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Introduction

Do we need BSM physics? 

• SM successes 

• SM limitations 

Supersymmetry

• Basic Concepts

• SUSY spectrum 

• SUSY features

Experimental Approach

• Guidance

• How to make a search

• Current status
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The Standard Model 
Particle physics, today

| HASCO 2018 | Federico Meloni, 24/07/2018

Image credit: C. Burgard

The Standard Model is a 
gauge theory describing

• Elementary particles

• Fermions 

• Bosons

• Fundamental interactions

• Strong

• Electromagnetic

• Weak
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Status: July 2018

ATLAS Preliminary

Run 1,2
p
s = 7,8,13 TeV

Theory

LHC pp
p
s = 7 TeV

Data 4.5 � 4.9 fb
�1

LHC pp
p
s = 8 TeV

Data 20.2 � 20.3 fb
�1

LHC pp
p
s = 13 TeV

Data 3.2 � 79.8 fb
�1

Standard Model Production Cross Section MeasurementsThe Standard Model successes 
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Standard Model shortcomings

Even with such a successful description of Nature, a few, but major, 
pieces are missing in the puzzle:

• Neutrino masses (and flavour oscillation) not predicted

• Matter-antimatter imbalance

• Unification of forces

• No gravity!

• Missing Dark Matter candidate

• Hierarchy problem

Let’s see some in detail…

| HASCO 2018 | Federico Meloni, 24/07/2018
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Dark Matter

| HASCO 2018 | Federico Meloni, 24/07/2018
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Dark Matter

The Standard Model can 
account only for a small 
fraction of the total energy in 
the Universe.

In order to explain Dark Matter, 
we need a particle that is:

• Stable

• Weakly interacting (we 
hope)

• Massive

| HASCO 2018 | Federico Meloni, 24/07/2018

Dark Matter
27%

Ordinary 
Matter

5%

Dark 
Energy

68%
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Hierarchy problem

| HASCO 2018 | Federico Meloni, 24/07/2018

Just a human bias?
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Hierarchy problem

Very hard to believe without some 
meticulous fine-tuning!

| HASCO 2018 | Federico Meloni, 24/07/2018

Just a human bias?

10 g
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Hierarchy problem
Just a human bias?

| HASCO 2018 | Federico Meloni, 24/07/2018

Similarly hard to believe!

mH0
2DmH

2
mH=124.97±0.24 GeV [1]

[1] 1806.00242

32 2.1 The hierarchy problem and naturalness

2.1 The hierarchy problem and naturalness

Typical energies in SM processes at the electroweak symmetry breaking scale go
up to the order of 100 GeV. If we take into account the energy scale where quantum
gravity is not negligible anymore, we get to the Planck scale. The huge difference
between these two energy scales is known as hierarchy problem and is deeply
related to the structure of the Higgs scalar field.

The mass of the Higgs boson receives quantum loop corrections from all the
particles which couple to the Higgs field. Any SM fermion f couples to the Higgs
H with a Lagrangian term �l f H f f , shown in fig. 2.1 (a). The SM Higgs boson
mass is hence given by

m2
H ⇡ m2

H0 �
|l f |

2

8p2 L2 + ... (2.1)

where mH is the physical Higgs boson mass, mH0 is the bare Higgs mass and l f is
the Yukawa coupling of f . L2 is the ultraviolet momentum cut-off used to regulate
the loop integral. Hence, the Higgs boson mass diverges quadratically in L. The
ellipses represent terms proportional to m2

f , which grow at most logarithmically
with L. There is nothing that protects the Higgs mass from these quadratic diver-
gences. Furthermore the SM quarks, leptons and the electroweak gauge bosons
obtain masses from the Higgs vacuum expectation value hHi, so the entire mass
spectrum of the MS is sensitive to the cutoff L.

Figure 2.1: One-loop quantum corrections to the Higgs squared mass parameter m2
H , due

to (a) a Dirac fermion f , and (b) a scalar S. [16]

Theories are expected to provide natural explanations of experimental obser-
vations. A quantitative definition of the naturalness of a particle physics theory
can be given with respect to the amount of fine-tuning needed to achieve the elec-
troweak symmetry breaking at the observed energy scale, represented by the Z
boson mass mZ [17, 18]. Once a set of independent and continuously variable pa-
rameters {ai} representing the theory is chosen, it is possible to compute another

https://arxiv.org/abs/1806.00242


Page 11

Beyond Standard Model physics

We are mostly looking for the unknown

• Significantly less hints on where to look with respect to e.g. top quark and 
Higgs discoveries

You can use two approaches:

• Top-down “Come up with a theory and look for a problem [it might solve]”

• Build your model from first principles
• Make predictions
• Test with data

• Bottom-up “Come up with a problem and look for a theory [that might solve it]”

• Build your model to explain a specific observation
• Make other predictions
• Test with data
| HASCO 2018 | Federico Meloni, 24/07/2018
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Symmetries

Group theory description: group elements change the state of the system

• Example: elements of SO(3) rotate objects in R3

Continuous transformations are represented by Lie groups

Symmetries for us are symmetries of the Lagrangian

• Noether’s theorem: to a continuous symmetry corresponds a conserved 
quantity

Groups can (locally) be described in terms of their generators

• Example: for SO(3) this is the so(3) Lie algebra [Ji, Jj]=i eijk Jk

| HASCO 2018 | Federico Meloni, 24/07/2018
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The Standard Model’s symmetries

External (space-time symmetries): 

• Translations

• Rotations & boosts

Internal: 

• Gauge symmetries, i.e. SU(3)C x SU(2)L x U(1)Y

• Isospin, strangeness, baryon number, lepton number… 

| HASCO 2018 | Federico Meloni, 24/07/2018

Poincaré symmetry
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The Poincaré algebra

The P operators generate translations, M operators generate rotations and boosts

Can the Poincaré symmetry be extended? Can we unify internal and external 
symmetries (in a non-trivial way)? 

• Not using Lie algebras

[Coleman, Mandula, Phys. Rev. D159 (1967)]

Supersymmetry is the only possible external symmetry of the scattering amplitude 
beyond Lorentz symmetry, for which the scattering is non trivial.

[Haag, Lopuszanski, Sohnius, Nucl. Phys. B88 (1975)]

| HASCO 2018 | Federico Meloni, 24/07/2018

The Poincaré algebra

• The Ps are generators of translations, Ms for rotations and boosts 

• Can the Poincaré symmetry be extended? 

- Not using Lie algebras, but… 

• Can we unify internal and external symmetries (in a non-trivial way)? 

- Not using Lie algebras, but…

[Coleman, Mandula, Phys. Rev. 159 (1967) 1251-1256]
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Supersymmetry

SUSY is a symmetry that relates fermions and bosons

Q | fermion > = | boson >   r

Q | boson > = | fermion >

Q is a spinorial generator, i.e. it has spin ½

To construct a supersymmetric Lagrangian, i.e. invariant under

| fermion > ó | boson >   r

We will need to double the spectrum.

| HASCO 2018 | Federico Meloni, 24/07/2018

SuperdSymmetry'
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Supersymmetry

• Scalars have no chirality (left/right-handed in SUSY particles are just labels)

| HASCO 2018 | Federico Meloni, 24/07/2018

The MSSM particle content

Image credit: M. Rimoldi
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Supersymmetry must be broken

• No scalar 0.511 MeV electrons even though [Pµ, Q] = 0

• Would like to have spontaneous breaking using a non-supersymmetric 
vacuum.

• To parametrize our ignorance of the actual mechanism we introduce explicitly 
breaking terms. Not any terms, only soft-terms that do not reintroduce the 
divergences for scalars.

