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Supersymmetry	  

u  SUSY	  offers	  eloquent	  soluLons	  to	  many	  pressing	  issues	  in	  the	  SM	  
u  Natural	  cancelaLon	  of	  Higgs	  mass	  divergences	  
u  DM	  candidate	  with	  stable	  lightest	  SUSY	  parLcle	  (LSP)	  
u  PotenLal	  gauge	  coupling	  strength	  unificaLon	  

	  
u  The	  experimentalist’s	  note:	  

u  “SUSY”	  used	  as	  a	  proxy	  for	  a	  broader	  class	  of	  new	  physics	  models	  
u  Ex.	  Search	  for	  producLon	  of	  any	  new	  parLcles	  decaying	  to	  stable	  DM	  

u  AlternaLvely,	  see	  Annapaola	  De	  Cosa	  8/31	  for	  pure	  DM	  producLon	  
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Supersymmetry

SM is an extremely successful theory but there is strong evidence it’s incomplete:
does not provide a dark matter candidate
suffers from hierarchy problem in Higgs mass

Additional symmetry between forces and matter provides solutions:
and ⇠doubles number of particles

SUperSYmmety: Brief Overview!
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•  SUSY introduces partners to each SM particle with Δ(spin) = ½!
•  Wide variety of signatures � rich phenomenology!

Higgs bosons!

SUSY!
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An	  Experimentalist’s	  Playground	  
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u  Rich	  spectrum	  can	  be	  broken	  down	  into	  individual	  signatures	  



The	  Experimentalist’s	  Challenge	  
u  SUSY	  producLon	  buried	  under	  

mountain	  of	  SM	  background	  
	  
u  Goal	  to	  accurately	  measure	  SM	  

contribuLons	  in	  regions	  where	  new	  
physics	  may	  have	  significant	  
contribuLons	  

u  This	  talk:	  
u  Give	  flavor	  of	  where	  we	  search	  

and	  how	  we	  measure	  SM	  
backgrounds	  

u  Can’t	  possibly	  cover	  all	  
results…	  
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THE CHALLENGES 
!  Large phase space to cover. 

! Many production modes and decays 
channels. 

! Multiple final states to explore. 
!  Cross sections tiny with respect to the 

Standard Model processes.  
!  Searches target on a phase-space that 

is experimentally complicated. 
!  Tails of distributions in multi-object 

final states. 
!  Require very selective trigger 

selections; 
!  powerful discriminating variables; and 
!  complex background determination 

techniques. 
� An experimental challenge! 

arXiv:1404.7191 

haps://twiki.cern.ch/twiki/bin/view/AtlasPublic/SupersymmetryPublicResults	  
haps://twiki.cern.ch/twiki/bin/view/CMSPublic/PhysicsResultsSUS	  



Inclusive	  Searches	  
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Inclusive	  Hadronic	  
u  Select	  events	  with	  high	  pT	  

jets	  and	  no	  leptons	  
u  Search	  with	  3D	  fit	  to	  MET,	  

HT,	  and	  nB	  to	  capture	  broad	  
sensiLvity	  to	  many	  models	  
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See	  also	  parallel	  talks	  by	  Julien	  Maurer,	  Bruno	  Casal	  Larana	  9/1	  



Inclusive	  single	  lepton	  
u  Search	  in	  soi	  and	  hard	  leptons	  
u  With	  low	  and	  high	  jet	  

mulLpliciLes	  
u  Background	  predicLons	  from	  

	  normalizing	  SM	  MC	  to	  control	  
	  regions	  in	  data	  and	  extrapolaLng	  
	  to	  signal	  regions	  

u  Check	  accuracy	  of	  extrapolaLons	  
	  with	  validaLon	  regions	  in	  data	  
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Figure 3. Graphical illustration of the hard single-lepton 3-jet (top left), 5-jet (top right) and 6-jet
(bottom) signal regions (SR) used in this paper, shown in the plane of transverse mass mT (see
equation (6.2)) versus missing transverse momentum Emiss

T . The control regions (CR) and validation
regions (VR) described in sections 7 and 9, respectively, are also shown.
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Figure 4. Graphical illustration of the hard dilepton signal regions (SR) used in this paper. The
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frame mass M ′

R versus razor variable R (see equations (6.2) and (6.6)). The control regions (CR)
and validation regions (VR) described in sections 7 and 9, respectively, are also shown.
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Figure 18. 95% CL exclusion limit from the hard single-lepton channel in the (mg̃,mt̃(χ̃0
1)
) plane for

the simplified model with gluino-mediated top squark production, where the top squark is assumed
to decay exclusively via t̃ → cχ̃0

1 (top) or where the gluinos are assumed to decay exclusively through
a virtual top squark, g̃ → tt̄χ̃

0
1 (bottom) . The dark blue dashed line shows the expected limits at

95% CL, with the light (yellow) bands indicating the ±1σ variation on the median expected limit
due to the experimental and background-only theory uncertainties. The observed nominal limit is
shown by a solid dark red line, with the dark red dotted lines indicating the ±1σ variation on this
limit due to the theoretical scale and PDF uncertainties on the signal cross section.
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Figure 8. Distribution of the missing transverse momentum Emiss
T in the 3-jet (top) and 5-jet

(bottom) tt̄ (left) and W+jets (right) control regions used in the hard single-lepton channel. The
upper Emiss

