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•  Low‐scale Technicolor at the LHC 
•  Discovery channels 
•  Prospects 



The importance of walking 

•  Experimentally accessible Low‐scale technicolor (LSTC) spectrum 

•  Walking TC gauge coupling requires a large number of technifermion 
doublets 

•  Walking enhances πT masses 

•    Decay channels have disTncTve signatures (narrow widths) 

are forbidden 



Discovery Channels 

•  Phenomenology set forth in the “Technicolor Straw‐man Model” TCSM 
–  Lightest ρT and ωT lie below 0.5 TeV and they decay to  γ, W, Z, πT 

•  Primary LSTC discovery channels at the LHC 

•  These do not involve techni‐pions… 
–  essenTal feature of technicolor 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aT 

 LO PYTHIA cross secTons (include branching fracTons into electrons/muons) 

Signature 

Analysis Cuts OpTmized separately 

Generated with PYTHIA for mass points 
accessible with early data. 

Dominant Feynman diagram  
for producTon at the LHC 

(clean with leptonic W & Z decays) 

ρT , aT W Z  

€ 

s =10 TeV



Backgrounds 
SM diboson producTon (WZ, ZZ) 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+ components of top pair producTon, Z+ jets, VQQ 



Generator-level 
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Then processed using CMS 
GEANT4 simulaTon 



Pre‐selecTon/Z reconstrucTon 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Require at least 3 leptons with pT > 10 GeV 

The pair of like‐flavored, opposite charge leptons with invariant mass closest 
to the Z boson are assigned Z‐candidacy. 

If two non‐overlapping Z candidates are found (50 < invmass < 120) the event is 
rejected.   
‐‐‐Helps with ZZ background rejecTon. 

If there is only one Z candidate, a Tghter mass window cut is applied (5 Tmes the 
width of the Z, ~12.5 GeV). 

Trigger (“online selecTon”) using single  muon and  electron triggers 
‐‐ Efficiency of the trigger selecTon > 99% 



W reconstrucTon 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•   Next reconstruct the W: 
•   choose the remaining highest pT lepton  
•   assign neutrino a transverse   
    momentum opposite to MET 
•   force neutrino and third lepton to have  
    invariant mass of W and calculate pZ(ν)  

•   QuadraTc ambiguity 
•  Solve in favor of soluTon 
minimizing the pZ 
• This soluTon is correct ~2/3 of the 
Tme 



Lepton SelecTon 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Loose SelecTon (Z) 

•  only requires that the electrons/muons have pT > 10 GeV 

Tight SelecTon (W) 
•  Isolated leptons with pT > 20 GeV 

OpTmizaTon focused on maintaining high efficiency for signal events  

(all cuts near the 99% efficiency level),  for an overall >90% efficiency on  

electron/muon selecTon for signal events. 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Event SelecTon – Z pT 
Two sets of cuts: one for early data 
(opTmized for 225 GeV mass point), and 
one for higher luminosiTes (opTmized 
for 300 GeV mass point). 

50 GeV 90 GeV 

50 GeV 

90 GeV 
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Event SelecTon – W pT 

50 GeV 90 GeV 

Two sets of cuts: one for early data 
(opTmized for 225 GeV mass point), and 
one for higher luminosiTes (opTmized 
for 300 GeV mass point). 

50 GeV 

90 GeV 
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Event SelecTon – Leptonic HT 

130 GeV 160 GeV 

Two sets of cuts: one for early data 
(opTmized for 225 GeV mass point), and 
one for higher luminosiTes (opTmized 
for 300 GeV mass point). 

130 GeV 

160 GeV 



15 

WZ Invariant Mass  

Mass window of 1.4 Gaussian sigmas.  Phys. Rev. D62 (2000) 035004 

@ 1fb-1 



Background estimation 

•  Physics Background 
–  SM di-boson  

•  Instrumental Background 
–  With a genuine Z boson 

•  Z+jets, Zbb   
–  Without a genuine Z boson 

•  ttbar, W+jets  
– (Sideband 

subtraction method) 



Exclusion Limits 
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•  Exclude masses of up to 
300 GeV with 450 pb-1 

•  > 1fb-1 needed for 
excluding higher masses 
at 10 TeV 

•   > 1fb-1 needed for 5σ 
discovery at 10 TeV 

€ 

s =10 TeV



CMS @ Les Houches 2007 
•  Les Houches 2007: Low-Scale Technicolor at the LHC (Azuelos, 

Black, Bose, Ferland, Gershtein, Lane and Martin) 
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€ 

s =10 TeV@ 10 fb-1 

Fast Simulation 

€ 

s =14 TeV
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ATLAS @ Les Houches 2007 
•  Les Houches 2007: Low-Scale Technicolor at the LHC (Azuelos, 

