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Missing Energy:   
•  from LSP 

Multi-Jet:  
•  from cascade decay (gaugino) 

Multi-Leptons:  
•  from decay of charginos and 
  neutralinos  

0 



Missing Energy:   
•  Nwimp - end of the cascade 

Multi-Jet:  
•  from decay of the Ns (possibly via 
heavy SM particles like top, W/Z) 

Multi-Leptons:  
•  from decay of the N’s  

Model examples are Extra dimensions, Little Higgs, Technicolour, etc 
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Missing Energy from Tevatron during  
several cleanup stages: 

Run II 
V. Shary CALOR04 

IDEA: 
infer missing energy from well  
measured objects by applying 
transverse energy/momentum 
conservation  
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Accounting for 
finite resolution 
(not optimised) 

  Main variables of interest 
  Scalar sum of Jet pT’s: 

  HT = pT
Jet1 + pT

Jet2 

  Jet based missing ET 

  MHT = - (pT
Jet1 + pT

Jet2) 

  but also pT of a possible 3rd jet 

  Δϕ between the jets 

  α (αT) from 2 leading  jets 



  Exploit kinematics of the event 
  Define new variable α (Randall -- Tucker-Smith): 

  Can be at most 0.5 for QCD, α < 0.5  
  α > 0.5 implies missing momentum 

  And transverse αT: 

  Exploits that for QCD jets need to be  
   back-to-back and of equal magnitude 
  For QCD dijets α = 0.5 

€ 

α =
ET j 2

M j1 j2

=
ET j 2

2E1E2(1− cosθ)

€ 

αT=
ET j2

MT j1 j 2

=
ET j2 /ET j1

2(1− cosΔϕ)

Analysis does not rely  
on calorimetric MET,      

MHT inferred from 2 jets 

⇒  well suited for  
   early data 



1 fb-1 

Sharp drop of 
QCD background 
for α (αT) > 0.5 

  Z→νν is main background  

  W and other Z decays small 

QCD peaking  
at Δφ = π 



=> Signal/Background = 5.6 

 Variation of jet energy scale and resolution 
 10% gaussian smearing of jet pT’s and of 0.1 rad of ϕ measurement 

 Scaling of jet energy by ± 5% 

 Scaling of jet energy by ± 3% for endcap/forward (|η|>1.4) 

•  Smearing has only small influence (~3%) 
•  Scaling changes effective HT cut 
•  Stable S/B for all variations! 



For comparison:   
QCD: 0 
Z→νν : 57 
W/Z: 19 
Total: 76 







Central Production of Heavy Objects 

Pre-selection (no η cut) + HT > 500 GeV 

  Idea: define signal enriched and 
depleted regions by splitting data 
sample in events with first jet in 
barrel and forward region   

  SUSY jets are more central 

  Use ratio of events                                
Ra=αT>0.55/αT<0.55 in  

    (signal depleted) forward η   region 
to predict background in (signal 
enriched) barrel region. 

α 

|η| 

2.5 

0.55 

A B 

C D 

R = C/D:  assumed to be constant over η 
                       and nearly signal free 
                also: constant for all background  
                         contributions individually 
Then, background in A can be obtained as: 
                         A = B * R 

 See also: Background Modeling in New Physics Searches  
Using Forward Events at LHC. 

V. Pavlunin, D. Stuart, Phys.Rev.D78:035012,2008.  



η Dependence of Matrix Method 

●  Ra flat for background as function of |ηj1| 
●  αT and |ηj1| can be used for ABCD-matrix method 

Pre-selection (no |η| cut) + HT > 500 GeV 

LM1+BK 
Background only 

→ Measure RαT in 2.5 < | η | < 3.0  region. 

Verified that  
flat for all Bkgd  
contributions 
(see  
PAS SUS-08-005) 



η Dependence of Matrix Method 

without SUSY 
(closure test) 

with LM1 SUSY 
“contamination” 

simulated: 77 ± 3  (8 @ 1fb-1) 
predicted:  68 ±24 (42 @ 1fb-1) 

simulated: 517 ± 13 (22 @ 1 fb-1) 
predicted:  91 ± 30  (51 @ 1 fb-1) 

●  Predicted BKGD agrees well with simulated BKGD 
●  SUSY LM1 leads to significant excess in signal region 
●  Method also verified with systematic variations 



Test Background Estimation from Data 

Idea:  
Increase background 
to check that RαT is 
flat in |η|j1 when signal 
sufficiently diluted 

●  Loosen HT cut to 
  decrease signal to    
  background ratio. 

