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4 large experiments: ATLAS, CMS, LHCb, ALICE 
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The LHC at CERN 



ATLAS 
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Toroid Magnets    Solenoid Magnet    SCT Tracker     Pixel Detector    
TRT 

Muon Detectors                  Tile Calorimeter           Liquid Argon 
Calorimeters 

22 m 

46 m 

Emphasis on 
large acceptance and hermeticity 
excellent jet and ET,miss resolution 
excellent particle identification 
excellent vertex reconstruction 
standalone muon measurement 

Experiment 



Recorded Luminosity 
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 = 7 TeVs     ATLAS Online Luminosity

LHC Delivered

ATLAS Recorded

-1Total Delivered: 48.1 pb
-1Total Recorded: 45.0 pb

ATLAS integrated luminosity  
vs time in 2010 

Peak L = 2.1×1032 s–1cm–2 

Max L / fill = 6.3 pb–1  

Max Ncoll-bunch = 348 (Δt = 150 ns)   

ATLAS integrated luminosity 
vs time in 2011 

Peak L = 1.3×1033 s–1cm–2 

Max L / fill = 38 pb–1  

Max Ncoll-bunch = 1042 (Δt = 50 ns)  

Surpassed 
Tevatron 
record of 
4.1 1032  

As of today: over 930 pb-1 of data recorded! 



Outline 
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• Large fraction of results shown today, based on   
  2010 dataset of 35 - 43 pb-1 
 

• Several analysis already looked at 2011 data,  
  based on 165 - 236 pb-1 

 
• Exotic Searches 

• SUSY Searches 

• Higgs Searches 

• Conclusion/Summary 



Introduction 
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      Why we expect new physics at the Terascale 
 

Electroweak Symmetry is broken at the EWK scale and  
requires a Standard Model Higgs or New Physics 
 
Gauge Hierarchy:   
Nature is fine-tuned or Higgs mass must be stabilized by New  
Physics, e.g. SUSY or KK towers in extra dimensional models 
 
Dark Matter:   
Weakly Interacting Massive Particle must have mass around 
the TeV scale to reproduce observed DM density 
 
Vacuum Expectation Value: 
The scale v=246 GeV could indicate the W, the Z, and the top quark are the 
only known particles with the masses on the ‘correct’ scale  
 
GUT theories and extra dimensional models with KK  
excitations predict new resonances possibly at the Terascale 
 
… 
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Exotic Searches 

 Excited Quarks 
- Dijet mass, angular distribution 

 New gauge bosons 
- dilepton, diphoton, ttbar 

 Leptoquarks, Extra dimensions 

 Black Holes, HIPs 



Resonances in Dijets 
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Dijet mass and angular distributions as probes of New Physics 
Smooth QCD background prediction from fit to the data  

Excited quarks, contact interactions, axigluons, strong gravity, … 

Observed and fitted m(jet-jet) distributions 

No deviations from SM seen  set limits 
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=7 TeVs, -1dt = 36 pbL
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  Theoretical uncertainties
  Total Systematics

 = 5 TeV  
  data

Observed and predicted jet centrality vs. m(jj) 

Multi-TeV probes ! 

p-value: 25% 

2 jets pT>30 GeV, |η|<2.5, |Δη|<1.3  



Resonances in Dijets 
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Nonresonant 

 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 

 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 

Resonant 
2011 data 

Benchmark model Observed (expected) limit  
at 95% CL 

Excited quarks m(q*) > 2.49 (2.40) TeV 

Axigluons m  > 2.67 (2.48) TeV 

RM quantum black hole (δ = 6)  MD  > 3.67 (3.64) TeV  

4-quark contact interactions Λ	
 > 6.7 (5.7) TeV 

Mjj = 4 TeV 



New Heavy Bosons: W’ μν 

CAP Congress 2011 Oliver Stelzer-Chilton, TRIUMF 10 

Search based on transverse mass spectrum 
 

 

