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   String Di-jet Regge Resonances 
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         SS Di-Leptons + MET  -   Sneutrino LSP  
 
         Multi-leptons  -                Slepton Co-NLSP (GMSB), Leptonic RPV  
 
         Di-photon + MET  -           Bino NLSP  (GMSB) 
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   Factorized Mapping from Data -> Theory through Topologies    
 
   Consistent On-Shell Effective Theory  
 
   High Multiplicity + ST Signatures  (Black Holes)  
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where the Pαβ
γδ tensors are projection operators between irreducible SU(3)C representations

in the initial and final states. Matrix elements related to these by charge conjugation or time
reversal are not shown. The inclusion of only this minimal set of stringy modifications of
the scattering amplitudes allows the results of the dijet resonance search to be presented as a
model-independent probe of the string scale. In specific models there may be additional Regge
resonances in other channels that could increase the strength of dijet resonances somewhat.

For the dijet resonance search, the main interest is in the total cross section of the first s-channel
Regge resonance in the narrow width limit. The resonant matrix elements squared in this
limit may be obtained from the ones given above by replacing the propagator factor of any
Veneziano form factor that involves the s-channel with a Breit-Wigner form in that channel for
n = 1 only, and by ignoring any interference between the s and t or u channels. In this limit,
all Veneziano form factors in the matrix element squared may then be neglected except for the
squares of ones that involve the s-channel

|V(s, y)|2
y2 � 1

(s−m2
s )2 + m2

s Γ2 (20)

where y ∈ (t, u) and Γ ≡ Γ(Initial → R(1) → All) is the total width of the coherent super-
position of n = 1 Regge excitations arising from the appropriate initial state parton scattering
channel.

Using the optical theorem the widths of the n = 1 Regge excitations in a given channel may be
obtained from the residue of the leading order (ignoring the finite width) total cross sections
near the n = 1 s-channel pole after dividing by the wave function factor for the external states
obtained from the residue of the forward scattering amplitude

1
ms

Γ(Initial → R(1) → All) = m2
s

Res2[σ(Initial → R(1) → All)]
Res1[M(Initial → Initial)]

(21)

where Resk[ f (s)] = f (s)(s−m2
s )k extracts s-channel the pole(s). Using this relation and matrix

elements given above, the decay total widths on the first Regge excitations for all non-trivial
initial state helicity and color configurations in 2 → 2 QCD scattering on these resonances are

1
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Γ(q±i g±a → R(1) → All) = αs
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This procedure of using the optical theorem to obtain the Regge widths in a given channel au-
tomatically includes the effects of quantum interference between Regge excitations of different
spin, and should be more accurate than previous estimates [14, 15] of the widths and cross sec-
tions that ignore interference by using an incoherent sum over Regge excitations. For reference,
for αs(2 TeV) � 0.082, the width of the first Regge resonances in the dominant qg → R(1) → qg
channels is at most 0.5 percent. So a narrow width approximation is very good for Regge reso-
nances.
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SUSY: Search First for What 
You Can Discover First  

•  Strong Production -> Relatively Low 
Background Final States 

 
•  Parameterize with Simple Production 

and Decay Topologies   
    (Details at end of talk)  
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General New Physics (SUSY) Searches  
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Same Sign Di-Leptons  
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Same Sign Di-Leptons  

Dominant Physics Background ttbar   
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Same Sign Di-Leptons  

Electron Charge Mis-Identification Rate 



Same Sign Di-Leptons  



Same Sign Di-Leptons  

Production + Decay Topology:  
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Multi-Leptons  

3 or 4 or more Leptons  
    
      + MET   
or   + JET 
 
 
Relatively Low SM 
Backgrounds  

Classic Tri-Lepton Signature – CMS Considerably Expanded Scope 
 
   (Tevatron Searches Narrowly Focussed – mSUGRA signature)   



Multi-Leptons  

Searches for multiple isolated leptons constitute one of the flag-ship probes of new

physics at high energy hadron colliders.

presently undiscovered physics

ranging from supersymmetry to searches for the Higgs boson.

fourth generation quarks or leptons, technicolor, Standard Model Higgs boson,

extended Higgs sectors, .....

1 New Physics Multi-Lepton Searches for New Physics

at High Energy Hadron Colliders

Classify all two, three, and four object combinations electrons, muons, and hadroni-

cally decaying taus that contain at least one electron and muon, and no more than

two taus.

leptons �, �
� ∈ e, µ

(NX , NY )minZ ≡ { (N(�a�b)|X , N(�a�b)|Y ) ∀ (�i�j)(�k��) · · · �p ∈ �1�2 · · · �n

| min N(�a�b)|X,Y �=Z
| min N(�a�b)|Z } for X, Y, Z = SS,OSOF (1)

where

a, b, i, j, k, · · · = 1, . . . , n with a �= b and i �= j �= k · · · .

