors, the remain-
ing squarks are expected to be nearly degenerate. A similar argument applies to down-type
squarks, where the left-handed bottom squark can be made light. In the charged slepton
sector, the leading non-universal term comes from the y⌧ suppressed left/right mixing, im-
plying a nearly degenerate spectrum, except at very large tan �. The sneutrinos will be even
more degenerate, since this left/right term is absent, and the leading non-universality comes
from y2⌧ suppressed soft-mass corrections.

Thus, it is very natural for the stop or the (left-handed) sbottom to be the LSP. A
stau (or tau sneutrino) LSP, however, typically implies a nearly degenerate spectrum, and
is somewhat less natural in this context. Other squarks or sleptons are not expected to be
the LSP.

Since the largest R-parity violating operator is in the quark sector, the most interesting
scenario is when the LSP is the stop or the sbottom. We consider the stop LSP case in
detail. The direct decay of the stop is given by the diagram in Fig. 7. The partial widths
�(t̃ ! d̄id̄j) are given by

�ij ⇠ m
˜t

8⇡
sin2 ✓

˜t|�00
3ij|2 , (7.2)

where ✓
˜t is the stop mixing angle. To estimate the lifetime numerically, we use the renor-

malized quark masses at a scale mt ⇠ v ⇠ 174 GeV, which are approximately [36,37]:

mu ⇠ 1.2 MeV , mc ⇠ 600 MeV , mt ⇠ v ⇠ 174 GeV ,

md ⇠ 3 MeV , ms ⇠ 50 MeV , mb ⇠ 2.8 GeV , (7.3)

Using these masses to compute the relevant Yukawa couplings, we find a lifetime

⌧
˜t ⇠ (2 µm)

✓
10

tan �

◆
4

✓
300 GeV

m
˜t

◆✓
1

2 sin2 ✓
˜t

◆
. (7.4)

Thus no displaced vertices are expected except for very small values of tan� and a very light
LSP. The decay length of the stop LSP is shown in Fig. 8.

Note that in this case one does not expect a large number of top quarks in the final state,
nor, of course, any missing energy. Roughly 90% of decays will go to bottom and strange
quarks, about 8% to bottom plus down, and a few percent to down plus strange. These
branching ratios are fixed by the flavor structure. Thus, most of the events will contain
b-quarks, and a generic signal for supersymmetry will be an overall increase in the number
of events with b-jets, but with possible resonances in the jet spectrum at the squark masses.
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Abstract

The results of a search for pair production of the lighter scalar partners of top
quarks (t̃1) in 2.05 fb

−1 of pp collisions at
√
s = 7 TeV using the ATLAS experiment

are reported. Scalar top quarks are searched for in events with two same flavour
opposite-sign leptons (e,µ) with invariant mass consistent with the Z boson mass,
largemissing transversemomentum and jets in the final state. At least one of the jets
is identified as originating from a b-quark. No excess over StandardModel expecta-
tions is found. The results are interpreted in the framework of R-parity conserving,
gauge-mediated Supersymmetry breaking ‘natural’ scenarios where the neutralino
(χ̃01 ) is the next-to-lightest supersymmetric particle. Scalar top quark masses up to
310 GeV are excluded for 115 GeV <mχ̃01

< 230 GeV at 95% confidence-level, reach-
ing an exclusion of mt̃1 < 330 GeV for mχ̃01

= 190 GeV.
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Figure 2: The typical decay chain of the lighter stop.

1/10, 1/6, and 1/3, respectively, compared to those with
√
s = 14 TeV, i.e., approximately

10 events for 2 expected background event. Therefore, by looking for this channel, the lighter

stop can be discovered at an early stage of the LHC experiments.

The same final states provide signatures with four leptons. Looking for this channel will

be a non-trivial test of the scenario. The sensitivities at the LHC is similar to bZ + p/T . At

the Tevatron, the cross section of the stop pair production is of the order of 100 fb−1 for

mt̃1 = 230 GeV. Considering the leptonic branching ratio of the Z boson, the four-lepton

signature will be quite challenging to be observed at the Tevatron experiments.

