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Supersymmetry (SUSY)

• Fundamental symmetry between fermions and bosons that 
presents solutions to some problems of the SM:
• SUSY particles provide opposite-sign loop corrections to the 

Higgs mass, canceling out quadratic divergencies
• If R-parity = (-1)3(B-L)+2s conserved, Lightest SUSY particle 

(LSP) is stable and natural Dark Matter candidate
• Achieve unification of gauge couplings at MGUT ≈ 1016 GeV
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Supersymmetry (SUSY)

Tomoyuki Saito (Tokyo, ICEPP), May 16, 2017, LHCP @ Shanghai Jiao Tong Univ. 2

SUSY：Unification of Fermion and Boson
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Why SUSY？
▸ Good dark matter candidate
▸ Higgs mass 125 GeV (MSSM prediction < ~150 GeV [1])
▸ GUT prefers SUSY
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[1] Y. Okada, M.Yamaguchi T. Yanagita 
prog.Theor. Phys. 85 (1991).

bino/winos/higgsinos mix: 
charginos/neutralinos are 
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But if we have other scalars...

Contributions to Higgs mass from possible heavy scalars have
opposite sign and cancel out!

“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 = (8�GNewton)�1/2 =
2.4 � 1018 GeV, where quantum gravitational e�ects 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 di�culty 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 + �|H|4 . (1.1)

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

of the potential. This occurs if � > 0 and m2
H < 0, resulting in �H� =

�
�m2

H/2�. We know
experimentally that �H� is approximately 174 GeV from measurements of the properties of the weak
interactions. The 2012 discovery [2]-[4] of the Higgs boson with a mass near 125 GeV implies that,
assuming the Standard Model is correct as an e�ective field theory, � = 0.126 and m2

H = �(92.9 GeV)2.
(These are running MS parameters evaluated at a renormalization scale equal to the top-quark mass,
and include the e�ects of 2-loop corrections.) The problem is that m2

H receives enormous quantum
corrections from the virtual e�ects of every particle or other phenomenon 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 ��fHff , then the
Feynman diagram in Figure 1.1a yields a correction

�m2
H = � |�f |2

8�2
�2

UV + . . . . (1.2)

Here �UV is an ultraviolet momentum cuto� 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.

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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The ellipses represent terms proportional to m2
f , which grow at most logarithmically with �UV (and

actually di�er 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
largest correction comes when f is the top quark with �f � 0.94. The problem is that if �UV is of
order MP, say, then this quantum correction to m2

H is some 30 orders of magnitude larger than the
required value of m2

H � �(92.9 GeV)2. This is only directly a problem for corrections to the Higgs
scalar boson squared mass, because quantum corrections to fermion and gauge boson masses do not
have the direct quadratic sensitivity to �UV found in eq. (1.2). However, the quarks and leptons and
the electroweak gauge bosons Z0, W ± of the Standard Model all obtain masses from �H�, so that the
entire mass spectrum of the Standard Model is directly or indirectly sensitive to the cuto� �UV.

One could imagine that the solution is to simply pick a �UV that is not too large. But then one
still must concoct some new physics at the scale �UV that not only alters the propagators in the loop,
but actually cuts o� the loop integral. This is not easy to do in a theory whose Lagrangian does not
contain more than two derivatives, and higher-derivative theories generally su�er from a failure of either
unitarity or causality [5]. In string theories, loop integrals are nevertheless cut o� at high Euclidean
momentum p by factors e�p2/�2

UV . However, then �UV is a string scale that is usually† thought to be
not very far below MP.

Furthermore, there are contributions similar to eq. (1.2) from the virtual e�ects of any heavy
particles that might exist, and these involve the masses of the heavy particles (or other high physical
mass scales), not just the cuto�. It cannot be overemphasized that merely choosing a regulator with no
quadratic divergences does not address the hierarchy problem. The problem is not really the quadratic
divergences, but rather the quadratic sensitivity to high mass scales. The latter are correlated with
quadratic divergences for some, but not all, choices of ultraviolet regulator. The absence of quadratic
divergences is a necessary, but not su�cient, criterion for avoiding the hierarchy problem.

For example, suppose there exists a heavy complex scalar particle S with mass mS that couples to
the Higgs with a Lagrangian term ��S |H|2|S|2. Then the Feynman diagram in Figure 1.1b gives a
correction

�m2
H =

�S

16�2

�
�2

UV � 2m2
S ln(�UV/mS) + . . .