OSSF ≡ �±�∓

OSOF ≡ �±�
�∓

SSSF ≡ �±�±

SSOF ≡ �±�
�±

and SS ≡ SSOF or SSSF.

1

DY Correlated Q = 0 Uncorrelated
CC Decays CC Decays

OSSF × × ×

OSOF × ×

SSSF ×

SSOF ×

Table 1: Background contributions to di-lepton pairs. DY ≡ γ∗/Z∗ Drell-Yan, CC ≡
charged current decays X → Y �±ν.

NOSSF ≡
�

(�i�j)(�k��)···�p
∈ �1�2···�n

N(�a�b)|OSSF
(2)

NDY ≡ { max N(�a�b)|OSSF
∀ (�i�j)(�k��) · · · �p ∈ �1�2 · · · �n } (3)

Control regions - list in a table .....
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Backgrounds Depend to a Large Degree on  
Di-Lepton Pairs Type within Multi-leptons: 



|Q| NDY NOSSF (NSS, NOSOF)minSS (NSS, NOSOF)minOSOF

�±�±�±�± 4 0 0 ( 2 , 0 ) ( 2 , 0 )

�±�±�±�
�±

4 0 0 ( 2 , 0 ) ( 2 , 0 )

�±�±�
�±�

�±
4 0 0 ( 2 , 0 ) ( 2 , 0 )

�±�±�±�
�∓

2 0 0 ( 1 , 1 ) ( 1 , 1 )

�+�+�
�−�

�−
0 0 0 ( 0 , 2 ) ( 2 , 0 )

�±�±�
�+�

�−
2 1 1 ( 1 , 0 ) ( 1 , 0 )

�+�−�±�
�±

2 1 2 ( 1 , 0 ) ( 1 , 0 )

�+�−�±�± 2 1 3 ( 1 , 0 ) ( 1 , 0 )

�+�−�±�
�∓

0 1 2 ( 0 , 1 ) ( 2 , 0 )

�+�−�
�+�

�−
0 2 2 ( 0 , 0 ) ( 0 , 0 )

�+�−�+�− 0 2 4 ( 0 , 0 ) ( 0 , 0 )

Table 2: Hierarchy of four object combinations of leptons. �, �
� ∈ e, µ.

3

Multi-Leptons  

Classify All Multi-Leptons Channels:  
 
Hierarchy of Backgrounds  



Multi-Leptons  

|Q| NDY NOSSF (NSS, NOSOF)minSS (NSS, NOSOF)minOSOF

�±�±�± 3 0 0 ( 1 , 0 ) ( 1 , 0 )

�±�±�
�±

3 0 0 ( 1 , 0 ) ( 1 , 0 )

�±�±�
�∓

1 0 0 ( 0 , 1 ) ( 1 , 0 )

�+�−�
�±

1 1 1 ( 0 , 0 ) ( 0 , 0 )

�+�−�± 1 1 2 ( 0 , 0 ) ( 0 , 0 )

�±�± 2 0 0 ( 1 , 0 ) ( 1 , 0 )

�±�
�±

2 0 0 ( 1 , 0 ) ( 1 , 0 )

�+�
�−

0 0 0 ( 0 , 1 ) ( 0 , 1 )

�+�− 0 1 1 ( 0 , 0 ) ( 0 , 0 )

Table 3: Hierarchy of three and two object combinations of leptons. �, �
� ∈ e, µ.
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Classify All Multi-Leptons Channels:  
 
Hierarchy of Backgrounds  



Multi-Leptons  

|Q| NDY NOSSF (NSS, NOSOF)minSS (NSS, NOSOF)minOSOF

�±�±�±τ±h 4 0 0 ( 1 , 0 ) ( 1 , 0 )

�±�±�
�±τ±h 4 0 0 ( 1 , 0 ) ( 1 , 0 )

�±�±�±τ∓h 2 0 0 ( 1 , 0 ) ( 1 , 0 )

�±�±�
�±τ∓h 2 0 0 ( 1 , 0 ) ( 1 , 0 )

�±�±�
�∓τ±h 2 0 0 ( 0 , 1 ) ( 1 , 0 )

�±�±�
�∓τ∓h 0 0 0 ( 0 , 1 ) ( 1 , 0 )

�+�−�
�±τ±h 2 1 1 ( 0 , 0 ) ( 0 , 0 )

�+�−�±τ±h 2 1 2 ( 0 , 0 ) ( 0 , 0 )

�+�−�
�±τ∓h 0 1 1 ( 0 , 0 ) ( 0 , 0 )