3.3 Higgsino mass measurement

Now we turn to the analysis of mass measurements after the discovery. Although there

are two missing gravitinos in each process, the theoretical input that the gravitino being

massless and also the technique of MT2 [42] help to measure the Higgsino and stop masses.

See Appendix A for the definition of MT2.

We first discuss determination of the Higgsino mass. The lightest Higgsino χ0
1 is mainly

produced from the cascade decay of the stops which are produced in pair. Therefore, in each

event, there are a pair of χ0
1. Because of the Higgsino nature, χ0

1 subsequently decays into

ZG̃ or hG̃.

The MT2 variable is suited for this situation as was studied in the Bino case in Ref. [43].

We apply the MT2 variable for the subsystem χ0
1χ

0
1 → (ZG̃)(ZG̃) → (l+l−G̃)(l′+l′−G̃) in the

cascade decays. The maximal value of the MT2 distribution gives the Higgsino mass if the
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Direct Stop

SR1 SR2
ee channel

Data (2.05 fb−1) 39 20
SM 36.2±8.5 14.1±3.0
top 23.8±4.8 11.9±2.8
Z+hf 9.4±7.0 0.9±0.8

fake lepton 2.4±0.9 1.1±0.6
Others 0.5±0.5 0.2±0.2

µµ channel
Data (2.05 fb−1) 47 23

SM 55±12 26.6±5.1
top 40.4±6.2 22.9±4.3
Z+hf 14.2±9.9 3.3±2.6

fake lepton 0.00±0.08 0.00±0.07
Others 0.7±0.7 0.3±0.3

ee+µµ
Data (2.05 fb−1) 86 43

SM 92±19 40.7±6.0
top 64.3±7.7 34.8±5.0
Z+hf 24±16 4.2±3.2

fake lepton 2.4±0.9 1.1±0.6
Others 1.2±1.2 0.6±0.6

95% C.L. upper limits: observed (expected)
events (2.05 fb−1) 37.2 (40.6) 19.8 (17.8)
visible σ [fb] 18.2 (19.8) 9.7 (8.7)

Table 1: Expected and measured number of events in SR1 and SR2 for ee and µµ channels (sep-
arately and summed) for an integrated luminosity of 2.05 fb−1. The rows labelled as ‘Others’
report the sub-dominant SM backgrounds estimated from MC. The total systematic uncertain-
ties are also displayed. Statistical uncertainties on the MC samples employed are negligible.
In the bottom, model-independent observed and expected limits at 95% C.L on the number of
events and visible cross sections are shown summing the ee and µµ channels.

9 Conclusions

In summary, results of a search for direct scalar top quark (stop) pair production in pp collisions
at

√
s = 7 TeV, based on 2.05 fb−1 of ATLAS data are reported. Stops are searched for in events

with two same flavour opposite-sign leptons (e,µ) with invariant mass consistent with the Z
boson mass, large missing transverse momentum and jets in the final state, where at least one
of the jets is identified as originating from a b-quark. The results are in agreement with the SM
prediction and are interpreted in the framework of R-parity conserving gauge-mediated-like
‘natural’ SUSY scenarios. Stopmasses up to 310 GeV are excluded for 115 GeV<mχ̃01

< 230 GeV
at 95% C.L., reaching an exclusion of mt̃1 < 330 GeV for mχ̃01

= 190 GeV.

