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Standard model of particle physics

“We are at a very exciting and puzzling time for particle physics.”   
(F. Gianotti, 2018 CERN New Year presentation.) 

Exciting because the LHC discovered the Higgs boson (2012), the Standard Model is 
complete and it works beautifully!
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Puzzling because the standard model is not a complete theory of particle physics. 
Several fundamental questions require physics beyond the standard model. 

• Why is the Higgs boson so light?

• What is dark matter?

• What is the origin of the matter-antimatter asymmetry?

• Is there a grand unification of forces?

• How to include neutrino masses and oscillations?
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Strong motivation to search for new physics!
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New physics cut-off

“We are, I think, in the right Road of Improvement, for we are making Experiments.”
–Benjamin Franklin

1 Introduction

The Standard Model of high-energy physics, augmented by neutrino masses, provides a remarkably
successful description of presently known phenomena. The experimental frontier has advanced into the
TeV range with no unambiguous hints of additional structure. Still, it seems clear that the Standard
Model is a work in progress and will have to be extended to describe physics at higher energies.
Certainly, a new framework will be required at the reduced Planck scale MP = (8πGNewton)−1/2 =
2.4 × 1018 GeV, where quantum gravitational effects become important. Based only on a proper
respect for the power of Nature to surprise us, it seems nearly as obvious that new physics exists in the
16 orders of magnitude in energy between the presently explored territory near the electroweak scale,
MW , and the Planck scale.

The mere fact that the ratio MP/MW is so huge is already a powerful clue to the character of
physics beyond the Standard Model, because of the infamous “hierarchy problem” [1]. This is not
really a difficulty with the Standard Model itself, but rather a disturbing sensitivity of the Higgs
potential to new physics in almost any imaginable extension of the Standard Model. The electrically
neutral part of the Standard Model Higgs field is a complex scalar H with a classical potential

V = m2
H |H|2 + λ|H|4 . (1.1)

The Standard Model requires a non-vanishing vacuum expectation value (VEV) for H at the minimum

of the potential. This will occur if λ > 0 and m2
H < 0, resulting in ⟨H⟩ =

√
−m2

H/2λ. Since we

know experimentally that ⟨H⟩ is approximately 174 GeV, from measurements of the properties of the
weak interactions, it must be that m2

H is very roughly of order −(100 GeV)2. The problem is that m2
H

receives enormous quantum corrections from the virtual effects of every particle that couples, directly
or indirectly, to the Higgs field.

For example, in Figure 1.1a we have a correction to m2
H from a loop containing a Dirac fermion

f with mass mf . If the Higgs field couples to f with a term in the Lagrangian −λfHff , then the
Feynman diagram in Figure 1.1a yields a correction

∆m2
H = − |λf |2

8π2
Λ2
UV + . . . . (1.2)

Here ΛUV is an ultraviolet momentum cutoff used to regulate the loop integral; it should be interpreted
as at least the energy scale at which new physics enters to alter the high-energy behavior of the theory.
The ellipses represent terms proportional to m2

f , which grow at most logarithmically with ΛUV (and
actually differ for the real and imaginary parts of H). Each of the leptons and quarks of the Standard
Model can play the role of f ; for quarks, eq. (1.2) should be multiplied by 3 to account for color. The

H

f

(a)

S

H

(b)

Figure 1.1: One-loop quantum corrections to the Higgs squared mass parameter m2
H , due to (a) a Dirac

fermion f , and (b) a scalar S.

3

Courtesy G. 't Hooft

Very large quantum loop corrections to Higgs 
mass in any extension of the Standard Model.
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f that receives its mass from the Higgs boson, the Higgs mass is
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where mh ⇡ 125 GeV is the physical Higgs boson mass [16, 17], mh 0 is the bare Higgs mass,
and the remaining term is m

2

h 1-loop
, the 1-loop correction. The parameters �f and N

f

c
are

the Yukawa coupling and number of colors of fermion f , ⇤ is the largest energy scale for
which the standard model is valid, and subleading terms have been neglected. For large ⇤,
the bare mass and the 1-loop correction must cancel to a large degree to yield the physical
Higgs mass. Attempts to define naturalness quantitatively will be discussed in detail in
Sec. IV, but at this stage, a simple measure of naturalness may be taken to be

N
0
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m
2

h 1-loop

m
2

h

. (2)

For ⇤ ⇠ MPl and the top quark with �t ' 1, Eq. (1) implies N 0
⇠ 1030, i.e., a fine-tuning

of 1 part in 1030.
Supersymmetry moderates this fine-tuning. If supersymmetry is exact, the Higgs mass

receives no perturbative corrections. With supersymmetry breaking, the Higgs mass becomes
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where f̃ is the superpartner of fermion f . The quadratic dependence on ⇤ is reduced to
a logarithmic one, and even for ⇤ ⇠ MPl, the large logarithm is canceled by the loop
suppression factor 1/(8⇡2), and the Higgs mass is natural, provided m

f̃
is not too far above

mh. Requiring a maximal fine-tuning N
0

max
, the upper bound on sfermion masses is

m
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where �f and N
f

c
have been normalized to their top quark values, the logarithm has been

normalized to its value for ⇤ ⇠ MPl, andN
0

max
has been normalized to 100, or 1% fine-tuning.

2. First Implications

Even given this quick and simple analysis, Eq. (4) already has interesting implications:

• Naturalness constraints vary greatly for di↵erent superpartners. As noted as early as
1985 [18], the 1-loop contributions of first and second generation particles to the Higgs
mass are suppressed by small Yukawa couplings. For the first generation sfermions,
naturalness requires only that they be below 104 TeV! In fact, this upper bound is
strengthened to ⇠ 4 TeV� 10 TeV by considerations of D-term and 2-loop e↵ects, as
discussed in Sec. IVC. Nevertheless, it remains true that without additional theoreti-
cal assumptions, there is no naturalness reason to expect first and second generation

squarks and sleptons to be within reach of the LHC.

5

bare mass loop corrections

measured Higgs mass

(125 GeV)2 = (1019 GeV)2 - (1019 GeV)2

Requires extremely precise cancelation of bare mass with correction term 
“fine-tuning” 

listening to your favorite radio needs the tuned frequency to 
match that of the radio channel: 
radio freq. = 59.05871852091501091981287962349857612 kHz 
tuned freq. = 59.05871852091501091981287962349857987 kHz

Why is the Higgs boson so much lighter than the Planck mass (or 
GUT energy, or heavy neutrino mass scale)?

“We are, I think, in the right Road of Improvement, for we are making Experiments.”
–Benjamin Franklin

1 Introduction

The Standard Model of high-energy physics, augmented by neutrino masses, provides a remarkably
successful description of presently known phenomena. The experimental frontier has advanced into the
TeV range with no unambiguous hints of additional structure. Still, it seems clear that the Standard
Model is a work in progress and will have to be extended to describe physics at higher energies.
Certainly, a new framework will be required at the reduced Planck scale MP = (8πGNewton)−1/2 =
2.4 × 1018 GeV, where quantum gravitational effects become important. Based only on a proper
respect for the power of Nature to surprise us, it seems nearly as obvious that new physics exists in the
16 orders of magnitude in energy between the presently explored territory near the electroweak scale,
MW , and the Planck scale.

The mere fact that the ratio MP/MW is so huge is already a powerful clue to the character of
physics beyond the Standard Model, because of the infamous “hierarchy problem” [1]. This is not
really a difficulty with the Standard Model itself, but rather a disturbing sensitivity of the Higgs
potential to new physics in almost any imaginable extension of the Standard Model. The electrically
neutral part of the Standard Model Higgs field is a complex scalar H with a classical potential

V = m2
H |H|2 + λ|H|4 . (1.1)

The Standard Model requires a non-vanishing vacuum expectation value (VEV) for H at the minimum

of the potential. This will occur if λ > 0 and m2
H < 0, resulting in ⟨H⟩ =

√
−m2

H/2λ. Since we

know experimentally that ⟨H⟩ is approximately 174 GeV, from measurements of the properties of the
weak interactions, it must be that m2

H is very roughly of order −(100 GeV)2. The problem is that m2
H

receives enormous quantum corrections from the virtual effects of every particle that couples, directly
or indirectly, to the Higgs field.

For example, in Figure 1.1a we have a correction to m2
H from a loop containing a Dirac fermion

f with mass mf . If the Higgs field couples to f with a term in the Lagrangian −λfHff , then the
Feynman diagram in Figure 1.1a yields a correction

∆m2
H = − |λf |2

8π2
Λ2
UV + . . . . (1.2)

Here ΛUV is an ultraviolet momentum cutoff used to regulate the loop integral; it should be interpreted
as at least the energy scale at which new physics enters to alter the high-energy behavior of the theory.
The ellipses represent terms proportional to m2

f , which grow at most logarithmically with ΛUV (and
actually differ for the real and imaginary parts of H). Each of the leptons and quarks of the Standard
Model can play the role of f ; for quarks, eq. (1.2) should be multiplied by 3 to account for color. The

H

f

(a)

S

H

(b)

Figure 1.1: One-loop quantum corrections to the Higgs squared mass parameter m2
H , due to (a) a Dirac

fermion f , and (b) a scalar S.
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Supersymmetry (SUSY):
New symmetry between bosons and fermions. 
For every SM particle introduce a supersymmetric partner with Δspin=1/2.

  

15

Supersymmetry
Supersymmetry (SUSY) is a favored source for WIMP

New symmetry between bosons and fermions

For every SM particle, introduces partner with Δspin=½
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Supersymmetry (SUSY):
New symmetry between bosons and fermions. 
For every SM particle introduce a supersymmetric partner with Δspin=1/2.

  

15

Supersymmetry
Supersymmetry (SUSY) is a favored source for WIMP

New symmetry between bosons and fermions

For every SM particle, introduces partner with Δspin=½Equal number of bosonic and fermionic states
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Names Spin PR Gauge Eigenstates Mass Eigenstates

Higgs bosons 0 +1 H0
u H0

d H+
u H−

d h0 H0 A0 H±

ũL ũR d̃L d̃R (same)

squarks 0 −1 s̃L s̃R c̃L c̃R (same)

t̃L t̃R b̃L b̃R t̃1 t̃2 b̃1 b̃2

ẽL ẽR ν̃e (same)

sleptons 0 −1 µ̃L µ̃R ν̃µ (same)

τ̃L τ̃R ν̃τ τ̃1 τ̃2 ν̃τ

neutralinos 1/2 −1 B̃0 W̃ 0 H̃0
u H̃0

d Ñ1 Ñ2 Ñ3 Ñ4

charginos 1/2 −1 W̃± H̃+
u H̃−

d C̃±
1 C̃±

2

gluino 1/2 −1 g̃ (same)

goldstino
(gravitino)

1/2
(3/2) −1 G̃ (same)

Table 8.1: The undiscovered particles in the Minimal Supersymmetric Standard Model (with
sfermion mixing for the first two families assumed to be negligible).

8.5 Summary: the MSSM sparticle spectrum

In the MSSM, there are 32 distinct masses corresponding to undiscovered particles, not including the
gravitino. Above, we have explained how the masses and mixing angles for these particles can be
computed, given an underlying model for the soft terms at some input scale. The mass eigenstates of
the MSSM are listed in Table 8.1, assuming only that the mixing of first- and second-family squarks and
sleptons is negligible. A complete set of Feynman rules for the interactions of these particles with each
other and with the Standard Model quarks, leptons, and gauge bosons can be found in refs. [31, 193].
Feynman rules based on two-component spinor notation have also been given in [49].

Specific models for the soft terms can predict the masses and the mixing angles angles for the MSSM
in terms of far fewer parameters. For example, in the MSUGRA models, the only free parameters not
already measured by experiment are m2

0, m1/2, A0, µ, and b. In GMSB models, the free parameters
include the scale Λ, the messenger mass scale Mmess, the integer number N5 of copies of the minimal
messengers, the goldstino decay constant ⟨F ⟩, and the Higgs mass parameters µ and b.

After RG evolving the soft terms down to the electroweak scale, one can demand that the scalar
potential gives correct electroweak symmetry breaking. This allows us to trade |µ| and b for one
parameter tan β, as in eqs. (8.1.9)-(8.1.8). So, to a reasonable approximation, the entire mass spectrum
in MSUGRA models is determined by only five unknown parameters: m2

0, m1/2, A0, tan β, and Arg(µ),
while in the simplest gauge-mediated supersymmetry breaking models one can pick parameters Λ,
Mmess, N5, ⟨F ⟩, tan β, and Arg(µ). Both frameworks are highly predictive. Of course, it is quite likely
that the essential physics of supersymmetry breaking is not captured by either of these two scenarios
in their minimal forms.

Figure 8.4 shows the RG running of scalar and gaugino masses in a sample model based on the
MSUGRA boundary conditions imposed at Q0 = 1.5× 1016 GeV. [The parameter values used for this
illustration were m0 = 300 GeV, m1/2 = −A0 = 1000 GeV, tan β = 15, and sign(µ)= +, but these
values were chosen more for their artistic value in Figure 8.4, and not as an attempt at realism. The
goal here is to understand the qualitative trends, rather than guess the correct numerical values.] The

110

bino, neutral wino & neutral 
higgsinos mix to form four 
neutralinos.

charged wino & charged 
higgsinos mix to form four 
charginos.

The undiscovered particles in the Minimal Supersymmetric 
Standard Model (MSSM)  [SUSY primer, S. Martin]

https://arxiv.org/abs/hep-ph/9709356
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Broken symmetry
• Otherwise, m(s-electron) = m(electron), etc. 
• Several theories for supersymmetry breaking (gauge mediated, 

gravity mediated, etc.).
• Minimal supersymmetric standard model (MSSM):  

1 new parameter  
soft supersymmetry breaking (our ignorance!): 124 parameters 
(SM comes with 19 parameters)

electrons-electron

R-parity	=	+1	(-1)	SM	(SUSY)	par3cles

SUSY:	Lepton	(L)	and	baryon	(B)	number	viola3on	allowed,	
proton	decay

in eq. (6.1.1) are allowed. This discrete symmetry commutes with supersymmetry, as all members of
a given supermultiplet have the same matter parity. The advantage of matter parity is that it can
in principle be an exact and fundamental symmetry, which B and L themselves cannot, since they
are known to be violated by non-perturbative electroweak effects. So even with exact matter parity
conservation in the MSSM, one expects that baryon number and total lepton number violation can
occur in tiny amounts, due to non-renormalizable terms in the Lagrangian. However, the MSSM does
not have renormalizable interactions that violate B or L, with the standard assumption of matter parity
conservation.