Need to understand ETmiss and leptons at very high momentum 

Quoted limits are obtained in the sequential Standard Model 

Limit improved combining the 2010 electron and muon with the 2011 muon result 
MW’ > 1.70 TeV at 95% C.L. (1.77 TeV expected) 

q 

q 

W’ 
l+ 

ν 
pT>25 GeV, ET

miss >25 GeV 



Highest Transverse Mass: MT = 1.35 TeV 
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Search for Dilepton Resonances: Z’ ll 
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Signal template scan in dilepton  
mass spectrum 

 

QCD background data driven 

and extrapolated to high mass 

p-value: 93% 

q 

q 

Z’ 
l+ 

l- 

Highest Mass Event Mee=920 GeV  

See Simon Viel’s talk in EF 3 



Search for Dilepton Resonances: Z’ ll 
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Equivalent search in the dimuon channel 
 

Largest analyzed ATLAS dataset so far! 

 

Combine results 

p-value: 33% 

Limits in the sequential SM 

and GUT inspired E6 

2 lepton pT>25 GeV 



Extra Dimensions: KK Gravitons 
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95% CLs limit: MG > 545 (920 GeV) for k / MPl = 0.02 (0.1) 
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ATLAS Preliminary

Observed and fitted diphoton mass Observed and expected RS graviton limit 

Search for extra dimensions	

Randall-Sundrum KK graviton G → γγ	


Diphoton background extrapolated  

to high mass using data	


See Bertrand Brelier’s talk in EF 3 

2 photons ET>25 GeV 



Resonances Decaying to Top Quark Pairs 
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Search for new resonances decaying to top quark pairs  
3rd generation can be special eg. Leptophobic Z’ or 

Kaluza-Klein gluons in Randall-Sundrum models of extra dimensions 

Final states: e+jets+Etmiss and µ+jets+Etmiss 

Template Fit in invariant mass distribution 

MKK gluon  > 0.65 TeV at 95% C.L.  

 
 

? 

 4 jets ET>25 GeV, |η|<2.5, one b-tag   
 Electrons: ET

 >25 GeV, ET
miss >35 GeV, MT>25 GeV  

 Muons: pT
 >20 GeV, ET

miss +MT>60 GeV   



High Mass mttbar=1.6 TeV Event 
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Leptoquarks 
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Search for 1st and 2nd generation leptoquarks 
Study scalar LQ pair production to lljj and lνjj final states 

Average LQ mass or transverse mass is discriminant 
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Figure 1: Feynman diagrams for leptoquark production.

1.2 Left-Right Symmetry

Left-Right Symmetric Models (LRSMs) of the weak interaction address two important topics: the

nonzero masses of the three known left-handed neutrinos [11] and baryogenesis. LRSMs conserve parity

at high energies by introducing three new heavy right-handed Majorana neutrinos Ne, Nµ and Nτ . The

smallest gauge group that implements an LRSM is SU(2)L× SU(2)R×U(1)B−L. At low energies, the

left-right symmetry is broken and parity is violated. The Majorana nature of the new heavy neutrinos

explains the masses of the three left-handed neutrinos through the see-saw mechanism [12]. The lepton

number L could be violated in processes that involve the Majorana neutrinos. This opens a window to the

very attractive theoretical scenario for baryogenesis via leptogenesis, where baryon and lepton numbers

B and L are violated but B−L is conserved.

In addition to the Majorana neutrinos, most general LRSMs also introduce the new intermediate

vector bosons WR and Z�, Higgs bosons, and a left-right mixing parameter. The most restrictive lower

limit on the mass of the WR boson comes from the KL −KS mass difference which requires mWR >
1.6 TeV. This lower limit is subject to large corrections from higher-order QCD effects. Heavy right-

handed Majorana neutrinos with masses of about a few hundred GeV would be consistent with the data

from supernova SN1987A. Such heavy neutrinos would allow for a WR boson at the TeV mass scale.

This scenario would also be consistent with LEP data on the invisible width of the Z boson. Present

experimental data on neutral currents imply a lower limit on the mass of a Z� boson of approximately

400 GeV. Recent direct searches [13] for the WR boson at DØ give a lower mass limit of 739 GeV and

768 GeV, assuming the WR boson could decay to both lepton pairs and quark pairs, or only to quark pairs,

respectively. However, heavy Majorana neutrinos decaying to a lepton and a pair of quarks (detected as

jets) were not searched for in those analyses.