8

ETmiss > 50 GeV > 80 GeV
ee + μμ
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Abstract

The results of a search for pair production of the lighter scalar partners of top
quarks (t̃1) in 2.05 fb

−1 of pp collisions at
√
s = 7 TeV using the ATLAS experiment

are reported. Scalar top quarks are searched for in events with two same flavour
opposite-sign leptons (e,µ) with invariant mass consistent with the Z boson mass,
largemissing transversemomentum and jets in the final state. At least one of the jets
is identified as originating from a b-quark. No excess over StandardModel expecta-
tions is found. The results are interpreted in the framework of R-parity conserving,
gauge-mediated Supersymmetry breaking ‘natural’ scenarios where the neutralino
(χ̃01 ) is the next-to-lightest supersymmetric particle. Scalar top quark masses up to
310 GeV are excluded for 115 GeV <mχ̃01

< 230 GeV at 95% confidence-level, reach-
ing an exclusion of mt̃1 < 330 GeV for mχ̃01

= 190 GeV.

1 Introduction

Supersymmetry (SUSY) [1–9] provides an extension to the Standard Model (SM) which can
naturally resolve the hierarchy problem. For each known boson or fermion, SUSY introduces
a particle (sparticle) with identical quantum numbers except for a difference of half a unit of
spin. The non-observation of the sparticles implies that SUSY is broken and the superpartners
are generally heavier than the SM partners. In the framework of a generic R-parity conserving
minimal supersymmetric extension of the SM (MSSM) [10–14], SUSY particles are produced in
pairs and the lightest supersymmetric particle (LSP) is stable.
The scalar partners of right-handed and left-handed quarks, q̃R and q̃L, can mix to form two

mass eigenstates. In the case of the scalar top quark (t̃, stop), large mixing effects due to the
Yukawa coupling, yt , and the trilinear coupling, At , can lead to one stop mass eigenstate, t̃1, that
is significantly lighter than other squarks. Consequently, t̃1 could be produced with large cross
sections at the LHC via direct pair production.
Light stop masses are favoured by arguments of ‘naturalness’ of the electroweak symmetry

breaking [15], because of the possibly large coupling between the t̃ and the Higgs boson, h. In
particular, radiative corrections to the Higgs boson mass mainly arise from the stop-top loop
diagrams including top Yukawa and three-point stop-stop-Higgs interactions.
The conditions for naturalness depend on the SUSY breakingmechanism. In gauge-mediated

SUSY breaking (GMSB) models [16,17], gauge interactions (messengers) are responsible for the
appearance of soft supersymmetry breaking terms. If the characteristic scale of the masses of
the messenger fields is about 10 TeV, an upper bound on mt̃1 of about 400 GeV is found when
imposing the absence of significant (∼ 10%) fine tuning [15].
In GMSB, the gravitino G̃ is the LSP (in general mG̃ < 1 keV). The experimental signatures

are largely determined by the nature of the next-to-lightest SUSY particle (NLSP). For several
GMSBmodels the NLSP is the lightest neutralino, χ̃01 , promptly decaying to its lighter SM part-
ner through gravitino emission. Neutralinos are mixtures of gaugino (B̃, W̃ 0) and higgsino (H̃0u ,
H̃0d ) gauge-eigenstates, and therefore the lightest neutralino decays to either a γ , Z or Higgs
boson. If the χ̃01 is higgsino-like, it decays either via χ̃01 → hG̃ or χ̃01 → ZG̃. Light higgsinos,
also required by naturalness arguments, lead to a large higgsino component in χ̃01 and a small
mass difference between χ̃01 and χ̃±

1 . In particular, if the higgsino mass |µ| is much smaller than
the gaugino masses (pure higgsino case), χ̃01 and χ̃±

1 are almost degenerate such that the ( f f
′)

system resulting from the chargino decay χ̃±
1 → χ̃01 f f

′ is very soft.

