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Outline
A tremendous amount of physics produced from 2011 data
‣ 59 papers submitted for publication in 2012 alone

LHC Higgs results covered earlier today by Jake Anderson 
Overview of SUSY and Exotics results
Focus:
‣ Di-bosons

● fiducial and inclusive cross sections, triple gauge couplings

‣ top-quark related measurements and searches
● resonances, same-sign tops, 

‣ Jet mass and substructure, new tools for the LHC
‣ long-lived heavy particles

● slow, disappearing, and stopped
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Overview of the ATLAS Detector
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7  = 7 TeVs     ATLAS Online Luminosity
LHC Delivered

ATLAS Recorded

-1Total Delivered: 5.61 fb
-1Total Recorded: 5.25 fb

LHC 
The LHC has been performing very well 
‣ >5 fb-1 delivered in 2011 at 7 TeV (2 β* running conditions)
‣ already >5 fb-1 delivered in 2012, running at 8 TeV
‣ peak luminosity 6.7⋅1033 cm-2s-1 (high pile-up environment)

ATLAS data taking efficiency >93%
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LHC Delivered

ATLAS Recorded

-1Total Delivered: 5.04 fb
-1Total Recorded: 4.78 fb

June 12, 2011



Kyle Cranmer (NYU)

Center for 
Cosmology and 
Particle Physics

45th Annual Fermilab Users' Meeting, June 2012

Pile-up
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Overview of the SUSY Searches
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klm ≈ ijmHypercolour scalar gluons : 4 jets, 
,missTEMSUGRA/CMSSM - BC1 RPV : 4-lepton + 
,missTEBilinear RPV : 1-lep + j's + 
µRPV : high-mass e
τ∼GMSB : stable 

SMP : R-hadrons (Pixel det. only)
SMP : R-hadrons
SMP : R-hadrons

Stable massive particles (SMP) : R-hadrons

±

1
χ∼AMSB : long-lived 

,missTE) : 3-lep + 0
1
χ∼ 3l → 0

2
χ∼±

1
χ∼Direct gaugino (

,missTE) : 2-lep SS + 0
1
χ∼ 3l → 0

2
χ∼±

1
χ∼Direct gaugino (

,missT
Ell) + b-jet + → (GMSB) : Z(t~t~Direct 

,missTE) : 2 b-jets + 0
1
χ∼ b→1b~ (b~b~Direct 

,missTE) : multi-j's + 0
1
χ∼tt→g~ (t~Gluino med. 

,missTE) : 2-lep (SS) + j's + 0
1
χ∼tt→g~ (t~Gluino med. 

,missTE) : 1-lep + b-j's + 0
1
χ∼tt→g~ (t~Gluino med. 

,missTE) : 0-lep + b-j's + 0
1
χ∼bb→g~ (b~Gluino med. 

,missT
E + γγGGM : 

,missT
E + j's + τGMSB : 2-

,missT
E + j's + τGMSB : 1-

,missTE + SFGMSB : 2-lep OS
,missTE) : 1-lep + j's + ±χ∼q q→g~ (±χ∼Gluino med. 
,missTEPheno model : 0-lep + j's + 
,missTEPheno model : 0-lep + j's + 
,missTEMSUGRA/CMSSM : multijets + 
,missTEMSUGRA/CMSSM : 1-lep + j's + 
,missTEMSUGRA/CMSSM : 0-lep + j's + 

 3 GeV)± 140 ≈ sgm < 100 GeV,  sgmsgluon mass (excl: 185 GeV  (2010) [1110.2693]-1=34 pbL

 massg~1.77 TeV  (2011) [ATLAS-CONF-2012-035]-1=2.1 fbL

 < 15 mm)LSPτ mass (cg~ = q~760 GeV  (2011) [1109.6606]-1=1.0 fbL

=0.05)312λ=0.10, ,
311λ mass (τν

∼
1.32 TeV  (2011) [1109.3089]-1=1.1 fbL

 massτ∼136 GeV  (2010) [1106.4495]-1=37 pbL

 massg~810 GeV  (2011) [ATLAS-CONF-2012-022]-1=2.1 fbL

 masst~309 GeV  (2010) [1103.1984]-1=34 pbL

 massb~294 GeV  (2010) [1103.1984]-1=34 pbL

 massg~562 GeV  (2010) [1103.1984]-1=34 pbL

) < 2 ns, 90 GeV limit in [0.2,90] ns)±

1χ
∼(τ mass (1 < ±

1χ
∼118 GeV 

 (2011) [CF-2012-034]-1=4.7 fbL

) < 170 GeV, and as above)0
1χ
∼(m mass (±

1χ
∼250 GeV  (2011) [ATLAS-CONF-2012-023]-1=2.1 fbL

)))0
2χ
∼(m) + 0

1χ
∼(m(2

1) = ν∼,l~(m), 0
2χ
∼(m) = ±

1χ
∼(m, 0

1χ
∼) < 40 GeV, 0

1χ
∼(m mass ((±

1χ
∼170 GeV  (2011) [1110.6189]-1=1.0 fbL

) < 230 GeV)0
1χ
∼(m mass (115 < t~310 GeV  (2011) [ATLAS-CONF-2012-036]-1=2.1 fbL

) < 60 GeV)0
1χ
∼(m mass (b~390 GeV  (2011) [1112.3832]-1=2.1 fbL

) < 200 GeV)0
1χ
∼(m mass (g~830 GeV  (2011) [ATLAS-CONF-2012-037]-1=4.7 fbL

) < 210 GeV)0
1χ
∼(m mass (g~650 GeV  (2011) [ATLAS-CONF-2012-004]-1=2.1 fbL

) < 150 GeV)0
1χ
∼(m mass (g~710 GeV  (2011) [ATLAS-CONF-2012-003]-1=2.1 fbL

) < 300 GeV)0
1χ
∼(m mass (g~900 GeV  (2011) [ATLAS-CONF-2012-003]-1=2.1 fbL

) > 50 GeV)0
1χ
∼(m mass (g~805 GeV  (2011) [1111.4116]-1=1.1 fbL

 > 20)β mass (tang~990 GeV  (2011) [ATLAS-CONF-2012-002]-1=2.1 fbL

 > 20)β mass (tang~920 GeV  (2011) [ATLAS-CONF-2012-005]-1=2.1 fbL

 < 35)β mass (tang~810 GeV  (2011) [ATLAS-CONF-2011-156]-1=1.0 fbL

))g~(m)+0
χ∼(m(2

1) = ±
χ∼(m) < 200 GeV, 0

1χ
∼(m mass (g~900 GeV  (2011) [ATLAS-CONF-2012-041]-1=4.7 fbL

)0
1χ
∼) < 2 TeV, light q~(m mass  (g~940 GeV  (2011) [ATLAS-CONF-2012-033]-1=4.7 fbL

)0
1χ
∼) < 2 TeV, light g~(m mass  (q~1.38 TeV  (2011) [ATLAS-CONF-2012-033]-1=4.7 fbL

)0m mass  (large g~850 GeV  (2011) [ATLAS-CONF-2012-037]-1=4.7 fbL

 massg~ = q~1.20 TeV  (2011) [ATLAS-CONF-2012-041]-1=4.7 fbL

 massg~ = q~1.40 TeV  (2011) [ATLAS-CONF-2012-033]-1=4.7 fbL

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

-1 = (0.03 - 4.7) fbLdt∫
 = 7 TeVs

ATLAS
Preliminary

ATLAS SUSY Searches* - 95% CL Lower Limits (Status: March 2012)



Kyle Cranmer (NYU)

Center for 
Cosmology and 
Particle Physics

45th Annual Fermilab Users' Meeting, June 2012

Overview of exotic searches
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llqmVector-like quark : NC, 
qνlmVector-like quark : CC, 
jjmColor octet scalar : dijet resonance, 
µµ

m)=1) : SS dimuon, µµ→
L
±± (DY prod., BR(HL

±±H
 (LRSM, no mixing) : 2-lep + jetsRW

Major. neutr. (LRSM, no mixing) : 2-lep + jets
,WZT

mlll), νTechni-hadrons : WZ resonance (
µµee/mTechni-hadrons : dilepton, 
γµ

m resonance, γ-µExcited muon : 
γem resonance, γExcited electron : e-
jjmExcited quarks : dijet resonance, 

jetγ
m-jet resonance, γExcited quarks : ,missTE : 1-lep + jets + 0A0 + At t→ exo. 4th gen.TT

Zb
m Zb+X, →'bNew quark b' : b'

 WtWt→4d
4

 generation : dth4
 WbWb→4u

4
 generation : uth4

 WqWq→4Q
4

 generation : Qth4
jjνµjj, µµ=1) : kin. vars. in βScalar LQ pairs (
jjν=1) : kin. vars. in eejj, eβScalar LQ pairs (
µT,e/mSSM  W' : 
µµee/mSSM Z' : 

,missTEuutt CI : SS dilepton + jets + 
ll

m combined, µµqqll CI : ee, 
)

jj
m(χqqqq contact interaction : 

