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The LHC proton-proton Physics Programme 

1.   Mass and electroweak symmetry breaking 
―  Search for the Higgs Boson, measurement of its properties 

2.   Hierarchy in the TeV domain  

―  Search for new phenomena moderating the hierarchy problem 

―  Search for the unexpected at the high-energy frontier 

3.   Electroweak unification and strong interactions  

―  Precision measurements (MW, mtop) and tests of the Standard Model 

―  Tests of perturbative QCD at the high-energy frontier 

4.   Flavour  

―  B, D mixing, rare decays and CP violation as tests of the Standard Model 
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Most results shown still based on 2010 dataset of 35–43 pb–1 
luminosity, though more and more analyses updated to 2011 
à EPS, LP ! 

Almost all search analyses require data-driven estimates of 
backgrounds from data control regions and transfer functions 
using simulation à this is the primary analysis challenge! 

These estimates rely on pioneering Standard Model 
measurements in ATLAS and accurate preparation work     
by the ATLAS physics objects and trigger groups. 

Full list of ATLAS results: http://twiki.cern.ch/twiki/bin/view/AtlasPublic  
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ATLAS 

CMS 

ALICE 

LHCb 

m
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The LHC at CERN 

4 large experiments: ATLAS, CMS, LHCb, ALICE 
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Toroid Magnets    Solenoid Magnet    SCT Tracker     Pixel Detector    TRT Tracker 

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 

All ATLAS subdetectors work well 
•  Coverage 96.9-100% 
•  On April 30th lost 0.4% of LAr 

barrel EM: hope to recover during 
technical stop in early July 
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Recorded Luminosity in 2010 and 2011 
Measured with forward detectors, calibrated with beam separation scans 
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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  (β* = 3.5 m) 

Max Ncoll-bunch = 348 (Δt = 150 ns)  

Difference between del. and rec. luminosity from 
trigger deadtime and detector inefficiency  

ATLAS integrated luminosity 2011 

Peak L = 1.3×1033 s–1cm–2 

Max L / fill = 62 pb–1 (β* = 1.5 m) 

Max Ncoll-bunch = 1318 (Δt = 50 ns)  

Status: 27 June 2011 

Surpassed 
Tevatron 
record of 
4.1 1032  

95.8% data-taking efficiency  
•  Loose 1.6% at turn-on at start of stable beams 
•  Loose 2.6% due to deadtime 
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Recorded Luminosity in 2010 and 2011 
Measured with forward detectors, calibrated with beam separation scans 
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LHC Delivered

ATLAS Recorded

-1Total Delivered: 1.18 fb
-1Total Recorded: 1.13 fb

ATLAS integrated luminosity 2011 

Peak L = 1.3×1033 s–1cm–2 

Max L / fill = 62 pb–1 (β* = 1.5 m) 

Max Ncoll-bunch = 1318 (Δt = 50 ns)  

Status: 27 June 2011 

Surpassed 
Tevatron 
record of 
4.1 1032  

95.8% data-taking efficiency  
•  Loose 1.6% at turn-on at start of stable beams 
•  Loose 2.6% due to deadtime 

1033 cm–2s–1 instantaneous luminosity corresponds 
to an integrated luminosity of 3.6 pb–1 per hour 

à 1.8 fb–1 per month (assuming design 70% LHC 
efficiency for physics – not presently achieved) 
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Pileup 
The high luminosity comes to the price of multiple interactions per crossing 

arXiv:1101.2185 

Pileup in 2011 is on average <µ>=6 
interactions per crossing 

•  Significantly higher than 2010 
•  Tails up to 14 interactions per 

crossing 

Causes challenge for physics analyses 
and software 

•  Detailed simulation models both 
the <µ> and the bunch train 
structure (detailed enough ?) 

•  Software performance improved to 
accommodate Tier-0 resources 
(reco time 11–13s/event) 

•  Physics performance reasonably 
unaffected 

Luminosity-weighted distribution of the mean 
number of interactions per crossing for 2011 
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A candidate Z 
boson event in 
the dimuon 
decay with 11 
reconstructed 
vertices 
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Trigger 
Higher thresholds in 2011 than in 2010 

Trigger menu kept stable 

•  Primary triggers never prescaled 

•  Supplemented by supporting and 
monitoring triggers 

Typical output rates: 

•  L1: 60 kHz, L2: 5 kHz, EF: 300-400 Hz 

•  EF output rate constrained by offline 
resources 

•  Can predict rates with ~20% accuracy 

Performance of trigger well understood 

Unprescaled trigger rates at L=1×1033 cm–2s–1 

trigger	
   L1	
  item	
   L1	
  Rate	
  
(Hz)	
  

EF	
  Rate	
  
(Hz)	
  

E20_medium	
   EM14	
   8500	
   50	
  

2e12_medium	
   2EM7	
   5700	
   1	
  

g80_loose	
   EM30	
   700	
   3	
  

2g20_loose	
   2EM14	
   750	
   2	
  

mu18	
   MU10	
   5300	
   40	
  

2mu10	
   2MU10	
   100	
   1	
  

xe60	
   XE40	
   300	
   4	
  

J180	
  	
   J75	
   200	
   6	
  

Tau29medium_xe35	
   TAU11_XE20	
   3800	
   6	
  

Tau16_e15	
   TAU6_EM10	
   7500	
   6	
  

J75_xe45	
   J50_XE20	
   500	
   10	
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Electroweak and QCD measurements 
Lots of truly novel results at unexplored centre-of-mass energies 
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Summary of EW boson and top cross section measurements vs. theory 

6.2σ observation 
σt = 76      pb 
(SM: 66.2 pb) 

ATLAS-CONF-2011-088 
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Higgs boson searches 
Standard Model and Beyond 

  

σ q ʹ′q →W Z +H( ) ~ 10

σ gg → H( ) ~ 40 − 50

⎫
⎬
⎪

⎭⎪
× larger at LHC than Tevtron

mass 

σM=120 = 16.6 pb (87%) σM=120 = 1.3 pb (7%) σM=120 = 1.0 pb (5%) [ arXiv:1101.0593 ] 
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Theoretical and indirect exp. Higgs constraints 
The Higgs boson should be light but not too light… 

Allowed Not allowed 

The SM Higgs must steer a narrow course 
between two disastrous situations if it is to 
survive up to the Planck scale MP ~ 2×1018 GeV 
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Jun 11

J. Ellis et al., arXiv:0906.0954 

Perturbativity and (meta)stability bounds 
versus the SM cut-off scale Λ	

 EW fit not including direct Higgs searches 

Central value ±1σ:  
95% CL upper limit: 169 GeV 

  MH = 96 −24
 +31  GeV

http://cern.ch/gfitter 
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Theoretical and indirect exp. Higgs constraints 
The Higgs boson should be light but not too light… 