T cut, indicated by the arrow, is not applied in these distributions. The purity in
the background of interest is 66% (72%) for the 3-jet tt̄ (W ) control region and 81% (45%) for
the 5-jet tt̄ (W ) control region; the 5-jet W control region is cross-contaminated by tt̄ events at
the level of 40%. The “Data/SM” plots show the ratio of data to the summed Standard Model
expectation, which is derived from the fit described in section 9. The uncertainty band on the
Standard Model expectation shown here combines the statistical uncertainty on the simulated
event samples with the relevant systematic uncertainties (see text). The last bin includes the
overflow. The “Top Quarks” label includes all top-quark-related backgrounds, while “V+jets”
includes W+jets, Z+jets and other Drell-Yan backgrounds such as Z → τ+τ− and γ∗/Z outside
the Z pole region. For illustration, the expected signal distributions are shown for gluino pair
production with mg̃ = 1025GeV,mχ̃±

1
= 545GeV and mχ̃0

1
= 65GeV.
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Inclusive	  same-‐sign	  dilepton	  
u  Select	  events	  with	  two	  isolated	  like-‐charge	  e-‐	  or	  μ-‐	  

u  Consider	  bins	  with	  low/high	  MET,	  HT,	  nJet,	  and	  nB	  
u  Significant	  background	  from	  “fake”	  leptons	  

u  Measured	  with	  data-‐driven	  predicLon	  of	  fake	  rate	  
u  Extrapolate	  from	  loose	  isolaLon	  sidebands	  to	  Lght	  signal	  regions	  
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See	  also:	  Peter	  Thomassen	  9/3	  
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30

Inclusive	  with	  photons	  
u  Select	  events	  with	  two	  isolated	  high	  pT	  photons	  	  
u  Generically	  present	  in	  many	  GMSB	  scenarios	  
u  Signal	  regions	  targeLng	  strong	  and	  weak	  producLon,	  and	  

light	  and	  heavy	  LSP	  
u  IsolaLon	  sidebands	  used	  to	  define	  proxy	  control	  sample	  to	  

predict	  MET	  shape	  for	  γγ	  and	  γ,jet	  backgrounds	  
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Figure 1: Typical production and decay-chain processes for the gluino-production (left) and electroweak-
production (right) instances of the GGM model for which the NLSP is a bino-like neutralino, referred to
in the text as the ‘gluino-bino’ and ‘wino-bino’ models, respectively.

models, where the gluino is the SUSY partner of the gluon) incorporate a purely bino-like NLSP, two
(the ‘higgsino-bino’ models) incorporate an NLSP that is a higgsino-bino admixture, and one (the ‘wino-
NLSP’ model) incorporates a wino-like set of NLSPs; in all cases the mass of the NLSP state is considered
to be a free parameter of the model.

The two GGM models incorporating a bino-like NLSP are the focus of the diphoton analysis. For these
models, one other set of SUSY partner states is taken to be potentially accessible in 8 TeV pp collisions,
while all other SUSY masses are decoupled (set to inaccessibly large values). For both of these bino-like
NLSP cases, production proceeds solely through this set of SUSY partners, with the NLSP appearing in
the subsequent decays of the produced SUSY partner states. For the gluino-bino model, the set of partners
is composed of a degenerate octet of gluinos. For the ‘wino-bino’ model, the set of partners is composed
of a degenerate triplet of wino states �̃0

2, �̃±1 , and is dominated by the production of �̃+1 �̃
�
1 and �̃0

2 �̃
±
1 . For

both of these models, the masses of these produced states are considered to be free parameters along with
that of the chosen �̃0

1 state, the latter of which is constrained to be less than those of the produced states.
This results in a SUSY production process that proceeds through the creation of pairs of the higher-mass
states, which subsequently decay through short cascades to the NLSP �̃0

1 states. Other SM objects (jets,
leptons, photons) may be produced in these cascades. The �̃0

1 branching fraction to � + G̃ is 100% for
m�̃0

1
! 0 and approaches cos2 ✓W for m�̃0

1
� mZ , with the remainder of the �̃0

1 sample decaying to Z
+ G̃. For all �̃0

1 masses, then, the branching fraction is dominated by the photonic decay, leading to the
diphoton-plus-Emiss

T signature. For these models with a bino-like NLSP, typical production and decay
channels for strong (gluino) and electroweak (wino) production are exhibited in Figure 1.

The higgsino-bino GGM models incorporate an NLSP composed of a higgsino-bino admixture, as
well as a degenerate octet of gluinos identical in nature to those of the gluino-bino model. For the first of
these models, which is the focus of the photon+b analysis, the higgsino mass parameter µ is required to
be negative, and the composition of the NLSP is set by adjusting µ and the GGM U(1) mass parameter
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Figure 5: Distribution of the missing transverse momentum Emiss
T for the sample surviving all requirements

of the SR��W�H (left) and SR��W�L (right) selection except the Emiss
T requirement itself. Overlain are the

expected SM backgrounds as a function of Emiss
T , separated into the various contributing sources. Also

shown are the signal expectations for the (mW̃ ,m�̃0
1
) = (600, 100) GeV and (mW̃ ,m�̃0

1
) = (600, 500) GeV

models. The lower plots show the ratio of observed data to the combined SM expectation. For these plots,
the inner band represents the range of statistical uncertainty while the outer band represents the combined
statistical and systematic uncertainty. Events outside the range of the displayed region are included in the
highest-valued bin.
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Figure 5: Distribution of the missing transverse momentum Emiss
T for the sample surviving all requirements

of the SR��W�H (left) and SR��W�L (right) selection except the Emiss
T requirement itself. Overlain are the

expected SM backgrounds as a function of Emiss
T , separated into the various contributing sources. Also

shown are the signal expectations for the (mW̃ ,m�̃0
1
) = (600, 100) GeV and (mW̃ ,m�̃0