It is often useful to recast matter parity in terms of R-parity, defined for each particle as

PR = (−1)3(B−L)+2s (6.2.5)

where s is the spin of the particle. Now, matter parity conservation and R-parity conservation are
precisely equivalent, since the product of (−1)2s for the particles involved in any interaction vertex in
a theory that conserves angular momentum is always equal to +1. However, particles within the same
supermultiplet do not have the same R-parity. In general, symmetries with the property that fields
within the same supermultiplet have different transformations are called R symmetries; they do not
commute with supersymmetry. Continuous U(1) R symmetries were described in section 4.11, and are
often encountered in the model-building literature; they should not be confused with R-parity, which is
a discrete Z2 symmetry. In fact, the matter parity version of R-parity makes clear that there is really
nothing intrinsically “R” about it; in other words it secretly does commute with supersymmetry, so its
name is somewhat suboptimal. Nevertheless, the R-parity assignment is very useful for phenomenology
because all of the Standard Model particles and the Higgs bosons have even R-parity (PR = +1), while
all of the squarks, sleptons, gauginos, and higgsinos have odd R-parity (PR = −1).

The R-parity odd particles are known as “supersymmetric particles” or “sparticles” for short, and
they are distinguished by a tilde (see Tables 1.1 and 1.2). If R-parity is exactly conserved, then there can
be no mixing between the sparticles and the PR = +1 particles. Furthermore, every interaction vertex
in the theory contains an even number of PR = −1 sparticles. This has three extremely important
phenomenological consequences:

• The lightest sparticle with PR = −1, called the “lightest supersymmetric particle” or LSP, must
be absolutely stable. If the LSP is electrically neutral, it interacts only weakly with ordinary
matter, and so can make an attractive candidate [71] for the non-baryonic dark matter that
seems to be required by cosmology.

• Each sparticle other than the LSP must eventually decay into a state that contains an odd number
of LSPs (usually just one).

• In collider experiments, sparticles can only be produced in even numbers (usually two-at-a-time).

We define the MSSM to conserve R-parity or equivalently matter parity. While this decision seems
to be well-motivated phenomenologically by proton decay constraints and the hope that the LSP will
provide a good dark matter candidate, it might appear somewhat artificial from a theoretical point of
view. After all, the MSSM would not suffer any internal inconsistency if we did not impose matter
parity conservation. Furthermore, it is fair to ask why matter parity should be exactly conserved,
given that the discrete symmetries in the Standard Model (ordinary parity P , charge conjugation C,
time reversal T , etc.) are all known to be inexact symmetries. Fortunately, it is sensible to formulate
matter parity as a discrete symmetry that is exactly conserved. In general, exactly conserved, or
“gauged” discrete symmetries [72] can exist provided that they satisfy certain anomaly cancellation
conditions [73] (much like continuous gauged symmetries). One particularly attractive way this could
occur is if B−L is a continuous gauge symmetry that is spontaneously broken at some very high energy

55

R-parity	conserva3on	(RPC)	implies:	
‣ eliminate	B	and	L	number	viola3ng	terms,	
‣ SUSY	produc3on	only	in	even	numbers	(typically	2),	
‣ lightest	supersymmetric	par3cle	(LSP)	is	stable	 

if	electrically	and	color	neutral	then	DM	candidate,	and	LSP	escapes	detec3on	
⇾	missing	(transverse)	momentum.
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fermion loop boson loop

fermion and boson loops contribute with different signs
to the Higgs radiative corrections; fermion-boson 
symmetry protects the scalar Higgs.

Mrs. SUSY

Mr. Higgs

weak scale

GUT scale
Planck scale
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fundamental scalar energy (cliff)

given a Dirac fermion f that receives its mass from the Higgs boson, the Higgs mass is
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where mh ⇡ 125 GeV is the physical Higgs boson mass [17, 18], mh 0 is the bare Higgs mass,
and the remaining term is m

2

h 1-loop
, the 1-loop correction. The parameters �f and N

f

c
are

the Yukawa coupling and number of colors of fermion f , ⇤ is the largest energy scale for
which the standard model is valid, and subleading terms have been neglected. For large ⇤,
the bare mass and the 1-loop correction must cancel to a large degree to yield the physical
Higgs mass. Attempts to define naturalness quantitatively will be discussed in detail in
Sec. IV, but at this stage, a simple measure of naturalness may be taken to be
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For ⇤ ⇠ MPl and the top quark with �t ' 1, Eq. (1) implies N 0
⇠ 1030, i.e., a fine-tuning

of 1 part in 1030.
Supersymmetry moderates this fine-tuning. If supersymmetry is exact, the Higgs mass

receives no perturbative corrections. With supersymmetry breaking, the Higgs mass becomes
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where f̃ is the superpartner of fermion f . The quadratic dependence on ⇤ is reduced to
a logarithmic one, and even for ⇤ ⇠ MPl, the large logarithm is canceled by the loop
suppression factor 1/(8⇡2), and the Higgs mass is natural, provided m

f̃
is not too far above

mh. Requiring a maximal fine-tuning N
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where �f and N
f

c
have been normalized to their top quark values, the logarithm has been

normalized to its value for ⇤ ⇠ MPl, andN
0

max
has been normalized to 100, or 1% fine-tuning.

2. First Implications

Even given this quick and simple analysis, Eq. (4) already has interesting implications:

• Naturalness constraints vary greatly for di↵erent superpartners. As noted as early as
1985 [19], the 1-loop contributions of first and second generation particles to the Higgs
mass are suppressed by small Yukawa couplings. For the first generation sfermions,
naturalness requires only that they be below 104 TeV! In fact, this upper bound is
strengthened to ⇠ 4 TeV� 10 TeV by considerations of D-term and 2-loop e↵ects, as
discussed in Sec. IVC. Nevertheless, it remains true that without additional theoreti-
cal assumptions, there is no naturalness reason to expect first and second generation

squarks and sleptons to be within reach of the LHC.

5

With	SUSY:

Ideally,	small	mass	difference	btw.  
SM	and	SUSY	partner	par3cles.  
→	Expect	SUSY	par3cles	close	to	weak	scale.
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Large Hadron Collider (LHC)

ATLAS

CMS
2 general purpose detectors

proton-proton (also HI) collisions 
Run1: 2010-2012, centre-of-mass energy 7 then 8 TeV 
Run2: 2015-2018, centre-of-mass energy 13 TeV

LHCb

ALICE



T. Eifert - Status & frontiers of SUSY searches - Colloquium at DESY - May 2018

Susy particle mass [GeV]
0 500 1000 1500 2000 2500

Cr
os

s-
se

ct
io

n 
[p

b]

5−10

4−10

3−10

2−10

1−10
1

10

210

310

410

 = 13 TeVsNLO + NLL, pp, 

 (higgsino-like)0
2
χ∼±

1
χ∼

 (wino-like)0
2
χ∼±

1
χ∼

g~g~

q~q~

t~t~

SUSY particle production

 15

SUSY particle cross sections  
[NLO + NLL Tool, C. Borschensky et al]

10 events in 2015+2016 LHC 
dataset (per experiment)

Number of collisions events with SUSY particles  
= cross-section (physics) x ∫ luminosity (LHC machine, beam)

SUSY particles with color 
charge, strong production

SUSY particles w/o color 
charge, electroweak production

using  ∫luminosity=36 fb-1

https://twiki.cern.ch/twiki/bin/view/LHCPhysics/SUSYCrossSections
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jet	=	collimated	spray	of	par3cles

stable	Lightest	SUSY	Par3cle	(LSP)	is	dark	ma'er	candidate.

neutral and weakly interac/ng, behaves like a stable heavy 
neutrino that will escape the detector without being detected.

squark,	SUSY	partner	of	quark

q̃

q̃
p

p

�̃0
1

q

�̃0
1

q



Two jets each with transverse  
momentum (pT) of ~170 GeV 

mag(missing transverse momentum) 
(ETmiss) ~330 GeV.

Candidate event picked up in 2010 dataset

missing transverse momentum =  
- ∑ pT(all visible particles in detector)

transverse: momentum along beam 
direction unknown in initial state in 
pp collisions.
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All-hadronic search for squarks and gluinos
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Trigger	on	missing	transverse	momentum	(ETmiss,HTmiss)

Veto	events	with	iden3fied	electrons	and	muons
Require	several	jets	with	high	momentum,	large	ETmiss,	  
large	effec3ve	mass	meff	=	∑pT(jets)	+	ETmiss

online selection, 
record data on tape

separate signal  
from background

Expectation from a signal model

Critical to have robust  
background estimation

Select events with characteristic SUSY signature and unlikely due to background. 
Compare event count with background prediction.



T. Eifert - Status & frontiers of SUSY searches - Colloquium at DESY - May 2018

 [GeV]g~m
600 800 1000 1200 1400 1600 1800 2000 2200

 [G
eV

]
0 1χ∼

m

0

200

400

600

800

1000

1200

1400

1600

1800

3−10

2−10

1−10

1

 (13 TeV)-135.9 fbCMS   

  NLO+NLL exclusion
1
0
χ∼ q q → g~, g~ g~ →pp 

theoryσ 1 ±Observed 
experimentσ 1 ±Expected 

95
%

 C
L 

up
pe

r l
im

it 
on

 c
ro

ss
 s

ec
tio

n 
[p

b]

Statistical Interpretation
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simplified SUSY model

production cross-section
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Overview
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q  LHC peak luminosity: ~ 2 x 1034 cm-2 s-1  (nominal 1.0 x 1034):  thanks to brightness of  
     beams from injectors and β*=30 cm, and despite the operation with 8b4e scheme  (needed to  
     mitigate electron cloud in 16L2) limited the number of bunches to 1868 
q  Luminosity leveled to 1.5 x 1034 in ATLAS and CMS to contain pile-up  
q  Integrated luminosity: ~ 50 fb-1 ATLAS and CMS (goal was 45 fb-1), ~ 2 fb-1 LHCb, 19 pb-1 ALICE 

Total Run1+ Run2: 123 fb-1 ATLAS and CMS, 
7.5 fb-1 LHCb, 51 pb-1 ALICE 

 
Run2 so far: 95 fb-1 ATLAS and CMS, 
à 120 fb-1 goal in Run2 well within reach 

Many (new) accomplishments in 2017 very useful also for HL-LHC: ATS (Achromatic Telescope  
Squeezing) optics; RF full de-tuning; crossing-angle anti-leveling; several MD studies.  

2018: restore operation with 2550 bunches 
after fixing 16L2 problem in YETS.  
Integrated luminosity goal is > 50 fb-1  
(detailed plans after Chamonix meeting end Jan) 

2017: the best year ever for the LHC 

  

√s=7-8 TeV √s=13 TeV 

LHC peak luminosity ~2 x 1034 cm-2s-1  
(design 1 x 1034)

Huge LHC sample of proton-proton collisions

√s=13 TeV dataset (2015-2017): 75M top quark pairs, 4.5M Higgs bosons, and 

would expect 30k (90) gluino pairs @ 1 TeV (2 TeV) mass

√s=8 TeV dataset (2012): 5M top quark pairs, 0.4M Higgs bosons, and 
would expect 2.1M (500) gluino pairs @ 300 GeV (1 TeV) mass, 
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Large SUSY search program @ LHC 
Model e, µ, τ, γ Jets Emiss

T

∫
L dt[fb−1] Mass limit Reference
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q̃q̃, q̃→qχ̃
0
1 0 2-6 jets Yes 36.1 m(χ̃

0
1)<200 GeV, m(1st gen. q̃)=m(2nd gen. q̃) 1712.023321.57 TeVq̃

q̃q̃, q̃→qχ̃
0
1 (compressed) mono-jet 1-3 jets Yes 36.1 m(q̃)-m(χ̃

0
1)<5 GeV 1711.03301710 GeVq̃

g̃g̃, g̃→qq̄χ̃
0
1 0 2-6 jets Yes 36.1 m(χ̃

0
1)<200 GeV 1712.023322.02 TeVg̃

g̃g̃, g̃→qqχ̃
±
1→qqW±χ̃

0
1 0 2-6 jets Yes 36.1 m(χ̃

0
1)<200 GeV, m(χ̃

±
)=0.5(m(χ̃

0
1)+m(g̃)) 1712.023322.01 TeVg̃

g̃g̃, g̃→qq̄(ℓℓ)χ̃
0
1

ee, µµ 2 jets Yes 14.7 m(χ̃
0
1)<300 GeV, 1611.057911.7 TeVg̃

g̃g̃, g̃→qq(ℓℓ/νν)χ̃
0
1

3 e, µ 4 jets - 36.1 m(χ̃
0
1)=0 GeV 1706.037311.87 TeVg̃

g̃g̃, g̃→qqWZχ̃
0
1 0 7-11 jets Yes 36.1 m(χ̃

0
1) <400 GeV 1708.027941.8 TeVg̃

GMSB (ℓ̃ NLSP) 1-2 τ + 0-1 ℓ 0-2 jets Yes 3.2 1607.059792.0 TeVg̃

GGM (bino NLSP) 2 γ - Yes 36.1 cτ(NLSP)<0.1 mm ATLAS-CONF-2017-0802.15 TeVg̃

GGM (higgsino-bino NLSP) γ 2 jets Yes 36.1 m(χ̃
0
1)=1700 GeV, cτ(NLSP)<0.1 mm, µ>0 ATLAS-CONF-2017-0802.05 TeVg̃

