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•  Overview:	  mass	  scales	  
•  What	  is	  supersymmetry?	  
•  The	  Higgs,	  SUSY,	  and	  
“naturalness”	  

•  The	  LHC	  and	  CMS	  
•  Searching	  for	  dark	  maFer,	  
scalar	  quarks,	  gluinos,...	  

•  Prospects	  for	  Run	  2	  and	  
beyond	  

•  Conclusions	  

Drawing courtesy Sergio Cittolin 

CMS PUBLIC SUSY RESULTS 
https://twiki.cern.ch/twiki/bin/
view/CMSPublic/
PhysicsResultsSUS 

Most results use 19.5 fb-1 (√s =8 TeV). 
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Key	  mass	  scales	  in	  parNcle	  physics	  
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The LHC is a tool to explore  
the electroweak scale and 
beyond.  

MPlanck ≈1018  GeV m(ν )  0.1 eV?  m( g)  2 TeV?Si band gap:     1.1 eV



Symmetries in particle physics 
•  Theories	  of	  parNcle	  physics	  are	  built	  around	  a	  set	  
(group)	  of	  assumed	  symmetry	  transformaNons	  that	  
leave	  the	  acNon	  invariant.	  

S =

Z
L d

4
x ! S

0 = S

under specified group of transformations acting on fields or coordinates 

symmetry (same laws of physics, 
whether using unprimed or 
primed degrees of freedom)!  

Symmetry	  	   Symmetry	  opera+on	   Consequences	  

SpaceNme	  symmetries	   Poincaré	  group:	  act	  
on	  spaceNme	  coords	  

Laws	  of	  physics	  are	  invariant	  under	  
Poincare	  xfs;	  cons.	  of	  P,	  J,	  etc.	  

ConNnuous	  global	  symmetries	   e.g.,	  U(1)	  phase	  xf’s	   ConservaNon	  of	  charge	  (addiNvely	  
conserved	  quantum	  numbers)	  

Gauge	  (local)	  symmetries	   SU(3)c×SU(2)L×U(1)Y	  
is	  gauge	  group	  of	  SM	  

Specify	  the	  form	  of	  interacNons;	  	  
predict	  specific	  gauge	  fields	  

Discrete	  symmetries	   C,	  P,	  T,	  CP,	  CPT	   MaFer-‐anNmaFer	  relaNons,	  parity,	  
Nme-‐reversal,	  etc.	  	  



Pb: 6 mm 
thick 

MaFer,	  anNmaFer,	  and	  CPT	  

P.A.M. Dirac, Proc. Roy. Soc. (London), A117, 610 (1928);  ibid., A118, 351 (1928). 
C.D. Anderson, Phys. Rev. 43, 491 (1933). 

•  Dirac	  relaNvisNc	  wave	  
equaNon	  (1928):	  	  extra,	  
“negaNve-‐energy”	  
soluNons.	  

•  Positron	  interpretaNon	  
confirmed	  by	  C.D.	  
Anderson	  (cosmic	  ray	  
experiment)	  at	  Caltech.	  

a→ a :     qa = −qa     ma = ma     τ a = τ a    (CPT )



Author lists were shorter back in 1933... 



Supersymmetry transformations 

•  SUSY	  xf’s	  map	  fermionic	  and	  bosonic	  degrees	  of	  
freedom	  onto	  each	  other,	  e.g.,	  	  	  	  	  	  	  	  	  	  	  	  	  	  	  	  	  	  	  	  	  	  	  	  	  	  	  	  	  	  	  	  	  	  

•  Q	  =	  generator	  of	  SUSY	  transformaNon	  

	  
•  The	  charges	  (interacNon	  couplings)	  are	  unchanged.	  	  
•  Doubles	  the	  numbers	  of	  degrees	  of	  freedom	  in	  the	  
parNcle	  spectrum	  (but	  CPT	  did	  that	  too!)	  	  	  

•  Unlike	  CPT,	  don’t	  see	  SUSY	  partners	  with	  same	  
masses	  as	  SM	  à	  if	  SUSY	  exists,	  it	  must	  be	  broken.	  	  	  