1
) = (600, 500) GeV

models. The lower plots show the ratio of observed data to the combined SM expectation. For these plots,
the inner band represents the range of statistical uncertainty while the outer band represents the combined
statistical and systematic uncertainty. Events outside the range of the displayed region are included in the
highest-valued bin.
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1507.05493	  

Summary	  photon	  paper	  including	  many	  final	  states	  



Targeted	  Searches	  
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Direct	  stau	  pair	  producLon	  
u  Select	  events	  with	  two	  hadronic	  tau	  

candidates	  with	  opposite	  charge	  
u  Veto	  b-‐jets	  and	  Z	  candidates	  
u  Train	  Boosted	  Decision	  Tree	  to	  separate	  

signal	  from	  backgrounds	  
u  Backgrounds	  predicted	  by	  normalizing	  MC	  

to	  data	  control	  regions	  in	  BDT	  sidebands	  
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See	  also:	  Alexander	  Mann,	  Hamed	  Bakhshiansohi	  9/2	  
One	  of	  many	  new	  results	  in	  upcoming	  ATLAS	  EW	  summary	  paper	  



Direct	  stop	  producLon	  
u  Search	  for	  hadronic	  stops	  

u  Veto	  events	  with	  
isolated	  leptons	  

u  Custom	  variable-‐cone	  
jet	  reconstrucLon	  for	  
high	  top	  reconstrucLon	  
efficiency	  

u  BDT	  for	  signal	  selecLon	  
u  Including	  top	  kinemaLc	  

variables	  
u  MC	  reweighted	  in	  key	  

variables	  for	  background	  
predicLons	  
u  MET	  resoluLon,	  W	  pT,	  

B-‐tag	  discriminant,	  etc.	  
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Exploring	  Gaps	  
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Precision	  top	  as	  SUSY	  search	  
u  Stop	  with	  mass	  equal	  to	  top,	  and	  m(LSP)	  ~	  0	  presents	  a	  unique	  challenge	  

u  Dominant	  top	  background	  has	  idenLcal	  decay	  products	  
u  Measuring	  σ(a)	  with	  sufficient	  precision	  allows	  reinterpretaLon	  as	  limit	  on	  SUSY	  
u  Subtle	  angular	  decay	  correlaLon	  differences	  exploited	  to	  squeeze	  further	  

discriminaLon	  
u  Included	  in	  new	  3rd	  generaLon	  summary	  paper:	  1506.08616	  
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3

Process Yield
tt̄ 54000 + 3400

� 3600

Z/�⇤+jets 2800± 300
tV (single top) 2600± 180

tt̄V 80± 11
WW , WZ , ZZ 180± 65

Fake leptons 780± 780
Total non-tt̄ 6400± 860

Expected 60000 + 3500
� 3700

Observed 60424

t̃1
¯̃t1 7100± 1100

(m
t̃1
= 180 GeV, m

�̃

0
1
= 1 GeV)

TABLE I. Observed dilepton yield in data and the expected
SUSY and tt̄ signals and background contributions. Systematic
uncertainties due to theoretical cross sections and systematic un-
certainties evaluated for data-driven backgrounds are included in
the uncertainties.

likelihood fit is used to extract the spin correlation from
the �� distribution in data. This is done by defining a
coefficient fSM that measures the degree of spin correla-
tion relative to the SM prediction. The fit includes a linear
superposition of the �� distribution from SM tt̄ MC sim-
ulation with coefficient fSM, and from the tt̄ simulation
without spin correlation with coefficient (1 � fSM). The
e+e�, µ+µ� and e±µ⌥ channels are fitted simultaneously
with a common value of fSM, leaving the tt̄ normaliza-
tion free with a fixed background normalization. The tt̄
normalization obtained by the fit agrees with the theoret-
ical prediction of the production cross section [71] within
the uncertainties. Negative values of fSM correspond to an
anti-correlation of the top and antitop quark spins. A value
of fSM = 0 implies that the spins are uncorrelated and val-
ues of fSM > 1 indicate a degree of tt̄ spin correlation
larger than predicted by the SM.

Systematic uncertainties are evaluated by applying the fit
procedure to pseudo-experiments created from simulated
samples modified to reflect the systematic variations. The
fit of fSM is repeated to determine the effect of each sys-
tematic uncertainty using the nominal templates. The dif-
ference between the means of Gaussian fits to the results
from many pseudo-experiments using nominal and modi-
fied pseudo-data is taken as the systematic uncertainty on
fSM [102].

The various systematic uncertainties are estimated in the
same way as in Ref. [42] with the following exceptions:
since this analysis employs b-tagging, the associated un-
certainty is estimated by varying the relative normaliza-
tions of simulated b-jet, c-jet and light-jet samples. The
uncertainty due the choice of generator is determined by
comparing the default to an alternative tt̄ sample generated
with the POWHEG-BOX generator interfaced with PYTHIA.
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FIG. 1. Reconstructed �� distribution for the sum of the
three dilepton channels. The prediction for background (blue
histogram) plus SM tt̄ production (solid black histogram) and
background plus tt̄ prediction with no spin correlation (dashed
black histogram) is compared to the data and to the result of
the fit to the data (red dashed histogram) with the orange band
representing the total systematic uncertainty on fSM. Both the
SM tt̄ and the no spin correlation tt̄ predictions are normalized
to the NNLO cross section including next-to-next-to-leading-
logarithm corrections [71, 72] (the theory uncertainty of 7% on
this cross section is not displayed). The prediction for t̃1¯̃t1 pro-
duction (m

t̃1
= 180 GeV and m

�̃

0
1

= 1 GeV) normalized to
the NLO cross section including next-to-leading-logarithm cor-
rections [101] plus SM tt̄ production plus background is also
shown (solid green histogram). The lower plot shows those dis-
tributions (except for background only) divided by the SM tt̄ plus
background prediction.