In this letter, a search for direct stop pair production is presented, assuming aGMSBmodel [18]
where the χ̃01 is purely higgsino-like and is lighter than the t̃1. The model parameters, fixed to
follow naturalness arguments, are

mq̃3 = mũ3 = −At/2; tanβ = 10, (1)

where mq̃3 and mũ3 are the soft SUSY breaking masses for the left- and right-handed third-
generation squarks, respectively, and tanβ is the ratio of the vacuum expectation values of
up-type and down-type Higgs field. The t̃ mass eigenstates are such that mt̃2 % mt̃1 and only
t̃1t̃1 pair production is considered in the following. Stops decay either via t̃1→ bχ̃

+
1 or, if kine-

matically allowed, via t̃1→ t χ̃01(2). For the scenarios considered, the subsequent decay χ̃01 → ZG̃
has a branching ratio (BR) between 1 and 0.65 for mχ̃01

between 100 and 350 GeV. Thus, the
expected signal is characterised by the presence of two jets originating from the hadronisation
of the b-quarks (b-jets), decay products of Z (or h) bosons and large missing transverse momen-
tum — its magnitude is referred to as EmissT in the following — resulting from the undetected
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Figure 2: The typical decay chain of the lighter stop.

1/10, 1/6, and 1/3, respectively, compared to those with
√
s = 14 TeV, i.e., approximately

10 events for 2 expected background event. Therefore, by looking for this channel, the lighter

stop can be discovered at an early stage of the LHC experiments.

The same final states provide signatures with four leptons. Looking for this channel will

be a non-trivial test of the scenario. The sensitivities at the LHC is similar to bZ + p/T . At

the Tevatron, the cross section of the stop pair production is of the order of 100 fb−1 for

mt̃1 = 230 GeV. Considering the leptonic branching ratio of the Z boson, the four-lepton

signature will be quite challenging to be observed at the Tevatron experiments.

3.3 Higgsino mass measurement

Now we turn to the analysis of mass measurements after the discovery. Although there

are two missing gravitinos in each process, the theoretical input that the gravitino being

massless and also the technique of MT2 [42] help to measure the Higgsino and stop masses.

See Appendix A for the definition of MT2.

We first discuss determination of the Higgsino mass. The lightest Higgsino χ0
1 is mainly

produced from the cascade decay of the stops which are produced in pair. Therefore, in each

event, there are a pair of χ0
1. Because of the Higgsino nature, χ0

1 subsequently decays into

ZG̃ or hG̃.

The MT2 variable is suited for this situation as was studied in the Bino case in Ref. [43].

We apply the MT2 variable for the subsystem χ0
1χ

0
1 → (ZG̃)(ZG̃) → (l+l−G̃)(l′+l′−G̃) in the

cascade decays. The maximal value of the MT2 distribution gives the Higgsino mass if the
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GMSB scenario with gravitino LSP (mG < 1 keV),  
neutralino NLSP [Higgsino-like χ0 considered here]

Analysis signature:
2 same-flavor leptons + jets + ETmiss

Trigger:
electron / muon + jet

Selection:
86 < mll < 96 GeV
first jet > 60 GeV, one more > 50 GeV
1 b-tagged jet
ETmiss > 50 (80) GeV
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be a non-trivial test of the scenario. The sensitivities at the LHC is similar to bZ + p/T . At

the Tevatron, the cross section of the stop pair production is of the order of 100 fb−1 for

mt̃1 = 230 GeV. Considering the leptonic branching ratio of the Z boson, the four-lepton

signature will be quite challenging to be observed at the Tevatron experiments.

3.3 Higgsino mass measurement

Now we turn to the analysis of mass measurements after the discovery. Although there

are two missing gravitinos in each process, the theoretical input that the gravitino being

massless and also the technique of MT2 [42] help to measure the Higgsino and stop masses.

See Appendix A for the definition of MT2.

We first discuss determination of the Higgsino mass. The lightest Higgsino χ0
1 is mainly

produced from the cascade decay of the stops which are produced in pair. Therefore, in each

event, there are a pair of χ0
1. Because of the Higgsino nature, χ0

1 subsequently decays into

ZG̃ or hG̃.

The MT2 variable is suited for this situation as was studied in the Bino case in Ref. [43].