Move to a high scale

hF i, hDi
<latexit sha1_base64="9QyBo/SrH7wfEU+wViAlgjZeJPA=">AAACDXicbZDLSsNAFIYnXmu9RV26GayCCymJCLosKuKygr1AE8pketIOnUzCzEQopS/gxldx40IRt+7d+TZO0xS09YeBn++cw5nzBwlnSjvOt7WwuLS8slpYK65vbG5t2zu7dRWnkkKNxjyWzYAo4ExATTPNoZlIIFHAoRH0r8b1xgNIxWJxrwcJ+BHpChYySrRBbfvQ40R0OeAb7MnMneApup6itl1yyk4mPG/c3JRQrmrb/vI6MU0jEJpyolTLdRLtD4nUjHIYFb1UQUJon3ShZawgESh/mF0zwkeGdHAYS/OExhn9PTEkkVKDKDCdEdE9NVsbw/9qrVSHF/6QiSTVIOhkUZhyrGM8jgZ3mASq+cAYQiUzf8W0RySh2gRYNCG4syfPm/pp2XXK7t1ZqXKZx1FA++gAHSMXnaMKukVVVEMUPaJn9IrerCfrxXq3PiatC1Y+s4f+yPr8AbeYmrE=</latexit><latexit sha1_base64="9QyBo/SrH7wfEU+wViAlgjZeJPA=">AAACDXicbZDLSsNAFIYnXmu9RV26GayCCymJCLosKuKygr1AE8pketIOnUzCzEQopS/gxldx40IRt+7d+TZO0xS09YeBn++cw5nzBwlnSjvOt7WwuLS8slpYK65vbG5t2zu7dRWnkkKNxjyWzYAo4ExATTPNoZlIIFHAoRH0r8b1xgNIxWJxrwcJ+BHpChYySrRBbfvQ40R0OeAb7MnMneApup6itl1yyk4mPG/c3JRQrmrb/vI6MU0jEJpyolTLdRLtD4nUjHIYFb1UQUJon3ShZawgESh/mF0zwkeGdHAYS/OExhn9PTEkkVKDKDCdEdE9NVsbw/9qrVSHF/6QiSTVIOhkUZhyrGM8jgZ3mASq+cAYQiUzf8W0RySh2gRYNCG4syfPm/pp2XXK7t1ZqXKZx1FA++gAHSMXnaMKukVVVEMUPaJn9IrerCfrxXq3PiatC1Y+s4f+yPr8AbeYmrE=</latexit><latexit sha1_base64="9QyBo/SrH7wfEU+wViAlgjZeJPA=">AAACDXicbZDLSsNAFIYnXmu9RV26GayCCymJCLosKuKygr1AE8pketIOnUzCzEQopS/gxldx40IRt+7d+TZO0xS09YeBn++cw5nzBwlnSjvOt7WwuLS8slpYK65vbG5t2zu7dRWnkkKNxjyWzYAo4ExATTPNoZlIIFHAoRH0r8b1xgNIxWJxrwcJ+BHpChYySrRBbfvQ40R0OeAb7MnMneApup6itl1yyk4mPG/c3JRQrmrb/vI6MU0jEJpyolTLdRLtD4nUjHIYFb1UQUJon3ShZawgESh/mF0zwkeGdHAYS/OExhn9PTEkkVKDKDCdEdE9NVsbw/9qrVSHF/6QiSTVIOhkUZhyrGM8jgZ3mASq+cAYQiUzf8W0RySh2gRYNCG4syfPm/pp2XXK7t1ZqXKZx1FA++gAHSMXnaMKukVVVEMUPaJn9IrerCfrxXq3PiatC1Y+s4f+yPr8AbeYmrE=</latexit><latexit sha1_base64="9QyBo/SrH7wfEU+wViAlgjZeJPA=">AAACDXicbZDLSsNAFIYnXmu9RV26GayCCymJCLosKuKygr1AE8pketIOnUzCzEQopS/gxldx40IRt+7d+TZO0xS09YeBn++cw5nzBwlnSjvOt7WwuLS8slpYK65vbG5t2zu7dRWnkkKNxjyWzYAo4ExATTPNoZlIIFHAoRH0r8b1xgNIxWJxrwcJ+BHpChYySrRBbfvQ40R0OeAb7MnMneApup6itl1yyk4mPG/c3JRQrmrb/vI6MU0jEJpyolTLdRLtD4nUjHIYFb1UQUJon3ShZawgESh/mF0zwkeGdHAYS/OExhn9PTEkkVKDKDCdEdE9NVsbw/9qrVSHF/6QiSTVIOhkUZhyrGM8jgZ3mASq+cAYQiUzf8W0RySh2gRYNCG4syfPm/pp2XXK7t1ZqXKZx1FA++gAHSMXnaMKukVVVEMUPaJn9IrerCfrxXq3PiatC1Y+s4f+yPr8AbeYmrE=</latexit>

High scale Popular messengers: 
gravity, SM gauge bosons

Mmessenger
<latexit sha1_base64="Ak70MkmzlCLBIslYPH86IGK5MuE=">AAAB+3icbVBNS8NAEN3Ur1q/Yj16CRbBU0lE0GPRixehgq2FNoTNdtIu3WzC7kRaQv+KFw+KePWPePPfuG1z0NYHA4/3ZpiZF6aCa3Tdb6u0tr6xuVXeruzs7u0f2IfVtk4yxaDFEpGoTkg1CC6hhRwFdFIFNA4FPIajm5n/+ARK80Q+4CQFP6YDySPOKBopsKt3QQ9hjHkMWoMcgJoGds2tu3M4q8QrSI0UaAb2V6+fsCwGiUxQrbuem6KfU4WcCZhWepmGlLIRHUDXUEnNLj+f3z51To3Sd6JEmZLozNXfEzmNtZ7EoemMKQ71sjcT//O6GUZXfs5lmiFItlgUZcLBxJkF4fS5AoZiYghliptbHTakijI0cVVMCN7yy6ukfV733Lp3f1FrXBdxlMkxOSFnxCOXpEFuSZO0CCNj8kxeyZs1tV6sd+tj0Vqyipkj8gfW5w/O85Tt</latexit><latexit sha1_base64="Ak70MkmzlCLBIslYPH86IGK5MuE=">AAAB+3icbVBNS8NAEN3Ur1q/Yj16CRbBU0lE0GPRixehgq2FNoTNdtIu3WzC7kRaQv+KFw+KePWPePPfuG1z0NYHA4/3ZpiZF6aCa3Tdb6u0tr6xuVXeruzs7u0f2IfVtk4yxaDFEpGoTkg1CC6hhRwFdFIFNA4FPIajm5n/+ARK80Q+4CQFP6YDySPOKBopsKt3QQ9hjHkMWoMcgJoGds2tu3M4q8QrSI0UaAb2V6+fsCwGiUxQrbuem6KfU4WcCZhWepmGlLIRHUDXUEnNLj+f3z51To3Sd6JEmZLozNXfEzmNtZ7EoemMKQ71sjcT//O6GUZXfs5lmiFItlgUZcLBxJkF4fS5AoZiYghliptbHTakijI0cVVMCN7yy6ukfV733Lp3f1FrXBdxlMkxOSFnxCOXpEFuSZO0CCNj8kxeyZs1tV6sd+tj0Vqyipkj8gfW5w/O85Tt</latexit><latexit sha1_base64="Ak70MkmzlCLBIslYPH86IGK5MuE=">AAAB+3icbVBNS8NAEN3Ur1q/Yj16CRbBU0lE0GPRixehgq2FNoTNdtIu3WzC7kRaQv+KFw+KePWPePPfuG1z0NYHA4/3ZpiZF6aCa3Tdb6u0tr6xuVXeruzs7u0f2IfVtk4yxaDFEpGoTkg1CC6hhRwFdFIFNA4FPIajm5n/+ARK80Q+4CQFP6YDySPOKBopsKt3QQ9hjHkMWoMcgJoGds2tu3M4q8QrSI0UaAb2V6+fsCwGiUxQrbuem6KfU4WcCZhWepmGlLIRHUDXUEnNLj+f3z51To3Sd6JEmZLozNXfEzmNtZ7EoemMKQ71sjcT//O6GUZXfs5lmiFItlgUZcLBxJkF4fS5AoZiYghliptbHTakijI0cVVMCN7yy6ukfV733Lp3f1FrXBdxlMkxOSFnxCOXpEFuSZO0CCNj8kxeyZs1tV6sd+tj0Vqyipkj8gfW5w/O85Tt</latexit><latexit sha1_base64="Ak70MkmzlCLBIslYPH86IGK5MuE=">AAAB+3icbVBNS8NAEN3Ur1q/Yj16CRbBU0lE0GPRixehgq2FNoTNdtIu3WzC7kRaQv+KFw+KePWPePPfuG1z0NYHA4/3ZpiZF6aCa3Tdb6u0tr6xuVXeruzs7u0f2IfVtk4yxaDFEpGoTkg1CC6hhRwFdFIFNA4FPIajm5n/+ARK80Q+4CQFP6YDySPOKBopsKt3QQ9hjHkMWoMcgJoGds2tu3M4q8QrSI0UaAb2V6+fsCwGiUxQrbuem6KfU4WcCZhWepmGlLIRHUDXUEnNLj+f3z51To3Sd6JEmZLozNXfEzmNtZ7EoemMKQ71sjcT//O6GUZXfs5lmiFItlgUZcLBxJkF4fS5AoZiYghliptbHTakijI0cVVMCN7yy6ukfV733Lp3f1FrXBdxlMkxOSFnxCOXpEFuSZO0CCNj8kxeyZs1tV6sd+tj0Vqyipkj8gfW5w/O85Tt</latexit>