	  

Q must be fermionic in 
character! 

Q|si = |fi
boson (J=0 or J=1) fermion (J=1/2) 

 e
− (s = 1/ 2)→ e− (s = 0)



ParNcle	  content	  of	  the	  SM	  

u

d

c

s

t

b

charm	   top	  up	  

down strange	   bo:om	  

e−

νe

µ−

νµ

τ −

ντ

muon	   tau	  electron	  

electron	  	  
neutrino	  

muon	  	  
neutrino	  

tau	  
neutrino	  

γ Z 0 W + W −g
gluon (8) photon Z boson W bosons 

Quarks: spin-1/2  Leptons: spin-1/2  

H
Higgs boson 

Gauge bosons: spin-1  Higgs boson: spin-0 
             and field vacuum expectation value 

Strong force EM force Weak force 



Simple	  (naïve)	  SUSY	  spectrum	  
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Scalar	  SUSY	  parNcles	  and	  chiral	  mulNplets	  
•  The	  SM	  is	  a	  chiral	  theory:	  the	  L	  and	  R	  chiral	  
projecNons	  of	  the	  fermion	  fields	  have	  different	  
EW	  interacNon	  quantum	  numbers.	  	  
– L	  projecNons	  are	  SU(2)L	  doublets	  
– R	  projecNons	  are	  SU(2)L	  singlets	  

•  Each	  chiral	  projecNon	  of	  a	  SM	  fermion	  has	  SUSY	  
scalar	  partner	  (preserving	  degrees	  of	  freedom).	  	  

	  

 
e− 


 eL
− ↔ eL

−

 eR
− ↔ eR

−
 
t 


 tL ↔ tL

 tR ↔ tR
partner of the R-handed e-; has J=0, no helicity. 
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SUSY	  spectrum	  in	  gauge/higgs	  sector	  (MSSM)	  	  

	  
Par+cle	   J	   Degrees	  	  of	  

freedom	  
	  	  

1	   3	  
-‐	  

1	   3	  

1	   3	  

1	   2	  

0	   1	  

0	   1	  

0	   1	  

0	   1	  

0	   1	  

Total	   16	  

Par+cle	   J	   Degrees	  of	  
freedom	  

	  	   1/2	   2	  

	  	   1/2	   2	  
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Gauginos = SUSY partners of SM gauge bosons 
Higgsinos = SUSY partners of higgs bosons 
Neutralinos = mix of neutral gauginos and higgsinos 
Charginos = mix of charged gauginos and higgsinos 
EWKinos = term that denotes neutralinos or charginos 

If lightest neutralino is LSP, then  
can be dark matter candidate. 
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MSSM	  parameter	  count	  
Sector	  of	  MSSM	  
	  

Number	  of	  
parameters	  

Standard	  Model	  parameters	   18	  

1	  Higgs	  parameter,	  analogous	  to	  Higgs	  mass	  in	  SM	   1	  

Gaugino/higgsino	  sector	   5	  

Gaugino/higgsino	  sector	  –	  CP	  violaNng	  phases	   3	  

Squark	  and	  slepton	  masses	   21	  

Mixing	  angles	  to	  define	  squark	  and	  slepton	  mass	  
eigenstates	  

36	  

CP	  violaNng	  phases	   40	  

Total	   124	  

In cMSSM, SUSY is described by just 4 continuous real params + 1 sign. 



The New York Times, January 5, 1993 

...ouch. 



Why	  are	  we	  sNll	  looking	  for	  SUSY?	  

WM
AP  

Dark  
matter:  
24% 

Atoms:  
4.6% 

Dark  
energy:  
71.4% 

~1018 GeV 

~102 GeV 

Planck scale 
(quantum gravity )  

Electroweak scale 
(unstable in SM) 

Hierarchy problem Unification of couplings Dark matter 

SM  
(no SUSY) 

Minimal  
SUSY 

Separation of scales  
is stabilized by SUSY. 