Gravitino LSP 0 mono-jet Yes 20.3 m(G̃)>1.8 × 10−4 eV, m(g̃)=m(q̃)=1.5 TeV 1502.01518F1/2 scale 865 GeV

g̃g̃, g̃→bb̄χ̃
0
1 0 3 b Yes 36.1 m(χ̃

0
1)<600 GeV 1711.019011.92 TeVg̃

g̃g̃, g̃→tt̄χ̃
0
1

0-1 e, µ 3 b Yes 36.1 m(χ̃
0
1)<200 GeV 1711.019011.97 TeVg̃

b̃1b̃1, b̃1→bχ̃
0
1 0 2 b Yes 36.1 m(χ̃

0
1)<420 GeV 1708.09266950 GeVb̃1

b̃1b̃1, b̃1→tχ̃
±
1 2 e, µ (SS) 1 b Yes 36.1 m(χ̃

0
1)<200 GeV, m(χ̃

±
1 )= m(χ̃

0
1)+100 GeV 1706.03731275-700 GeVb̃1

t̃1 t̃1, t̃1→bχ̃
±
1 0-2 e, µ 1-2 b Yes 4.7/13.3 m(χ̃

±
1 ) = 2m(χ̃

0
1), m(χ̃

0
1)=55 GeV 1209.2102, ATLAS-CONF-2016-077t̃1 117-170 GeV 200-720 GeVt̃1

t̃1 t̃1, t̃1→Wbχ̃
0
1 or tχ̃

0
1

0-2 e, µ 0-2 jets/1-2 b Yes 20.3/36.1 m(χ̃
0
1)=1 GeV 1506.08616, 1709.04183, 1711.11520t̃1 90-198 GeV 0.195-1.0 TeVt̃1

t̃1 t̃1, t̃1→cχ̃
0
1 0 mono-jet Yes 36.1 m(t̃1)-m(χ̃

0
1)=5 GeV 1711.0330190-430 GeVt̃1

t̃1 t̃1(natural GMSB) 2 e, µ (Z) 1 b Yes 20.3 m(χ̃
0
1)>150 GeV 1403.5222t̃1 150-600 GeV

t̃2 t̃2, t̃2→t̃1 + Z 3 e, µ (Z) 1 b Yes 36.1 m(χ̃
0
1)=0 GeV 1706.03986290-790 GeVt̃2

t̃2 t̃2, t̃2→t̃1 + h 1-2 e, µ 4 b Yes 36.1 m(χ̃
0
1)=0 GeV 1706.03986320-880 GeVt̃2

ℓ̃L,R ℓ̃L,R, ℓ̃→ℓχ̃
0
1 2 e, µ 0 Yes 36.1 m(χ̃

0
1)=0 ATLAS-CONF-2017-03990-500 GeVℓ̃

χ̃+
1
χ̃−

1 , χ̃
+

1→ℓ̃ν(ℓν̃) 2 e, µ 0 Yes 36.1 m(χ̃
0
1)=0, m(ℓ̃, ν̃)=0.5(m(χ̃

±
1 )+m(χ̃

0
1 )) ATLAS-CONF-2017-039750 GeVχ̃±

1

χ̃±
1
χ̃∓

1 /χ̃
0
2, χ̃

+

1→τ̃ν(τν̃), χ̃
0
2→τ̃τ(νν̃) 2 τ - Yes 36.1 m(χ̃

0
1)=0, m(τ̃, ν̃)=0.5(m(χ̃

±
1 )+m(χ̃

0
1)) 1708.07875760 GeVχ̃±

1

χ̃±
1
χ̃0

2→ℓ̃Lνℓ̃Lℓ(ν̃ν), ℓν̃ℓ̃Lℓ(ν̃ν) 3 e, µ 0 Yes 36.1 m(χ̃
±
1 )=m(χ̃

0
2), m(χ̃

0
1)=0, m(ℓ̃, ν̃)=0.5(m(χ̃

±
1 )+m(χ̃

0
1)) ATLAS-CONF-2017-0391.13 TeVχ̃±

1 , χ̃
0

2

χ̃±
1
χ̃0

2→Wχ̃
0
1Zχ̃

0
1

2-3 e, µ 0-2 jets Yes 36.1 m(χ̃
±
1 )=m(χ̃

0
2), m(χ̃

0
1)=0, ℓ̃ decoupled ATLAS-CONF-2017-039580 GeVχ̃±

1 , χ̃
0

2

χ̃±
1
χ̃0

2→Wχ̃
0
1h χ̃

0
1, h→bb̄/WW/ττ/γγ e, µ, γ 0-2 b Yes 20.3 m(χ̃

±
1 )=m(χ̃

0
2), m(χ̃

0
1)=0, ℓ̃ decoupled 1501.07110χ̃±

1 , χ̃
0

2 270 GeV

χ̃0
2
χ̃0

3, χ̃
0
2,3 →ℓ̃Rℓ 4 e, µ 0 Yes 20.3 m(χ̃

0
2)=m(χ̃

0
3), m(χ̃

0
1)=0, m(ℓ̃, ν̃)=0.5(m(χ̃

0
2)+m(χ̃

0
1)) 1405.5086χ̃0

2,3 635 GeV

GGM (wino NLSP) weak prod., χ̃
0
1→γG̃ 1 e, µ + γ - Yes 20.3 cτ<1 mm 1507.05493W̃ 115-370 GeV

GGM (bino NLSP) weak prod., χ̃
0
1→γG̃ 2 γ - Yes 36.1 cτ<1 mm ATLAS-CONF-2017-0801.06 TeVW̃

Direct χ̃
+

1
χ̃−

1 prod., long-lived χ̃
±
1 Disapp. trk 1 jet Yes 36.1 m(χ̃

±
1 )-m(χ̃

0
1)∼160 MeV, τ(χ̃

±
1 )=0.2 ns 1712.02118460 GeVχ̃±

1

Direct χ̃
+

1
χ̃−

1 prod., long-lived χ̃
±
1 dE/dx trk - Yes 18.4 m(χ̃

±
1 )-m(χ̃

0
1)∼160 MeV, τ(χ̃

±
1 )<15 ns 1506.05332χ̃±

1 495 GeV

Stable, stopped g̃ R-hadron 0 1-5 jets Yes 27.9 m(χ̃
0
1)=100 GeV, 10 µs<τ(g̃)<1000 s 1310.6584g̃ 850 GeV

Stable g̃ R-hadron trk - - 3.2 1606.051291.58 TeVg̃

Metastable g̃ R-hadron dE/dx trk - - 3.2 m(χ̃
0
1)=100 GeV, τ>10 ns 1604.045201.57 TeVg̃

Metastable g̃ R-hadron, g̃→qqχ̃
0
1

displ. vtx - Yes 32.8 τ(g̃)=0.17 ns, m(χ̃
0
1) = 100 GeV 1710.049012.37 TeVg̃

GMSB, stable τ̃, χ̃
0
1→τ̃(ẽ, µ̃)+τ(e, µ) 1-2 µ - - 19.1 10<tanβ<50 1411.6795χ̃0

1 537 GeV

GMSB, χ̃
0
1→γG̃, long-lived χ̃

0
1

2 γ - Yes 20.3 1<τ(χ̃
0
1)<3 ns, SPS8 model 1409.5542χ̃0

1 440 GeV

g̃g̃, χ̃
0
1→eeν/eµν/µµν displ. ee/eµ/µµ - - 20.3 7 <cτ(χ̃

0
1)< 740 mm, m(g̃)=1.3 TeV 1504.05162χ̃0

1 1.0 TeV

LFV pp→ν̃τ + X, ν̃τ→eµ/eτ/µτ eµ,eτ,µτ - - 3.2 λ′311=0.11, λ132/133/233=0.07 1607.080791.9 TeVν̃τ

Bilinear RPV CMSSM 2 e, µ (SS) 0-3 b Yes 20.3 m(q̃)=m(g̃), cτLS P<1 mm 1404.2500q̃, g̃ 1.45 TeV

χ̃+
1
χ̃−

1 , χ̃
+

1→Wχ̃
0
1, χ̃

0
1→eeν, eµν, µµν 4 e, µ - Yes 13.3 m(χ̃

0
1)>400GeV, λ12k!0 (k = 1, 2) ATLAS-CONF-2016-0751.14 TeVχ̃±

1

χ̃+
1
χ̃−

1 , χ̃
+

1→Wχ̃
0
1, χ̃

0
1→ττνe, eτντ 3 e, µ + τ - Yes 20.3 m(χ̃

0
1)>0.2×m(χ̃

±
1 ), λ133!0 1405.5086χ̃±

1 450 GeV

g̃g̃, g̃→qqχ̃
0
1, χ̃

0
1 → qqq 0 4-5 large-R jets - 36.1 m(χ̃

0
1)=1075 GeV SUSY-2016-221.875 TeVg̃

g̃g̃, g̃→tt̄χ̃
0
1, χ̃

0
1 → qqq 1 e, µ 8-10 jets/0-4 b - 36.1 m(χ̃

0
1)= 1 TeV, λ112!0 1704.084932.1 TeVg̃

g̃g̃, g̃→t̃1t, t̃1→bs 1 e, µ 8-10 jets/0-4 b - 36.1 m(t̃1)= 1 TeV, λ323!0 1704.084931.65 TeVg̃

t̃1 t̃1, t̃1→bs 0 2 jets + 2 b - 36.7 1710.07171100-470 GeVt̃1 480-610 GeVt̃1

t̃1 t̃1, t̃1→bℓ 2 e, µ 2 b - 36.1 BR(t̃1→be/µ)>20% 1710.055440.4-1.45 TeVt̃1

Scalar charm, c̃→cχ̃
0
1 0 2 c Yes 20.3 m(χ̃

0
1)<200 GeV 1501.01325c̃ 510 GeV

Mass scale [TeV]10−1 1

√
s = 7, 8 TeV

√
s = 13 TeV

ATLAS SUSY Searches* - 95% CL Lower Limits
December 2017

ATLAS Preliminary
√

s = 7, 8, 13 TeV

*Only a selection of the available mass limits on new states or
phenomena is shown. Many of the limits are based on
simplified models, c.f. refs. for the assumptions made.
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Large SUSY search program @ LHC 
Model e, µ, τ, γ Jets Emiss

T
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q̃q̃, q̃→qχ̃
0
1 0 2-6 jets Yes 36.1 m(χ̃

0
1)<200 GeV, m(1st gen. q̃)=m(2nd gen. q̃) 1712.023321.57 TeVq̃

q̃q̃, q̃→qχ̃
0
1 (compressed) mono-jet 1-3 jets Yes 36.1 m(q̃)-m(χ̃

0
1)<5 GeV 1711.03301710 GeVq̃

g̃g̃, g̃→qq̄χ̃
0
1 0 2-6 jets Yes 36.1 m(χ̃

0
1)<200 GeV 1712.023322.02 TeVg̃

g̃g̃, g̃→qqχ̃
±
1→qqW±χ̃

0
1 0 2-6 jets Yes 36.1 m(χ̃

0
1)<200 GeV, m(χ̃

±
)=0.5(m(χ̃

0
1)+m(g̃)) 1712.023322.01 TeVg̃

g̃g̃, g̃→qq̄(ℓℓ)χ̃
0
1

ee, µµ 2 jets Yes 14.7 m(χ̃
0
1)<300 GeV, 1611.057911.7 TeVg̃

g̃g̃, g̃→qq(ℓℓ/νν)χ̃
0
1

3 e, µ 4 jets - 36.1 m(χ̃
0
1)=0 GeV 1706.037311.87 TeVg̃

g̃g̃, g̃→qqWZχ̃
0
1 0 7-11 jets Yes 36.1 m(χ̃

0
1) <400 GeV 1708.027941.8 TeVg̃

GMSB (ℓ̃ NLSP) 1-2 τ + 0-1 ℓ 0-2 jets Yes 3.2 1607.059792.0 TeVg̃

GGM (bino NLSP) 2 γ - Yes 36.1 cτ(NLSP)<0.1 mm ATLAS-CONF-2017-0802.15 TeVg̃

GGM (higgsino-bino NLSP) γ 2 jets Yes 36.1 m(χ̃
0
1)=1700 GeV, cτ(NLSP)<0.1 mm, µ>0 ATLAS-CONF-2017-0802.05 TeVg̃

Gravitino LSP 0 mono-jet Yes 20.3 m(G̃)>1.8 × 10−4 eV, m(g̃)=m(q̃)=1.5 TeV 1502.01518F1/2 scale 865 GeV

g̃g̃, g̃→bb̄χ̃
0
1 0 3 b Yes 36.1 m(χ̃

0
1)<600 GeV 1711.019011.92 TeVg̃

g̃g̃, g̃→tt̄χ̃
0
1

0-1 e, µ 3 b Yes 36.1 m(χ̃
0
1)<200 GeV 1711.019011.97 TeVg̃

b̃1b̃1, b̃1→bχ̃
0
1 0 2 b Yes 36.1 m(χ̃

0
1)<420 GeV 1708.09266950 GeVb̃1

b̃1b̃1, b̃1→tχ̃
±
1 2 e, µ (SS) 1 b Yes 36.1 m(χ̃

0
1)<200 GeV, m(χ̃

±
1 )= m(χ̃

0
1)+100 GeV 1706.03731275-700 GeVb̃1

t̃1 t̃1, t̃1→bχ̃
±
1 0-2 e, µ 1-2 b Yes 4.7/13.3 m(χ̃

±
1 ) = 2m(χ̃

0
1), m(χ̃

0
1)=55 GeV 1209.2102, ATLAS-CONF-2016-077t̃1 117-170 GeV 200-720 GeVt̃1

t̃1 t̃1, t̃1→Wbχ̃
0
1 or tχ̃

0
1

0-2 e, µ 0-2 jets/1-2 b Yes 20.3/36.1 m(χ̃
0
1)=1 GeV 1506.08616, 1709.04183, 1711.11520t̃1 90-198 GeV 0.195-1.0 TeVt̃1

t̃1 t̃1, t̃1→cχ̃
0
1 0 mono-jet Yes 36.1 m(t̃1)-m(χ̃

0
1)=5 GeV 1711.0330190-430 GeVt̃1

t̃1 t̃1(natural GMSB) 2 e, µ (Z) 1 b Yes 20.3 m(χ̃
0
1)>150 GeV 1403.5222t̃1 150-600 GeV

t̃2 t̃2, t̃2→t̃1 + Z 3 e, µ (Z) 1 b Yes 36.1 m(χ̃
0
1)=0 GeV 1706.03986290-790 GeVt̃2

t̃2 t̃2, t̃2→t̃1 + h 1-2 e, µ 4 b Yes 36.1 m(χ̃
0
1)=0 GeV 1706.03986320-880 GeVt̃2