Contribution to  
sparticles masses

msoft
<latexit sha1_base64="smel0SUI/dMrD5fqLfR6U+2OU88=">AAAB9HicbVDLSgNBEJyNrxhfUY9eBoPgKeyKoMegF48RzAOSJcxOZpMh81hneoNhyXd48aCIVz/Gm3/jJNmDJhY0FFXddHdFieAWfP/bK6ytb2xuFbdLO7t7+wflw6Om1amhrEG10KYdEcsEV6wBHARrJ4YRGQnWika3M781ZsZyrR5gkrBQkoHiMacEnBTKXhfYE2RWxzDtlSt+1Z8Dr5IgJxWUo94rf3X7mqaSKaCCWNsJ/ATCjBjgVLBpqZtalhA6IgPWcVQRyWyYzY+e4jOn9HGsjSsFeK7+nsiItHYiI9cpCQztsjcT//M6KcTXYcZVkgJTdLEoTgUGjWcJ4D43jIKYOEKo4e5WTIfEEAoup5ILIVh+eZU0L6qBXw3uLyu1mzyOIjpBp+gcBegK1dAdqqMGougRPaNX9OaNvRfv3ftYtBa8fOYY/YH3+QOU7JKd</latexit><latexit sha1_base64="smel0SUI/dMrD5fqLfR6U+2OU88=">AAAB9HicbVDLSgNBEJyNrxhfUY9eBoPgKeyKoMegF48RzAOSJcxOZpMh81hneoNhyXd48aCIVz/Gm3/jJNmDJhY0FFXddHdFieAWfP/bK6ytb2xuFbdLO7t7+wflw6Om1amhrEG10KYdEcsEV6wBHARrJ4YRGQnWika3M781ZsZyrR5gkrBQkoHiMacEnBTKXhfYE2RWxzDtlSt+1Z8Dr5IgJxWUo94rf3X7mqaSKaCCWNsJ/ATCjBjgVLBpqZtalhA6IgPWcVQRyWyYzY+e4jOn9HGsjSsFeK7+nsiItHYiI9cpCQztsjcT//M6KcTXYcZVkgJTdLEoTgUGjWcJ4D43jIKYOEKo4e5WTIfEEAoup5ILIVh+eZU0L6qBXw3uLyu1mzyOIjpBp+gcBegK1dAdqqMGougRPaNX9OaNvRfv3ftYtBa8fOYY/YH3+QOU7JKd</latexit><latexit sha1_base64="smel0SUI/dMrD5fqLfR6U+2OU88=">AAAB9HicbVDLSgNBEJyNrxhfUY9eBoPgKeyKoMegF48RzAOSJcxOZpMh81hneoNhyXd48aCIVz/Gm3/jJNmDJhY0FFXddHdFieAWfP/bK6ytb2xuFbdLO7t7+wflw6Om1amhrEG10KYdEcsEV6wBHARrJ4YRGQnWika3M781ZsZyrR5gkrBQkoHiMacEnBTKXhfYE2RWxzDtlSt+1Z8Dr5IgJxWUo94rf3X7mqaSKaCCWNsJ/ATCjBjgVLBpqZtalhA6IgPWcVQRyWyYzY+e4jOn9HGsjSsFeK7+nsiItHYiI9cpCQztsjcT//M6KcTXYcZVkgJTdLEoTgUGjWcJ4D43jIKYOEKo4e5WTIfEEAoup5ILIVh+eZU0L6qBXw3uLyu1mzyOIjpBp+gcBegK1dAdqqMGougRPaNX9OaNvRfv3ftYtBa8fOYY/YH3+QOU7JKd</latexit><latexit sha1_base64="smel0SUI/dMrD5fqLfR6U+2OU88=">AAAB9HicbVDLSgNBEJyNrxhfUY9eBoPgKeyKoMegF48RzAOSJcxOZpMh81hneoNhyXd48aCIVz/Gm3/jJNmDJhY0FFXddHdFieAWfP/bK6ytb2xuFbdLO7t7+wflw6Om1amhrEG10KYdEcsEV6wBHARrJ4YRGQnWika3M781ZsZyrR5gkrBQkoHiMacEnBTKXhfYE2RWxzDtlSt+1Z8Dr5IgJxWUo94rf3X7mqaSKaCCWNsJ/ATCjBjgVLBpqZtalhA6IgPWcVQRyWyYzY+e4jOn9HGsjSsFeK7+nsiItHYiI9cpCQztsjcT//M6KcTXYcZVkgJTdLEoTgUGjWcJ4D43jIKYOEKo4e5WTIfEEAoup5ILIVh+eZU0L6qBXw3uLyu1mzyOIjpBp+gcBegK1dAdqqMGougRPaNX9OaNvRfv3ftYtBa8fOYY/YH3+QOU7JKd</latexit>

Multiple scales to be aware of:
p

hF i,
p

hDi
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Supersymmetry breaking
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Image credit: A. Raklev
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SM gauge coupling unification

Advantages of SUSY

“Naturalness” problem
The fermion-loop diagram in fig (a) produces corrections

to the Higgs mass like �M
2
H
= �

|�f |
2

8⇡2
⇤2
UV

where ⇤UV is

a cut-o↵ energy scale chosen as upper limit to compute
the loop integral.
SUSY foresee the existance of loops of scalars as in fig (b)
that would cancel such correction with a contribution
�s

8⇡2
⇤2
UV

, where �s = |�f |
2 — this relation being direct

consequence of the SUSY potential.

Grand-unification?

If SUSY exists at O (TeV) scale, the
RGE foresees a unification of the cou-
pling constants of the gauge groups
SU(3)C , SU(2)L,U(1)Y at ⇡ 1016 GeV
(a GUT scale??)
Moreover, the mass evolution from the
“unification scale” down to the EW
scale may make a Higgs squared mass
to run negative, thus producing the EW
symmetry breaking.