Black, Bose, Ferland, Gershtein, Lane and Martin) 

@ 10 fb-1 

Fast Simulation 

€ 

s =14 TeV



Angular Distributions 

•  Decay angular distributions could provide compelling evidence for 
technicolor 
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€ 

s =14 TeV
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Angular Distributions 

@ 50 fb-1 

€ 

s =14 TeV
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PGS 



Other discovery channels 

•  Principal channel at the Tevatron is swamped by the ttbar 
background at the LHC 

•  Can consider  

–  dominated less by background (in comparison) 
–  can discover ρT,  aT peaks in the same final state 
–  Need a techni-pion to connect resonance to technicolor 

24 
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TC decays to di-leptons 
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Vector Boson Scattering 

•  Without a Higgs, WW 
cross-section violates 
unitarity  

•  Some new physics may 
exist in the form of vector 
boson pair resonances 

€ 

s =14 TeV



Tag Jets 
•  Forward jets expected 

from VBF 
•  Tag forward jets  
•  Reject events with 

additional central jets 
(central jet veto) 



Backgrounds 
Main backgrounds 
•  Top, W/Z+jets 
•  Reduce with central jet 

veto 



Signal over background 

•  Difficult Signal to 
reconstruct over 
background 



Discovery Potential 

Not an early data search but need to establish strategy for such searches 

€ 

s =14 TeV



LHC plan for first run 
•  Start with 7 TeV and then 8‐10 TeV 

–  will depend on operaTng experience 
–  monitor all quenches for  

    addiTonal data etc. 
•  Schedule 

–  2009:  
•  first beams in November 

•  1 month commissioning 

–  2010: 
•  1 month pilot run and 
commissioning 

•  3 months @ 7 TeV 

•  1 month step‐up 

•  5 month 4‐5 TeV 

•  1 month heavy ions 



Conclusions 
•  The LHC will provide a very ferTle ground for tesTng strong 

dynamics 

•  ATLAS and CMS are pursuing mulTple analysis strategies and 
discovery channels 

•  We are ready and eager for beam! 

33 
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The Return of  
Technicolor ? 

Courtesy Markus Luty 

NEXT 



BACKUP 

35 



Background esTmaTon 
•  Physics Background 

–  SM di‐boson  

•  Instrumental Background 

–  With a genuine Z boson 
•  Z+jets, Zbb 

–  Without a genuine Z boson 

•  QCD, xbar, W+jets 

–  QCD background is esTmated using QCD di‐jet MC samples 

–  Since the staTsTcs are relaTvely small, we factorize the selecTon 
criteria into two independent requirements 

»  Probability of having one Z  
»  Probability of having one W 

–  This will give an upper limit on the size of the background 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Background esTmaTon ‐ QCD 
For 225 GeV opTmizaTon 

AddiTonally taking into account the efficiencies of the HT and invariant mass cut  
we esTmate an approximate total QCD contribuTon of: 

€ 

0.5−0.4
+0.7

ContribuTon from the low pT hat samples cross‐checked with  
EM and muon enriched samples – found to be negligible 
Also cross‐checked by running analysis cuts on full QCD sample 

PAS 
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Background esTmaTon ‐ QCD 
For 300 GeV opTmizaTon 

AddiTonally taking into account the efficiencies of the HT and invariant mass cut  
we esTmate an approximate total QCD contribuTon of: 

€ 

0.4−0.3
+0.5

PAS 

ContribuTon from the low pT hat samples cross‐checked with  
EM and muon enriched samples – found to be negligible 
Also cross‐checked by running analysis cuts on full QCD sample 



Data‐driven xbar background esTmate 
•  Sideband subtracTon method 

•  Assume processes with non‐genuine Z bosons populate the tails of the Z invariant 
mass distribuTon 

•  Extract shape of Z boson peak from Z+jets and WZ samples 

•  Extract flat background from xbar and W+jets sample and parameterize using a 
quadraTc funcTon  

•  Fit Z invariant mass distribuTon azer all cuts to the sum of the above  

39 

€ 

PAS 

225 GeV 300 GeV 

@ 200pb-1 



Z+jets background esTmaTon 

•  Extract background using the “matrix method” 

•  Define two samples 

–  “Tight‐cut” sample: events passing all cuts 
–  “Loose‐cut” sample: events passing all the selecTon cuts, except for 

the isolaTon cuts on the W daughter leptons 

40 

€ 

Nloose = Nlep + N jet

Ntight = εtightNlep + PfakeN jet

Will be measured from data 



Z+jets background esTmate 
•  Tag and Probe method to be used for measuring the efficiency for the true 

leptons to pass the isolaTon cuts 

•  Use a Z‐enriched sample containing the 300 GeV signal, Z+jets,  

     W+jets and xbar 

–  Require two oppositely charged leptons with the same flavor and invariant 
mass within 50‐120 GeV range 

