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The Core of Supersymmetry
(Broken) supersymmetry pairs bosons with fermions 
such that their couplings are (approximately) related. 

This is what we want to discover. 

Don’t need to assume: 
• Dark matter is a superpartner 
(much less a thermal relic) 

• R-parity is conserved 
• The particle content is the MSSM 
• The superpartners have just one common mass scale 
• Gauge couplings unify 
• Any theorist has the details right



The Story So Far



Mind the Gaps

note: left and right



Can enumerate diboson signals that can appear for 
transitions between a given set of electroweakinos.

Wino to bino: missing pT plus W+W-, Wh (fewer WZ) 

Higgsino to bino: missing pT plus W+W-, WZ, Wh, Zh, 
ZZ, hh (possibly fewer of the latter two) 

Wino to higgsino: missing pT plus soft particles plus 
W+W-, W+W+, W-W-, WZ, Wh, Zh, ZZ, hh (again possibly 
fewer of last 2) 

… and so on. Also longer cascades involving all 3 
ewkinos.

Electroweakinos as a Target



R-Parity or Not?

(a) 6-quark model (b) 10-quark model

Figure 1: Feynman diagrams for the gluino decays used as benchmarks for this search. Diagrams for (a)
the 6-quark model and (b) the 10-quark model are shown.

Section 6.

2 Detector, data acquisition, and object definitions

The ATLAS detector [20,21] provides nearly full solid angle coverage around the collision point with an
inner tracking system covering |η| < 2.51, electromagnetic and hadronic calorimeters covering |η| < 4.9,
and a muon spectrometer covering |η| < 2.7.

The ATLAS tracking system is comprised of a silicon pixel tracker closest to the beamline, a mi-
crostrip silicon tracker, and a straw-tube transition radiation tracker at radii up to 108 cm. These systems
are layered radially around each other in the central region. A thin solenoid surrounding the tracker
provides an axial 2 T field enabling measurement of charged particle momenta. The track reconstruction
efficiency ranges from 78% at ptrack

T = 500 MeV to more than 85% above 10 GeV, with a transverse
impact parameter resolution of 10 µm for high momentum particles in the central region. The overall
acceptance of the inner detector (ID) spans the full range in φ, and the pseudorapidity range |η| < 2.5 for
particles originating near the nominal LHC interaction region.

The calorimeter comprises multiple subdetectors with several different designs, spanning the pseu-
dorapidity range up to |η| = 4.9. The measurements presented here use data from the central calorimeters
that consist of the Liquid Argon (LAr) barrel electromagnetic calorimeter (|η| < 1.475) and the Tile
hadronic calorimeter (|η| < 1.7), as well as two additional calorimeter subsystems that are located in the
forward regions of the detector: the LAr electromagnetic end-cap calorimeters (1.375 < |η| < 3.2), and
the LAr hadronic end-cap calorimeter (1.5 < |η| < 3.2). As described below, jets are required to have
|η| < 2.8 such that they are fully contained within the barrel and end-cap calorimeter systems.

The jets used for this analysis are found and reconstructed using the anti-kt algorithm [22, 23] with
a radius parameter R = 0.4. The energy of the jet is corrected for inhomogeneities and for the non-
compensating nature of the calorimeter by weighting the energy deposits in the electromagnetic and the
hadronic calorimeters separately by factors derived from the simulation and validated with the data [24].

1The ATLAS reference system is a Cartesian right-handed coordinate system, with the nominal collision point at the origin.
The anticlockwise beam direction defines the positive z-axis, while the positive x-axis is defined as pointing from the collision
point to the centre of the LHC ring and the positive y-axis points upwards. The azimuthal angle φ is measured around the beam
axis, and the polar angle θ is measured with respect to the z-axis. Pseudorapidity is defined as η = ln[tan( θ2 )], rapidity is defined
as y = 0.5 ln[(E + pz)/(Epz)], where E is the energy and pz is the z-component of the momentum, and transverse energy is
defined as ET = E sin θ.
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Motivated by proton stability, but neither necessary nor 
sufficient to solve that problem.
Trilinear RPV terms: QLD, LLE, UDD 
UDD only: compatible with Minimal Flavor Violation (Csaki, 
Grossman, Heidenreich ’11)
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This implies an upper bound .ϵ ≲ 10−6

Lower bound on the lifetime of the two-body wino decays, 
~ 100 microns. Displaced vertices! (Possibly 
macroscopically displaced; standard lepton ID may fail.)
Large literature, e.g., papers by Valle et al.