We apply the MT2 variable for the subsystem χ0
1χ

0
1 → (ZG̃)(ZG̃) → (l+l−G̃)(l′+l′−G̃) in the

cascade decays. The maximal value of the MT2 distribution gives the Higgsino mass if the
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Direct Stop

SR1 SR2
ee channel

Data (2.05 fb−1) 39 20
SM 36.2±8.5 14.1±3.0
top 23.8±4.8 11.9±2.8
Z+hf 9.4±7.0 0.9±0.8

fake lepton 2.4±0.9 1.1±0.6
Others 0.5±0.5 0.2±0.2

µµ channel
Data (2.05 fb−1) 47 23

SM 55±12 26.6±5.1
top 40.4±6.2 22.9±4.3
Z+hf 14.2±9.9 3.3±2.6

fake lepton 0.00±0.08 0.00±0.07
Others 0.7±0.7 0.3±0.3

ee+µµ
Data (2.05 fb−1) 86 43

SM 92±19 40.7±6.0
top 64.3±7.7 34.8±5.0
Z+hf 24±16 4.2±3.2

fake lepton 2.4±0.9 1.1±0.6
Others 1.2±1.2 0.6±0.6

95% C.L. upper limits: observed (expected)
events (2.05 fb−1) 37.2 (40.6) 19.8 (17.8)
visible σ [fb] 18.2 (19.8) 9.7 (8.7)

Table 1: Expected and measured number of events in SR1 and SR2 for ee and µµ channels (sep-
arately and summed) for an integrated luminosity of 2.05 fb−1. The rows labelled as ‘Others’
report the sub-dominant SM backgrounds estimated from MC. The total systematic uncertain-
ties are also displayed. Statistical uncertainties on the MC samples employed are negligible.
In the bottom, model-independent observed and expected limits at 95% C.L on the number of
events and visible cross sections are shown summing the ee and µµ channels.

9 Conclusions

In summary, results of a search for direct scalar top quark (stop) pair production in pp collisions
at

√
s = 7 TeV, based on 2.05 fb−1 of ATLAS data are reported. Stops are searched for in events

with two same flavour opposite-sign leptons (e,µ) with invariant mass consistent with the Z
boson mass, large missing transverse momentum and jets in the final state, where at least one
of the jets is identified as originating from a b-quark. The results are in agreement with the SM
prediction and are interpreted in the framework of R-parity conserving gauge-mediated-like
‘natural’ SUSY scenarios. Stopmasses up to 310 GeV are excluded for 115 GeV<mχ̃01

< 230 GeV
at 95% C.L., reaching an exclusion of mt̃1 < 330 GeV for mχ̃01

= 190 GeV.

8

ETmiss > 50 GeV > 80 GeV
ee + μμ

ATLAS-CONF-2012-036



HAVEN’T DIRECTLY 
SEARCHED STATES FOR 

NATURALNESS
•We care about the third generation, top partners in particular 

for naturalness - don’t HAVE to have other things around...

S. Majewski SEARCH Workshop 2012
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Not quite there, but we are 
getting there SOON!



MODEL BUILDING 3RD

• To avoid constraints we’d like to separate off first two 
generations from the third

• Compositeness - Csaki, Randall, Terning

• Flavor Mediation - Craig, Mcullough, Thaler

•Other 3rd generation fun - Craig et al. and others in the 
past

All avoid naturalness for stops, but do 
we really care?  Depends on Higgs 

sector



3RD WITHOUT MET

•Only talked about “SUSY” partners

• Little Higgs, XDs, etc.

• Good Models? 



3RD WITHOUT MET
2.  Exclude Triangles not Points

•Only talked about “SUSY” partners

• Little Higgs, XDs, etc.

• Good Models? no... BUT

• Can still profess ignorance and look for 
motivated states

Peskin



IMPLICATIONS FROM HIGGS
•Why do we care about 3rd generation? HIGGS

•We now have something concrete to say if we have found the 
thing!

Higgs at 125 Gev, what does it mean?

Another nail in the coffin for strong coupling?

Not too great for SUSY either, right?



