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Figure 2: Momentum spectra in compressed theories. At left: standard compressed SUSY, with
nearly degenerate gluino and bino and the decay chain g̃ → qq̄B̃. The bino momentum is typically
very close to that of the gluino, and is not soft. The orange dotted curve is a simple ansatz dσ/dpT ∝
pT (p2T + m2)−6 to illustrate the characteristic interplay of phase space and steeply-falling parton
luminosities. At right: stealth SUSY, with the same gluino mass, now decaying in the chain g̃ → gS̃,
S̃ → SG̃, and S → gg. Note that the gravitino, the invisible particle in the stealth case, has a pT
distribution resembling that of a quark in the usual compressed SUSY case, and is very soft.

complete absence of high-momentum invisible particles in the event. In particular, because

the typical transverse boost of the original parent particle (gluino, for instance) is not large,

we can estimate the boost of the stealth parent (singlino S̃, in the models of [16]) to be

γ ∼ mg̃/mS̃ . Then the lab-frame momentum of the invisible particle is

pinvis ∼ γ δM ∼ mg̃
mS̃ −mS

mS̃

. (2.2)

Compared to the bino momentum in the compressed case, which was ∼ 0.3 mg̃, this can

be made arbitrarily small by taking the stealth splitting small. The reduced missing ET in

the stealth case is much more robust, as it is independent of any amount of radiation or the

structure of the cascade decay. We illustrate some of the relevant pT spectra in Figure 2.

2.3 Stealthy SUSY Breaking

Having argued that the stealth mechanism is robust from the standpoint of suppressing miss-

ing energy, the next general issue is whether it is robust from a model-building point of view.

The setting in which stealthy physics arises with the least effort is low-scale SUSY breaking,

which always has a light gravitino that appears in the decay of a particle to its superpartner.

Furthermore, the low scale of SUSY breaking can explain why dangerously large soft terms

in the stealth sector are absent. One still has to explain the supersymmetric masses in the

stealth sector, which are near the electroweak scale either by accident or through common un-

derlying physics. The simplest explanation is to generate them in the same way one generates

the MSSM µ-term; however, to preserve stealthy physics, one would then need to require that

– 6 –
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SY Ȳ

m = 100 GeV ms̃ = 100 GeV

λ = 0.2 ms,a = 91 GeV

mY = 1000 GeV Γs,a = 2× 10−7 GeV

m̃D = 300 GeV m̃L = 200 GeV Brs,a→γγ = 4× 10−3

Mmess = 100 TeV

TABLE II. A benchmark point for the SY Ȳ model.

SYȲ

This scenario involves two more chiral supermultiplets Y and Ȳ in the 5 and 5̄ of

SU(5)GUT . We consider a superpotential:

W =
m

2
S2

+ λSY Ȳ + mY Y Ȳ . (2)

Here mY and m are supersymmetric masses, with mY ∼ TeV and m ∼ 100 GeV. Soft masses

m̃2
D, m̃2

L for the 3 and 2 in Y (and equal ones for Ȳ ) are generated by gauge mediation and

through RG running lead to a negative soft mass-squared for the scalar s
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�
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mess
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For m̃D, m̃L ∼ O(1 TeV), this leads to splittings of order 10 GeV or less with reasonable

choices of couplings and scales.

Integrating out Y and Ȳ at one loop yields operators such as λaσµνGaµν s̃ and sGa
µνG

aµν
.

These interactions would induce decays of the gluino to singlino plus gluon and of the scalar

s to gluons, as in Fig. 1. Similar operators between S and other SM vector multiplets exist,

which allow decays of neutralinos (charginos) to singlino plus γ/Z (W ) and of s to two γ’s.

A benchmark point is shown in Table II.

Finally we comment that the supersymmetric mass of S could arise dynamically through

retrofitting, which can also be related to the SUSY-breaking scale [11]. Global symmetries

can be arranged to forbid large SUSY breaking for S that would spoil our picture.
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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 γjj 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 ineffective 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 �ET 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 �ET 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 γjj, and the presence of a very large number of b-jets.
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SHuHd

m = 80 GeV ma = 90 GeV ms = 103 GeV

µ = 300 GeV mh = 125 GeV

λ = −0.02 κ = 0.5 σsZ = 0.22σhZ

tanβ = 10 mA = 700 GeV Γa = 6× 10
−8

GeV

M1 = 200 GeV ms̃ = 100 GeV

M2 = 300 GeV N
s̃(H̃u,H̃d)

= (−0.014, 0.0059)

M = −2 TeV N
s̃(B̃,W̃ 0) = (0.0063,−0.0058)

TABLE I. A benchmark point for the SHuHd model. To lift the Higgs mass above the experimental

limit (even if stops are light), we add (HuHd)
2
/M to the superpotential [9]. Note that e

+
e
− →

Zs(→ b̄b) could be consistent with the 2σ excess at ≈ 100 GeV observed by LEP [10].