Squeezing the Signals
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FIG. 1: Boosted gluinos that are degenerate with the bino
do not enhance the missing transverse energy when there is
no hard initial- or final-state radiation. (A) illustrates the
cancellation of the bino’s ET� . (B) shows how initial- or final-
state radiation leads to a large amount of ET� even if the
gluino is degenerate with the bino.

the search is not limited by phase space and four or

more well-separated jets are produced, as well as large

missing transverse energy. The situation is very di⇥er-

ent for light gluinos (mg̃ . 200 GeV) that are nearly

degenerate with the bino. Such light gluinos can be co-

piously produced at the Tevatron, with cross sections

O(10
2

pb), as compared to O(10
�2

pb) for their heav-

ier counterparts (mg̃ & 400 GeV). Despite their large

production cross sections, these events are challenging

to detect because the jets from the decay are soft, with

modest amounts of missing transverse energy. Even if

the gluinos are strongly boosted, the sum of the bino

momenta will approximately cancel when reconstruct-

ing the missing transverse energy (Fig. 1A). To discover

a gluino degenerate with a bino, it is necessary to look

at events where the gluino pair is boosted by the emis-

sion of hard QCD jets (Fig. 1B). Therefore, initial-state

radiation (ISR) and final-state radiation (FSR) must be

properly accounted for.

The correct inclusion of ISR/FSR with parton show-

ering requires generating gluino events with matrix ele-

ments. We used MadGraph/MadEvent [14] to compute

processes of the form

pp̄⇤ g̃g̃ + Nj, (1)

where N = 0, 1, 2 is the multiplicity of QCD jets. The

decay of the gluino into a bino plus a quark and an anti-

quark, as well as parton showering and hadronization of

the final-state partons, was done in PYTHIA 6.4 [15].

To ensure that no double counting of events occurs

between the matrix-element multi-parton events and the

parton showers, a version of the MLM matching proce-

dure was used [16]. In this procedure, the matrix el-

ement multi-parton events and the parton showers are

constrained to occupy di⇥erent kinematical regions, sep-

arated using the k⌅ jet measure:

d2
(i, j) = �R2

ij min(p2
Ti, p

2
Tj)

d2
(i,beam) = p2

Ti, (2)

where �R2
ij = 2(cosh �� � cos �⇥) [17]. Matrix-

element events are generated with some minimum cut-

o⇥ d(i, j) = QME
min. After showering, the partons are

clustered into jets using the kT jet algorithm with a

QPS
min > QME

min. The event is then discarded unless all re-

sulting jets are matched to partons in the matrix-element

event, d(parton, jet) < QPS
min. For events from the high-

est multiplicity sample, extra jets softer than the soft-

est matrix-element parton are allowed. This procedure

avoids double-counting jets, and results in continuous

and smooth di⇥erential distributions for all jet observ-

ables.

The matching parameters (QME
min and QPS

min) should

be chosen resonably far below the factorization scale of

the process. For gluino production, the parameters were:

QME
min = 20 GeV and QPS

min = 30 GeV. (3)

The simulations were done using the CTEQ6L1

PDF [18] and with the renormalization and factoriza-

tion scales set to the gluino mass. The cross sections

were rescaled to the next-to-leading-order (NLO) cross

sections obtained using Prospino 2.0 [19].

Finally, we used PGS [20] for detector simulation,

with a cone jet algorithm with �R = 0.5. As a check

on this procedure, we compared our results to the signal

point given in [7] and found that they agreed to within

10%.

B. Backgrounds

The three dominant Standard Model backgrounds

that contribute to the jets plus missing energy searches

are: W±/Z0
+ jets, tt̄, and QCD. There are several

smaller sources of missing energy that include single top

and di-boson production, but these make up a very small

fraction of the background and are not included in this

study.