SUSY AND 125 GEV HIGGS
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at small scales, whereas the A-term drives them smaller.
The interplay among these e↵ects is illustrated in the
running of two sample spectra in Figure 4. We see that
for negative At at the weak-scale, RG running can drive
At across At = 0 at some high scale, but for positive At

at the weak scale, RG running generally drives At even
higher.

This has important consequences for models of gauge
mediated SUSY breaking (GMSB). (For a review and
original references, see [24].) In pure gauge mediation
(as defined e.g. in [25]), the A-terms are strictly zero at
the messenger scale. This conclusion remains robust even
when a sector is added to generate µ/Bµ [26]. Clearly,
in models of GMSB with vanishing A-terms at the mes-

Maximal Mixing
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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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SUSY AND 125 GEV HIGGS
• Three options:

•Maximal Mixing and “light” stops 

•No good high scale models and low scale models have to 
be at “high” scales

• SUSY really heavy and tuned - Split SUSY

• SUSY effects Higgs properties (do we care about 3rd gen as 
much?)



SUSY AND 125 GEV HIGGS
• “Low” scale models = Long lifetimes5
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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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• Tuned models = Long lifetimes as well! quasi-stable R-hadrons
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Figure 3: Left plot: contour plot of Higgsino NLSP proper lifetime vs. NLSP mass and

SUSY-breaking scale. Right plot: Fraction of decays located in di�erent subdetectors at

ATLAS, as a function of ⇥̃0
1 lifetime. Here the NLSP was taken to have mNLSP = 250

GeV and was assumed to come from decays of 600 GeV gluinos. However, the dependences

on NLSP and gluino mass are not very strong compared to the e�ects of c� and detector

geometry.

characterize lifetimes.

2.2 ATLAS Detector Capabilities

2.2.1 Z � e+e�: TRT and ECAL

When focusing on Z(e+e�), the goal is to use as much precision information as possible from

the ECAL and the TRT to reconstruct the decay chain and fit masses and other kinematic

information. There are two sets of resolutions we will be interested in: those pertaining to

how well the ECAL can measure energy, timing, and pointing information, and how well

the TRT can in principle be used for finding displaced vertices. We will use resolutions

reported in the ATLAS note [25] (see also [30]), which is a detailed follow-up on an earlier

paper examining the capability of ATLAS to find non-pointing photons in minimal gauge

mediation [24].

With the ECAL alone, we measure the five quantities listed in Table 1. Given Z � e+e�,

6

How much do we care about stops?

Draper,
PM,Reece,

Shih



LONG LIFETIMES

• These exist as a whole branch of BSM models without Higgs 
motivation

• Handful of searches already, but typically tied to obscure 
models!

• Can give us deep insights!



HIGGS CORRELATIONS
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Figure 3: Left: Favored region, 90% CL, in the mt̃ �mh plane, derived from the combination of

the three search channels, for the one-scalar model described in Sec. 4.1. Right: Constraints for

mh = 125 GeV. The three bands show the 1� allowed regions from Higgs produced via gluon fusion

decaying to two photons (ggF h ! ��, pink), Higgs produced via gluon fusion decaying through

two Z-bosons (ggF h ! ZZ⇤, blue), and Higgs produced via vector boson fusion decaying to two

photons (VBF h ! ��, beige). The three curves show the theoretical predictions as a function of

mt̃: ggF h ! �� (solid-pink), ggF h ! ZZ (dashed-blue), and VBF h ! �� (dotted-beige). The

region to the right of the green line at mt̃ = 300 GeV shows the 90% CL experimental (combined)

bound.

be parametrized as

Lstop = � (yHQtc + h.c.)� |t̃|2 �M2 + �|H|2� . (4.1)

Here Q = (t, b) is the 3rd generation quark doublet, tc is the SU(2)W singlet top and H

is the Higgs doublet. In the unitary gauge H = (0, (v + h)/
p
2) and |H| = (v + h)/

p
2,

where v = 246 GeV and h is the canonically normalized Higgs boson field. It follows that

m2
t̃
= M2 + �v2/2. The quadratic divergent top contribution to the Higgs mass is canceled

by the scalar partner when the coupling gt̃ is related to the top Yukawa coupling by