Allowed Not allowed 
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Higgs mass constraint in SM extensions 
With sufficient weak isospin violation, Higgs can become heavy 

http://cern.ch/gfitter 
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Higgs Searches at the LHC 
Dependence of the branching fractions on MH 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 
Associated leptons provide trigger signal as they help to 
reduce huge QCD background, σ(bb) ~ O(100 µb)  

  ΓLO(H → ff )∝NCMHmf
2

  Γ(H →VV )

  Γ(H →γγ )

  
∝α 2 ⋅MH

3 ⋅ NCQt
2At

H + AW
H 2

  ∝MH
3 ×1V =Z 2V =W
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Clean discovery channel for light Higgs: σ × BR (115 / 140 GeV | √s=7 TeV )  ≈ 45 / 28 fb 
Select tight & isolated high-pT photons; need excellent Eγ resolution, efficient & pure PID, primary vertex	



ATLAS-CONF-2011-085 

Total background shape and normalisation determined simultaneous with signal 
Higgs signal would manifest itself as narrow peak [ syst. error on signal yield ~ 24% ]  
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Clean discovery channel for light Higgs: σ × BR (115 / 140 GeV | √s=7 TeV )  ≈ 45 / 28 fb 
Select tight & isolated high-pT photons; need excellent Eγ resolution, efficient & pure PID, primary vertex	



ATLAS-CONF-2011-085 
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Total background shape and normalisation determined simultaneous with signal 
Higgs signal would manifest itself as narrow peak [ syst. error on signal yield ~ 24% ]  
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Very clean channel, low BR: σ × BR (140 / 200 / 600 GeV | √s=7 TeV ) ≈ 4.2 / 6.8 / 0.5 fb 
Signal selection: pT  > 15e / 7µ GeV, isolated leptons, M(1,2) ~ MZ, M(3,4) >15–60 GeV (M4l - dependent)  

Backgrounds: 

   tt →WbWb→ ν  cν  ν  cν

Top production 

   Zbb→  cν  cν

Also: associated Zbb  production 

Reject by requiring leptons to be isolated 
and to match primary vertex 

Dominant background after isolation 
cuts: ZZ(*) continuum 

 (GeV)4lM
100 150 200 250 300 350 400 450 500 550 600

Ev
en

ts
/(1

00
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llllZZH
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ZZ
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 PreliminaryATLAS

4-lepton mass distribution before applying lepton IP and isolation cuts 

ATLAS-CONF-2011-048 

MH = 130 GeV MH = 150 GeV 

Observed 0 0 
Background 0.010 ± 0.002 0.090 ± 0.014 

Signal	
   0.015 ± 0.003 0.095 ± 0.017 
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Benefit for MH > 200 GeV from 3 times larger Z → νν BR 
Higgs to 4 leptons transverse mass reconstruction from leptons and ET,miss vector 

Backgrounds: 

Top production: veto b-jets 

Also: W + jets and diboson production 

Verify MC background yields with dedicted 
control regions 

Z + jets: require large ET,miss and veto 
back-to-back leptons 

ATLAS-CONF-2011-026 

MH = 200 GeV MH = 400 GeV 

Observed 5 5 
Background 5.8 ± 1.4 3.5 ± 0.9 

Signal	
   0.19 ± 0.04 0.30 ± 0.06 

11nosoBsggiHledoMdradnatSehtrofhcraeS:noitaroballocSALTA
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Fig. 7. Distribution of missing transverse energy in the H
ZZ search in the electron channel before vetoing events
with low E miss

T . The expected yield for a Higgs boson with
mH = 400 GeV is also shown.

in the signal region for channel l is given by:627

N exp
l = µL σ l

i

(1 + s
li δi ) +

j

bjl
i

(1 + b
j l i δi ) (2)

for luminosity L , Standard Model cross sections σl (in-628

cluding e!ciencies and acceptances), and expected back-629

grounds bjl . Background estimates bjl may come from ei-630

ther Monte Carlo simulations or from control regions in631

which the expected number of events in the control re-632

gion, n̄jl , is proportional to the expected background, via633

bjl = α jl n̄jl . Given the number of observed events in the634

signal region N obs
l , the likelihood function can be written635

as:636

L l = Pois( N obs
l |N exp

l )
j l

Pois( njl |n̄jl ) ×
i

G (mi |δi , 1)

where njl are the observed numbers of background events637

in the control regions and Pois( x |y) is the Poisson proba-638

bility of observing x events given an expectation y.639

The combined likelihood is given by the product of the640

individual likelihoods for each channel:641

L =
l

L l ,

where l is implicitly an index over the individual histogram642

bins within the channels that used a binned distribution643

of a discriminating variable.644

The pro"le likelihood ratio645

λ̃ (µ) =
L (µ, ˆ̂θ(µ ))
L ( µ̂, θ̂)

, µ̂ ≥ 0,
L (µ, ˆ̂θ(µ ))

L (0 , ˆ̂θ(0))
, µ̂ < 0,

(3)

is computed by maximising the likelihood function twice: 646

in the numerator µ, the ratio of the hypothesised cross 647

section to the expected Standard Model cross section, is 648

restricted to a particular value and in the denominator µ 649

is allowed to #oat. The set of all nuisance parameters δi 650

and n̄jl is denoted θ. The maximum likelihood estimates 651

of µ and θ are denoted µ̂ and θ̂, while ˆ̂θ(µ) denotes the 652

conditional maximum likelihood estimate of all nuisance 653

parameters with µ "xed. In this analysis the range of µ 654

is restricted to the physically meaningful regime, i.e. it is 655

not allowed to be negative. The test statistic ˜qµ is de"ned 656

to be 657

q̃µ = − 2 ln λ̃ (µ) , µ̂ ≤ µ,
0, µ̂ > µ,

=
− 2 ln L (µ, ˆ̂θ(µ ))

L (0 , ˆ̂θ(0))
, µ̂ < 0,

− 2 ln L (µ, ˆ̂θ(µ ))
L ( µ̂, θ̂)

, 0 ≤ µ̂ ≤ µ,
0, µ̂ > µ.