The new intermediate vector bosons WR and Z� would be produced at the LHC via the Drell-Yan

(DY) process like Standard Model W and Z bosons. Their decays would be a source of new Majorana

neutrinos. The Feynman diagram for WR boson production and its subsequent decay to a Majorana

neutrino is shown in Fig. 2. This note describes an analysis of WR boson production and its decays

WR → eNe and WR → µNµ , followed by the decays Ne → eq�q̄ and Nµ → µq�q̄, which can be detected in

final states with (at least) two leptons and two jets.

2

EXOTICS – SEARCH FOR LEPTOQUARK PAIRS AND MAJORANA NEUTRINOS FROM RIGHT- . . .

57

1751

95% limits on MLQ for 1st gen: > 376 (319) GeV 

2nd gen > 422 (362) GeV for β = 1.0 (0.5) 
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 = 7 TeVs

-1 Ldt = 35 pb

ATLAS

Observed and expected 2nd generation LQ limit 

Require large pT, 
Meff, and dilepton 

mass 

Validate background model  
in dedicated control regions 

 2 jets ET>20 GeV, |η|<2.8    
 Dilepton: ET

 >20 GeV; Single Lepton: ET
 >20 GeV, Et

miss>25 GeV   



Trans-Planck Physics 
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Quantum black hole search in multijet and same-sign dimuon events	
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Scaler ΣpT in events with ≥ 5 jets 

Nobs = 7  
Nexp = 3.7 ± 1.5 

Fiducial non-SM cross section limits : 
•   Multijet analysis: σ × BR × A < 0.29 (0.19) pb  
•  SS dimuon analysis:   σ × BR × A < 0.18 (0.28) pb 

Background estimate from NJ sideband 
largest systematic from 
 resulting uncertainty 

 Jets with ET>50 GeV, |η|<2.8, Leading jet ET
 >250 GeV  

     



Search for Long-Lived Highly Ionizing Particles (HIP) 
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95% CL limits: σ < 3−12 pb for 6e ≤ |Qe| ≤ 17e and 0.2 < mHIP < 1 TeV 

HT
f

0 0.2 0.4 0.6 0.8 1

N
um

be
r o

f c
an

di
da

te
s

-110

1

10

210

310

410

510

610
-1data 3.1 pb

Standard Model MC
Signal, |q|=10e,
m=500 GeV

=7 TeVs
ATLAS

1w
0 0.2 0.4 0.6 0.8 1

N
um

be
r o

f c
an

di
da

te
s

-110

1

10

210

310

410

510 -1data 3.1 pb
Standard Model MC
Signal, |q|=10e,
m=500 GeV

=7 TeVs
ATLAS

Fraction of leaked calorimeter energy in EM layer 1 

No 
indication 
for HIPs 

Fraction of TRT high-threshold hits              combined  

Heavy particle with Qelectric~O(10e)  
 large specific energy loss in detector	


See Wendy Tailor’s talk 
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SUperSYmmetry Searches 

Predicts a boson for every fermion 
 Solution to hierarchy problem 
- Removes fine-tuning, UV complete 

 Cold dark matter candidate 
- If R-parity is conserved, lightest 

SUSY particle (LSP) is stable 
 



Characteristic SUSY Decay Cascades 
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decay chain at the 

LHC 
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  missing ET X   !q   ! ...+ !"1

0

R-parity requires existence of a lightest stable SUSY particle (LSP) WIMP 

Typical LSP is spin-½ neutralino 

With R parity: SUSY production in pairs which requires energy 2 × SUSY mass !  



