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TEXT

STANDARD MODEL

▸ The SM has predicted correctly measurements done at colliders for the last 40 
years 

▸ Electroweak precision measurements, top and higgs masses and properties, CP violation, 
precision flavor physics, LHC cross sections etc.  

▸ Tensions exist at any given moment - currently : g-2, some flavor physics observables, 750 GeV 
bump. But no evidence of BSM at colliders yet
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Things to watch
Vub:
Λbopμν in 
line with 
Boπlν

Aug 31-Sep 5, 2015
LHCP2015 24

6. Vub 23/ 31

|Vub|/ |Vcb| using ⇤b ! pµ−⌫

I Find:
|Vub| = (3.27± 0.15± 0.17± 0.06) ⇥10− 3
[Nature Physics 3415 (2015)]

I Puzzle remains
I LHCb measures |Vub|/ |Vcb| while B
factories measure individual

I Right handed currents no longer seem
to explain |Vub| discrepancy

|V  |
0.003 0.0035 0.004 0.0045 0.005

Inclusive PDG
2014

Exclusive
) l ®(B

PDG 2014

arXiv:1501.05373
RBC/UKQCD

arXiv:1503.07839
FNAL/MILC

LHCb
)  p®  ( arXiv:1503.01421

Detmold, Lehner, Meinel
(using RBC/UKQCD config)

b
0

ub

3 10´|  cb|V

3
 1

0
´

|  
ub

|V

36 38 40 42 442

3

4

5

6

 inclusiveubV

 in
cl

us
iv

e
cb

V

 exclusiveubV

 e
xc

lu
si

ve
cb

V

 LHCb
cb/VubV

Indirect (CKM fitter)

Comb. incl.

Comb. excl.

CKM fitter +
PDG 2014 +

 (LHCb)  p®b 
MILC 2015 +

R 

3
 1

0
´

|  
L ub

|V

0.4 0.2 0 0.2 0.42

3

4

5

6

7

8
inclusive

 l ®B
 (LHCb)  p®b 

combined

Mat thew Kenzie (CERN) LHCP 2015 St . Petersburg B propert ies and CP violat ion

6. Vub 23/ 31

|Vub|/ |Vcb| using ⇤b ! pµ−⌫

I Find:
|Vub| = (3.27± 0.15± 0.17± 0.06)⇥10− 3
[Nature Physics 3415 (2015)]

I Puzzle remains
I LHCb measures |Vub|/ |Vcb| while B
factories measure individual

I Right handed currents no longer seem
to explain |Vub| discrepancy

|V  |
0.003 0.0035 0.004 0.0045 0.005

Inclusive PDG
2014

Exclusive
) l ®(B

PDG 2014

arXiv:1501.05373
RBC/UKQCD

arXiv:1503.07839
FNAL/MILC

LHCb
)  p®  ( arXiv:1503.01421

Detmold, Lehner, Meinel
(using RBC/UKQCD config)

b
0

ub

3 10´|  cb|V

3
 1

0
´

|  
ub

|V

36 38 40 42 442

3

4

5

6

 inclusiveubV

 in
cl

us
iv

e
cb

V

 exclusiveubV

 e
xc

lu
siv

e
cb

V

 LHCb
cb/VubV

Indirect (CKM fitter)

Comb. incl.

Comb. excl.

CKM fitter +
PDG 2014 +

 (LHCb)  p®b 
MILC 2015 +

R 

3
 1

0
´

|  
L ub

|V

0.4 0.2 0 0.2 0.42

3

4

5

6

7

8
inclusive

 l ®B
 (LHCb)  p®b 

combined

Mat thew Kenzie (CERN) LHCP 2015 St . Petersburg B propert ies and CP violat ionVub: Given agreement with indirect determination (CKM triangle) and 
richness of D(*),(**) mass spectra, difficult to get too excited

3.9σ

Need/Expect rich set of 
measurements to probe 
these further:
Angular/differ meas. of

no-rate ratios, search for 

QCD? 
Or not?



TEXT

STANDARD MODEL

▸ The SM is however doing very badly to describe the real world… 

▸ No Dark Energy 

▸ No Dark Matter 

▸ No matter (should have annihilated with antimatter) 

▸ No neutrino masses 

▸ No gravity 

▸ Electroweak scale

3

None of this is predicted by the SM !



TEXT

SUPERSYMMETRY
▸ symmetry between bosons and fermions, 

doubles the spectrum 

▸ two Higgs doublets, giving a five Higgs 
bosons and their spin 1/2 partners  

▸ Minimum particle content :  

▸ gluinos (degenerate octet) 

▸ scalar quarks and leptons 

▸ colorless neutral (N01,2,3,4) and charged (C+1,2) 
states, from mixing of higgsinos, photino, winos, 
zinos  

▸ All masses and interactions predicted by the 
symmetry to be the same as those of the SM (!!)
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TEXT

SUSY BREAKING

▸ One needs to introduce new particles and interactions in order to have a viable 
spontaneous breaking of supersymmetry 

▸ We don’t really know how this might be realized, so there are two choices :  

▸ Assume a specific mechanism of SUSY breaking, giving a predictive model with few parameters, 
much might be wrong   

▸ Write the more general weak-scale lagrangian, which has ~120 free parameters. As there are 
very strong flavor physics constraints on sfermion mixing angles and CP phases, one can set all 
of them to zero, but we still have at least ~20 free parameters relevant for collider 
phenomenology
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TEXT

QUITE A FEW ADVANTAGES

▸ Cancelation in the radiative contributions to the Higgs 
mass between SUSY and SM particles. It solves the 
hierarchy problem, if super-partner masses are at the 
Higgs mass scale.  

▸ If R-parity is conserved, the lightest SUSY particle is 
stable providing a Dark Matter candidate.  

▸ Unification of gauge couplings. The unification of 
couplings was taken as a strong hint that SUSY was 
right.  

▸ Electroweak spontaneous breaking is predicted in 
SUSY, has to be assumed in the SM.  
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TEXT

CERTAINLY DIFFERENT VIEWS OF SUSY EXISTED…

▸ This is what I had in a slide of a seminar in 2007
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Naturally, different opinions exist about how 
promising is supersymmetry…. 

The LHC will tell…. 



TEXT

BUT PREDICTIONS WERE CLEAR ENOUGH AND TESTABLE

▸ Lightest CP-even Higgs boson lighter than the Z mass.  

▸ Radiative corrections actually can raise its mass up to 130 GeV maximum for large tan b, stop 
mass and mixing.  

▸ Superpartners at the same mass scale of the Z (order of magnitude) to ensure 
naturalness 

▸ It was reasonable to expect the observation of both the Higgs boson and SUSY 
particles at LEP. But should that fail, SUSY particle (if they existed) would show up 
pretty early at LHC, with the Higgs taking a bit more time
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TEXT

GREAT EXPECTATIONS

▸ A significance of 18 standard deviations was expected with 
1 fb-1 at 14 TeV in the 1-lepton channel, for the “SU1” point 
(which wasn’t the easiest one)
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Figure 3: Expected Meff distributions after Cuts 1–4 (left), and Cut 6 (right) for the 1-lepton analysis.
Compare with Table 4.
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Figure 4: The Meff distributions for each of the SUn benchmark points, and for the sum of the Standard
Model backgrounds with 1fb�1 for the 1-lepton analysis. All the cuts except onMeff are applied.

would expect. The estimated error on both of these backgrounds using data-driven methods is±20% [2].
Given this and the calculated signal and background rates in Table 4, it is evident that all the SUSY points
considered except SU2 could be discovered with good significance in the 1-lepton mode. For SU2, the
production cross-section is dominated by gaugino pair production, so a different analysis [11] is required.

To make this conclusion more quantitative, the significance Zn defined in Section 1.2 was calculated.
The central value of each background is taken from the current Monte Carlo simulation; the studies
of data-driven background estimation [2, 3] provide estimated errors of ±50% for QCD multijet back-
grounds and ±20% for tt̄,W + jets, and all other backgrounds. The results of this calculation are shown
in Table 5 for an integrated luminosity of 1fb�1. Each of these points except SU2 would have Zn > 5 for
just 100pb�1 if the same 20% background uncertainty could be obtained with that luminosity.

The significances, Zn, (Table 5) for 1fb�1 are much smaller than the S/
p
B values in Table 4. This

reflects the fact that, unlike S/
p
B, the Zn measure of significance includes the estimated systematic

uncertainty on the background. Table 5 also indicates that, provided the relative uncertainties in the
background determiations did note increase, harder Meff cuts would lead to better significances after
systematic uncertainties in the background are taken into account.

10

SUPERSYMMETRY – PROSPECTS FOR SUPERSYMMETRY DISCOVERY BASED ON INCLUSIVE . . .

86

1598

Table 5: Significance Zn for the 1-lepton plus 4-jet analysis with 1fb�1 including the systematic uncer-
tainty in the background estimation.

Sample Meff > 400 GeV Meff > 800 GeV Meff > 1200 GeV
Events Zn Events Zn Events Zn

Standard Model BG 144 42 2
SU1 260 7.6 232 12.3 114 18.0
SU2 46 1.5 40 3.4 15 6.0
SU3 450 9.5 364 16.7 110 17.7
SU4 2974 33.7 896 29.4 99 16.6
SU6 162 4.9 148 8.9 76 14.2
SU8.1 151 4.6 136 8.4 66 13.1
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Figure 5: Meff distribution for events with one lepton and: 2 jets (left) or 3 jets (right) after all cuts were
applied.

