
                         37	

"   CMS: new measurement at 8 TeV ! 
 
"   Lepton + jets and di-lepton channels combined: 
 
 

ATLAS combined 7 TeV (0.7 – 1.1 fb-1) 

σ(8TeV)/σ(7TeV) = 1.41 ± 0.11; no correlation assumed 

σ = 227 ± 3 (stat) ± 11 (syst.) ± 10 (lum.) pb 
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Top-antitop differential cross sections   

•  Important test of the Standard Model (perturbative QCD), deviations may  
     indicate new physics  
     e.g.  new particles (resonances) decaying into tt, or other new/unexpected  
             effects ( à Tevatron charge asymmetry)   
 
•  Important variables studied:     - tt mass distribution  
                                                      - Rapidity y and pT of the tt system                                                  
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ATLAS comparison on detector level shows good agreement in all variables 
(background partially extracted from data)  
 
à  not much room left / no signs yet of Physics beyond the Standard Model 



                         39	

Part 3:      Electroweak parameters  

    - W mass  
 
    - Top Quark Mass & Properties 
 
    - Gauge Boson pair production 
       (WW, WZ, ZZ production)  

All this is highly related to the Higgs boson search / discovery or  
to  a consistency check / ultimate test of the Standard Model   
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Precision measurements of  
mW and mt 

radiative corrections 
Δr ~ f (mt

2, log mH) 
Δr ≈ 3% 
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Fermi constant  
measured in muon 
decay 

weak mixing angle 
measured at  
LEP/SLC 

Electromagnetic constant 
measured in atomic transitions,  
e+e- machines, etc. 

Motivation: 
W mass and top quark mass are  fundamental parameters of the Standard Model; 
The standard theory provides well defined relations between mW, mt and mH 

GF, αEM, sin θW 
 
are known with high precision 
 
Precise measurements of the  
W mass and the top-quark  
mass constrain the Higgs- 
boson mass  
(and/or the theory, 
 radiative corrections) 
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W mass measurements 

The beginning  State of the art, today   
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Systematic uncertainties:  

 
•  Precision in a single Tevatron experiment better than the LEP-2 combination 

•  Still further improvements possible  
     (inclusion of more data, reduction of statistical and systematic uncertainties)  
 
•  Further improvements on parton distribution functions expected (LHC)  

•  Support from theory side on better calculation / simulation of QED radiation  
     and pT(W) expected  
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Systematic uncertainties:  

Can the LHC improve on this?  
 
In principle yes, but probably not soon and not with 30 pileup events  
 
-  Very challenging   (e-scale, hadronic recoil, pT (W),.. ) 

-  However,  there is potential for reduction of uncertainties  
     - statistics 
     - statistically limited systematic uncertainties (marked in green above)  
     - pdfs, energy scale, …., recoil(?)  
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First top quark mass measurements at the LHC 
•  Measurements in all channels available  (ll, l+jets, all jets; at least 1 b-tagged jet)  
•  2011 data already included   
•  Combined fit of top mass and jet energy scale (in situ) à la Tevatron  

Already impressive precision reached at that early stage of the experiment !  

CMS:       mt = 172.6 ± 0.5 (stat) ± 1.5 (syst)  GeV     
 
ATLAS:    mt = 174.5 ± 0.6 (stat) ± 2.3 (syst) GeV  
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Summary of top quark mass measurements  
–  Tevatron combination 

 
–  LHC combination and perspectives 

= 173.3 ± 1.4 GeV 

Tevatron: 

LHC: 