●  As HT loosened |η|j1 dependence gets flatter 

=> Clear indication that at HT > 500 GeV signal is present  

Variation of HT cut 



Background estimation from data (II)  

Idea:  
dilute signal by increasing  
background contribution 
Loosen cut on 3rd jet pT  
to create missing ET  
=> tail in α(αT) 

Test if RαT is stable 
Slope should be observed  
when signal contribution  
becomes sizable 

⇒  Slope is observed for hard enough jet veto 

Variation of 3rd jet pT 



An illustrative example: Z→νν+jets  
Irreducible background for Jets+Et

mis search 

Z 

ν 
ν 

 Et
mis 

Data-driven strategy: 
•  define control samples and understand their  
  strength and weaknesses: 



An illustrative example: Z→νν+jets  
Irreducible background for Jets+Et

mis search 
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Data-driven strategy: 
•  define control samples and understand their  
  strength and weaknesses: 

Z 

µ µ 

Z→µµ+jets 
Strength: 
•  very clean, easy to select 
Weakness: 
•  low statistic: factor 6  
 suppressed w.r.t. to Z →νν  



An illustrative example: Z→νν+jets  
Irreducible background for Jets+Et

mis search 

Z 

ν 
ν 

 Et
mis 

Data-driven strategy: 
•  define control samples and understand their  
  strength and weaknesses: 

Z 

µ µ 

W 

µ ν 

Z→µµ+jets W→µν+jets 
Strength: 
•  very clean, easy to select 
Weakness: 
•  low statistic: factor 6  
 suppressed w.r.t. to Z →νν  

Strength: 
•  larger statistic 
Weakness: 
•  not so clean, SM and  
 signal contamination 



An illustrative example: Z→νν+jets  
Irreducible background for Jets+Et

mis search 

Z 

ν 
ν 

 Et
mis 

Data driven strategy: 
•  define control samples and understand their  
  strength and weaknesses: 

Z 

µ µ 

W 

µ ν 

γ 

Z→ll+jets W→lν+jets γ+jets 

Strength: 
•  very clean, easy to select 
Weakness: 
•  low statistic: factor 6  
 suppressed wrt. to Z →νν  

Strength: 
•  larger statistic 
Weakness: 
•  not so clean, SM and  
 signal contamination 

Strength: 
•  large stat, clean for high Eγ 
Weakness: 
•  not clean for Eγ<100 GeV,  
•  possible theo. issues for   
normalization (u. investigation) 



100/pb 

Eγ>150 GeV 

γ+jets selection & properties: 
•  Eγ>150 GeV 
→  clean sample: S/B>20 
→  ratio σ(Z+jet)/σ(γ+jet) constant  

Typical  
“SUSY cut” 

Et
mis>200 Gev 

γ+jets: Strategy: 
•  remove γ from the event: 

→  γ becomes ET
mis  

•  take σ(Z+jet)/σ(γ+jet) for Eγ>200 GeV 
from MC or measure in data  





Questions: 

•  How should one choose which jets to combine?  
i.e. for n=4, {X,XXX} or {XX,XX}? {1,234} or {14,23}? 

•  How should we merge the jets into a pseudo-jet 
  (bearing in mind that QCD is still back-to-back and balanced) 

Extend the search to signal events like: 

The approach we have taken:  

combine n-jets into a pseudo-dijet system  

and apply ΔΦ, αT, etc. 
Conserved QCD-like three jet event 



Selection method purely based on ET measurements,  
 and not angular information or event shape 

Alternative methods possible – to be studied 

•  Choose following approach:  
•  Maximise pT balance of pseudo-jets  (minimise ΔET) 
   - trying to recreate original di-jet   
•  Only consider transverse components of jets   



n=2 

Works not so well for pseudo-jets             
mis-measurements, missed jets, etc.  

Will lead to non-back-to-back pseudo-jet 
for n > 2 

ΔΦj1; j2j3 < π  j1 

j3 

j2 
Mismeasured jet 

Δφ between jets works for di-jets 
small influence of energy  
mis-measurements 

Analysis Note: CMS AN-08/114 

n=4 n=4 



n=2 n=4 

αT gives promising results. Even for n > 2 a reasonable edge at αT=0.5 is 
maintained, but as n increases the signal (and real MET) slopes get steeper. 

αT appears to provides a robust observable for rejecting QCD events while 
maintaining a good signal yield. 

 Important to note that ΔHT method places no contraint on the event shape – 
purely clusters jets on ET 

CMS AN-08/114 



After preselection 
After cut in αT 

After additional cut  
inΔΦ - no gain as  
expected! 

Important note: 

No optimizations for 
the N-jet topologies. 
Apply (blindly) the      
di-jet cuts for all 
topologies. 

Certainly (much) 
room for 
improvement.  

These results are 
meant for illustrative 
purpose only but an 
S/B ~7 is very 
promising. 