Characteristic SUSY Decay Cascades 
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qq“Typical” SUSY 
decay chain at the 

LHC 

2 LSPs escapes detection    
  missing ET X   !q   ! ...+ !"1

0

SUSY cascades produce high-pT jets + leptons + ET,miss 

   Incomplete event reconstruction  

•  SUSY evidence in tails of distributions 

Analysis concentrates on understanding backgrounds (top, W/Z+jets, QCD) 
Each background component is taken from / verified in control regions 

 



Various Scenarios 
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Channel Signature Main backgrounds 
0 leptons + jets + ET,miss ≥ 2–4 jets, large ET,miss, meff W / Z + jets, top, QCD 

1 lepton + jets + ET,miss ≥ 3 jets, large ET,miss, meff, mT top, W / Z + jets 

2 leptons (SS / OS) + jets + ET,miss 
(also “flavour subtraction” OS analysis) 

large ET,miss  SS: Fakes, diboson; OS: top, Z 
+ jets, also cosmics (µµ) 

≥ 3 leptons + jets + ET,miss ≥ 2 jets, ET,miss, ml+l– ≠ mZ top, Z + jets 
 0(1) lepton + b-jets + ET,miss ≥ 3(2) jets, ET,miss, meff, (mT) top, W / Z + jets 

2 photons + ET,miss ET,miss QCD, top, W(γ) + jets 

+ more targeted analyses for SUSY scenarios with features not covered by above inclusive searches  

 Incomplete list 



0 and 1 lepton channel 
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Data-driven background determination using background-enhanced control regions  
(anti-cuts) Extrapolation into signal region(s) using MC 

0-lepton channel, Meff 
Subdivided into 2, 3, 4 jet 

bins 
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Observed 10 1 1 

Total SM background 12.1 ± 2.8 1.81 ± 0.75 2.25 ± 0.94 

Example for observed 
and predicted events in 

signal regions 

2011 data 2010 data 2010 data 



SUSY Exclusion 
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Exclusion CL 

Significance 

No signal evidence found  exclusion limits using MSUGRA and simplified models 

In MSUGRA: combined 0 + 1-lepton analyses has best sensitivity 
(1-lepton not updated, yet for 2011) 

Exclude equal squarks and gluino  
masses of 950 GeV at 95% CL 	


Limit on the gluino mass is 725 GeV, raising  
to 1025 GeV at 95% CL assuming degeneracy	




R-Parity Violating SUSY 
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Consider:                                      , search for high mass eµ signature 
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   m( !!" ) < 750 GeV for #$311 = 0.11, $321 = 0.07

Analysis also sensitive to Z ’ bosons  
with non-diagonal flavour coupling allowing LFV 
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Higgs Searches 

Origin of Mass 
 Standard Model 
- Indirect constraints point to small MH 

 Beyond the Standard Model 
- Need to scan full mass range, expect  
  multiple Higgses 



Standard Model Higgs 
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Higgs Searches 
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Dependence of Branching Fraction drives Search Strategy 

For heavy Higgs: 

•  Lepton final states via WW(*), ZZ(*) 

For light Higgs: 

•  Lepton final states via WW*, ZZ* 
•  Di-photon final state 
•  Di-tau final state  

The dominant H → bb mode is only 
exploitable in association with W/Z 
or tt, also with strong Higgs boost 

  !(H "VV )

  !MH
3 "1V =Z 2V =W



Higgs Searches 
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   pp ! H + X !W +W " + X ! !+#!"# + X : leptons + ET
miss  + small $%!!
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ν	  
W
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W+	  

W polarisation: correlated lepton emission 
Dilepton opening angle is discriminant 

proton 

proton _	  

Relatively clean channel and large σ × BR  
Leptonic mode (lνlν) used for 120 < MH < 220 GeV, semi-leptonic mode (lνqq) for 220 < MH < 600 GeV 

Signal selection: leptons, MT
2 = (ET,ll  + ET,miss)2 – (pT,ll  + pT,miss)2 ~ MH

2, exploit W polarisation, separate jets 

Dominant backgrounds from  
WW continuum, W + jets, top… 



Higgs Searches 

CAP Congress 2011 Oliver Stelzer-Chilton, TRIUMF 31 

0.0 0.5 1.0 1.5 2.0 2.5 3.0

-210

-110

1

10

210

0.0 0.5 1.0 1.5 2.0 2.5 3.0

-210

-110

1

10

210

 [rad]
ll

0.0 0.5 1.0 1.5 2.0 2.5 3.0

En
tri

es
 / 

0.
1

-210

-110

1

10

210

 [rad]
ll

0.0 0.5 1.0 1.5 2.0 2.5 3.0

En
tri

es
 / 

0.
1

-210

-110

1

10

210
Data =170 GeV)

H
WW (mH

W+jets top
WW +jetsZ/
WZ/ZZ/W

 = 7 TeVs
-1 L dt = 35 pb

 PreliminaryATLAS

Data-driven background determination using bkg-enhanced control regions (anti-cuts)  
0-jet channel: S/B ~ 0.7 at MH = 170 GeV, after cuts on Δφll, mll, mT, ET,miss  