(4)

Monte Carlo pseudo-experiments are generated to con- 658

struct the probability density function f ( q̃µ |µ,
ˆ̂θ(µ)) under 659

an assumed signal strength µ, giving a p-value 660

pµ =
∞

q̃µ,obs
f ( q̃µ |µ,

ˆ̂θ(µ q̃d)) µ . (5)

To "nd the upper limit on µ at 95% con"dence level, µup , 661

µ is varied to "nd pµ up = 5%. Similarly, background-only 662

Monte Carlo pseudo-experiments are used to "nd the me- 663

dian µmed along with the ± 1σ and +2 σ bands expected in 664

the absence of a signal. To protect against excluding the 665

(signal) null hypothesis in cases of downward #uctuations 666

of the background, the observed limit is not allowed to 667

#uctuate below the − 1σ expected limit. This is equivalent 668

to restricting the interval to cases in which the statistical 669

power of the test ofµ against the alternative µ = 0 to be at 670

least 16%. This is referred to as a power constrained limit. 671

If the observed limit #uctuates below the 16% power, the 672

quoted limit is µmed − 1σ. 673

8 Systematic uncertainties in the combination 674

The systematic uncertainty related to the luminosity is 675

± 3.4% [15] and is fully correlated among all channels. It 676

a$ects background estimates that are normalised to their 677

theoretical cross sections; for most channels this is only 678

true for backgrounds that are known to be small. In the 679

H ZZ and H ZZ channels ma- 680

jor backgrounds are normalised to their theoretical cross 681

sections, but in the latter case this is only done after com- 682

paring with control regions. 683

Sources of systematic uncertainty related to the event 684

reconstruction are correlated between all Higgs boson search 685

channels. For example, the uncertainty on the e!ciency 686

to reconstruct electrons varies between 2.5% and 16% ac- 687

cording to the di$erent kinematic regions and selections 688

Similarly powerful for MH > 400 GeV : H → ZZ → 2l + qq mode [ also included in analysis ] 
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   pp → H + X →W +W − + X → +ν−ν + X : leptons + ET
miss  + small Δφ

H	
  
μ+	
  

ν	
  
W–	
  

W+	
  

e–	
  

ν	
  

W–	
  

W+	
  

W polarisation: correlated lepton emission 
Dilepton opening angle is discriminant 

proton 

proton _	
  

No clean channel but large σ × BR (120 / 165 / 200 GeV | √s=7 TeV )  ≈ 120 / 400 / 200 fb 
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 

ATLAS-CONF-2011-005 

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



Power-constrained* limits (PCL) computed from CLs+b of test statistics using toy MC  

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

*Fluctuations below –1σ wrt. median of expected limits are not allowed 
Corresponding CLs limits provide reduced exclusion (overcoverage)  
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Exclusion CL 

Significance 

Combination using 
maximum likelihood fit 
taking into account 
correlated nuisance 
parameters 

Uncertainty on cross 
section included in SM 
expectation	



Power-constrained* limits (PCL) computed from CLs+b of test statistics using toy MC  

*Fluctuations below –1σ wrt. median of expected limits are not allowed 
Corresponding CLs limits provide reduced exclusion (overcoverage) 

ATLAS combination of individual channels for 2010 data 
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Exclusion CL 

Significance 

95% CL exclusion of 140 < MH < 185 GeV in SM4 

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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Constraints on Higgs mass 
Combining direct Higgs searches with EW fit 
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Constraints on other observables 
Combining direct Higgs searches with EW fit to predict precision observables 

http://cern.ch/gfitter 

Central value ±1σ:  mt = (176.8 ± 3.3) GeV 
Direct measurement:  mt = (173.3 ± 1.1) GeV 
From cross section:  mt = (167.5         ) GeV 
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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 (52% BR), require ET,miss > 20 GeV and low MT	



We also searched for CP-odd NMSSM Higgs a1 → µµ for masses 6–9, 11–12 GeV à 95% CL limits O(250 pb)    
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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.
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+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
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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
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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
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boson signal is observed in the reconstructed mass spectra.496
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In contrast to the SM case, where the Higgs mass is a free input parameter, calculations of Higgs-
boson production and decay processes in the MSSM require as a rst step the evaluation of the Higgs-
boson masses and mixing contributions in terms of M A , tan β, and all other SUSY parameters that
enter via radiative corrections. The mixing between the CP-even states h and H (in the approximation
where CP-violating effects are neglected; in general mixing between h, H , and A has to be considered)
must be taken into account correctly in order to ensure the correct on-shell properties of the Higgs elds
appearing in the S -matrix elements of Higgs-boson production or decay processes.

Two dedicated codes exist for calculating the Higgs-boson masses and mixing contributions in
terms of the MSSM input parameters, FEYNHIGGS [148–151] and CPSUPERH [152, 153], which in-
corporate higher-order corrections in the MSSM Higgs sector up to the two-loop level. In the case of
real parameters a more complete set of higher-order corrections is included in FEYNHIGGS. We will
therefore use FEYNHIGGS for evaluating the Higgs-boson masses and effective couplings in the MSSM.
We have performed a comparison between the predictions of FEYNHIGGS and CPSUPERH (using an ap-
propriate parameter transformation to take account of the different renormalization schemes used in the
calculations incorporated in the two codes) in themmax

h and no-mixing benchmark scenarios [147,154].
We have found in general good agreement, with deviations in the prediction of the lightest MSSM Higgs
mass, M h , of O (1) GeV, and deviations of up to 10% in the effective mixing angle of the neutral CP -
even Higgs sector for large values of tan β. The deviations can nevertheless be relevant in the parameter
regions that are tested rst by the LHC: relatively low M A and large tan β. A numerical comparison
of FEYNHIGGS and CPSUPERH with the program HDECAY [64, 155, 156], which performs the cal-
culation of Higgs-boson masses and mixings in the MSSM using a less complete set of higher-order
corrections, is in progress.

In making predictions for Higgs-boson production or decay processes in the MSSM one has to
face the fact that certain types of higher-order corrections have only been calculated in the SM case
up to now, while their counterpart for the case of the MSSM is not yet available. Instead of starting
from dedicated MSSM calculations for Higgs cross sections or decay widths, which treat higher-order
corrections of SM-type and SUSY-type on the same footing but may be lacking the most up-to-date
SM-type corrections, it can be advantageous to start from SM-type processes including the relevant
higher-order corrections and to dress suitable building blocks with appropriate MSSM coupling factors
(using also the MSSM predictions for the Higgs masses). For the numerical results presented below on
MSSM Higgs production in gluon fusion and in association with bottom quarks we have followed the
latter approach, as explained in more detail below.

6.2 Overview about the most relevant MSSM Higgs production processes
The dominant neutral MSSM Higgs production mechanisms for small and moderate values of tan β are
the gluon-fusion processes (see Fig. 14)

gg h, H , A

which are mediated predominantly by top and bottom loops as in the SM case, but in addition by stop

h, H , At , b, t , b

g

g

Fig. 14: Typical diagram contributing to gg h, H , A at lowest order.

and sbottom loops for the scalar Higgs bosons h, H , if the squarks are light [157]. The NLO QCD

45

Preliminary 

Preliminary 

h, Hq

q

W , Z

W , Z

Fig. 16: Diagram contributing to qq V V + h /H (V = W , Z) at lowest order.