)jjm(
χ

Quantum black hole : dijet, F T
pΣ=3) : leptons + jets, DM /THMADD BH (

ch. part.N=3) : SS dimuon, DM /THMADD BH (
jetsN, 

T
pΣ=3) : multijet, DM /THMADD BH ( tt

m l+jets, → t=-0.20 : tsg/
qqgKK

gRS with 
llll / lljjm = 0.1 : ZZ resonance, PlM/kRS with 

llm = 0.1 : dilepton, PlM/kRS with 
γγm = 0.1 : diphoton, PlM/kRS with 

,missT
E + γγUED : 

Large ED (ADD) : diphoton
Large ED (ADD) : monojet

)Q/mν = qQκQ mass (coupling 760 GeV  (2011) [1112.5755]-1=1.0 fbL

)Q/mν = qQκQ mass (coupling 900 GeV  (2011) [1112.5755]-1=1.0 fbL

Scalar resonance mass1.94 TeV  (2011) [ATLAS-CONF-2012-038]-1=4.8 fbL

 massL
±±H355 GeV  (2011) [1201.1091]-1=1.6 fbL

(N) < 1.4 GeV)m mass (RW2.4 TeV  (2011) [Preliminary]-1=2.1 fbL

) = 2 TeV)R(WmN mass (1.5 TeV  (2011) [Preliminary]-1=2.1 fbL

))
T
ρ(m) = 1.1 T(am, Wm) + Tπ(m) = 

T
ρ(m mass (

T
ρ483 GeV  (2011) [Preliminary]-1=1.0 fbL

) = 100 GeV)Tπ(m) - Tω/T
ρ(m mass (Tω/T

ρ470 GeV  (2011) [ATLAS-CONF-2011-125]-1=1.1-1.2 fbL

*))µ = m(Λ* mass (µ1.9 TeV  (2011) [ATLAS-CONF-2012-023]-1=4.8 fbL

 = m(e*))Λe* mass (2.0 TeV  (2011) [ATLAS-CONF-2012-023]-1=4.9 fbL

q* mass3.35 TeV  (2011) [ATLAS-CONF-2012-038]-1=4.8 fbL

q* mass2.46 TeV  (2011) [1112.3580]-1=2.1 fbL

) < 140 GeV)0(AmT mass (420 GeV  (2011) [1109.4725]-1=1.0 fbL

b' mass400 GeV  (2011) [Preliminary]-1=2.0 fbL

 mass4d480 GeV  (2011) [Preliminary]-1=1.0 fbL

 mass4u404 GeV  (2011) [1202.3076]-1=1.0 fbL

 mass4Q350 GeV  (2011) [1202.3389]-1=1.0 fbL

 gen. LQ massnd2685 GeV  (2011) [Preliminary]-1=1.0 fbL

 gen. LQ massst1660 GeV  (2011) [1112.4828]-1=1.0 fbL

W' mass2.15 TeV  (2011) [1108.1316]-1=1.0 fbL

Z' mass2.21 TeV  (2011) [ATLAS-CONF-2012-007]-1=4.9-5.0 fbL

Λ1.7 TeV  (2011) [1202.5520]-1=1.0 fbL

 (constructive int.)Λ10.2 TeV  (2011) [1112.4462]-1=1.1-1.2 fbL

Λ7.8 TeV  (2011) [ATLAS-CONF-2012-038]-1=4.8 fbL

=6)δ (DM4.11 TeV  (2011) [ATLAS-CONF-2012-038]-1=4.7 fbL

=6)δ (DM1.5 TeV  (2011) [ATLAS-CONF-2011-147]-1=1.0 fbL

=6)δ (DM1.25 TeV  (2011) [1111.0080]-1=1.3 fbL

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

KK gluon mass1.03 TeV  (2011) [ATLAS-CONF-2012-029]-1=2.1 fbL

Graviton mass845 GeV  (2011) [1203.0718]-1=1.0 fbL

Graviton mass2.16 TeV  (2011) [ATLAS-CONF-2012-007]-1=4.9-5.0 fbL

Graviton mass1.85 TeV  (2011) [1112.2194]-1=2.1 fbL

Compact. scale 1/R (SPS8)1.23 TeV  (2011) [1111.4116]-1=1.1 fbL

 (GRW cut-off)SM3.0 TeV  (2011) [1112.2194]-1=2.1 fbL

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

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

-1 = (0.04 - 5.0) fbLdt∫
 = 7 TeVs

ATLAS
Preliminary

ATLAS Exotics Searches* - 95% CL Lower Limits (Status: March 2012)
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Physics with dibosons
Dibosons are relatively rare processes that provide powerful 
probes of the standard model in the electroweak sector
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WW"lνlν 
ZZ"llll, llνν 

WZ"lνll 
Wγ"lνγ 
Zγ"llγ 

! Measure W� ,  Z� ,  WW, WZ, 
and ZZ production 
!  Cross sections O(1-100pb) 
!  Fully leptonic decay channels 
!  Small σ from small branching ratio 
!  Clean signals with low background 
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OVERVIEW 

Wγ 
WW 

WZ ZZ Wγ→lνγ arXiv :1205.2531 
Zγ→llγ arXiv :1205.2531
WW→lνlν ATLAS-CONF-2012-025
WZ→lνll PLB 709 (2012) 341-357
ZZ→llll ATLAS-CONF-2012-026
ZZ→llνν ATLAS-CONF-2012-027
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!  Selection 
!  W or Z candidate, mll or mT > 40 GeV 
!  Isolated photon with pT>15 GeV 
!  ΔR(l,γ)>0.7 

!  Main Backgrounds 
!  W/Z+jets, where jet fakes a lepton or photon 

!  Measure exclusive (0-jet) and inclusive 
(no cut on number of  jets) cross section 

Michael Kagan CIPANP 2012 12 

Wγ AND Zγ arXiv :1205.2531[hep-ex]  
New Results: submitted to PLB 
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!  W/Z+jets, where jet fakes a lepton or photon 

!  Measure exclusive (0-jet) and inclusive 
(no cut on number of  jets) cross section 
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Wγ AND Zγ arXiv :1205.2531[hep-ex]  
New Results: submitted to PLB 
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FIG. 3. The measured cross section for (a) W� production, (b) Z� production as a function of the photon transverse energy,
in the extended fiducial region as defined in Table III, together with the SM model prediction. The lower plots show the ratio
between the data and the prediction of the MCFM generator.

Measured Measured Expected
⇤ 2 TeV 1 1

�
�

(-0.36,0.41) (-0.33,0.37) (-0.33,0.36)
�
�

(-0.079,0.074) (-0.060,0.060) (-0.063,0.055)
⇤ 1.5 TeV 1 1
h�

3

(-0.074,0.071) (-0.028,0.027) (-0.027,0.027)
hZ

3

(-0.051,0.068) (-0.022,0.026) (-0.022,0.025)
h�

4

(-0.0028,0.0027) (-0.00021,0.00021) (-0.00021,0.00021)
hZ

4

(-0.0024,0.0023) (-0.00022,0.00021) (-0.00022,0.00021)

TABLE VII. The measured and expected 95% CL intervals on
the charged (�

�

, �
�

) and neutral (h�

3

, hZ

3

, h�

4

, hZ

4

) anoma-
lous couplings. The results obtained using di↵erent ⇤ values
are shown. The two numbers in each parentheses denote the
95% CL interval.

Z� production with E�

T

> 60 GeV are used to extract
aTGC limits. The cross-section predictions with aTGCs
(�aTGC

W�

and �aTGC

Z�

) are obtained from the mcfm gener-
ator. The number of expected W� events in the exclu-
sive extended fiducial region (NaTGC

W�

(�
�

,�
�

)) for given

aTGCs are obtained as NaTGC

W�

(�
�

,�
�

) = �aTGC

W�

⇥
C

W�

⇥A
W�

⇥S
W�

⇥L. For the Z� case, NaTGC

Z�

(h�

3

, h�

4

)

or NaTGC

Z�

(hZ

3

, hZ

4

) are obtained in a similar way. The
anomalous couplings influence the kinematic properties
of W� and Z� events and thus the corrections for event
reconstruction (C

W�

and C
Z�

). The maximum varia-
tions of C

W�

and C
Z�

within the measured aTGC limits

are quoted as additional systematic uncertainties. The
limits on a given aTGC parameter (e.g. hV

i

) are ex-
tracted from the Bayesian posterior, given the extended
fiducial measurements. The Bayesian posterior probabil-
ity density function is obtained by integrating over the
nuisance parameters corresponding to all systematic un-
certainties and assuming a flat Bayesian prior in hV

i

. This
calculation has been done for multiple values of the scale
parameter ⇤ in order to be able to compare these results
with those from LEP [6], Tevatron [1–3] and CMS [5].
The limits are defined as the values of aTGC parame-
ters which demarcate the central 95% of the integral of
the likelihood distribution. The resulting allowed ranges
for the anomalous couplings are shown in Table VII for
WW� and ZV �. The results are also shown in Figure 4,
along with the LEP, Tevatron and CMS measurements.