 [GeV]topm
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12

Tevatron July 2011  0.8± 0.6 ±173.2 

LHC June 2012  1.3± 0.5 ±173.3 
 CR, UE syst.), (-1 = 4.9 fbint   L

+jetsµCMS 2011,  1.5± 0.4 ±172.6 
 CR, UE syst.), (-1 = 2.3 fbint   L

CMS 2011, di-lepton  2.7± 1.2 ±173.3 
 CR syst.), (-1 = 36 pbint   L

CMS 2010, l+jets  2.7± 2.1 ±173.1 
 CR syst.), (-1 = 36 pbint   L

CMS 2010,  di-lepton  4.6± 4.6 ±175.5 
 CR, UE syst.), (-1 = 2 fbint   L

ATLAS 2011, all jets  3.9± 2.1 ±174.9 
-1 = 1 fbint   L

ATLAS 2011, l+jets  2.3± 0.6 ±174.5 
 CR, UE syst.), (-1 = 35 pbint   L

ATLAS 2010, l+jets  4.9± 4.0 ±169.3 

-1 - 4.9 fb-1 = 35 pbint combination - June 2012,  LtopLHC m
 = 7 TeVsATLAS + CMS Preliminary, 

 (syst.)± (stat.) ±
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WZ and ZZ production 

•   Expected contributions within the Standard Model  
      (t-, u, s-channel contributions for WZ) 
 
 
 
 
 
 
 
      (t- and u- channel contributions for ZZ) 
 
  
 
 
 
 
 
•  Search for di-boson production in three (WZà lν ll)  
     and four (ZZà ll ll) lepton final states  
 
•  These are important background processes for  
     Higgs boson searches, e.g. H à 4 l 

 [GeV]WZM
0 100 200 300 400 500 600 700 800

Ev
en

ts
 / 

20
 G

eV

20

40

60

80

100

-1Ldt = 4.6 fb

ATLAS

 = 7 TeVs

Data
WZ
Z+jets
ZZ
Z+
Top

stat+syst



                         47	

WZ differential production cross sections 
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•  No indications for anomalous couplings;  

•  LHC starts to be surpass sensitivity from the Tevatron and LEP;   
    First interesting constraints expected after inclusion of 2012 data  
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Final cross section summary  
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Search for the decays B0 à µ+µ- and Bo
s à µ+µ- 

•  Rare decay in the Standard Model: Braching ratio for B0
s à µ µ is  

     (3.2 ± 0.2) 10-9 
 

•  Contributions from New Physics can be large  
     (also from non-SUSY models)  
 
 
 
 
 
 
 
 
 
 
 
 
•  Huge b-production rates at the LHC à all LHC experiments are searching  
     for this decay mode 
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No signal (above backgrounds) found 
  
à Limits on branching fraction 
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Part 4:     Search for the Higgs Boson  

4th July 2012    A great day for science / particle physics    



 H à γγ   candidate event in the CMS experiment   

Expected number of decays in data for 12 fb-1:      ~     480 H à γγ  
mH = 125 GeV                                                         ~       30 H à ZZ à 4 l  
                                                                                ~   4400 H à WW à lν lν   
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Search for the H à γγ  decay    

•  2 photons (isolated)  with large transverse  
     momenta 
 
•  Mass of the Higgs boson can be reconstructed mγγ 	
	
   Both experiments have a good mass resolution 
   ATLAS:    ~1.7 GeV/c2 for mH ~120 GeV/c2  

•   Both experiments use different γγ categories  
      according to mass resolution  
 
•   Challenges:   
      -  signal-to-background ratio  
         (small, but smooth irreducible γγ   background)  
                            
 
 
      -  reducible backgrounds from γj and jj   
         (several orders of magnitude larger than  
          irreducible one) q 
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Measured γγ  mass spectra 
      

•  Background model: exponential / polynomial function,  
     determined directly from data  (different models have been used à systematics)  
•  Experiments see excess of events around mγγ ~125-126 GeV/c2 
•  Use statistical analysis to quantify excess incl. systematic uncertainties on  
     background and signal modelling 
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Search for the H à ZZ(*) à ℓ+ℓ- ℓ+ℓ- decay    

•  The “golden mode”  
     4 leptons (isolated) with large transverse  
     momenta 
 
•  Mass of the Higgs boson can be reconstructed m4ℓ 	
	
   Both experiments have a good mass resolution 
   ATLAS:    ~2.5 GeV (4e)   for mH ~130 GeV  
                           ~2.0 GeV (4µ)   for mH ~130 GeV  

•  Low signal rate, but also low background: 
     - Mainly from ZZ continuum 
 
 
 