M. Fanti (Physics Dep., UniMi) title in footer 4 / 21
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Hierarchy problem

The Higgs boson mass has quadratically divergent corrections

• The additional scalars introduced with SUSY bring additional corrections that 
help mitigate the divergency

• ls = | lf |2 (particles in the same super-multiplet) and two new scalars for each 
fermion

• Cancellation depends on SUSY breaking, ms and mf are not the same!
| HASCO 2018 | Federico Meloni, 24/07/2018

Do you remember those large corrections to the Higgs mass?Advantages of SUSY

“Naturalness” problem
The fermion-loop diagram in fig (a) produces corrections

to the Higgs mass like �M
2
H
= �

|�f |
2

8⇡2
⇤2
UV

where ⇤UV is

a cut-o↵ energy scale chosen as upper limit to compute
the loop integral.
SUSY foresee the existance of loops of scalars as in fig (b)
that would cancel such correction with a contribution
�s

8⇡2
⇤2
UV

, where �s = |�f |
2 — this relation being direct

consequence of the SUSY potential.

Grand-unification?

If SUSY exists at O (TeV) scale, the
RGE foresees a unification of the cou-
pling constants of the gauge groups
SU(3)C , SU(2)L,U(1)Y at ⇡ 1016 GeV
(a GUT scale??)
Moreover, the mass evolution from the
“unification scale” down to the EW
scale may make a Higgs squared mass
to run negative, thus producing the EW
symmetry breaking.

M. Fanti (Physics Dep., UniMi) title in footer 4 / 21

32 2.1 The hierarchy problem and naturalness

2.1 The hierarchy problem and naturalness

Typical energies in SM processes at the electroweak symmetry breaking scale go
up to the order of 100 GeV. If we take into account the energy scale where quantum
gravity is not negligible anymore, we get to the Planck scale. The huge difference
between these two energy scales is known as hierarchy problem and is deeply
related to the structure of the Higgs scalar field.

The mass of the Higgs boson receives quantum loop corrections from all the
particles which couple to the Higgs field. Any SM fermion f couples to the Higgs
H with a Lagrangian term �l f H f f , shown in fig. 2.1 (a). The SM Higgs boson
mass is hence given by

m2
H ⇡ m2

H0 �
|l f |

2

8p2 L2 + ... (2.1)

where mH is the physical Higgs boson mass, mH0 is the bare Higgs mass and l f is
the Yukawa coupling of f . L2 is the ultraviolet momentum cut-off used to regulate
the loop integral. Hence, the Higgs boson mass diverges quadratically in L. The
ellipses represent terms proportional to m2

f , which grow at most logarithmically
with L. There is nothing that protects the Higgs mass from these quadratic diver-
gences. Furthermore the SM quarks, leptons and the electroweak gauge bosons
obtain masses from the Higgs vacuum expectation value hHi, so the entire mass
spectrum of the MS is sensitive to the cutoff L.

Figure 2.1: One-loop quantum corrections to the Higgs squared mass parameter m2
H , due

to (a) a Dirac fermion f , and (b) a scalar S. [16]

Theories are expected to provide natural explanations of experimental obser-
vations. A quantitative definition of the naturalness of a particle physics theory
can be given with respect to the amount of fine-tuning needed to achieve the elec-
troweak symmetry breaking at the observed energy scale, represented by the Z
boson mass mZ [17, 18]. Once a set of independent and continuously variable pa-
rameters {ai} representing the theory is chosen, it is possible to compute another

The problem  
— the usual story

125.1 GeV/c 2
If ΛUV ~ MP ~ 1018 GeV, 
how come mH ~100 GeV? 

�m2
H

= � |�f |2

8⇡2
⇤2
UV + . . .
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�m2
H

=
�s

16⇡2
[⇤2

UV �m2
s
ln (⇤2

UV/m
2
s
) + . . .]
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The SUSY family

A lot to consider!

• Various scenarios come with interesting features that can be exploited …

| HASCO 2018 | Federico Meloni, 24/07/2018

… and others
Image credit: T. Rizzo

+ Split SUSY
AMSB 
Stealth (hidden) SUSY 
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R-parity

Most general super-potential includes terms Violating Baryon number and Lepton 
number.

• As a result, the proton is not stable and should decay at a much faster rate 
than observed

• A new symmetry is introduced to fix this

R = +1 (particles) R = -1 sparticles

• SUSY particles are produced in pairs

• The Lightest Supersymmetric Particle (LSP) is stable

• If the LSP is neutral, it could be DM (often the neutralino) - ET
miss signature

A new conserved quantum number

• B is the Barion Number
• L is the Lepton Number
• S is the Spin

| HASCO 2018 | Federico Meloni, 24/07/2018
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R-parity violation!

The LSP is not stable

• No Dark Matter candidate 

• Less missing momentum, higher particle multiplicity in the final state 

• Several possible R-parity violating terms in the Lagrangian, giving many 
different experimental signatures

| HASCO 2018 | Federico Meloni, 24/07/2018

New rules come with new exceptions…
R-Parity Violating (RPV) SUSY

R-Parity Violating (RPV) SUSY Searches

• Many SUSY models assume R-parity conservation to forbid lepton-
and baryon-number violating decays.

• For example, models with a stable neutralino (�̃0) as the Lightest
Supersymmetric Particle (LSP) are common (dark matter candidate).

• This parity is defined as: PR = (�1)3(B�L)+2S , where S, B and L
correspond to the spin, baryon and lepton numbers of the particle.

• Nevertheless, there is no experimental evidence forbidding a
RPV super-potential:

WRPV = �ijkLiLj Ēk + �
0
ijkLiQj D̄k| {z }

Lepton Violating

+ kiLiH2 + �
00
ijkD̄i D̄j D̄k| {z }

Baryon Violating

• Stability of proton forbids simultaneous lepton and baryon number
violation.

• We conduct RPV searches on both multi-leptonic and multi-jet final
states.

Andres Florez (York U) LHCP - Barcelona May 17, 2013 3 / 16

Large lepton multiplicity Additional leptons 
and jets from LSP 
decay

Multi-jet 
resonances 
Many jets but with 
little ET

miss
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Long lived particle searches 
There are many ways SUSY particles could be long lived

• The lightest SUSY particle is not stable, and decays through a small R-parity 
violating coupling to SM particles

• The lightest SUSY particle is the gravitino, which has a small coupling – the 
next-lightest can be long-lived 

• Gluinos decaying through very heavy virtual squarks

• Small mass splitting between lightest and next-to-lightest SUSY particle  

Even more interesting signatures!

If ct > 1 mm we can detect decays occurring away from the primary collisions

If ct > 10 cm we can measure charged long lived particles

| HASCO 2018 | Federico Meloni, 24/07/2018
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Production of SUSY particles at the LHC

We start from gluons and quarks

• SUSY diagrams are obtained from SM ones adding tilde on two of the particles

• Two for R-parity conserving processes

Some examples
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Figure 10.1: Feynman diagrams for electroweak production of sparticles at hadron colliders from quark-
antiquark annihilation. The charginos and neutralinos in the t-channel diagrams only couple because
of their gaugino content, for massless initial-state quarks, and so are drawn as wavy lines superimposed
on solid.
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Figure 10.2: Feynman diagrams for gluino and squark production at hadron colliders from gluon-gluon
and gluon-quark fusion.
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Ñj

u

d

ũL
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Strong interaction

Weak interaction
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Scalar quark and gluino production

There are few bottom and no top quarks in the proton, because of their mass

• Thus, third generation squarks are only produced by boxed diagrams 
| HASCO 2018 | Federico Meloni, 24/07/2018
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the component of the missing energy that is manifest as momenta transverse to the colliding beams,
usually denoted /ET or Emiss

T (although /⃗pT or p⃗miss
T might be more logical names) is observable. So,

in general the observable signals for supersymmetry at hadron colliders are n leptons + m jets +
/ET , where either n or m might be 0. There are important Standard Model backgrounds to these
signals, especially from processes involving production of W and Z bosons that decay to neutrinos,
which provide the /ET . Therefore it is important to identify specific signal region cuts for which the
backgrounds can be reduced. Of course, the optimal choice of cuts depends on which sparticles are
being produced and how they decay, facts that are not known in advance.