The uncertainty due to the parton shower and hadroniza-
tion model is determined by comparing two tt̄ samples
generated by ALPGEN, one interfaced with PYTHIA and
the other one interfaced with HERWIG. The uncertainty on
the amount of initial- and final-state radiation (ISR/FSR) in
the simulated tt̄ sample is assessed by comparing ALPGEN
events, showered with PYTHIA, with varied amounts of
ISR and FSR. As in Ref. [42], the size of the variation is
compatible with the recent measurements of additional jet
activity in tt̄ events [103]. The Wt normalization is var-
ied within the theoretical uncertainties of the cross-section
calculation [86], and the sensitivity to the interference be-
tween Wt production and tt̄ production at NLO is stud-
ied by comparing the predictions of POWHEG-BOX with
the diagram-removal (baseline) and diagram-subtraction
schemes [85, 104]. As in Ref. [42], the uncertainty due
to the top quark mass is evaluated but not included in the
systematic uncertainties, since it would have no significant

PRL	  114,	  142001	  (2015)	  
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Soi	  leptons	  with	  ISR	  
u  Compressed	  stop	  decays	  also	  present	  unique	  challenges	  

u  Soi	  decay	  products	  with	  m(stop)	  ~	  m(LSP)	  
u  ConvenLonal	  high	  pT	  stop	  searches	  won’t	  work	  

u  Select	  events	  with	  1	  or	  2	  low	  pT	  leptons	  (5-‐25	  GeV)	  
u  Boost	  SUSY	  system	  to	  give	  visible	  MET	  with	  recoil	  against	  

an	  ISR	  jet	  a	  la	  “monojet”	  searches	  
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See	  also:	  Marc	  Dunser	  9/3	  

CMS-‐SUS-‐14-‐021	  



Soi	  mulL-‐leptons	  
u  Similarly,	  target	  3	  soi	  leptons	  (pT	  <	  30	  GeV)	  +	  ISR	  	  
u  Dedicated	  ISR	  regions	  require	  a	  jet	  with	  pT	  >	  50	  GeV	  

back-‐to-‐back	  with	  MET	  
u  Target	  small	  mass	  spliwng	  with	  low	  mass	  for	  same-‐

flavor,	  opposite-‐charge	  lepton	  pair	  
u  Soi	  lepton	  search	  complementary	  to	  higher	  pT	  search	  
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Figure 2: The diagrams for the simplified models of the direct pair production of staus and the direct production of
χ̃+1 χ̃

−
1 , χ̃

±
1 χ̃

0
2 and χ̃

0
2 χ̃

0
3, and the VBF production of χ̃±1 χ̃

±
1 studied in this paper. All three generations are included

in the definition of ℓ̃/ν̃, except for the direct production of χ̃02 χ̃
0
3 where only the first two generations are assumed.

The different decay modes are discussed in the text.

boson. The remaining four parameters, the ratio of the expectation values of the two Higgs doublets206

(tan β), the gaugino mass parameters M1 and M2, and the higgsino mass parameter (µ), determine the207

phenomenology of direct electroweak SUSY production. For the analysis presented here, µ and M2 are208

treated as free parameters. The remaining parameters are fixed to tan β = 10 and M1 = 50 GeV, so that209

the relic dark-matter density is below the cosmological bound [29] across the majority of the µ-M2 grid.210

The lightest Higgs boson has a mass close to 125 GeV, which is set by tuning the mixing in the top squark211

12th August 2015 – 18:10 8

See	  also:	  Alexander	  Mann,	  Hamed	  Bakhshiansohi	  9/2	  



Compressed	  search	  with	  VBF	  
u  Can	  also	  tackle	  compressed	  systems	  recoiling	  against	  VBF	  jets	  

u  Lower	  cross	  secLons,	  but	  addiLonal	  search	  variable	  with	  VBF	  di-‐jet	  mass	  
u  Also	  pick	  up	  efficiency	  from	  events	  with	  2	  ISR	  jets	  
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u  Veto	  jets	  and	  leptons	  to	  search	  for	  very	  soi	  
decay	  products	  completely	  missed	  by	  the	  
detector	  

u  VBF	  selecLon	  with	  2	  jets	  with	  pT	  >	  50	  GeV	  
and	  Δη(jj)	  >	  4.2	  

u  Fit	  shape	  of	  dijet	  mass	  to	  discriminate	  signal	  
from	  background	  

CMS-‐SUS-‐14-‐019	  



Taking	  Stock	  	  
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Summary	  of	  8	  TeV	  searches	  

u  Dozens	  of	  searches	  completed	  at	  8	  TeV!	  
u  Final	  tail	  sLll	  in	  preparaLon	  

LHCP	  2015	  -‐	  K.	  Ulmer	   19	  
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ATLAS-‐CONF-‐2015-‐026	  

CMS-‐SUS-‐14-‐003	  

See	  also:	  Daniela	  Salvatore	  8/31,	  Matgorzata	  Kazana	  8/31,	  Junjie	  Zhu	  8/31,	  Nora	  Emilia	  Peaersson	  9/2	  

u  Summaries	  include	  enLre	  topics	  not	  even	  touched	  in	  this	  talk…	  



pMSSM:	  a	  Full	  Model	  
u  phenomenological	  MSSM	  a	  19	  parameter	  characterizaLon	  of	  minimal	  