Supersymmetry events need not contain large numbers of jets. For example, in mSUGRA the process

q̃L + q̃R!χ̃±1 q
0+ χ̃01q

���! χ̃01 `
±ν

can have a large rate and gives one lepton and just two hard jets. An alternative 1-lepton analysis has
been performed requiring just two or three jets rather than four. Because a 4-jet selection was applied to
the Alpgen samples at the generator level, Pythia was used for the W + jets backgrounds. The jet cuts
employed are harder: 150 GeV for the leading jet and 100 GeV for the others. The missing energy cut
is also harder, EmissT > max(100 GeV,0.3Meff) and max(100 GeV,0.25Meff) for the 2-jet and 3-jet case
respectively. The Meff distributions after all cuts are shown in Figure 5. Evidently an analysis requiring
a smaller number of jets with harder cuts also can be effective.
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TEXT

REALITY CHECK…
▸ plot shows the limit on the (former) most 

popular gravity-mediated SUSY breaking 
model 

▸ squarks bound to be heavier than about 
1600 GeV. The stop mass is related to 
that of other squarks, which makes the 
model not very natural (top loop to the 
Higgs is not well canceled, ~1% fine 
tuning or worse remain) 

▸ We don’t even bother to generate 
mSUGRA simulated samples these days.. 
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Figure 12: Exclusion limits in the (m0, m1/2) plane for the mSUGRA/CMSSM model. The solid red line and the
dashed red line show respectively the combined observed and expected 95% CL exclusion limits. Expected limits
from the individual analyses which contribute to the final combined limits are also shown for comparison.

For m0 values smaller than approximately 750 GeV the sensitivity is dominated by the TAU search which
excludes m1/2 values up to 680 GeV using the combination of all final states considered in the search. At
high m0 values the best sensitivity is provided by the SS/3L_SR3b signal region from the SS/3L search,
which excludes values of m1/2 between 200 GeV and 490 GeV. For m0 values below 2200 GeV, signal
models with m1/2 < 200 GeV are not considered because the lepton acceptance is significantly reduced
due to the increased LSP lifetime in that region.

11.1.3. Minimal gauge-mediated supersymmetry breaking model

The observed and expected limits for the mGMSB scenario are shown in figure 14, in the plane defined
by the SUSY breaking scale ⇤ and the tan � value. The region of small ⇤ and large tan � just above the
exclusion limit is excluded theoretically since it leads to tachyonic states. The SS/3L search provides the
best sensitivity for this model and excludes values of ⇤ up to about 75 TeV.

11.1.4. Natural gauge mediation model

The limits obtained for the nGM scenario are shown in figure 15 in the (m⌧̃, mg̃) plane. The best limits
are obtained by the 1L(S,H) and TAU searches, resulting in an exclusion of gluino masses below approx-
imately 1100 GeV independent of the ⌧̃ mass.
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110–150GeV, which is approximately the mass range
not excluded at the 99% CL by the LHC combined SM
Higgs boson search [139] and the indirect constraints
from the global fit to precision electroweak measure-
ments [12].

9.3. Characterising the excess
The mass of the observed new particle is esti-

mated using the profile likelihood ratio λ(mH) for
H→ZZ(∗)→ 4ℓ and H→ γγ, the two channels with the
highest mass resolution. The signal strength is al-
lowed to vary independently in the two channels, al-
though the result is essentially unchanged when re-
stricted to the SM hypothesis µ = 1. The leading
sources of systematic uncertainty come from the elec-
tron and photon energy scales and resolutions. The re-
sulting estimate for the mass of the observed particle is
126.0 ± 0.4 (stat) ± 0.4 (sys) GeV.
The best-fit signal strength µ̂ is shown in Fig. 7(c) as

a function of mH . The observed excess corresponds to
µ̂ = 1.4 ± 0.3 for mH = 126GeV, which is consistent
with the SM Higgs boson hypothesis µ = 1. A sum-
mary of the individual and combined best-fit values of
the strength parameter for a SM Higgs boson mass hy-
pothesis of 126GeV is shown in Fig. 10, while more
information about the three main channels is provided
in Table 7.
In order to test which values of the strength and

mass of a signal hypothesis are simultaneously consis-
tent with the data, the profile likelihood ratio λ(µ,mH) is
used. In the presence of a strong signal, it will produce
closed contours around the best-fit point (µ̂, m̂H), while

)µSignal strength (
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Figure 10: Measurements of the signal strength parameter µ for
mH=126GeV for the individual channels and their combination.

in the absence of a signal the contours will be upper
limits on µ for all values of mH .
Asymptotically, the test statistic −2 lnλ(µ,mH) is dis-

tributed as a χ2 distribution with two degrees of free-
dom. The resulting 68% and 95% CL contours for the
H→ γγ and H→WW (∗)→ ℓνℓν channels are shown in
Fig. 11, where the asymptotic approximations have been
validated with ensembles of pseudo-experiments. Sim-
ilar contours for the H→ ZZ(∗)→ 4ℓ channel are also
shown in Fig. 11, although they are only approximate
confidence intervals due to the smaller number of can-
didates in this channel. These contours in the (µ,mH)
plane take into account uncertainties in the energy scale
and resolution.
The probability for a single Higgs boson-like particle

to produce resonant mass peaks in the H→ ZZ(∗)→ 4ℓ
and H→ γγ channels separated by more than the ob-
served mass difference, allowing the signal strengths to
vary independently, is about 8%.
The contributions from the different production

modes in the H→ γγ channel have been studied in order
to assess any tension between the data and the ratios of
the production cross sections predicted in the Standard
Model. A new signal strength parameter µi is introduced
for each production mode, defined by µi = σi/σi,SM. In
order to determine the values of (µi, µ j) that are simul-
taneously consistent with the data, the profile likelihood
ratio λ(µi, µ j) is used with the measured mass treated as
a nuisance parameter.
Since there are four Higgs boson productionmodes at

the LHC, two-dimensional contours require either some
µi to be fixed, or multiple µi to be related in some way.
Here, µggF and µtt̄H have been grouped together as they
scale with the tt̄H coupling in the SM, and are denoted
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▸ SM-like Higgs at 125 GeV, this is ok. A bit heavy but still within the range 
predicted by SUSY.  

▸ The hierarchy problem is more actual than ever. DM is still there too.

SU1 point

http://arxiv.org/abs/1507.05525

http://arxiv.org/abs/1507.05525


TEXT

REACTIONS

11

Still needs some BSM which evades LHC constraints

SUSY with heavy squarks still addresses DM and unification. 

LHC signatures : EWKinos production, possibly long-lived gluinos 

multiverse plus anthropic selection ? UV-less SM extensions somehow ?

‣ Typically relies on ways to reduce ETMiss at LHC : R-parity violation (need 
something else for Dark Matter!) with UDD coupling harder to find, 
compressed mass spectra, stealth SUSY… 

‣ LHC signatures : monojet, soft leptons, RPV searches

‣ Beware of how fine tuning is calculated 

‣ Beware of assumptions in LHC limits 

‣ You never believed in mSUGRA, did you ? SUSY can be a lot more 
complicated - could accomodate a natural spectrum still

I ALWAYS KNEW SUSY WAS WRONG

LET’S FORGET ABOUT NATURALNESS

SUSY IS JUST A BIT SHY

NATURAL SUSY IS PERFECTLY FINE



TEXT

NATURALNESS AS A GUIDE
▸ The higgsinos, stop and gluino are related to the Higgs mass at tree level, 1-loop, 

2-loop respectively. For a natural scenario, these particle must be light, the others 
might be light. 
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H̃

t̃L
b̃L

t̃R

g̃

natural SUSY decoupled SUSY

W̃

B̃
L̃i, ẽi

b̃R

Q̃1,2, ũ1,2, d̃1,2

FIG. 1: Natural electroweak symmetry breaking constrains the superpartners on the left to be

light. Meanwhile, the superpartners on the right can be heavy, M � 1 TeV, without spoiling

naturalness. In this paper, we focus on determining how the LHC data constrains the masses of

the superpartners on the left.

the main points, necessary for the discussions of the following sections. In doing so, we will

try to keep the discussion as general as possible, without committing to the specific Higgs

potential of the MSSM. We do specialize the discussion to 4D theories because some aspects

of fine tuning can be modified in higher dimensional setups.

In a natural theory of EWSB the various contributions to the quadratic terms of the Higgs

potential should be comparable in size and of the order of the electroweak scale v ⇠ 246 GeV.

The relevant terms are actually those determining the curvature of the potential in the

direction of the Higgs vacuum expectation value. Therefore the discussion of naturalness

7
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A Natural Spec)um
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General “bottom-up” viewpoint

The “Nuclear Family” 
of the Higgs

q̃1,2 b̃R l̃

“Distant 
Cousins”

Bottom-up natural spectrum

Fig. from L.Hall’s talk
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L’accoppiamento dell’Higgs ai fermioni 
è proporzionale alla loro massa => i  
vincoli di naturalezza sulla massa del 
top scalari sono molto più stringenti di 
quelli sulla massa degli squark delle 
prime generazioni 
 
Le particelle che devono essere 
leggere sono in effetti 
#  higgsini (livello albero) 

#  µ = massa degli higgsini 
#  Top e bottom scalari (a 1-loop) 

#  Q3 = termine di massa comune per I 
partner di top e bottom left-handed 

#  U3 = termine di massa dei partner di 
top e bottom right-handed 

#  At = termine di mixing right-left  
#  Gluino (a 2-loop) 

#  M3 = massa del gluino 

NATURAL SUSY

To target the natural SUSY scenario (light stops & 
sbottoms, heavier 1st/2nd generation), work with 
simplified spectra.