The classic /ET signal for supersymmetry at hadron colliders is events with jets and /ET but no
energetic isolated leptons. The latter requirement reduces backgrounds from Standard Model processes
with leptonic W decays, and is obviously most effective if the relevant sparticle decays have sizable
branching fractions into channels with no leptons in the final state. The most important potential
backgrounds are:

• Detector mismeasurements of jet energies,

• W+jets, with the W decaying to ℓν, when the charged lepton is missed or absorbed into a jet,

• Z+jets, with Z → νν̄,

• tt production, with W → ℓν, when the charged lepton is missed.

One must choose the /ET cut high enough to reduce these backgrounds, and also to assist in efficient
triggering. Requiring at least one very high-pT jet can also satisfy a trigger requirement. In addition,
the first (QCD) background can be reduced by requiring that the transverse direction of the /ET is
not too close to the transverse direction of a jet. Backgrounds can be further reduced by requiring at
least some number n of energetic jets, and imposing a cut on a variable HT , typically defined to be
the sum of the largest few (or all) of the pT ’s of the jets in each event. (There is no fixed standard
definition of HT .) Different signal regions can be defined by how many jets are required in the event,
the minimum pT cuts on those jets, how many jets are included in the definition of HT , and other fine
details. Alternatively, one can cut on meff ≡ HT + /ET rather than HT . Another cut that is often used
in searches is to require a minimum value for the ratio of /ET to either HT or meff ; the backgrounds
tend to have smaller values of this ratio than a supersymmetric signal would. The jets+/ET signature
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Ñj

u

d

ũL
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Pairs of charginos

Pairs of neutralinos

Chargino neutralino

Slepton pairs
Sneutrino pairs
Sneutrino-slepton

Electroweak production

Rare processes at the LHC: only quarks in the initial state

• At least two vertices involving the electromagnetic or weak coupling
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Cross sections

For the same mass, the cross section is much larger for particles produced 
trough strong interaction (squark and gluinos) 

• High cross section means strong existing limits: we are now looking at higher 
masses

| HASCO 2018 | Federico Meloni, 24/07/2018
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Other cross sections

Even the SUSY processes with “high” 
cross-section are a tiny fraction of the 
total collisions.

• Out of 1 billion collisions per second, 
less than one will produce SUSY 
particles.

Disk and CPU constraints imply only one 
collision in 40,000 can be registered

• The first selection of signal 
candidates is done by the data 
acquisition software (trigger)

• If we are not ready, data will be lost 
forever

4

Fig. 4 Cross sections of several SUSY production chan-
nels [14], superimposed with Standard Model process atp
s = 8 TeV. The right-handed axis indicates the number

of events for 20 fb�1.

Fig. 5 Typical decay of a colored SUSY particle at LHC.
The two cases shown at the bottom of the SUSY spectrum
correspond to the two considered LSP types.

stand better the many experimental facets of a SUSY
analysis at LHC.

Discovering SUSY at the LHC is an extremely chal-
lenging task, even within the restricted framework of
the MSSM. First, every corner of the parameter space
needs to be covered, including all possible decay chan-

Fig. 6 Possible signatures from non-prompt sparticle decay.

nels which provide a high number of final states with
di↵erent mixtures of reconstructed objects (photon, elec-
tron, muon, tau, jets, b-jets, missing transverse energy).
Second, due to the presence of many scalars and weakly
interacting particles, cross sections are generally ex-
tremely tiny with respect to the SM background (cf. Fig 4).
In the plain vanilla MSSM scenario, the few signal events
are generally located in the tails of the kinematic dis-
tributions, requiring challenging trigger, powerful dis-
criminating variables and accurate background model-
ing in a complicated region of the phase space. In other
SUSY scenarios where R-parity is violated and/or non-
prompt decays are possible, the experimental challenge
generally shifts to taking the best performance of each
sub-detector to improve secondary vertex reconstruc-
tion, timing resolution, jet substructure reconstruction,
lepton coverage, etc. Therefore, SUSY searches provide
an excellent way to push the detector and analyser ca-
pabilities to their best.

This section is organized as follows. Experimental
matters, i.e. LHC data, trigger and detector/object per-
formance relevant for SUSY searches, are treated in
Sect. 3.1. Commonly used discriminating variables for
the design of the signal regions are then discussed in
Sect. 3.2 and methods to estimate the remaining back-
ground in these signal regions are described in Sect. 3.3.
Finally, the limit setting tools and SUSY models used
for interpretations are briefly reviewed in Sect. 3.4 and 3.5,
respectively.

3.1 LHC data and detector performance

After a brief reminder of the main characteristics of the
LHC data (section 3.1.1), ATLAS and CMS detectors
(section 3.1.2), the object and detector performance
relevant to SUSY searches are discussed (section 3.1.3
and 3.1.4).
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How to search for physics beyond the SM

The simplest SUSY search proceed as follows:

• Count the number of collisions satisfying a given selection (say “six jets 
with pT > 60 GeV and missing transverse momentum larger than 150 GeV”)

• Compute the number of background events expected to pass the selection

• Compare the observed number of events with the expected background 
rate. An excess of the former indicates the presence of a signal.

The key difficulties are:

• How we determine the selection criteria, since we do not know the masses and 
decays of SUSY particles ?

• How do we compute the expected background rate in such a reliable way that 
we can attribute an higher observed rate to a non-Standard Model process ?

| HASCO 2018 | Federico Meloni, 24/07/2018
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SUSY search strategy

Search strategy designed to provide coverage for a broad class of SUSY models

For each search, a number of signal regions (selections) is optimized based on a 
variety of models

| HASCO 2018 | Federico Meloni, 24/07/2018

Image credit: M. D’Onofrio
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Models for optimization

| HASCO 2018 | Federico Meloni, 24/07/2018

“Full” physics models: 

• SUSY breaking model @ high scale: non degenerate spectrum at the 

electroweak scale

• E.g. mSUGRA, GMSB, AMSB etc.

Generalized models: 

• Consider only parameters and mass spectrum at the electroweak scale

• E.g. pMSSM, General Gauge Mediated 

Simplified models:

• Assume a minimal set of parameters, including the particle masses and the 

production cross sections 

• E.g. sparticle production with 100% BR to a final state of interest
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Example: mSUGRA (now ~dead)  
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As a function of m0 and m1/2

• m0 = mass of the 
scalar at unification 
scale (GUT)

• m1/2 = mass of the 
gauginos at GUT  

• tan(β) = 30 ratio of the
higgs vacuum
expectation values

• A0 = -2m0 trilinear
couplings

• μ > 0 sign of Higgs 
mass term

Various analyses might be 
sensitive in different regions

m(squarks) m(higgs) m(gluinos)



Page 34

Models for optimization

| HASCO 2018 | Federico Meloni, 24/07/2018

“Full” physics models: 

• SUSY breaking model @ high scale: non degenerate spectrum at the 

electroweak scale

• E.g. mSUGRA, GMSB, AMSB etc.