SUSY	  
u  Some	  assumpLons:	  1st	  and	  2nd	  generaLons	  degenerate,	  R-‐parity	  

conservaLon,	  no	  new	  CP-‐violaLon,	  …	  
u  Much	  more	  flexible	  than	  5	  parameter	  CMSSM	  (MSUGRA)	  

u  Allows	  for	  scans	  in	  parameter	  space	  to	  compare	  with	  experimental	  
searches	  
u  Scan	  randomly	  across	  the	  19	  parameters	  to	  create	  many	  model	  

points	  
u  AddiLonal	  constraints	  applied	  based	  on	  external	  measurements:	  DM	  

relic	  density,	  LEP,	  flavor,	  Higgs	  mass,	  …	  
u  Test	  each	  model	  point	  against	  a	  range	  of	  experimental	  searches	  

u  Hadronic,	  leptonic,	  Inclusive,	  3rd	  generaLon,	  EW,	  …	  
u  Independent	  scans	  performed	  by	  ATLAS	  and	  CMS	  

LHCP	  2015	  -‐	  K.	  Ulmer	   22	  

CMS-‐SUS-‐15-‐010,	  ATLAS	  1508.06608	  
See	  also:	  Brian	  Petersen	  9/3	  



pMSSM	  Results	  

u  Almost	  100%	  
exclusion	  with	  	  
m(	  g	  )	  <	  1	  TeV	  and	  
m(LSP)	  <	  500	  GeV	  

u  Compares	  well	  
with	  SMS	  
exclusion	  for	  
gluinos	  

u  Much	  weaker	  EW	  
limits	  

u  More	  detailed	  
dependence	  
on	  full	  
spectrum	  

u  Remaining	  allowed	  
space	  moves	  to	  
higher	  mass	  with	  
new	  exclusions	  
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Figure 3: Fraction of pMSSM points excluded by the combination of 8 TeV ATLAS searches in the (a) g̃– �̃0
1 and

(b) the q̃– �̃0
1 mass planes. The colour scale indicates the fraction of pMSSM points excluded in each mass bin,

with black squares indicating 100% of model points being excluded. The white regions indicate places where no
model points were sampled which satisfied the constraints of Table 3. In both cases, the solid white lines overlaid
are observed simplified-model limits from the 0-lepton + 2–6 jets + Emiss

T search [57] at 95% CL. In the g̃– �̃0
1 case,

the simplified-model limit is set assuming direct production of gluino pairs and that the squarks are decoupled, with
gluino decaying to quarks and a neutralino, g̃ ! q + q + �̃0

1. In the q̃– �̃0
1 plane, both lines are drawn assuming

directly produced first/second-generation squark pairs, with each squark decaying to a quark and a neutralino,
q̃ ! q + �̃0

1. The solid line corresponds to the case where all eight squarks from the first two generations are
assumed to be degenerate. The dashed line has the squark production cross-section scaled down by a factor of four
to emulate the e↵ect of only two of those eight squarks being kinematically accessible.

Figure 3(b) shows a di↵erent projection, in this case to the mass of the LSP versus the mass of the lightest582

squark of the first two generations, q̃L,R for q 2 {u, d, s, c}, labelled here and in what follows as q̃. It can583

be observed that there is good sensitivity at low squark mass and no models with a squark mass below584

250 GeV are allowed by the ATLAS analyses. The solid line superimposed on Figure 3(b) shows the585

95% CL exclusion obtained previously [57] for a simplified model in which the only kinematically ac-586

cessible sparticles are the LSP and the eight squark states of the first two generations, where these squarks587

are all assumed to have the same mass. It can be seen that the region within the solid simplified-model588

exclusion curve is only partially excluded within the pMSSM. This is primarily because the pMSSM-19589

parameter space does not demand that the squarks be eight-fold degenerate, reducing the cross-section.590

There is a closer correspondence between the pMSSM sensitivity and that of an alternative simplified591

model (dashed line), in which the cross-section for direct (anti-)squark production has been reduced by a592

factor of four, to model the e↵ect of only two of those eight squarks being mass degenerate.5593

A noticeable excursion from the simplified-model lines, visible on both plots in Figure 3 is a horizontal594

band of sensitivity to pMSSM points for LSP masses less than about 200 GeV stretching up to large gluino595

(or q̃) masses. Since such high-mass strongly interacting sparticles have small production cross-sections,596

one would not expect sensitivity to their production. Indeed these constraints are not the result of gluino597

5 Reference [57] emulates the e↵ect of a single kinematically accessible squark by dividing the cross-section by a factor of
eight rather than four.
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Figure 8: The fraction of pMSSM points excluded by just the electroweak ATLAS searches listed in Table 1, pro-
jected onto the ˜̀– �̃0

1 mass plane, where ˜̀ is the lightest slepton of the first two generations. The white line reflects
one of the simplified-model limits (Figure 8(c) of Ref. [53]) made for direct slepton pair production assuming that
left- and right-handed selectrons (or smuons) are mass-degenerate and that each decays via ˜̀± ! `± + �̃0

1. The
colour scale is as described in Figure 3.

reduced sensitivity is found in the pMSSM when compared to the more-constrained simplified model.685

This can be understood by recognising that this particular model presupposes that the left- and right-686

handed selectrons and smuons are all mass degenerate, and that each has a 100% branching ratio to a687

lepton and a LSP. Breaking these assumptions reduces the number of signal events, and hence allows688

more models to evade detection.689

When the assumption of degenerate left- and right-handed states is dropped from the simplified model,690

the resulting limits are similar to those of the pMSSM. This can be seen in Figure 9, showing the pMSSM691

space projected separately onto the mass of the left-handed or right-handed slepton. The fraction of model692

points excluded is compared to simplified models in which either only left- or right-handed sleptons (ẽ693

and µ̃) are produced. ATLAS searches have more sensitivity to the production of left-handed sleptons694

since right-handed states lack SU(2) couplings and so have a smaller ˜̀+ ˜̀� production cross-section.695