1fb-1  

CMS preliminary 

S/B ≈ 7 



“TDR style” analysis cuts inspired by 
MET +jet SUSY search: 

•  HLT2JET trigger; 

•  10 GeV lepton veto; 

•  3-6 “good” jets (inclusive); 

•  HT > 500 GeV, MHT > 250 GeV 

•  ΔΦ(MhT, ji)>0.3, i=1,2,3 

•  R1, R2 > 0.5 
Samples used: S = LM1, B = QCD, Z
(→νν) + jets, and tt, W, Z + jets. 

Jet smearing:  

Gaussian smearing (σ is the “smear factor”) 
applied to the E and p of each jet. 

Compare the relative S/B performance 
of αT analysis to the more traditional 
“TDR style jet+MET” analysis. 

Apply additional smearing to jet energy 
and momenta to probe robustness 

Performance 
degrades after 
~10% smearing 

S/B maintained 
up to ~15-18% 

CMS preliminary 



With better understanding of αT, we can design alternative “self-correcting” 
observables by tuning the form of the numerator and denominator to adjust the 
rate of correction: 

Study effect of cuts in ΔHT/HT vs. MHT/HT plane. 

LM1 

n = 4 
QCD 

n = 4 

ΔHT = ET
j1 – ET

j2 



S/B = 5.8,  S/√B = 148 S/B = 7.1,  S/√B = 128 

Clear signal very early on for favourable low mass SUSY points! 

1 fb-1: 







See O. Buchmüller et al., PLB 657/1-3 pp.87-94 



→µ 



See O. Buchmüller et al. 
PLB 657/1-3 pp.87-94 

Example: Constrain the Neutralino (WIMP) mass 



Direct detection of WIMP (LSP) Dark Matter 

Sensitivity Plot:  
WIMP(LSP) Mass vs. σp

SI  

σp
SI: spin-independent dark matter -                       

        WIMP elastic scattering cross       
        section on a free proton. 

A convenient way to illustrate direct 
and indirect WIMP searches 

http://dmtools.brown.edu/ 



CMSSM 
68% CL 
95% CL 



Sensitivity will further  
increase once auxiliary  
measurement are made,  
e.g. lepton edges, mHiggs 

Example how combination  
of direct and indirect  
measurements can provide  
information about validity 
of specific new physics models 



“CMSSM fit clearly favors low-mass SUSY - 
Evidence that a signal might show up very early?!” 

“LHC Weather Forecast” 

Simultaneous fit of CMSSM  
parameters  

m0, m1/2, A0, tanβ  
(µ>0) to more than 30 

collider and cosmology data 
(e.g. MW, Mtop, g-2, BR
(B→Xγ), relic density)  

JHEP 0809:117,2008 
O.Buchmueller, R.Cavanaugh,  

A.De Roeck,J.R.Ellis, H.F.,  
S.Heinemeyer,G.Isidori, K.A.Olive,  
P.Paradisi, F.J.Ronga, G.Weiglein 



NUHM1 fit also favours  
low-mass SUSY 

“LHC Weather Forecast” 

Simultaneous fit of NUHM1  
parameters m0, m1/2, A0, tanβ, mH

2  
and µ to more than 30 collider 
and cosmology data (e.g. MW, 

Mtop, g-2, BR(B→Xγ), relic  
density)  

NUHM1 

JHEP 0809:117,2008 
O.Buchmueller, R.Cavanaugh,  

A.De Roeck,J.R.Ellis, H.F.,  
S.Heinemeyer,G.Isidori, K.A.Olive,  
P.Paradisi, F.J.Ronga, G.Weiglein 

Non Universal Higgs Model1: 
- one extra free parameter 
scalar contributions to Higgs  
masses at GUT scale allowed 
to differ from those to squark  
and slepton masses 







•  SUSY partner for every SM particle (with ½ unit of spin different) 
•  spin 0 Sfermions (squark, sleptons) 
•  spin ½ Gauginos (chargino, neutralino) 

•  SUSY mass scale expected to be ~1TeV in order to: 
•  Solve hierarchy problem (stabilize Higgs mass to radiative corrections) 
•  Allow unification of strong and electroweak forces 
•  Provide sensible dark matter candidate (R-parity) 
•  Naturalises scalar (Higgs) sector of SM 

•  Downside of SUSY 
•  Large parts of parameter space ruled out already 
•  Many parameters  



mSUGRA parameters: 
m0 – common mass of squarks/sleptons 
m½  – common mass of Gauginos 
A0 – common trilinear coupling 
tan β– ratio of Higgs expectation values 
sign(μ) -  value set by EWSB 



“Typical” SUSY decay chain at the LHC 

LSP escapes detection   missing ET 

~~ 
~~ 

Look at transverse missing energy 
(and not overall missing energy) 
because hard scattering reaction 
usually has longitudinal boost 



QCD LM1 

Z→νν tt,W,Z+jets 

αT > 0.6 
αT > 0.55 
αT > 0.5 



Data-driven Z→νν Background Estimation 

Data driven estimations for Z to invisible have been developed for 
3 jet SUSY searches (CMS-AN 36/2008). 