The W±/Z0
+ nj and tt̄ backgrounds were gen-

erated using MadGraph/MadEvent and then showered

and hadronized using PYTHIA. PGS was used to recon-

struct the jets. MLM matching was applied up to three

jets for the W±/Z0
background, with the parameters

QME
min = 10 GeV and QPS

min = 15 GeV. The top back-

ground was matched up to two jets with QME
min = 14 GeV

and QPS
min = 20 GeV. Events containing isolated leptons

with pT ⇥ 10 GeV were vetoed to reduce background

contributions from leptonically decaying W±
bosons. To

reject cases of ET⌅ from jet energy mismeasurement, a

lower bound of 90
⇤

and 50
⇤

was placed on the azimuthal

angle between ET⌅ and the first and second hardest jets,

respectively. An acoplanarity cut of < 165
⇤

was applied

to the two hardest jets. Because the DO⌅ analysis did

not veto hadronically decaying tau leptons, all taus were

treated as jets in this study.
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Compressed SUSY: 
softer visible particles 
from smaller mass 
differences
Missing momentum if ISR 
recoil (“monojet”-like): 
Alwall, Le, Lisanti, Wacker 
0803.0019

heavy invisible 
particle

Stealth Supersymmetry
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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 ⌅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 �jj, and the presence of a very large number of b-jets.
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(soft!)

Stealth SUSY: light 
invisible particle

ISR no longer helps

Fan, Reece, Ruderman 1105.5135



An Observation
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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:
Z

d
4
�

(2⇡)4
✏1µ (2�

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

(�2 � m2)((� + k1)2 � m2)
. (1)

1

Figure 1: A schematic of the sectors involved in a general stealth model. Flavor-blind mediation
gives rise to standard MSSM soft SUSY-breaking terms, but the soft terms in the stealth sector are
suppressed relative to this. The MSSM and the stealth sector are weakly coupled, and the size of soft
terms in the stealth sector is suppressed relative to the supersymmetric mass scale of the stealth sector
by a weak-coupling factor.

as the splittings are su�ciently small and the typical multiplicity is low, SUSY can still be

hidden at colliders.)

2.2 Stealth SUSY Is Not Compressed SUSY

It is well-known that, for standard gravity-mediated MSSM spectra, collider signals are more

di�cult to observe as the masses are compressed. For instance, a gluino decaying to a bino

and two quarks, g̃ ! qq̄B̃, is most constrained if the bino is nearly massless, in which case

a significant fraction of the gluino’s energy goes into invisible momentum from the bino. As

the mass splitting is reduced, the typical missing energy in the event is reduced, and limits

from LHC searches grow weaker. Recent discussions of limits on compressed scenarios can

be found in [22]. Superficially, stealth SUSY might sound like a special case of compressed

SUSY: mass splittings are small, missing ET is reduced, and limits are weaker. However,

there is a crucial kinematic di↵erence, associated with the fact that in standard compressed

SUSY, the invisible particle is a heavy decay product, whereas in stealth SUSY the invisible

particle is very light. This ensures that the reduced missing ET of stealth SUSY is much

more robust against e↵ects like initial state radiation.

To clarify this di↵erence, we will review some basic relativistic kinematics and rules-of-

thumb for hadron collider physics. First, consider the decay of a heavy particle of mass M to

a particle of mass m = M � �M and a massless particle. In the rest frame, the momentum

– 4 –

A mechanism for suppressing 
missing ET — not tuning it. 

J. Fan, MR, J. Ruderman 
1105.5135, 1201.4875 

Supersymmetry can hide itself!
Have a parametric limit: hidden sector SUSY breaking → 0 
and missing ET → 0.

Stealth Supersymmetry Modeling
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Stealth SUSY Simplified Models



CMS RPV/Stealth Stop Search

RPV Stealth
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CMS RPV/Stealth Stop Search
Looked at many-jet events

RPV



Figure 4: The scalar mass scale in Split Supersymmetry as a function of tan � for a Higgs mass
fixed at 125.5 GeV for no and maximal stop mixing. The 1� error bands coming from the top
mass measurement (which dominate over other uncertainties) are also shown.