MODELS

There are many possible implementations of stealth SUSY. To illustrate the simplicity

of our idea, we present two minimal models, where the hidden sector consists of one singlet

chiral superfield, S, with a supersymmetric mass, W ⊃ m/2 S
2. In the first example,

S couples to SM higgses, SHuHd, and sees SUSY breaking at tree-level. In the second

example, S couples to a messenger field, Y , charged under the SM gauge symmetries, SY Ȳ ,

and experiences SUSY breaking at one-loop.

SHuHd

We add a singlet chiral superfield S, as in [8], but suppose it feels SUSY breaking only

through interactions with the MSSM higgs:

W =
m

2
S
2 +

κ

3
S
3 + λSHuHd + µHuHd. (1)

In the limit of small λ, the model has vacua near �S� = 0 and �S� = −m/κ, either of which

can be lower depending on the parameters. Given small λ and κ, the mass splitting in S

is ∼ λκµv2/m2. The lightest field in the S multiplet can be the scalar s or pseudoscalar a,

depending on regions of parameter space considered. The (pseudo)scalar decays dominantly

to bb̄ through mixing with the higgs. A benchmark point is shown in Table I.
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SY Ȳ

m = 100 GeV ms̃ = 100 GeV

λ = 0.2 ms,a = 91 GeV

mY = 1000 GeV Γs,a = 2× 10−7 GeV

m̃D = 300 GeV m̃L = 200 GeV Brs,a→γγ = 4× 10−3

Mmess = 100 TeV

TABLE II. A benchmark point for the SY Ȳ model.

SYȲ

This scenario involves two more chiral supermultiplets Y and Ȳ in the 5 and 5̄ of

SU(5)GUT . We consider a superpotential:

W =
m

2
S2

+ λSY Ȳ +mY Y Ȳ . (2)

Here mY and m are supersymmetric masses, with mY ∼ TeV and m ∼ 100 GeV. Soft masses

m̃2
D, m̃

2
L for the 3 and 2 in Y (and equal ones for Ȳ ) are generated by gauge mediation and

through RG running lead to a negative soft mass-squared for the scalar s

m2
s ∼ − |λ|2

(4π)2

�
6m̃2

D + 4m̃2
L

�
log

M2
mess

m2
Y

. (3)

For m̃D, m̃L ∼ O(1 TeV), this leads to splittings of order 10 GeV or less with reasonable

choices of couplings and scales.

Integrating out Y and Ȳ at one loop yields operators such as λaσµνGaµν s̃ and sGa
µνG

aµν
.

These interactions would induce decays of the gluino to singlino plus gluon and of the scalar

s to gluons, as in Fig. 1. Similar operators between S and other SM vector multiplets exist,

which allow decays of neutralinos (charginos) to singlino plus γ/Z (W ) and of s to two γ’s.

A benchmark point is shown in Table II.

Finally we comment that the supersymmetric mass of S could arise dynamically through

retrofitting, which can also be related to the SUSY-breaking scale [11]. Global symmetries

can be arranged to forbid large SUSY breaking for S that would spoil our picture.
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g̃ → b̃→ B̃ → s̃→ s + G̃

b + b̄h



4. Stealth Through The Baryon Portal

4.1 The Portal: Decays to and from the Stealth Sector

In this section we will consider the case that a field in the stealth sector carries baryon number,

and couples to a baryonic operator in the superpotential:

W ⊃
λijk

M
uidjdkS (4.1)

Because the udd coupling is antisymmetric in down quark flavors, the portal can have the

quantum numbers of the Λ baryon (uds); we will refer to it as the “baryon portal.” Note that

S has charge 1 under U(1)B. As we will see shortly, to have stealth phenomenology the scale

M is not extremely high, so we will also be interested in UV completions of this operator.

We will consider either the U -model:

WU ⊃ ajkUdjdk +MUŪ + aiŪuiS +mSS̄ (4.2)

or the D-model:

WD ⊃ bjkDujdk +MDD̄ + biD̄diS +mSS̄. (4.3)

Here U and D have the gauge quantum numbers of u and d, respectively, but baryon number

2/3, and Ū and D̄ complete them into vectorlike fields. The a’s and b’s are flavor-dependent

coupling constants. Notice that the superfield S contains an R-odd scalar and R-even fermion.

In every case, operators containing three quark superfields implicitly have color contracted

with an ε-tensor. We have also added a field S̄, with baryon number −1, in order to give S

a supersymmetric mass. For high-scale models, we will want to replace m with a dynamical

value �X� where the dynamics that give X a VEV may be similar to the model giving rise to

the S VEV in Section 3.3.

Our first concern is the condition on λ and M necessary for decays to happen within the

detector. If the LOSP is a squark, it could decay to the S scalar plus two jets: for example,

one might have t̃R → bsS∗. Other LOSPs will decay through off-shell squarks to three-jet

plus scalar S final states, e.g. B̃, g̃ → uidjdkS∗. We then assume that the scalar S decays

to its fermionic partner and a light soft fermion (which will be discussed in more detail in

the following subsections). The fermionic ψS then decays back through the portal to three

jets through a squark-gluino loop. In order to have viable stealth phenomenology, we require

that both the LOSP decay into S and the ψS decay back to the SM are prompt enough to

not create �ET signals at colliders.