X. SUMMARY

The production of W� and Z� boson pairs in 7 TeV
pp collisions has been studied using 1.02 fb�1 of data
collected with the ATLAS detector. The measurements
have been made using the pp ! l±⌫� + X and pp !
l+l�� + X final states, where the charged lepton is an
electron or muon and the photons are required to be
isolated. The results are compared to SM predictions
using a NLO parton-level generator. The NLO SM pre-
dictions for the exclusive W� and Z� production cross
sections agree well with the data for events with both

Wγ & Zγ

10

arXiv :1205.2531

Selection:
- W or Z candidate, mll or mT > 40 GeV 
- Isolated photon with pT>15 GeV
- ΔR(l,γ)>0.7

Main Backgrounds
- W/Z+jets, where jet fakes a l or γ

Measure exclusive (0-jet) and 
inclusive (no cut on number of 
jets) cross section
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FIG. 1. Distributions of the photon transverse energy for the combined electron and muon decay channels in (a) W� candidate
events and (b) Z� candidate events, with no requirements on the recoil system. The selection criteria are defined in Section IV.
The distributions for the expected signals are taken from the MC simulation and normalised to the extracted number of signal
events shown in Table I and Table II. The ratio between the number of candidates observed in the data and the number of
expected candidates from the signal MC simulation and from the background processes is also shown.

measurements are performed in the fiducial region, de-
fined at the particle level using the objects and event
kinematic selection criteria described in Section IV, and
then extrapolated to an extended fiducial region (as de-
fined in Table III) common to the electron and muon
final states. Particle level is the simulation stage where
stable particles, with lifetimes exceeding 10 ps, are pro-
duced from the hard scattering or after hadronization,
but before interacting with the detector. The extrapola-
tion is performed to correct for the signal acceptance loss
in the calorimeter transition region (1.37 < |⌘| < 1.52)
for electrons and photons, for the loss in the high ⌘ region
(2.4 < |⌘| < 2.47) for muons, for the loss due to the Z-
veto requirement in the W� electron channel, and for the
loss due to the transverse mass selection criteria in the
W� analysis. Jets at the particle level are reconstructed
in MC-generated events by applying the anti-k

t

jet re-
construction algorithm with a radius parameter R= 0.4
to all final state stable particles. To account for the e↵ect
of final state QED radiation, the energy of the generated
lepton at the particle level is defined as the energy of
the lepton after radiation plus the energy of all radiated
photons within �R < 0.1 around the lepton direction.
Isolated photons with ✏p

h

< 0.5 are considered as signal,
where ✏p

h

is defined at particle level as the ratio between
the sum of the energies carried by final state particles in
a cone �R < 0.4 around the photon direction and the
energy carried by the photon.

The measurements of cross sections for the processes
pp ! l⌫� +X and pp ! l+l�� +X are expressed as

�ext�fid

pp!l⌫�(l

+
l

�
�)

=
N sig

W�(Z�)

A
W�(Z�)

· C
W�(Z�)

· L (1)

Cuts pp ! l⌫� pp ! l+l��
Lepton pl

T

> 25 GeV pl
T

> 25 GeV
p⌫
T

> 25 GeV
|⌘

l

| < 2.47 |⌘
l

| < 2.47
Boson m

l

+
l

� > 40 GeV
Photon Low E�

T

: E�

T

> 15 GeV
Medium E�

T

: E�

T

> 60 GeV
High E�

T

: E�

T

> 100 GeV
|⌘� | < 2.37, �R(l, �) > 0.7

photon isolation fraction ✏p
h

< 0.5
Jet Ejet

T

> 30 GeV, |⌘jet| < 4.4
�R(e/µ/�, jet) > 0.6

Inclusive : N jet � 0, Exclusive : N jet = 0

TABLE III. Definition of the extended fiducial region where
the cross sections are evaluated; p⌫

T

is the transverse momen-
tum of the neutrino from W decays.

where

• N sig

W�

and N sig

Z�

denote the numbers of background-
subtracted signal events passing the selection cri-
teria of the analyses in the W� and Z� channels.
These numbers are listed in Table I and Table II.

• L denotes the integrated luminosities for the chan-
nels of interest (1.02 fb�1).

• C
W�

and C
Z�

denote the ratios of the number of
generated events which pass the final selection re-
quirements after reconstruction to the number of
generated events at particle level found within the
fiducial region [26].

• A
W�

and A
Z�

denote the acceptances, defined at
particle level as the ratio of the number of gener-
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Anomalous TGCs
Effective Lagrangian to model generic new contributions to TGCs

‣  In SM, all new couplings are zero, except g1V=κV=1
‣ For WWγ vertex analysis, fix g1γ=1 to ensure EM gauge invariance
‣ Form factor, with scale Λ, can be used to suppress divergent cross section at large √s 

and preserve unitarity

11

! Wγ analysis sensitive to WWγ aTGC vertex 
!  Zγ analysis sensitive to ZZγ and Zγγ aTGC vertices 
!  Limits extracted from exclusive fiducial cross section (0-jet bin) 

in high ET
γ regime 

!  ET
γ > 100 GeV for Wγ analysis 

!  ET
γ > 60 GeV for Zγ analysis 

Michael Kagan CIPANP 2012 20 

Wγ AND Zγ 

Wγ Zγ Zγ 

arXiv :1205.2531[hep-ex]  
New Results: submitted to PLB 

!  Effective Lagrangian to model generic new contributions to TGCs 
!  In SM, all new couplings are zero, except g1

V=κV=1 
!  For WWγ vertex analysis, fix g1

γ=1 to ensure EM gauge invariance 
!  Form factor, with scale Λ, can be used to suppress divergent cross section  

at large √s and preserve unitarity 

!  All ATLAS anomalous TGC limits use 1fb-1 of  2011 data 
Michael Kagan CIPANP 2012 19 
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V=κV=1 
!  For WWγ vertex analysis, fix g1

γ=1 to ensure EM gauge invariance 
!  Form factor, with scale Λ, can be used to suppress divergent cross section  

at large √s and preserve unitarity 

!  All ATLAS anomalous TGC limits use 1fb-1 of  2011 data 
Michael Kagan CIPANP 2012 19 

ANOMALOUS TRIPLE GAUGE 
COUPLINGS 

For WZ, WW 
analyses 

For ZZ analysis = !
e
MZ

2 f4
V ("µV

µ! )Z" ("
"Z! )+ f5

V ("#V#µ ) !Z
µ!Z!

#$ %&

arXiv :1205.2531



Kyle Cranmer (NYU)

Center for 
Cosmology and 
Particle Physics

45th Annual Fermilab Users' Meeting, June 2012

WZ→lνll, ZZ→4l & WW→lνlν
Fiducial and inclusive cross sections measured for all diboson processes

12

!  Selection 
! At least 3 isolated leptons, pT > 15 GeV 
!  ET

miss > 25 GeV 
! A Z candidate with |mll-MZ

pole| < 10 GeV 
! A W candidate with mT > 20 GeV 

! Main backgrounds: Z+jets, ZZ, top 

Michael Kagan CIPANP 2012 15 

WZ"lνll 
PLB 709 (2012) 341-357 

20.5!2.8
+3.1 (stat)±1.4(sys) !0.8

+0.9 (lumi) pb
17.3!0.8

+1.3 pb

Total Cross Section 

Measured: 

SM NLO prediction: 

Fiducial Cross Section 

102!14
+15 (stat)± 7(sys)± 4(lumi) fbMeasured: 
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! A W candidate with mT > 20 GeV 

! Main backgrounds: Z+jets, ZZ, top 
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20.5!2.8
+3.1 (stat)±1.4(sys) !0.8

+0.9 (lumi) pb
17.3!0.8

+1.3 pb

Total Cross Section 

Measured: 

SM NLO prediction: 

Fiducial Cross Section 

102!14
+15 (stat)± 7(sys)± 4(lumi) fbMeasured: 

WZ→lνll Selection:
• At least 3 isolated leptons, pT>15 GeV
• ETmiss > 25 GeV
• A Z candidate with |mll-MZpole|<10 GeV
• A W candidate with mT > 20 GeV

!  Selection 
!  Four isolated leptons with pT>7 GeV 
!  Leading lepton pT>20, 25 GeV (μ, e) 
! Two Z candidates  

with |mll-MZ
pole| < 25 GeV 

!  Very low backgrounds 

Michael Kagan CIPANP 2012 16 

ZZ"llll 
ATLAS-CONF-2012-026 

7.2!0.9
+1.1 (stat) !0.3

+0.4 (sys)± 0.3(lumi) pb
6.5!0.2

+0.3 pb

Total Cross Section 

Measured: 

SM NLO prediction: 

Fiducial Cross Section 

21.2!2.7
+3.2 (stat) !0.9

+1.0 (sys)± 0.8(lumi) fbMeasured: 

!  Selection 
!  Four isolated leptons with pT>7 GeV 
!  Leading lepton pT>20, 25 GeV (μ, e) 
! Two Z candidates  

with |mll-MZ
pole| < 25 GeV 

!  Very low backgrounds 
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SM NLO prediction: 

Fiducial Cross Section 

21.2!2.7
+3.2 (stat) !0.9

+1.0 (sys)± 0.8(lumi) fbMeasured: 

ZZ→4l Selection:
• Four isolated leptons with pT>7 GeV
• Leading lepton pT>20, 25 GeV (µ,e)
• Two Z candidates with
              |mll-MZpole|<25 GeV