Generalized models: 

• Consider only parameters and mass spectrum at the electroweak scale

• E.g. pMSSM, General Gauge Mediated 

Simplified models:

• Assume a minimal set of parameters, including the particle masses and the 

production cross sections 

• E.g. sparticle production with 100% BR to a final state of interest
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Example: pMSSM 

Reduces the number of MSSM parameters to a managable level (24 or 19) with 
experimentally motivated assumptions 

• Is ‘unprejudiced’ with respect to high-scale SUSY

• Can lead to complex spectra & decay patterns

• Allows for correlations, leading to less constrained models

Example: general CP-conserving MSSM with R-parity 

• Minimal Flavour Violation at the TeV scale (CKM) 

• Lightest neutralino/gravitino is the LSP

• 1st/2nd generation sfermions degenerate 

• Ignore 1st/2nd generation Yukawa couplings

| HASCO 2018 | Federico Meloni, 24/07/2018

The phenomenological MSSM
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Example: pMSSM 

| HASCO 2018 | Federico Meloni, 24/07/2018

Results are not easy to interpret
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Models for optimization

| HASCO 2018 | Federico Meloni, 24/07/2018

“Full” physics models: 

• SUSY breaking model @ high scale: non degenerate spectrum at the 

electroweak scale

• E.g. mSUGRA, GMSB, AMSB etc.

Generalized models: 

• Consider only parameters and mass spectrum at the electroweak scale

• E.g. pMSSM, General Gauge Mediated 

Simplified models:

• Assume a minimal set of parameters, including the particle masses and the 

production cross sections 

• E.g. sparticle production with 100% BR to a final state of interest
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Example: simplified models

From 19 sparticles consider 2 or 3, decouple all others, force a specific decay 
mode(s) (with fixed Branching Ratio)

• Assumptions on the chirality and nature of particle involved

Very helpful to design analyses

• Well suited to study single production/decay diagrams

| HASCO 2018 | Federico Meloni, 24/07/2018

m(A)

m
(B

)

m(A) <
 m

(B) 

not allowed

A

A’

B = LSP

or
Fix one
of Dm



Page 39

Let’s follow an analysis from start to finish

| HASCO 2018 | Federico Meloni, 24/07/2018

JHEP 08 (2017) 006
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Step 0: pick a model

t̃1
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The top squark is important when 

considering the Higgs boson mass 

corrections!

• Partner of the heaviest SM fermion

Long decay chains can escape 

traditional searches

Use simplified models to guide the 

optimisation

Select events with:

• Many leptons

• Many b-quarks (jets)
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Step 1: define a selection

We are looking for a resonant particle 
that decays (Higgs -> bb)

• Use the invariant mass of two b-jets 
to reduce non resonant backgrounds 
(top quark pairs)

| HASCO 2018 | Federico Meloni, 24/07/2018

The signal decays to neutralinos 
(invisible)

• Exploit ET
miss to reduce the SM 

processes with fewer invisible 
particles
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Example (Target: Z)

| HASCO 2018 | Federico Meloni, 24/07/2018

Requirement / Region SR3`1b
A SR3`1b

B SR3`1b
C

Number of leptons � 3 � 3 � 3
nb�tagged jets � 1 � 1 � 1
|m`` �mZ | [GeV] < 15 < 15 < 15
Leading lepton pT [GeV] > 40 > 40 > 40
Leading jet pT [GeV] > 250 > 80 > 60
Leading b-tagged jet pT [GeV] > 40 > 40 > 30
njets (pT > 30 GeV) � 6 � 6 � 5
Emiss

T [GeV] > 100 > 180 > 140
p``T [GeV] > 150 – < 80

We are 
looking for 
at least a Z

The signal has
>=2 b-jets

The Z is a
resonance:
exploit the
invariant mass 

Trigger (online) 
selection has to be 
fully efficient

Depend on sparticle mass 
splittings: more available 
energy will result on
more energetic final state 
particles!

The signal has
invisible 
neutralinos: 
exploit the
momentum 
imbalance

A long decay chain 
predicts many jets in 
the final state

Alternative 
selections 
optimised for different
choices of the simplified
model parameters
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Requirement / Region SR1`4b
A SR1`4b

B SR1`4b
C

Number of leptons 1–2 1–2 1–2
nb�tagged jets � 4 � 4 � 4
mT [GeV] – >150 >125
HT [GeV] > 1000 – –
E

miss
T [GeV] > 120 > 150 > 150

Leading b-tagged jet pT [GeV] – – <140
mbb [GeV] 95–155 – –
p
bb
T [GeV] > 300 – –

njets (pT ¿60 GeV) � 6 � 5 –
njets (pT ¿30 GeV) – – � 7

Example (Target: Higgs)

| HASCO 2018 | Federico Meloni, 24/07/2018

We are looking 
for a leptonic
top quark pair

The signal has
>=4 b-jets

The Higgs is a
resonance:
exploit the
invariant mass 

Leptonic W 
decays have an
endpoint

Depend on sparticle mass 
splittings: more available 
energy will result on
more energetic final state 
particles!

The signal has
invisible 
neutralinos: 
exploit the
momentum 
imbalance

A long decay chain 
predicts many jets in 
the final state

Alternative 
selections 
optimised for different
choices of the simplified
model parameters
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Step 2: estimate the backgrounds
Background rates can be estimated using simulation, but is the physics and 
detector description in the simulation reliable?

• Any excess in data compared to expectation must be confidently attributed to 
non-Standard Model processes, we need to be sure about our backgrounds!

• Typically, we measure the rate in a set of control selections 

• One control selection for each major background
• CR (and VR) are designed so that the target signal is negligible there
• All selections which are difficult to model are common for the CR 

and the SR

| HASCO 2018 | Federico Meloni, 24/07/2018

Measure the rate in data here

Control selection 
for background (CR) 

Signal selection (SR)

Validation selection (VR)
Extrapolate using 
MC or some 
scaling law
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Example (Target: Higgs)
Find a control selection (CR) for top quark pairs

• Top quark pairs are not a resonant process: exploit the mbb sidebands

• Minimise the extrapolation in passing from the CR to the SR

• Check validity in VR closer to SR

| HASCO 2018 | Federico Meloni, 24/07/2018
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GOOD!
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DRAFT

Table 8: Summary of the main systematic uncertainties and their impact (in %) on the total SM background pre-
diction in each of the signal regions studied. The total systematic uncertainty can be di↵erent from the sum in
quadrature of individual sources due to the correlations between them resulting from the fit to the data. The quoted
theoretical uncertainties include modelling and cross-section uncertainties.

SR3`1b
A SR3`1b

B SR3`1b
C SR1`4b

A SR1`4b
B SR1`4b

C

Total systematic uncertainty (%) 20 24 15 22 17 30

Diboson theoretical uncertainties (%) 6.7 5.5 2.2 <1 <1 <1
tt̄ Z theoretical uncertainties (%) 10 10 4.4 <1 <1 <1
tt̄ theoretical uncertainties (%) – – – 17 14 22
Other theoretical uncertainties (%) 9.0 6.8 5.4 1.6 2.4 1.7

MC statistical uncertainties (%) 8.5 18 6 7.3 5.2 13

Diboson fitted normalisation (%) 4.6 3.5 3.8 <1 <1 <1
tt̄ Z fitted normalisation (%) 12 11 13 <1 <1 <1
tt̄ fitted normalisation (%) – – – 3.4 5.1 3.3

Fake or non-prompt leptons (%) – 6.5 – – – –
Pile-up (%) 4.7 2.8 0.6 <1 1.4 <1
Jet energy resolution (%) 2.0 2.7 3.0 5.3 <1 13
Jet energy scale (%) 1.0 2.7 3.5 3.2 5.3 6.1
Emiss

T resolution (%) 5.3 2.6 1.6 6.8 6.5 4.0
b-tagging (%) 2.4 1.5 3.0 6.8 2.9 3.5

Table 8 summarises the contributions of the di↵erent sources of systematic uncertainty in the total SM326

background predictions in the signal regions. The dominant systematic uncertainties in the 3`1b SRs are327

due to the limited number of events in CR3`1b
t t̄ Z

and theoretical uncertainties in tt̄ Z production, while in328

the 1`4b SRs the dominant uncertainties are due to tt̄ modelling.329

7 Results330

The observed number of events and expected yields are shown in Table 9 for each of the six SRs. The331