Higgs-boson radiation off top quarks [113–117] (see Fig. 17)

qq/gg tt + h /H /A

plays a signi cant role at the LHC for the light scalar Higgs particle only. The NLO QCD corrections
are the same as for the SM Higgs boson with modi ed top and bottom Yukawa couplings and are thus of
moderate size [122–125]. The SUSY QCD corrections have been computed recently [187–190]. They
are of moderate size, too.

h, H , A

q

q

g

b

b

h, H , A

g

g

t/b

t /b

Fig. 17: Typical diagrams contributing to qq/gg QQ̄ + h /H /A ( Q = t , b) at lowest order.

For large values of tan β Higgs-boson radiation off bottom quarks [113–117] (see Fig. 17)

qq/gg bb + h /H /A

constitute the dominant Higgs-boson production processes. The NLO QCD corrections can be taken
from the analogous calculation involving top quarks. However, they turn out to be large [191, 192]. The
main reason is that the integration over the transverse momenta of the nal-state bottom quarks generates
large logarithmic contributions. The resummation of the latter can be established by the introduction of
bottom-quark densities in the proton, since the large logarithms correspond to the DGLAP evolution of
these densities. Their DGLAP evolution resums them. This leads to an approximate approach starting
from the process [193] (see Fig. 18a)

bb h/H /A

at LO, where the transverse momenta of the incoming bottom quarks, their masses and their off-shellness
are neglected at LO. The NLO [194, 195] and NNLO [196] QCD corrections to these bottom-initiated
processes are known and of moderate size, if the running bottom Yukawa coupling is introduced at
the scale of the corresponding Higgs-boson mass. At NNLO the full process gg bb + h /H /A
(see Fig. 18b) contributes to the real corrections for the rst time. The fully exclusive gg bb +
h/H /A process, calculated with four active parton avours in a four- avour scheme (4FS), and the result,
calculated with ve active parton avours in the ve- avour scheme (5FS), will converge against the
same value at higher perturbative orders. Reasonable agreement between the NLO 4FS and NNLO 5FS is

47
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Supersymmetry searches 
SUSY searches also sensitive to many other new physics scenarios (and vice versa) 

Spin 0 Spin 1/2 Spin 1 

 

q 

h0, H0, A0, H± 

γ, Z0, W±  

ga 

SM 

SUSY 

Gauge-mixed physical states that propagate in space and 
time and can be observed 

+ gravitino (S=3/2) 
and graviton (S=2) 

hierarchy 
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  χ1
0

“Typical” SUSY decay 
chain at the LHC 

2 LSPs escapes detection    
à  missing ET 

  q   → ...+ χ1
0

   σ ( g g) > σ ( q g) > σ ( q q)

   for m( g) < 800 GeV

R-parity conserving SUSY can cascade into high-pT jets + leptons + ET,miss 

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

Typical LSP is spin-½ neutralino, linear combination of gauginos                        
(typically mixture of photino and zino); LSP could also be gravitino 
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Channel Signature Main backgrounds 
Monojet + ET,miss ≥ 1 jet, large ET,miss W / Z(νν) + jets, top, QCD 

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 
(*) meff = ET,miss + ΣpT,jets 

(**) Large mixing scenario can give light sbottom, stop with:       g →
b1b,  g → t1t

arXiv:1102.5290, arXiv:1102.2357, arXiv:1103.6214, arXiv:1103.6208, ATLAS-CONF-2011-039, arXiv:1103.4344 

Incomplete list 

ATLAS monojet paper out today (arxiv:1106.5327) 
à  Discussion of ATLAS and CMS monojet analyses by David Berge this week  
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•  Data-driven background determination using background-enhanced control regions (anti-cuts)  
•  Extrapolation into signal region(s) using MC (include systematic errors in transfer functions) 
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gives best sensitivity 
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Exclusion CL 

Significance 

No signal evidence found à exclusion limits using CMSSM and simplified models 

In CMSSM: combined     
0 + 1-lepton analysis 
achieves best sensitivity 

ATLAS-CONF-2011-064 

b-jet analysis competitive 
for large tanβ	



Power-constrained* limits (PCL) computed from CLPCL of test statistics using toy MC  
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*Fluctuations below –1σ wrt. median of expected limits are not allowed 
Corresponding CLs limits provide reduced exclusion (overcoverage) 
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•  0/1-lepton analyses updated for PLHC with improved signal regions (2+, 3+, 4+ jets) 
•  Raised Meff cut to 1 TeV in 0-lepton analysis (previously: 500 GeV) 
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Event with 1.5 TeV effective mass and 550 GeV missing transverse energy 
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Exclusion CL 

Significance 

0/1-lepton analyses updated for PLHC with improved signal regions (2+, 3+, 4+ jets) 
Raised meff cut to 1000 GeV in 0-lepton analysis (previously: 500 GeV) to optimise reach for increased statistics 

ATLAS-CONF-2011-090 

0-lepton limits on PhenoGrid and CMSSM combining all signal regions 

ATLAS-CONF-2011-086 
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   m( q) = m( g) >1.0 TeV (95% CL)
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Significance 

Limits in simplified models (“Pheno-grids”) 
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Useful to assess signature-driven performance,  
and to discover holes in search strategy  

Simplified models compendium: arXiv:1105.2838 

95% CL upper 
limits on σ × BR 
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Inclusive search with 2 photons and ET,miss	


Sensitive to gauge-mediated SUSY breaking and also UED models 

Preliminary 

(**) LKP γ* → γ + G (UED embedded in in eV–1 sized EDs) 

Cut ET,miss > 125 GeV sets 95% CLs limits: 
GGM gluino mass(*) > 560 GeV; UED compactification scale(**): 1/RUED > 960 GeV  

(**) In GMSB:                    , giving γγ + ET,miss signature    

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 
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arXiv:1103.1984 

Search for stable squarks and gluinos [ τ ~ O(100–1000) sec ] 
Hadronize to e-neutral or charged colour-singlet R-hadrons:     gg, gu ʹ′d , td, ...

Detection of charged R-hadrons through specific ionisation loss and time-of-flight 
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à 95% CL: sbottom R-hadrons > 294 GeV; stop > 309 GeV; gluino > 562–586 GeV   

Trigger:  
ET,miss > 40 GeV	
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arXiv:1106.4495 

Search for long-lived particles reaching muons system 
Search for GMSB staus (“heavy muons”) and R-hadrons, ID and calo also used  

Detection of slow massive particles through time-of-flight à β (mass)  
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 Measured mass and R-hadron scenarios 

Exclude stable 
staus of 136 GeV 
in GMSB 
benchmark model 

Exclude R-hadrons 
(depending on 
scattering model 
and gluino-ball 
fraction) up to       
544 GeV 

Model-dependent 
limits: 
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arXiv:1103.5559 

R-parity violating SUSY: single sparticles, LFV, no ET,miss  
Consider:                                      , search for high mass eµ signature 

Limits on RPV coupling: at 95% CL exclude:  
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ATLAS-CONF-2011-076 

Lepton-jets from dark photon decays to lepton pairs 
Hidden sector, weakly coupled to SM, allows for new light (GeV scale) boson 

Production of 2 lepton-jets from squark pairs  
•  dark photon gd decays to lepton pairs 
•  dark fermion fd (“darkino”) escapes undetected 

1 Introduction

Several recent observations of abundances of cosmic electrons and positrons [1–3] have reported unex-
pected large rates. Signals from some direct dark matter detection experiments [4, 5] also show unex-
plained excesses over backgrounds. A new, light (GeV-scale), boson in a hidden sector weakly-coupled
to the Standard Model (SM) has been proposed to explain these anomalies [6]. At high-energy colliders,
the phenomenology of such models has been studied extensively [7–11]. In general the proposed new
boson (the dark photon,γd) has a mass less than 2 GeV (to prevent decays to protons), decays into SM
fermion pairs, and in many models decays promptly.