!  Selection 
!  Exactly 2 opposite-charge, isolated 

leptons with pT > 20 GeV 
!  Z Veto 
!  No jet/b-jet with pT>25, 20 GeV 
!  mll>15, 15, 10 GeV           (μμ, ee. eμ) 
!  ET rel

miss > 55, 50, 25 GeV (μμ, ee. eμ) 

!  Main backgrounds: Z+jets and top 
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WW 
ATLAS-CONF-2012-025 

53.4± 2.1(stat)± 4.5(sys)± 2.1(lumi) pb
45.1± 2.8 pb

Total Cross Section 

Measured: 

SM NLO prediction: 

Fiducial Cross Section 

!  Selection 
!  Exactly 2 opposite-charge, isolated 

leptons with pT > 20 GeV 
!  Z Veto 
!  No jet/b-jet with pT>25, 20 GeV 
!  mll>15, 15, 10 GeV           (μμ, ee. eμ) 
!  ET rel

miss > 55, 50, 25 GeV (μμ, ee. eμ) 

!  Main backgrounds: Z+jets and top 
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WW 
ATLAS-CONF-2012-025 

53.4± 2.1(stat)± 4.5(sys)± 2.1(lumi) pb
45.1± 2.8 pb

Total Cross Section 

Measured: 

SM NLO prediction: 

Fiducial Cross Section 

± 8.8

± 22
± 6.3

WW→ lνlνSelection:
• Exactly 2 opposite-charge, isolated 

leptons with pT>20 GeV
• Z Veto
• No jet/b-jet with pT>25, 20 GeV
• mll>15,15,10 GeV (µµ,ee,eµ)
• ET rel miss>55,50,25 GeV (µµ,ee,eµ)
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Summary of Diboson measurements

All diboson cross sections measured 
‣ agree with SM within uncertainty 

13

W Z tt t WW WZ ZZ

 [p
b]

to
ta

l
σ

10

210

310

410

510

-14.7 fb

-11.0 fb

-14.7 fb
-10.7 fb

-11.0 fb

-135 pb

-135 pb

Data 2010
Data 2011

Theory

ATLAS PreliminaryATLAS PreliminaryATLAS Preliminary
-1 L dt = 0.035 - 4.7 fb∫

 = 7 TeVs

-1 L dt = 0.035 - 4.7 fb∫
 = 7 TeVs

-1 L dt = 0.035 - 4.7 fb∫
 = 7 TeVs

!  Sensitive to WWZ and WWγ aTGC vertex 
!  Analysis uses LEP aTGC scenario, leaving only 3 parameters 
!  Limits set using observed leading lepton pT spectrum 

Michael Kagan CIPANP 2012 21 

WW arXiv :1203.6232 [hep-ex] 
submitted to PLB 

Limits on anomalous TGC derived
‣ Competitive with LEP and Tevatron 

Outlook 
‣ Update cross section and anomalous TGC analyses to 5 fb-1 
‣  WZ and ZZ will move to differential distributions for anomalous TGC analysis 
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Top physics
The large mass of the top quark hints that it may play a special role in 
electroweak symmetry breaking and BSM physics
‣ AFBtt̅  anomaly at the Tevatron  -- many models predict same-sign top pairs
‣ tt̅  resonances common in non-SUSY solutions to hierarchy problem
‣ tt̅  production is a background to almost all searches

15

 [pb]ttσ

50 100 150 200 250 300 350

ATLAS Preliminary

Data 2011

Channel & Lumi.

New measurements

15 May 2012
Theory (approx. NNLO)

 = 172.5 GeVtfor m

stat. uncertainty
total uncertainty

(lumi)±(syst) ±(stat) ± ttσ

Single lepton -10.70 fb   7 pb±  9 ±  4 ±179 

Dilepton -10.70 fb  pb-   7
+  8  -  11

+ 14  6  ±173 

All hadronic
-11.02 fb

  6 pb± 78 ± 18 ±167 

Combination   7 pb± -   7
+  8  3  ±177 

 + jetshadτ -11.67 fb   7 pb± 42 ± 19 ±200 

 + leptonhadτ -12.05 fb   7 pb± 20 ± 13 ±186 

All hadronic
-14.7 fb

  6 pb± -  57
+ 60 12  ±168 
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(b) µ+jets channel

Fig. 9 2d-analysis: The correlation of the measured top
quark mass m

top

, and jet energy scale factor JSF for (a) the
e+jets channel, and (b) the µ+jets channel. The ellipses cor-
respond to the one- and two standard deviation uncertainties
of the two parameters.
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160 165 170 175 180 185 1900.5

9

  0.0±  0.0 ± 0.0 

Tevatron September 2011   0.8±  0.6 ±173.2 

Most precise (CDF l+jets)   1.1±  0.7 ±173.0 

l+jets   2.3±  0.6 ±174.5 

+jets (2d)µ   2.6±  0.7 ±175.0 

e+jets (2d)   2.3±  0.8 ±174.3 

+jets (1d)µ   2.6±  1.1 ±175.5 

e+jets (1d)   2.5±  1.5 ±172.9 
ATLAS (Date: February 23, 2012)

(stat)      (syst)

Fig. 10 The measurements on m

top

from the individual
analyses and the combined result from the 2d-analysis com-
pared to the present combined value from the Tevatron ex-
periments [3] and to the most precise measurement of m

top

used in that combination.

ties on the measured m
top

with di↵erent methods. The
e+jets and µ+jets channels, and both analyses, lead to
consistent results within their correlated uncertainties.

A combined 1d-analysis and 2d-analysis result does
not currently improve the precision of the measured
top quark mass from the 2d-analysis and hence the
2d-analysis result is presented as the final result:

m
top

= 174.5 ± 0.6
stat

± 2.3
syst

GeV .

This result is statistically as precise as the m
top

mea-
surement obtained in the Tevatron combination, but
the total uncertainty, dominated by systematic e↵ects,
is still significantly larger. In this result, the three most
important sources of systematic uncertainty are from
the relative b-jet to light jet energy scale, the modelling
of initial and final state QCD radiation, and the light
quark jet energy scale. These sources account for about
85% of the total systematic uncertainty.
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Same-sign top & 4th gen down-type quarks
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 Experimental signature:
  Same sign lepton pair (ee, eµ, µµ)
  Large missing transverse energy

Background:
  Fake lep (hadron, photon conversion) 
  Charge mid identification
  Di-boson (using MC)
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Figure 1. Production of same-sign top-quark pairs via the production of a heavy vector boson
(such as color-triplet Q5

µ or color-sextet Y5
µ [15]) in the s-channel (left) or exchange of a heavy

vector boson (such as Z ′ or g′) in the t-channel (right) . For large resonance masses, both cases
can be described by a four-fermion interaction (middle).

Figure 2. Pair production and decay of heavy quarks with decays to W+W−b̄W−W+b.

interesting since it has a low background rate in the Standard Model, and potentially large

contributions from new theories, for example new flavour-changing Z bosons, proposed [1]

to explain the forward-backward asymmetry (AFB) measured at the Tevatron [2, 3], or

new heavy quarks [4, 5].

In this paper we present a search for events characterised by two isolated same-sign

leptons in association with at least two jets and large missing transverse momentum (Emiss
T ).

Two specific signal processes are considered, same-sign top-quark production [6, 7] and

pair production of down-type heavy quarks of charge −1/3 [8]. Feynman diagrams of these

processes are shown in figures 1 and 2, respectively. The uu → tt process illustrated in

figure 1 can be mediated at the tree level by the exchange of a s-channel resonance (left), or

a t-channel resonance (right). In the case of new vector bosons exchanged in the s-channel,

the new particle must be a colour-triplet or colour-sextet (respectively labelled as Q5
µ, Y5

µ)

with charge 4/3, while for t-channel exchange it can be a colour-singlet Z ′ or colour-octet

g′, both with zero charge. For resonance masses m much larger than the electroweak

symmetry breaking scale v and the typical energy scales in the process, all these cases

can be described by a gauge-invariant effective four-fermion interaction, as shown in figure

1 (middle). For the heavy quark search, a specific model in which the heavy quark is a

fourth-generation chiral quark is taken as representative and referred to as b′. The search

uses data recorded by the ATLAS detector from pp collisions at a centre-of-mass energy of√
s = 7 TeV produced by the Large Hadron Collider (LHC) with an integrated luminosity
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tt̅ resonance (dilepton channel)
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  Preliminary result: ATLAS-CONF-2011-123 

  1.04fb-1 data from single lepton trigger 
  3 channels: ee, eµ and µµ 

  Main experimental observables: 

  Event selection: No B tagging 

  Main background:  

HT and 6ET where HT =
X

`

p`T +
X

jets

pjetT
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  ∫
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Fig. 6 Observed (solid line) and expected (dashed line) 95%
CL upper limits on �⇥ BR(gKK ! tt̄) for the dilepton chan-
nel. The inner and outer bands show the range in which
the limit is expected to lie in 68% and 95% of pseudo-
experiments, respectively, and the bold line corresponds to
the predicted cross-section times branching ratio for the RS
model. The band around the signal cross-section curve repre-
sents the e↵ect of the PDF uncertainty on the prediction.