    - In addition from tt and Zbb events:  
       tt → Wb Wb → ℓν cℓν ℓν cℓν	
       Z bb → ℓℓ cℓν cℓν  
        however: leptons are non-isolated and do not 
                       originate from the primary vertex  
 
       rejection possible in excellent LHC tracking detectors  [GeV]eeeem
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4l invariant mass spectra    
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•   Reducible backgrounds from Z+jets, Zbb, tt giving 2 genuine + 2 fake leptons  
      measured using background-enriched, signal-depleted control regions in data 
 
•  Irreducible background from non-resonant continuum ZZ production seem slightly  
    underestimated in NLO Monte Carlo simulation; normalized in high-mass region;  
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Search for H à WW à ℓν ℓν  decay    

•  2 leptons  (e or µ) with large transverse  
     momenta 
 
     Leptons from Higgs decay (spin-0 particle) 
     are expected to have a small angular 
     separation  
 
•  2 neutrinos  
 
     à large missing transverse energy 
 
     à Higgs boson mass cannot be  
          reconstructed, use transverse mass mT 
 
 
•  Highest sensitivity around 160 GeV 

     (nearly 100% H à WW branching ratio)  
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Small probabilities for background-only hypothesis observed for: 
 
ATLAS:     126.0 GeV:          5.9σ         (expected for mH = 126.0 GeV:    5.0 σ)  
 
CMS:        125.3 GeV:   :      5.0σ        (expected for mH = 125.3 GeV:    5.8 σ)  

Test of background-only hypothesis for the combination of 
the γγ, ZZ, WW, ττ and bb  channels 
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Determination of mass and signal strength  

mH = 126.0 ± 0.4 (stat) ± 0.4 (syst) GeV  
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Is it the Standard Model Higgs boson ?  

First indication from the signal strengths in the individual channels, normalized to  
the Standard Model expectations 

)µSignal strength (
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•  Data are consistent with the hypothesis of a Standard Model Higgs boson !   
•  Experimental uncertainties are still too large to get excited about “high” γγ  and 
     “low” fermionic (ττ and bb) signal strength ! 
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Next important steps:  
 
 
-  Updated analyses awaited for the “Hadron Collider Physics” Conference 
     in Kyoto in November  
 
     In particular more complete results from ATLAS on ττ and bb channels  
     expected  
 
-  Maybe first glimpses at spin of the resonance  
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-   A few examples from SUSY  
     searches 
 
-  Some Exotics 
 

Hitoshi Murayama 

Part 5:  Searches for Physics Beyond the Standard Model       
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5.1  Search for Supersymmetry  

•  qq, qg or gg in the initial state à production of coloured  
     SUSY particles is dominant, via strong interaction 

•  Drell-Yan production of sleptons, charginos and neutralinos 
    (lower cross sections) 
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σσ  (pb) 

ΜΜ  (GeV) 

Cross sections for SUSY production processes 

NLO corrections in QCD perturbation theory are known 
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Search for squarks and gluinos  
 

•    If R-parity conserved, cascade decays produce  
    distinctive events:   
 
    multiple jets, leptons, and ET

miss  
 
 

•   Typical selection:  Njet > 4,  ET > 100, 50, 50, 50 GeV,       
                                 ET

miss  > 100 GeV   
 
 
•    Define:                                                              (effective mass)  

example:    mSUGRA,  point SU3 (bulk region)  
m0    = 100 GeV,    m1/2   = 300 GeV  
tan β  = 6,    A0 = -300 GeV,    µ > 0   

  
Monte Carlo 
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Observed and expected   
event numbers (from Standard 
Model processes)  
 
dominant backgrounds:  
-  W/Z + jets 
-  tt production  

Normalized in control regions !  
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What do the data say ?  
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Summary on control of backgrounds using data  
 (control regions, very important !!)     