SUSY provides dark 
matter candidate particle 
(Lightest Supersymmetric 
Particle); in MSSM this is 
neutralino.  
 



The Higgs and the Gauge Hierarchy Problem 

•  Evidence	  is	  very	  strong	  that	  the	  new	  parNcle	  
discovered	  at	  m	  ≈	  125	  GeV	  is	  a/the	  Higgs	  boson,	  
with	  the	  quantum	  numbers	  JPC	  =	  0++	  (scalar).	  	  	  

•  Assuming	  that	  it	  is	  an	  elementary	  scalar	  parNcle,	  
the	  Higgs	  mass	  is	  subject	  to	  enormous	  shiqs	  due	  
to	  short	  distance	  quantum	  correcNons.	  

•  These	  correcNons	  pull	  the	  Higgs	  mass	  up	  to	  a	  high	  
physical	  scale,	  e.g.,	  the	  Planck	  scale!	  	  	  

f = SM fermion, 
 e.g., top quark 

S = SUSY scalar 
partner, e.g., top squark 

SUSY amplitudes tame the quantum corrections! 



“Natural	  SUSY	  endures”:	  the	  current	  fashion	  

M. Papucci, J.T. Ruderman, and A. Weiler http://arxiv.org/abs/1110.6926 

Only part of the SUSY spectrum an be constrained by  
naturalness considerations. 



Geneva	  Airport	  

Switzerland	   
France 

Large Hadron Collider  
C= 27 km (16.9 mi) 

ECM = 2E(beam) = 8 TeV (Run 1), 13 TeV (Run 2) 

CERN main campus 

Super	  Proton	  
Synchrotron	  

(SPS) 



Curnet 

ATLAS	  Experiment	  
Meyrin,	  Switzerland	  

LHCb	  Experiment	   

CMS	  Experiment,	  	  
(Cessy,	  France) 

LHC ring: 2 separate magnetic “highways” 

Alice	  Experiment	   

Proton beam 

Proton beam 

•  9300 magnets, including 1232 15-meter dipoles. 
•  Radio-frequency EM cavity devices to accelerate beams (8/beam; 40 MHz) 



LHC	  InteracNon	  Region	  

100 m 

Proton beam 

Proton beam 

Detector to observe outcome  
of the proton-proton collisions. 





Working on the CMS detector  



Installing CMS muon readout electronics 



Installing muon readout electronics 

Endcap detectors Central barrel detectors 

Superconducting solenoid (6m diameter): 
B-field (3.8 T) parallel to beam axis 



But  CMS	  Silicon-‐Strip	  Tracker	  Inner	  Barrel	  Detector	  



	  	  	  	  	  CMS	  ElectromagneNc	  Calorimeter	  (ECAL)	  
•  Barrel/Endcap:	  61,200	  /	  2×7,324	  PbWO4	  crystals	  
•  Rad-‐hard,	  very	  fast	  (80%	  of	  light	  in	  25	  ns)	  
•  25.8	  and	  24.7	  X0;	  about	  1	  λ0	  (X0	  =	  0.89	  cm)	  
•  Barrel	  inner	  radius:	  129	  cm	  (operates	  in	  B	  field!)	  
•  Low	  light	  yield	  (30	  γ/MeV);	  use	  avalanche	  photodiodes	  
•  Coverage:	  |η|<1.479	  (barrel),	  1.479<|η|<3.0	  (endcap)	  	  
	  

Crystal face: 22 × 22 mm2

Length: 230 mm

σ E

E
≈ 0.8% − 0.4%  

(E ≈ 25 − 200 GeV)



Beam Pipe at LHC Point 5 



	  	  	  	  	  	  	  	  	  	  Proton-‐proton	  collision	  in	  CMS:	  animaNon	  







Proton-‐proton	  collisions	  
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Top-quark pair production via gluon-
gluon fusion. 

Top-quark pair production via 
quark-antiquark annihilation. 

Broad range of CM energies for parton-parton collision.  
A priori, we don’t know the Lorentz boost to this rest frame! 