Table 5 Expected and observed 95% CL upper limits on
�⇥ BR(gKK ! tt̄).

Lepton plus jets channel

Mass [GeV] gKK Exp. [pb] gKK Obs. [pb]
500 10.3 10.1
600 6.0 5.0
700 4.2 3.1
800 2.7 2.2
1000 1.4 2.9
1300 0.90 1.6
1600 0.68 1.4
1800 0.41 0.60

Dilepton channel

Mass [GeV] gKK Exp. [pb] gKK Obs. [pb]
500 17.0 19.6
600 11.3 18.5
700 7.6 11.7
800 5.7 7.6
1000 3.2 3.4
1300 2.7 2.3
1600 2.8 2.9
1800 3.1 3.4

with the ATLAS experiment at the LHC. The search
uses a data sample corresponding to an integrated lumi-
nosity of 2.05 fb�1, recorded at a proton-proton centre-
of-mass energy of 7 TeV. The data are found to be con-
sistent with Standard Model background expectations.
Using the reconstructed tt̄ mass (H

T

+Emiss

T

) spectrum
in the lepton plus jets (dilepton) channel, limits are set
on the production cross-section times branching ratio
to tt̄ for narrow and wide resonances. In the narrow Z 0

benchmark model, observed limits range from 9.3 pb
at m = 500 GeV to 0.95 pb at m = 1300 GeV, and a
leptophobic topcolour Z 0 boson with 500 GeV < m

Z

0 <

880 GeV is excluded at 95% CL. In the wide resonance
benchmark model, Randall-Sundrum Kaluza-Klein glu-
ons are excluded at 95% CL. with masses between 500
GeV and 1130 GeV.
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Fig. 3 Reconstructed tt̄ mass in the lepton plus jets channel
after all cuts, with the expectation from SM background and
two signal masses, a Z0 boson with mgZ0 = 800 GeV and a
KK gluon with mgKK = 1300 GeV. The electron and muon
channels have been added together and all events beyond the
range of the histogram have been added to the last bin. The
hatched area shows the background normalization uncertain-
ties.

agreement between data and expected background in
the event yields as well as the shapes of kinematic dis-
tributions.

11 Results

The results of this search are obtained by comparing
the m

t

¯

t

and H
T

+Emiss

T

distributions with background-
only and signal-plus-background hypotheses. The sig-
nificance of a potential signal is summarized by a p-
value, the probability of observing, in the absence of
signal, an excess at least as signal-like as the one ob-
served in data. The outcome of the search is ranked
using the BumpHunter [62] algorithm for the lepton
plus jets channel and a likelihood ratio test statistic for

Table 3 Number of expected and observed events in the
dilepton channel after applying all selection cuts described
in Section 6. The uncertainties shown are all normalization
uncertainties as described in Section 9. Statistical uncertain-
ties on these numbers are small.

Dilepton channel

tt̄ 4020 ± 470
Single top 210 ± 30
Z plus jets 570 ± 70
Diboson 185 ± 30
W plus jets and Multijet 190 ± 145
Total expected 5200 ± 500

Data observed 5304
mgZ0 = 800 GeV 77
mgKK = 1100 GeV 75

 [GeV]miss
T+ETH

200 400 600 800 1000 1200

Ev
en

ts
 / 

G
eV

-310

-210

-110

1

10

210

 [GeV]miss
T+ETH

200 400 600 800 1000 1200

Ev
en

ts
 / 

G
eV

-310

-210

-110

1

10

210 data
tt 

Z+jets
Single top

 W+jets and Multijet
Diboson

Uncertainties
 (1100 GeV)

KK
g

ATLAS
=7TeV s -1Ldt=2.05  fb∫

 [GeV]miss
T+ETH

200 400 600 800 1000 1200

Ev
en

ts
 / 

G
eV

-310

-210

-110

1

10

210

Fig. 4 The HT+Emiss
T distribution after all selection require-

ments in the dilepton channel with a KK-gluon signal of mass
mgKK =1100 GeV for comparison. The hatched area shows the
background normalization uncertainties.

the dilepton channel. No significant deviations from SM
expectations are observed.

Given the absence of a signal, upper limits are set on
cross-section times branching ratio (�⇥ BR) as a func-
tion of mass using a Bayesian approach [63]. For the
limit setting, the lepton plus jets channel uses variable-
size binning, with bins ranging in size from 40 GeV
to 500 GeV bins for narrow resonances, and 80 GeV to
500 GeV for Kaluza-Klein gluons. These values are close
to the mass resolution while limiting bin-by-bin statis-
tical fluctuations. Mass values below 500 GeV, i.e. the tt̄
threshold region, are not considered. A single bin con-
tains all events with m

t

¯

t

> 2.5 TeV. In the dilepton
channel variable-sized bins are used with bins ranging
in size from 50 GeV to 200 GeV to maximize sensitivity
while limiting bin-by-bin statistical fluctuations. The
last bin contains all events with H

T

+Emiss

T

> 1.1 TeV.

The likelihood function is defined as the product
of the Poisson probabilities over all bins of the recon-
structed tt̄ invariant mass or H

T

+Emiss

T

distribution in
the lepton plus jets or dilepton channel, respectively.
The Poisson probability in each bin is evaluated for
the observed number of data events given the back-
ground and signal template expectation. The total sig-
nal acceptance as a function of mass is propagated into
the expectation. To calculate a likelihood for combined
channels, the likelihoods of the individual channels are
multiplied.

The posterior probability density is calculated using
Bayes’ theorem, with a flat positive prior in the signal
cross-section which is found to be a good approximation
of the reference prior [64]. Systematic uncertainties are
incorporated using nuisance parameters that smear the
parameters of the Poisson probability in each bin. For
each systematic uncertainty a Gaussian prior controls

Benchmark models:
   Narrow Z’ (topcolor model)
   Kaluza-Klein gluon (RS model)
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  Preliminary result: ATLAS-CONF-2012-029 

  2.05fb-1 data from single lepton trigger 
  2 channels: e and µ 

  Full reconstruction of the resonance mass 
  Missing neutrino: 

•  Missing ET => Transverse momentum 
•  W mass constraint => pZ (choose small solution) 

  Jet selection: 
  >=3 jets if one mjet>60GeV (Boosted W reconstructed by single jet, <1% data) 
  >=4 jets otherwise 
  >=1 b tagged jet 

  Background estimate: 
  QCD: Missing ET distributions 
    of lepton like jets 
  W+jets:     

t

νν

l+

W 
+

b

tW 
–

b

q

q'Jet selection:
 >=1 b tagged jet
 >=4 jets or >=3 jets if one mjet>60 GeV 
(Boosted W reconstructed by single jet, <1% data)

Not yet using jet substructure techniques
 

W mass constraint => p
Z

(choose small solution)

arXiv:1205.5371
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Fig. 3 Reconstructed tt̄ mass in the lepton plus jets channel
after all cuts, with the expectation from SM background and
two signal masses, a Z0 boson with mgZ0 = 800 GeV and a
KK gluon with mgKK = 1300 GeV. The electron and muon
channels have been added together and all events beyond the
range of the histogram have been added to the last bin. The
hatched area shows the background normalization uncertain-
ties.

agreement between data and expected background in
the event yields as well as the shapes of kinematic dis-
tributions.

11 Results

The results of this search are obtained by comparing
the m

t

¯

t

and H
T

+Emiss

T

distributions with background-
only and signal-plus-background hypotheses. The sig-
nificance of a potential signal is summarized by a p-
value, the probability of observing, in the absence of
signal, an excess at least as signal-like as the one ob-
served in data. The outcome of the search is ranked
using the BumpHunter [62] algorithm for the lepton
plus jets channel and a likelihood ratio test statistic for

Table 3 Number of expected and observed events in the
dilepton channel after applying all selection cuts described
in Section 6. The uncertainties shown are all normalization
uncertainties as described in Section 9. Statistical uncertain-
ties on these numbers are small.

Dilepton channel

tt̄ 4020 ± 470
Single top 210 ± 30
Z plus jets 570 ± 70
Diboson 185 ± 30
W plus jets and Multijet 190 ± 145
Total expected 5200 ± 500

Data observed 5304
mgZ0 = 800 GeV 77
mgKK = 1100 GeV 75
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Fig. 4 The HT+Emiss
T distribution after all selection require-

ments in the dilepton channel with a KK-gluon signal of mass
mgKK =1100 GeV for comparison. The hatched area shows the
background normalization uncertainties.

the dilepton channel. No significant deviations from SM
expectations are observed.

Given the absence of a signal, upper limits are set on
cross-section times branching ratio (�⇥ BR) as a func-
tion of mass using a Bayesian approach [63]. For the
limit setting, the lepton plus jets channel uses variable-
size binning, with bins ranging in size from 40 GeV
to 500 GeV bins for narrow resonances, and 80 GeV to
500 GeV for Kaluza-Klein gluons. These values are close
to the mass resolution while limiting bin-by-bin statis-
tical fluctuations. Mass values below 500 GeV, i.e. the tt̄
threshold region, are not considered. A single bin con-
tains all events with m

t

¯

t

> 2.5 TeV. In the dilepton
channel variable-sized bins are used with bins ranging
in size from 50 GeV to 200 GeV to maximize sensitivity
while limiting bin-by-bin statistical fluctuations. The
last bin contains all events with H

T

+Emiss

T

> 1.1 TeV.