�
. (1.3)

If one rejects the possibility of a physical interpretation of �UV and uses dimensional regularization
on the loop integral instead of a momentum cuto�, then there will be no �2

UV piece. However, even
then the term proportional to m2

S cannot be eliminated without the physically unjustifiable tuning
of a counter-term specifically for that purpose. This illustrates that m2

H is sensitive to the masses of
the heaviest particles that H couples to; if mS is very large, its e�ects on the Standard Model do not
decouple, but instead make it di�cult to understand why m2

H is so small.
This problem arises even if there is no direct coupling between the Standard Model Higgs boson

and the unknown heavy particles. For example, suppose there exists a heavy fermion F that, unlike
the quarks and leptons of the Standard Model, has vectorlike quantum numbers and therefore gets a
large mass mF without coupling to the Higgs field. [In other words, an arbitrarily large mass term of
the form mF FF is not forbidden by any symmetry, including weak isospin SU(2)L.] In that case, no
diagram like Figure 1.1a exists for F . Nevertheless there will be a correction to m2

H as long as F shares
some gauge interactions with the Standard Model Higgs field; these may be the familiar electroweak
interactions, or some unknown gauge forces that are broken at a very high energy scale inaccessible to
experiment. In either case, the two-loop Feynman diagrams in Figure 1.2 yield a correction

†Some attacks on the hierarchy problem, not reviewed here, are based on the proposition that the ultimate cuto� scale
is actually close to the electroweak scale, rather than the apparent Planck scale.
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largest correction comes when f is the top quark with �f � 0.94. The problem is that if �UV is of
order MP, say, then this quantum correction to m2

H is some 30 orders of magnitude larger than the
required value of m2

H � �(92.9 GeV)2. This is only directly a problem for corrections to the Higgs
scalar boson squared mass, because quantum corrections to fermion and gauge boson masses do not
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�
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�
. (1.3)
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Joana Machado Miguéns (UPenn) EWK SUSY (Weekly Group Meeting) January 24th 2017 4 / 18

Possible SM extension based on a broken Symmetry between bosons and fermions: 
each SM particle has a supersymmetric partner differing by 1/2 spin 

Could provide explanations to: 

• Naturalness 
• Gauge coupling unification 
• Dark matter

Simplified models (reducing the number of free parameters) are studied at LHC

• 2 complex SM Higgs doublets 
are needed 

• R-Parity conserved: sparticles 
cannot decay only into particles 
-> LSP 

• Sparticle masses not fully 
defined by the theory  

• Higgsinos and Gauginos define 
mass eigenstate         and

2E. Farina, TeVPA 2017 17 August, 2017



Looking for SUSY at ATLAS

3

Analyses are optimised for dedicated 
signal models based on assumptions: 

• R-Parity conserved or violated 
• Defined mass spectrum 
• Restricting free parameters 
• Specific final state 

SM Background processes

MC normalized in background 
process enriched region

+
Pure MC estimation of non 

dominant background processes

Search optimisation

Based on cut and count 
regions, shape fit..

if nothing found…

E. Farina, TeVPA 2017 17 August, 2017



Looking for SUSY at ATLAS: latest results
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Strong production (Inclusive searches):  
0L 2-6Jets ATLAS-CONF-2017-022 
0L 7-11 Jets ATLAS-CONF-2017-033 
multi b-jets ATLAS-CONF-2017-021 
SS/3L + jets arXiv:1706.03731

3rd Generation
stop 0L ATLAS-CONF-2017-020 
stop 1L with DM+HF ATLAS-CONF-2017-037 
Stop 2L ATLAS-CONF-2017-034 
2b+MET ATLAS-CONF-2017-038 
Stop in Z/h arXiv:1706.03986

EWK production
EWK 2/3L ATLAS-CONF-2017-039 
EWK di-tau ATLAS-CONF-2017-035+ 

Many R-Parity violating analyses

E. Farina, TeVPA 2017 17 August, 2017

https://twiki.cern.ch/twiki/bin/view/LHCPhysics/SUSYCrossSections

https://twiki.cern.ch/twiki/bin/view/AtlasPublic/SupersymmetryPublicResults



Inclusive search: multijets analysis
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Target: 
High multiplicity jet events originating 

from gluinos decay

2 step decay pMSSM

Background estimates

Main discriminating variables: 
• Missing transverse energy
• Jet and b-tagged jet multiplicity
• Scalar sum of jet momenta
• Mass of “fat" jets

