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Introduction
Review of naturalness and the hierarchy problem
Overview of supersymmetry
The SUSY solution to the hierarchy problem
=⇒ natural SUSY models
Searching for natural SUSY at ATLAS
experimental techniques: b-tagging and boosted jets
gluinos
stops and sbottoms

Outlook for the ongoing Run 2 of the LHC and beyond
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Naturalness
Different ways of stating the problem, e.g. why is gravity so much weaker
than the weak force?
GF ~2
= 1.7 · 1033 .
(1)
GN c2
’t Hooft’s formulation:
A fundamental parameter of the theory is allowed to be much smaller than
unity only if setting it to zero increases the symmetry of the theory.
Massless fermions are protected by chiral symmetry:
ψ̄γµ ∂ µ ψ = ψ̄L γµ ∂ µ ψL + ψ̄R γµ ∂ µ ψR
Scalar masses are not protected by any symmetry: no additional symmetry
for m = 0.
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Naturalness and effective field theories
Any explicit mass parameter in the Lagrangian is expected to be large - of order
MP l or MGUT .
This is quite useful for understanding the neutrino sector.
Right-handed neutrinos enable the addition of a term to the SM lagrangian of the
T
form M νR
(iσ 2 )νR .
The neutrino mass matrix is then:

mν =

0
mD

mD
M



Naturalness says that M is expected to be large - of order MP or MGU T .
Diagonalising the matrix then gives masses of size −m2D /M, M .
The lighter neutrino is then of order the eV scale, in accordance with
observation.
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Effective field theory and the hierarchy problem
The scalar nature of the Higgs boson results in the hierarchy problem.
The Higgs mass is quadratically sensitive to the presence of any additional states (of
mass M ) in the theory.
α 2
δm2H ≈
M
4π
The SM is an incomplete theory (it doesn’t include gravity and the QED coupling blows
up at large energies) =⇒ we expect new states to appear at some energy scale.
This is not an effect that can just be renormalised/regularised away.
Moreover, the new physics ought to be at a scale close to the Higgs mass itself.

The charm discovery
This kind of logic was used successfully before: mass of the c-quark.
MK 0 − MK 0
L

S

MK 0

L

=

2
G2F fK
sin2 θc Λ2
6π 2

where Λ is the cut-off of the effective theory used to compute the mass difference.
From the smallness of the mass difference get Λ < 2 GeV.
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Supersymmetry
Ideas developed in the 1970s: extension of spacetime symmetry.
Supersymmetric extensions of the Standard Model introduce partners
of the SM particles with opposite statistics (fermions↔bosons)
The simplest extension has two Higgs doublets H1 , H2 .
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Supersymmetry: gauginos
The partners of the gauge bosons mix:
The mass eigenstates of B̃, W̃ , H̃u0 , H̃d0 are neutralinos
χ̃0i , i = 1, . . . , 4.
The mass eigenstates of W̃ ± , H̃u+ , H̃d− are charginos χ̃±
1,2 .
SUSY has other motivations too:
contains a WIMP candidate: χ̃01 under the assumption of R-parity
conservation
This results in the distinct detector signature of large missing energy

consistent with grand unification at MGUT ∼ 1016 GeV
provides a mechanism of electroweak symmetry breaking (i.e. can
explain the “Mexican hat” shape of the Higgs potential)
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SUSY and naturalness
By the early 1980s, it was realised that SUSY can provide a solution to the
hierarchy problem.

The presence of new states helps cancel out the “dangerous” radiative
corrections to the Higgs mass.
In particular, the stop (scalar partner of the top) helps cancel the
large contribution from the top (yt ∼ 1).
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Naturalness constraints on the SUSY spectrum
The measured Higgs mass and the requirement of naturalness place restrictions on
SUSY parameters. The parameters most constrained are
the ones related to the Higgs (µ - controls the Higgs mass)
the ones important to cancel the leading SM contributions to the Higgs mass stop and by SU (2) symmetry, the (left-handed) sbottom
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∆ is a measure of fine-tuning: ∆ ≡ 2δm2h /m2h (“the corrections to mh must be small
compared to mh itself”).
Squarks, sleptons and M1 , M2 are much less constrained: they’re allowed to be as heavy
as 10 TeV with the model remaining “natural”.
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The natural SUSY spectrum

The only light particles are the Higgsinos (the charginos being almost
degenerate with the neutralinos), the two stops, the left-handed sbottom
and the gluino.
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The natural SUSY spectrum: production

The gluino is a colour octet =⇒ large production cross section compared to
stops/sbottoms; x-sec for mg̃ = 1.6 TeV is 8 fb at 13 TeV.
For an 840 GeV stop/sbottom, the 13 TeV cross section is 28 fb.
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The natural SUSY spectrum decays: gluinos

Lots of b-jets and possibly W s in the final state.
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The natural SUSY spectrum decays: stops/sbottoms