Z→νν background estimation from W 

Select W’s by inverting muon veto  
(selecting an isolated muon),  
leaving all other cuts unchanged 

Event selection leads to bosons of hight PT.  
 => Muons correlated to MHT 
 => Can be used for clean selection. 



Data-driven Z→νν Background Estimation 

Further W selection: Pt
m / MHT2j > 25% and Df < 0.75. 

Leads to 37 W candidates with ~90% purity (tt background). 
● Wreco/Wtrue from MC -> acceptance*efficiency (later: from data)  
● Ztrue/Wtrue from MC -> later from tuned MC or data 
● V-A: Z→νν = 6*Z→µµ
● Z→νν = Wreco * Wtrue/Wreco * Ztrue/Wtrue * 6 

➔  61.6 ± 10.1 expected, well in agreement  (c.f. 57 events from Z→νν MC) 
➔  Further systematic uncertainties of acceptance, efficiency and MC ratio.   



Data-driven Z→nn Background Estimation 

Further Studies and Ideas. 

●  3.6 Z → mm candidates can be selected in the signal 
region.  
➔  Can be used to directly estimate Z to invisible 

●  Relaxed HT cut >300 GeV leads to 20  Z → mm 
Candidates   
  and can be used to measure ratio W/Z 
 186 clean (90% purity) W candidates. 
➔  Can be used to measure Z/W ratio in close phase space  

●  A strategy to use photon + jets to estimate Z to invisible 
could be adopted from CMS-AN 36/2008.  



•  Smearing has only small influence (~3%) 
•  Scaling changes effective HT cut 
•  Stable S/B for all variations! 





Merging the jets into pseudo-jets 

αT uses MT… we should use a merging scheme that keeps MT the 
same no matter which jet combination used to form the pseudo-jets. 

i.e. 

So we use the Transverse Object Merging scheme: 

where 

i.e. add the lengths (ET) together, point in the direction of the vectorial sum.  



n = 3 

n = 4 n = 5 n = 5 

This plot is very insightful: we can see that a 
cut on MHT/HT>0.5 would remove most 
QCD events except for events where ΔHT and 
MHT are strongly correlated. If we can say 
this is due to severe mismeasurement, might 
there be another way of removing them? 

•  ΔΦ(MhT, ji) cut? (M. Stoye) 

•  HT binning i.e. flat MHT cut? (D. Stuart) 
•  Topology: Fox-Wolfram moments (H. 
Flächer), transverse thrust? (M. Stoye) 



QCD 

n=2 

Making the same 2D plot for the n = 2 system, we can start to gain an insight into the 
success of αT for the dijet case as presented in CMS AN-2008/071.   

MHT and ΔHT are very 
strongly correlated in 
the dijet case. This 
explains the self-
protection observed in 
αT – i.e. the sharp 
edge at αT = 0.5. 



Discover Potential for “multi-jet, multi-lepton and missing energy search” 
 is described in the CMSSM.  

Both ATLAS and CMS have very similar performance (as expected). 

NUHM1 



•  We establish benchmark points to study 
the various different Signatures 

•  Almost all “Proper SUSY” BM points are 
defined in the CMSSM (Msugra) 

•  It’s a convenient way to establish 
signature changes with only 4 parameter 
m0, m1/2, tanβ, A0, sign(µ) 

•  We hope that the set of CMSSM 
signatures will be close to reality but we 
can’t be 100% certain  

SUx: ATLAS 
LMx, HMx: CMS 

Frankly, we don’t really know how exactly a “Dark Matter Candidate” model will  
manifest itself in form of a multi-Jet&multi-Lepton&MET signature in our Detector  

- we only have a crude idea and this idea is mainly inspired by the CMSSM! 



100/pb@14TeV** 

1000/pb@14 TeV 

50/pb@10TeV** 

Use the JET&MET search to illustrate the potential discovery reach 

Already with as little as 
as 100/pb@14TeV we 
cover easily all low mass  

benchmark points!  

Even with only 50/pb 
@10TeV we cover almost 

all low mass  
benchmark points!  

Comparison: 
Exclusion reach of  
D0 for 2.1/fb for 
Jet&MET search 

Phys.Lett.B660:449-457,2008. 

** Discovery curve  
obtained from  simple  
signal and background  

XS scaling 

If the CMSSM is of any reference, New Physics might show up  
very early in the “Proper SUSY” searches at the LHC… 

What is our Discovery Potential? 