Higgs detection requires good       
understanding of WW background 

  

Recent ATLAS measurement finds:   

   σ(pp → W +W –) = (41       ± 5) pb 

agreeing with NLO SM: (44 ± 3) pb 
–16 +20 
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Separate in ee, eµ and µµ channel, 
as well as 0, 1 and 2 jet bins 
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arXiv:
1104.5225 

WW Event Display 



Higgs Exclusions 
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Exclusion CL 

Significance 

At MH = 120 GeV, WW 
competitive with γγ	


Almost 95% exclusion  
at MH ~ 160 GeV	


Between MH ~ 210 and 290 
GeV ZZ→llνν most sensitive 	


Above MH ~ 290 GeV 
WW→lνqq dominant	


Above MH ~ 400 GeV 
ZZ→llqq competitive	


Observed and expected 95% CL exclusion limits in units of SM cross section 
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ATLAS Combination 
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Exclusion CL 

Significance 

Combination using 
maximum likelihood 

fit taking into 
account correlated 

nuisance parameters 

ATLAS combination of individual channels for 2010 data 

Not yet reached at 
Tevatron which exclude 
158–173 GeV at 95% CL	




ATLAS Combination 4th Generation 
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Exclusion CL 

Significance 

95% CL exclusion of 140 < MH < 185 GeV in “SM with 4th generation” 

u4, d4 ? 

4th generation ?  
K-factor of ~32 = 
9 using sequential 

model 

Gluon fusion to Higgs via triangular heavy-quark loop sensitive to 4th 
generation 
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SM / SUSY Higgs to ττ 
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2 Higgs doublets required in MSSM, leading to 5 Higgs bosons: h, H, A, H± 

Higgs coupling to down-type fermions can be strongly enhanced depending on tanβ = υd / υu and mA 

Search for h, H, A → ττ  decays in e–µ & e/µ–had channels, require ET,miss > 20 GeV and low MT	
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Figure 3: Left: Expected and observed limit on the product of Higgs boson production cross section and branching fractio n, σH × BR (H
τ + τ − ), at the 95% con!dence level as a function of the Higgs boson m ass for both production modes considered. The solid and dash ed
lines show the observed and expected exlcusion limits, resp ectively. For comparison σH × BR (H τ + τ − ) in the SM is also shown. Right:
Expected and observed exclusion limits in the mA − tan β plane. The region above the drawn limit curve is excluded at t he 95% con!dence
level. The exclusion limits in the mA − tan β plane from LEP and Tevatron are also shown. For a direct compa rison with the Tevatron limit,
the observed limit based on CL s is shown in addition to the one based on CL s+b . The green and yellow bands correspond to the 1 σ and
2σ error bands, respectively. The observed limit is shown up to tan β ≈ 70 while it should be noted that the region tan β > 65 is widely
considered to be theoretically not well under control.