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

The bounds on the tuning from current direct stop searches are not competitive with the gluino
ones, and thus do not pose a significant constraint on the parameter space. When m�3 � mt̃1

,
additional tuning is required because of the large correction to the stop mass from the gluino.
Making the LSP heavier than 400 GeV to evade the gluino bounds does not improve the situation;
a heavy LSP implies a large µ-term which increases the tree-level tuning of the theory. Fig. 2
finally shows that the small window left for naturalness in SUSY will be probed already by the
end of the 8 TeV LHC run, when the gluino searches are pushed above 1.5-1.8 TeV mass range.

The absence of evidence for sparticles suggests that either low-energy SUSY theories have to be
tuned, or sparticles are absent from the weak scale altogether. Why, then, does supersymmetric
unification work so well if the sparticles responsible for it are not present? An answer to this
question comes from Split SUSY [7, 8], a theory motivated by the multiverse. In Split SUSY,
scalar sparticles are heavy—at the SUSY breaking scale m0—whereas fermions (gauginos and
higgsinos) are lighter as they are further protected by the R-symmetry whose breaking scale can
be lower than m0. Choosing the fermion masses near a TeV, as dictated by the WIMP “miracle”,
reproduces successful unification independent of the masses of scalar sparticles. So in Split only
the gauginos and higgsinos may be accessible to the LHC, whereas the scalar masses can be
anywhere between the GUT and the weak scale.

This uncertainty in m0, which has been blurring the phenomenology and model building of
Split, has come to an end with the discovery of the Higgs [4]. The Higgs mass mh correlates with
m0 [7, 8] as shown in Fig. 3 [9], and for mh = 125.5 GeV the scalar sparticle masses are in the

4

Arvanitaki, Craig, Dimopoulos, Villadoro 
1210.0555

Don’t Assume Naturalness
SUSY could solve the big hierarchy problem, but we could 
have a small accident making the hierarchy a little tuned.

“Mini-Split”?

The 125 GeV Higgs 
actually favors 
heavy scalars in 
simple models. 
 
Gauginos lighter in 
many models.



Look for Long Liftimes
SUSY events can have 
macroscopically 
displaced decays, 
e.g., to light gravitino 
or axino. 

Meade, Reece, Shih 1006.4575



Don’t Assume Promptness

Arkani-Hamed, Gupta, Kaplan, 
Weiner, Zorawski ’12 

SUSY events can have mildly displaced decays, e.g., 
hundred micron ~ millimeters. Predicted for gluinos in 
“Mini-Split” or “Simply Unnatural” scenario.

Agrawal, Fan, MR, Xue, ’17



Example: Composite Pions 
Arkani-Hamed, D’Agnolo, Low, Pinner 1608.01675

Largest diboson rates are always 2 gluons; but 
gluon + photon, W + photon, WZ, ZZ, … also arise.

Don’t Assume the MSSM
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that v-particles are produced via a Z ′ decay; some of the
v-hadrons produced in v-hadronization can then decay
back to standard model particles, via an intermediate
state Z ′ or Higgs boson. This is illustrated schemati-
cally in Fig. 1. V-hadron production in Higgs boson de-
cays was considered in [7]. Here, we will consider a dif-
ferent scenario, in which the v-hadrons are produced in
LSsP decays. In particular, as illustrated schematically
in Fig. 2, production of SM superpartners leads, through
cascade decays, to the appearance in the final state of
two LSsP’s. If the LSvP is lighter than the LSsP, then
the LSsP will typically decay to an LSvP plus one or
more v-hadrons, some of which in turn decay visibly. For
simplicity we assume in this paper both that R-parity is
conserved and that the LSvP itself is stable; if either is
violated, the phenomenology may be richer still.

SM

LEP
hidden
valley

LHC

FIG. 1: Schematic view of production and decay of v-hadrons.
While LEP was unable to penetrate the barrier separating the
sectors, LHC may easily produce v-particles. These form v-
hadrons, some of which decay to standard model particles.