Bosons and fermions come in pairs of equal 
masses and quantum numbers, with related 
interactions

Must be broken in our world: no two 
particles we know are superpartners of each 
other!

Hierarchy problem:

SUSY stabilizes the weak 
scale, if superpartners are 
nearby!

P. Meade & MR, ’06

Focus on the hierarchy problem:
which particles do we need?

The scalar top quark cancels the biggest divergence.

SUSY e la naturalezza  

3rd generation and naturalness 
2 

So far SUSY search strategy has been driven by the 
need to optimise the chances of discovery from the 
very first analyses, significantly pushing limits on the 
first two generation squarks. 

!  However the naturalness of the theory can be 
achieved even with the first two generations 
squarks with masses around the TeV scale. 

The Higgs boson mass is regularized by the scalar 
top mass and is still possible to have a natural SUSY 
with a relatively light stop. 

 mH
2

2
= − µ

2
+...+δmH

2

δmH
2

stop
≅ −

3yt
2

8π 2 mQ3
2 +mU3

2 + At
2( ) ln Λ

TeV
$

%
&

'

(
)

δmH
2

gluino
≅ −

2yt
2

π 2
αs

π

$

%
&

'

(
)M3

2 ln2 Λ
TeV
$

%
&

'

(
)

11

Additional gluino decays: theory guidance
SUSY spectrum required by naturalness 

Decays of gluinos involving 3rd generation squarks not addressed by

generic searches: dedicated searches in final states with b-jets

R. Barbieri

Naturalness requires the following particles to 
be light: 
!  Higgsinos (µ�mZ at tree level) 

!  Stop up to 600 GeV  
(1-loop radiative corrections) 

!  Gluinos up to 1.5 TeV  
(2-loop radiative corrections) 

FOCUS OF  
THE TALK 
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C. Balázs, A. Buckley, D. Carter, B. Farmer, M. White: Should we still believe in constrained supersymmetry? 11

5.1.2 Natural prior

Naturalness is a theoretical consideration which can be
used to set the shape of the “pre-LEP” prior distribu-
tions within the CMSSM, and which can be quantified
in terms of fine-tuning. Several measures of the degree of
fine-tuning in a model exist [48], but probably the most
well known is the Barbieri-Guidice measure [88]

� =

����
@ lnm2

Z

@ ln ✓

���� , (25)

which quantifies the sensitivity of the Z boson mass to
the variation of the parameter ✓. In ref. [44], and later
[24, 45, 46], it was shown that a prior incorporating this
measure to penalise high fine-tuning can be constructed
from purely Bayesian arguments. This prior has the addi-
tional benefit of explicitly acknowledging the experimen-
tal data available prior to the “pre-LEP” update, specifi-
cally the Z mass, on which all priors for this update (and
subsequent updates) are conditional (a discussion of the
importance of this notion can be found in section 3.2).

The key idea is relaxing the usual requirement of the
CMSSM that the µ parameter is fixed by the experimen-
tal value of mZ through the Higgs potential minimisation
conditions and instead incorporating mZ into a likelihood
function. One then starts from flat priors over the “nat-
ural” parameter set M

0

, M
1/2, A0

, B and µ. Next the
observed mZ is used to perform a Bayesian update, µ
is marginalised out, and a transformation to the usual
CMSSM parameter set is performed, introducing a Jaco-
bian term penalising high tan� and a fine-tuning coe�-
cient penalising high µ values, giving us the natural (or
“CCR”) prior [89]

P
e↵

(M
0

,M
1/2, A0

, tan�|CMSSM)

/ tan2 � � 1

tan2 �(1 + tan2 �)

B
low

µZ
. (26)

Here B
low

is the low energy value of the B parameter and
µZ is the µ value required to produce the correct Z mass.
Operationally, we implement this prior by scanning the
conventional parameter set with a flat prior and multiply-
ing the above expression into the likelihood function.16

The above prior does not fully implement the Barbieri-
Guidice measure because it only considers the fine-tuning
of the µ parameter. In ref. [45] an extended version of this
prior is constructed which also considers the tuning of the
Yukawa couplings, and in refs. [90, 91] a generalisation to
the full parameter set is considered, but we choose to focus
only on the simpler version in this work, since it captures
a large amount of the fine-tuning e↵ect and can be com-
puted analytically once the spectrum generator (ISAJET)
has run.

16 We do this because P
e↵

requires renormalisation group run-
ning to be evaluated, i.e. our spectrum generator needs to be
run before we can evaluate P

e↵

.

5.2 E↵ect of the parameter ranges on partial Bayes
factors

In many recent studies of the CMSSM, only relatively low
mass regions of the parameter space have been considered,
generally regions not much larger than 0 < M

0

,M
1/2 < 1

TeV. This is in part motivated by naturalness arguments,
in part by the generally lower likelihood outside this region
(largely driven by a poorer fit to �aµ), and perhaps largely
because the LHC SUSY search limits will not reach deeper
into the parameter space than this for several years yet.
Ideally, since we would like to consider changes in the to-
tal evidence for the CMSSM, it is desirable to consider the
entire viable parameter space, since the more viable space
that exists outside the LHC reach, the less the CMSSM
will appear to be harmed by it. However, it is extremely
di�cult to thoroughly scan the CMSSM out to very large
values of M

0

and M
1/2 due to the computational expense

of obtaining reliable sampling statistics. In addition, our
study is primarily concerned with obtaining Bayesian ev-
idence values, which involve integrals over the parameter
space and so require us to perform particularly thorough
scans in order to acquire them to su�cient accuracy for
our study. If one is only concerned with identifying the
major features of the posterior then less thorough scans
often su�ce.

Due to this, we focus only on the low mass region of the
CMSSM. The apparent impact of the LHC on the CMSSM
will thus be increased, though it will be a faithful estimate
of the damage done to the low mass region. Importantly,
the change this restriction makes to the final partial Bayes
factors will be determined by the volume of the “pre-LEP”
posterior (i.e. “LEP+Xenon” prior) that we neglect, not
the full change of volume of the “pre-LEP” scan priors, as
occurs for the global evidence. This is because our incre-
mental evidences are ratios of global evidences, so factors
due to the “pre-LEP” scan prior volume divide out. In-
deed, were our scans to contain 100% of the “pre-LEP”
posterior, then further increases in the scan prior volume
would have no e↵ect at all17.

Finally, we should consider the bias that exists in our
assessment of the damage done to the CMSSM due to our
choice of the SM+DM as the alternate model. There of
course exist numerous models which may be of more direct
interest as alternatives to the CMSSM, which su↵er more
damage than our SM-like alternate does due to their larger
parameter spaces, and comparing the CMSSM to these we
would conclude that the posterior odds for it were better
than when compared to our SM-like model. This consid-
eration forms part of our motivation to present our results
in terms of both partial Bayes factors and the constituent
likelihood ratios and Occam factors, as we hope this allows
the reader to more easily understand how changes in al-
ternate model would a↵ect our inferences. We will return
to this discussion when we present our results in section 7.

17 In practice a larger scan volume will decrease the scan reso-
lution and reduce the accuracy of results, so scan prior volume
dependence would still exist in this indirect form.
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5.1.2 Natural prior

Naturalness is a theoretical consideration which can be
used to set the shape of the “pre-LEP” prior distribu-
tions within the CMSSM, and which can be quantified
in terms of fine-tuning. Several measures of the degree of
fine-tuning in a model exist [48], but probably the most
well known is the Barbieri-Guidice measure [88]
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The key idea is relaxing the usual requirement of the
CMSSM that the µ parameter is fixed by the experimen-
tal value of mZ through the Higgs potential minimisation
conditions and instead incorporating mZ into a likelihood
function. One then starts from flat priors over the “nat-
ural” parameter set M
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observed mZ is used to perform a Bayesian update, µ
is marginalised out, and a transformation to the usual
CMSSM parameter set is performed, introducing a Jaco-
bian term penalising high tan� and a fine-tuning coe�-
cient penalising high µ values, giving us the natural (or
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Here B
low

is the low energy value of the B parameter and
µZ is the µ value required to produce the correct Z mass.
Operationally, we implement this prior by scanning the
conventional parameter set with a flat prior and multiply-
ing the above expression into the likelihood function.16

The above prior does not fully implement the Barbieri-
Guidice measure because it only considers the fine-tuning
of the µ parameter. In ref. [45] an extended version of this
prior is constructed which also considers the tuning of the
Yukawa couplings, and in refs. [90, 91] a generalisation to
the full parameter set is considered, but we choose to focus
only on the simpler version in this work, since it captures
a large amount of the fine-tuning e↵ect and can be com-
puted analytically once the spectrum generator (ISAJET)
has run.