To be pessimistic about the lifetimes involved, let us assume that the LOSP is a bino.

Then it has a 4-body decay B̃ → uidjdkS, mediated by a dimension-7 operator:

Leff ∼ λijkg
� 1

Mm2
q̃

B̃uidjdkS + h.c. (4.4)
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S
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b
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Figure 4: Left: one diagram contributing to the decay of a bino LOSP through the baryon portal.
Right: a diagram contributing to the loop-level decay of the baryon-charged singlino to 3 quarks.

One of the diagrams contributing to this decay is illustrated in Figure 4. From this we

estimate

Γ ∼ g�2λ2

M2m4
q̃(4π)

5
m7

B̃
. (4.5)

However, this is very approximate: aside from order-one factors there are functions of mq̃/mB̃

and mS/mB̃ that are important. Thus, we have numerically calculated the lifetime, which is

plotted in Figure. 5. (For this calculation we implemented the interactions, with appropriate

Lorentz and color structures, in Python in UFO format and used MadGraph5 / MadEvent to

compute the widths [48].) If the bino is relatively light, say below 300 GeV, and squarks are

above 1 TeV, the decay is moderate displaced, of order centimeters, for λ = 1 and M = 100

TeV. It can be made much more prompt by considering much heavier binos, but in that limit

the production of superpartners is likely out of reach of the LHC. Thus, we will consider

M/λ <∼ 100 TeV as an upper bound on the scale suppressing the interaction, in the case of a

bino LOSP.

Less pessimistically, one can consider a squark LOSP decaying directly to the S and two

quarks. The squark decay width (for one flavor choice) is:

Γ(ũi → djdkS) =
λ2
ijkm

3
ũi

768π3M2
f

�
m2

S

m2
ũi

�
, (4.6)

f(x) ≡ 1 + 6
�
x2 + x

�
log x+ 9x− 9x2 − x3. (4.7)

The phase space factor is important. In particular, if mS = mũ/2, we have f(1/4) ≈ 0.073, so

the decay rate quickly becomes very suppressed relative to the case of massless S. Numerically,

keeping mS = mũ/2, we have:

cτ(ũi → djdkS) = 6.4× 10−4 µm

�
1 TeV

mũ

�3� M

100 TeV

�2 1

λ2
. (4.8)

Thus, a squark LOSP decay is prompt.
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Figure 8: Possible stealth decays through the Z
�-portal. The decay on the left passes through the

Z
�, while the decay on the right passes through the scalar within the massive vector supermultiplet.

gaugino, H̃ → hZ̃
�. Other LOSPs not charged under the U(1)� could decay through charged

MSSM particles, e.g. off-shell squarks, to two jets plus a Z̃
�. After SUSY breaking which we

discuss in the next section, a small mass splitting is generated between different components

of the heavy vector multiplet. Depending on the split mass spectrum, Z̃
� could decay as

Z̃
� → Z

� + X̃ with X̃ the soft invisible fermion or to Re(φ2) via the mixing with the φ̃2,

Z̃
� → Re(φ2) + X̃. The Z

� would subsequently decay back to two jets, Z � → qq̄. For the

scalar Re(φ2), the trilinear scalar coupling from the D-term would induce its decay through

an off-shell squark-gluino loop to two quarks, Re(φ2) → qq̄. These possible decay paths are

illustrated in figure 8. All decays in and out of the stealth sector are prompt.

5.1.2 SUSY Breaking: Decays inside the Stealth Sector

Now we consider the effects of SUSY breaking in the stealth sector. We will proceed in three

steps: we will first parametrize SUSY breaking by three phenomenological parameters, the Z �

gaugino soft mass mZ̃� and the φ+(−) soft masses m+(−) and show that they have to satisfy

certain conditions to fulfill the stealth mechanism. Then we will check how to satisfy these

conditions in different SUSY mediation mechanisms. Finally we discuss the decay inside the

stealth sector during which a light invisible particle carries away missing energy.

After SUSY is broken, the whole scalar potential is V = |F |2+ |D|2+m
2
+|φ+|2+m

2
−|φ−|2.

For simplicity, we will assumem+ = m− ≡ m̃s, which is true in a broad class of SUSY breaking

mediation schemes that are insensitive to the sign of the charge. The minimum is shifted to

f =
�
Λ2 − m̃2

s/y
2. The uneaten scalars’ masses are

mIm(φ1) =
√
2yΛ, mS = mRe(φ1) =

�
2(y2Λ2 − m̃2

s) ≈
√
2yΛ− m̃

2
s√

2yΛ
,

mRe(φ2) = 2

�

g
2
dq

2Λ2 −
�
g
2
dq

2

y2
− 1

2

�
m̃2

s ≈ 2gdqΛ−
�
gdq

y2
− 1

2gdq

�
m̃

2
s

Λ
, (5.2)

where we expand to the leading order in m̃
2
s/Λ

2. The gaugino soft mass mZ̃� would push one

– 23 –
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Figure 7: Mass spectra of the models studied in this section. The label q̃ indicates the four second-

generation squarks (c̃R, s̃R, c̃L, s̃L). The LSP decays to jets via RPV in all cases. Dashed lines

indicate particles that do not participate in the dominant gluino decay processes. Blue lines indicate

masses that we will vary.

contamination in deriving limits from the ATLAS and CMS many jets + low-E/T searches [18, 17],

so we might be overestimating their exclusion range in some of the cases that we will study in this

section.