Let us now consider how phenomenology of LSsP de-
cays in hidden-valley models may differ in some ways
from LSsP decays in other models. First, since the LSvP
is a v-hadron, its decay to the LSvP may be accompanied
by one or more long-lived R-parity-even v-hadrons, pos-
sibly with a substantial multiplicity. Some or all of these
v-hadrons may in turn decay to visible (but often rather
soft) particles. This decay pattern may make the decay
products of the LSsP challenging to identify. An example
of how this could occur in SM chargino-neutralino pro-
duction is shown in Fig. 3. The two LSsP’s (χ0

1) decay
to a v-quark Q and a v-squark Q̃∗; after hadronization,
a number of R-parity-even v-hadrons and two R-parity-
odd LSvP’s (R̃) emerge. Some of the R-parity-even v-
hadrons then decay to visible particles, leading to a busy
and complex event. Second, many different v-hadronic
final states may appear in LSsP decays, just as a large
number of QCD hadronic states appear in τ and B de-
cays. Acquisition of a large sample of events may there-
fore require a combination of search strategies. Finally,

since the LSsP and/or some of the v-hadrons it produces
may be long-lived and decay with highly displaced ver-
tices, discovery and study of these events may require
specialized, non-standard experimental techniques.

~

valley
hidden

LHC

LSvP

g

LSsP

SM

~q

FIG. 2: Schematic view of production and decay of SM su-
perpartners. Each superpartner decays to hard jets/leptons
and an LSsP; the LSsP then decays to an LSvP plus other
v-hadrons, some of which decay to softer jet/lepton pairs.
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FIG. 3: The production and subsequent decay of a chargino
and neutralino, showing the two LSsPs decaying to various
v-hadrons, some of which decay visibly. Invisible R-parity-
even (-odd) v-hadrons, are shown as solid (dashed) lines; in
particular, an LSvP, labelled R̃, is produced in each of the
LSsP decays.

The reverse situation — where the LSvP is heavier
than the LSsP — is typically less dramatic, but still wor-
thy of note. It leaves the bulk of SM SUSY signals un-
changed, but can in some cases produce spectacular and
challenging signals of its own. It will be discussed briefly
below.

Meanwhile, analogous statements apply, with only a
few adjustments, in other models with a conserved Z2

Example:
“Hidden Valley” (Strassler/
Zurek): divide energy among 
many particles 

figure from M. Strassler, 
hep-ph/0607160

Roughly divide MET by  
#(final state particles). 
See also lepton jets, etc.

Don’t Assume the MSSM



• Return of muon g-2

Anomalies to Watch

Bk and Bq.—Two fast transients induced by the dynam-
ics of charging the ESQ system and firing the SR kicker
magnet slightly influence the actual average field seen by
the beam compared to its NMR-measured value as
described above and in Ref. [61]. An eddy current induced
locally in the vacuum chamber structures by the kicker
system produces a transient magnetic field in the storage
volume. A Faraday magnetometer installed between the
kicker plates measured the rotation of polarized light in a
terbium-gallium-garnet crystal from the transient field to
determine the correction Bk.

The second transient arises from charging the ESQs,
where the Lorentz forces induce mechanical vibrations in
the plates that generate magnetic perturbations. The ampli-
tudes and sign of the perturbations vary over the two
sequences of eight distinct fills that occur in each 1.4 s
accelerator supercycle. Customized NMR probes measured
these transient fields at several positions within one ESQ
and at the center of each of the other ESQs to determine
the average field throughout the quadrupole volumes.
Weighting the temporal behavior of the transient fields
by the muon decay rate, and correcting for the azimuthal
fractions of the ring coverage, 8.5% and 43% respectively,
each transient provides final corrections Bk and Bq to aμ as
listed in Table II.

V. COMPUTING aμ AND CONCLUSIONS

Table I lists the individual measurements of ωa and ω̃0
p,

inclusive of all correction terms in Eq. (4), for the four run
groups, as well as their ratios, R0

μ (the latter multiplied by
1000). The measurements are largely uncorrelated because
the run-group uncertainties are dominated by the statistical
uncertainty on ωa. However, most systematic uncertainties
for both ωa and ω̃0

p measurements, and hence for the ratios
R0

μ, are fully correlated across run groups. The net computed
uncertainties (and corrections) are listed in Table II. The fit
of the four run-group results has a χ2=n:d:f: ¼ 6.8=3,
corresponding to Pðχ2Þ ¼ 7.8%; we consider the Pðχ2Þ to
be a plausible statistical outcome and not indicative of
incorrectly estimated uncertainties. The weighted-average
value isR0