Figure 1: A Feynman diagram demonstrating one of the production mechanisms o! epton-jets from
squark pairs. The lightest supersymmetric particle (shown here asÑ1) decays to a dark photon (γd) that
produces a pair o! eptons, and a dark fermion (fd) (carrying SUSY R-parity) that escapes undetected but
may radiate extra dark photons.

These new proposals have a dramatic impact on SUSY signatures at high-energy colliders since the
Lightest Supersymmetric Particle (LSP) is no longer stable with R-parity conservation. Instead, it is
allowed to decay into the dark sector, producing a dark photon and a dark fermion (carrying SUSY
R-parity), both of which have GeV-scale mass (see Figure 1). As the hidden sector particles are light
compared to the squark masses, they are boosted and their decays result in jets of tightly collimated
particles from theγd. In the case where the dark boson massma < 2 ·m(π± ) such jets consist exclusively
o! eptons. Even for higherγd masses, the lepton content of the jets is high, so we will also refer to them
as lepton-jets. Every SUSY event in this scenario will have at least two tightly collimated lepton-jets, as
well as signi"cant missing transverse energy (E miss

T ) from the dark fermion. Searches for this "nal state
were performed by DØ [12], and more recently by CMS [13]. Dark photons could be produced by a
number of processes, such as electrowino pair-production or rare non-SMZ decays. We investigate here
the pair-production of squarks/gluinos, which each cascade-decay to a LSP plus a jet, because the cross-
section is large with respect to other possible processes if the squarks/gluinos are light enough. But we
do not apply any requirements on theE miss

T in this analysis, since other lepton-jet production processes
could have littleE miss

T .
Radiation of dark photons from the dark fermion may produce more soft leptons [7], thus increasing

the lepton multiplicities. (In closely related models, dark radiation could also come from a dark Higgs
boson, or even the dark photon itself.) The amount of radiation is determined by the parameterαd, the
coupling within the dark sector. Small values ofαd will produce a fairly simple lepton-jet with two
leptons. Larger values ofαd may produce lepton-jets with additional prompt muon pairs, draining the
boost. We consider benchmark values ofαd = 0.0, 0.1, and 0.3 and boson masses ofma = 300 and 500
MeV.

Data were collected during the 2010 run of proton-proton collisions at the LHC with
√
s = 7 TeV by

the ATLAS detector [14] and correspond to 40 pb− 1 o" ntegrated luminosity [15]. We examine events
that have two well-isolated lepton-jets, each containing at least two muons. The isolation is calculated
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Figure 5: Distribution of the number o! epton-jets after requiring≥ 4 muons in the event, of which
≥ 3 must satisfy the high-quality requirements. The signal MC with dark-sector showering parameter
αd = 0.1 and dark-photon massma = 300 MeV is shown overlaid in red. Candidate events are required
to have≥ 2 such lepton-jets. The statistical error on the MC is represented by the grey hatched markings.

isolation, resulting in a scaled isolation requirement of< 0.7. The value was optimized using a sample
with looser muon quality, to get better background statistics. This predominantly removes background
due to QCD, as shown in Figure 10.

4 QCD Background Estimation

The fraction of QCD di-jet events with high-pT , isolated muons from QCD jets is expected to be very
low, but the QCD cross-section is so large that this backgroundmust be carefully considered. We use here
a hybrid approach, using both the data and MC simulation to estimate the size of the QCD background.
Our primary method, and a cross-check to measure possible method bias, are brie!y described here:

1. In our primary method, we use the data to measure the probability of reconstructing a fake muon.
The fake rates are used to (a) check that the reconstructed muon multiplicity spectrum in the MC
needs no further corrections and (b) calculate the probability that an MC event would satisfy our
high-quality muon selection. Finally, in this method, the isolation requirement is modeled using
the MC.

2. In our cross-check, we reverse the requirements on thepT of the third and fourth sub-leading
muons and the isolation of the two leading lepton jets. In so doing, we construct three indepen-
dent, background dominated, side-band regions. By considering the fraction of events in each of
the side-bands, we estimate the number of QCD events which should remain after our analysis
requirements.

A more in-depth explanation of these two approaches follows.

4.1 Background Rate Measurement

The fake-muon probability is evaluated using the tag-and-probe method in a background-dominated data
sample where we require two back-to-back jets withpT > 25 GeV and |∆φ| > 2 and that there be no

7

Lepton-jets must have high-quality muons and be isolated 

Background, domi-
nated by QCD, is 
estimated from data 

Search for ≥ 2 lepton-jets with ≥ 2 leptons 
Zero events observed in signal region,      
for 0.20 ± 0.19 expected background 
à model-dependent limits on cross section of O(0.2 pb) 
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Searches for Other New Phenomena 
Excited quarks, contact int., Z’/W’, Leptoquarks, 4th generation, Extra dimensions, … 

hierarchy 
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Event with 4.04 TeV dijet invariant mass 
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Dijet mass and angular distributions as probes of NP 
Excited quarks, contact interactions, axigluons, strong gravity, … 

arXiv:1103.3864 

New limit on size of quark: 
< 2.1 (3.4) × 10–18 cm 

(*) Bayesian limit 

For the record: limit on electron radius from g – 2 : 
Rg < 4×10–11 × 10–12 cm ~ O(10–22) cm 

Limit on µµqq contact interactions derived from m(µµ) 
spectrum (42 pb–1): Λ > 4.9 / 4.5 TeV at 95% CL  
for constructive / destructive interference 

arXiv:1104.4398 
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Resonant 
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at 95% CL 
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4-quark contact interactions Λ	
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Searches for W ’ and Z’ resonances in decays to e/µ	


Use transverse / dilepton mass to search for excess over SM 

arXiv:1103.6218, ATLAS-CONF-2011-083 arXiv:1103.1391, ATLAS-CONF-2011-082 

Likelihood fit sets limit at 95% CLBayesian:  
m(Z ’SSM) > 1.41 (1.41) TeV(*) 