Altogether, we see both complementarity and valuable redundancy in having both leptonic and

low-E/T non-leptonic high-multiplicity searches. First, the two are usually comparable in reach, but

have very different sources of systematic uncertainty. We will see cases (including one similar to the

RPV scenario just mentioned) in which the lepton-based search appears somewhat more powerful.

We also expect that there are models (perhaps ones with partial dilution of the top signal and/or

small E/T from the LSP) where the reverse is true. Moreover, since they rely on non-overlapping

event samples, adding a one-lepton search to a zero-lepton search may significantly enhance the

overall reach.

6.2 Scenarios with tops and no additional E/T

Now let us start examining the effectiveness of the different searches in several example scenarios.

We will again take the minimal g̃− t̃R−H̃ benchmark model of section 4.2 (see figure 2) and modify

it in various ways. First, we will allow the LSP to decay to jets via baryonic RPV, so that the

final states have no intrinsic E/T except possibly from tops. In the leftmost spectrum in figure 7,
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500 GeV, m
H̃
= 200 GeV and H̃ → jjj via RPV (see figure 7). The competition between the two

decays, g̃ → tt̃ and g̃ → qq̃ is controlled by mq̃, with large branching ratio for the former (latter)

at high (low) mq̃. Light gray contours display the average number of tops in an event. These lines

converge near mg̃ = mq̃ = mt̃ + mt = 675 GeV because for gluinos below that mass, there is ∼
100% dilution (0 tops) for mq̃ < mg̃ and almost no dilution (∼ 3 tops per event) for mq̃ > mg̃.

Right: The sensitivity of each search is shown for a slice through the (mg̃,mq̃) plane at left, with

fixed mg̃ = 900 GeV. At the right edge of the plot, there is no top dilution; moving left, dilution

grows toward 100%.

nor E/T , begin to play a major role, maintaining limits at or above 1 TeV until mq̃ ∼ mt̃ ∼ 500 GeV.

Yet in the lower-left corner of the plot, where top quarks are virtually absent, the limit on mg̃ drops

below 800 GeV.17 We will explore this regime in more detail in section 7.

In the right-hand plot of figure 9, we have taken a 1D slice through the left-hand plot, with

mg̃ = 900 GeV. As before, tops are abundant for large mq̃ and scarce for low mq̃. This plot

illustrates that while the non-E/T based searches are nominally effective in ruling out most of the

slice of parameter space, their limits are not robust (in the sense that they may be within the

uncertainty of our simulation or not apply to slightly modified scenarios). This is in contrast to the

other three searches, which impose robust exclusion at higher values of mq̃, and whose limits are

all strongly correlated with the number of tops in the events.

To summarize, an abundance of tops in gluino decays allows exclusion by the existing high-

17For the ATLAS 6-7 jets search, the rapid change in the exclusion limit near mq̃ ∼ 750 GeV is due to the fact

that one search bin dominates the exclusion limit above that point and a different one dominates below.
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with identical formulas for the second-family squarks and sleptons. The mass splittings for the left-
handed squarks and sleptons are governed by model-independent sum rules

m
2
ẽL −m

2
ν̃e = m

2
d̃L

−m
2
ũL

= g
2(v2u − v

2
d)/2 = − cos(2β)m2

W . (8.4.16)

In the allowed range tanβ > 1, it follows that mẽL > mν̃e and md̃L
> mũL , with the magnitude of the

splittings constrained by electroweak symmetry breaking.
Let us next consider the masses of the top squarks, for which there are several non-negligible

contributions. First, there are squared-mass terms for �t∗L�tL and �t∗R�tR that are just equal to m
2
Q3

+∆ũL

and m
2
u3

+ ∆ũR , respectively, just as for the first- and second-family squarks. Second, there are

contributions equal to m
2
t for each of �t∗L�tL and �t∗R�tR. These come from F -terms in the scalar potential

of the form y
2
tH

0∗
u H

0
u
�t∗L�tL and y

2
tH

0∗
u H

0
u
�t∗R�tR (see Figures 6.2b and 6.2c), with the Higgs fields replaced

by their VEVs. (Of course, similar contributions are present for all of the squarks and sleptons, but
they are too small to worry about except in the case of the top squarks.) Third, there are contributions

to the scalar potential from F -terms of the form −µ
∗
yt
�
t�tH0∗

d + c.c.; see eqs. (6.1.6) and Figure 6.4a.
These become −µ

∗
vyt cosβ �t∗R�tL+c.c. when H

0
d is replaced by its VEV. Finally, there are contributions

to the scalar potential from the soft (scalar)3 couplings at
�
t �Q3H

0
u +c.c. [see the first term of the second

line of eq. (6.3.1), and eq. (6.5.28)], which become atv sinβ �tL�t∗R + c.c. when H
0
u is replaced by its