μ ¼ 0.003 707 300 3ð16Þð6Þ, where the first error
is statistical and the second is systematic [82]. From Eq. (2),
we arrive at a determination of the muon anomaly

aμðFNALÞ ¼ 116 592 040ð54Þ × 10−11 ð0.46 ppmÞ;

where the statistical, systematic, and fundamental constant
uncertainties that are listed in Table II are combined in
quadrature. Our result differs from the SMvalue by 3.3σ and
agrees with the BNL E821 result. The combined exper-
imental (Exp) average [83] is

aμðExpÞ ¼ 116 592 061ð41Þ × 10−11 ð0.35 ppmÞ:

The difference, aμðExpÞ − aμðSMÞ ¼ ð251$ 59Þ × 10−11,
has a significance of 4.2σ. These results are displayed
in Fig. 4.
In summary, the findings here confirm the BNL exper-

imental result and the corresponding experimental average
increases the significance of the discrepancy between the
measured and SM predicted aμ to 4.2σ. This result will
further motivate the development of SM extensions,
including those having new couplings to leptons.
Following the Run-1 measurements, improvements to

the temperature in the experimental hall have led to greater

TABLE II. Values and uncertainties of the R0
μ correction terms

in Eq. (4), and uncertainties due to the constants in Eq. (2) for aμ.
Positive Ci increase aμ and positive Bi decrease aμ.

Quantity
Correction
terms (ppb)

Uncertainty
(ppb)

ωm
a (statistical) % % % 434

ωm
a (systematic) % % % 56

Ce 489 53
Cp 180 13
Cml −11 5
Cpa −158 75

fcalibhωpðx; y;ϕÞ ×Mðx; y;ϕÞi % % % 56
Bk −27 37
Bq −17 92

μ0pð34.7°Þ=μe % % % 10
mμ=me % % % 22
ge=2 % % % 0

Total systematic % % % 157
Total fundamental factors % % % 25
Totals 544 462

FIG. 4. From top to bottom: experimental values of aμ from
BNL E821, this measurement, and the combined average. The
inner tick marks indicate the statistical contribution to the total
uncertainties. The Muon g − 2 Theory Initiative recommended
value [13] for the standard model is also shown.

PHYSICAL REVIEW LETTERS 126, 141801 (2021)

141801-7

Muon g-2 collaboration



g-2: Light Sleptons, Electroweakinos

e.g., Endo, Hamaguchi, Iwamoto, Kitahara 2104.03217

case 1: “chargino dominated” case 2: “bino dominated”

See also: Baum, Carena, Shah, Wagner 2104.03302; numerous others



• Implications for SUSY                                         

case 1: chargino dominated loop ∝
α2
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Figure 2: Feynman diagrams of the processes we investigate. Here, ` = e, µ and l = e, µ, ⌧ .

setup. See also Appendices A and C for details of the analysis of the LHC constraints and
the summary of the LHC Run 2 results investigated in our study, respectively.

Since the electroweakinos are mixtures of the bino, wino, and higgsino gauge eigen-
states, the production cross sections and the decay patterns are determined by the mixing
composition and thus dependent on the parameters in Eq. (11). This is contrasted to
typical setups in analyses of the ATLAS and CMS collaborations. LHC constraints are
usually reported on simplified models, e.g., some of the branching ratios are fixed to be
unity. Therefore, to obtain LHC constraints on the SUSY models motivated by the muon
g�2 anomaly, we need to interpret the LHC constraints in terms of the model parameters
of our interest (cf. Ref. [20]).