A: Z + jet events, Z à ee  
     (to estimate Z à νν background,  
     likewise γ + jet events were used) 
     
B:  QCD multijet background  
     (reverse cut on Δφ (jet, ET

miss)  
 
 
 
 
 
C:  W à lν + jet control region 
      (select events with one lepton,  
       30 < MT(l,ET

miss) < 100 GeV,  
       no b-jet to suppress top contribution)   
      
D:   top quark control region  
       (same selection as for W events,  
        but require b-tag)   
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Interpretation of the results in the  
(mgluino, msquark)-plane as 95% C.L. 
exclusion limits in a simplified  
SUSY model:  
 
-   mχ = 0 
 
-  masses of gluinos and of 1st and 2nd  
     generation squarks as given on plot 
 
-  all other SUSY masses are assumed 
     to be decoupled, with masses of 5 TeV 

Large area of mass combinations excluded;  
Limits do not apply to stop / sbottom production  

Results from 2011 data, 4.7 fb-1 
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mSUGRA interpretation 

tan β = 10,   
A0 = 0,  µ > 0 
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MSSM/cMSSM interpretation (for equal squark and gluino masses):   
 
 L = 5.8 fb-1 at  √s = 8 TeV           m(squark), m(gluino)    > 1500 GeV  

mSUGRA interpretation, including 2012 data  

tan β = 10,   
A0 = 0,  µ > 0 
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Looking for “natural” SUSY  

•  Search for stops and sbottoms in gluino decays  
  
     - If other squarks are very heavy, gluino will decay into sbottoms  
       and stops with high branching ratio 
 
 
•   Search for stop and sbottom pair production  
     - to close the loophole that the “gluino is too heavy”  
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Combined stop exclusion  



                         77	

Is SUSY dead ?    
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A. Parker, ICHEP 2012, SUSY summary talk  

•  Under attack from all sides, but not dead yet.  

•  The searches leave little room for SUSY inside the reach of existing data;  
     but interpretations within SUSY models rely on many simplifying assumptions,  
     and so care must be taken when making use of limit plots. 
 
•  Plausible “natural” scenarios still not ruled out;  
     Light stop and/or RPV scenarios have few constraints.  
 
•  There is no reason to give up hope of finding SUSY at the LHC. 



                         78	

5.2  Search for new, high-mass di-lepton resonances  

•   Additional neutral Gauge Boson Z´ •   Randall-Sundrum narrow Graviton 
    resonances decaying to di-lepton 
 
    appear in Extra Dim. Scenarios 

•  Identical final state (two leptons), same analysis, interpretation for different 
theoretical models  

•  Main background process: Drell-Yan production of lepton pairs 

Standard Model  
background process Signal   
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Search for New Resonances in  
High Mass Di-leptons 

Data are consistent with background from SM processes;  
  
No excess observed. 

Di-electron invariant mass Di-muon invariant mass 

Dominant Drell-Yan background  has been normalized in the Z peak region, 70-110 GeV 
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(i)  Sequential Standard Model Z’  
        
       - Z’ has the same couplings to fermions as the Standard Model Z,  
         width of the Z’ increases proportional to its mass 
 
(ii)  Models based on the E6 grand unified symmetry group 
 
       -  Broken into SU(5) and two additional U(1) groups, leading to two  
          new neutral gauge fields, denoted  Ψ and χ.  
          The particles associated with the additional fields can mix to form  
          the Z’ candidates 
         
          Z’ = Z’Ψ cos θE6  + Z’X sin θE6  
 
      -  The pattern of symmetry breaking and the value of θE6 determine the 
          Z’ couplings to fermions 
          (several choices are considered)   

Z’ models used in the interpretation  
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Summary of 95% C.L. SSM exclusion limits from various experiments: 

95% C.L. limits 
(SM couplings) 

ee µµ	
 

ll 
combined 

CDF / D0         5.3 fb-1      √s = 1.96 TeV 

ATLAS       5.9 / 6.1 fb-1     √s = 8 TeV 

CMS              4.1 fb-1            √s = 8 TeV  

 
2.39 TeV 

 

 

. 2.19 TeV  
  1.07 TeV  
2.49 TeV 

  2.59 TeV  

Interpretation in the SSM and E6 models:  

Resulting mass limits:  ee + µµ	
95% C.L. 
 