The typical final states resulting from pair production and decay of stops/sbottoms:
t̃t̃ → ttH̃ 0 H̃ 0
t̃t̃ → bbH̃ ± H̃ ∓ → bbH̃ 0 H̃ 0 (+soft particles from H̃ ± decays)
b̃b̃ → bbH̃ 0 H̃ 0
b̃b̃ → ttH̃ ± H̃ ∓ → ttH̃ 0 H̃ 0 (+soft particles from H̃ ± decays)
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The ATLAS detector
Calorimeters for energy measurements of e/γ and jets; tracking system
immersed in magnetic field for precision measurement of momenta.
Separate muon system in toroidal magnetic field.
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The first year of Run 2
Successful first year of data taking, with many new physics results.
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b-tagging
An important feature of ATLAS is b-tagging.

b-tagging algorithms use many variables to discriminate jets containing b-hadrons
from other jets
new pixel layer (IBL) near the beampipe gives an improved performance with
respect to Run 1
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High pT top quarks and boosted jets
Lots of jets in the final state, coming from top quark decays (t → bjj).

For high pT tops, the jets are collimated and may merge together into
“fat jets”.
Very important in Run 2 - larger centre of mass energy =⇒ higher
boost of the top quarks.
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Simplified models
The ATLAS approach for presenting SUSY search results is to use
simplified models.
Necessary as even a natural SUSY spectrum has many parameters
(e.g. mg̃ , mLSP , mt̃L , mt̃R - hard to scan over all of them)
These are not necessarily “realistic” models or even obtainable in
SUSY (e.g. we often assume 100% BRs, which is not always possible)
- but they encode the information one needs to check sensitivity for a
more realistic model
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Searches for gluinos
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Gluino pair production: 3 b-jet signature

Lots of jets and b-jets in the final state.
The analysis requires ≥ 3 b-jets and 0 or 1 leptons
The main discriminant variables are 6ET and meff - the total pT of
reconstructed objects (leptons, jets, 6ET ).
The dominant background is tt̄ production with a c- or τ -jet
mistagged as a b-jet.
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3 b-jet signature
Also uses boosted top quark jets and various kinematic quantities to
reduce backgrounds

Limits on gluino mass up to ∼ 1800 GeV; similar for g̃ → bb̄ and g̃ → tt̄.
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Same-sign dilepton/trilepton signature

Final states with many top quarks/W s =⇒ can give rise to same-sign
dilepton or multilepton signatures.
These are rare in the SM −→ excellent S/B ratio
The downside is that one needs to control the rare SM backgrounds
Also sensitive to “fake” leptons and charge flip background - require
data-driven methods
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Same-sign dilepton/trilepton signature

Rare tt̄ + V (V = W, Z) background dominant in some signal regions nice connection with top quark properties.
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Other searches for gluinos: Z+MET

Targets scenarios with intermediate neutralinos decaying to Z bosons.
The SR requires MET> 225 GeV, HT >600 GeV, and a pair of
leptons compatible with a Z boson
Largest SUSY excess seen so far in Run 2: 2.2σ above the SM
expectation.
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Searches for direct production of stops/sbottoms
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Direct sbottom/stop production: bb+MET

The right hand diagram looks similar to b̃b̃ if the mass difference
∆M ≡ mχ̃± − mχ̃01 is small (few GeV).
1

This is the case in natural models.
The W is then virtual and its decay products soft.
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Covering the phase space

A dedicated signal region is constructed to target compressed spectra with
mb̃ − mχ̃01 small.
These have small E
6 T , so an additional jet (“initial state radiation”) is
required.
The b̃b̃ system then recoils against the jet, and a hard E
6 T requirement can
be applied.
28 / 46

bb+MET: results (sbottoms)

Sbottoms with masses up to 800 GeV are excluded.
Limit already improved by ∼ 150 GeV with respect to Run 1
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bb+MET: results (stops)

∗ 0
0
Sensitivity for t̃1 → bχ̃±
1 → bW χ̃1 somewhat reduced with respect to b̃1 → bχ̃1 .

This is due to the presence of the decay products of the W ∗
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Where is SUSY hiding?

Different parts of parameter space have different signatures.
E.g. if t̃1 → tχ̃01 is not allowed, 3-body or even 4-body decays of the stops occur:
t̃1 → bW χ̃01 or t̃1 → blν χ̃01 .
The “transition regions” need dedicated analyses; gaps in parameter space
coverage
31 / 46

Where is SUSY hiding?
Compressed spectra: soft decay products, difficult to trigger on =⇒
use so-called monojet analyses here, similar to the SRB of the
bb+MET search discussed before.
Stealth stops: stops with a mass very similar to the top quark mass
=⇒ no additional MET from t̃ → t+LSP decays, so the signature
looks very similar to tt̄ production
1

2

3

=⇒ but this would enhance the tt̄ production cross section which is
now measured very precisely (< 5%)
the stop is a scalar while the top is a fermion =⇒ differences between
angular correlations of their decay products are expected.
Other ideas for covering up the gaps between the different phase space
regions (e.g. 3-body/4-body) exist.
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Constraints on stealth stops