�+�−�±τ∓h 0 1 2 ( 0 , 0 ) ( 0 , 0 )

Table 4: Hierarchy of four object combinations of three leptons and one hadronically

decaying tau. �, �
� ∈ e, µ.
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Classify All Multi-Leptons Channels:  
 
Hierarchy of Backgrounds  



Multi-Leptons  

Classify All Multi-Leptons Channels:  
 
Hierarchy of Backgrounds  

Make Hierarchical Ordering of Multi-Lepton Channels  
   according to Background  
   
 Events -> Channels  Lowest to Highest Background Exclusively 
 
     Exclusive Combination of All Channels  
 



Multi-Leptons  

Backgrounds for Many Chananels       
 
      fake leptons +  
      leptons from heavy flavor  

Semi-­‐Automated	
  Combined	
  Fakeable	
  Object	
  	
  
	
  	
  Using	
  dxy	
  impact	
  parameter	
  as	
  probe	
  of	
  	
  	
  
	
  	
  heavy	
  flavor	
  content	
  	
  
	
  
UOlizes	
  moderate	
  to	
  high	
  staOsOcs	
  of	
  QCD	
  control	
  

fµ =
N ISO

µ

N ISO

T

=
Nµ

NT
· �

µ
ISO

�T
ISO



Multi-Leptons 

Data:	
  	
  

Combine	
  Exclusive	
  Channels	
  

157	
  Exclusive	
  Channels	
  -­‐>	
  	
  



Wino	
  

GoldsOno	
  

Lepton	
  	
  

Gluino	
  

Jets	
  

Br(All	
  -­‐>	
  4	
  Leptons)	
  =	
  1	
  	
  

Multi-Leptons: Slepton Co-NLSP (GMSB)   

Production + Decay Topology:  

Squarks	
  

Bino	
  

SelectronR	
  	
  SmuonR	
  	
  StauR	
  

Lepton	
  	
  

Jets	
  

New	
  Territory	
  –	
  First	
  few	
  pb-­‐1	
  

mgluino	
  	
  =	
  450	
  GeV	
  
msquark	
  =	
  360	
  GeV	
  	
  



Wino	
  

GoldsOno	
  

Lepton	
  	
  

Jets	
  

Br(All	
  -­‐>	
  4	
  Leptons)	
  =	
  1	
  	
  

Multi-Leptons: Slepton Co-NLSP (GMSB)   

Production + Decay Topology:  

Squarks	
  

Bino	
  

SelectronR	
  	
  SmuonR	
  	
  StauR	
  

Lepton	
  	
  

Require MET or HT if necessary 
    in Given Lepton Channel   
 
           But Not Both  

msquark	
  	
  =	
  500	
  GeV	
  
mslepton	
  =	
  185	
  GeV	
  	
  



Multi-Leptons: Slepton Co-NLSP (GMSB)   

Wino	
  

GoldsOno	
  

Lepton	
  	
  

Gluino	
  

Jets	
  

Br(All	
  -­‐>	
  4	
  Leptons)	
  =	
  1	
  	
  

Production + Decay Topology:  

Squarks	
  

Bino	
  

SleptonR	
  

Lepton	
  	
  

Jets	
  

New	
  Territory	
  –	
  First	
  few	
  pb-­‐1	
  



Multi-Leptons: Slepton Co-NLSP (GMSB)   

Wino	
  

GoldsOno	
  

Lepton	
  	
  

Gluino	
  

Jets	
  

Br(All	
  -­‐>	
  4	
  Leptons)	
  =	
  1	
  	
  

Production + Decay Topology:  

Squarks	
  

Bino	
  

SleptonR	
  

Lepton	
  	
  

Jets	
  

New	
  Territory	
  –	
  First	
  few	
  pb-­‐1	
  



Multi-Leptons: Leptonic R-Parity Violation   

W	
  =	
   λijk	
  	
  Li	
  Lj	
  ek	
  

Bino	
  

Di-­‐Lepton	
  +	
  
Neutrino	
  

Gluino,	
  Squarks	
  

Jets	
  

Production + Decay Topology:  



Di-Photon + MET 
ETγ >   30 GeV    |η|  < 1.4  
ETj >   30 GeV    |η| < 2.6 
MET > 50 GeV  

Nγ >= 2  
Nj >= 1  
MET 

1	
  Event	
  	
  

γγ	
  Signal	
  Region	
  	
   eγ	
  Control	
  Region	
  	
  

Dominant Backgrounds from MET mis-measurement  



Di-Photon + MET:   Bino NLSP  (GMSB)  

Bino	
  

GoldsOno	
  

Photon	
  

Gluino,	
  Squarks	
  

Jets	
  

Production + Decay Topology:  

Note:  Associated Jets 
from Strong Production  

Br(All	
  -­‐>	
  γγ	
  +	
  Jets)	
  =	
  cos4	
  θW	
  



Extracting Boosted Hadronic Resonances 
Using Jet Ensemble Correlations  

Purely Hadronic Final States Very Difficult 
- Great Discovery Potential …  

jet 

jet jet 
jet 

jet 

jet 
 j j j  

j j j 

pp à QQ 

m
jjj

 

pT,jets  

Standard Techniques Fail on                        
High Multiplicity Final States 

QCD Fills Up Phase Space !!  

Accept Combinatoric Confusion     
Form Ensemble of Permutations   
Invariant- Non-Invariant Correlation 

Extend	
  to	
  Other	
  Signatures	
  …	
  

SUSY – Hadronic RPV  Q= g 
~ 

31	
  

Cut 

Accept  

7 TeV  10 pb-1  



Boosted Tri-Jet Resonance:  CDF 

Signal Monte Carlo: 
 
   Combinatoric Confusion + Boosted Tri-jet Resonance   



Boosted Tri-Jet Resonance:  CDF 

Data: 
 

Excess  - Consistent with Boosted Hadronic Top Quarks 
 
  11 Events in Peak,  8 Background Events Under Peak 
 
    1 Boosted Top Quark Event Expected in Peak (MC)   
	
  
	
  

Gluino Pair Production + 
Hadronic R-Parity Violation  
	
  
	
  W	
  =	
   λijk	
  	
  ui	
  dj	
  dk	
  
	
  



Boosted Tri-Jet Resonance:  CMS 
Data: 
 

Not	
  SensiOve	
  to	
  
Boosted	
  Hadronic	
  
Top	
  Quarks	
  

Gluino Pair Produtino + 
Hadronic R-Parity Violation  
	
  
	
  W	
  =	
   λijk	
  	
  ui	
  dj	
  dk	
  
	
  



Data 
Underlying 
Theoretical 
Framework   

Mapping from Data  Theory  

Production + Decay Through Relatively 
Narrow Intermediate States  

Production+Decay Trees = Topologies = COSET = SMS ; OSET … 

Specified by mi , Ji , Quantum Numbers,  
  (some cases dΓ / dmij  decay functions)  

Γ / m << 1  

Monte Carlo Specification:  (Isotropic Decays)  
 
•  2à1 or 2à2  Production – Pythia, Madgraph. ….. 
       Spectrum + Cascade Decay Tree – SLHA Input file  
•   Pythia 6.4.24,  Marmoset, … 



(σ.Br.A)f         f = 1,…,Nf   	



Experimental Results  

Triggers + Cuts + 
Analysis Procedure  

Sensitivity from Nexcess 
in Given Final States  

Acceptance  A   Includes Effects of  
 
   1. Triggers + Cuts + Analysis Procedure  
   2. Detector Response  
 
For Map Onto Theoretical Framework   A   Also Includes 
 
   3.  Mass Spectrum, Spins, Quantum Numbers,  
        Decay Distributions     



Model Space Interpretation of Results  

§ 	
  Example – Tevatron Tri-Lepton Searches   

mSUGRA parameter space     

 
Presentation of Search Results:  

Mapping from σ.Br.A Results              
in Multiple Channels Onto                 
Model Space  n =0,1,2,3 τ    

              

	
  	
  Any Point in Model Space -                                                                                   
Model Dependent Correlations                                             
Among Spectrum, σ, and Br’s, and A  

Information Lost ! 

Experimentalists:  
Please Always Give 
this Information  

Unnecessary Assumption  



Interpretation of Results  

•  Simplified Topologies   
     
          Benchmarks 
 
        * Probe All Relevant Corners of Signature Space 
  
•  Present Results in Simple Model Spaces 
 
•  Forum for Submitting Models to Collaborations  
 
•  General Problem of Mapping Data  Theory  
    
         1.  Useful Both Pre- and Post-Discovery 
         2.  Include Multiple Experimental Channels  
         3.  Include Arbitrary Combinations of                 
              Multiple Topologies with Arbitrary  
               σ +  Mass Spectra + Br’s  
         4. Useful in Archival Form in Future    
 
  
    
 
      



Mapping Data  Theory  

Given Experimental Sensitivities in  
Multiple Final State Channels    
 
  (σ.Br.A)f         f = 1,…,Nf             Start From This Data	



Map onto Any Theoretical Framework  
Defined by a General Set of   
Production + Decay Tree Topologies with 
General Spectrum, Cascade Decay Br’s,  and σ’s 



Factorized Mapping Data  Theory  (Dube,	
  Glatzer,	
  Somalwar,	
  
Sood,	
  ST	
  	
  	
  arXiv:0808.1605)	
  	