16 We do this because P
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requires renormalisation group run-
ning to be evaluated, i.e. our spectrum generator needs to be
run before we can evaluate P
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generally regions not much larger than 0 < M
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TeV. This is in part motivated by naturalness arguments,
in part by the generally lower likelihood outside this region
(largely driven by a poorer fit to �aµ), and perhaps largely
because the LHC SUSY search limits will not reach deeper
into the parameter space than this for several years yet.
Ideally, since we would like to consider changes in the to-
tal evidence for the CMSSM, it is desirable to consider the
entire viable parameter space, since the more viable space
that exists outside the LHC reach, the less the CMSSM
will appear to be harmed by it. However, it is extremely
di�cult to thoroughly scan the CMSSM out to very large
values of M
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and M
1/2 due to the computational expense

of obtaining reliable sampling statistics. In addition, our
study is primarily concerned with obtaining Bayesian ev-
idence values, which involve integrals over the parameter
space and so require us to perform particularly thorough
scans in order to acquire them to su�cient accuracy for
our study. If one is only concerned with identifying the
major features of the posterior then less thorough scans
often su�ce.

Due to this, we focus only on the low mass region of the
CMSSM. The apparent impact of the LHC on the CMSSM
will thus be increased, though it will be a faithful estimate
of the damage done to the low mass region. Importantly,
the change this restriction makes to the final partial Bayes
factors will be determined by the volume of the “pre-LEP”
posterior (i.e. “LEP+Xenon” prior) that we neglect, not
the full change of volume of the “pre-LEP” scan priors, as
occurs for the global evidence. This is because our incre-
mental evidences are ratios of global evidences, so factors
due to the “pre-LEP” scan prior volume divide out. In-
deed, were our scans to contain 100% of the “pre-LEP”
posterior, then further increases in the scan prior volume
would have no e↵ect at all17.

Finally, we should consider the bias that exists in our
assessment of the damage done to the CMSSM due to our
choice of the SM+DM as the alternate model. There of
course exist numerous models which may be of more direct
interest as alternatives to the CMSSM, which su↵er more
damage than our SM-like alternate does due to their larger
parameter spaces, and comparing the CMSSM to these we
would conclude that the posterior odds for it were better
than when compared to our SM-like model. This consid-
eration forms part of our motivation to present our results
in terms of both partial Bayes factors and the constituent
likelihood ratios and Occam factors, as we hope this allows
the reader to more easily understand how changes in al-
ternate model would a↵ect our inferences. We will return
to this discussion when we present our results in section 7.

17 In practice a larger scan volume will decrease the scan reso-
lution and reduce the accuracy of results, so scan prior volume
dependence would still exist in this indirect form.
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NATURALNESS - CAVEATS
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▸ The formulas of the previous slides consider the sensitivity 
of the Z mass of the electroweak scale effective susy mass 
parameters, but these are not the fundamental parameters 
of the theory, but derived from the unknown susy breaking 
parameters. “Accidental” cancellations might not be 
accidental any more, but a consequence of the SUSY 
breaking.  

▸ 1 = A - B, with B=A-1, is not fine tuned no matter how large A is ! 

▸ higgsino has to be light in a natural theory. But the large fine tuning 
from high stop and gluino mass could be an apparent one.  

▸ In any case, interpretation of the naturalness bound is 
subjective. How much fine tuning are you prepared to 
accept ? Is 5% acceptable ? 1% ? 0.1% ? 

Mean apparent size from Earth:  

Sun 32.1’, Moon 31.5’ 

2% fine-tuning.
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ELECTROWEAK SECTOR

▸ μ should be light. M1 and M2 might or might not be.  

▸ mSUGRA predicts the third spectrum, still the most used in search limits (stuff which decays 
directly to the LSP is a simple signature)  

▸ Ni => Nj Z or Njh, Ci => Nj W 

▸ If there are intermediate sleptons, decay through leptons easily dominate, 2/3/4 leptons in all 
events, very easy. But leptons do not need to be light either… 
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LET’S NOT FORGET DARK MATTER
▸ Relic density is a tough constraints on 

SUSY models. Getting it right requires :  

▸ bino like (M1 << M2,μ) would be too abundant, 
need annihilation mechanism to reduce density in 
early universe: half the Z/H/A mass for s-channel 
annihilation, or close in mass (few 10s of GeV) to 
an other particle (squarks, sleptons)  

▸ well tempered neutralino (careful mixture of bino, 
wino, higgsino => M1, M2, μ should be within 100 
GeV)  

▸ heavy higgsino or wino (TeV scale, bad for LHC, 
not natural)  

▸ light higgsino or wino, other Dark Matter from 
something else (like axion)
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(a) Before ATLAS Run 1 (b) After ATLAS Run 1

Figure 14: The density of pMSSM points projected onto the plane of dark matter relic density versus LSP mass,
before and after the constraints from the search analyses. The colours labelling the di↵erent LSP types, as defined
in Table 4.

searches for electroweak production. Further study shows that, for the sampling of pMSSM points made
in this paper, the analyses with the largest regions of unique sensitivity are the 0-lepton + 2–6 jets + Emiss

T
analysis [57], and the Disappearing Track analysis [71]. Nevertheless some care is required in interpreting
these results. The degree of apparent overlap is subjective, in that it depends, in some cases sensitively,
on the metric used when sampling the pMSSM space. Even in cases where the apparent overlap appears
to be large, for example between the 0-lepton + 2–6 jets + Emiss

T and 0-lepton + 7–10 jets + Emiss
T analyses,

both searches are found to have regions of pMSSM space in which they provide unique sensitivity. The
Disappearing Track analysis is mostly sensitive to model points with a wino-like LSP, so an alternative
prior (or weighting by LSP type) of the sample model points would directly a↵ect the apparent relative
sensitivity of this analysis.

The overall fraction of model points within the pMSSM space excluded by each analysis for each of
the LSP types is shown in Table 7. Only the `h analysis is unable to constrain the pMSSM set with
the luminosity available. The lack of sensitivity for that analysis is not unexpected since for simplified
models it excludes only points with very light LSPs [69]. It should again be noted that the absolute
values of the fractions of model points excluded is strongly a↵ected by the prior sampling, in particular
by the upper mass bounds used for the scan in selecting the pMSSM input parameters (see Table 2).
The relative fractions of model points excluded by each analysis are a little more informative, but again
care is necessary in their interpretation since they too are sensitive to changes to the assumptions or
constraints applied to the initial model set. Nevertheless, the high sensitivity of the 0-lepton + 2–6 jets +
Emiss

T analysis for all LSP types, and the Disappearing Track analysis for models with a wino-like LSP is
unambiguous.

32

The plot is for a scan of the 19-dimensional 
pMSSM space, to evaluate constraints from 
ATLAS searches and complementarity with 
non-LHC constraints 

http://arxiv.org/abs/1508.06608

http://arxiv.org/abs/1508.06608
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DARK MATTER DIRECT DETECTION
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(d) Spin dependent, after ATLAS Run 1

Figure 16: Left, the distribution of model points generated; right, the distribution of model points not excluded by
ATLAS Run 1 searches, as projected onto the scaled spin-independent (SI) interaction cross-section of nucleons
with the neutralino versus the neutralino mass. The cross-sections are scaled by a factor of R⌦ = ⌦(�̃0

1)h2/⌦Planckh2.
The calculated spin-independent interaction cross-sections are a weighted average of the contributions from proton
and neutron scattering, corresponding to the Xenon atom (the target nucleus of the LUX experiment) and normal-
ised to one nucleon. The 90% confidence limit [90] from the LUX direct detection experiment is overlaid, in which
it is assumed that the dark matter comprises only the LSP, with relic density as measured by the Planck Collabora-
tion [89]. For the spin-dependent cross-sections, the calculated proton cross-section is shown. It is compared to the
direct detection limit from the COUPP experiment [91].
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Xenon1T

LZ

coherent neutrino scattering
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OK, LET’S GO TO LHC SEARCHES

A ToroidaL ApparatuS

17
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AVAILABLE DATA
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Supersymmetry at the LHC

• In the Minimal Supersymmetric Standard Model (MSSM), baryon number 
and lepton not preserved: introduce quantum number R = (-1)3(B-L)+2s 

• SM and SUSY get opposite parities, so when assuming R-parity conserved: 
pair production; stable lightest SUSY particle (LSP).  
(For RPV SUSY, see B. Axen's talk) 

• At the LHC, 3 main prod. mechanisms: 
• Strong production of  

squarks and gluinos: 
dominant, search using 
missing energy and jets 

• 3rd generation production  
(stop and sbottom quark): 
lighter particles, naturalness 
arguments, use various states 

• Electroweak production: 
direct production of gauginos 
(charginos, neutralinos)  
see also C. Shehu's talk

4

For at ændre 
”Enhedens navn” og 
”Sted og dato”: 

Klik i menulinjen,  
vælg ”Indsæt” > 
”Sidehoved / 
Sidefod”. 
Indføj ”Sted og 
dato” i feltet for 
dato og ”Enhedens 
navn” i Sidefod

DIS 2016, Hamburg / 12 April 2016 / Geert-Jan Besjes 

arXiv:1411.1427

▸ Cross section for strong production (gluino, 
squarks) of heavy particles rise with energy 
more than that of weak production (charginos, 
neutralinos, sleptons) of light particles.  

▸ 2015 data have placed strong constraints on 
the already tight limits on strongly interacting 
particles. Electroweak search limits are still 
from run1 (but they will benefit the most from 
integrated luminosity)  
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EWKINOS WITHOUT SLEPTONS

‣ Limits on C1N2 production decaying via either WZ or 
WH (the case of both decays competing is not shown).  

‣ WH mode limit will improve fast with luminosity (best 
channel is 1Lbb+MET, BR limit only weakly dependent 
on mass)  

‣ WZ mode limit from 3L+MET, 2L+2J+MET channels. 
Very clean signature for large ΔM(N2,N1), more difficult 
for ΔM~mZ (signal similar to SM WZ background) and 
for ΔM << mZ (soft leptons from decay via virtual W,Z) . 