A small (but important) interval around the top mass excluded by these
searches.
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The longer term prospects of naturalness

Expect ∼ 30 fb−1 this year. Ultimate discovery reach up to 1.2-1.4 TeV.
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What if we don’t see the stop/sbottom?
This is a serious problem - not just for SUSY!
theories aiming to solve the hierarchy problem typically require a light
top partner
e.g. the little Higgs models with T-parity (an equivalent of R-parity)
have a top partner decaying to t+MET

SUSY can be viewed as a vast set of models convering a large part of
conceivable experimental signatures
e.g. leptoquarks can decay as LQ → bν or LQ → tν - same signature
as stop/sbottom decays
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What if we don’t see the stop/sbottom?
Simplified model interpretations too naive?
−→ Complicated decays involving many particles, so that the branching ratio for
any particular final state is small
In arXiv:1508.06608, ATLAS applied 22 Run 1 searches on a huge (O(300k) ) set of
pMSSM models satisfying dark matter, flavour and (previous) collider constraints.

ATLAS searches found to be broadly effective; however models with O(50) fine-tuning
and complex spectra survive.
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What if we don’t see the stop/sbottom?
Focus on “weird” corners of parameter space (compressed spectra,
etc) - although these are usually not theoretically well motivated
drop some of the nice features of SUSY theories
1

SUSY doesn’t provide the DM candidate – R-parity violation, e.g.
χ̃01 → qqq or t̃ → bs.
this removes the E
6 T from the detector signature, so very different
analyses are needed (and we have many of them in ATLAS)

2

long lived particles possible when mass splittings are very small.

indirect signatures: e.g. measurement of B → µ+ µ− , or precision
measurements of Higgs couplings
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What if we don’t see the stop/sbottom?
Finally, one can also drop the assumption of naturalness.
the cosmological constant appears to be fine-tuned: the measured
value is Λ4 = 10−47 GeV4 , which should imply new physics at the
10−3 eV scale
gauge unification and DM can still be retained in SUSY if the
gauginos are kept light and everything else at large mass ( 1 TeV)
searches for light gauginos are ongoing
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Conclusions
Naturalness is important
Separation of scales is not an a priori necessary ingredient, but it has been a
cornerstone of much of the progress done in physics throughout the centuries.
Were it necessary for deriving the trajectory of the Moon’s orbit to solve the
equation of motion of each individual quark and electron in the lunar interior, how
could have Newton obtained his gravity equation? (G. Giudice)
The LHC results have put naturalness under considerable pressure.
The limits are up to 1.8 TeV for gluinos and ∼ 700-800 GeV for stops and
sbottoms in “generic” scenarios
Some gaps in the parameter space still remain - but they’re gradually being covered
The next few years are crucial
Many Run 2 results already obtained, and many more are on the way
Either a discovery or negative result would both have huge consequences for the
future of high energy particle physics
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BACKUP
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bb+MET: Analysis strategy
Require two b-tagged jets in the final state
Expect no leptons in the final state - use a “lepton veto”.
Use the missing transverse energy E
6 T and the co-transverse mass variable
mCT - this provides a good discriminant between signal and backgrounds.

Useful because tt̄ - one of the dominant backgrounds - has an endpoint at 135
GeV, while for sbottom pairs it is at:
mmax
CT =

m2 (b̃) − m2 (χ̃01 )
m(b̃)
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bb+MET: Analysis strategy
The dominant backgrounds
Z(→ νν)+jets. Can get b-jets in the final state e.g. from gluon
splitting: g → bb̄.
tt̄ → bbllνν or bblνjj - a lepton or jet can be missed (e.g. outside
detector acceptance, too low pT , etc).
Single top production: W t which is similar to tt̄.
W (→ lν)+jets with a hadronically decaying τ -lepton or missed
l = e, µ.
Control regions are typically used in analyses to
verify the modelling of important backgrounds
minimise the impact of systematic uncertainties: if the control region
(CR) is sufficiently similar to the signal region (SR), there are
cancellations between the two
The bb+MET analysis has control regions for Z+jets, tt̄ and W +jets.
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bb+MET: Signal region definitions
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Stop pair search (0 lepton)

Search for stop pair production with t̃1 → tχ̃01 and t̃1 → tχ̃± → tW ∗ χ̃01 .
0
In the latter case, χ̃±
1 ≈ 2 × χ̃1 is assumed, corresponding to gaugino
universality

This is a fairly generic relationship between gaugino masses arising
from GUT theories
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Stop pair search (0 lepton)

The reach extends to mt̃1 ∼ 700 GeV.
The higher the stop mass, the larger the pT of the top from t̃ → tχ̃01 .
The stop searches rely on “fat jet” reconstruction to discriminate
between signal and background (mainly tt̄ and Z+jets).
The plots are from the 0-lepton channel (tt̄+MET final state with
hadronic decays of the the t, t̄.
The 1-lepton channel (tt̄ → blνjj) has a similar sensitivity.
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Leptoquark interpretation of bb+MET search
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