(*) limits for E6 Z ’ models: 1.12Ψ  – 1.26χ GeV ; for Z * 

Combination of 2010+2011 (W→µν only) sets 
95% CLs limit: m(W ’SSM) > 1.70 (1.77) TeV(*) 
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Searches for W ’ and Z’ resonances in decays to e/µ	


Use transverse / dilepton mass to search for excess over SM 

arXiv:1103.1391, ATLAS-CONF-2011-082 

Likelihood fit sets limit at 95% CLBayesian:  
m(Z ’SSM) > 1.41 (1.41) TeV(*) 

(*) limits for E6 Z ’ models: 1.12Ψ  – 1.26χ GeV ; for Z * 

Combination of 2010+2011 (W→µν only) sets 
95% CLs limit: m(W ’SSM) > 1.70 (1.77) TeV(*) 
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Highest mass dielectron event with m(ee) = 920 GeV 
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Resonant tt production	


Study tt invariant mass spectrum in lepton + jets final states	



ATLAS-CONF-2011-087 

Excluded visible cross section 
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Search for extra dimensions	


Randall-Sundrum KK graviton G → γγ	



95% CLs limit: MG > 545 (920 GeV) for k / MPl = 0.02 (0.1) 
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Search for 1st and 2nd gen. leptoquarks	


Study scalar LQ pair production to lljj and lνjj final states 

arXiv:1104.4481 

95% CLs limits on M(LQ) for 1st gen: > 376 (319) GeV; 2nd gen > 422 (362) GeV for β = 1.0 (0.5) 
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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

Require large pT, Meff, 
and dilepton mass 
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Search for extra dimensions – trans-Planck physics	


Microscopic black hole search in multijet and same-sign dimuon events(*)	
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(*)BH signal simulated with BLACKMAX 2.01 
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Search for long-lived highly ionising particles* (HIP)	


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



Analysis on low-luminosity data only to benefit from 10 GeV ET EM trigger threshold 

95% CLBayes. limits: σ < 3−12 pb (for DY mechanism) for 6e ≤ |Qe| ≤ 17e and 0.2 < mHIP < 1 TeV 
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Summary … after (only) one year of 7 TeV data taking 
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$)Pheno-MSSM (light 
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axigluon mass2.67 TeV (2011) [ATLAS-CONF-2011-081]-1=163 pbL

q* mass2.49 TeV (2011) [ATLAS-CONF-2011-081]-1=163 pbL

N mass460 GeV (2010) [prelim.]-1=34 pbL

 mass4d290 GeV (2010) [prelim.]-1=34 pbL

 mass4Q270 GeV (2010) [ATLAS-CONF-2011-022]-1=37 pbL

 gen. LQ massnd2422 GeV (2010) [arXiv:1104.4481]-1=35 pbL

 gen. LQ massst1376 GeV (2010) [arXiv:1104.4481]-1=35 pbL

W' mass1.70 TeV (2010/2011) [arXiv:1103.1391, ATLAS-CONF-2011-083]-1=36-205 pbL

Z' mass1.41 TeV (2011) [ATLAS-CONF-2011-083]-1=167-236 pbL

!4.9 TeV (2010) [arXiv:1104.4398]-1=42 pbL

!6.7 TeV (2010) [arXiv:1103.3864 (Bayesian limit)]-1=36 pbL

=6)* (DM1.20 TeV (2010) [ATLAS-CONF-2011-065]-1=31 pbL

=6)* (DM1.37 TeV (2010) [ATLAS-CONF-2011-068]-1=35 pbL

DM2.35 TeV (2010) [ATLAS-CONF-2011-070]-1=33 pbL

=6)* (DM3.67 TeV (2010) [arXiv:1103.3864]-1=36 pbL

KK gluon mass650 GeV (2011) [ATLAS-CONF-2011-087]-1=200 pbL

RS graviton mass920 GeV (2010) [ATLAS-CONF-2011-044]-1=36 pbL

RS graviton mass545 GeV (2010) [ATLAS-CONF-2011-044]-1=36 pbL
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 massb
~
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 massg~ = q~1.025 TeV (2011) [ATLAS-CONF-2011-086]-1=165 pbL
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Only a selection of the available results shown*

-1 = (31 - 236) pbLdt+

ATLAS
Preliminary

ATLAS Searches* - 95% CL Lower Limits (June 6, 2011)

Is SUSY out already? 

Not quite … yet! 
But the interest seems to decrease? 

Caution: serious science! 
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Only a selection of the available results shown*

-1 = (31 - 236) pbLdt+

ATLAS
Preliminary

ATLAS Searches* - 95% CL Lower Limits (June 6, 2011)

The LHC cumulates the hopes 
(and fears) of an entire 
generation of particle 
physicists… 

Caution: serious science! 
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Conclusions 

ATLAS is mining its data for the expected and the unexpected 

―  2010 data ~ fully analysed, strong effort on 2011 data à EPS, LP, … 

Search for the SM Higgs boson 

―  First full ATLAS maximum likelihood combination of 6 Higgs analyses 

―  Touching 95% CL exclusion at 160 GeV [ expect 145–190 GeV with 1 fb–1 ]  

Searches for beyond-SM phenomena 

―  Large amount of search analyses performed, exclusion reach between     
300 GeV and 6.7 TeV obtained, SUSY in MSUGRA excluded up to 950 GeV 

―  Intensive work on detector and background understanding pays off 

―  Analyses in “factory” mode, setup to fast conduct new searches  

No new physics in 2010 à expect ~100 × more data in 2011 
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Frank Zimmermann, ATLAS week, 20 June 2011 

How to go further? 

50 ns spacing: 
nb:  1092 → 1380, Nb: 1.2x1011→1.7x1011 (double batch inj.) 
β*: 1.5 →1.0 m  
Total gain ~ factor 4 → 5x1033 cm-2s-1 at 3.5 TeV 

25 ns spacing (e- cloud in SPS & LHC!?): 
nb:  1092 → 2808, Nb: 1.2x1011  
β*: 1.5 →1.0 m, γε: 3 µm → 4 µm 
Total gain ~ factor 3 → 4x1033 cm-2s-1 at 3.5 TeV 

Another factor 4 from going to ~7 TeV (&β*~0.5 m) 
2x1034 cm-2s-1 at ~7 TeV does not appear impossible 

Luminosity	
  potenKal	
  of	
  present	
  LHC	
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Extra slides…  
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Higgs Searches at the LHC 
Total Higgs cross section × BR versus MH 
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Numbers based on LHC Higgs cross section group: arXiv:1101.0593 

Cross section uncertainties include 
•  Missing higher-order corrections 
•  PDF uncertainties 
•  αS uncertainty 
•  BRs: < ~2% (neglected) 

Uncertainties per production mode 
•  ± (15–20)% for gg → H 
•  ± (3–9)% for qq → qq + H 
•  ± 5% for qq’ → H + W / Z 

2 Gluon-Fusion process2

2.1 Higgs-boson production in gluon–gluon fusion
Gluon fusion through a heavy-quark loop [6] (see Fig. 1) is the main production mechanism of the
Standard Model Higgs boson at hadron colliders. When combined with the decay channels H ,
H WW , and H ZZ , this production mechanism is one of the most important for Higgs-boson
searches and studies over the entire mass range, 100 GeV < M H < 1 TeV, to be investigated at the
LHC.