channel-speci!c ones, and are included as nuisance param-461

eters. The M visible
ττ and M e!ective

ττ shape uncertainties due462

to variation of the energy scales o" eptons and E miss
T for463

the backgrounds taken from simulation are taken into ac-464

count.465

Background-only toy MC experiments are generated466

to !nd the median expected limit along with the ± 1σ and467

+2 σ error bands. As a protection against excluding the468

signal hypothesis in cases of downward "uctuations of the469

background, the observed limit is not allowed to "uctuate470

below the − 1σ expected limit, i.e., a power-constrained471

limit [ 39] (PCL with the power required to be larger than472

16%) is given.473

Figure 3 shows the resulting exclusion limits. The474

cross-section limit is evaluated with signal acceptances for475

two di#erent production processes (gg H and gg476

bbH). Di#erences in the observed limits for the two pro-477

cesses are small compared to the 1σ error and occur due478

to di#erences in the signal shapes used in the extraction of479

the limits. The limit on the Higgs boson production cross480

section times branching fraction into a pair of τ leptons is481

in the range between approximately 300 pb for a Higgs bo-482

son mass of 90 GeV and approximately 10 pb for a Higgs483

boson mass of 300 GeV with a small dependence on the484

production mode considered. The limit in the tan β − mA485

plane uses the mmax
h scenario and Higgsino mass parame-486

ter µ > 0. Limits from previous experiments at LEP [ 10]487

and the Tevatron [ 11] are shown for comparison.488

8. Conclusions489

In this paper, a search for neutral MSSM Higgs bosons490

A/H/h with the ATLAS detector in proton-proton colli-491

sions corresponding to an integrated luminosity of 36 pb− 1
492

at a center-of-mass energy of 7 TeV is presented. Candi-493

dates for A/H/h τ + τ − decays are selected in the three494

!nal states eτhad , µτhad and eµ. No evidence for a Higgs495

boson signal is observed in the reconstructed mass spectra.496

Both a model-independent exclusion limit on the Higgs497

boson production cross section as a function of the Higgs498

boson mass and an exclusion limit on MSSM Higgs bo-499

son production as a function of mA and tan β are derived.500

The obtained limits exclude regions of parameters space501

beyond the existing limits from previous experiments at502

LEP and the Tevatron and are similar to those recently503

obtained by CMS [ 40].504
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Higgs Prospects 
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With 1 fb-1 sensitivity to exclude SM 
Higgs in range mH=130-450 GeV 

3 σ evidence possible with 5 fb-1 above mH=~123 GeV 
 

Combination ATLAS+CMS :  
LHC Higgs Combination Group aiming for LP2011 



Summary 
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Summary … after (only) one year of 7 TeV data taking 





Conclusion 
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ATLAS is taking data at high rate (>930 pb-1 on tape ) and is in discovery mode 
 

Data analyses are proceeding at high speed: 36 papers and 190 conference notes 
have been published with 2010 and 2011 data 
 

Entering unchartered territory (could only cover a selection of results) 

https://twiki.cern.ch/twiki/bin/view/AtlasPublic 
 

Due to higher CM, surpassed Tevatron  
constraints on many New Physics models  
with relatively small dataset 
 

In the next day, 1 fb-1 will be available, 
by the end of 2011 double or more 
 
2011 can be the year of a (real!) new  
discovery: Higgs, SUSY, Exotics 
 

Big thanks to the LHC accelerator and  
LHC computing grid! 
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Backup 



SUSY Higgs: a1μμ 
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NMSSM expands Higgs sector by scalar singlet  

 adds h1, a1 (CP-even/odd) fields 

Higgs phenomenology dramatically altered if h1→a1a1 dominant. σ × BR depends on tanβ and a1–
a2 mixing 

Search for a1→µµ (BR ~ 0.5%) in mass ranges 6–9 and 11–12 GeV (cut out Y1–3S), tight muon-pair 
selection	
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Inclusive Search with 2 Photons and ETmiss 
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Sensitive to gauge-mediated SUSY breaking and also UED models 

Cut ET,miss > 125 GeV sets 95% CLs limits: 