ℓ̃L,R ℓ̃L,R, ℓ̃→ℓχ̃
0
1 2 e, µ 0 Yes 36.1 m(χ̃

0
1)=0 ATLAS-CONF-2017-03990-500 GeVℓ̃

χ̃+
1
χ̃−

1 , χ̃
+

1→ℓ̃ν(ℓν̃) 2 e, µ 0 Yes 36.1 m(χ̃
0
1)=0, m(ℓ̃, ν̃)=0.5(m(χ̃

±
1 )+m(χ̃

0
1 )) ATLAS-CONF-2017-039750 GeVχ̃±

1

χ̃±
1
χ̃∓

1 /χ̃
0
2, χ̃

+

1→τ̃ν(τν̃), χ̃
0
2→τ̃τ(νν̃) 2 τ - Yes 36.1 m(χ̃

0
1)=0, m(τ̃, ν̃)=0.5(m(χ̃

±
1 )+m(χ̃

0
1)) 1708.07875760 GeVχ̃±

1

χ̃±
1
χ̃0

2→ℓ̃Lνℓ̃Lℓ(ν̃ν), ℓν̃ℓ̃Lℓ(ν̃ν) 3 e, µ 0 Yes 36.1 m(χ̃
±
1 )=m(χ̃

0
2), m(χ̃

0
1)=0, m(ℓ̃, ν̃)=0.5(m(χ̃

±
1 )+m(χ̃

0
1)) ATLAS-CONF-2017-0391.13 TeVχ̃±

1 , χ̃
0

2

χ̃±
1
χ̃0

2→Wχ̃
0
1Zχ̃

0
1

2-3 e, µ 0-2 jets Yes 36.1 m(χ̃
±
1 )=m(χ̃

0
2), m(χ̃

0
1)=0, ℓ̃ decoupled ATLAS-CONF-2017-039580 GeVχ̃±

1 , χ̃
0

2

χ̃±
1
χ̃0

2→Wχ̃
0
1h χ̃

0
1, h→bb̄/WW/ττ/γγ e, µ, γ 0-2 b Yes 20.3 m(χ̃

±
1 )=m(χ̃

0
2), m(χ̃

0
1)=0, ℓ̃ decoupled 1501.07110χ̃±

1 , χ̃
0

2 270 GeV

χ̃0
2
χ̃0

3, χ̃
0
2,3 →ℓ̃Rℓ 4 e, µ 0 Yes 20.3 m(χ̃

0
2)=m(χ̃

0
3), m(χ̃

0
1)=0, m(ℓ̃, ν̃)=0.5(m(χ̃

0
2)+m(χ̃

0
1)) 1405.5086χ̃0

2,3 635 GeV

GGM (wino NLSP) weak prod., χ̃
0
1→γG̃ 1 e, µ + γ - Yes 20.3 cτ<1 mm 1507.05493W̃ 115-370 GeV

GGM (bino NLSP) weak prod., χ̃
0
1→γG̃ 2 γ - Yes 36.1 cτ<1 mm ATLAS-CONF-2017-0801.06 TeVW̃

Direct χ̃
+

1
χ̃−

1 prod., long-lived χ̃
±
1 Disapp. trk 1 jet Yes 36.1 m(χ̃

±
1 )-m(χ̃

0
1)∼160 MeV, τ(χ̃

±
1 )=0.2 ns 1712.02118460 GeVχ̃±

1

Direct χ̃
+

1
χ̃−

1 prod., long-lived χ̃
±
1 dE/dx trk - Yes 18.4 m(χ̃

±
1 )-m(χ̃

0
1)∼160 MeV, τ(χ̃

±
1 )<15 ns 1506.05332χ̃±

1 495 GeV

Stable, stopped g̃ R-hadron 0 1-5 jets Yes 27.9 m(χ̃
0
1)=100 GeV, 10 µs<τ(g̃)<1000 s 1310.6584g̃ 850 GeV

Stable g̃ R-hadron trk - - 3.2 1606.051291.58 TeVg̃

Metastable g̃ R-hadron dE/dx trk - - 3.2 m(χ̃
0
1)=100 GeV, τ>10 ns 1604.045201.57 TeVg̃

Metastable g̃ R-hadron, g̃→qqχ̃
0
1

displ. vtx - Yes 32.8 τ(g̃)=0.17 ns, m(χ̃
0
1) = 100 GeV 1710.049012.37 TeVg̃

GMSB, stable τ̃, χ̃
0
1→τ̃(ẽ, µ̃)+τ(e, µ) 1-2 µ - - 19.1 10<tanβ<50 1411.6795χ̃0

1 537 GeV

GMSB, χ̃
0
1→γG̃, long-lived χ̃

0
1

2 γ - Yes 20.3 1<τ(χ̃
0
1)<3 ns, SPS8 model 1409.5542χ̃0

1 440 GeV

g̃g̃, χ̃
0
1→eeν/eµν/µµν displ. ee/eµ/µµ - - 20.3 7 <cτ(χ̃

0
1)< 740 mm, m(g̃)=1.3 TeV 1504.05162χ̃0

1 1.0 TeV

LFV pp→ν̃τ + X, ν̃τ→eµ/eτ/µτ eµ,eτ,µτ - - 3.2 λ′311=0.11, λ132/133/233=0.07 1607.080791.9 TeVν̃τ

Bilinear RPV CMSSM 2 e, µ (SS) 0-3 b Yes 20.3 m(q̃)=m(g̃), cτLS P<1 mm 1404.2500q̃, g̃ 1.45 TeV

χ̃+
1
χ̃−

1 , χ̃
+

1→Wχ̃
0
1, χ̃

0
1→eeν, eµν, µµν 4 e, µ - Yes 13.3 m(χ̃

0
1)>400GeV, λ12k!0 (k = 1, 2) ATLAS-CONF-2016-0751.14 TeVχ̃±

1

χ̃+
1
χ̃−

1 , χ̃
+

1→Wχ̃
0
1, χ̃

0
1→ττνe, eτντ 3 e, µ + τ - Yes 20.3 m(χ̃

0
1)>0.2×m(χ̃

±
1 ), λ133!0 1405.5086χ̃±

1 450 GeV

g̃g̃, g̃→qqχ̃
0
1, χ̃

0
1 → qqq 0 4-5 large-R jets - 36.1 m(χ̃

0
1)=1075 GeV SUSY-2016-221.875 TeVg̃

g̃g̃, g̃→tt̄χ̃
0
1, χ̃

0
1 → qqq 1 e, µ 8-10 jets/0-4 b - 36.1 m(χ̃

0
1)= 1 TeV, λ112!0 1704.084932.1 TeVg̃

g̃g̃, g̃→t̃1t, t̃1→bs 1 e, µ 8-10 jets/0-4 b - 36.1 m(t̃1)= 1 TeV, λ323!0 1704.084931.65 TeVg̃

t̃1 t̃1, t̃1→bs 0 2 jets + 2 b - 36.7 1710.07171100-470 GeVt̃1 480-610 GeVt̃1

t̃1 t̃1, t̃1→bℓ 2 e, µ 2 b - 36.1 BR(t̃1→be/µ)>20% 1710.055440.4-1.45 TeVt̃1

Scalar charm, c̃→cχ̃
0
1 0 2 c Yes 20.3 m(χ̃

0
1)<200 GeV 1501.01325c̃ 510 GeV

Mass scale [TeV]10−1 1

√
s = 7, 8 TeV

√
s = 13 TeV

ATLAS SUSY Searches* - 95% CL Lower Limits
December 2017

ATLAS Preliminary
√

s = 7, 8, 13 TeV

*Only a selection of the available mass limits on new states or
phenomena is shown. Many of the limits are based on
simplified models, c.f. refs. for the assumptions made.
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q̃q̃, q̃→qχ̃
0
1 0 2-6 jets Yes 36.1 m(χ̃

0
1)<200 GeV, m(1st gen. q̃)=m(2nd gen. q̃) 1712.023321.57 TeVq̃

q̃q̃, q̃→qχ̃
0
1 (compressed) mono-jet 1-3 jets Yes 36.1 m(q̃)-m(χ̃

0
1)<5 GeV 1711.03301710 GeVq̃

g̃g̃, g̃→qq̄χ̃
0
1 0 2-6 jets Yes 36.1 m(χ̃

0
1)<200 GeV 1712.023322.02 TeVg̃

g̃g̃, g̃→qqχ̃
±
1→qqW±χ̃

0
1 0 2-6 jets Yes 36.1 m(χ̃

0
1)<200 GeV, m(χ̃

±
)=0.5(m(χ̃

0
1)+m(g̃)) 1712.023322.01 TeVg̃

g̃g̃, g̃→qq̄(ℓℓ)χ̃
0
1

ee, µµ 2 jets Yes 14.7 m(χ̃
0
1)<300 GeV, 1611.057911.7 TeVg̃

g̃g̃, g̃→qq(ℓℓ/νν)χ̃
0
1

3 e, µ 4 jets - 36.1 m(χ̃
0
1)=0 GeV 1706.037311.87 TeVg̃

g̃g̃, g̃→qqWZχ̃
0
1 0 7-11 jets Yes 36.1 m(χ̃

0
1) <400 GeV 1708.027941.8 TeVg̃

GMSB (ℓ̃ NLSP) 1-2 τ + 0-1 ℓ 0-2 jets Yes 3.2 1607.059792.0 TeVg̃

GGM (bino NLSP) 2 γ - Yes 36.1 cτ(NLSP)<0.1 mm ATLAS-CONF-2017-0802.15 TeVg̃

GGM (higgsino-bino NLSP) γ 2 jets Yes 36.1 m(χ̃
0
1)=1700 GeV, cτ(NLSP)<0.1 mm, µ>0 ATLAS-CONF-2017-0802.05 TeVg̃

Gravitino LSP 0 mono-jet Yes 20.3 m(G̃)>1.8 × 10−4 eV, m(g̃)=m(q̃)=1.5 TeV 1502.01518F1/2 scale 865 GeV

g̃g̃, g̃→bb̄χ̃
0
1 0 3 b Yes 36.1 m(χ̃

0
1)<600 GeV 1711.019011.92 TeVg̃

g̃g̃, g̃→tt̄χ̃
0
1

0-1 e, µ 3 b Yes 36.1 m(χ̃
0
1)<200 GeV 1711.019011.97 TeVg̃

b̃1b̃1, b̃1→bχ̃
0
1 0 2 b Yes 36.1 m(χ̃

0
1)<420 GeV 1708.09266950 GeVb̃1

b̃1b̃1, b̃1→tχ̃
±
1 2 e, µ (SS) 1 b Yes 36.1 m(χ̃

0
1)<200 GeV, m(χ̃

±
1 )= m(χ̃

0
1)+100 GeV 1706.03731275-700 GeVb̃1

t̃1 t̃1, t̃1→bχ̃
±
1 0-2 e, µ 1-2 b Yes 4.7/13.3 m(χ̃

±
1 ) = 2m(χ̃

0
1), m(χ̃

0
1)=55 GeV 1209.2102, ATLAS-CONF-2016-077t̃1 117-170 GeV 200-720 GeVt̃1

t̃1 t̃1, t̃1→Wbχ̃
0
1 or tχ̃

0
1

0-2 e, µ 0-2 jets/1-2 b Yes 20.3/36.1 m(χ̃
0
1)=1 GeV 1506.08616, 1709.04183, 1711.11520t̃1 90-198 GeV 0.195-1.0 TeVt̃1

t̃1 t̃1, t̃1→cχ̃
0
1 0 mono-jet Yes 36.1 m(t̃1)-m(χ̃

0
1)=5 GeV 1711.0330190-430 GeVt̃1

t̃1 t̃1(natural GMSB) 2 e, µ (Z) 1 b Yes 20.3 m(χ̃
0
1)>150 GeV 1403.5222t̃1 150-600 GeV

t̃2 t̃2, t̃2→t̃1 + Z 3 e, µ (Z) 1 b Yes 36.1 m(χ̃
0
1)=0 GeV 1706.03986290-790 GeVt̃2

t̃2 t̃2, t̃2→t̃1 + h 1-2 e, µ 4 b Yes 36.1 m(χ̃
0
1)=0 GeV 1706.03986320-880 GeVt̃2