VEV. Putting these all together, we have a squared-mass matrix for the top squarks, which in the
gauge-eigenstate basis (�tL, �tR) is given by

Lstop masses = − ( �t∗L �t∗R )m2
�t

� �tL
�tR

�
(8.4.17)

where
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2
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v(at sinβ − µ
∗
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2
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This hermitian matrix can be diagonalized by a unitary matrix to give mass eigenstates:
� �t1
�t2

�
=

�
ct̃ −s

∗
t̃

st̃ ct̃

�� �tL
�tR

�
. (8.4.19)

Here m
2
t̃1

< m
2
t̃2

are the eigenvalues of eq. (8.4.18), and |ct̃|2 + |st̃|2 = 1. If the off-diagonal elements

of eq. (8.4.18) are real, then ct̃ and st̃ are the cosine and sine of a stop mixing angle θt̃, which can be
chosen in the range 0 ≤ θt̃ < π. Because of the large RG effects proportional to Xt in eq. (6.5.41) and
eq. (6.5.42), at the electroweak scale one finds that m2

u3
< m

2
Q3

, and both of these quantities are usually

significantly smaller than the squark squared masses for the first two families. The diagonal terms m2
t

in eq. (8.4.18) tend to mitigate this effect somewhat, but the off-diagonal entries will typically induce
a significant mixing, which always reduces the lighter top-squark squared-mass eigenvalue. Therefore,
models often predict that �t1 is the lightest squark of all, and that it is predominantly t̃R.

A very similar analysis can be performed for the bottom squarks and charged tau sleptons, which
in their respective gauge-eigenstate bases (�bL, �bR) and (�τL, �τR) have squared-mass matrices:

m2
�b =

�
m

2
Q3

+∆d̃L
v(a∗b cosβ − µyb sinβ)

v(ab cosβ − µ
∗
yb sinβ) m

2
d3
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�

, (8.4.20)

102

0 100

100

200

200

300

300

100 200 300 400 500 600
100

200

300

400

500

600

��
�
1
�GeV�

�
�� 2
�GeV

�



100

200

200
300

300

100 200 300 400 500 600
100

200

300

400

500

600

mt�1�GeV�

m
t� 2
�GeV

�
rt̃
G ≈

1
4

�
m2

t

m2
t̃1

+
m2

t

m2
t̃2

− m2
t X

2
t

m2
t̃1

m2
t̃2

�
, stop contribution,



0 100

100

200

200

300

300

100

200

200
300

300

100 200 300 400 500 600
100

200

300

400

500

600

��
�
1
�GeV�

�
�� 2
�GeV

�



0.1

0.2

� mh tuning
.. chgg 10� tuning

200 400 600 800

200

400

600

800

��
�
1
�GeV�

�
�� 2
�GeV

�









Ev
en

ts

1

10

210

310

410

510

610

710

 =  8 TeVs at -1CMS Preliminary, 19.6 fb

Dilepton Combined > 30 GeVjet
T

p
Data

 Signaltt
 Othertt

Single Top
W+Jets

µµ ee/!* "Z / 
## !* "Z / 

Diboson

Jets
2 3 4 5 6 7 8 9

M
C

Nda
ta

N

0.5

1

1.5









Search Data (fb−1) Reference

ATLAS 2-6 jets + large E/T 20.3 [16]

ATLAS 7-10 jets + low E/T 20.3 [18]

CMS jets + E/T 19.5 [17]

ATLAS 6-7 high-pT jets 20.3 [20]

CMS black holes (BH) 12.1
our re-analysis of [21]

(see section 3.2)

LSST lepton + many jets w/b
20 our implementation of [19]

(expected) (see section 3.3)

Table 1: Searches most important to our study. All use the 8 TeV LHC data.

• To constrain models with high multiplicity requires yet again the high-multiplicity low-E/T
searches, combined with the constraints from the ATLAS search for 6-7 high-pT jets (without a

E/T requirement) [20] and the control and signal regions of the CMS black hole (BH) search [21],

which we re-analyzed in a very conservative manner for this particular purpose.

Few natural models with a gluino below 1 TeV survive this lethal net of searches.3 Among models

that can survive are ones that lack E/T and tops, and whose jets have a large hierarchy in pT , such

that they fail the uniformly hard pT cuts of the ATLAS 6-7 jets search.

In short, we can summarize the results of this paper with the following simple rule of thumb:

Using the short list of searches in table 1, almost any natural SUSY model where gluino decays

frequently produce top quarks, or significant E/T , or a high multiplicity of high-pT objects is

excluded for gluino mass at least up to ∼ 1 TeV.

Our presentation in the rest of the paper is organized as follows. We start by discussing our

conceptual approach in section 2 and briefly describing our technical methodology in section 3.

Next we discuss limits on classical SUSY models in section 4. Then in section 5 we study models

with few or no top quarks, and a parameter that allows us to exchange E/T for jet multiplicity.

