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Outline 

!   Motivation �

!   The CMS detector and Jet Reconstruction �

!   DarK Matter and ADD Model Search (Monojet + MET)�

!   Single and Paired Dijet Resonances Searches (2,4 jets)�

!   Triple Jet and Multiple Resonances Searches  (6, 8 jets)�

!   Microscopic Black Hole Search�

!   Conclusion �
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Motivation 
!   Why Search for “new” physics after the discovery of a 

“Higgs”-like particle?�

!   We have a hierarchy problem if this is the Higgs and it 
is so light.  The possible solutions from “new” physics: �
!   SUSY: R-parity conserved and violated scenarios�
!   Warped Extra Dimension �

!   We expect new physics if this is not the Higgs: �
!   Need to find out a “Higgs”-like mechanism�
!   Strong Dynamics?�

!   We need to find solution for Dark matter no matter what 
happens to Higgs�

!   Jets are everywhere, with several orders of magnitude 
higher cross section than other processes. Jets are 
either part of searching signal or background. This talk  
focus on the searches with jet(s) in the final state �
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The CMS Detector 
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Jet Reconstruction  

!   Anti-kt (AK) clustering algorithm with cone size of 0.5 (AK5) and 0.7 (AK7) �
!   Infrared and collinear safe�

!   Jet types: �
!   Calorimeter Jets: �
   Reconstructed from energy deposits in the EM and HAD calorimeter, 

grouped in projective calo towers �
!   Particle Flow (PF) Jets (Details in next slide): �
   Use all detector elements to reconstruct particles and cluster to jets.�
!   Fat Jets: �
   Clusters of AK5 PF Jets within radius of 1.1, optimize dijet resonance 

resolution by recombining FSR into the two leading jets�
!   Jet energy corrections: using MC truth information and real data            

(i.e. γ+jet) for residual correction  �
!   Uncertainty on jet energy scale ~2%�
!   Uncertainty on Jet energy resolution ~10%  �

!   MET: negative vector sum of transverse momenta of all particle�
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Particles Clusters and tracks 

Detector 

PFlow 

Particle Flow Jet  
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HCAL:  120%/ √E + 6.9% 

Tracker σ(pT)/p: 1-2% for   10  GeV track 

                         <10% for 100 GeV track             

ECAL: ~1% /√E  
DP-2012/012 

Precise 

Precise 

Particle Flow Jet  
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DP-2012/012 

!   	
  60% of pileup mitigation using charged 
hadrons attached to secondary tracks 

!   Remaining mitigation using jet area �



Monojet + MET (Dark Matter & ADD) 

!   Signature: Monojet + MET 
(graviton) �
!   MET >200, 350 GeV �
!   At most 2 jets (pT>30 GeV)�

 pT1>110 GeV, |η1|<2.4�
 pT2>30 GeV, Δφ12<2.0�
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!   Data-­‐driven	
  background	
  es:ma:on	
  using	
  
μ+jets	
  sample,	
  consistent	
  with	
  QCD	
  MC	
  	
  

!   W/Z	
  +	
  jets	
  

!   Z(νν)	
  +	
  jets	
  
!   No	
  significant	
  excess	
  is	
  observed	
  
	
  	
  	
  	
  	
  	
  arXiv:1206.5663,	
  EXO-­‐11-­‐059	
   �

δ—number	
  of	
  extra	
  spa+al	
  dimensions	
  
MPI

2=MD
δ+2	
  Rδ	
  	
  	
  	
  parameters—δ,	
  MD	
  

Graviton	
  (GKK)	
  escapes	
  into	
  extra	
  dimension	
  (undetected)	
  

Pair-­‐produced	
  Dark	
  MaSer	
  
(DM)	
  at	
  LHC	
  escape	
  out	
  of	
  	
  
CMS	
  detector	
  (undetected)	
  

End	
  up	
  with	
  jet+MET	
  



95% Limit on Dark Matter & ADD 
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most	
  stringent	
  constraints	
  by	
  	
  orders	
  of	
  
magnitude	
  over	
  1-­‐1000	
  GeV	
  mass	
  range	
  

Best	
  constraints	
  for	
  low	
  mass	
  dark	
  maSer,	
  
first	
  :me	
  below	
  3.5	
  GeV,	
  unexplored	
  before	
  

Limit	
  on	
  	
  
Dark	
  MaSer	
  

Observed	
  and	
  expected	
  95%	
  CL	
  
lower	
  limits	
  on	
  the	
  ADD	
  model	
  
parameter	
  MD	
  (in	
  TeV/c2)	
  as	
  a	
  
func:on	
  of	
  δ,	
  with	
  and	
  without	
  NLO	
  
K-­‐factors	
  applied	
  

Significant	
  improvement	
  compared	
  
to	
  previous	
  experiments	
  



Dijet Resonances Search 
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!   Parton resonances decaying into dijets 
from various models�

!   Search for 3 generic types of narrow 
dijet resonances �
!   qq,qg,gg resonances �
!   Using fat jet in this search �
!   Fat jets shows better resolution due 

to more recovery of FSR �

Models X Color Jp Γ/(2M) Chan 
Excited quark q* Triplet ½+ 0.02 qg 

E6 Diquark D Triplet 0+ 0.004 qq 

Axigluon A Octet 1+ 0.05 
Coloron C Octet 1- 0.05 

RS Graviton G Singlet 2+ 0.01 qq, gg 
Heavy W W’ Singlet 1- 0.01 
Heavy Z Z’ Singlet 1- 0.01 
String S Mixed Mixed 0.003-0.037 qg,       ,gg 

EXO-­‐11-­‐015	
  



Dijet Resonances with 8 TeV  
!   Fat PF Jet, |η|<2.5 & |Δη|<1.3�
!   Data are in good agreement with QCD �
!   Fit to a parameterization �
!   No evidence of new physics�
                8TeV EXO-12-016 �
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4.0	
  f-­‐1	
  

8	
  TeV	
  
4.0	
  f-­‐1	
  



Highest Dijet Mass Event (3D) 

 	
  Three	
  dis:nct	
  par:cle-­‐flow	
  jets.	
  The	
  two	
  lower	
  pT	
  jets	
  have	
  been	
  combined	
  by	
  
the	
  “fat”	
  jet	
  algorithm	
  into	
  a	
  single	
  jet,	
  M=	
  4.5	
  TeV. �
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Merged	
  



Dijet Resonance Limit with 7&8 TeV 
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7TeV EXO-11-094 : 2011 8TeV EXO-12-016 : 2012 

- Resolution: gg > qg > qq. Limits more stringent for: qq > qg > gg.�
- Limit on any dijet decaying model may be estimated from those generic limits. �

The dijet resonance searches have been extended to b-tagging (7TeV EXO-11-008) �
and W/Z tagged searches (7TeV EXO-11-095).�
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Paired Dijet Resonance Search (4-jets) 

!   Benchmark model: pair produced colorons�

!   Require well separated central jets: all jet |η|<2.5,  deltaR(j,j)>0.7�
!   ≥4 jets with pT>150 GeV, optimized for a generic coloron search �
!   3 pairs, examine average dijet mass of pairs—(mavg), select the best 

matched pair—Δm/mavg<15%�
!   Diagonal cut to have a smooth falling background:  �
    Δ=(pTi + pTj - mij) > 25 GeV �

    7TeV EXO-11-016 �
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Paired Dijet Resonance Search (4-jets) 

!   Δ > 25 GeV cut removes the second 
broad sructure and the dijet mass 
smoothly falling �

A	
  typical	
  paired	
  dijet	
  event	
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Paired Dijet Resonance Search (4-jets) 

!   Well described by QCD MC and parameterization (same as in the dijet search)�
!   No evidence for new physics�
!   Exclude pair production of colorons with mass between 320 and 560 GeV (95%)�
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Paired Triple Jet Resonances Search (6-jets) 
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7 TeV EXO-11-060 arXiv:1208.2931 

!   Benchmark model: RPV SUSY gluino�
!   Similar to paired dijet search, no mass match between the pair of triple jets, 

critical to apply diagonal (Δ>25 GeV) cut �
!   No evidence for new physics�
!   Exclude gluino masses below 460 GeV (95% C.L.) assuming a branching fraction 

for gluino decay into three jets (RPV scenario) �

7	
  TeV	
  
5.0	
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Pair of Paired Dijet Resonances Search (8-jets) 
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7 TeV EXO-11-075 

!   Benchmark model: hyper-rho (Vector), hyper-pion �
    (mπ/mρ can have different ratio)�

!   Two particular challenges: �
!   ISR/FSR contamination �
   (4th jet matches to ISR w/ 50% chance�
    8th jet rarely matches to real Parton)�
!   Combinatory background�
   (2520 combinations for doublets)�

!   MVA is more “appropriate” in this case�
    6 kinematic variables each one giving a small sensitivity:  Leading jet pT, 4th jet pT, 

7th jet pT, 8th jet pT, HT (sum of 8 jet pT), 8-jet mass�

!   First time search�



Pair of Paired Dijet Resonances Search (8-jets) 
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7 TeV EXO-11-075 

!   Fit of signal and background templates to 
the data NN output. 