  	
  	
  	
  	
  	
  

  Model Independent Method for Presenting and   
    Interpreting Multi-Channel Results  
 
     Data à Multiple Topologies or Directly into Model Space  

•  Form Hypothesis for Production +   
     Decay Tree Topologies –  
     Test Hypothesis   

   Can Include  
     Multiple Topologies and  
     Multiple Final State Channels  



Factorized Mapping Data  Theory  (Dube,	
  Glatzer,	
  Somalwar,	
  
Sood,	
  ST	
  	
  	
  arXiv:0808.1605)	
  	
  	
  	
  	
  	
  	
  dσ(12 → 3)

d cos θ
= 16π2 (2J3 + 1)dim(R3) S Br(3 → 12)

(2J1 + 1)(2J2 + 1)dim(R1)dim(R2)
fJ3(cos θ)

Γ3

m
δ(s−m2)

(σ · Br · A)f = f(σt,Brαt,mit) =
Nt�

t=1

σt ·
NBrt�

αt=1

Brαt · Af,t(mit)

1

#	
  Trees	
  	
  	
  	
  	
  	
  	
  	
  	
  #	
  Decays	
  in	
  Each	
  Tree	
  	
  	
  	
  	
  	
  	
  

Acceptance	
  for	
  Tree	
  t	
  in	
  Final	
  State	
  f	
  	
  

•  Factorized Parameterization of (σ.BR.A)f for Any  
    Incoherent Combination of Production+Decay Tree Topologies 
 
•  Provides a Mapping Theory  Data  
 
            Dim = Nt . NBR,t . Nmt  à  Dim = Nf  
 
•  Acceptance Af,t(mi) function in Mass Spectrum Space Only 
 
•  Free to Impose (Model Dependent) Relations among  
       σt , Brαt , mit 
  



Factorized Mapping Data  Theory  (Dube,	
  Glatzer,	
  Somalwar,	
  
Sood,	
  ST	
  	
  	
  arXiv:0808.1605)	
  	
  	
  	
  	
  	
  	
  

The Acceptance in Spectrum Space  

Af,t(mi) ≈  Α .  ε 	



Geometry	
  	
  
KinemaOcs	
  

ResoluOon,	
  ReconstrucOon,	
  	
  
Material,	
  Conversions,	
  
IsolaOon	
  Criteria,	
  Fakes	
  	
  	
  

Dimensionless	
  	
  
	
  Phase	
  Space	
  	
  	
  

Geometric	
  +	
  KinemaOc	
  
Acceptance	
  Including	
  
Inter-­‐Object	
  IsolaOon	
  	
  	
  

Intra-­‐Object	
  	
  	
  	
  	
  
	
  	
  Efficiency	
  	
  

	
  	
  	
  	
  Easily	
  Simulated	
  	
  	
  	
  	
  	
  	
  	
  	
  	
  	
  	
  	
  	
  	
  	
  	
  	
  	
  	
  	
  	
  	
  	
  	
  	
  	
  	
  	
  	
  	
  	
  Parameterize	
  
	
  	
  	
  Monte	
  Carlo	
  Tools	
  
Object	
  ReconstrucOon	
  	
  	
  	
  	
  	
  	
  	
  	
  

dσ(12 → 3)

d cos θ
= 16π2 (2J3 + 1)dim(R3) S Br(3 → 12)

(2J1 + 1)(2J2 + 1)dim(R1)dim(R2)
fJ3(cos θ)

Γ3

m
δ(s−m2)

(σ · Br · A)f = f(σt,Brαt,mit) =
Nt�

t=1

σt ·
NBrt�

αt=1

Brαt · Af,t(mit)

Af,t(mi) �
�

d�Φf(mi)

Np,f�

i=1

Pi(ηi, pT,i; ηj, pT,j) · εi(ηi, pT,i)

1



Theory Detector Simulator (TDS)  β-­‐Version	
  TesOng	
  	
  

Simulate Geometric + Kinematic Αf,t(mi)   Only  

•  Form Objects from MC Stable Particle Information  
 
    e , µ , γ ,  jets 
 
    
    τh  Derived Object from  1,3  Prong jets  
    (b-tagging) from MC matching to jet Parent  
 
 
•  Very Straightforward Simulation Tool – Easily Reproduced  
 
     Detector Response from  εi(ηi , pTi) – Input from Full Simulation  

Fast-Jet on Tracks or All Hadrons    (Anti-Kt) 

PGS Alone Doesn’t do a Great Quantitative Job on ACMS,ATLAS  
ACMS,ATLAS = (APGS . εPGS) ε-1