Next in section 6, we explore models with variable numbers of top quarks but no other sources of

E/T . Finally in section 7, we explore models with no E/T and no top quarks but with various parton

multiplicities. In section 8 we will turn to addressing questions we have left unanswered and closing

the loopholes in our argument; we believe we have left very few open. Our summary in section 9

contains a few general lessons that we have learned from our study. In particular, we will make

some recommendations as to how ATLAS and CMS experimentalists might close remaining gaps

3
It is noteworthy that either ATLAS searches alone or CMS searches alone appear sufficient to rule out nearly

all models in this class, though with somewhat different methods and coverage at very low E/T . Said another way,

most models that are ruled out at all are covered by two or more LHC searches, which provides confidence that the

exclusion is robust. We will see some exceptions later.
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Multi-jet + flavour stream Multi-jet + MΣ
J stream

Identifier 8j50 9j50 ≥ 10j50 7j80 ≥ 8j80 ≥ 8j50 ≥ 9j50 ≥ 10j50

Jet |η| < 2.0 < 2.0 < 2.8

Jet pT > 50GeV > 80GeV > 50GeV

Jet count = 8 = 9 ≥ 10 = 7 ≥ 8 ≥ 8 ≥ 9 ≥ 10

b-jets
0 1 ≥ 2 0 1 ≥ 2 — 0 1 ≥ 2 0 1 ≥ 2 —

(pT > 40 GeV, |η| < 2.5)

M
Σ
J [GeV] — — > 340 and > 420 for each case

E
miss
T /

√
HT > 4 GeV1/2

> 4 GeV1/2
> 4 GeV1/2

Table 1: Definition of the nineteen signal regions. The jet |η|, pT and multiplicity all refer to the R = 0.4 jets. Composite jets with

the larger radius parameter R = 1.0 are used in the multi-jet + M
Σ
J stream when constructing M

Σ
J . A long dash ‘—’ indicates that

no requirement is made.

–
8
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Figure 8: As a function of the gluino mass, limits (left) on g̃ → t̃t, t̃ → bH̃, H̃ → jjj, for

mt̃ = 350 GeV, m
H̃

= 200 GeV, and (right) on g̃ → t̃t, t̃ → jj, for mt̃ = 100 GeV (see figure 7)

from the searches [17, 18, 31, 46], and the expected limit from the LSST-proposed lepton + many

jets search. The CMS BH and ATLAS 6-7 jets searches are somewhat less powerful than the

jets+E/T and lepton+jets searches and were left off the graphs for clarity.

the gluino decays to a stop, g̃ → t̃t̄, and the stop decays to a chargino t̃ → bH̃
+
, with the chargino

decaying to unobservable, soft particles (due to a small splitting) and a neutralino LSP H̃
0
. This

in turns decays as H̃
0 → jjj via the RPV coupling λ��

212 (through a diagram involving an off-shell

squark). In this example, we assumed the stop to be at 350 GeV and the higgsinos (chargino and

neutralinos) near 200 GeV, giving 100% branching ratio for g̃ → tbjjj.

Figure 8 (left) presents cross section limits as a function of the gluino mass, for this scenario.

The strongest limits come from the ATLAS [18] and CMS [17] no-lepton high-multiplicity low-E/T

searches, and are comparable to our estimate of the expected limit from a lepton + many jets

(LSST) search. Due to the large number of b-jets (four in each event), the ATLAS t
�
search [31]

(“lepton + 6 jets w/3-4b”) is also relevant. Its limits could likely be improved by requiring larger

jet multiplicities; the single-lepton events in the signal contain 12 colored partons, but the search

demands only ≥ 6 jets. Said another way, one would expect that adding bins with 3 b-tags to the

proposed LSST search (as was suggested in [19]) could make that search quite a bit more powerful,

since background is dominantly tt̄ plus jets. However, it is quite satisfying that simply requiring 1

b tag is enough to put limits well above 1 TeV.

In the second model shown in figure 7, the gluino decays as g̃ → t̃t̄, with the top squark decaying

to a pair of jets t̃ → jj via the RPV coupling λ��
312 (while the higgsinos, assumed to be heavier than

the stop, do not participate in gluino decays). This model was studied in [55], where an LSST-type
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demands only ≥ 6 jets. Said another way, one would expect that adding bins with 3 b-tags to the

proposed LSST search (as was suggested in [19]) could make that search quite a bit more powerful,

since background is dominantly tt̄ plus jets. However, it is quite satisfying that simply requiring 1

b tag is enough to put limits well above 1 TeV.

In the second model shown in figure 7, the gluino decays as g̃ → t̃t̄, with the top squark decaying

to a pair of jets t̃ → jj via the RPV coupling λ��
312 (while the higgsinos, assumed to be heavier than

the stop, do not participate in gluino decays). This model was studied in [55], where an LSST-type
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Figure 8: As a function of the gluino mass, limits (left) on g̃ → t̃t, t̃ → bH̃, H̃ → jjj, for

mt̃ = 350 GeV, m
H̃
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Figure 13: Limits on the 6-parton scenario from the spectrum shown on the left, where the label

q̃ indicates one or more second-generation squarks decaying to jets via RPV, and dashed lines

indicate particles that do not participate in the dominant gluino decay processes. Limits are shown

for mq̃ = 350 GeV (thin lines) and mq̃ = 150 GeV (thick lines).