“partons” 



Huge	  QCD	  cross	  secNon:	  pp	  à	  jets	  

η
ϕη = − ln tanθ

2
⎛
⎝⎜

⎞
⎠⎟

Jet	  pT	  resolu+on:	  	  15%	  for	  pT=10	  GeV,	  8%	  for	  pT	  =100	  GeV,	  4%	  for	  pT=	  1	  TeV	  



Hà	  ZZ*,	  Zàμ+μ-‐	  ,	  Z*à	  

7	  TeV	  DATA	  
	  
4μ+γ	  Mass	  :	  126.1	  GeV	  

μ-‐(Z1)	  pT	  :	  28	  GeV	  

μ+(Z2)	  pT	  :	  6	  GeV	  

μ+(Z1)	  pT	  :	  67	  GeV	  

μ-‐(Z2)	  pT	  :	  14	  GeV	  

γ(Z1)	  ET	  :	  8	  GeV	  

μ+μ-‐ 



	  	  	  	  	  	  	  	  Higgs	  boson	  à	  two	  Z	  bosons	  à	  4	  leptons	  



	  	  	  	  	  	  	  	  Higgs	  boson	  à	  two	  Z	  bosons	  à	  4	  leptons	  
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Can calculate the Lorentz-
invariant mass of a system in 
any reference frame!  



Dark  
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An	  example	  of	  a	  “natural”	  SUSY	  model	  (“NM3”)	  
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An	  example	  of	  a	  “natural”	  SUSY	  model	  (“NM3”)	  
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Strongly interacting sector: 
•  Particles with color (QCD) charge. 
•  Large production cross section 
    if mass is not too high. 



Dark  
matter:  
24% 

Dark  
energy:  
71.4% 

WMAP  

An	  example	  of	  a	  “natural”	  SUSY	  model	  (“NM3”)	  
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Electroweak sector: 
•  EM/weak interactions 
•  Major impact on 

decays of colored 
particles 

•  Generally low 
production cross 
sections, but may 
have lower masses. 

•  LSP lives here! 
Lightest Supersymmetric  
Particle (LSP) 



 WGσLPCC SUSY 

https://twiki.cern.ch/twiki/bin/view/LHCPhysics/SUSYCrossSections                   arXiv:1206.2892
SUSY sparticle mass [GeV]
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https://twiki.cern.ch/twiki/bin/view/LHCPhysics/SUSYCrossSections 

LHC SUSY Cross Section Working Group 
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 WGσLPCC SUSY 
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Exploring 𝜎 = ~1 fb à ~1 pb 
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Measurements of SM processes in CMS 

W+ n-jets 
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Summary of CMS SUSY Results* in SMS framework

CMS Preliminary

m(mother)-m(LSP)=200 GeV m(LSP)=0 GeV

ICHEP 2014

lspm⋅+(1-x)motherm⋅ = xintermediatem
For decays with intermediate mass,

Only a selection of available mass limits
*Observed limits, theory uncertainties not included

Probe *up to* the quoted mass limit

gluino pair  
production 

squark pair production 
top squark pair production 

neutralino/chargino 
pair production 

R-parity violating 
SUSY 

bottom squark pair production 

slepton pair production 



Formulating SUSY – a short history 
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0χ∼ t t →g~ production,  g~-g~
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Observed
SUSY
theoryσObserved -1 

Expected

      Results for gluino pair production with                 g→ tt χ1
0

 M ( g)

 M ( χ1
0 )

Mass of pair-produced particle 

Mass of  
LSP Increasing mass 

splitting  
àincreasing MET 

Decreasing cross 
section Maximum  

gluino mass  
limit at minimum  
LSP mass. 



Gluino	  pair	  producNon	  and	  decay	  to	  stop	  	  	  	  

 g

 g

t

t

 t
 t

t

t

 χ1
0

 χ1
0

g

g

Signature: 4 top quarks + pT
miss 

LSPs are unobserved: cannot reconstruct mass peaks! 

unobserved! 