Ht, b

g

g

Fig. 1: Feynman diagram contributing to gg H at lowest order.

The dynamics of the gluon-fusion mechanism is controlled by strong interactions. Detailed studies
of the effect of QCD radiative corrections are thus necessary to obtain accurate theoretical predictions.
In QCD perturbation theory, the leading order (LO) contribution [6] to the gluon-fusion cross section
is proportional to α2

s , where α s is the QCD coupling constant. The main contribution arises from the
top quark, due to its large Yukawa coupling to the Higgs boson. The QCD radiative corrections to this
process at next-to-leading order (NLO) have been known for some time, both in the large-mt limit [7,8]
and maintaining the full top- and bottom-quark mass dependence [9, 10]. They increase the LO cross
section by about 80− 100% at the LHC. The exact calculation is very well approximated by the large-mt
limit. When the exact Born cross section with the full dependence on the mass of the top quark is used to
normalize the result, the difference between the exact and the approximated NLO cross sections is only
a few percent. The next-to-next-to-leading order (NNLO) corrections have been computed only in this
limit [11–17], leading to an additional increase of the cross section of about 25%. The NNLO calculation
has been consistently improved by resumming the soft-gluon contributions up to NNLL [18]. The result
leads to an additional increase of the cross section of about 7− 9% (6− 7%) at

√
s = 7 (14) TeV. The

NNLL result is nicely con rmed by the evaluation of the leading soft contributions at N3LO [19–23].
Recent years have seen further progress in the computation of radiative corrections and in the

assessment of their uncertainties. The accuracy of the large-mt approximation at NNLO has been stud-
ied in Refs. [24–29]. These papers have de nitely shown that if the Higgs boson is relatively light
(M H < 300 GeV), the large-mt approximation works extremely well, to better than 1%. As discussed
below, these results allow us to formulate accurate theoretical predictions where the top and bottom loops
are treated exactly up to NLO, and the higher-order corrections to the top contribution are treated in the
large-mt approximation [30].

Considerable work has also been done in the evaluation of electroweak (EW) corrections. Two-
loop EW effects are now known [31–35]. They increase the cross section by a factor that strongly
depends on the Higgs-boson mass, changing from +5% for M H = 120 GeV to about − 2% for M H =
300GeV [35]. The main uncertainty in the EW analysis comes from the fact that it is not obvious how to
combine them with the large QCD corrections. In the partial factorization scheme of Ref. [35] the EW
correction applies only to the LO result. In the complete factorization scheme, the EW correction instead
multiplies the full QCD-corrected cross section. Since QCD corrections are sizeable, this choice has a
non-negligible effect on the actual impact of EW corrections in the computation. The computation of the
dominant mixed QCD–EW effects due to light quarks [30], performed using an effective-Lagrangian

2M. Grazzini, F. Petriello, J. Qian, F. Stoeckli (eds.); J. Baglio, R. Boughezal and D. de Florian.
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Fig. 4: Topologies of t-, u-, and s-channel contributions for electroweak Higgs-boson production, qq qqH at
LO, where q denotes any quark or antiquark and V stands forW and Z boson.

α . The preferred choice, which should be most robust with respect to higher-order corrections, is the
so-called G F scheme, where α is derived from Fermi’s constant G F . The impact of EW and QCD
corrections in the favoured Higgs-mass range between 100 and 200 GeV are of order 5% and negative,
and thus as important as the QCD corrections. Photon-induced processes lead to corrections at the
percent level.

Approximate next-to-next-to-leading order (NNLO) QCD corrections to the total inclusive cross
section for VBF have been presented in Ref. [75]. The theoretical predictions are obtained using the
structure-function approach [65]. Upon including the NNLO corrections in QCD for the VBF production
mechanism via the structure-function approach the theoretical uncertainty for this channel, i.e. the scale
dependence, reduces from the 5− 10% of the NLOQCD and electroweak combined computations [65,70]
down to 1− 2%. The uncertainties due to parton distributions are estimated to be at the same level.

3.2 Higher-order calculations
In order to study the NLO corrections to Higgs-boson production in VBF, we have used two existing par-
tonic Monte Carlo programs: HAWK and VBFNLO, which we now present. Furthermore we also give
results of the NNLO QCD calculation based on VBF@NNLO and combine them with the electroweak
corrections obtained from HAWK.

3.2.1 HAWK – NLO QCD and EW corrections
HAWK [69–71] is a Monte Carlo event generator for pp H + 2 jets . It includes the complete
NLO QCD and electroweak corrections and all weak-boson fusion and quark–antiquark annihilation
diagrams, i.e. t-channel and u-channel diagrams with VBF-like vector-boson exchange and s-channel
Higgs-strahlung diagrams with hadronic weak-boson decay. Also, all interferences at LO and NLO
are included. If it is supported by the PDF set, contributions from incoming photons, which are at
the level of 1− 2%, can be taken into account. Leading heavy-Higgs-boson effects at two-loop order
proportional to G 2

F M
4
H are included according to Refs. [76,77]. While these contributions are negligible

for small Higgs-boson masses, they become important for Higgs-boson masses above 400 GeV. For
M H = 700 GeV they yield +4% , i.e. about half of the total EW corrections. This signals a breakdown
of the perturbative expansion, and these contributions can be viewed as an estimate of the theoretical
uncertainty. Contributions of b-quark PDFs and nal-state b quarks can be taken into account at LO.
While the effect of only initial b quarks is negligible, nal-state b quarks can increase the cross section
by up to 4%. While s-channel diagrams can contribute up to 25% for small Higgs-boson masses in the
total cross section without cuts, their contribution is below 1% once VBF cuts are applied. Since the
s-channel diagrams are actually a contribution to WH and ZH production, they are switched off in the
following.
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Fig. 7: (a), (b) LO diagrams for the partonic processes pp V H (V = W , Z); (c) diagram contributing to the
gg HZ channel.

√
s = 7 TeV ATLAS expects to exclude a Higgs boson at 95% CL with a cross section equivalent to

about 6 times the SM one [101], while with 5 fb− 1 of data and
√
s = 8 TeV CMS expects to exclude

a Higgs boson at 95% CL with a cross section equivalent to about 2 times the SM one [102]. These
results are very preliminary and partially rely on analyses which have not been re-optimized for the
lower center-of-mass energy.