Figure 10 shows the fraction of model points excluded by just the electroweak ATLAS searches listed in696

Table 1, projected onto the plane of LSP and lightest stau mass. It can be seen that the Run 1 sensitivity697

to staus is limited, with large fractions of model points surviving even at the lowest stau masses. This is698

largely because it is di�cult to trigger on events resulting from direct stau production, and backgrounds699

to stau searches are much larger than for the equivalent search for sleptons of the first two generations.700

No definitive lower bound can be placed on the stau mass by ATLAS after Run 1.701

Figure 11(a) shows the fraction of models excluded by only the electroweak ATLAS searches (see702

Table 1), this time projected onto the plane of the masses of the lightest two neutralinos. Two prom-703

inent features are visible. For �̃0
1 masses lighter than about 200 GeV, a large fraction of models are704

excluded, particularly as m( �̃0
2) becomes large. The dominant exclusion mechanism for large m( �̃0

2) is705

due to the Disappearing Track analysis and is strongest when the LSP is wino-dominated. The gaugino706

mass di↵erence �m� = m( �̃±1 ) � m( �̃0
1) is typically less than a few hundred MeV for winos and of order707

a few GeV for Higgsinos. As the �̃0
2 mass decreases, approaching that of the �̃0

1, there is more neutralino708
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pMSSM	  Results	  
u  Exclusion	  in	  relic	  density	  vs	  DM	  mass	  plane	  shows	  complementarity	  of	  

collider	  and	  direct	  dark	  maaer	  searches	  

u  Nature	  of	  LSP	  has	  strong	  effect	  on	  sensiLvity	  
u  Wino-‐like	  and	  Higgsino-‐like	  LSPs	  have	  charged	  partners	  with	  strong	  

limits	  from	  LEP	  
u  No	  a	  priori	  reason	  to	  expect	  a	  simple	  DM	  sector	  

u  Exclusions	  strongest	  at	  low	  masses,	  but	  reach	  up	  to	  ~800	  GeV	  
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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 made756

in this paper, the analyses with the largest regions of unique sensitivity are the 0-lepton + 2–6 jets + Emiss
T757

analysis [57], and the Disappearing Track analysis [71]. Nevertheless some care is required in interpreting758

these results. The degree of apparent overlap is subjective, in that it depends, in some cases sensitively,759

on the metric used when sampling the pMSSM space. Even in cases where the apparent overlap appears760

to be large, for example between the 0-lepton + 2–6 jets + Emiss
T and 0-lepton + 7–10 jets + Emiss

T analyses,761

both searches are found to have regions of pMSSM space in which they provide unique sensitivity. The762

Disappearing Track analysis is mostly sensitive to model points with a wino-like LSP, so an alternative763

prior (or weighting by LSP type) of the sample model points would directly a↵ect the apparent relative764

sensitivity of this analysis.765

The overall fraction of model points within the pMSSM space excluded by each analysis for each of766

the LSP types is shown in Table 7. Only the `h analysis is unable to constrain the pMSSM set with767

the luminosity available. The lack of sensitivity for that analysis is not unexpected since for simplified768

models it excludes only points with very light LSPs [69]. It should again be noted that the absolute769

values of the fractions of model points excluded is strongly a↵ected by the prior sampling, in particular770

by the upper mass bounds used for the scan in selecting the pMSSM input parameters (see Table 2).771

The relative fractions of model points excluded by each analysis are a little more informative, but again772

care is necessary in their interpretation since they too are sensitive to changes to the assumptions or773

constraints applied to the initial model set. Nevertheless, the high sensitivity of the 0-lepton + 2–6 jets +774

Emiss
T analysis for all LSP types, and the Disappearing Track analysis for models with a wino-like LSP is775

unambiguous.776
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PreparaLon	  for	  13	  TeV	  
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13	  TeV	  data!	  
u  ReconstrucLon	  performance	  being	  tested	  extensively	  for	  enLre	  SUSY	  

analysis	  decay	  chain	  with	  first	  13	  TeV	  data	  
u  Too	  early	  for	  compeLLve	  new	  physics	  results,	  but	  ATLAS	  and	  CMS	  on	  

track	  for	  results	  when	  appropriate	  luminosity	  is	  available	  

u  Sample	  trigger	  efficiency	  measurements	  from	  50	  ns	  data	  
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HT800 trigger provides common sample for high mass hadronic gluino search 
HT350_MET100 trigger targets lower mass, e.g., compressed models 
 

Measure rates and efficiencies with 50 ns data. 

Trigger efficiencies 

HT = scalar sum of AK4 jets with pT>40 and |η|<3. 

2 

Jets and ET
miss calculated using full particle flow objects 

after a fast pre-filter using calorimeter only. 
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HT350_MET100 trigger targets lower mass, e.g., compressed models 
 

Measure rates and efficiencies with 50 ns data. 

HT = scalar sum of AK4 jets with pT>40 and |η|<3. 
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All-hadronic search using AlphaT 
Inclusive search with αT in bins of HT, HT

miss, Nj and Nb. 
AlphaT is a QCD killer, leaving a top and EWK dominated background. 

12 

SUS-12-028 Inclusive search at high HT and HT
miss in bins of Nj and Nb. 

 

Another important background is W or top with hadronic τ decays. 
Measure with muon control sample by emulating τ jet from muon. 