The likelihood function is defined as the product
of the Poisson probabilities over all bins of the recon-
structed tt̄ invariant mass or H

T

+Emiss

T

distribution in
the lepton plus jets or dilepton channel, respectively.
The Poisson probability in each bin is evaluated for
the observed number of data events given the back-
ground and signal template expectation. The total sig-
nal acceptance as a function of mass is propagated into
the expectation. To calculate a likelihood for combined
channels, the likelihoods of the individual channels are
multiplied.

The posterior probability density is calculated using
Bayes’ theorem, with a flat positive prior in the signal
cross-section which is found to be a good approximation
of the reference prior [64]. Systematic uncertainties are
incorporated using nuisance parameters that smear the
parameters of the Poisson probability in each bin. For
each systematic uncertainty a Gaussian prior controls

A search for tt̄ resonances with the ATLAS detector in 2.05 fb�1 of proton-proton collisions at
p
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the probability for a given deviation of the parameter
from the nominal value. The upper limit on the signal
cross-section times branching ratio is identified with the
95% point of the posterior probability. The expected
limits are determined by using the background expec-
tation instead of the data in the limit computation, and
the one and two standard-deviation bands around these
limits are determined from the distribution of limits in
pseudo-experiments.

Systematic uncertainties degrade the expected cross-
section limits by a factor ranging from 3.0 at low mass
to 1.5 at high mass. Of the 32 systematic uncertain-
ties considered, none contribute individually more than
15% of the degradation.

For the lepton plus jets channel the observed limits
on narrow and wide resonances are shown in Fig. 5, to-
gether with the predicted cross-section times branching
ratio for the models considered and the expected lim-
its. Numerical values are given in Tables 4 and 5. The
observed (expected) limit on �⇥ BR(Z 0 ! tt̄) ranges
from 9.3 (8.5) pb at m

Z

0 = 500 GeV to 0.95 (0.62) pb
at m

Z

0 = 1300 GeV. The mass range 500 GeV < m
Z

0 <
880 GeV is excluded at 95% CL. The expected mass ex-
clusion is 500 GeV < m

Z

0 < 1010 GeV 4. The observed
(expected) limit on �⇥ BR(g

KK

! tt̄) ranges from
10.1 (10.3) pb at m

gKK = 500 GeV to 1.6 (0.9) pb at
m

gKK = 1300 GeV. g
KK

resonances with mass between
500 GeV and 1130 GeV are excluded at 95% CL, while
the expected mass exclusion is 500 GeV < m

gKK <
1360 GeV.

For the dilepton channel, the limits on the g
KK

res-
onance are shown in Fig. 6 with numerical values sum-
marized in Table 5. The observed (expected) limit on
�⇥ BR(g

KK

! tt̄) ranges from 19.6 (17.0) pb atm
gKK =

500 GeV to 2.3 (2.7) pb at m
gKK = 1300 GeV. This re-

sult excludes g
KK

resonances with masses between 500
GeV and 1080 GeV at 95% CL while the expected mass
exclusion is 500 GeV < m

gKK < 1070 GeV. No limit is
set on m

Z

0 in the dilepton channel.
Combining the lepton plus jets and dilepton chan-

nels does not lead to a significant improvement in the
limits. However, the dilepton channel, with di↵erent
background composition and systematics, provides an
important and largely independent cross-check of the
result.

12 Summary

A search for top quark pair resonances in the lepton
plus jets and dilepton final states has been performed

4 For comparison with the Tevatron, the observed (ex-
pected) exclusion limit is 500 GeV < mZ0 < 860 (930) GeV
when using the old LO cross-section calculation [2].
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Fig. 5 Observed (solid line) and expected (dashed line)
95% CL upper limits on (a) �⇥ BR(Z0 ! tt̄) and (b)
�⇥ BR(gKK ! tt̄) for the lepton plus jets channel. The inner
and outer bands show the range in which the limit is expected
to lie in 68% and 95% of pseudo-experiments, respectively,
and the bold lines correspond to the predicted cross-section
times branching ratio in the leptophobic topcolour and RS
models. The bands around the signal cross-section curves rep-
resent the e↵ect of the PDF uncertainty on the prediction.

Table 4 Expected and observed 95% CL upper limits on
�⇥ BR(Z0 ! tt̄) for the lepton plus jets channel.

Mass [GeV] Z0 Exp. [pb] Z0 Obs. [pb]
500 8.5 9.3
600 6.0 4.8
700 3.1 2.5
800 2.1 1.9
1000 1.1 2.4
1300 0.62 0.95
1600 0.46 0.76
2000 0.37 0.40

6 The ATLAS Collaboration

Emiss

T

spectrum, i.e. applying all selections except the
Emiss

T

cut. Other contributions are negligible after all
selection cuts. For MC samples, each bin is allowed to
vary according to a Gaussian distribution centred at
the bin height, with 10% RMS to account for their own
modelling uncertainties. The multijet background and
signal Emiss

T

spectra are su�ciently di↵erent so that fit-
ting the multijet contribution to the full distribution
will not mask a potential signal. The multijet template
is determined before b-tagging to reduce statistical fluc-
tuations. The kinematic distributions in both tagged
and untagged samples have been verified to agree in
shape within the available statistics in data.

In the dilepton channel, the small contribution of
events with at least one fake lepton is estimated from
data using the Matrix Method [59] which accounts for
small backgrounds with both one (W plus jets) and two
fake leptons (multijet background).

8 Mass reconstruction

8.1 Lepton plus jets channel

To reconstruct the tt̄ invariant mass, the neutrino’s lon-
gitudinal momentum (p

z

) is determined by imposing
the W boson mass constraint. If the discriminant of the
quadratic equation is negative, the missing transverse
momentum is adjusted to get a null discriminant [60].
If there are two solutions, the smallest p

z

solution is
chosen.

Di↵erent mass reconstruction algorithms are used
for the samples with or without a jet withm

j

> 60 GeV.
In the sample without, the dominant source of long,
non-Gaussian tails in the mass resolution is the use of
a jet from initial- or final-state radiation in place of one
of the jets directly related to a top quark decay product.
To reduce this contribution, the four leading jets with
p
T

> 20 GeV and |⌘| < 2.5 are considered, and a jet is
excluded if its angular distance to the lepton or closest
jet satisfies�R > 2.5�0.015⇥(m

j

/ GeV). If more than
one jet satisfies this condition, the jet with the largest
�R is excluded. If a jet was discarded and more than
three jets remain, the procedure is iterated. Then m

t

¯

t

is reconstructed from the lepton, Emiss

T

and the leading
four jets, or three jets if only three remain. The �R

cut removes jets that are well-separated from the rest
of the activity in the event. Furthermore, by requiring
only three jets in the mass reconstruction, the method
allows one of the jets from top quark decay to be outside
the detector acceptance, or merged with another jet.

For events with high tt̄ mass, the top quark and
W boson momenta can be large enough for some of
the decay products to be merged into a single jet, in

which case using the four highest p
T

jets often leads to
a significant overestimation of m

t

¯

t

, causing a substan-
tial contribution to the very high mass tail. To mitigate
this, if one of the jets has mass m

j

> 60 GeV, it is
combined with the jet closest to it (in �R) with p

T

>
20 GeV to form the hadronic top quark candidate, and
the other top quark is formed by combining the recon-
structed leptonicW boson candidate with, among those
remaining, the jet with p

T

> 20 GeV closest to it.
The mass resolution is shown in Fig. 1 using a few

signal masses, and the correlation between true and re-
constructed tt̄ mass (m

t

¯

t

) is shown in Fig. 2(a).
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Fig. 1 Reconstructed tt̄ pair invariant mass for four reso-
nance masses: mZ0 = 500, 700, 1000 and mgKK = 1300 GeV.

8.2 Dilepton channel

The dilepton channel is kinematically underconstrained
due to the presence of two undetected neutrinos. The
e↵ective mass is correlated with m

t

¯

t

and is defined as
H

T

+Emiss

T

, where H
T

is the scalar sum of transverse
momenta of the leptons and the two leading jets. The
correlation between true tt̄ mass and reconstructed
H

T

+Emiss

T

is shown in Fig. 2(b).

9 Systematic uncertainties

Since the search for resonances is done using binned
m

t

¯

t

and H
T

+Emiss

T

distributions, two categories of sys-
tematic uncertainties are considered: uncertainties in
the normalization of the expected event yield, which
do not impact the shapes of the di↵erent contributions,
and uncertainties a↵ecting the shape of the m

t

¯

t

or ef-
fective mass distributions, which can also impact the
event yields.