PGS . εCMS,ATLAS   Not Practical / Painful  



Factorized Mapping Data  Theory  (Dube,	
  Glatzer,	
  Somalwar,	
  
Sood,	
  ST	
  	
  	
  arXiv:0808.1605)	
  	
  	
  	
  	
  	
  	
  

•  Parameterize Factorized Af,t(mi) for Each Hypothesis Topology  
     Using TDS and Parameterized Detector Efficiencies; Br’s=1 
 
•  Validate Both Αf,t(mi) and εf,t(m_i) Against  
     Full Detector Simulation on Benchmark Topologies  

(σ.Br.A)f|THEORY = f(σt,Brαt,mit)           ßà               (σ.Br.A)f|EXP  	
  

•  Form Likelihood Entropy L=L(σt,Brαt,mit) on Theory Space  
     Based on Pulls for Sensitivity in Each Final State Channel 
 
    (Can Also Form Composite σ function Weighted by Experimental   
       Sensitivity in Each Final State Channel)  
 
    (Initially Can/Should Impose Relations Among σt,Brαt,mit   
      to Limit Dimensionality of Theory Space)  
 

Defines Mapping  



Factorized Mapping Data  Theory  (Dube,	
  Glatzer,	
  Somalwar,	
  
Sood,	
  ST	
  	
  	
  arXiv:0808.1605)	
  	
  	
  	
  	
  	
  	
  

Likelihood or Composite σ Functions –  
  Uncorrelated Across Final State Channels Requires  
  Exclusive Search in These Channels  
    (Events fall in Only Single Channel)  
 
Background Hierarchically Ordered Exclusive Combination  
   of Channels Always Provides Better Sensitivity Anyway  
     (Tri-leptons CDF, Multi-leptons CMS, … )  
 
Experimentalist:  
 
  1. Report Exclusive Sensitivities in All Channels (σ.Br.A)f    
          (Please Always do This Anyway) 
   
  2. Provide Both Αf,t(mi) and εf,t(mi) Information from  
        Full Simulation for Appropriate Benchmark Topologies 
        Including SM Processes Validated in Data   
 
 
   



Factorized Mapping Data  Theory  
 Features:  
•  Production σ’s Factor Out of Problem  
•  Cascade Br’s Factor Out of Problem 
•  Multiple Topologies + Multiple Channels Easily Combined  
•  “Model Independent” Within Specified  
      Topology Set Spectrum Space –  
      No Relation Among σt,Brαt,mit   Need be Specified  
•  Only Requires Simulating Factorized form of Acceptance  
      A = Α . ε  in Spectrum Space of Relevant Toplogies  
•  Can Add More Topologies Later  
      (Since Don’t Simulate Combinations of Topologies)  
 
  Applicable to:  
•  Null Results – Exclusion Contours in Spectrum + Br + σ   
      Space or Directly in Model Space  
•  Positive Result – Likelihood Function in Spectrum + Br + σ	


      Space or Directly in Model Space 
•  Archival Presentation and Usage of Results  

  
 



Tractable Simplified Model Topologies  

1.   Only Few/One Topologies 
 
2.  Very Few States  

3.  Numerous States – 
        Subspace of General Spectrum Space  
 
 
•  Best Simplified Models Probe All Relevant 
      Corners of Signature Space    



Solved or Solvable Mappings Data  Theory  

1.  Tevatron  Tri-lepton WinoàSleptonàBino 
 
       Full Parameterization of Af,t(mi) in  
          Spectrum Space Tractable  
 
       Sunil will Describe on Saturday … 
 
       Private Simulation Tools for Αf,t(mi) . ε 
         Test - Results Mapped onto mSUGRA 
         Space Agree Well with Full Simulation  
 
 
 
        

(Dube,	
  Glatzer,	
  Somalwar,	
  
Sood,	
  ST	
  	
  	
  arXiv:0808.1605)	
  	
  	
  	
  	
  	
  	
  



Solved or Solvable Mappings Data  Theory  

2.   CMS Same-Sign Di-Leptons 

3.  CMS Multi-Leptons  

4.  CMS Di-Photons + MET 

5.  CMS  Jets + MET 
 
6.   Di-Jet Resonances 
 
        Simplest Topology 
 
        Parameterized by Single  σ, Single m,   
          for 3 final states  qq, qg, gg  
 
 



Di-Jet Resonance Mapping Data  Theory  

A = Α . ε                                                   A=A(m)       ε=ε(m)  

Sensitivity   σ.Br.A  = (σ.Br.Α)    ε	



Geometry	
  	
  	
  	
  ResoluOon	
  	
  

Model	
  Independent	
  
	
  
Experimentalists	
  
Have	
  Factored	
  
ResoluOon	
  	
  out	
  of	
  
SensiOvity	
  	
  	
  