All-hadronic search in HT and HT
miss 
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Inclusive search with MT2 in bins of HT, Nj and Nb. 
MT2 = sTransverse mass, designed for final states with 2 missing particles 
 

An important background is W or top with missed leptons or taus. 
Measure MT2 shape in single lepton control sample. 

All-hadronic search using MT2 
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Figure 1: The distribution of the observed e↵ective mass, me↵ (incl.), calculated as the scalar sum of the transverse
momenta of jets with pT > 40 GeV and Emiss

T in control regions CRW (left) and CRT (right), after requiring an
isolated electron or muon with pT > 25 GeV, at least two jets with pT> 100, 60 GeV respectively, Emiss

T > 100
GeV and 30 GeV < mT(`,Emiss

T ) < 100 GeV. The total MC background expectation is normalised to data. In
the lower panels the ratio of data to total MC background expectation is presented. The contribution from the
multi-jet production is found to be negligible. Only statistical uncertainties are shown, without any experimental or
theoretical systematic uncertainties.
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Figure 2: The distribution of the observed e↵ective mass, me↵ (incl.), calculated as the scalar sum of the transverse
momenta of jets with pT > 40 GeV and Emiss

T in control region CRZ after requiring two isolated leptons of opposite
sign and identical flavour with pT > 25 GeV, at least two jets with pT> 100, 60 GeV respectively, Emiss

T > 100 GeV
and 66 GeV < m`` < 116 GeV. The total MC background expectation is normalised to data. In the lower panels
the ratio of data to total MC background expectation is presented. The contribution from the multi-jet production is
found to be negligible. Only statistical uncertainties are shown, without any experimental or theoretical systematic
uncertainties.
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Figure 2: Emiss
T /

p
HT template (exactly 5 jets) applied to data with exactly 6 jets. Template normalised to data with

Emiss
T /

p
HT < 1.5 GeV1/2. There are no data events in the overflow bins, i.e. with Emiss

T /
p

HT > 20 GeV1/2. The
blue hatched band shows the statistical uncertainty on the template. Systematic uncertainties are not evaluated, but
are expected to be of a similar magnitude or smaller. The black dashed line shows the expectation for the ‘two-step’
signal point with (mg̃ ,m �̃0

1
) = (1300,200) GeV, scaled by a factor of 100. The vertical red dashed line demarks the

normalisation region of Emiss
T /

p
HT < 1.5 GeV1/2 .
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All-hadronic search using MT2 
Inclusive search with MT2 in bins of HT, Nj and Nb. 
MT2 = sTransverse mass, designed for final states with 2 missing particles 
 

Another important background is Z→νν. Estimate with photon sample, multiplied by Z/γ ratio. 
Validate this by measuring the Z→ℓℓ to γ ratio & validating photon purity measurement. 
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Figure 1: The distribution of the observed e↵ective mass, me↵ (incl.), calculated as the scalar sum of the transverse
momenta of jets with pT > 40 GeV and Emiss

T in control regions CRW (left) and CRT (right), after requiring an
isolated electron or muon with pT > 25 GeV, at least two jets with pT> 100, 60 GeV respectively, Emiss

T > 100
GeV and 30 GeV < mT(`,Emiss

T ) < 100 GeV. The total MC background expectation is normalised to data. In
the lower panels the ratio of data to total MC background expectation is presented. The contribution from the
multi-jet production is found to be negligible. Only statistical uncertainties are shown, without any experimental or
theoretical systematic uncertainties.
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Figure 2: The distribution of the observed e↵ective mass, me↵ (incl.), calculated as the scalar sum of the transverse
momenta of jets with pT > 40 GeV and Emiss

T in control region CRZ after requiring two isolated leptons of opposite
sign and identical flavour with pT > 25 GeV, at least two jets with pT> 100, 60 GeV respectively, Emiss

T > 100 GeV
and 66 GeV < m`` < 116 GeV. The total MC background expectation is normalised to data. In the lower panels
the ratio of data to total MC background expectation is presented. The contribution from the multi-jet production is
found to be negligible. Only statistical uncertainties are shown, without any experimental or theoretical systematic
uncertainties.
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backgrounds	  

MulL-‐jet	  shape	  template	  from	  
5	  jet	  data	  in	  	  
MET/√HT	  search	  variable	  	  
describes	  6	  jet	  data	  to	  predict	  
fake	  MET	  backgrounds	  
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Figure 1: Distribution of the transverse mass for selected events in data and simulation after the fit. The uncertainty
band on the Standard Model expectations includes statistical and experimental uncertainties as described in the text.

backgrounds are directly taken from Monte Carlo simulation and normalised to the integrated luminosity
of the data and using the cross-section predictions described in Section 2.2.

In addition to the statistical uncertainties from the simulated samples, various systematic uncertainties
are included in the fitting procedure: jet energy scale uncertainties, lepton momentum/energy resolution
and scale uncertainties, lepton identification uncertainties, missing transverse energy resolution and scale
uncertainties, and uncertainties related to the tagging of b-jets.

The distribution of the transverse mass after the preselection criteria and after normalising the tt̄ and W+jets
backgrounds is shown in Fig. 1, and also in Fig. 2 with a scaled gluino signal overlaid for illustration.

4

Single lepton search using sum of jet’s mass 
Study using MJ = sum of large-R jets (R=1.2) together with MT. 
MT cut leaves mostly dilepton top; search in bins of ET

miss, Nb, Nj 
where a MJ tail beyond 2mt arises mostly from ISR.   
 

Study contributions to MJ from overlap of jets from boosted objects in a top sample. 