Benchmark models:
   Narrow Z’ (topcolor model)
   Kaluza-Klein gluon (RS model)
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Figure 9. Normalised cross-sections as functions of mass of Cambridge-Aachen jets with R = 1.2
after splitting and filtering in four di↵erent pT bins.
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  Splitting and filtering a jet with large  
     cone size 

  PRL 100, 242001 (2008) 
  Less sensitive to soft QCD  
    radiation 
  Better agreement between data ] 
    and MC  

arXiv:1203.4606 

after 
splitting & filtering

JHEP 1205 (2012) 128 
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Figure 8. Normalised cross-sections as functions of mass of Cambridge-Aachen jets with R = 1.2
in four di↵erent pT bins.
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Boosted topologies & jet substructure offer promising tool for new physics searches at LHC
Study based on large anti-kT (R=1) and Cambridge-Aachen (R=1.2) jets in 4 pT bins

Iterative Dynamically Stabilized Unfolding technique (matrices published to HEPData)
Jet mass shows largest disagreement with LO MC, improved after splitting & filtering

Low pileup: 
<Nvtx> ~2

before 
splitting & filtering

Butterworth, Davison, Rubin, Salam
PRL 100, 242001 (2008)
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Jet mass & substructure
Jet mass, kT splitting scales, and N-subjettiness measured before and after unfolding

‣ Described reasonably well, large systematic uncertainties
● sub-jet properties generally agree better
● jet-mass after splitting and filtering shows less dependence on pile-up

20

10 Mean Mass With Multiple Proton-Proton Interactions

The results presented so far have been for events containing only one pp interaction; how-

ever even in this early period of running, the data contain events with multiple simul-

taneous pp interactions (pile-up) [47]. These additional collisions are uncorrelated with

the hard-scattering process that typically triggers the event. They therefore present a

background of soft, di↵use radiation that o↵sets the energy measurement of jets and will

impact jet-shape and substructure measurements. It is essential that future studies involv-

ing jet-substructure variables, such as those investigated here, be able to understand and

correct for the e↵ects of pile-up. Methods to mitigate these e↵ects will be essential for jet

multiplicity and energy scale measurements.

Substructure observables are expected to be especially sensitive to pile-up [8]. This is

true in particular for the invariant mass of large-size jets. Techniques such as the splitting

and filtering procedure used in this study reduce the e↵ective area of large jets and are

therefore expected to reduce sensitivity to pile-up.

The sensitivity of mean jet mass to pile-up is tested in this dataset. The correlation

of the mean jet mass of anti-k
t

jets with the number of reconstructed primary vertices is

presented in Figure 17 (left). All jets with a p
T

of at least 300 GeV in the rapidity range

|y| < 2 are considered. The mean mass of jets in the absence of pile-up and the variation

with pile-up activity show the expected dependence on the jet size. The mean mass in the
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2.3 kt splitting scales,

p
dij

The k
t

splitting scales are defined by reclustering the constituents of the jet with the k
t

recombination algorithm [1, 2]. The k
t

-distance of the final clustering step can be used to

define a splitting scale variable
p
d12:

p
d12 = min(p

Tj1, pTj2)⇥ �R
j1,j2,

where 1 and 2 are the two jets before the final clustering step [15]. The ordering of clustering

in the k
t

algorithm means that in the presence of a two-body heavy particle decay the final

clustering step will usually be to combine the two decay products. The parameter
p
d12 can

therefore be used to distinguish heavy particle decays, which tend to be more symmetric,

from the largely asymmetric splittings of quarks and gluons. The expected value for a

heavy particle decay is approximately m/2, whereas inclusive jets will tend to have values

⇠ pT/10, although with a tail extending to high values. The variable
p
d23 is defined

analogously but for the two objects combined in the penultimate clustering step.

2.4 N-subjettiness

The N -subjettiness variables ⌧
N

[16] are designed to be smooth, continuous observables

related to the subjet multiplicity. Intuitively, the variables can be thought of as answering

the question: “How much does this jet look like N di↵erent subjets?” The variable ⌧
N

is calculated by clustering the constituents of the jet with the k
t

algorithm and requiring

N subjets to be found. These N subjets define axes within the jet around which the jet

constituents may be concentrated. The variables ⌧
N

are then defined as the following sum

over all constituents k of the jet:

⌧
N

=
1

d0

X

k

p
T,k

⇥min(�R1,k, �R2,k, . . . , �RN,k

) (2.1)

d0 =
X

k

p
T,k

R, (2.2)

where �R
i,k

is the distance from the subjet i to the constituent k and R is the R-parameter

of the original jet algorithm.

Using this definition, ⌧
N

describes how well the substructure of the jet is described by

N subjets by assessing the degree to which constituents are localized near the axes defined

by the k
t

subjets. For two- and three-body decays, respectively, the ratios ⌧2/⌧1 and ⌧3/⌧2
have been shown to provide excellent discrimination for hadronic decays of W -bosons and

boosted top quarks [20]. These ratios will be referred to as ⌧21 and ⌧32 respectively. These

variables mostly fall within the range 0 to 1. As an example, ⌧21 ' 1 corresponds to a

jet which is narrow and without substructure; ⌧21 ' 0 implies a jet which is much better

described by two subjets than one. Similarly low values of ⌧32 imply a jet which is much

better described by three subjets than two. However, as can be seen from the definition,

adding an additional subjet axis will tend to reduce the value of ⌧
N

and therefore even

narrow jets tend to have values of ⌧21 and ⌧32 slightly less than 1.

– 4 –

0 0.2 0.4 0.6 0.8 1 1.2

21τd
σ

d  
σ1

0

0.5

1

1.5

2

2.5

3 -1 L = 2pb∫2010 Data, 
Statistical Unc.
Total Unc.
Pythia
Herwig++

Cambridge-Aachen R=1.2 jets
 < 300 GeVT200 < p

 = 1, |y| < 2PVN

ATLAS

21τN-subjettiness 
0 0.2 0.4 0.6 0.8 1 1.2

M
C

 / 
D

at
a

0.2
0.4
0.6
0.8

1
1.2
1.4
1.6
1.8 0 0.2 0.4 0.6 0.8 1 1.2

21τd
σ

d  
σ1

0

0.5

1

1.5

2

2.5

-1 L = 35pb∫2010 Data, 

Statistical Unc.
Total Unc.
Pythia
Herwig++

Cambridge-Aachen R=1.2 jets
 < 400 GeVT300 < p

 = 1, |y| < 2PVN

ATLAS

21τN-subjettiness 
0 0.2 0.4 0.6 0.8 1 1.2

M
C

 / 
D

at
a

0.2
0.4
0.6
0.8

1
1.2
1.4
1.6
1.8

0 0.2 0.4 0.6 0.8 1 1.2

21τd
σ

d  
σ1

0

0.5

1

1.5

2

2.5

3
-1 L = 35pb∫2010 Data, 

Statistical Unc.
Total Unc.
Pythia
Herwig++

Cambridge-Aachen R=1.2 jets
 < 500 GeVT400 < p

 = 1, |y| < 2PVN

ATLAS

21τN-subjettiness 
0 0.2 0.4 0.6 0.8 1 1.2

M
C

 / 
D

at
a

0.2
0.4
0.6
0.8

1
1.2
1.4
1.6
1.8 0 0.2 0.4 0.6 0.8 1 1.2

21τd
σ

d  
σ1

0

0.5

1

1.5

2

2.5

3
-1 L = 35pb∫2010 Data, 

Statistical Unc.
Total Unc.
Pythia
Herwig++

Cambridge-Aachen R=1.2 jets
 < 600 GeVT500 < p

 = 1, |y| < 2PVN

ATLAS

21τN-subjettiness 
0 0.2 0.4 0.6 0.8 1 1.2

M
C

 / 
D

at
a

0.2
0.4
0.6
0.8

1
1.2
1.4
1.6
1.8

Figure 13. Normalised cross-sections as functions of ⌧21 of Cambridge-Aachen jets with R = 1.2
in four di↵erent pT bins.
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Figure 11. Normalised cross-sections as functions of
p
d12 of anti-kt jets with R = 1.0 in four

di↵erent pT bins.
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Outlook: A powerful new tool is being commissioned in the search for new physics at LHC
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Charged long-lived heavy particles 

21

p
K
π

E.g., long lived q ̃ or g ̃ forms an R-hadron
Average dE/dX in pixel detector clusters 

‣ mass determined from inverting Most Prob. Value

Using pixel only less sensitive to modeling of 
R-hadron in calorimeter 

‣ several hadronization & material interaction models

Data-driven background estimates
Trigger: ETmiss>70  

ATLAS-CONF-2012-022
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Disappearing-track search
Long lived charged particle might decay in 
the tracking volume, giving rise to a 
`disappearing’ track
‣ for example, Anomaly mediated SUSY 

breaking with small mass splitting 
between χ₁̃± and χ̃₁⁰

Disappearing track has <5 hits in TRT 
Backgrounds from material interaction and 
‘bad tracks’ estimated from data

4

Table 2 Summary of selection cuts and data reduction. The selection
efficiencies for each AMSB signal model are also shown.

Selection Data Signal efficiency [%]
LL01 LL02 LL03

Trigger selection and non-
collision rejection 1491012 90.2 90.2 89.3

e/µ veto 1390171 77.1 75.2 73.7
EmissT > 130 GeV 80971 67.9 68.8 69.4
Jet pT requirements 18345 66.5 68.1 68.8
High-pT isolated track 6042 40.8 42.9 43.5
Disappearing track 185 6.8 7.5 7.4

– Charged hadrons (mostly charged pions) interactingwith
material in the TRT detector.