	
  
	
  
	
  

CMS	
  	
  CMS	
  	
  

qq	
  qg	
  gg	
  -­‐	
  Showering	
  	
  



Di-Jet Resonance Mapping Data  “All” Theory  

	
  	
  	
  	
  	
  	
  	
  	
  	
  J	
  =	
  0	
  	
  	
  	
  	
  1/2	
  	
  	
  	
  1	
  	
  	
  	
  3/2	
  	
  	
  ….	
  
qq	
  
qg	
  
gg	
  	
  	
  

(Kats,	
  Kilic,	
  ST	
  ;	
  	
  
Mangano,	
  Mrenna,	
  …)	
  

Spin + Color, Angular Distribution,  Strength  All Factorize   

•  Narrow Width – Perturbative Showering    

Table of Α(m) – Minimal Couplings  
                         (Subcategories) 

Γ
/m

	
  .	
  
Br
	
  

m	
  

dσ(12 → 3)

d cos θ
= 16π2 (2J3 + 1)dim(R3) S Br(3 → 12)

(2J1 + 1)(2J2 + 1)dim(R1)dim(R2)
fJ3(cos θ)

Γ3

m
δ(s−m2)

1

Mapping à “All” Models  



Consistent On-Shell Effective Theory 
for Cascade Decay Correlations (COSET)   

§ 	
  Develop Effective Field Theory   -  
	
  	
  	
  	
  	
  	
  Calculate	
  Cascade	
  Decay	
  CorrelaOons	
  	
  

	
  	
  	
  	
  	
  	
  SystemaOc	
  Expansion	
  in	
  	
  	
  Γ/m	
  ,	
  m/M	
  	
  

	
  	
  	
  	
  Provides Framework to Consider Wide Range                           
Standard Model + New Physics Processes                                    
Correlations in Generalized Multi-Dimensional                                 
Dalitz Spaces of Invariants  
	
  	
  

	
  	
  	
  	
  	
  	
  	
  	
  	
  	
  	
  	
  	
  	
  	
  	
  Leading Order in COSET Expansion:  
Invariant Mass Distributions in Generalized Dalitz Space –      
Uniquely Determined by Masses and Spins                      
                  (No Arbitrary Couplings) 



COSET – Sequential Two-Body 
Cascade Decay Correlations	
  	
  	
  	
  

½  

0 
½  

½  ½  

0 

0 ½  

½  

0 

0 ½  

½  

Triangle	
  	
   Hump	
  	
   Half-­‐Cusp	
  	
  

Chiral	
  InserOon	
  	
  

Chiral Structure Unique - Independent of Majorana/Weyl, Dirac, PseudoDirac, … 

(1
 / 
Γ

)(
 d

 Γ
 / 

dx
) 

(1
 / 
Γ

)(
 d

 Γ
 / 

dx
) 

(1
 / 
Γ

)(
 d

 Γ
 / 

dx
) 

x x x 

Only Possibilities for Adjacent Branch Correlations with J=0, ½   

(Almost) Complete List of Correlations - Three Sequential Decays J <= 1 



Discerning SUSY In Cascade Decay Correlations     

(Template) Search for Correlations in Data  

Limited Set of Possible Adjacent Branch Correlations :  J=0, ½  
Adjacent Di-Lepton Distributions – All Possible SUSY Spectra  

SUSY	
  à	
  
DisOncOve	
  	
  	
  	
  
Pa?erns	
  	
  



Next To Nearest OnShell Mass 
Extraction Technique (NNOMET)  

Correlations Uniquely Determined 
by Masses and Spins  

(SUSY) Three Sequential 
Cascade Decays 

Jets+	
  
Leptons
+MET	
  	
  

Includes Combinatoric               
“Non-Confusion” for Lepton1,2 

Distribution In 3D Dalitz Space Uniquely 
Determined in Terms of 4 Mass Parameters à 
4 Sparticle Masses in Cascade Decay Tree   

m2
jl	
  	
  

d	
  
Γ
	
  /	
  
d	
  
m

jl	
  

m2
jl	
  	
  

Does Not Use Measurent of MET  

m2
ll	
  	
  

m2
jl	
  	
  



Next To Nearest OnShell Mass 
Extraction Technique (NNOMET)  

§ 	
  LM1	
  Benchmark	
  	
  	
  	
  	
  	
  	
  	
  	
  	
  	
  	
  	
  	
  	
  	
  	
  	
  	
  	
  	
  	
  	
  	
  	
  	
  	
  	
  	
  	
  	
  	
  	
  	
  	
  	
  	
  	
  	
  	
  	
  	
  	
  
TDR	
  Cuts	
  	
  14	
  TeV	
  ,	
  100	
  pb-­‐1	
  	
  