The ATLAS and CMS collaborations usually report upper limits (UL) on production
cross sections, �UL, in a simplified scenario. When we focus on a specific signal region
(SR), it is related to the upper limit on the number of events in this SR, NUL, by

NULR
dtL

= (A⇥ E)|original · �UL;original , (19)

where
R
dtL is the integrated luminosity, A the acceptance, and E the e�ciency. A label

“original” is introduced to clarify that the values are for the original simplified scenario by
the ATLAS and CMS collaborations. The left-hand side is independent of the processes or
models. The dependence is contained in the right-hand side. Accordingly, the constraints
can be applied to any model X by calculating the acceptance and e�ciency. The upper
limit on the production cross section under the model, �UL;X , is derived as

�UL;X =
(A⇥ E)|original
(A⇥ E)|X

· �UL;original . (20)

Although the acceptance and e�ciency, (A⇥ E)|X , may be estimated by Monte Carlo
simulation with detector simulation, it is not straightforward to recast the experimental
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states, the production cross sections and the decay patterns are determined by the mixing
composition and thus dependent on the parameters in Eq. (11). This is contrasted to
typical setups in analyses of the ATLAS and CMS collaborations. LHC constraints are
usually reported on simplified models, e.g., some of the branching ratios are fixed to be
unity. Therefore, to obtain LHC constraints on the SUSY models motivated by the muon
g�2 anomaly, we need to interpret the LHC constraints in terms of the model parameters
of our interest (cf. Ref. [20]).

The ATLAS and CMS collaborations usually report upper limits (UL) on production
cross sections, �UL, in a simplified scenario. When we focus on a specific signal region
(SR), it is related to the upper limit on the number of events in this SR, NUL, by

NULR
dtL

= (A⇥ E)|original · �UL;original , (19)

where
R
dtL is the integrated luminosity, A the acceptance, and E the e�ciency. A label

“original” is introduced to clarify that the values are for the original simplified scenario by
the ATLAS and CMS collaborations. The left-hand side is independent of the processes or
models. The dependence is contained in the right-hand side. Accordingly, the constraints
can be applied to any model X by calculating the acceptance and e�ciency. The upper
limit on the production cross section under the model, �UL;X , is derived as

�UL;X =
(A⇥ E)|original
(A⇥ E)|X

· �UL;original . (20)

Although the acceptance and e�ciency, (A⇥ E)|X , may be estimated by Monte Carlo
simulation with detector simulation, it is not straightforward to recast the experimental
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channel into sleptons are forbidden.#11 Detail discussions, e.g., on the processes with
heavier electroweakinos, are provided in Appendix A.2.

3.5 Electroweakino pair-production in final state with three leptons

(NC/3L)

Electroweakino pair-production pp ! e�0
2e�

±
1 is severely constrained, if sleptons are lighter

than the electroweakinos, because the electroweakinos decay via the sleptons to provide
three leptons in the final state (Fig. 2e):

pp ! e�0
2e�±

1 !

(
(lelL)(⌫elL) ! (lle�0

1)(⌫le�0
1) ,

(lelL)(le⌫) ! (lle�0
1)(l⌫e�0

1) .
(35)

This process, NC/3L, is searched for in, e.g., its 3`+��ET or same-sign 2` plus��ET signatures
by the CMS and ATLAS collaborations. The latest bounds with

R
dtL = 36 fb�1 are

provided in Refs. [70, 73], where a simplified model with branching ratios

Br(e�0
2 ! eeLē or ee⇤Le) = Br(e�0

2 ! eµLµ̄ or eµ⇤
Lµ) = Br(e�0

2 ! e⌧L⌧̄ or e⌧⇤L⌧) = 1/6 ,

Br(e�+
1 ! ee⇤L⌫e or e⌫ē) = Br(e�+

1 ! eµ⇤
L⌫µ or e⌫µ̄) = Br(e�+

1 ! e⌧⇤L⌫⌧ or e⌫⌧̄) = 1/3 ,
(36)

is considered. Their results can be reinterpreted with

BX

Boriginal
=

1

0.273


Br(e�0

2 !
è
L
¯̀, è⇤L`) +

3

4
p
2
⌧!`Br(e�0

2 ! e⌧L⌧̄ , e⌧⇤L⌧)
�

⇥

h
Br(e�±

1 ! è⇤
L⌫`, e⌫ ¯̀, èL⌫̄`, e⌫⇤`) + p⌧!`Br(e�±

1 ! e⌧⇤L⌫⌧ , e⌫⌧̄ , e⌧L⌫̄⌧ , e⌫⇤⌧)
i
.