One of the main challenges of these searches is to control the backgrounds down to a precision of
about 10% or better in the very speci c kinematic region where the signal is expected. Precise differential
predictions for these backgrounds as provided by theoretical perturbative calculations and parton-shower
Monte Carlo generators are therefore crucial. Further studies (e.g. in Ref. [103]) suggest that with data
corresponding to an integrated luminosity of the order of 30 fb− 1 the t t̄ background might be extracted
from data in a signal-free control region, while this seems to be signi cantly harder for theWb b̄ or Zbb̄
irreducible backgrounds, even in the presence of such a large amount of data.

For all search channels previously mentioned, a precise prediction of the signal cross section and
of the kinematic properties of the produced nal-state particles is of utmost importance, together with
a possibly accurate estimation of the connected systematic uncertainties. The scope of this section is to
present the state-of-the-art inclusive cross sections for the WH and ZH Higgs-boson production modes
at different LHC center-of-mass energies and for different possible values of the Higgs-boson mass and
their connected uncertainties.

4.2 Theoretical framework
The inclusive partonic cross section for associated production of a Higgs boson (H ) and a weak gauge
boson (V ) can be written as

σ̂( ŝ) =
ŝ

0
dk2 σ(V (k))

dΓ
dk2

(V (k) HV ) + ∆ σ , (2)

where
√
ŝ is the partonic center-of-mass energy. The rst term on the r.h.s. arises from terms where a

virtual gauge boson V with momentum k is produced in a Drell–Yan-like process, which then radiates
a Higgs boson. The factor σ(V ) is the total cross section for producing the intermediate vector boson
and is fully analogous to the Drell–Yan expression. The second term on the r.h.s., ∆ σ, comprises all
remaining contributions. The hadronic cross section is obtained from the partonic expression of Eq. (2)
by convoluting it with the parton densities in the usual way.

The LO prediction for pp V H (V = W , Z) is based on the Feynman diagrams shown in
Fig. 7 (a),(b) and leads to a LO cross section of O (G 2

F ) . Through NLO, the QCD corrections are fully
given by the NLO QCD corrections to the Drell–Yan cross section σ̂(V ) [104–106]. For V = W , this

29

5 ttH process8

5.1 Higgs-boson production in association with t t pairs
Higgs radiation off top quarks qq/gg Ht t (see Fig. 12) plays a role for light Higgs masses below

150 GeV at the LHC. The measurement of the ttH production rate can provide relevant information
on the top–Higgs Yukawa coupling. The leading-order (LO) cross section was computed a long time
ago [113–117]. These LO results are plagued by large theoretical uncertainties due to the strong de-
pendence on the renormalization scale of the strong coupling constant and on the factorization scales of
the parton density functions inside the proton, respectively. For the LO cross section there are several
public codes available, as e.g. HQQ [64, 118], MADGRAPH/MADEVENT [119, 120], MCFM [112], or
PYTHIA [121]. The dominant background processes for this signal process are ttbb, tt jj , tt , ttZ ,
and ttW +W − production depending on the nal-state Higgs-boson decay.

q

q

H

t

t

H

g

g

t

t

Fig. 12: Examples of LO Feynman diagrams for the partonic processes qq, gg ttH .

The full next-to-leading-order (NLO) QCD corrections to ttH production have been calculated
[122–125] resulting in a moderate increase of the total cross section at the LHC by at most 20%,
depending on the value ofM H and on the PDF set used. Indeed, when using CTEQ6.6 the NLO correc-
tions are always positive and the K -factor varies between 1.14 and 1.22 for M H = 90 , . . . , 300 GeV,
while when using MSTW2008 the impact of NLO corrections is much less uniform: NLO corrections
can either increase or decrease the LO cross section by a few percents and result in K -factors between
1.05 and 0.98 for M H = 90 , . . . , 300 GeV.

The residual scale dependence has decreased from O (50%) to a level of O (10%) at NLO, if
the renormalization and factorization scales are varied by a factor 2 up- and downwards around the
central scale choice, thus signalling a signi cant improvement of the theoretical prediction at NLO.
The full NLO results con rm former estimates based on an effective-Higgs approximation [126] which
approximates Higgs radiation as a fragmentation process in the high-energy limit. The NLO effects on
the relevant parts of nal-state particle distribution shapes are of moderate size, i.e. O (10%) , so that
former experimental analyses are not expected to change much due to these results. There is no public
NLO code for the signal process available yet.

5.2 Background processes
Recently the NLO QCD corrections to the ttbb production background have been calculated [127–131].
By choosing µ2

R = µ2
F = mt pT bpT b as the central renormalization and factorization scales the NLO

corrections increase the background cross section within the signal region by about 20–30%. The scale
dependence is signi cantly reduced to a level signi cantly below 30%. The new predictions for the NLO
QCD cross sections with the new scale choice µ2

R = µ2
F = mt pT bpT b are larger than the old LO

predictions with the old scale choice µR = µF = mt + mbb /2 by more than 100% within the typical

8C. Collins-Tooth, C. Neu, L. Reina, M. Spira (eds.); S. Dawson, S. Dean, S. Dittmaier, M. Krämer, C.T. Potter and
D. Wackeroth.
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Clean discovery channel for light Higgs: σ × BR (115 / 140 GeV | √s=7 TeV )  ≈ 48 / 28 fb 
Select tight & isolated photons; requires excellent Eγ resolution, efficient & pure photon ID, primary vertex	



Dominant backgrounds: 
γ + γ  (“irreducible” – not quite)  
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Exclusion CL 

Significance 

Combination using 
maximum likelihood fit 
taking into account 
correlated nuisance 
parameters 

Uncertainty on cross 
section included in SM 
expectation	



Comparison of PCL with CLs results for observed and expected exclusion limits 

ATLAS combination of individual channels for 2010 data / statistics comparison  

Grey horizontal bands show cross section uncertainties  
Inner region highlights contribution from QCD scale variation 
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Exclusion CL 

Significance 

Luminosity required to exclude, see and discover an SM Higgs at  √s = 7, 8 TeV 
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ATLAS-CONF-2011-069 

95% CLs limits on M(LQ) for 1st gen: > 376 (319) GeV; 2nd gen > 422 (362) GeV for β = 1.0 (0.5) 
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Search for 1st and 2nd gen. leptoquarks	


Study scalar LQ pair production to lljj and lνjj final states g
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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- . . .
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NMSSM expands Higgs sector by scalar singlet à 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	



ATLAS-CONF-2011-020 
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Search for 4th generation quarks	


Study Q4 pair production to 2 × W(→lν)q final state (OS) 

95% CLFC limit M(Q4) > 270 GeV, applicable to u4 and other exotic Q4-like quark models  
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Observed and predicted coll. mass for M(Q4)=250 GeV Observed and predicted coll. mass for M(Q4)=350 GeV 
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  Highest mass W→µν candidate with mT = 1.35 TeV 