‣ Only bino-like can be lighter than 100 GeV, then limits 
on the NSLP in the 200-400 GeV range, depending on 
the decay mode.  

‣ For LSP heavier than 100 GeV, very weak limits, and no 
limits for ΔM < 30 GeV in any case. 
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Figure 19: The 95% CL exclusion limits on χ̃+1 χ̃
−
1 , χ̃

±
1 χ̃

0
2 and χ̃02 χ̃

0
3 production with (a) SM-boson-mediated

decays and (b) ℓ̃-mediated decays, as a function of the χ̃±1 , χ̃
0
2 and χ̃

0
1 masses. The production cross-section is for

pure wino χ̃+1 χ̃
−
1 and χ̃±1 χ̃

0
2, and pure higgsino χ̃02 χ̃

0
3.
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COMPRESSED SPECTRA
▸ The worst for LHC, but still natural scenario, is a light higgsino 

with decoupled bino/wino. Then there is only a triplet of 
degenerate higgsino states, with ΔM ~ M2W/2(min(M1,M2)+-μ) 

▸ Dark matter requires additional contributions to relic density 

▸ Compressed spectra has been accessed in run1 for decays via 
leptons (which is easier). Signature is ISR+2/3 soft leptons 
+MET. Need to trigger on either ISR or soft leptons.  

▸ No run2/run3/HL-LHC projections. Moderate mass splitting 
likely accessible with luminosity, unlikely to reach few GeV 
mass differences (without intermediate sleptons)   
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Figure 19: The 95% CL exclusion limits on χ̃+1 χ̃
−
1 , χ̃

±
1 χ̃

0
2 and χ̃02 χ̃

0
3 production with (a) SM-boson-mediated

decays and (b) ℓ̃-mediated decays, as a function of the χ̃±1 , χ̃
0
2 and χ̃

0
1 masses. The production cross-section is for

pure wino χ̃+1 χ̃
−
1 and χ̃±1 χ̃

0
2, and pure higgsino χ̃02 χ̃

0
3.
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ISR & VBF in Run II

• Current plans for VBF production from NYU, Tokyo and UC Irvine
VBF + 2SS ` or ⌧ + 6ET

VBF + 3` + 6ET VBF + 6ET

C
1

C
1

C
1

N
1

C
1

N
2

N
1

N
1

soft (or no) final state

objects

http://arxiv.org/pdf/1210.0964v2, http://arxiv.org/abs/1004.4902v1, http://arxiv.org/pdf/1004.4902v1

• NYU and Tokyo interested in
C
1

N
2

! W ⇤Z ⇤N
1

N
1

! 3`+ 6ET + ISR jet

• C
1

N
2

! � + `+ 6ET + VBF jets or ISR jet is another interesting
channel, proposed in http://arxiv.org/pdf/1409.4533v1

12 / 13

Light higgsinos have not, and won’t, be excluded by 
LHC (independently of assumptions on other 
particles). They provide a good physics case for a 
linear collider.

http://arxiv.org/abs/1509.07152

http://arxiv.org/abs/1509.07152


TEXT

VERY COMPRESSED EWKINOS
▸ If very small chargino-neutralino mass splitting, the chargino becomes long lived. 

▸ Good sensitivity from disappearing tracks (seen only by inner layers of tracker) and slow 
heavily ionizing massive particles searches (seen with dEdx measured in pixel detector). 

▸ Expected for pure wino LSP (~0.2 MeV mass splitting from SM radiative corrections). Pure 
higgsinos have ~0.4 MeV minimum mass splitting, lifetime is too short. 
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http://arxiv.org/abs/1310.3675 http://arxiv.org/abs/1604.04520

http://arxiv.org/abs/1310.3675
http://arxiv.org/abs/1604.04520


TEXT

LIGHT HIGGSINO TO GRAVITINO
▸ If gravitino LSP and neutralino decays 

promptly to the gravitino, it’s much more 
difficult for light higgsino to hide! 

▸ Neutralino decays to gravitino and Z,h, or 
photon. 

▸ Significant limits from run1. Probably run2 
will probe the entire natural range,  

▸ …as long as the neutralino is not long lived 
(which then becomes pretty much like 
neutralino LSP for the LHC…) 

▸ displaced decays analyses important, as 
they probe the intermediate lifetimes case
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Figure 21: The search channel that provides the most stringent 95% confidence level upper
limit on ec0

1 higgsino pair production in the plane of the higgsino branching fraction to a Higgs
boson and the LSP, versus the higgsino mass.

We select events with four bottom-quark jets (b jets), events with two b jets and two photons,
and events with two b jets and an `+`� pair (with ` an electron or muon), providing sensitiv-
ity to the h(! bb)h(! bb), h(! gg)h(! bb), and h(! bb)Z(! `+`�) channels, respec-
tively. We also select events with two photons accompanied by two light-quark jets, and events
with two photons accompanied by at least one electron or muon, providing sensitivity to the
h(! gg)Z/W(! 2 jets) channels, and to the h(! gg)h(! ZZ/WW/tt) and h(! gg)Z/W
channels where the Z and W bosons decay leptonically. As an aid for studies of signal scenar-
ios other than those considered in this paper, Appendix A provides tables of signal yields at
different stages of the event selection process for the studies presented herein. We incorporate
results from Refs. [35] and [36] to gain sensitivity to higgsino pair production in the ZZ channel
and to access complementary ec±

1 ec0
2 decay modes.

The results are combined in a likelihood fit to derive 95% confidence level upper limits on the
higgsino pair production cross section in the two-dimensional plane of the higgsino branching
fraction to the heG state versus the higgsino mass mec0

1
, where ec0

1 ! heG and ec0
1 ! ZeG are

taken as the only possible higgsino decay modes. With the ec0
1 ! ZeG branching fraction set to

unity, higgsinos with a mass value below 380 GeV are excluded. With the ec0
1 ! heG branching

fraction set to unity, higgsinos are not excluded for any mass value but we obtain an expected
exclusion region that lies just above the theoretical higgsino pair production cross section for
higgsino mass values mec0

1
. 360 GeV.

We also determine 95% confidence level upper limits on the cross section for electroweak
chargino-neutralino ec±

1 ec0
2 pair production, adding the search channels with h ! gg and ei-

ther W ! 2 jets or W ! `n to the results presented in Ref. [36]. For small values of the LSP
mass, we exclude this process for chargino mass values up to 210 GeV, where the ec±

1 and ec0
2

masses are taken to be equal.
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Figure 18: Observed and expected 95% confidence level exclusion regions for higgsino pair
production, with all channels combined, in the plane of the higgsino branching fraction to a
Higgs boson and LSP, versus the higgsino mass. The dark (green) and light (yellow) bands
indicate the one- and two-standard-deviation uncertainty intervals, respectively. The excluded
regions correspond to the area below the contours.

of Refs. [35, 36]. The combined results exclude a significant fraction of the Fig. 18 plane. For
higgsino mass values above around 200 GeV, the observed results are in agreement with the
expected ones within one standard deviation of the uncertainties. For smaller higgsino mass
values, the observed exclusion boundary lies below the expected one because of the excesses in
data discussed in Section 10.1.1. Horizontal slices of Fig. 18 at branching fractions of one and
zero correspond to the results presented in Figs. 16 and 17 (top) for the hh and ZZ topologies,
respectively. The corresponding results for a horizontal slice at a branching fraction of 0.5 are
shown in Fig. 19. It is seen that higgsino masses below around 300 GeV are excluded for this
latter scenario.

To illustrate the relative importance of the different search channels for the results of Fig. 18, we
present in Fig. 20 the observed and expected exclusion regions when each principal component
of the analysis is in turn removed from the combination. For this purpose, the h ! gg studies
of Section 6 are grouped together into a “2g+X” category, and the h(! bb)Z(! `+`�) and
Z(! `+`�)Z(! 2 jets) studies of Sections 7 and 8 into a “2`+X” category. The greatest impact
is from the three-or-more-lepton and combined bb`+`� and `+`�+2 jets channels, because of
the stringent constraints they impose on ZZ production [Fig. 17 (top)]. A distribution showing
which search channel provides the most stringent 95% CL cross section upper limit in the plane
of the ec0

1 branching fraction versus the ec0
1 mass is presented in Fig. 21.

10.2 The hW topology

In Ref. [36], we present limits on the chargino-neutralino pair-production scenario of Fig. 1
(right), i.e., on a generic new-physics SUSY-like process with a Higgs boson, a W boson, and Emiss

T .
The event signatures considered are those that yield a single electron or muon and a bb pair,
a same-sign ee, µµ, or eµ pair and no third charged lepton, and three or more charged lep-
tons [35]. These results target the h(! bb)W(! `n) and h(! ZZ, WW, tt)W(! `n) channels,
with ` an electron, muon, or leptonically decaying t lepton. With the present work, we add the
search channels with h ! gg and either W ! 2 jets or W ! `n, corresponding to the studies
of Sections 6.2 and 6.3.