Sequential SM:  mZ’ > 2.49 TeV 
E6 models:         mZ’ > 2.09 – 2.24 TeV 
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Interpretation in the Randall-Sundrum models:   Graviton resonances: G à ll 
                                                                             (Kaluza-Klein modes)  

Limits as a function of the coupling strength k/M’Pl   
 
k : = space-time curvature in the extra dimension  
M’Pl  = MPl / √8π   (reduced Planck scale) 

Resulting mass limits:  ee + µµ	
95% C.L. 
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•  W’: additional charged heavy vector boson 

•  Appears in theories based on the extension of the gauge group  
      e.g. Left-right symmetric models: SU(2)R  WR 
 

•  Assume ν from W’ decay to be light and stable,  and W’ to have the 
same couplings as in the SM (“Sequential Standard Model, SSM”)  

 

Search for W’ → lν  

Signature:  high pT electron + high Et
miss 

 

→  peak in transverse mass distribution 
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Search for New Resonances in  
High Mass lν events (W’) 

Data are consistent with background from SM processes. No excess observed. 

Transverse mass (e, ET
miss) Transverse mass (µ, ET

miss) 
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Summary of 95% C.L. SSM exclusion 
limits from ATLAS and CMS 

95% C.L. limits 
(SM couplings) 

ll 
combined 

 ATLAS          4.7 fb-1   √s = 7 TeV  

CMS              3.7 fb-1   √s = 8 TeV  
2.55 TeV 

    2.85 TeV     

Interpretation in the Sequential SM  

 [GeV]W’ m

500 1000 1500 2000 2500 3000

 B
 [
p
b
]

σ 

-3
10

-210

-110

1

NNLO theory

Observed limit

Expected  limit

σ 1±Expected 

σ 2±Expected 

 = 7 TeV,s ∫
-1

 = 7 TeV,    Ldt = 4.7 fbs

ν l →W’ 

ATLAS

 [GeV]W’ m

500 1000 1500 2000 2500 3000

S
S

M
σ/

lim
it

σ 

-310

-210

-110

1

10

ATLAS

ν l→W’ 

 = 7 TeVs
-1

  L dt = 4.7 fb∫

CDF
-1ATLAS 1 fb

-1CMS 5 fb



                         86	

Summary of results on searches for Physics Beyond the 
Standard Model in ATLAS in ATLAS 

Mass scale [TeV]
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L
±± (DY prod., BR(HL
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,WZT
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µ
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)
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 (dilepton, M0A0 tt + ATop partner : TT Zb

m Zb+X, New quark b’ : b’b’
 WtWt)5/3T

5/3
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 WbWb generation : t’t’th4
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jj=1) : kin. vars. in eejj, eScalar LQ pairs (
µT,e/mW* : 
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R
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µT,e/mW’ (SSM) : 
mZ’ (SSM) : 
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m combined, µµqqll CI : ee, 

)
jj

m(qqqq contact interaction : 
)jjm(Quantum black hole : dijet, F T
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Scalar resonance mass1.94 TeV , 7 TeV [ATLAS-CONF-2012-038]-1=4.8 fbL

 massL
±±H355 GeV , 7 TeV [1201.1091]-1=1.6 fbL

(N) < 1.4 TeV)m mass (RW2.4 TeV , 7 TeV [1203.5420]-1=2.1 fbL

) = 2 TeV)
R

(WmN mass (1.5 TeV , 7 TeV [1203.5420]-1=2.1 fbL

))
T

(m) = 1.1 
T

(am, Wm) + T(m) = 
T

(m mass (
T483 GeV , 7 TeV [1204.1648]-1=1.0 fbL

)
W

) = MT(m) - T/
T

(m mass (T/
T850 GeV , 7 TeV [1209.2535]-1=4.9-5.0 fbL

*))µ = m(* mass (µ1.9 TeV , 7 TeV [ATLAS-CONF-2012-008]-1=4.8 fbL

 = m(e*))e* mass (2.0 TeV , 7 TeV [ATLAS-CONF-2012-008]-1=4.9 fbL

q* mass3.66 TeV , 8 TeV [ATLAS-CONF-2012-088]-1=5.8 fbL

q* mass2.46 TeV , 7 TeV [1112.3580]-1=2.1 fbL

)Q/m = qQVLQ mass (charge 2/3, coupling 1.08 TeV , 7 TeV [ATLAS-CONF-2012-137]-1=4.6 fbL