Missing	  energy:	  the	  Wolfgang	  Pauli	  leFer...	  

Now called neutrinos! 





b-‐quark	  idenNficaNon	  using	  displaced	  decay	  verNces	  



Anatomy	  of	  a	  background:	  Fbar	  

t

t

b

b

W +

W −

 
+

 
−

 ν

 ν

p p

Each 2-body system 
shown in 2-body rest 
frame. 

•  pT distributions of t and tbar (affected 
 by parton distribution functions, 
 QCD renorm & factorization scales)  
•  Effect of initial-state radiation 
•  Spin correlations of t and tbar 

•  Effects of pileup: 
 isolation, jets, MET, 
 vertices 

•  Underlying event. 

•  W polarization 
•  Final-state radiation 
•  Decay branching fractions 

Extremely common background in NP searches. 
•  looks like low-mass SUSY! 
•  large real MET from neutrinos in leptonic decays. 
•  high jet multiplicity, including b jets. 

3. DECAY CHAIN 

2. PRODUCTION 1. EVENT ENVIRONMENT 



Most	  “SUSY-‐like”	  process	  in	  SM:	  	  pp	  à	  F	  	  

Missing momentum vector  
from neutrino 

Candidate event 
for process 

pp→ tt
t→ bW +;   W + → e+νe

t → bW −;   W − → q1q2



     Generic hadronic SUSY search using MHT  

•  Signature:	  Jets	  +	  MHT;	  events	  with	  leptons	  are	  vetoed	  	  
–  Jets:	  ≥3	  jets	  with	  pT	  >	  50	  GeV,	  no	  b-‐tagging.	  
–  Veto	  event	  if	  MHT	  vector	  is	  ≈aligned	  with	  any	  of	  3	  leading	  jets.	  

•  Bin	  data	  in	  	  
–  HT	  
–  missing	  HT	  (MHT)	  
–  Jet	  mulNplicity	  (3—5,	  6—7,	  ≥8	  jets)	  

•  Background	  esNmaNon:	  largely	  data	  driven.	  
 
HT =


HT = − pT

j

j= jets
∑

 
HT =

pT
j

j= jets
∑

• QCD multijet events 
MHT ~ aligned with high pT jet. 

• ttbar with Wàl 𝜈 
• W à l 𝜈 + jets 
• ttbar with Wà𝜏 (àh) 𝜈 
• W à 𝜏 (àh) 𝜈 + jets 
Control sample: Single-
lepton + jets + MHT 

• Zà𝜈𝜈 + jets 

SUS-13-012 https://twiki.cern.ch/twiki/bin/view/CMSPublic/PhysicsResultsSUS13012 

Control samples: 
𝛾 + jets, 
Z(𝜇𝜇)+jets  

Control sample:  
Multijets with re-balance and 
 smear procedure 
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   Distribution in bins of N(jets), HT , and HT   
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Statistical interlude 

•  Consider	  the	  bin	  with	  	  
–  N(observed)	  =	  9	  events	  
–  N(background)	  =	  0.8	  ±	  1.7	  events	  

•  First,	  let’s	  ignore	  the	  uncertainty	  on	  the	  background.	  What	  
is	  the	  probability	  for	  a	  Poisson	  with	  μ=0.8	  to	  fluctuate	  to	  
at	  least	  9	  events?	  
–  Prob(	  n≥9	  |	  μ	  =0.8	  )	  =	  1.8	  ×	  10-‐7	  	  	  	  	  	  	  	  

	  Have	  we	  discovered	  new	  physics?	  
•  NO!	  The	  uncertainty	  is	  crucial!	  

–  Prob(	  n≥9	  |	  μ	  =	  0.8	  ±	  1.7)	  ≈	  0.15	  
•  This	  example	  highlights	  the	  importance	  of	  quanNfying	  the	  
uncertainNes	  on	  the	  SM	  backgrounds.	  