ℓ̃L,R ℓ̃L,R, ℓ̃→ℓχ̃
0
1 2 e, µ 0 Yes 36.1 m(χ̃

0
1)=0 ATLAS-CONF-2017-03990-500 GeVℓ̃

χ̃+
1
χ̃−

1 , χ̃
+

1→ℓ̃ν(ℓν̃) 2 e, µ 0 Yes 36.1 m(χ̃
0
1)=0, m(ℓ̃, ν̃)=0.5(m(χ̃

±
1 )+m(χ̃

0
1 )) ATLAS-CONF-2017-039750 GeVχ̃±

1

χ̃±
1
χ̃∓

1 /χ̃
0
2, χ̃

+

1→τ̃ν(τν̃), χ̃
0
2→τ̃τ(νν̃) 2 τ - Yes 36.1 m(χ̃

0
1)=0, m(τ̃, ν̃)=0.5(m(χ̃

±
1 )+m(χ̃

0
1)) 1708.07875760 GeVχ̃±

1

χ̃±
1
χ̃0

2→ℓ̃Lνℓ̃Lℓ(ν̃ν), ℓν̃ℓ̃Lℓ(ν̃ν) 3 e, µ 0 Yes 36.1 m(χ̃
±
1 )=m(χ̃

0
2), m(χ̃

0
1)=0, m(ℓ̃, ν̃)=0.5(m(χ̃

±
1 )+m(χ̃

0
1)) ATLAS-CONF-2017-0391.13 TeVχ̃±

1 , χ̃
0

2

χ̃±
1
χ̃0

2→Wχ̃
0
1Zχ̃

0
1

2-3 e, µ 0-2 jets Yes 36.1 m(χ̃
±
1 )=m(χ̃

0
2), m(χ̃

0
1)=0, ℓ̃ decoupled ATLAS-CONF-2017-039580 GeVχ̃±

1 , χ̃
0

2

χ̃±
1
χ̃0

2→Wχ̃
0
1h χ̃

0
1, h→bb̄/WW/ττ/γγ e, µ, γ 0-2 b Yes 20.3 m(χ̃

±
1 )=m(χ̃

0
2), m(χ̃

0
1)=0, ℓ̃ decoupled 1501.07110χ̃±

1 , χ̃
0

2 270 GeV

χ̃0
2
χ̃0

3, χ̃
0
2,3 →ℓ̃Rℓ 4 e, µ 0 Yes 20.3 m(χ̃

0
2)=m(χ̃

0
3), m(χ̃

0
1)=0, m(ℓ̃, ν̃)=0.5(m(χ̃

0
2)+m(χ̃

0
1)) 1405.5086χ̃0

2,3 635 GeV

GGM (wino NLSP) weak prod., χ̃
0
1→γG̃ 1 e, µ + γ - Yes 20.3 cτ<1 mm 1507.05493W̃ 115-370 GeV

GGM (bino NLSP) weak prod., χ̃
0
1→γG̃ 2 γ - Yes 36.1 cτ<1 mm ATLAS-CONF-2017-0801.06 TeVW̃

Direct χ̃
+

1
χ̃−

1 prod., long-lived χ̃
±
1 Disapp. trk 1 jet Yes 36.1 m(χ̃

±
1 )-m(χ̃

0
1)∼160 MeV, τ(χ̃

±
1 )=0.2 ns 1712.02118460 GeVχ̃±

1

Direct χ̃
+

1
χ̃−

1 prod., long-lived χ̃
±
1 dE/dx trk - Yes 18.4 m(χ̃

±
1 )-m(χ̃

0
1)∼160 MeV, τ(χ̃

±
1 )<15 ns 1506.05332χ̃±

1 495 GeV

Stable, stopped g̃ R-hadron 0 1-5 jets Yes 27.9 m(χ̃
0
1)=100 GeV, 10 µs<τ(g̃)<1000 s 1310.6584g̃ 850 GeV

Stable g̃ R-hadron trk - - 3.2 1606.051291.58 TeVg̃

Metastable g̃ R-hadron dE/dx trk - - 3.2 m(χ̃
0
1)=100 GeV, τ>10 ns 1604.045201.57 TeVg̃

Metastable g̃ R-hadron, g̃→qqχ̃
0
1

displ. vtx - Yes 32.8 τ(g̃)=0.17 ns, m(χ̃
0
1) = 100 GeV 1710.049012.37 TeVg̃

GMSB, stable τ̃, χ̃
0
1→τ̃(ẽ, µ̃)+τ(e, µ) 1-2 µ - - 19.1 10<tanβ<50 1411.6795χ̃0

1 537 GeV

GMSB, χ̃
0
1→γG̃, long-lived χ̃

0
1

2 γ - Yes 20.3 1<τ(χ̃
0
1)<3 ns, SPS8 model 1409.5542χ̃0

1 440 GeV

g̃g̃, χ̃
0
1→eeν/eµν/µµν displ. ee/eµ/µµ - - 20.3 7 <cτ(χ̃

0
1)< 740 mm, m(g̃)=1.3 TeV 1504.05162χ̃0

1 1.0 TeV

LFV pp→ν̃τ + X, ν̃τ→eµ/eτ/µτ eµ,eτ,µτ - - 3.2 λ′311=0.11, λ132/133/233=0.07 1607.080791.9 TeVν̃τ

Bilinear RPV CMSSM 2 e, µ (SS) 0-3 b Yes 20.3 m(q̃)=m(g̃), cτLS P<1 mm 1404.2500q̃, g̃ 1.45 TeV

χ̃+
1
χ̃−

1 , χ̃
+

1→Wχ̃
0
1, χ̃

0
1→eeν, eµν, µµν 4 e, µ - Yes 13.3 m(χ̃

0
1)>400GeV, λ12k!0 (k = 1, 2) ATLAS-CONF-2016-0751.14 TeVχ̃±

1

χ̃+
1
χ̃−

1 , χ̃
+

1→Wχ̃
0
1, χ̃

0
1→ττνe, eτντ 3 e, µ + τ - Yes 20.3 m(χ̃

0
1)>0.2×m(χ̃

±
1 ), λ133!0 1405.5086χ̃±

1 450 GeV

g̃g̃, g̃→qqχ̃
0
1, χ̃

0
1 → qqq 0 4-5 large-R jets - 36.1 m(χ̃

0
1)=1075 GeV SUSY-2016-221.875 TeVg̃

g̃g̃, g̃→tt̄χ̃
0
1, χ̃

0
1 → qqq 1 e, µ 8-10 jets/0-4 b - 36.1 m(χ̃

0
1)= 1 TeV, λ112!0 1704.084932.1 TeVg̃

g̃g̃, g̃→t̃1t, t̃1→bs 1 e, µ 8-10 jets/0-4 b - 36.1 m(t̃1)= 1 TeV, λ323!0 1704.084931.65 TeVg̃

t̃1 t̃1, t̃1→bs 0 2 jets + 2 b - 36.7 1710.07171100-470 GeVt̃1 480-610 GeVt̃1

t̃1 t̃1, t̃1→bℓ 2 e, µ 2 b - 36.1 BR(t̃1→be/µ)>20% 1710.055440.4-1.45 TeVt̃1

Scalar charm, c̃→cχ̃
0
1 0 2 c Yes 20.3 m(χ̃

0
1)<200 GeV 1501.01325c̃ 510 GeV

Mass scale [TeV]10−1 1

√
s = 7, 8 TeV

√
s = 13 TeV

ATLAS SUSY Searches* - 95% CL Lower Limits
December 2017

ATLAS Preliminary
√

s = 7, 8, 13 TeV

*Only a selection of the available mass limits on new states or
phenomena is shown. Many of the limits are based on
simplified models, c.f. refs. for the assumptions made.

 24

Large SUSY search program @ LHC 
Dedicated search program for 
stop & sbottom production

top	quark	pair	+	ETmiss

Example diagrams
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Dedicated search program for electroweak production: 
charginos, neutralinos, sleptons

and more complex signatures
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and more complex signatures
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q̃q̃, q̃→qχ̃
0
1 0 2-6 jets Yes 36.1 m(χ̃

0
1)<200 GeV, m(1st gen. q̃)=m(2nd gen. q̃) 1712.023321.57 TeVq̃

q̃q̃, q̃→qχ̃
0
1 (compressed) mono-jet 1-3 jets Yes 36.1 m(q̃)-m(χ̃

0
1)<5 GeV 1711.03301710 GeVq̃

g̃g̃, g̃→qq̄χ̃
0
1 0 2-6 jets Yes 36.1 m(χ̃

0
1)<200 GeV 1712.023322.02 TeVg̃

g̃g̃, g̃→qqχ̃
±
1→qqW±χ̃

0
1 0 2-6 jets Yes 36.1 m(χ̃

0
1)<200 GeV, m(χ̃

±
)=0.5(m(χ̃

0
1)+m(g̃)) 1712.023322.01 TeVg̃

g̃g̃, g̃→qq̄(ℓℓ)χ̃
0
1

ee, µµ 2 jets Yes 14.7 m(χ̃
0
1)<300 GeV, 1611.057911.7 TeVg̃

g̃g̃, g̃→qq(ℓℓ/νν)χ̃
0
1

3 e, µ 4 jets - 36.1 m(χ̃
0
1)=0 GeV 1706.037311.87 TeVg̃

g̃g̃, g̃→qqWZχ̃
0
1 0 7-11 jets Yes 36.1 m(χ̃

0
1) <400 GeV 1708.027941.8 TeVg̃

GMSB (ℓ̃ NLSP) 1-2 τ + 0-1 ℓ 0-2 jets Yes 3.2 1607.059792.0 TeVg̃

GGM (bino NLSP) 2 γ - Yes 36.1 cτ(NLSP)<0.1 mm ATLAS-CONF-2017-0802.15 TeVg̃

GGM (higgsino-bino NLSP) γ 2 jets Yes 36.1 m(χ̃
0
1)=1700 GeV, cτ(NLSP)<0.1 mm, µ>0 ATLAS-CONF-2017-0802.05 TeVg̃

Gravitino LSP 0 mono-jet Yes 20.3 m(G̃)>1.8 × 10−4 eV, m(g̃)=m(q̃)=1.5 TeV 1502.01518F1/2 scale 865 GeV

g̃g̃, g̃→bb̄χ̃
0
1 0 3 b Yes 36.1 m(χ̃

0
1)<600 GeV 1711.019011.92 TeVg̃

g̃g̃, g̃→tt̄χ̃
0
1

0-1 e, µ 3 b Yes 36.1 m(χ̃
0
1)<200 GeV 1711.019011.97 TeVg̃

b̃1b̃1, b̃1→bχ̃
0
1 0 2 b Yes 36.1 m(χ̃

0
1)<420 GeV 1708.09266950 GeVb̃1

b̃1b̃1, b̃1→tχ̃
±
1 2 e, µ (SS) 1 b Yes 36.1 m(χ̃

0
1)<200 GeV, m(χ̃

±
1 )= m(χ̃

0
1)+100 GeV 1706.03731275-700 GeVb̃1

t̃1 t̃1, t̃1→bχ̃
±
1 0-2 e, µ 1-2 b Yes 4.7/13.3 m(χ̃

±
1 ) = 2m(χ̃

0
1), m(χ̃

0
1)=55 GeV 1209.2102, ATLAS-CONF-2016-077t̃1 117-170 GeV 200-720 GeVt̃1

t̃1 t̃1, t̃1→Wbχ̃
0
1 or tχ̃

0
1

0-2 e, µ 0-2 jets/1-2 b Yes 20.3/36.1 m(χ̃
0
1)=1 GeV 1506.08616, 1709.04183, 1711.11520t̃1 90-198 GeV 0.195-1.0 TeVt̃1

t̃1 t̃1, t̃1→cχ̃
0
1 0 mono-jet Yes 36.1 m(t̃1)-m(χ̃

0
1)=5 GeV 1711.0330190-430 GeVt̃1

t̃1 t̃1(natural GMSB) 2 e, µ (Z) 1 b Yes 20.3 m(χ̃
0
1)>150 GeV 1403.5222t̃1 150-600 GeV

t̃2 t̃2, t̃2→t̃1 + Z 3 e, µ (Z) 1 b Yes 36.1 m(χ̃
0
1)=0 GeV 1706.03986290-790 GeVt̃2

t̃2 t̃2, t̃2→t̃1 + h 1-2 e, µ 4 b Yes 36.1 m(χ̃
0
1)=0 GeV 1706.03986320-880 GeVt̃2

ℓ̃L,R ℓ̃L,R, ℓ̃→ℓχ̃
0
1 2 e, µ 0 Yes 36.1 m(χ̃

0
1)=0 ATLAS-CONF-2017-03990-500 GeVℓ̃

χ̃+
1
χ̃−

1 , χ̃
+

1→ℓ̃ν(ℓν̃) 2 e, µ 0 Yes 36.1 m(χ̃
0
1)=0, m(ℓ̃, ν̃)=0.5(m(χ̃

±
1 )+m(χ̃

0
1 )) ATLAS-CONF-2017-039750 GeVχ̃±

1

χ̃±
1
χ̃∓

1 /χ̃
0
2, χ̃

+

1→τ̃ν(τν̃), χ̃
0
2→τ̃τ(νν̃) 2 τ - Yes 36.1 m(χ̃

0
1)=0, m(τ̃, ν̃)=0.5(m(χ̃

±
1 )+m(χ̃

0
1)) 1708.07875760 GeVχ̃±

1

χ̃±
1
χ̃0

2→ℓ̃Lνℓ̃Lℓ(ν̃ν), ℓν̃ℓ̃Lℓ(ν̃ν) 3 e, µ 0 Yes 36.1 m(χ̃
±
1 )=m(χ̃

0
2), m(χ̃

0
1)=0, m(ℓ̃, ν̃)=0.5(m(χ̃

±
1 )+m(χ̃

0
1)) ATLAS-CONF-2017-0391.13 TeVχ̃±

1 , χ̃
0

2

χ̃±
1
χ̃0

2→Wχ̃
0
1Zχ̃

0
1

2-3 e, µ 0-2 jets Yes 36.1 m(χ̃
±
1 )=m(χ̃

0
2), m(χ̃

0
1)=0, ℓ̃ decoupled ATLAS-CONF-2017-039580 GeVχ̃±

1 , χ̃
0

2

χ̃±
1
χ̃0

2→Wχ̃
0
1h χ̃

0
1, h→bb̄/WW/ττ/γγ e, µ, γ 0-2 b Yes 20.3 m(χ̃

±
1 )=m(χ̃

0
2), m(χ̃

0
1)=0, ℓ̃ decoupled 1501.07110χ̃±

1 , χ̃
0

2 270 GeV

χ̃0
2
χ̃0

3, χ̃
0
2,3 →ℓ̃Rℓ 4 e, µ 0 Yes 20.3 m(χ̃

0
2)=m(χ̃

0
3), m(χ̃

0
1)=0, m(ℓ̃, ν̃)=0.5(m(χ̃

0
2)+m(χ̃

0
1)) 1405.5086χ̃0

2,3 635 GeV

GGM (wino NLSP) weak prod., χ̃
0
1→γG̃ 1 e, µ + γ - Yes 20.3 cτ<1 mm 1507.05493W̃ 115-370 GeV