)Q/m = qQVLQ mass (charge -1/3, coupling 1.12 TeV , 7 TeV [ATLAS-CONF-2012-137]-1=4.6 fbL

) < 100 GeV)
0

(AmT mass (483 GeV , 7 TeV [1209.4186]-1=4.7 fbL

b’ mass400 GeV , 7 TeV [1204.1265]-1=2.0 fbL

) mass
5/3

b’ (T670 GeV , 7 TeV [ATLAS-CONF-2012-130]-1=4.7 fbL

t’ mass656 GeV , 7 TeV [Preliminary]-1=4.7 fbL

 gen. LQ massnd2685 GeV , 7 TeV [1203.3172]-1=1.0 fbL

 gen. LQ massst1660 GeV , 7 TeV [1112.4828]-1=1.0 fbL

W* mass2.42 TeV , 7 TeV [1209.4446]-1=4.7 fbL

W’ mass1.13 TeV , 7 TeV [1205.1016]-1=1.0 fbL

W’ mass350 GeV , 7 TeV [CONF-2012-096]-1=4.7 fbL

W’ mass2.55 TeV , 7 TeV [1209.4446]-1=4.7 fbL

Z’ mass1.3 TeV , 7 TeV [ATLAS-CONF-2012-067]-1=4.7 fbL

Z’ mass2.49 TeV , 8 TeV [ATLAS-CONF-2012-129]-1=5.9-6.1 fbL

1.7 TeV , 7 TeV [1202.5520]-1=1.0 fbL

 (constructive int.)10.2 TeV , 7 TeV [1112.4462]-1=1.1-1.2 fbL

7.8 TeV , 7 TeV [ATLAS-CONF-2012-038]-1=4.8 fbL

=6) (DM4.11 TeV , 7 TeV [ATLAS-CONF-2012-038]-1=4.7 fbL

=6) (DM1.5 TeV , 7 TeV [1204.4646]-1=1.0 fbL

=6) (DM1.25 TeV , 7 TeV [1111.0080]-1=1.3 fbL

KK gluon mass1.9 TeV , 7 TeV [ATLAS-CONF-2012-136]-1=4.7 fbL

Graviton mass1.23 TeV , 7 TeV [1208.2880]-1=4.7 fbL

Graviton mass845 GeV , 7 TeV [1203.0718]-1=1.0 fbL

Graviton mass2.16 TeV , 7 TeV [1209.2535]-1=4.9-5.0 fbL

Graviton mass2.06 TeV , 7 TeV [ATLAS-CONF-2012-087]-1=4.9 fbL

Compact. scale 1/R1.41 TeV , 7 TeV [ATLAS-CONF-2012-072]-1=4.8 fbL

 (GRW cut-off, NLO)SM3.29 TeV , 7 TeV [ATLAS-CONF-2012-087]-1=4.9 fbL

=2) (DM1.93 TeV , 7 TeV [1209.4625]-1=4.6 fbL

=2) (DM3.39 TeV , 7 TeV [ATLAS-CONF-2011-096]-1=1.0 fbL

Only a selection of the available mass limits on new states or phenomena shown*

-1 = (1.0 - 6.1) fbLdt

 = 7, 8 TeVs

ATLAS
Preliminary

ATLAS Exotics Searches* - 95% CL Lower Limits (Status: LHCC, Sep 2012)
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 Summary of the lectures  

•  After a long way of design, construction, installation, commissioning of both 
    machine and experiments the LHC had an excellent start in 2010  
 
•  The performance of the accelerator and the experiments is superb;  
     (In 2012: an integrated luminosity  > 14 fb-1 already)  
 
•  The Standard Model has been established, all relevant processes measured;  
     In many areas measurements have reached the precision phase 
 
•  A new boson has been discovered with a mass around 126 GeV;  
     Exiting analyses ahead of us to understand the nature of this new particle 
 
•  So far: no deviations from the Standard Model seen, but the LHC potential  
    has by far not yet been fully exploited !    