26 

 [GeV]JM

Ev
en

ts
/(3

0 
G

eV
)

0

10

20

30

Preliminary CMS  (13 TeV)-1L = 42 pb
Data

, 1 true leptontt
, 2 true leptonstt

W+jets

Single top
QCD
Other

 [GeV]JM
0 100 200 300 400 500 600

Da
ta

 / 
M

C 

0.5
1

1.5) [GeV]
1

m(J

Ev
en

ts
/(3

0 
G

eV
)

0

10

20

30

Preliminary CMS  (13 TeV)-1L = 42 pb
Data

, 1 true leptontt
, 2 true leptonstt

W+jets

Single top
QCD
Other

) [GeV]
1

m(J
0 100 200 300 400

Da
ta

 / 
M

C 

0.5
1

1.5

AK4 jet mass [GeV]

Ev
en

ts
/(2

 G
eV

)

1−10

1

10

210

310

410

510
Preliminary CMS  (13 TeV)-1L = 42 pb

Data
QCD
tt

Single top
Other

AK4 jet mass [GeV]
0 20 40 60 80 100

Da
ta

 / 
M

C 

0.5
1

1.5

Single lepton search using sum of jet’s mass 
Study using MJ = sum of large-R jets (R=1.2) together with MT. 
MT cut leaves mostly dilepton top; search in bins of ET

miss, Nb, Nj 
where a MJ tail beyond 2mt arises mostly from ISR.   
 

Study contributions to MJ from AK4 jet mass in a multijet sample. 
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Transverse	  mass	  (MT)	  search	  
variable	  shape	  well	  modeled	  	  
in	  MC	  for	  1e	  and	  1μ	  events	  

ULlize	  jet	  mass	  variables	  for	  
signal/background	  discriminaLon	  
in	  1L	  gluino	  search	  

Masses	  for	  ΔR=0.4	  and	  
ΔR	  =	  1.2	  jets	  well	  described	  
In	  simulaLon	  

CMS-‐DP2015-‐035,	  ATL-‐PHYS-‐PUB-‐2015-‐029	  
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Diphoton + ET
miss search SUS-14-004 
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Fake ET
miss resolution affected by pT of diEM system. Measure it in Z→ee and fake-fake samples. 

Reweighting the diEM pT of these samples to a signal sample provides ET
miss prediction for that sample. 

Same sign dilepton search 
Low background search, with contributions from rare SM (e.g., ttW),  
“fake” leptons (e.g., b decay), and electron charge mis-identification. 
 

Measure the lepton fake rate as a function of kinematics using observables such as isolation. 
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Same sign dilepton search 
Low background search, with contributions from rare SM (e.g., ttW),  
“fake” leptons (e.g., b decay), and electron charge mis-identification. 
 

Measure the lepton fake rate as a function of kinematics using observables such as isolation. 

SUS-13-013 
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Same-‐sign	  dilepton	  search	  uLlizes	  isolaLon	  sidebands	  
to	  predict	  fake	  prompt	  lepton	  backgrounds.	  
	  
IsolaLon	  distribuLons	  well	  understood	  for	  prompt	  
and	  non-‐prompt	  leptons	  

Di-‐photon	  MET	  shape	  
well	  modeled	  by	  	  
pT-‐reweighted	  
	  control	  samples	  

CMS-‐DP2015-‐035,	  ATLAS-‐EGAM-‐2015-‐003	  

Z	  mass	  to	  measure	  	  
wrong	  charge	  	  
Assignment	  fracLon	  
	  for	  SS	  search	  



Summary	  

u  Vast	  program	  of	  searches	  for	  Supersymmetry	  at	  ATLAS	  and	  CMS	  
u  Cover	  array	  of	  final	  states:	  jets,	  leptons,	  photons,	  missing	  energy,	  …	  
u  Varied	  and	  robust	  methods	  to	  esLmate	  SM	  background	  reliably	  
u  Searching	  for	  any	  deviaLon	  we	  might	  have	  access	  to	  

u  Ready	  to	  do	  it	  all	  again	  at	  13	  TeV	  
u  StarLng	  from	  a	  very	  strong	  base	  of	  experience	  from	  Run	  1	  

u  There	  are	  exciLng	  Lmes	  ahead!	  
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Dilepton	  excesses	  

u  CMS	  has	  2.6	  σ	  excess	  in	  non-‐resonant	  
dilepton	  mass	  search	  

u  ATLAS	  has	  ~3	  σ	  excess	  in	  on-‐Z	  dilepton	  
mass	  search	  

u  No	  hints	  of	  either	  excess	  in	  the	  other	  
experiment,	  though	  sLll	  something	  to	  
watch	  at	  13	  TeV	  

LHCP	  2015	  -‐	  K.	  Ulmer	   33	  

JHEP	  04	  (2015)	  124	  

1503.03290	  

THREE TANTALIZING EXCESSES – 2.  
!  Search for strongly produced SUSY in final 

states with 2 leptons consistent with a Z 
boson, jets, MET and HT at ATLAS. 

!  Data-driven methods for all major 
backgrounds, x-checked with alternatives/MC. 

!  1.7σ excess in µµ, 3.0σ excess in ee. 

!  Not confirmed by CMS, though the 
overlap with the ATLAS search is small. 
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THREE TANTALIZING EXCESSES – 2.  
!  Search for strongly produced SUSY in final 

states with 2 leptons consistent with a Z 
boson, jets, MET and HT at ATLAS. 

!  Data-driven methods for all major 
backgrounds, x-checked with alternatives/MC. 

!  1.7σ excess in µµ, 3.0σ excess in ee. 

!  Not confirmed by CMS, though the 
overlap with the ATLAS search is small. 
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