–  Only one Z candidate allowed 
–  Leptons have pT > 15 GeV and pass lepton ID requirements 

41 
€ 

εtight =
2(NTT − BTT )

(NTF − BTF ) + 2(NTT − BTT )
TT=> both leptons pass isolaTon cuts 
TF=> one lepton fails isolaTon cuts 

€ 

εtight = (93.9 ± 0.8)%
      = (96.5 ±1.3)%

Muons 

Electrons 



Z+jets background esTmate  
•  Isolated lepton fake rate is obtained from the W+jets, Z+jets, xbar and 

VQQ samples 

•  Select very good quality W events  

•  Require a second lepton with opposite flavor and same charge (to reject Z, 
xbar ) 

•  Compare number of loose and Tght leptons 

42 

•  Solve matrix equaTon for Nlep and Njet 

PAS 

p_fake: 0.30 ± 0.04 (electron) 
p_fake: 0.33 ± 0.03 (muon) 

Also, assume a 20% systemaTc  uncertainty  
due to potenTal pT dependence of p_fake 

@ 200pb-1 



SystemaTc UncertainTes 
•  TheoreTcal uncertainTes 

–  25% uncertainty for each SM background background (not esTmated 
in a data‐driven way) 

•  Includes cross secTon uncertainty, K‐factor uncertainty 
–  27% uncertainty for signal  (as uncertainty band in exclusion plot) 

•  Includes cross secTon uncertainty, K‐factor uncertainty 
•  PDF uncertainty (6%) 

•  Lepton efficiency 

–  1% uncertainty per lepton 
•  MET uncertainty 

–  Uncertainty of 10% due to JES 
•  W/Z pT requirement uncertainty  

•  Luminosity 

–  10% 
43 
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Final counts and efficiencies 
PAS 

PAS 

Using MC esTmates  

@ 200pb-1 



Background Estimates 
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PAS 

Use uncertainTes from the data‐driven results, central values from MC 

@ 200pb-1 



Exclusion Limits 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95% C.L. upper limit calculated using a Bayesian average and assuming Poisson staTsTcs 

PAS 



Discovery PotenTal 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PAS 

Compute probability of the expected background to fluctuate 
 to or above the observed number of events 



Results 

48 



Samples 
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Most samples processed with full (GEANT4) detector simulaTon 
FastSim used with some samples to increase staTsTcs. 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NLO cross secTons/K‐factors 

51 

PAS 
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Electron IdenTficaTon 



Electron IdenTficaTon 
Electron ID developed separately for: 
1) “loose” sample (electrons from Z) 
2)  “Tght” sample (electrons from W) 

OpTmizaTon done to achieve highest possible efficiency for 
electrons with a small mis‐idenTficaTon rate  

•   OpTmize loose criteria first 
•   SequenTally opTmize criteria by choosing threshold values   
    such that the signal efficiency exceeds 98% 

•  aim for an overall efficiency > 90% 
•   Change order of the chosen criteria to assess correlaTon  
    between criteria 
•   Retain variables that are as less correlated as possible 
•   OpTmize separately for barrel and endcap 



Electron IdenTficaTon 
Electron ID developed separately for: 
1) a “loose” sample (electrons from Z) 
2) A “Tght” sample (electrons from W) 

OpTmizaTon done to achieve highest possible efficiency for 
electrons with a small mis‐id rate  



ID OpTmizaTon 

56 

Choose threshold such that signal efficiency > 98% 
Barrel and endcap opTmized separately 

AN AN 



Electron SelecTon 

57 

PAS 



ID Efficiency (loose) 

58 

PAS PAS 

                      Barrel 
Signal efficiency: 0.904 +‐ 0.006 
Mis‐id rate: 0.038+‐0.004 

                     Endcap 
Signal efficiency: 0.908 +‐ 0.008 
Mis‐id rate: 0.128+‐0.015 



ID Efficiency (Tght) 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PAS PAS 

                    Barrel                     
Signal efficiency: 0.815 +‐ 0.073 
Mis‐id rate: 0.009+‐0.001 

                     Endcap 
Signal efficiency: 0.85 +‐ 0.01 
Mis‐id rate: 0.068+‐0.011 



Combined Relative Isolation 

60 

Sum of ECAL + Tracker 
scaled by pT of muon 
No HCAL 

Cut at 0.1 

No improvement after this 
when using HCAL based 
isolation 

PAS 



Muon SelecTon Efficiency 

Overall efficiency  Overall fake rate 
PAS 