GGM gluino mass > 560 GeV; UED compactification scale: 1/RUED > 960 GeV  

4 The ATLAS Collaboration: Search for Diphoton Events with E miss
T with the ATLAS Detector

events with jets faking photons, was composed of events251

for which at least one of the photon candidates did not252

pass the tight photon identi!cation. The QCD background253

from SM γγ events was modeled using theE miss
T spectrum254

measured in a high-purity sample of Z ee events, with255

no additional jets, selected by requiring two electrons [26 ]256

with E T > 20 GeV and E T > 30 GeV, respectively. Both257

electrons are required to have |η| < 2.47, excluding the258

transition region 1 .37 < |η| < 1.52. In addition, the di-259

electron invariant mass was required to be consistent with260

the Z mass.261

MC simulation suggests that the E miss
T spectrum of262

the Z ee sample, which is dominated by the calorimeter263

response to two genuine EM objects, accurately represents264

the E miss
T response of SM γγ events.265

The QCD background is the dominant source of ob-266

served γγ events at low E miss
T and its spectrum, which267

contains a mixture of events with zero, one or two prompt268

photons, is expected to lie between the spectra from the269

QCD γ and Z ee control samples. The E miss
T spectrum270

of the QCD γ control sample, which provided the best de-271

scription of the E miss
T spectrum at low E miss

T , was chosen272

to model the composite QCD background, with the dif-273

ference between this estimate and that derived from the274

Z ee template used to provide an estimate of the sys-275

tematic uncertainty on the resulting background predic-276

tion. The QCD background was normalised to have the277

same number of events as the γγ candidate sample in the278

region E miss
T < 20 GeV, where contributions from events279

with genuine E miss
T , such as W + X and tt̄ events, can be280

neglected. It should be noted that a possible background281

contribution from Z + X events, with the Z boson decaying282

to neutrinos, would comprise a component of this estimate283

of the QCD background, since it would enter the signal re-284

gion through the misidenti!cation o" ets as photons. The285

QCD γ template has two events with E miss
T > 125 GeV,286

whereas the Z ee template has none, leading to a QCD287

background prediction of 0.069± 0.049(stat) ± 0.069(sys)288

events. The QCD γ E miss
T spectrum is shown together with289

the γγ sample in Fig. 2.290

The second signi!cant background contribution, from291

W + X and tt̄ events, is estimated via an “electron-photon”292

control sample composed of events with both a photon293

and an electron with E T > 20 GeV, with the additional294

requirement that either the electron or photon has E T >295

30 GeV, and scaled by the probability for an electron to296

be misidenti!ed as a tight photon, as determined from297

the Z ee sample. The E miss
T spectrum for this control298

sample is shown in Fig. 3, compared to the expected con-299

tributions from various background sources. The electron-300

photon control sample has a signi!cant contribution from301

Z ee events, for which one electron fakes a photon,302

and from QCD. Both of these contributions must be sub-303

tracted in order to predict the contribution to the E miss
T304

distribution from events with genuine E miss
T , such as W +305

X and tt̄ events. The contribution from QCD and Z ee306

events is estimated by normalizing the QCD γ E miss
T distri-307

bution to the scaled electron-photon E miss
T distribution in308

the region E miss
T < 20 GeV, as shown in Fig. 3. This distri-309
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Fig. 2. E miss
T spectra for the γγ candidates and estimated

background from the QCD (normalised to the number of γγ
candidates with E miss

T < 20GeV) and W + X and tt̄ sources
together with the spectra from simulated GGM ( m g̃/m χ̃ 0

1
=

600/ 300 GeV) and UED (1 /R = 900 GeV) samples. The QCD
sample includes one event with E miss

T above 250 GeV.