SM backgrounds are estimated as described in Section 5. Data agree with the SM background prediction332

within uncertainties and thus exclusion limits for several beyond-the-SM (BSM) scenarios are extracted.333

Figure 4 shows the Emiss
T distributions after applying all the SR selection requirements except those on334

Emiss
T .335

The HistFitter framework, which utilises a profile-likelihood-ratio-test statistic [96], is used to estimate336

95% confidence intervals using the CLs prescription [97]. The likelihood is built as the product of a337

probability density function describing the observed number of events in the SR and the associated CR(s)338

and, to constrain the nuisance parameters associated with the systematic uncertainties, Gaussian distribu-339

tions whose widths correspond to the sizes of these uncertainties; Poisson distributions are used instead to340

model statistical uncertainties a↵ecting the observed and predicted yields in the CRs. Table 9 also shows341

upper limits (at the 95% CL) on the visible BSM cross-section �vis = S95
obs/Ldt, defined as the product342

of the production cross-section, acceptance and e�ciency.343
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Step 2’: estimate the uncertainties
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Total uncertainty 
on our prediction:
sources can be
correlated!

The statistical (Poisson) 
uncertainty on the 
number of events in our 
CRs affect the predictions

We only have a 
finite number of 
simulated events!

The background 
modelling is limited by
assumptions made in
the programs that we
use and our theory
knowledge.

Impact of 
experimental 
effects on our 
measurement:
resolutions, 
calibrations…
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Step 3: opening the box
The decision of the selections, the estimation of the background, and all the cross-
checks are done with the signal candidates “blinded”, i.e. without having access to 
them in data

• Once one has the final estimate of expected background and uncertainty, the 
signal candidates are “unblinded”

| HASCO 2018 | Federico Meloni, 24/07/2018

SM background 
predictions.
For fitted 
backgrounds, both 
“before” and “after” 
yields are provided

DRAFT

Table 9: Observed and expected numbers of events in the six signal regions. The nominal predictions from MC
simulation are given for comparison for those backgrounds (tt̄ Z , multi-boson for the 3`1b selection and tt̄ for
the 1`4b selection) that are normalised to data in dedicated control regions. For SR3`1b

A , SR3`1b
B and SR3`1b

C ,
the “Others” category contains the contributions from tt̄h, tt̄WW , tt̄t, tt̄tt̄, W h, and Zh production. For SR1`4b

A ,
SR1`4b

B and SR1`4b
C , the “Others” category contains the contributions from tt̄WW , tt̄t, tt̄tt̄, tZ , and tW Z production.

Combined statistical and systematic uncertainties are given. Signal model-independent 95% CL upper limits on the
visible BSM cross-section (�vis), the visible number of signal events (S95

obs), the number of signal events (S95
exp) given

the expected number of background events (and ±1� variations of the expected background), and the discovery p-
value (p(s = 0)), all calculated with pseudo-experiments, are also shown for each signal region.

SR3`1b
A SR3`1b

B SR3`1b
C

Observed events 2 1 3

Total (post-fit) SM events 1.9 ± 0.4 2.7 ± 0.6 2.0 ± 0.3

Fit output, multi-boson 0.26 ± 0.08 0.28 ± 0.10 0.23 ± 0.05
Fit output, tt̄ Z 1.1 ± 0.3 1.4 ± 0.5 1.2 ± 0.3
tZ , tW Z 0.43 ± 0.23 0.36 ± 0.19 0.19 ± 0.10
Fake or non-prompt leptons 0.00+0.30

�0.00 0.45 ± 0.19 0.00+0.30
�0.00

Others 0.09 ± 0.02 0.23 ± 0.06 0.36 ± 0.06

Fit input, multi-boson 0.35 0.37 0.30
Fit input, tt̄ Z 1.2 1.5 1.4

S95
obs 4.5 3.8 5.8

S95
exp 4.2+1.9

�0.4 4.9+1.5
�1.1 4.4+1.8

�0.5
�vis [fb] 0.13 0.10 0.16
p(s = 0) 0.42 0.93 0.23

SR1`4b
A SR1`4b

B SR1`4b
C

Observed events 10 28 16

Total (post-fit) SM events 13.6 ± 3.0 29 ± 5 10.5 ± 3.2

Fit output, tt̄ 11.3 ± 2.9 24 ± 5 9.3 ± 3.1
Single top 0.50 ± 0.18 1.7 ± 0.4 0.24 ± 0.07
V+jets, multi-boson 0.20 ± 0.15 0.23 ± 0.10 0.01 ± 0.01
tt̄h, V h 0.89 ± 0.16 1.19 ± 0.35 0.56 ± 0.13
tt̄W , tt̄ Z 0.36 ± 0.21 1.09 ± 0.31 0.10 ± 0.10
Others 0.37 ± 0.20 1.33 ± 0.69 0.34 ± 0.18

Fit input, tt̄ 7.1 14 6.0

S95
obs 7.8 14.6 15.6

S95
exp 9.6+4.1

�2.3 15.5+5.6
�4.4 10.4+4.2

�2.6
�vis [fb] 0.21 0.40 0.43
p(s = 0) 0.63 0.82 0.11
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Event counts 
in data
Background
expectation

Limit on signal rates: 
the probability of having 
as few (or fewer) events 
as observed is < 5%
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Limits on SUSY models

Given a negative result, the theory parameter space incompatible with the 
observation is derived. 

| HASCO 2018 | Federico Meloni, 24/07/2018

Limit on top squark and 
second lightest neutralino
Masses.

Assumptions:
• the LSP is massless
• top squarks decay to a 

top quark and a second 
lightest neutralino with 
100% branching ratio

• the second lightest 
neutralino decays to 
Higgs and Z bosons with 
50% branching ratio
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Some considerations on LHC results

• It’s likely there are multiple competing decay modes for each SUSY 
particle – the 100% BR limit curve is not the only result, cross section 
limits at nominally excluded mass points are also important.

• Our exclusion plots will never cover all possible diagrams – we provide 
cutflows, acceptance maps etc. so that theorists can implement our 
selections and produce their own limits on other models.

• Should we see a signal, we won’t be able to tell whether it’s SUSY 
or something else for a long time. 
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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)<100 GeV 1712.023321.55q̃ [2×, 8× Degen.] 0.9q̃ [2×, 8× Degen.]

mono-jet 1-3 jets Yes 36.1 m(q̃)-m(χ̃
0
1)=5 GeV 1711.033010.71q̃ [1×, 8× Degen.] 0.43q̃ [1×, 8× Degen.]

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

0
1)<200 GeV 1712.023322.0g̃

m(χ̃
0
1)=900 GeV 1712.023320.95-1.6g̃̃g Forbidden

g̃g̃, g̃→qq̄(ℓℓ)χ̃
0
1

3 e, µ 4 jets - 36.1 m(χ̃
0
1)<800 GeV 1706.037311.85g̃

ee, µµ 2 jets Yes 36.1 m(g̃)-m(χ̃
0
1 )=50 GeV 1805.113811.2g̃

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

0
1) <400 GeV 1708.027941.8g̃

3 e, µ 4 jets - 36.1 m(g̃)-m(χ̃
0
1)=200 GeV 1706.037310.98g̃

g̃g̃, g̃→tt̄χ̃
0
1

0-1 e, µ 3 b Yes 36.1 m(χ̃
0
1)<200 GeV 1711.019012.0g̃

3 e, µ 4 jets - 36.1 m(g̃)-m(χ̃
0
1)=300 GeV 1706.037311.25g̃

b̃1b̃1, b̃1→bχ̃
0
1/tχ̃

±
1

Multiple 36.1 m(χ̃
0
1)=300 GeV, BR(bχ̃

0
1)=1 1708.09266, 1711.033010.9b̃1b̃1 Forbidden

Multiple 36.1 m(χ̃
0
1)=300 GeV, BR(bχ̃

0
1)=BR(tχ̃

±
1 )=0.5 1708.092660.58-0.82b̃1b̃1 Forbidden

Multiple 36.1 m(χ̃
0
1)=200 GeV, m(χ̃

±
1 )=300 GeV, BR(tχ̃

±
1 )=1 1706.037310.7b̃1b̃1 Forbidden

b̃1b̃1, t̃1 t̃1, M2 = 2 × M1 Multiple 36.1 m(χ̃
0
1)=60 GeV 1709.04183, 1711.11520, 1708.032470.7t̃1