– Low-pT charged particles whose pT is badly measured
due to scattering in the inner detector material.

The two categories are labelled as “high-pT interacting hadron
track” and “bad track” backgrounds, respectively. Fig. 2 shows
schematically the origins of disappearing high-pT tracks.
According to theMC simulation, high-pT interacting hadron
tracks were responsible for more than 95% of the background
tracks. Electrons having low pT can be classified as disap-
pearing tracks due to bremsstrahlung, however, the contri-
bution of these tracks was negligibly small after the lepton
veto and the track selection criterion (5).

Fig. 2 Origins of disappearing high-pT tracks.

The fraction of events containing these background tracks
is expected to be ∼ 10−4; background estimation based on
the MC simulation would therefore suffer from large uncer-
tainties due to the lack of sufficient MC statistics and also
from the difficulty in simulating the properties of these back-
ground mechanisms. A data-driven background estimation
technique was therefore used to estimate the background
track pT spectrum, which used control samples enriched in
the two background categories. The main contribution to
the high-pT interacting hadron background originated from
charged hadrons in jets and τ hadronic decays. In the pT
range above 10 GeV, where inelastic interactions dominate,

the interaction rate has nearly no pT-dependence [29]. There-
fore, the pT spectrum of interacting hadron tracks was ob-
tained from that of non-interacting hadron tracks. By adopt-
ing the same kinematic selection criteria as those for the
signal and ensuring penetration through the TRT detector
by requiring NouterTRT > 10, a pure sample of high-pT non-
interacting hadron tracks was obtained. The contamination
from bad tracks and any chargino signal was removed by re-
quiring the calorimeter activity associated to the track,∑ΔR<0.1
EclusT / ptrackT , to be larger than 0.3, where ptrackT is the pT of
the track and ∑ΔR<0.1EclusT is the sum of cluster transverse
energies in a cone of ΔR= 0.1 around the track. Simulation
studies indicated that the pT spectrum of bad tracks depends
little on the production process. A sample with an enhanced
bad track contribution was therefore obtained with the same
track quality requirements as for the chargino track, but re-
quiring EmissT < 100 GeV. The EmissT requirement makes this
sample orthogonal to the signal search sample. In addition,
the number of pixel hits associated to the track was required
to be zero, and ∑ΔR<0.1EclusT /ptrackT < 0.3 in order to re-
ject possible contributions from high-pT interacting hadron
tracks and to enhance the purity of bad tracks. The require-
ment on the number of pixel hits had negligible impact on
the shape of the reconstructed pT spectrum. The purity of
bad tracks was close to 100% after these requirements.

An ansatz functional form (1+ x)a0/xa1+a2 ln(x) was fit-
ted to the pT spectrum of the control sample of the high-
pT non-interacting hadron tracks, where x ≡ ptrackT and ai
(i = 0,1,2) are fit parameters. Fig. 3(a) shows the track pT
distribution and the shape derived from a maximum likeli-
hood fit. Alternative fit functions gave shapes that agreed
with each other and with the original form within the fit un-
certainties. The choice of functional form in this analysis
was based on the χ2 values.

Bad tracks could have anomalously high values of pT
and become a significant background. Therefore, for the bad
track background shape, a flat term representing the high-pT
tail was added to give an estimate in the region of interest.
The resulting functional form was (1+x)b0/xb1+b2 ln(x)+b3,
where bi (i = 0,1,2,3) are fit parameters. The shape of the
bad track background is shown in Fig. 3(b).

6 Signal extraction and constraints on the AMSB
chargino

In order to evaluate how well the observed data agree with a
given signal model, a statistical test was performed based on
a maximum likelihood. The likelihood function for the sam-
ple of observed events (nobs), using the track pT, is defined
as:
nobs
∏

µsnexps Ls+ nb{(1− fbad)Lhad+ fbadLbad}
nb+ µsnexps

, (1)

6

The p-value for the consistency of the observed data with
the background-only hypothesis was calculated to be 0.5,
showing that the observed track pT spectrum was in agree-
ment with the background expectation. The result also indi-
cated that interacting hadron tracks were the dominant back-
ground, consistent with MC predictions.
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Fig. 5 The pT distribution of candidate tracks with the best-fit shape
of the "signal + background" model. The signal point of LL01 and
τχ̃±1 = 1 ns are used, but the best-fit signal contribution was found to
be zero.

The expected background and observed events in the
region pT > 50 GeV were 13± 1 and 5, respectively; this
background estimate was derived from the background-only
fit in the region 10< pT ≤ 50 GeV. Model-independent up-
per limits were set on the cross section times acceptance for
non-SM processes with the final state satisfying the kine-
matic and track selection criteria. Fig. 6 shows 95% CL up-
per limits on the cross section times acceptance for candi-
date tracks with pT > p0T as a function of p0T. The 95% CL
upper limit on the cross section for a given model was set
by the point where the CL of the signal + background hy-
pothesis based on the profile likelihood ratio [33] and the
CLs method [34, 35] falls below 5% when scanning the CL
along various values of µs. Fig. 7 shows the observed limit
on the signal cross section at 95% CL as a function of τχ̃±1
for the signal model LL01. Limits on the chargino lifetime
were also set: τχ̃±1 < 0.2 or τχ̃±1 > 4 ns for a chargino with
a mass of 90 GeV. Moreover, a constraint on the chargino
mass and lifetime was set by the scan of the observed cross
section limits for the benchmark models, as shown in Fig. 8.
In the framework of minimal AMSB with m3/2 < 32 TeV,
m0 < 1.5 TeV, tanβ = 5 and µ > 0, a chargino with mχ̃±1

<

92 GeV and 0.5< τχ̃±1 < 2 ns was excluded at 95% CL.
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Fig. 6 Model-independent upper limits on the cross section (σ ) times
acceptance (A) for a non-SM physics process containing an isolated,
disappearing track with pT > p0T as a function of p0T. The observed and
expected bounds at 95% CL are shown.
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Fig. 3 The pT distributions of high-pT hadron track (a) and bad track (b) background control samples. The data and the fitted model are shown by
the solid circles and the line, respectively. The significance of the data-model difference on a bin-by-bin basis is also shown at the bottom of each
figure.

where µs, nexps , nb and fbad are the signal strength (i.e. the
ratio of a given cross section to its predicted value), the ex-
pected number of signal events for a given model, the num-
ber of background events and the fraction of bad tracks in
the background, respectively. The parameters µs, nb and fbad
were left free in the fit. The probability density functions
of signal, interacting hadron track and bad track, Ls, Lhad
and Lbad, are shown in Fig. 4. The full shape of the dis-
tributions for pT > 10 GeV was fitted with the two back-
ground contributions, and a signal contribution was also in-
cluded in the fit for pT > 50 GeV. A small signal contribu-
tion below pT = 50 GeV was neglected. The effects of sys-
tematic uncertainties were incorporated via constraint terms
on nuisance parameters. The overall normalisation of the
signal and the parameters describing the background track
pT shapes were set as nuisance parameters; they were treated
with a normal distribution and multivariate normal distri-
butions with covariance matrices obtained by the fit of the
background control samples, respectively.

A total uncertainty of ±25% was found for the signal
normalisation; the main contribution comes from the uncer-
tainties in the theoretical cross section from the renormali-
sation and factorisation scales (±18%) and the parton distri-
bution functions (±9%). The jet energy scale [25], the track
reconstruction efficiency [30] and the integrated luminos-
ity [31, 32] could alter the signal yield; their contributions
were estimated to be ±9%, ±2% and ±3.7%, respectively.
The systematic uncertainties due to pile-up were evaluated
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Fig. 4 Probability densities of the signal (LL01, τχ̃±1 = 1 ns) and back-
ground components, shown as a function of track pT. In the signal case,
only the region pT > 50 GeV is shown.

by examining the stability of the signal acceptance and the
pT spectra of background tracks as a function of the number
of pp interactions. Both data and signal MC were used for
this purpose, and the resulting uncertainties were found to
be negligible.

Fig. 5 shows the best-fit shape of the "signal + back-
ground"model for the sample signal point LL01 with τχ̃±1 =

1 ns (nexps = 4.2). The fit resulted in nb = 185± 14 and
the best fit values of µs and fbad were zero; upper limits
of µs < 0.15 and fbad < 4.0× 10−2 were set at 68% CL.
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Stopped, Long-Lived Particles
Even longer lived particles can stop in calorimeter, decay later
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Summary
2011 was a fantastic year for the LHC and for ATLAS
‣ accelerator and detector both performing beyond expectations
‣ hundreds of papers submitted for publication
‣ high-precision measurements for electroweak and top physics
‣ stringent constraints for supersymmetry and exotica
‣ an intriguing excess in the search for the Higgs

2012 promises to be a year to remember
‣ already >5 fb-1 of pp collisions at 8 TeV
‣ the Higgs story will unfold
‣ will deploy several new tools commissioned in 2011

More results from ATLAS can be found here:
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