	  

	  

See CMS PAS SUS-13-012, 
Table 1, p. 10 
Njets: 6-7 
HT: 500-800 GeV 
MHT>450 GeV 
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  Search for generic jets and MET: results 

•  Simplified	  model	  exclusion	  plots	  
1.  Compute	  excluded	  cross	  secNon	  for	  each	  model	  in	  param	  space	  
2.  Compare	  to	  reference	  cross	  secNon	  to	  see	  if	  model	  excluded	  

•  Assume	  100%	  branching	  fracNon	  for	  stated	  process!	  
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decreasing production  
cross section 



  Search for generic jets and MET: results 

•  Simplified	  model	  exclusion	  plots	  
1.  Compute	  excluded	  cross	  secNon	  for	  each	  model	  in	  param	  space	  
2.  Compare	  to	  reference	  cross	  secNon	  to	  see	  if	  model	  excluded	  

•  Assume	  100%	  branching	  fracNon	  for	  stated	  process!	  
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The	  famous	  neutralino	  dilepton	  cascade	  

p
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 ν

ν

Opposite-sign, same flavor leptons 

The        can be produced in any process, not just direct EW  
production.  
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 χ2
0   Search for SUSY in opposite sign dileptons 
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 m+− > 20 GeV,   N( jets) ≥ 2  (pT > 40 GeV)

ET
miss >150 GeV

CONTROL SAMPLE 
Opposite sign, opp. 
flavor leptons (eµ) 

SIGNAL SAMPLE 
Opposite sign, 
same flavor leptons  
(ee, µµ) 

Dominated by  
ttbar production 

RSF /OF = 1.00 ± 0.04 (central)
RSF /OF = 1.11± 0.07 (forward)



 χ2
0   Search for SUSY in opposite sign dileptons 
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 χ2
0     Search for SUSY in opposite-sign dileptons 
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InteracNons	  of	  neutralinos	  with	  maFer	  
 χ1
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•  Above: direct dark matter detection 
 processes: doesn’t have to  be SUSY! 

•  Use crossing to get   
•  How to see                             ?  

 q + q → χ1
0 + χ1

0

q + q →  invisible

Initial-state  
radiation 

mediator on-shell 
or off shell 



Signature	  for	  dark	  maFer	  at	  the	  LHC	  

 χ1
0

 χ1
0

Signature: Jet or photon from 
initial-state radiation (ISR) + large 
missing transverse momentum 

Z

ν

ν
Dominant background: 
Z(àνν) + jets  

Jet 

 
pT
miss

 
pT
miss

...don’t want to rely on MC modeling of initial-state radiation 



Monojet 

pT
miss = 914 GeV

There	  are	  lots	  of	  monojet	  events	  in	  the	  data!	  



Monojet 

We	  can	  predict	  the	  contribuNon	  from	  Z	  +	  1	  jet	  

Z→ µ+µ−

B(Z→ν iν i )
i=e,µ ,τ
∑
B(Z→ µ+µ− )

≈ 6



	  	  	  	  Searching	  for	  dark	  maFer:	  monojet	  search	  results	  

•  MET > 250 GeV 
•  1 central jet, pT>110 

GeV. 
•  2nd softer jet allowed, 

not back-to-back. 
•  Remarkable that QCD 

is so well controlled. 
•  Veto events with leptons 
•  Zàνν is dominant 

background; predict 
from Zàµµ control 
sample. 

 



Searching	  for	  dark	  maFer:	  monojet	  search	  results	  
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      Relative parton luminosities: 13 TeV vs. 8 TeV 

1350 GeV gluinos: x30 
1000 GeV gluinos: x20  
  750 GeV squarks: x9 
  350 GeV X+-X0:     x3 
            top pairs:     x4 

gg→ X

qiqi∑ → X
qg→ X



LHC long-term plan 

150Hz 1000Hz 10000Hz 
Event Rate written to tape 

LHC Roadmap

September 3, 2013.

Lint~75-100 fb-1

• Physics case

• Upgrade detector design



 χ2
0 ...is there a message here? 



Backups 



 χ2
0  Search for neutralino/chargino production 
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