� = 2y2. (4.2)

10

Carmi,
Falkowski,

Kuflik,
Volansky

+
many others



HIGGS CORRELATIONS
• By combining exclusive channels AT THIS EARLY 

JUNCTURE, we can already make important statements 
about BSM physics
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Figure 2: Comparing the signal strength predictions for each Higgs decay channel of elec-
troweak baryogenesis in the MSSM with the ATLAS, CMS and Tevatron data as explained
in Section 5.1. Subscripts indicate exclusive production via a single mode. For each chan-
nel we show up to three bands: the EWBG prediction, with mt̃R 2 (80, 115)GeV (red,
with theoretical error bands in light red) and the ATLAS/CMS 1-� best-fit measurements
(blue/green, with central value indicated in dark blue/green). In the bb[AP] channel we also
show the combined Tevatron constraint as a fourth band (purple). The SM prediction is
indicated with a horizontal line at µ = 1.

Fig. 2 compares the signal strength predictions to the experimental signal strength bounds
in all available channels, for mh = 125 and 126GeV. The results are displayed for these two
higgs masses since they are preferred by the CMS and ATLAS �� searches, respectively.
A visual inspection already reveals some tension with the data. We will now make this
impression quantitative.

5.2 Excluding Electroweak Baryogenesis in the MSSM

Given the large error bars in the early Higgs data it is perhaps surprising that we can make
relatively strong statements regarding the exclusion of electroweak baryogenesis. This is
due to the correlations of the signal strength predictions in the various channels and their
dependence on EWBG parameters.
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Electroweak Baryogenesis in the MSSM is done!

Curtin,
Jaiswal,

PM



OTHER ODDBALLS?
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Figure 8: Absolute 95%C.L. lower limit on mb̃ as a function of cos θmix, for hadronically decaying
sbottoms. The hatched area is excluded at 95%C.L. The dashed line shows the exclusion achieved with
the sole Z peak data.

light gluino.) Starting from the value accurately measured in τ decays [30], (the only
measurement not affected by a sbottom heavier than 2 GeV/c2 and lighter than 5.5 GeV/c2,
and corresponding to αS(mZ) = 0.121±0.003 in the standard model), this slower running
would lead to values of αS larger than assumed in this letter, at all centre-of-mass energies.
The total New Physics contribution (from the direct sbottom production and the increase
of αS) would further increase the effect on the total hadronic cross section expected at
PEP, PETRA, TRISTAN, SLC and LEP. The 7.5 GeV/c2 lower limit on the sbottom mass
is therefore probably very conservative.

5 Conclusion

The e+e− → hadron cross section data collected well above the bb̄ resonances have been
compiled and analysed to search for an anomalous production of hadronic events. Alto-
gether, the PEP, PETRA, TRISTAN, LEP1, SLC and LEP2 data allow a light sbottom
decaying hadronically to be excluded at 95%C.L. for any mixing angle, if its mass is below
7.5 GeV/c2. When combined with the result of Ref. [5] in which a stable sbottom with
mass below 92 GeV/c2 is excluded, this analysis definitely invalidates the model of Ref. [4]
with a 12-16GeV/c2 gluino and a 2-5.5 GeV/c2 sbottom.
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New Odd Tracks (NOTs)
eg:

X + X̄ ⇠ (3, 1)0 + (3̄, 1)0

Y + Ȳ ⇠ (1, 1)1/9 + (1, 1)�1/9

1

�2
Xd̄RY

3

Microbarn cross sections without detection!
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BSM THEORY STATUS
• No sign of it

• Lots of holes

• Low MET

• No MET?

• 3rd gen

• Long Lifetimes

• Odd balls

Role of BSM theory now:

Model for explanations

Models for experimentalists 

Obvious MC implications: 
SM needs to be better

BSM has to be ready for weird things but with accuracy