+ETMISS for all these channels, of course

http://arxiv.org/abs/1409.3168

http://arxiv.org/abs/1409.3168


TEXT

STOP PHENOMENOLOGY

▸ Large cross section at low mass (but 
more similar to SM backgrounds)

23

N
o

t
r
e
v

i
e
w

e
d

,
f
o

r
i
n

t
e
r
n

a
l

c
i
r
c
u

l
a

t
i
o

n
o

n
l
y

 [GeV]particleM
500 1000 1500 2000 2500

C
ro

ss
 S

ec
tio

n 
[p

b]

-310

-210

-110

1

10

210

310

 

8 TeV
13-14 TeV

g~ g~

t~ t~

χ∼ χ∼

q~ q~

g~ q~ + q~ q~ + g~ g~

Supersymmetry at the LHC

• In the Minimal Supersymmetric Standard Model (MSSM), baryon number 
and lepton not preserved: introduce quantum number R = (-1)3(B-L)+2s 

• SM and SUSY get opposite parities, so when assuming R-parity conserved: 
pair production; stable lightest SUSY particle (LSP).  
(For RPV SUSY, see B. Axen's talk) 

• At the LHC, 3 main prod. mechanisms: 
• Strong production of  

squarks and gluinos: 
dominant, search using 
missing energy and jets 

• 3rd generation production 
(stop and sbottom quark): 
lighter particles, naturalness 
arguments, use various states 

• Electroweak production: 
direct production of gauginos 
(charginos, neutralinos)  
see also C. Shehu's talk

4

For at ændre 
”Enhedens navn” og 
”Sted og dato”: 

Klik i menulinjen,  
vælg ”Indsæt” > 
”Sidehoved / 
Sidefod”. 
Indføj ”Sted og 
dato” i feltet for 
dato og ”Enhedens 
navn” i Sidefod

DIS 2016, Hamburg / 12 April 2016 / Geert-Jan Besjes 

arXiv:1411.1427
Javier Duarte 
Caltech

• Due to the standard model Yukawa couplings, the lightest 
Higgs boson mass is  

• corrected at 1 loop-level by contribution from stops 

• corrected at 2 loop-level by contribution from gluinos 

• Naturalness = all contributions are of the same order as the 
physical Higgs mass (no fine-tuning) 

• “Acceptable” fine-tuning implies 
stops lighter than ~700 GeV 
gluinos lighter than ~1.5 TeV1 

• Possible spectrum:

Naturalness and 3rd Gen. SUSY

~ g

~ t

~ b

!
χ 

±

!
χ 

0

~

~

t ➝ bχ± 
~~

t ➝ tχ0 
~~

b ➝ tχ± 
~~

b ➝ bχ0 
~~

g ➝ tbχ± 
~~

χ± ➝ W*χ0 
~~

g ➝ bbχ0 
~~ _

g ➝ tt χ0 ~~ _

3

1. arXiv:1110.6926 [hep-ph]; see also 
arXiv:1407.6966 [hep-ph]

▸ ~t decays give bWbW+MET final state (without or with on-shell top)  

▸ ~b decays give bb+MET or ttWW+MET final states 

▸ ~b/~t to an higgsino triplet would give a mix of bb+MET, tt+MET, bt+MET (ignoring soft decay products from 
~H+ => ~H0+ff’)

(a) sq3sq3-q3q3N1N1.tex (b) sq3sq3-q3q3WWN1N1.tex

Figure 8:

8



TEXT

SIMPLIFIED MODEL LIMITS

▸ The 100% BR can occur in a sbottom - bino only 
spectrum, (unlikely and unnatural) or for m(sbottom-
LSP) < mtop (coannihilation scenario, more interesting)  

▸ Signature can happen with reduced BR (sbottom to 
neutral higgsino, ~25% bb+MET), cross section limits 
within the 100% excluded line are a major part of the 
result

24
normalisation parameters and systematic uncertainties but also contamination in the CRs from SUSY
signal events, when a particular model is considered for exclusion. The experimental systematic uncer-
tainties on the signal are taken into account for this calculation and are assumed to be fully correlated
with those of the SM background. The profile likelihood ratio test statistic is used to exclude the signal-
plus-background hypothesis for specific signal models. The CLs method [73, 74] is used to derive the
confidence level of the exclusion; signal models with CLs value below 0.05 are said to be excluded at
95% CL. Figure 4 shows the observed (solid line) and expected (dashed line) exclusion limits at 95% CL
in the b̃1 � �̃0

1 mass plane.
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Figure 4: Expected and observed exclusion limits at 95% CL, as well as ±1 � variation on the expected limit, in
the b̃1 � �̃0

1 mass plane. The yellow band around the expected limits show the impact of the experimental and SM
background theoretical uncertainties. The dotted lines show the impact on the observed limit of the variation of the
nominal signal cross-section by ±1 � of its theoretical uncertainties. The exclusion limits from the Run-1 ATLAS
searches [66, 75] are also superimposed.
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sensitivity is comparable for the two analyses. The number of required leptons makes the two signal
regions mutually exclusive.
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Figure 6: Combined exclusion limits assuming that the stop decays through t̃1 ! t�̃0
1 with di↵erent branching ratios

x and through t̃1 ! b�̃±1 with branching ratios 1 � x. The limits assume m�̃±1 = 2m�̃0
1
, and values of x from 0% to

100% are considered. For each branching ratio, the observed (with solid lines) and expected (with dashed lines)
limits are shown.

To maximise the sensitivity to the t̃1 ! t�̃0
1 decays a statistical combination of the t0L and t1L signal

regions is performed. The details of the combination are given in Appendix C and the final limit is shown
in Figure 4 by the largest shaded region (yellow). The expected limit on the stop mass is about 50 GeV
higher at low m�̃0

1
than in the individual analyses. The observed limit is increased by roughly the same

amount and stop masses between 200 GeV and 700 GeV are excluded for small neutralino masses.5

A similar combination is performed to target a scenario where the stop can decay as t̃1 ! t�̃0
1 with

branching ratio x and as t̃1 ! b�̃±1 with branching ratio 1 � x. Assuming gauge universality, the mass of
the chargino is set to be twice that of the neutralino. Neutralino masses below 50 GeV are not considered,
to take into account limits on the lightest chargino mass obtained at LEP [66–70]. The exclusion limits
are derived for x = 75%, 50%, 25% and 0%.6 Regardless of the branching ratio considered, it is always
assumed that mt̃1

> mt + m�̃0
1

and mt̃1
> mb + m�̃±1 , such that the two decays t̃ ! t�̃0

1 and t̃ ! b�̃±1 are
both kinematically allowed. A statistical combination, identical to the one described above, is used for
x = 75%. For smaller values of x, no combined fit is performed, as the sensitivity is dominated by the t1L
analysis almost everywhere: rather either the t0L or the t1L analysis is used, depending which one gives
the smaller expected CLs value.

Figure 6 shows the result of the combination in the mt̃1
� m�̃0

1
plane. The limit is improved, with respect

5 This result holds if the top quark produced in the t̃1 decay has a right-handed chirality. The dependence of the individual
limits on the top quark chirality is discussed in Refs. [16] and [17].

6 A value of x = 0% is in fact not achievable in a real supersymmetric model. Nevertheless, this value has been considered as
the limiting case of a simplified model.
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bb+MET 
(clean)

monojet
 (+

so
ft b

) +
MET

other decays beyond 
dashed lines, limits not 
shown

high pt b here

boosted top 
here

▸ Limits as a function of masses and BR of stop in neutralino and chargino. 
Assumes chargino mass twice the neutralino one. 

▸ Still a simplified model - expect also ~t => tN2 => tZN1 decays with 
comparable BR to chargino if stop-wino-bino or stop-higgsino-bino 
spectrum  

▸ Gives an idea of the dependence of limits on decays - here changing 
between 500 and 700 GeV depending on BR

ATLAS-CONF-2015-062 http://arxiv.org/abs/1506.08616

http://arxiv.org/abs/1506.08616


TEXT

DIFFICULT CORNERS

▸ Even for 100% BR scenarios, there are difficult corners, allowing low mass stops :  

▸ Small ΔM, soft decay products. ISR jet + (soft charm or leptons) + MET covering up to 250 GeV mass 

▸ ΔM ~ mt, “stealth stop” very similar to SM ttbar production (soft neutralinos). Can be probed with boosted stop 
production at run2 energy and enough luminosity  

▸ stop -chargino -neutralino mass combination resulting in final state similar to SM ttbar (mass differences close to top 
and W mass) 
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Figure 4: Summary of the ATLAS Run 1 searches for direct stop pair production in models where no supersym-
metric particle other than the t̃1 and the �̃0

1 is involved in the t̃1 decay. The 95% CL exclusion limits are shown in
the mt̃1 –m�̃0

1
mass plane. The dashed and solid lines show the expected and observed limits, respectively, including

all uncertainties except the theoretical signal cross-section uncertainty (PDF and scale). Four decay modes are
considered separately with a branching ratio of 100%: t̃1 ! t�̃0

1, where the t̃1 is mostly t̃R, for �m
⇣

t̃1, �̃
0
1

⌘

> mt;
t̃1 ! Wb�̃0

1 (three-body decay) for mW + mb < �m
⇣

t̃1, �̃
0
1

⌘

< mt; t̃1 ! c�̃0
1 and t̃1 ! b f f 0�̃0

1 (four-body decay) for
�m
⇣

t̃1, �̃
0
1

⌘

< mW + mb. The latter two decay modes are superimposed.