(i.e., σlimit/σ = 1); robust exclusion (i.e., σlimit/σ = 0.5) is shown with the dashed contours. We see

precisely the expected gap in the limits, for small m
H̃

together with mq̃ → mg̃ or mq̃ → m
H̃
.

As a cross-check for this conclusion, we return to the 6-parton model of figure 10, in which the

decay chain is g̃ → q̄q̃ and q̃ → q̄q̄. We saw in figure 11 (upper left) that limits reach ∼ 950 GeV

if mq̃ = 350 GeV, where all of the jets are quite hard. However, in a spectrum with a smaller mq̃,

we expect more of a pT hierarchy. In this case, the two jets from the squark decay can become

soft enough to drop below pT thresholds or merge into a single jet, resulting again in fewer high

pT jets. This is confirmed in figure 13, where decreasing mq̃ to 150 GeV lowers the limit on mg̃ to

approximately 820 GeV.

Although we will not explore them in detail here, we note that related gaps can be found in

models with complex hidden valleys. For example, starting with the same spectrum as in figure 12

(g̃− q̃− H̃ with stops heavier), one can replace the RPV H̃ → jjj decay with a decay chain into a

“2-step” Hidden Valley:

H̃ → SS̃, S̃ → Sψ, S → gg (2)

with S, S̃ hidden valley states, and ψ the stable LSP (which could either be the gravitino or another

particle within the HV sector; in any event the superpartner of ψ is assumed to be irrelevant in this

decay). If m
S̃
−mS is very small and positive, and ψ is close to massless, then this decay process

yields almost no E/T ; this is the kinematics typical of Stealth Supersymmetry [26, 27], which like
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Further Possibilities

Similar spectra and phenomenology could be achieved in many other models. One next-

to-minimal possibility is to add to the MSSM a vector superfield V , which is associated with

a U(1)� spontaneously broken at the weak scale. SM fields transforming under the U(1)�

would transmit the SUSY breaking to V . Like the SY Ȳ model, the mass splitting is of

order O(msoft/(4π)2) ∼ O (10 GeV). A similar generalization could involve supersymmetric

vectorlike confinement [12]. Even the MSSM may include a form of stealth SUSY, if there

is an approximate degeneracy between the right-handed stop and top masses. The stop can

decay to a top plus a soft gravitino or light bino, which may obscure light SUSY in top

backgrounds. This scenario is natural when m2
ū3

� m2
t and the stop mixing is small.

As mentioned in the Introduction, we can relax the gravitino LSP assumption. An SM

singlet chiral superfield N kept light by a symmetry, with S2N in the superpotential, allows

s̃ → sÑ . Such generalizations allow for prompt decays even when the SUSY breaking scale

is not small. Extending to gravity mediation requires sequestering of F/MP l corrections to

m2
s, which is a model-building complication we leave for future work.

2 BODY VS 3 BODY

The decay width of X̃ → XG̃ (at δm � m and neglecting mixings) is given by [13]:

ΓX̃ =
m5

X̃

16πF 2

�

1− m2
X

m2
X̃

�4

≈ mX̃ (δm)4

πF 2
. (4)

For SUSY breaking scale
√
F = 100TeV, mX̃ =100 GeV and mX = 90 GeV, the decay

length is 8 cm. In addition to the F 2 suppression of any decay to gravitino, the small

mass splitting further suppresses the two-body decay while it enhances the branching ratio

of the three-body decay through an off-shell X, X̃ → G̃X∗(→ jj), which has differential

width [13]:

dΓ

dq2
∝

q2n
�
q2 −m2

X̃

�4

(q2 −m2
X)

2 +m2
XΓ

2
X

, (5)

where n = 1 for a decay through a Yukawa coupling Xψ̄ψ, whereas n = 2 for X decay-

ing through an operator XGa
µνG

aµν . In this case, the missing energy could be increased.

However, as we show in Figure 2, as long as ΓX is small, the two-body decay will always

dominate.
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superpotential one expects the Goldstone fermion mass to be at least of the order of the

gravitino mass m3/2. For high scale SUSY breaking, this is much larger than the stealth

splitting we are interested in. However, this is not a special property of Goldstone fermions,

but the generic problem that the stealth sector must be protected from large SUSY breaking

effects. Thus, we should only consider models in which the Goldstone fermion (and the

symmetry breaking sector it descends from) are sequestered from SUSY breaking, so that the

leading dangerous operators in the Kähler potential are absent.