GGM (bino NLSP) weak prod., χ̃
0
1→γG̃ 2 γ - Yes 36.1 cτ<1 mm ATLAS-CONF-2017-0801.06 TeVW̃

Direct χ̃
+

1
χ̃−

1 prod., long-lived χ̃
±
1 Disapp. trk 1 jet Yes 36.1 m(χ̃

±
1 )-m(χ̃

0
1)∼160 MeV, τ(χ̃

±
1 )=0.2 ns 1712.02118460 GeVχ̃±

1

Direct χ̃
+

1
χ̃−

1 prod., long-lived χ̃
±
1 dE/dx trk - Yes 18.4 m(χ̃

±
1 )-m(χ̃

0
1)∼160 MeV, τ(χ̃

±
1 )<15 ns 1506.05332χ̃±

1 495 GeV

Stable, stopped g̃ R-hadron 0 1-5 jets Yes 27.9 m(χ̃
0
1)=100 GeV, 10 µs<τ(g̃)<1000 s 1310.6584g̃ 850 GeV

Stable g̃ R-hadron trk - - 3.2 1606.051291.58 TeVg̃

Metastable g̃ R-hadron dE/dx trk - - 3.2 m(χ̃
0
1)=100 GeV, τ>10 ns 1604.045201.57 TeVg̃

Metastable g̃ R-hadron, g̃→qqχ̃
0
1

displ. vtx - Yes 32.8 τ(g̃)=0.17 ns, m(χ̃
0
1) = 100 GeV 1710.049012.37 TeVg̃

GMSB, stable τ̃, χ̃
0
1→τ̃(ẽ, µ̃)+τ(e, µ) 1-2 µ - - 19.1 10<tanβ<50 1411.6795χ̃0

1 537 GeV

GMSB, χ̃
0
1→γG̃, long-lived χ̃

0
1

2 γ - Yes 20.3 1<τ(χ̃
0
1)<3 ns, SPS8 model 1409.5542χ̃0

1 440 GeV

g̃g̃, χ̃
0
1→eeν/eµν/µµν displ. ee/eµ/µµ - - 20.3 7 <cτ(χ̃

0
1)< 740 mm, m(g̃)=1.3 TeV 1504.05162χ̃0

1 1.0 TeV

LFV pp→ν̃τ + X, ν̃τ→eµ/eτ/µτ eµ,eτ,µτ - - 3.2 λ′311=0.11, λ132/133/233=0.07 1607.080791.9 TeVν̃τ

Bilinear RPV CMSSM 2 e, µ (SS) 0-3 b Yes 20.3 m(q̃)=m(g̃), cτLS P<1 mm 1404.2500q̃, g̃ 1.45 TeV

χ̃+
1
χ̃−

1 , χ̃
+

1→Wχ̃
0
1, χ̃

0
1→eeν, eµν, µµν 4 e, µ - Yes 13.3 m(χ̃

0
1)>400GeV, λ12k!0 (k = 1, 2) ATLAS-CONF-2016-0751.14 TeVχ̃±

1

χ̃+
1
χ̃−

1 , χ̃
+

1→Wχ̃
0
1, χ̃

0
1→ττνe, eτντ 3 e, µ + τ - Yes 20.3 m(χ̃

0
1)>0.2×m(χ̃

±
1 ), λ133!0 1405.5086χ̃±

1 450 GeV

g̃g̃, g̃→qqχ̃
0
1, χ̃

0
1 → qqq 0 4-5 large-R jets - 36.1 m(χ̃

0
1)=1075 GeV SUSY-2016-221.875 TeVg̃

g̃g̃, g̃→tt̄χ̃
0
1, χ̃

0
1 → qqq 1 e, µ 8-10 jets/0-4 b - 36.1 m(χ̃

0
1)= 1 TeV, λ112!0 1704.084932.1 TeVg̃

g̃g̃, g̃→t̃1t, t̃1→bs 1 e, µ 8-10 jets/0-4 b - 36.1 m(t̃1)= 1 TeV, λ323!0 1704.084931.65 TeVg̃

t̃1 t̃1, t̃1→bs 0 2 jets + 2 b - 36.7 1710.07171100-470 GeVt̃1 480-610 GeVt̃1

t̃1 t̃1, t̃1→bℓ 2 e, µ 2 b - 36.1 BR(t̃1→be/µ)>20% 1710.055440.4-1.45 TeVt̃1

Scalar charm, c̃→cχ̃
0
1 0 2 c Yes 20.3 m(χ̃

0
1)<200 GeV 1501.01325c̃ 510 GeV

Mass scale [TeV]10−1 1

√
s = 7, 8 TeV

√
s = 13 TeV

ATLAS SUSY Searches* - 95% CL Lower Limits
December 2017

ATLAS Preliminary
√

s = 7, 8, 13 TeV

*Only a selection of the available mass limits on new states or
phenomena is shown. Many of the limits are based on
simplified models, c.f. refs. for the assumptions made.
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Large SUSY search program @ LHC 
Long-lived particles

Michael Adersberger, LMU Munich  2 SUSY LLP searches

SUSY LLP searches

Michael Adersberger, LMU Munich  3 SUSY LLP searches

SUSY LLP searches

SMP mSMP

disappearing  
track

new particles directly interact with detector 
new particles interact with detector

Michael Adersberger, LMU Munich  4 SUSY LLP searches

SUSY LLP searches

late  
photon

displaced  
vertices

displaced  
leptons

stopped  
particles

displaced decays to SM particles

large d0  
leptons

SUSY mechanisms:  
• small couplings, 
• off-shell decays, 
• phase-space suppression

Sketches by Michael Adersberger
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Other

q̃q̃, q̃→qχ̃
0
1 0 2-6 jets Yes 36.1 m(χ̃

0
1)<200 GeV, m(1st gen. q̃)=m(2nd gen. q̃) 1712.023321.57 TeVq̃

q̃q̃, q̃→qχ̃
0
1 (compressed) mono-jet 1-3 jets Yes 36.1 m(q̃)-m(χ̃

0
1)<5 GeV 1711.03301710 GeVq̃

g̃g̃, g̃→qq̄χ̃
0
1 0 2-6 jets Yes 36.1 m(χ̃

0
1)<200 GeV 1712.023322.02 TeVg̃

g̃g̃, g̃→qqχ̃
±
1→qqW±χ̃

0
1 0 2-6 jets Yes 36.1 m(χ̃

0
1)<200 GeV, m(χ̃

±
)=0.5(m(χ̃

0
1)+m(g̃)) 1712.023322.01 TeVg̃

g̃g̃, g̃→qq̄(ℓℓ)χ̃
0
1

ee, µµ 2 jets Yes 14.7 m(χ̃
0
1)<300 GeV, 1611.057911.7 TeVg̃

g̃g̃, g̃→qq(ℓℓ/νν)χ̃
0
1

3 e, µ 4 jets - 36.1 m(χ̃
0
1)=0 GeV 1706.037311.87 TeVg̃

g̃g̃, g̃→qqWZχ̃
0
1 0 7-11 jets Yes 36.1 m(χ̃

0
1) <400 GeV 1708.027941.8 TeVg̃

GMSB (ℓ̃ NLSP) 1-2 τ + 0-1 ℓ 0-2 jets Yes 3.2 1607.059792.0 TeVg̃

GGM (bino NLSP) 2 γ - Yes 36.1 cτ(NLSP)<0.1 mm ATLAS-CONF-2017-0802.15 TeVg̃

GGM (higgsino-bino NLSP) γ 2 jets Yes 36.1 m(χ̃
0
1)=1700 GeV, cτ(NLSP)<0.1 mm, µ>0 ATLAS-CONF-2017-0802.05 TeVg̃

Gravitino LSP 0 mono-jet Yes 20.3 m(G̃)>1.8 × 10−4 eV, m(g̃)=m(q̃)=1.5 TeV 1502.01518F1/2 scale 865 GeV

g̃g̃, g̃→bb̄χ̃
0
1 0 3 b Yes 36.1 m(χ̃

0
1)<600 GeV 1711.019011.92 TeVg̃

g̃g̃, g̃→tt̄χ̃
0
1

0-1 e, µ 3 b Yes 36.1 m(χ̃
0
1)<200 GeV 1711.019011.97 TeVg̃

b̃1b̃1, b̃1→bχ̃
0
1 0 2 b Yes 36.1 m(χ̃

0
1)<420 GeV 1708.09266950 GeVb̃1

b̃1b̃1, b̃1→tχ̃
±
1 2 e, µ (SS) 1 b Yes 36.1 m(χ̃

0
1)<200 GeV, m(χ̃

±
1 )= m(χ̃

0
1)+100 GeV 1706.03731275-700 GeVb̃1

t̃1 t̃1, t̃1→bχ̃
±
1 0-2 e, µ 1-2 b Yes 4.7/13.3 m(χ̃

±
1 ) = 2m(χ̃

0
1), m(χ̃

0
1)=55 GeV 1209.2102, ATLAS-CONF-2016-077t̃1 117-170 GeV 200-720 GeVt̃1

t̃1 t̃1, t̃1→Wbχ̃
0
1 or tχ̃

0
1

0-2 e, µ 0-2 jets/1-2 b Yes 20.3/36.1 m(χ̃
0
1)=1 GeV 1506.08616, 1709.04183, 1711.11520t̃1 90-198 GeV 0.195-1.0 TeVt̃1

t̃1 t̃1, t̃1→cχ̃
0
1 0 mono-jet Yes 36.1 m(t̃1)-m(χ̃

0
1)=5 GeV 1711.0330190-430 GeVt̃1

t̃1 t̃1(natural GMSB) 2 e, µ (Z) 1 b Yes 20.3 m(χ̃
0
1)>150 GeV 1403.5222t̃1 150-600 GeV

t̃2 t̃2, t̃2→t̃1 + Z 3 e, µ (Z) 1 b Yes 36.1 m(χ̃
0
1)=0 GeV 1706.03986290-790 GeVt̃2

t̃2 t̃2, t̃2→t̃1 + h 1-2 e, µ 4 b Yes 36.1 m(χ̃
0
1)=0 GeV 1706.03986320-880 GeVt̃2

ℓ̃L,R ℓ̃L,R, ℓ̃→ℓχ̃
0
1 2 e, µ 0 Yes 36.1 m(χ̃

0
1)=0 ATLAS-CONF-2017-03990-500 GeVℓ̃

χ̃+
1
χ̃−

1 , χ̃
+

1→ℓ̃ν(ℓν̃) 2 e, µ 0 Yes 36.1 m(χ̃
0
1)=0, m(ℓ̃, ν̃)=0.5(m(χ̃

±
1 )+m(χ̃

0
1 )) ATLAS-CONF-2017-039750 GeVχ̃±

1

χ̃±
1
χ̃∓

1 /χ̃
0
2, χ̃

+

1→τ̃ν(τν̃), χ̃
0
2→τ̃τ(νν̃) 2 τ - Yes 36.1 m(χ̃

0
1)=0, m(τ̃, ν̃)=0.5(m(χ̃

±
1 )+m(χ̃

0
1)) 1708.07875760 GeVχ̃±

1

χ̃±
1
χ̃0

2→ℓ̃Lνℓ̃Lℓ(ν̃ν), ℓν̃ℓ̃Lℓ(ν̃ν) 3 e, µ 0 Yes 36.1 m(χ̃
±
1 )=m(χ̃

0
2), m(χ̃

0
1)=0, m(ℓ̃, ν̃)=0.5(m(χ̃

±
1 )+m(χ̃

0
1)) ATLAS-CONF-2017-0391.13 TeVχ̃±

1 , χ̃
0

2

χ̃±
1
χ̃0

2→Wχ̃
0
1Zχ̃

0
1

2-3 e, µ 0-2 jets Yes 36.1 m(χ̃
±
1 )=m(χ̃

0
2), m(χ̃

0
1)=0, ℓ̃ decoupled ATLAS-CONF-2017-039580 GeVχ̃±

1 , χ̃
0

2

χ̃±
1
χ̃0

2→Wχ̃
0
1h χ̃

0
1, h→bb̄/WW/ττ/γγ e, µ, γ 0-2 b Yes 20.3 m(χ̃

±
1 )=m(χ̃

0
2), m(χ̃

0
1)=0, ℓ̃ decoupled 1501.07110χ̃±

1 , χ̃
0

2 270 GeV

χ̃0
2
χ̃0

3, χ̃
0
2,3 →ℓ̃Rℓ 4 e, µ 0 Yes 20.3 m(χ̃

0
2)=m(χ̃

0
3), m(χ̃

0
1)=0, m(ℓ̃, ν̃)=0.5(m(χ̃

0
2)+m(χ̃

0
1)) 1405.5086χ̃0

2,3 635 GeV

GGM (wino NLSP) weak prod., χ̃
0
1→γG̃ 1 e, µ + γ - Yes 20.3 cτ<1 mm 1507.05493W̃ 115-370 GeV

GGM (bino NLSP) weak prod., χ̃
0
1→γG̃ 2 γ - Yes 36.1 cτ<1 mm ATLAS-CONF-2017-0801.06 TeVW̃

Direct χ̃
+

1
χ̃−

1 prod., long-lived χ̃
±
1 Disapp. trk 1 jet Yes 36.1 m(χ̃

±
1 )-m(χ̃

0
1)∼160 MeV, τ(χ̃

±
1 )=0.2 ns 1712.02118460 GeVχ̃±

1

Direct χ̃
+

1
χ̃−

1 prod., long-lived χ̃
±
1 dE/dx trk - Yes 18.4 m(χ̃

±
1 )-m(χ̃

0
1)∼160 MeV, τ(χ̃

±
1 )<15 ns 1506.05332χ̃±

1 495 GeV

Stable, stopped g̃ R-hadron 0 1-5 jets Yes 27.9 m(χ̃
0
1)=100 GeV, 10 µs<τ(g̃)<1000 s 1310.6584g̃ 850 GeV