The cross-section limit is derived by combining the analyses discussed above. The SR giving the lowest
expected exclusion CLs for each signal model and for each value of BR(t̃ ! c�̃0

1) is chosen. Figure 5
shows the result of these combinations. For �m

⇣

t̃1, �̃
0
1

⌘

= 10 GeV, the sensitivity is completely dominated
by the tc-M signal regions, hence no significant dependence on BR(t̃ ! c�̃0

1) is observed. In this case,
stop masses up to about 250 GeV are excluded. For �m

⇣

t̃1, �̃
0
1

⌘

= 80 GeV, the sensitivity is dominated by
the tc-C signal regions at high values of BR(t̃ ! c�̃0

1). For lower values of BR(t̃ ! c�̃0
1), the “soft-lepton”

and WW signal regions both become competitive, the latter yielding a higher sensitivity at smaller values
of the stop mass. The maximum excluded stop mass ranges from about 180 GeV for BR(t̃ ! c�̃0

1) = 50%
to about 270 GeV for BR(t̃ ! c�̃0

1) = 100%.

mW + mb < �m
⇣
t̃
1
, �̃0

1

⌘
< mt . In this case, the three-body decay of Figure 2c is dominant. The signal

regions that are sensitive to this decay are the dedicated signal region defined in the analysis selecting one-
lepton final states (the t1L-3body) and the combination of several signal regions from the analysis select-
ing two-lepton final states, the t2L. The exclusion limits shown in Figure 4 assume BR(t̃1 ! bW�̃0

1) = 1.
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Figure 7: Summary of the ATLAS Run 1 searches for direct stop pair production in models where the decay mode
t̃1 ! b�̃±1 with �̃±1 ! W⇤�̃0

1 is assumed with a branching ratio of 100%. Various hypotheses on the t̃1, �̃±1 , and
�̃0

1 mass hierarchy are used. Exclusion limits at 95% CL are shown in the t̃1 � �̃0
1 mass plane. The dashed and

solid lines show the expected and observed limits, respectively, including all uncertainties except the theoretical
signal cross-section uncertainty (PDF and scale). Wherever not superseded by any

p
s = 8 TeV analysis, results

obtained by analyses using 4.7 fb�1 of proton–proton collision data taken at
p

s = 7 TeV are also shown, with the
corresponding reference. The four plots correspond to interpretations of (a) the b0L and t1L soft-lepton analyses
in two scenarios (�m(�̃±1 , �̃

0
1) = 5 GeV in light green and �m(�̃±1 , �̃

0
1) = 20 GeV in dark green), for a total of four

limits; (b) the b0L, t1L and t2L analyses in scenarios with a fixed chargino mass m�̃±1 = 106 GeV (dark green) and
m�̃±1 = 150 GeV (light green); (c) the t1L and t2L analyses in scenarios with m�̃±1 = 2m�̃0

1
; (d) interpretations of the

t1L, t2L and WW analyses in senarios with �m
⇣

t̃1, �̃
±
1

⌘

= 10 GeV.
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STOP TO HIGGSINOS
▸ Small ΔM(C1,N1) simplified model 

with mixed decays is a good 
approximation of a stop-higgsino 
model 

▸ Not exact, the BR won’t be 50% 
independent of mass (different 
phase space for top neutralino 
decays)  

▸ More complex decays if other 
EWKinos are around (wino-
higgsino motivated by relic 
density after all) 
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CMS Stop 0L results t̃ æ t + ‰̃0 + t̃ æ b‰̃±
1

Assumes m‰̃±
1

= 5 GeV + m‰̃0 and BF(t̃ æ t‰̃0)=50%

High purity signal regions
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High e�ciency signal regions
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GLUINO SEARCHES
▸ Octet of strongly interacting 

states, high cross section 

▸ Inspiring many searches : long 
lived R-hadrons, multijet (RPV), jets
+X+MET, with X=nothing.leptons, 
taus, photons, …  

▸ Because of high cross sections, 
difficult to hide - 1 TeV limits even 
for RPV case.  

▸ Decays to the LSP via stop and 
sbottom is the final state 
motivated by the natural spectrum.  
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Javier Duarte 
Caltech

• Due to the standard model Yukawa couplings, the lightest 
Higgs boson mass is  

• corrected at 1 loop-level by contribution from stops 

• corrected at 2 loop-level by contribution from gluinos 

• Naturalness = all contributions are of the same order as the 
physical Higgs mass (no fine-tuning) 

• “Acceptable” fine-tuning implies 
stops lighter than ~700 GeV 
gluinos lighter than ~1.5 TeV1 

• Possible spectrum:

Naturalness and 3rd Gen. SUSY

~ g

~ t

~ b

!
χ 

±

!
χ 

0

~

~

t ➝ bχ± 
~~

t ➝ tχ0 
~~

b ➝ tχ± 
~~

b ➝ bχ0 
~~

g ➝ tbχ± 
~~

χ± ➝ W*χ0 
~~

g ➝ bbχ0 
~~ _

g ➝ tt χ0 ~~ _

3

1. arXiv:1110.6926 [hep-ph]; see also 
arXiv:1407.6966 [hep-ph]

‣ Decays to higgsinos via stop/sbottom would 
yield a mixture of tt+MET, bt+MET, bb+MET 
states. 
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OUR GBB/GTT SEARCH

▸ Best ATLAS channel is the search requiring 
three identified b jets and large missing 
momentum.  

▸ Selection targeting top decays also require 0 
lepton and additional jets, 1 lepton with large 
MT(lep, MET), or 2 same sign or 3 leptons. 

▸ No excess…
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Figure 6: Distributions of Emiss
T for (a) SR-Gbb-B, (b) SR-Gtt-0L-C and (c) SR-Gtt-1L-A. The Emiss

T threshold is
set to 200 GeV for these plots, with the red lines indicating the threshold values in the actual signal regions for
SR-Gbb-B and SR-Gtt-0L-C (the Emiss

T threshold in SR-Gtt-1L-A is 200 GeV). The statistical and experimental
systematic uncertainties are included in the uncertainty band. Two example signal models are overlaid.
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Figure 5: Results of the likelihood fit extrapolated to the signal regions. The data in the signal regions are not
included in the fit. The upper panel shows the observed number of events and the predicted background yield. The
background category “Others” includes tt̄h, tt̄tt̄ and diboson events. The lower panel shows the pulls in each signal
region.

Signal channel �vis[fb] S 95
obs S 95

exp

SR-Gbb-A 0.94 3.0 3.9+1.3
�0.7

SR-Gbb-B 0.94 3.0 3.8+1.4
�0.8

SR-Gbb-C 1.74 5.6 7.2+2.6
�1.8

SR-Gtt-1L-A 1.49 4.8 3.9+1.4
�0.5

SR-Gtt-1L-B 0.91 3.0 3.0+1.4
�0.0

SR-Gtt-0L-A 1.13 3.6 4.4+1.7
�1.0

SR-Gtt-0L-B 1.16 3.7 4.4+1.9
�0.9

SR-Gtt-0L-C 1.10 3.5 4.5+2.0
�1.2

Table 8: The 95% CL upper limits on the visible cross-section (�vis), defined as the product of acceptance, re-
construction e�ciency and production cross-section, and the observed and expected 95% CL upper limits on the
number of BSM events (S 95

obs and S 95
exp).

20

g̃

g̃
p

p

χ̃0
1

b

b

χ̃0
1

b

b

https://arxiv.org/abs/1605.09318

https://arxiv.org/abs/1605.09318


TEXT

LIMITS

▸ For a light neutralino, the limit is now close to 1.8 TeV. 

▸ Somewhat smaller masses are probably possible for a mix of final states, but not 
much smaller (see later) 

▸ What about compressed mass spectra ?
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Figure 7: Exclusion limits in the �̃0
1 and g̃mass plane for the (a) Gbb and (b) Gtt models. The dashed and solid bold

lines show the 95% CL expected and observed limits, respectively. The shaded bands around the expected limits
show the impact of the experimental and background theoretical uncertainties. The dotted lines show the impact
on the observed limit of the variation of the nominal signal cross-section by ±1� of its theoretical uncertainty. The
95% CL observed limits from the

p
s = 8 TeV ATLAS search requiring at least three b-tagged jets [17] are also

shown.
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COMPRESSED GLUINO
▸ If small ΔM(gluino,neutralino), jets from the 

decay are too soft to be detected. But 
boosted gluino production still gives ISR jets 
+ MET from the invisible gluino decay. 

▸ The CMS search looks in bins of jet and b-jet 
multiplicity (starting from one and zero), HT 

(scalar sum of jet pT), MT2 and goes all the 
way to the diagonal. 

▸ Since we don’t detect the gluino decay, limits 
at the diagonal itself are independent of the 
gluino decay mode 
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Figure 10: Exclusion limits at 95% CL on the cross sections for gluino-mediated bottom squark
production (above left), gluino-mediated top squark production (above right), and gluino-
mediated light-flavor squark production (below). The area to the left of and below the thick
black curve represents the observed exclusion region, while the dashed red lines indicate the
expected limits and their ±1 sexperiment standard deviation uncertainties. For the squark-pair
production plot, the ±2 standard deviation uncertainties are also shown. The thin black lines
show the effect of the theoretical uncertainties stheory on the signal cross section.

Basically, we get a lower limit of 900 GeV on a gluino-higgsino mass degenerate combination,  which 
is actualy less natural than a 200 GeV higgsino and 1800 GeV gluino.
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PMSSM SCANS

▸ In order to check how well the simplified model limits 
hold when more realistic scenarios with multiple 
production and decay processes take place, ATLAS 
and CMS have performed scans of the 19-dimensional 
pMSSM parameter space and evaluated the limits 
from several run1 searches.  