Red	
  –	
  SUSY	
  Decay	
  Sequence	
  	
  	
  	
  	
  	
  	
  	
  	
  	
  	
  	
  	
  	
  	
  	
  	
  	
  	
  	
  	
  	
  	
  	
  	
  	
  	
  	
  	
  	
  	
  	
  	
  	
  	
  	
  	
  	
  	
  	
  	
  	
  	
  	
  	
  	
  	
  	
  	
  	
  	
  	
  	
  	
  	
  	
  
Blue	
  –	
  SUSY	
  “Combinatoric”	
  Decay	
  Sequence	
  	
  	
  	
  	
  	
  	
  	
  	
  	
  	
  	
  	
  	
  	
  	
  	
  	
  
Green	
  –	
  Top	
  Background	
  

	
  	
  	
  	
  Likelihood	
  Entropy	
  	
  	
  	
  	
  	
  
KinemaOc	
  Mass	
  Parameters	
  	
  

(S+S)/B	
  = 1/3	
  

O(50)	
  SUSY	
  Events	
  	
  

Form	
  an	
  Ensemble	
  of	
  All	
  	
  	
  	
  	
  	
  	
  	
  	
  	
  	
  	
  	
  	
  	
  	
  	
  	
  	
  	
  	
  	
  	
  	
  	
  	
  	
  	
  	
  
Jets	
  pT	
  >	
  60	
  GeV	
  +	
  2	
  Leptons	
  	
  	
  	
  	
  	
  	
  	
  	
  	
  	
  	
  	
  	
  	
  	
  	
  	
  	
  	
  	
  	
  	
  	
  	
  
MulOple	
  Entries	
  per	
  Event	
  	
  

B   (GeV)  

A 
  (
G
eV
)  

Working	
  to	
  Extend	
  to	
  	
  	
  	
  	
  
Discovery	
  Level	
  …	
  	
  	
  



High Multiplicity + ST  (Black Holes): 



High Multiplicity + ST  (Black Holes):   10 Jet Event 

ST = 1.3 TeV  



Jets + MET:  Highest MHT Event  

No Indications of 
Obvious Instrumental 
Mis-Measurement 

MHT = 1.83 TeV  



 
    
     Announce Discovery  



Recent BBC Report on the LHC :  

…	
  “	
  Physicists	
  May	
  Discover	
  that	
  Time	
  Travel	
  is	
  	
  Possible	
  at	
  the	
  LHC	
  “	
  …	
  

Time Travel Searches Belong in the Exotics Group : 

Signature	
  –	
  We	
  should	
  Already	
  Know	
  Some	
  Results	
  from	
  the	
  LHC	
  	
  

Evidence	
  for	
  Time	
  Travel	
  in	
  the	
  CMS	
  SUSY	
  Group	
  …	
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2011	
  /	
  112	
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     2011 Promises to be an  
  
        Interesting Year !   







Top	
  Quarks	
  	
  

pp → tt̄ → Wb Wb → µνj jjj

Yesterday’s	
  Discovery	
  	
  	
  	
  	
  	
  	
  	
  	
  	
  	
  	
  	
  	
  	
  	
  	
  	
  	
  	
  	
  	
  	
  
Today’s	
  Background	
  	
  	
  	
  	
  	
  	
  	
  	
  	
  	
  	
  	
  	
  	
  	
  	
  	
  	
  	
  	
  	
  	
  	
  	
  	
  	
  
Today’s	
  CalibraOon	
  	
  	
  	
  	
  	
  	
  	
  	
  	
  	
  	
  	
  	
  	
  	
  	
  	
  	
  	
  	
  
Tomorrow’s	
  Key	
  to	
  Discovery	
  

Top Quarks Couple Strongly 
to Higgs Condensate - 
Search for New Physics  





Super-­‐Space	
  Signatures	
  

Depend	
  on	
  Ordering	
  in	
  Superpartner	
  Mass	
  Spectrum	
  …	
  	
  	
  	
  	
  .	
  	
  	
  	
  (Too	
  
Many	
  to	
  Search	
  All	
  Individually)	
  	
  

Organize	
  by	
  Signatures	
  	
  =	
  	
  

{	
  Missing	
  Energy,	
  Leptons,	
  Jets,	
  Photons,	
  Z-­‐
Bosons,	
  Top	
  Quarks,	
  …	
  }	
  

Comprehensive	
  Search	
  -­‐	
  Formidable	
  Task	
  	
  	
  	
  

Search	
  for	
  …	
  
	
  
1.  Simple	
  Excess	
  
2.  DisOncOve	
  	
  	
  	
  	
  

CorrelaOons	
  

(Much more in Tuesday Seminar) 