Stable g̃ R-hadron trk - - 3.2 1606.051291.58 TeVg̃

Metastable g̃ R-hadron dE/dx trk - - 3.2 m(χ̃
0
1)=100 GeV, τ>10 ns 1604.045201.57 TeVg̃

Metastable g̃ R-hadron, g̃→qqχ̃
0
1

displ. vtx - Yes 32.8 τ(g̃)=0.17 ns, m(χ̃
0
1) = 100 GeV 1710.049012.37 TeVg̃

GMSB, stable τ̃, χ̃
0
1→τ̃(ẽ, µ̃)+τ(e, µ) 1-2 µ - - 19.1 10<tanβ<50 1411.6795χ̃0

1 537 GeV

GMSB, χ̃
0
1→γG̃, long-lived χ̃

0
1

2 γ - Yes 20.3 1<τ(χ̃
0
1)<3 ns, SPS8 model 1409.5542χ̃0

1 440 GeV

g̃g̃, χ̃
0
1→eeν/eµν/µµν displ. ee/eµ/µµ - - 20.3 7 <cτ(χ̃

0
1)< 740 mm, m(g̃)=1.3 TeV 1504.05162χ̃0

1 1.0 TeV

LFV pp→ν̃τ + X, ν̃τ→eµ/eτ/µτ eµ,eτ,µτ - - 3.2 λ′311=0.11, λ132/133/233=0.07 1607.080791.9 TeVν̃τ

Bilinear RPV CMSSM 2 e, µ (SS) 0-3 b Yes 20.3 m(q̃)=m(g̃), cτLS P<1 mm 1404.2500q̃, g̃ 1.45 TeV

χ̃+
1
χ̃−

1 , χ̃
+

1→Wχ̃
0
1, χ̃

0
1→eeν, eµν, µµν 4 e, µ - Yes 13.3 m(χ̃

0
1)>400GeV, λ12k!0 (k = 1, 2) ATLAS-CONF-2016-0751.14 TeVχ̃±

1

χ̃+
1
χ̃−

1 , χ̃
+

1→Wχ̃
0
1, χ̃

0
1→ττνe, eτντ 3 e, µ + τ - Yes 20.3 m(χ̃

0
1)>0.2×m(χ̃

±
1 ), λ133!0 1405.5086χ̃±

1 450 GeV

g̃g̃, g̃→qqχ̃
0
1, χ̃

0
1 → qqq 0 4-5 large-R jets - 36.1 m(χ̃

0
1)=1075 GeV SUSY-2016-221.875 TeVg̃

g̃g̃, g̃→tt̄χ̃
0
1, χ̃

0
1 → qqq 1 e, µ 8-10 jets/0-4 b - 36.1 m(χ̃

0
1)= 1 TeV, λ112!0 1704.084932.1 TeVg̃

g̃g̃, g̃→t̃1t, t̃1→bs 1 e, µ 8-10 jets/0-4 b - 36.1 m(t̃1)= 1 TeV, λ323!0 1704.084931.65 TeVg̃

t̃1 t̃1, t̃1→bs 0 2 jets + 2 b - 36.7 1710.07171100-470 GeVt̃1 480-610 GeVt̃1

t̃1 t̃1, t̃1→bℓ 2 e, µ 2 b - 36.1 BR(t̃1→be/µ)>20% 1710.055440.4-1.45 TeVt̃1

Scalar charm, c̃→cχ̃
0
1 0 2 c Yes 20.3 m(χ̃

0
1)<200 GeV 1501.01325c̃ 510 GeV

Mass scale [TeV]10−1 1

√
s = 7, 8 TeV

√
s = 13 TeV

ATLAS SUSY Searches* - 95% CL Lower Limits
December 2017

ATLAS Preliminary
√

s = 7, 8, 13 TeV

*Only a selection of the available mass limits on new states or
phenomena is shown. Many of the limits are based on
simplified models, c.f. refs. for the assumptions made.
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Large SUSY search program @ LHC 
R-parity violation scenarios
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Sascha Mehlhase - LMU

R-parity violation

‣ definition of R-parity

‣ most general renormalisable, R-parity odd superpotential consistent 
with the gauge symmetry and field content of the MSSM

‣ acceptable proton decay rate can be assured by other discrete or 
continuous symmetries or with specific combinations of λ’s

3 EPS Conference on High Energy Physics - 07-07-2017
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lepton-number violation baryon-number violation
trilinear coupling trilinear couplingbilinear coupling

(e.g. only either lepton or baryon-number violation)
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• RPV models include terms 
which violate lepton and 
baryon number 

• Decaying LSP -> lower 
missing transverse energy 

• QCD backgrounds very 
challenging in this regime 

• RPV couplings names from 
terms in superpotential 

• LLE term 

• LQD term 

• Bilinear LH term 

• UDD term
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unstable LSP → no obvious SUSY dark matter candidate, 
detector signature w/o ETmiss 



Complex final states and searches for rare & challenging signatures

Frontiers
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From R-parity conserving to R-parity violating 
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Exclusion summary for gluino searches  
in RPC SUSY (with ETmiss) scenarios

Exclusion summary for gluino searches  
in RPV SUSY (without ETmiss) scenarios

target prompt decays to jets + X +  ETmiss target prompt decays to jets or leptons
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From R-parity conserving to R-parity violating 
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are not considered in the accessible sparticle spectrum, since the LSP lifetime depends on the choice of
squark masses. The results are presented as a function of the RPV coupling strength, � 00, and as a function
of the LSP lifetime and branching ratio. The correspondence between coupling strength and lifetime or
branching ratio is determined by the choice of squark masses. The mean decay length for a bino-like
lightest neutralino can be numerically estimated [23] from:
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For a fixed value of the coupling higher squark masses lead to higher neutralino lifetimes. The computation
of lifetime and branching ratios is performed with SP���� 4.0.2 [24, 25] in combination with SARAH
4.12.0 [26].
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Figure 1: Production and decay processes for the three RPV SUSY models considered: (top) Gqq model, (middle)
Gtt model, and (bottom) stop model. For each model the dominant process varies with increasing � 00 coupling from
left to right.

Three simplified models are considered:

Gqq model: the model contains light gluinos and the LSP, with non-zero � 00112 coupling and all other
RPV couplings equal to zero. The gluinos are pair-produced and decay via o�-shell squarks of the
first and second generation. For low values of the RPV coupling the gluino decays as g̃ ! qq �̃

0
1

(q = u, d, s, c) with the subsequent LSP decay, �̃0
1 ! qqq. For larger values of the coupling the

gluino can also decay as g̃ ! qqq. The masses of the first and second generation squarks are

4

mean decay length for a bino-like lightest neutralino is 
approximately [Nucl. Phys. B 365 (1991) 597]:

𝛘10 RPV decay can be non-prompt.

No genuine ETmiss

Long-lived particles search program 

• typically requires large ETmiss for online event selection (trigger)

• sensitivity above minimal displacement (analysis dependent)
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From R-parity conserving to R-parity violating 
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Figure 1: Diagrams for the benchmark processes considered for this analysis. The solid black lines represent
Standard Model particles, the solid red lines represent SUSY partners, the gray shaded circles represent e�ective
vertices that include o�-shell propagators (e.g. heavy squarks coupling to a neutralino and a quark), and the blue
shaded circles represent e�ective RPV vertices allowed by the baryon-number-violating �00 couplings with o�-shell
propagators (e.g. heavy squarks coupling to two quarks).

• The sensitivity evaluation chapter will be complete during the circulation to the SUSY group. There76

is some techincal problem for producing a smooth limit contour. The signal regions and M
⌃
J cuts77

are identified for the model-dependent interpretation.78

• The interpretation in the six-quark model as well as model-independent p-values will be included79

during the circulation to the SUSY group.80

1. Introduction81

This note documents the search for R-Parity Violating (RPV) supersymmetry (SUSY) signal in the multijet82

final state.83

We present a search for the pair production of massive particles that subsequently cascade to a final state84

characterized by a large number of quarks using the
p

s = 13 TeV data collected in 2015 and 2016. Such85

high multiplicity final states are expected in some models of Supersymmetry (SUSY) when gluinos (g̃) are86

pair produced and then decay via squarks to two quarks and a neutralino. In RPV scenarios, the neutralino87

itself can then decay to three quarks via an RPV decay vertex with a Yukawa coupling strength denoted88

by �. Alternatively, the gluinos can directly decay to three quarks via the same RPV coupling. In both89

scenarios, it is assumed that all other SUSY partners are “decoupled,” or so massive that their presence in90

the decay chain of the gluino, or even direct production, is negligible. These processes are illustrated in91

Figure 1.92

The analysis strategy closely follows the one that was performed with the
p

s = 8 TeV data by ATLAS [1].93

The high jet multiplicity in the signal event motivates the use of an event-level observable, the total jet94
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Characteristic observables
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From R-parity conserving to R-parity 

https://atlas.web.cern.ch/Atlas/GROUPS/PHYSICS/PAPERS/SUSY-2016-22/
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R-hadron scenario

 33

14 May 2018 Ben Krikler: b.krikler@cern.ch18

Comparing to other results

CMS: EXO-16-004
Submi7ed to JHEP in December
Public page:
h7p://cms-results.web.cern.ch/cms-results
/public-results/publications/EXO-16-004/
A dedicated search for out-
of-time calorimeter jets
T1qqqqLL where gluinos stop in 
the calorimeter, then decay 
out-of-time with collisions

HSCP, CMS-PAS-EXO-16-036
dE/dX measurement for 
hadronised gluinos

Complementary sensitivity between methods
Prompt AlphaT analysis does well for smaller lifetimes
EXO-16-004 and HSCP perform be7er for much larger lifetimes

g
q
q

~

From Arkani-Hamed’s talk
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Frontier: Low rates
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Production cross section of SUSY particles 
w/o color charge, electroweak production
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Compressed electroweak spectrum

 35
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Key target: Higgsino DM is generically compressed EWK SUSY

Higgsinos H̃ are spin-�/� partner of the Higgs bosons
Naturalness: DM-independent argument for H̃ near weak scale�

Higgsinos realised asmultiplet of neutralinos & charginos

�M � 1 to 10s GeV

�̃0
2

�̃±
1

�̃0
1

(Z� � �+��)

(W � � soft objects)

1

Challenge to reconstruct intra-Higgsino so� decay products

�E.g. Papucci et al [arXiv:����.����]

Higgsinos & sleptons: probing DM coannihilation with so� leptons | Jesse Liu | � Apr ���� �

Dark matter: co-annihilation is compression 

Naturalness requires Higgsinos near weak-scale

Higgsinos realised as multiplet of neutralinos & charginos 

Δm = few hundred MeV - 
few tens of GeV

Challenge to reconstruct intra-Higgsino soft decay products 
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Strategy: initial-state-radiation (ISR)
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LHC strategy to highlight: ISR + MET + � so� leptons

Trigger on missing ET 
by boosting LSPs

Soft dileptons allow 
signal-background 
discrimination 
e.g. m(ll), mT2

Hadronic recoil from 
initial-state radiation (ISR)

Low missing ET as LSPs 
are nearly back-to-back

Leptons too soft to 
pass lepton triggers

EXISTING PROBES OUR STRATEGY

Guidice et al [����.����], Gori et al [����.����], Han et al [����.����], Baer et al [����.����], Barr et al [����.�����]. . .

Adopted by ATLAS [����.�����] (this talk) and CMS [����.�����] �� TeV, ��.� fb��

Higgsinos & sleptons: probing DM coannihilation with so� leptons | Jesse Liu | � Apr ���� �

Guidice et al [1004.4902], Gori et al [1307.5952], Han et al [1401.1235], Baer et al [1409.7058], Barr et al [1501.02511]. . . 

Adopted by ATLAS [1712.08119] and CMS [1801.01846] 13 TeV, 36.1 fb−1 
Sketches by Jesse Liu
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Detector challenges
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Muon energy loss in calorimeter ~ 3 GeV

Electron cluster reconstruction in 
calorimeter, ≳ 5 GeV
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New for ����: so� lepton frontier down to � GeV at ATLAS
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Confronting experimental limitations of so� lepton reconstruction crucial for sensitivity
Fun fact: a muon loses � GeV of energy before reaching the ATLASmuon spectrometer

Higgsinos & sleptons: probing DM coannihilation with so� leptons | Jesse Liu | � Apr ���� ��
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Inspecting data
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Signal has kinematic endpoint mll < Δm(𝜒02, 𝜒01)
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Dilepton discrimination: signals localised at lowm`` (bump-hunt SUSY style)
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Signal kinematic endpoint:m`` <�M(�̃�� , �̃�� ) gives dramatic background discrimination

(Sleptons have leptons from di�erent legs: endpoint inmT�, see backup p��)

Higgsinos & sleptons: probing DM coannihilation with so� leptons | Jesse Liu | � Apr ���� ��
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Ultra compressed spectrum
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Key target: Higgsino DM is generically compressed EWK SUSY

Higgsinos H̃ are spin-�/� partner of the Higgs bosons
Naturalness: DM-independent argument for H̃ near weak scale�

Higgsinos realised asmultiplet of neutralinos & charginos

�M � 1 to 10s GeV

�̃0
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�̃±
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�̃0
1

(Z� � �+��)

(W � � soft objects)

1
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Figure 4: The (a) lifetime and (b) branching ratios of the lightest chargino as a function of the
mass difference ∆Mχ = M(χ̃+

1 )−M(χ̃0
1). The rapid decrease in the lifetime occurs at ∆Mχ = mπ+

where the single pion mode becomes available. The discontinuity at ∆Mχ = 1.4 GeV comes from
the switch in the calculation from hadronic to partonic decay widths. The leptonic channels impli-
citly include the corresponding neutrino. The branching ratio to π+π0π0 was assumed to be equal
to π+π−π+. After [38]–[40].