(37)

When the final state includes ⌧ leptons, their contributions are taken into account via
leptonic ⌧ decays. Here, p⌧!` ⌘ Br(⌧ ! e⌫̄e⌫⌧ (�)) + Br(⌧ ! µ⌫̄µ⌫⌧ (�)) = 0.352 [51], and
the factor 3/4 takes care of the opposite-sign same-flavor leptons. The overall normaliza-
tion 0.273 is determined such that the right-hand side of Eq. (37) becomes unity for the
branching ratios adopted by the ATLAS and CMS collaborations. On the other hand, the
production cross section, �(pp ! e�0

2e�
±
1 ), is estimated in the same way as Eq. (32), and

�UL(pp ! e�0
2e�

±
1 ) is available in Refs. [70, 77].

An important point in the LHC analyses is that both of the ATLAS and CMS collab-
orations assume specific mass spectra of electroweakinos and sleptons, which determine
the lepton energies. Defining a mass di↵erence ratio,

x =
meµL

�me�0
1

me�±
1
�me�0

1

, (38)

the CMS collaboration considers three di↵erent mass spectra, x = (0.05, 0.5, 0.95), while
the ATLAS studies x = 0.5. Following their analyses, we investigate the constraints on the
same mass spectra, x = (0.05, 0.5, 0.95). The corresponding model points are displayed
by the dashed black lines in Fig. 1.

#11The branching ratio of fW 0
! Z eB0 can be ⇠ 1 when sign(µM2) is negative (see Eq. (6) in Ref. [76]).

The muon g � 2 anomaly requires sign(µM2) to be positive in the present setup.
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Figure 1: The 2021 Spring summary of the chargino-dominated SUSY scenario for the

muon g � 2 anomaly. Four benchmark parameter planes are considered, where the WHL

contribution is sizable and aSUSY
µ explains the anomaly at the 1� (2�) level in the orange-

filled (yellow-filled) regions; aSUSY
µ ⇥ 1010 is shown by the black contours (but up to

50). The thick black line corresponds to meµL
= me�±

1

. The gray-filled region, where

the LSP is e⌫, and the red-hatched region in (A), which corresponds to a compressed

spectrum, are not studied. The red-filled and blue-filled regions are excluded by the LHC

experiment [49,51,52]. We also analyzed the results of Refs. [53,54] but only on the model

points with x = 0.05, 0.5, and 0.95 [see Eq. (22)]; the excluded ranges are shown by the

magenta bars. Detailed description of the LHC constraints is provided in our previous

work [47].

sneutrino LSP

Endo, Hamaguchi, Iwamoto, Kitahara 2104.03217
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case 2: bino dominated loop ∝
αY
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Figure 2: The summary of the bino-dominated SUSY scenario for the muon g�2 anomaly.

The universal slepton mass withmL = mR is assumed. Four planes respectively correspond

to tan� = 5, 10, 30 and 50. The µ parameter is maximized (µmax) at each point under

the conditions described in the text. The muon g� 2 anomaly can be explained at the 1�

(2�) level in the orange-filled (yellow-filled) regions. Below the black line in each figure,

aSUSY
µ exceeds the central value of �aµ in Eq. (5) for the maximized µ parameter. In the

gray-filled regions, eµ1 is lighter than e�0

1
. The blue-filled regions are excluded by the LHC

slepton searches [49, 51,72,73].
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Putting Pieces Together

A possible smuon decay in 
RPV SUSY through the 
QLD-type Yukawa.

A possible smuon 
decay in Stealth SUSY.

(soft)



• Electroweak signals (low rates) or many-jet signals (high 
backgrounds) need more attention 

• Don’t assume leptons + missing  is “easy”; low cross 
sections need more work! Test g-2. 

• Be careful not to miss mildly displaced vertices! Test 
Higgs mass origin. 

• SUSY can have many guises. RPV, Stealth, Hidden 
Valleys; SUSY can mimic a wide range of signals. 
Search broadly!

pT

Concluding Remarks
(also see Meenakshi’s remarks early in the conference: complex topologies, 
weak couplings, applying new tools like jet substructure methods)