▸ The ATLAS scan considers 500 million model points, 
310,000 of which survive Dark Matter and previous 
collider constraints. 22 searches are considered.
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PMSSM RESULTS

▸ The limit itself have been 
superseded by run-2 result, but the 
good correlation between the 
simplified (white line) and general 
limit is still interesting
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▸ Correlation is somewhat worse for 
the (stop, neutralino) plane. 
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PMSSM: DARK MATTER
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PMSSM OVERALL SUMMARY

▸ The least fine-tuned pMSSM point 
surviving run1 constraints  

▸ Fine tuning is actually driven by the 
Higgs mass constraint (which could 
be evaded in extensions of the 
model) rather than the direct searches
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ũR

�̃R

�̃2

(c) Point 112647893 (fine-tuning 64)

0

400

800

1200

1600

2000

2400

2800

3200

3600

4000

M
a

ss
 [

G
e

V
]

h0

A0
H0

H±

d̃R

ũL
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Figure 21: The sparticle spectra for some of the pMSSM-19 model points with the smallest fine-tuning not to have
been excluded by the ATLAS Run 1 searches. The dashed lines indicate the dominant decay modes. For more
details see the text.
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Figure 21: The sparticle spectra for some of the pMSSM-19 model points with the smallest fine-tuning not to have
been excluded by the ATLAS Run 1 searches. The dashed lines indicate the dominant decay modes. For more
details see the text.
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TEXT

OK, WHERE DO WE STAND ? 

▸ Significant constraints from LHC results, but still plenty of room for light natural 
supersymmetry

35
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difficult to evade limits limits dependent on assumptions no constraint
Fine tuning bars based on formulas from arXiv:1110.6926 with m(t1)=m(t2), xt=0, 
tan β  large, Λ = 103 TeV. Use with care - other calculations proposed, possible 
dependence on the fundamental parameters of SUSY breaking. 
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can be reduced to a one-dimensional problem as in the Standard Model,

V = m2
H |H|2 + �|H|4 (2)

where m2
H will be in general a linear combination of the various masses of the Higgs fields with

coe�cients that depend on mixing angles, e.g. � in the MSSM.2 Each contribution, �m2
H ,

to the Higgs mass should be less than or of the order of m2
H , otherwise various contributions

need to be finely tuned to cancel each other. Therefore �m2
H/m2

H should not be large. By

using m2
h = �2m2

H one can define as a measure of fine-tuning [26],

� ⌘ 2�m2
H

m2
h

. (3)

Here, m2
h reduces to the physical Higgs boson mass in the MSSM in the decoupling regime. In

fully mixed MSSM scenarios, or in more general potentials, m2
h will be a (model-dependent)

linear combination of the physical neutral CP-even Higgs boson masses. As is well known,

increasing the physical Higgs boson mass (i.e. the quartic coupling) alleviates the fine-

tuning [34, 35].

If we specialize to the decoupling limit of the MSSM and approximate the quartic coupling

by its tree level value � / (g2 + g02) cos2 2�, then we find that m2
h = cos2 2� m2

Z . We then

recover the usual formula for fine tuning in the MSSM, Eq. 1, in the large tan � limit.

In a SUSY theory at tree level, m2
H will include the µ term3. Given the size of the

top quark mass, m2
H also includes the soft mass of the Higgs field coupled to the up-type

quarks, mHu . Whether the soft mass for the down-type Higgs, mHd
, or other soft terms in

an extended Higgs sector, should be as light as µ and mHu is instead a model-dependent

question, and a heavier mHd
can even lead to improvements [48]. The key observation that

is relevant for SUSY collider phenomenology is that higgsinos must be light because their

mass is directly controlled by µ,

µ <⇠ 200 GeV
✓

mh

120 GeV

◆ 
��1

20%

!�1/2

(4)

2 It is straightforward to extend this discussion to include SM singlets that receive vevs, see for example [35].
3 In theories where the µ-term is generated by the vev of some other field, its e↵ective size is generically

bound to be of the order of the electroweak scale by naturalness arguments. For a proof in the NMSSM

see, e.g., [35].
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2000

1 state
8 degenerate states



TEXT

FUTURE PROSPECTS

▸ 4 fb-1 delivered in 2015 

▸ 3 fb-1 delivered in 2016 so far, 30 fb-1 expected for the end of the year 

▸ ultimately, 3000 fb-1 by the end of the year 

▸ In other words, factor of 10 increases in integrated luminosity in 5 months, 7 years, and 20 years all 
giving comparable gains in sensitivity
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LHC machine schedule

• In year 2015, ATLAS and CMS have collected up to 3 fb-1 pp collision data 
 at 13 TeV.

• Many interesting new BSM results have come out with this unprecedented 
 high energy. The focus of this talk.  



TEXT

FUTURE PROSPECTS, NATURAL SUSY

▸ Good coverage for EWkinos with moderate to large mass differences up to 1 TeV NLSP mass, independently of having 
friendly (lepton-rich) decay modes. No study of compressed scenarios though (analysis is more complicated)  

▸ stop (expected) limits should hit 1 TeV this year already, ultimately 1.4 TeV. Again, official projections from compressed 
scenarios are lacking. Theory papers suggest good sensitivity using boosted stop production (feasible with enough 
energy and luminosity). 

▸ gluino searches have the spotlight now, but will saturate 13 TeV PDF reach this year. HL-LHC increase sensitivity to gluinos 
for light LSP from ~2.4 to ~2.8 TeV (higher masses probed if squarks are around). Compressed mass spectra sensitivity 
more difficult to asssess, as it depends critically on the level of systematic uncertainty achieved in monojet+MET analysis.
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momentum and ⌘, scenario, and pile-up condition as described in Section XI.2. Three different
collections of jets are utilised:

• “Large-R" Jets: truth jets reconstructed with R = 1.0 are trimmed with an algorithm that relies
on sub-jets reconstructed using the kt algorithm with radius parameter Rsub = 0.2. The trimming
algorithm removes sub-jets with pT less than 5% of the large-R jet pT. The mass of the large-R
jets is smeared with a Gaussian of width equal to 8.5% of the truth jet mass.

• “Track” Jets: truth jets reconstructed with R = 0.2 serve as a proxy for “track” jets that are to
be b-tagged. Track jets are considered to match large-R jets if they lie within �R < 1.2.

• “Trigger” Jets: truth jets reconstructed with R = 0.4.

The details of the jet selection are provided in Table 42. Due to the high jet thresholds applied, the
contribution of jets from pile-up interactions is considered negligible and no pile-up jets are superim-
posed on the hard scatter event in this analysis. The b-tagging algorithm working point corresponds
to a b-tagging efficiency of 70% for jets with |⌘| < 2.7 in tt̄ events. For jets with pT > 300 GeV, a
working point with constant efficiency for b-jets is adopted, taking into account the variation of c- and
light-jet rejection as a function of pT.

The dominant background process originates from multi-jet production. Optimal signal-to-back-
ground discrimination is achieved by applying the event selection described in Table 43, where track
jets matched to the large-R jets must satisfy the b-tagging requirements. A “top-veto” is then imposed
by rejecting events where the mass of any combination of the two track jets associated with either the
leading or the sub-leading large-R jet with a third track jet is in the range 135�190 (125�190) GeV
for the leading (sub-leading) larger R-jet. Finally, the signal region is formed by the ensemble of
events satisfying Xhh <1.6 where Xhh is defined as:

Xhh =

vut0
BBBBB@

mlead
J � 124 GeV

0.1mlead
J

1
CCCCCA

2

+

0
BBBBB@

msubl
J � 115 GeV

0.1msubl
J

1
CCCCCA

2

. (8)

Chapter XI: Performance and Physics Page 201 of 229
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TEXT

FUTURE PROSPECTS, PERSONAL MUSINGS

▸ Higgsino-wino mixture with moderate 
mass splitting (natural and DM friendly) 
should be accessible at LHC in soft lepton 
channels. 

▸ pure very compressed higgsino won’t, but 
direct detection searches will probe most 
of parameter space.   

▸ stop and gluinos will be probed up to ~1.5 
TeV and 3 TeV respectively - compressed 
scenarios at lower mass would be allowed 
but even less natural 

▸ Models like the one on the right should 
give a signal in run2 already. Likely true for 
“most” natural SUSY scenarios still allowed.  
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(c) Point 112647893 (fine-tuning 64)
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Figure 21: The sparticle spectra for some of the pMSSM-19 model points with the smallest fine-tuning not to have
been excluded by the ATLAS Run 1 searches. The dashed lines indicate the dominant decay modes. For more
details see the text.
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TEXT

CONCLUSIONS

▸ SUSY wasn’t the low hanging fruit expected before the LHC startup 

▸ Tight constraints from run1, still not compromising a SUSY solution to Dark Matter 
and naturalness though 

▸ Good prospects for future LHC detection, with 2016 providing a sizeable chunk of 
the ultimate reach improvement.  

▸ No signal at either the HL-LHC and direct detection experiments would put SUSY 
(as solution of Dark Matter and fine tuning) in a tight spot indeed. 
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Figure 20: Distribution of fine-tuning (as defined in Ref. [138]), before and after ATLAS exclusion. The subplots
show the fractions of model points excluded by the ATLAS Run 1 searches.
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OUTLINE

▸ standard model and susy 

▸ predictions and observations 

▸ reactions… 

▸ naturalness theme 

▸ electroweak searches 

▸ third generation searches 

▸ gluino searches 

▸ where do we stand ? 

▸ prospectives
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