The sensitivity of the LHC to mAMSB has been demonstrated [30] for one point
(m0 = 200GeV, m3/2 = 35TeV, tan β = 3, µ > 0) with relatively light sparticles, where
the sparticle spectrum was investigated in detail. In [33]–[35], the signatures for AMSB at
a future linear e+e− or e−γ collider were investigated. In [36] the reach of the LHC was
investigated using a simple generic detector simulation for 10 fb−1 of integrated luminosity.
The production of charged and neutral Winos via vector boson fusion was studied for AMSB
in [37]. In that paper the LHC’s reach was investigated for a signature consisting of two
jets widely separated in pseudorapidity in association with missing transverse momentum.

In this section our the aim is to determine the reach of the LHC with a realistic detector
simulator, using optimised but generic SUSY cuts and for 100 fb−1of integrated luminosity.

4.1 Event simulation

The mAMSB spectra were generated using ISAJET-7.63 [41, 42] on a grid 100GeV×5TeV
in the (m0, m3/2) plane. In all cases the ratio of the Higgs vacuum expectation values
(tan β) was set equal to 10 and the sign of µ was positive. The mass of the top quark
(important for electroweak symmetry breaking) was taken to be 175GeV throughout. The
dependence of some of the key sparticle masses on the input values of m0 and m3/2 is
shown in figure 3.

In the χ̃±
1 → χ̃0

1 decays, ISAJET does not include masses for the leptons, and does
not contain multi-pion decay modes. Since the mass difference ∆Mχ̃1 can be of the order
of the mass of the muon, the lepton mass effects can be important in AMSB. To improve
accuracy, the chargino decay modes calculated in [38, 39] were implemented with pion form
factors from [40] and massive leptons. The resulting chargino lifetime and branching ratios
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Disappearing track
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Experimental challenge: pileup
Many pp interactions (i.e. collisions) in 
the same bunch crossing = pileup. 

Average of 38 collisions per crossing in 
2017.

Many charged soft particles that leave hits in inner-detector. 
Challenge for disappearing track (random hits bkg), and many 

other areas!



High pileup event display
ATLAS 2017 collision data 
event with two Z-boson 
candidates each decaying to 
two muons and originating 
from well separated pp 
interactions in the same LHC 
bunch crossing. The 
production vertices of the 
two Z boson candidates are 
separated by 67 mm.
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Hadron collider extends nearly 20 years old 
LEP limits
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Next steps in the hunt for supersymmetry.

Outlook
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Ñ1

Ñ1
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Figure 10.13: Contributions to the annihilation cross-section for neutralino dark matter LSPs from
(a) t-channel slepton and squark exchange, (b) near-resonant annihilation through a Higgs boson
(s-wave for A0, and p-wave for h0, H0), and (c) t-channel chargino exchange.

observed to be h2 ≈ 0.46 with an error of order 3%. This translates into a cold dark matter density

ρDM ≈ 1.2 × 10−6 GeV/cm3, (10.3.2)

averaged over very large distance scales.
One of the nice features of supersymmetry with exact R-parity conservation is that a stable elec-

trically neutral LSP might be this cold dark matter. There are three obvious candidates: the lightest
sneutrino, the gravitino, and the lightest neutralino. The possibility of a sneutrino LSP making up the
dark matter with a cosmologically interesting density has been largely ruled out by direct searches [284]
(see however [285]). If the gravitino is the LSP, as in many gauge-mediated supersymmetry breaking
models, then gravitinos from reheating after inflation [286] or from other sparticle decays [287] might
be the dark matter, but they would be impossible to detect directly even if they have the right cos-
mological density today. They interact too weakly. The most attractive prospects for direct detection
of supersymmetric dark matter, therefore, are based on the idea that the lightest neutralino Ñ1 is the
LSP [75, 288].

In the early universe, sparticles existed in thermal equilibrium with the ordinary Standard Model
particles. As the universe cooled and expanded, the heavier sparticles could no longer be produced,
and they eventually annihilated or decayed into neutralino LSPs. Some of the LSPs pair-annihilated
into final states not containing sparticles. If there are other sparticles that are only slightly heavier,
then they existed in thermal equilibrium in comparable numbers to the LSP, and their co-annihilations
are also important in determining the resulting dark matter density [289, 290]. Eventually, as the
density decreased, the annihilation rate became small compared to the cosmological expansion, and
the Ñ1 experienced “freeze out”, with a density today determined by this small rate and the subsequent
dilution due to the expansion of the universe.

In order to get the observed dark matter density today, the thermal-averaged effective annihilation
cross-section times the relative speed v of the LSPs should be about [288]

⟨σv⟩ ∼ 1 pb ∼ α2/(150 GeV)2, (10.3.3)

so a neutralino LSP naturally has, very roughly, the correct (electroweak) interaction strength and
mass. More detailed and precise estimates can be obtained with publicly available computer programs
[238, 239], so that the predictions of specific candidate models of supersymmetry breaking can be
compared to eq. (10.3.1). Some of the diagrams that are typically important for neutralino LSP pair
annihilation are shown in fig. 10.13. Depending on the mass of Ñ1, various other processes including
Ñ1Ñ1 →ZZ, Zh0, h0h0 or even W±H∓, ZA0, h0A0, h0H0, H0A0, H0H0, A0A0, or H+H− may also
have been important. Some of the diagrams that can lead to co-annihilation of the LSPs with slightly
heavier sparticles are shown in figs. 10.14 and 10.15.

If Ñ1 is mostly higgsino or mostly wino, then the the annihilation diagram fig. 10.13c and the co-
annihilation mechanisms provided by fig. 10.14 are typically much too efficient [291, 292, 293] to allow

130

Higgsino & wino dark matter bands: mass 
controls abundance
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Well Tempered Neutralino
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FIG. 1. Comparison of current and projected constraints in the well-tempered bino-Higgsino neutralino DM scenario in the (µ, M1) parameter
plane for negative µ (left) and positive µ (right), with tan� = 10, M2 = 2.5 TeV and a pseudoscalar Higgs mass of MA = 500 GeV.
The orange regions are excluded by two different LHC searches for pp ! �̃±

1 �̃0
2 ! W±Z�̃0

1�̃
0
1 by the CMS experiment [27, 51] (see text).

Projected limits for 100 fb�1 and 300 fb�1 of the CMS searches are shown by dashed lines. The exclusion obtained from the LEP chargino
mass limit is shown in green. Current and projected (improvement of a factor 2) exclusion limits by the DM direct detection experiment
XENON1T [46] are shown as blue shaded areas with varying opacity (see blue text labels). Projected limits from DM indirect detection
experiments are indicated by the magenta regions, where the current limit is scaled by factors of 10, 100 and 1000, with high to low opacity.
The narrow region that predicts the observed DM relic density is shown in red. An overlaid hatching marks the over-abundant neutralino DM
regions, assuming a standard cosmological thermal history. The roughly diagonal and hyperbolic-like gray dotted contours give values for the
mass splitting, �m = m

�̃
±
1
�m

�̃
0
1
, and the DM mass, m

�̃
0
1
, respectively.

search [27] excludes the parameter space mostly in regions
where the neutralino DM is over-abundant — assuming the
standard cosmological thermal history — except for a region
µ ⇠ �(100 � 150) GeV, M1 ⇠ (110 � 125) GeV (which is
however also excluded by XENON1T) and a region at low M1

values, where m�̃
0
1
. Mh/2 ' 62.5 GeV and thus the light

Higgs funnel mechanism is effective.
Prospects for indirect detection under the present assump-

tions are generally very bleak especially because of the sup-
pression of rates with the inverse square of the (under-
abundant) relic density. Nevertheless, in the case of negative
relative sign between M1 and µ, and given the occurrence of
a blind-spot cancellation as chosen here, indirect detection re-
mains the only tool to experimentally probe the heavy Higgs
funnel region at |µ| > M1. Our conclusions would of course
be different assuming non-thermal production of neutralinos
in addition to the thermal relic population.

It should be noted that the XENON1T exclusion in
Fig. 1(left) in the mostly over-abundant region, M1 < |µ|,
depends on the details of the destructive interference between
the h- and H-mediated diagrams for spin-independent DM-
nucleon scattering, and thus depends on tan � and the heavy
Higgs masses, MH ⇠ MA (see e.g. Ref. [83]). In contrast,
the LHC constraints are very robust in this regard and depend
only marginally on tan � through its effect on the neutralino
and chargino masses and mixing.

We summarize that a sub-TeV bino-Higgsino neutralino
DM candidate must be highly under-abundant unless moder-

ately light non-standard Higgs bosons H and A exist and serve
as quasi-resonant mediator(s) for neutralino pair-annihilation
and provide a blind-spot cancellation in spin-independent di-
rect detection experiments. LHC searches for direct pro-
duction of electroweakinos give additional constraints (be-
sides direct detection and DM relic density) only for a very
light neutralino LSP in the under-abundant neutralino DM
region. Given these findings, we now investigate comple-
mentary LHC strategies that could further shed light on the
question whether such non-standard Higgs bosons indeed ex-
ist and interact in the described way with the electroweaki-
nos. In particular, we assess the size of the branching ratios of
non-standard Higgs boson decays into lighter electroweakino
states for our scenarios. More detailed phenomenological
work on these signatures can be found e.g. in Refs. [84–95].
There are also early experimental studies of the LHC discov-
ery reach by ATLAS [96] and CMS [97].

In the top panels of Figs. 2 and 3 we show the branching ra-
tios for H , A and H

± decays into the lightest neutralino (�̃0
1)

and another, heavier electroweakino (�̃0
2, �̃

0
3, �̃

±
1 ), for three

different slopes through the parameter space of Fig. 1(left),
i.e. for negative relative sign between M1 and µ. In Fig. 2(left)
and (right) we set µ = �250 GeV and �125 GeV, respec-
tively, and show the results as function of M1. In contrast, in
Fig. 3 we fixed M1 = 200 GeV and leave µ as a free param-
eter. The remaining parameters are the same as in Fig. 1. In
each case, the bottom panels show the masses of the light elec-
troweakinos (�̃0

1, �̃
0
2, �̃

0
3, �̃

±
1 ) for the same parameter choices

Profumo, Stefaniak, Haskins [1706.08537]

well-tempered bino-Higgsino neutralino

Projected limits from DM indirect 
detection experiments scaled by current 
limit is scaled by factors of 10, 100 and 
1000, with high to low opacity.

well-tempered bino-wino neutralino

For large μ values direct detection quickly becomes 
ineffective.

Complementarity of dark matter programs
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FIG. 5. Rescaled spin-independent (SI) neutralino-nucleon scattering cross section, �SI (in pb), in the bino-wino neutralino DM scenario. Left:
dependence on M2 for fixed M1 = M2 � 10 GeV, pseudoscalar Higgs mass MA = 500 GeV, tan� = 10 and values of µ = 750 GeV
(green), 2.5 TeV (red) and �750 GeV (magenta). The second x-axis indicates the lightest neutralino mass, m

�̃
0
1

(assuming µ = 750 GeV).
The blue, green and orange filled regions are excluded by LUX, LEP and LHC, respectively, whereas the dashed blue lines show different
rescalings of the current limit (see text labels); Right: dependence on µ for lightest neutralino masses of m

�̃
0
1
= 150 GeV (red) and 300 GeV

(blue). The parameters are tuned such that the predicted DM relic density, ⇢�, matches its observed value, ⇢DM. The second x-axis indicates
the Higgsino component of the lightest neutralino, Z2

13 + Z2
14. In the dashed part of the lines �SI is in conflict with the LUXobservations and

thus excluded by LUX.
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Estimates of future LHC sensitivity at 95% CL
~35 ifb 13 TeV Run2 (140 ifb) 13 TeV Run3 (~300 ifb) 13/14 TeV HL-LHC (3000 ifb) 13/14 TeV 

gluino 2 TeV (prel.) ~2.3 TeV (my est.) 2.4 TeV (upgrade), 
2.4/2.6 TeV (my est.) 

2.9 TeV (upgrade), 2.9/3.1 TeV (my 
est.) 

squark (x8) decoupled 1.5 TeV (prel.) 1.75 TeV (my est.) 1.9/2.0 TeV (my est.) 2.3/2.4 TeV (my est.) 

stop 1-1.1 TeV (prel.) ~1.3 TeV (my est.) 1.4x TeV (my est.) 1.85 TeV (my est.) 

wino C1N2 to WZ bino ~600 GeV (prel.) 670 GeV (my est.) 
780 GeV (my est.), 750 
GeV (CMS est.),  840 GeV 
(upgrade) 

1150 GeV (my est.), 1.2 TeV (CMS 
est.), 1.1 TeV (upgrade) 

wino C1C1 to WW 
bino 

225 GeV (based on x-
section ratio for 180 GeV 
Run1)

~320 GeV (my est.) 380-400 GeV (my est.) ~630 GeV (my est.)

wino LSP, pixel-trklet 420 GeV (prel.) 580 GeV (my est.) 680 GeV (my est.) 1030 GeV (my est.) 

higgsino LSP, DM=3-20 
GeV 150 GeV 200-250 GeV (my est.) 250-300 GeV (my est.) 450-500 GeV (my est.) 

higgsino LSP, 
DM=0.3-3 GeV ?

slepton (sel, smu) ~500 GeV (prel.) 670 GeV (my est.) 

stau ? 700 GeV (upgrade)
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Summary

(analysed ~1% of the expected LHC p-p dataset)

A very exciting and puzzling time for particle physics. 

SUSY frontiers at LHC

Complex scenarios: new clever ideas, 
sophisticated analysis techniques.

Electroweak SUSY production,
complementing dark matter direct & indirect detection

Harvesting large LHC dataset
wide Supersymmetry search program; so far no clear sign of new physics.

(uncovered signatures .. long-lived, R-parity 
violating, etc.)