In order for decays to be prompt on detector timescales, we cannot have f too large. In

particular, 3.11 corresponds to an interaction

− ic

f
S†ψ̄Aσ̄µ∂µψ

S + c.c. = −c
mS

f
S†ψ̄AψS̄ + c.c., (3.13)

where the equality holds on-shell in the presence of a mass term mSSS̄. This leads to a decay

width of the singlino to scalar plus axino which is given in the limit of massless Goldstone

fermion and small stealth splitting (mS̃ = mS + δm) by:

Γ
�
S̃ → SÃ

�
=

|c|2

4π
mS

�
δm

f

�2

= |c|2 mS

100 GeV

�
δm

10 GeV

�2�109 GeV

f

�2
1

25 cm
. (3.14)

A QCD axino with f ∼ 109 GeV and a relatively large coupling c > 1 could be the invisible

particle Ã. Or, any symmetry broken at a scale below 108 GeV could give a viable candidate

for this Goldstone fermion. Notice that the phase space suppression in the stealth limit for

the Goldstone fermion scenario is more mild than in the case of a gravitino, where additional

powers are present because the interaction is suppressed by the small stealth SUSY breaking.

One also does not want the decay constant to be much smaller than 105 GeV in the presence

of an AW 2
α coupling, to forbid dangerous decays like g̃ → gÃ or B̃ → γÃ that are more rapid

than decays into the stealth sector.

3.5 Vector-like Confinement Models

Now we consider a more complicated hidden sector charged under a nonabelian gauge sym-

metry. In the setup, there are pairs of vector-like superfields Y and Ȳ transforming as 5+ 5̄

under the SM SU(5) and also as 2 + 2 under an additional gauged SU(2)h. The SU(2)h is

more strongly coupled than the SM gauge groups, and thus we can view the SM as weakly

gauging the flavor symmetry of the hidden sector. The matter fields Y and Ȳ have a large su-

persymmetric mass M . Below the scale M , they could be integrated out and we are left with

a pure SU(2)h super Yang-Mills theory. This model might be thought of as a supersymmetric

vectorlike confinement model [43].

If we assume the 5-plets have a uniform massM and plug the 1-loop anomalous dimension

into the NSVZ beta function, we find that at the fixed point, g2

16π2 = 1
15 , so the coupling is

somewhat strong. After integrating out all the fields, the beta function coefficient for pure

SU(2) SYM is b0 = 6, and the confinement scale is Λ = Me−8π2/(b0g2) = Me−5/4 ≈ 0.3M .

If we want singlet glueballs at the bottom of the SUSY spectrum, near 100 or 200 GeV,
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3.3 Viable High-Scale Model

We will now consider an explicit model of high-scale SUSY breaking, in outline. (The full

details may be found in Appendix A.) As we have just argued, we would like to charge

the field S under a symmetry to avoid tadpole problems. We will take this to be a discrete

gauge symmetry. We further wish to avoid large B-terms, so we would like to start with

renormalizable superpotential terms and generate masses dynamically.

The idea, then, is to begin with a superpotential of the form ySQQ̄+λSY Ȳ +κS3, where

the Q fields are charged under a new gauge group and the Y fields are 5 and 5̄ fields as before.

The gauge group under which the Q fields are charged should have a number of colors and

flavors that lead to the dynamical generation of an Affleck-Dine-Seiberg superpotential [37],

Weff = Λk/ det(Q̄Q). Then, as in [31, 38], the singlet fields S and the meson fields QiQ̄i will

dynamically get VEVs related to the scale Λ.

In fact, in this model it is possible to arrange for a mesino state, a composite of the

fields Q, Q̄, to be the lightest R-odd fermion, and for a singlino from the S field to decay as

S̃ → SM̃ . This decay is prompt on collider timescales. SUSY breaking can be arranged to

arise from anomaly mediation. The explanation for stealthiness, then, is just that the AMSB

soft terms are proportional to small couplings among the fields we have introduced.

The full model-building requires a bit more care in defining an anomaly-free discrete

symmetry, and a particular hierarchy of couplings, y � κ � 1. The details have been

sequestered in Appendix A.

3.4 Goldstone Fermion Models

One natural possibility is that the fermion in the final state of the stealth decay is light

because it is the superpartner of a (pseudo-)Goldstone boson, i.e., it is a Goldstone fermion.

Perhaps the most familiar examples of Goldstone fermions are axinos. The effective theory

of Goldstone fermions has recently been discussed in [39, 40, 41, 42]. We consider a (dimen-

sionless) chiral superfield A with a transformation A → A+ iθ. Then in the Kähler potential,

we can consider terms like:

K ⊃ 1

2
f2

�
A+A†

�2
+ S†S + c

�
A+A†

�
S†S + . . . , (3.11)

where f is the decay constant of the Goldstone. If the broken symmetry is in fact anomalous,

so that the Goldstone is an axion, then one might have additional couplings that break the

shift symmetry explicitly:

L ⊃ b

�
d2θ AWαW

α. (3.12)

Note that both types of couplings, c and b, are of the form that allow a particle to decay

to its superpartner and a Goldstone fermion. Because we are considering high-scale SUSY

breaking, we must ask whether it is really natural for the fermionic partner of a Goldstone

boson to be protected by the same shift symmetry that protects the Goldstone boson itself.

As recently emphasized in [40], in the presence of generic Planck-suppressed operators in the

– 12 –