bution is then subtracted from the scaled electron-photon310

control sample, yielding a prediction for the contribution311

to the high-E miss
T diphoton sample from W + X and tt̄312

events. For E miss
T > 30 GeV, the sample is dominated by313

events with genuine E miss
T and electrons from W eν.314

No events with E miss
T > 125 GeV are observed in the315

electron-photon control sample, leading to an upper limit316

on the background from W + X and tt̄ of 0.093 events at317

90% CL. Two additional methods were employed to in-318

crease the statistical power of the electron-photon contro l319

sample. First, the photon ID requirement was loosened for320

the control sample, leading to an observation of one event321

in the signal region, and a corresponding background es-322

timate of 0 .024± 0.024 events. Second, MC samples of the323

three main components (W + jets, W + γ and tt̄) are used324

to model the region where data is limited. The MC sam-325

ples, which had the same electron and photon selection326

and scaling applied as the electron-photon control sam-327

ple, were normalised to the control sample, after the QCD328

and Z ee subtraction, for the range E miss
T > 40 GeV329

(to avoid the QCD and Z ee dominated region at low330

E miss
T ). This MC extrapolation was used to constrain the331

background with E miss
T > 125 GeV, and leads to an esti-332

mate of 0.054± 0.015 background events.333

The MC extrapolation of the electron-photon control334

sample is used for the central value of the background335

estimate. The estimate from the loosened-photon control336

sample provides a lower bound on the systematic error337

on this background component that lies 0 .030 events be-338

low this central value. In addition, a gaussian distributio n339

with a mean of 0.054 and variance of 0 .031 events has340

90% o! ts probability density below 0 .093 events, provid-341

ing an upper bound 0.031 events above the central value.342

A value of ± 0.031 events is chosen for the systematic er-343

Observed and predicted ET,miss spectrum 

Nobs = 0 
Nexp = 0.13 ± 

0.05 
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See Bertrand Brelier’s talk in EF 3 



Leptoquarks 
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Search for 1st and 2nd generation leptoquarks 
Study scalar LQ pair production to lljj and lνjj final states 

Average LQ mass or transverse mass is discriminant 
 

g

g
g

LQ

LQ

l

q

l

q

g

LQ LQ

g
LQ

l

q

l

q

q

q
g

LQ

LQ

l

q

l

q

q

q

l LQ

LQ

l

q

l

q

g

q

q LQ

l

q

l

q
LQ

g
LQ

l

q

l

Figure 1: Feynman diagrams for leptoquark production.

1.2 Left-Right Symmetry

Left-Right Symmetric Models (LRSMs) of the weak interaction address two important topics: the

nonzero masses of the three known left-handed neutrinos [11] and baryogenesis. LRSMs conserve parity

at high energies by introducing three new heavy right-handed Majorana neutrinos Ne, Nµ and Nτ . The

smallest gauge group that implements an LRSM is SU(2)L× SU(2)R×U(1)B−L. At low energies, the

left-right symmetry is broken and parity is violated. The Majorana nature of the new heavy neutrinos

explains the masses of the three left-handed neutrinos through the see-saw mechanism [12]. The lepton

number L could be violated in processes that involve the Majorana neutrinos. This opens a window to the

very attractive theoretical scenario for baryogenesis via leptogenesis, where baryon and lepton numbers

B and L are violated but B−L is conserved.

In addition to the Majorana neutrinos, most general LRSMs also introduce the new intermediate

vector bosons WR and Z�, Higgs bosons, and a left-right mixing parameter. The most restrictive lower

limit on the mass of the WR boson comes from the KL −KS mass difference which requires mWR >
1.6 TeV. This lower limit is subject to large corrections from higher-order QCD effects. Heavy right-

handed Majorana neutrinos with masses of about a few hundred GeV would be consistent with the data

from supernova SN1987A. Such heavy neutrinos would allow for a WR boson at the TeV mass scale.

This scenario would also be consistent with LEP data on the invisible width of the Z boson. Present

experimental data on neutral currents imply a lower limit on the mass of a Z� boson of approximately

400 GeV. Recent direct searches [13] for the WR boson at DØ give a lower mass limit of 739 GeV and

768 GeV, assuming the WR boson could decay to both lepton pairs and quark pairs, or only to quark pairs,

respectively. However, heavy Majorana neutrinos decaying to a lepton and a pair of quarks (detected as

jets) were not searched for in those analyses.

The new intermediate vector bosons WR and Z� would be produced at the LHC via the Drell-Yan

(DY) process like Standard Model W and Z bosons. Their decays would be a source of new Majorana

neutrinos. The Feynman diagram for WR boson production and its subsequent decay to a Majorana

neutrino is shown in Fig. 2. This note describes an analysis of WR boson production and its decays

WR → eNe and WR → µNµ , followed by the decays Ne → eq�q̄ and Nµ → µq�q̄, which can be detected in

final states with (at least) two leptons and two jets.

2

EXOTICS – SEARCH FOR LEPTOQUARK PAIRS AND MAJORANA NEUTRINOS FROM RIGHT- . . .

57

1751

95% limits on MLQ for 1st gen: > 376 (319) GeV 

2nd gen > 422 (362) GeV for β = 1.0 (0.5) 
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