Multiple 36.1 m(χ̃
0
1)=200 GeV 1709.04183, 1711.11520, 1708.032470.9t̃1t̃1 Forbidden

t̃1 t̃1, t̃1→Wbχ̃
0
1 or tχ̃

0
1

0-2 e, µ 0-2 jets/1-2 b Yes 36.1 m(χ̃
0
1)=1 GeV 1506.08616, 1709.04183, 1711.115201.0t̃1

t̃1 t̃1, H̃ LSP Multiple 36.1 m(χ̃
0
1)=150 GeV, m(χ̃

±
1 )-m(χ̃

0
1)=5 GeV, t̃1 ≈ t̃L 1709.04183, 1711.115200.4-0.9t̃1t̃1

Multiple 36.1 m(χ̃
0
1)=300 GeV, m(χ̃

±
1 )-m(χ̃

0
1)=5 GeV, t̃1 ≈ t̃L 1709.04183, 1711.115200.6-0.8t̃1t̃1 Forbidden

t̃1 t̃1, Well-Tempered LSP Multiple 36.1 m(χ̃
0
1)=150 GeV, m(χ̃

±
1 )-m(χ̃

0
1)=5 GeV, t̃1 ≈ t̃L 1709.04183, 1711.115200.48-0.84t̃1t̃1

t̃1 t̃1, t̃1→cχ̃
0
1 / c̃c̃, c̃→cχ̃

0
1 0 2c Yes 36.1 m(χ̃

0
1)=0 GeV 1805.016490.85t̃1

m(t̃1,c̃)-m(χ̃
0
1 )=50 GeV 1805.016490.46t̃1

0 mono-jet Yes 36.1 m(t̃1,c̃)-m(χ̃
0
1)=5 GeV 1711.033010.43t̃1

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

0
1)= 180 GeV 1706.039860.32-0.88t̃2

χ̃±
1
χ̃0

2 via WZ 2-3 e, µ - Yes 36.1 m(χ̃
0
1)=0 1403.5294, 1806.022930.6χ̃±

1 /χ̃
0

2
ee, µµ ≥ 1 Yes 36.1 m(χ̃

±
1 )-m(χ̃

0
1)=10 GeV 1712.081190.17χ̃±

1 /χ̃
0

2

χ̃±
1
χ̃0

2 via Wh ℓℓ/ℓγγ/ℓbb - Yes 20.3 m(χ̃
0
1)=0 1501.07110χ̃±

1 /χ̃
0

2 0.26

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)) 1708.078750.76χ̃±

1 /χ̃
0

2

m(χ̃
±
1 )-m(χ̃

0
1 )=100 GeV, m(τ̃, ν̃)=0.5(m(χ̃

±
1 )+m(χ̃

0
1)) 1708.078750.22χ̃±

1 /χ̃
0

2

ℓ̃L,R ℓ̃L,R, ℓ̃→ℓχ̃
0
1

2 e, µ 0 Yes 36.1 m(χ̃
0
1)=0 1803.027620.5ℓ̃

2 e, µ ≥ 1 Yes 36.1 m(ℓ̃)-m(χ̃
0
1 )=5 GeV 1712.081190.18ℓ̃

H̃H̃, H̃→hG̃/ZG̃ 0 ≥ 3b Yes 36.1 BR(χ̃
0
1 → hG̃)=1 1806.040300.29-0.88H̃ 0.13-0.23H̃

4 e, µ 0 Yes 36.1 BR(χ̃
0
1 → ZG̃)=1 1804.036020.3H̃

Direct χ̃
+

1
χ̃−

1 prod., long-lived χ̃
±
1 Disapp. trk 1 jet Yes 36.1 Pure Wino 1712.021180.46χ̃±

1

Pure Higgsino ATL-PHYS-PUB-2017-0190.15χ̃±
1

Stable g̃ R-hadron SMP - - 3.2 1606.051291.6g̃

Metastable g̃ R-hadron, g̃→qqχ̃
0
1

Multiple 32.8 m(χ̃
0
1)=100 GeV 1710.04901, 1604.045202.4g̃ [τ( g̃) =100 ns, 0.2 ns] 1.6g̃ [τ( g̃) =100 ns, 0.2 ns]

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 0.44

g̃g̃, χ̃
0
1→eeν/eµν/µµν displ. ee/eµ/µµ - - 20.3 6 <cτ(χ̃

0
1)< 1000 mm, m(χ̃

0
1)=1 TeV 1504.05162g̃ 1.3

LFV pp→ν̃τ + X, ν̃τ→eµ/eτ/µτ eµ,eτ,µτ - - 3.2 λ′
311

=0.11, λ132/133/233=0.07 1607.080791.9ν̃τ

χ̃±
1
χ̃∓

1 /χ̃
0
2 → WW/Zℓℓℓℓνν 4 e, µ 0 Yes 36.1 m(χ̃

0
1)=100 GeV 1804.036021.33χ̃±

1 /χ̃
0

2 [λi33 ! 0, λ12k ! 0] 0.82χ̃±
1 /χ̃

0

2 [λi33 ! 0, λ12k ! 0]

g̃g̃, g̃→qqχ̃
0
1, χ̃

0
1 → qqq 0 4-5 large-R jets - 36.1 Large λ′′

112 1804.035681.9g̃ [m(χ̃
0

1)=200 GeV, 1100 GeV] 1.3g̃ [m(χ̃
0

1)=200 GeV, 1100 GeV]
Multiple 36.1 m(χ̃

0
1)=200 GeV, bino-like ATLAS-CONF-2018-0032.0g̃ [λ′′

112
=2e-4, 2e-5] 1.05g̃ [λ′′

112
=2e-4, 2e-5]

g̃g̃, g̃→ tbs / g̃→tt̄χ̃
0
1, χ̃

0
1 → tbs Multiple 36.1 m(χ̃

0
1)=200 GeV, bino-like ATLAS-CONF-2018-0032.1g̃ [λ′′

323
=1, 1e-2] 1.8g̃ [λ′′

323
=1, 1e-2]

t̃t̃, t̃→tχ̃
0
1, χ̃

0
1 → tbs Multiple 36.1 m(χ̃

0
1)=200 GeV, bino-like ATLAS-CONF-2018-0031.05g̃ [λ′′

323
=2e-4, 1e-2] 0.55g̃ [λ′′

323
=2e-4, 1e-2]

t̃1 t̃1, t̃1→bs 0 2 jets + 2 b - 36.7 1710.071710.61t̃1 [qq, bs] 0.42t̃1 [qq, bs]

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

Mass scale [TeV]10−1 1

√
s = 7, 8 TeV

√
s = 13 TeV

ATLAS SUSY Searches* - 95% CL Lower Limits
July 2018

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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Conclusions

I hope I gave you the feeling that searches for new particles at colliders are 
interesting

• Supersymmetry has been considered for some decades one of the most 
promising extensions of the Standard Model (which we know must be 
extended)

• The negative results from the first two runs of LHC data put new strong 
constraints on the supersymmetric particle masses

• What we would like is to find some signal

• It won’t happen if we stop looking for one!
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