W+jets/ttbar  enriched 1 lepton CR 
1 lepton, same SR selection lower jet multiplicity

QCD Multijet background 
Template based on MET/√HT at lower jet multiplicity

E. Farina, TeVPA 2017 17 August, 2017

ATLAS-CONF-2017-033



Inclusive search: multijets analysis
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• 27 SRs based on jet/b-jet multiplicity and  
sum of reclustered jet masses 

• No significant excess found 
• Limits on gluino masses obtained: 

- In two steps decay gluino is excluded up 
to 1.8 TeV for light LSP  

- In pMSSM for chargino mass below 600 
GeV gluino excluded up to 1.6 TeV 

E. Farina, TeVPA 2017 17 August, 2017

ATLAS-CONF-2017-033



Electroweak production: 2 τ final state

7

Target: 
Neutralino/Chargino production 
having tau leptons in final state

Models with stau can lead to dark 
matter relic density compatible 

with observation 

Main discriminating variables: 
• Missing transverse energy
• Stranverse mass (mT2)

Background estimates
Multijets (mis. taus):  Estimated from data
W+jets (mis. taus):  Estimated from MC and data

Irreducible background (ttbar, single top, WW, ZZ): 

Estimated from MC 

VRs are defined to validate each background estimation:

E. Farina, TeVPA 2017 17 August, 2017

ATLAS-CONF-2017-035



Electroweak production: 2 τ final state
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• 2 Signal regions defined targeting signal 
model with mass difference between  
chargino and neutralino smaller or larger 
than 200 GeV


• No significant excess found

• Chargino/next-to-lightest Neutralino 

masses up to 630 GeV and 760 are 
excluded for massless neutralino in the 
two scenarios

E. Farina, TeVPA 2017 17 August, 2017

ATLAS-CONF-2017-035



Summary of strong and electroweak  
production
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ElectroweakStrong

E. Farina, TeVPA 2017 17 August, 2017



Search for long lived particles: displaced vertices
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Several SUSY models foresee sparticles having long life time, 
leading to displaced vertices 

Target: 
Gluino production decaying into virtual 

heavy squark (suppressed decay)

Analysis strategy: 
Reconstruction of displaced vertices, accepting 
tracks up to |d0|<300 mm and |z0|<1500 mm.
Minimum invariant mass of selected vertices and 
missing transverse energy are also required.

Background:
• Hadronic interactions in the material
• Merged vertices
• Accidental tracks crossing vertices 

E. Farina, TeVPA 2017 17 August, 2017

ATLAS-CONF-2017-026



11

Numbers refer to events 
observed from data, colors 

refer to the benchmark signal 

No events observed, 
exclusion limits are derived

Gluino masses up to 2300 GeV are 
excluded for LSP mass of 100 GeV and 

lifetime between 0.02 and 10 ns

E. Farina, TeVPA 2017 17 August, 2017

Search for long lived particles: displaced vertices
ATLAS-CONF-2017-026



Search for long lived particles: disappearing tracks
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Target: 
Long living chargino decaying into pion 

(not reconstructed) and neutralino

Analysis strategy: 
Reconstruction of tracklets based on pixel hits 
only. To reject background, jet activity and 
missing transverse energy also requiredBackground: 

Interaction in the detector material
• Lepton emitting hard photon radiation
• Random combination of hits

E. Farina, TeVPA 2017 17 August, 2017

ATLAS-CONF-2017-017
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No excess observed, 
exclusion limits are derived

Chargino masses up to 430 GeV are 
excluded for lifetime of 0.2 ns, corresponding 

to a mass splitting of 160 MeV

E. Farina, TeVPA 2017 17 August, 2017

ATLAS-CONF-2017-017

Search for long lived particles: disappearing tracks



Summary and conclusions
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• Many SUSY searches foresee LSP dark matter candidates as final 

state 

• Only few analyses have been discussed, much wider panorama 

(see next slide) 

• No significant excess found so far, but: 

• Full Run 2 dataset will provide more insight in many unexplored 

SUSY scenarios 

• More complex tools and analysis strategies are being 

implemented

E. Farina, TeVPA 2017 17 August, 2017



Summary and conclusion
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