!   Set limits of the decay chain for different 
ratio of mρ/mπ and mπ width. 

!   First limit in 8-jet final state 

7	
  TeV	
  
5.0	
  f-­‐1	
  

m/πmρ=10%	
  

m/πmρ=20%	
  



Microscopic Black Hole Search 

!   ADD (Arkani-Hamed, Dimopoulos and Dvali) model’s solution to the 
hierarchy problem: �
!   MPI

2=8πMD
n+2rn,where MPI is the Planck scale (~1016 TeV), MD is the 

“true” Planck Scale in 4+n dimension at the electroweak scale�
!   The parton-level cross section σ=πrs

2, where rs (Schwarzschild radius) 
is defined as: �

!   Signature: high multiplicity, democratic, and highly isotropic decays with 
the final-state particles carrying hundreds of GeV of energy.�

!   CMS search through ST=ΣET(jet, e, μ, γ) w/ ET>50 GeV, MET is 
included.�
!   Extract ST shape from N=2,3 samples. �
!   Normalize to events with N ≥ 3,4,5,6,7,8.�
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Microscopic Black Holes with 8 TeV 

!   Non-QCD standard model 
backgrounds are negligible�

!   Fit to parameterization �
21	
  

!   No significant excess is observed�

                 8TeV EXO-12-009�

8	
  TeV	
  
3.7	
  f-­‐1	
  



Model Independent Limit with 8 TeV 

!   Examples for model-independent cross section limit with N≥3 and N≥8 as a 
function of ST�

!   Model-specific limits on semiclassical black hole masses in the 4.1 – 6.1 TeV 
range for a variety of model parameters are also given.�

     (8 TeV EXO-12-009) �
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Conclusion 

!   CMS new physics searches using jets have been 
presented based on 2011 and 2012 data.�

!   No evidence for new physics yet.�

!   Data significantly constrain many models of new physics.�

!   2012 data is quickly supersede 2011 results�

!   ~15 fb-1 on tape�

!   A few more fb-1 expected this year   �

!   Ample space for discoveries. �

                        Stay tuned! �
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Fat jets definition 

Fat Jets algorithm �
!    Select 2 leading AK5 PF jets.�
!    For AK5 PF jets j from 3 to n: �

!    Require: �
   pT,j > 10 GeV �
  |η| < 2.5�

!    If Δ R1j < RFat and ΔR2j.�
   Add j to Fat Jet 1. �

!    If Δ Rj2 < RFat and Δ R1j.�
   Add j to Fat Jet 2.�

!   R = 1.1 is best choice for a single 
search for qq, qg and gg resonances.�

Fat Jets : clusters of AK5 PF Jets 
Cluster radius : R=1.1 

Fat jets optimize dijet resonance resolution by recombining 
FSR into the two leading jets	
  



Recombination of Radiation 

25	
  

Combined	
  into	
  1	
  Fat	
  jet	
  



Background shape for black hole 

!   Assume the shape (tail) of QCD ST spectrum is invariant for 
difference multiplicity bins, we can model background from lower 
multiplicity, and rescale to higher multiplicity.�

!   Fit exclusive multiplicity = 2/3 with the following functions, in ST 
[800, 2500] GeV.�

!   Parameterizations�
!   0) P0 (1+x)^P1 / x^(P2 + P3 * log(x))�
!   1) P0 / (P1 + P2 * x + x^2)^P3�
!   2) P0 / (P1 + x)^P2�
!   3) P0 * exp((P3+(P1*log(x)))+(P2*(log(x)^2)))*((P3+P4*log(x)))/x)�
!   4) P0 *exp(P1*log(x) + P2*x)�

!   Normalization �
!   Rescale the fit to inclusive multiplicity ≥3,4,5,6,7,8 in ST [1800, 2000] 

GeV.�
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HCAL:  120%/ √E + 6.9% 

Tracker 

ECAL 

DP-2012/012 

Precise 

Precise 

Particle Flow Jet  
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DP-2012/012 

!   	
  60% of pileup mitigation using 
charged hadrons attached to secondary 
tracks 

!   Remaining mitigation using jet area �


