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Results	
  with	
  complete	
  8	
  TeV	
  dataset	
  

•  New	
  spin	
  1	
  resonances	
  	
  
•  Extra	
  dimensions	
  

– Randall-­‐Sundrum	
  (RS)	
  
– Arkani-­‐Hamed,	
  Dimopoulos,	
  Divali	
  (ADD)	
  
– classical	
  and	
  quantum	
  black	
  holes	
  

•  Dark	
  maVer	
  
•  New	
  phenomenon	
  in	
  events	
  with	
  three	
  
charged	
  leptons	
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ATLAS	
  Detector	
  

4	
  

25 m 

44 m 

7000 Tons 

�  A	
  general	
  purpose	
  detector	
  
�  Trackers	
  
◦  Pixel	
  
◦  Silicon	
  microstrip	
  tracker	
  (SCT)	
  
◦  Transi@on	
  radia@on	
  tracker	
  (TRT)	
  

�  Solenoid	
  
◦  2T	
  magne@c	
  field	
  

�  Calorimeter	
  
◦  Electromagne@c	
  (EM)	
  

◦  Liquid	
  Argon	
  (LAr)	
  	
  
◦  Hadronic	
  (HAD) 	
  	
  

�  scin@lla@ng	
  @les	
  in	
  central	
  barrel,	
  LAr	
  in	
  
end	
  caps	
  (EC)	
  

�  Muon	
  Spectrometer	
  
◦  excellent	
  momentum	
  resolu@on	
  
◦  independent	
  momentum	
  measurement	
  

at	
  high	
  pT	
  	
  
�  Three	
  large	
  superconduc@ng	
  	
  

toroids	
  
◦  one	
  barrel	
  and	
  two	
  ECs	
  
◦  eight-­‐fold	
  azimuthal	
  symmetry	
  around	
  

calorimeter	
  
◦  1.2T	
  magne@c	
  field	
  

The	
  ATLAS	
  Collabora.on,	
  G.	
  Aad	
  et	
  al.,	
  The	
  ATLAS	
  Experiment	
  at	
  the	
  CERN	
  Large	
  Hadron	
  Collider,	
  JINST	
  3	
  (2008)	
  S08003.	
  

;	
  



Heavy	
  Resonances	
  
•  Predicted	
  by	
  various	
  extensions	
  of	
  Standard	
  
Model	
  (SM)	
  
–  Sequen@al	
  Standard	
  Model	
  (SSM)	
  

•  same	
  coupling	
  of	
  Z’SSM	
  (W’SSM)	
  to	
  fermions	
  as	
  ZSM(WSM)	
  
– GUT-­‐inspired	
  theories	
  

•  Z’Ψ	
  	
  and	
  Z’χ	
  lightest	
  mass	
  resonances	
  predicted	
  by	
  E6	
  based	
  
theories	
  

– Weak-­‐doublet	
  spin-­‐1	
  bosons	
  
•  anomalously	
  interac@ng	
  Z*	
  and	
  W*	
  bosons	
  

– Diboson	
  resonance	
  predicted	
  by	
  Extended	
  Gauge	
  
Model	
  (EGM)	
  

–  Excited	
  quarks	
  (q*)	
  predicted	
  by	
  composite	
  models	
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Z’/Z*-­‐>	
  ee	
  ,	
  μμ	
   ATLAS-­‐CONF-­‐2013-­‐017	
  

•  Two	
  isolated	
  electrons/muons	
  
–  clean	
  signature	
  with	
  low	
  background	
  

•  Electroweak	
  backgrounds	
  es@mated	
  from	
  MC	
  	
  
–  Drell-­‐Yan,	
  diboson,	
  Vbar,	
  tW	
  

•  Data	
  driven	
  mul@jet	
  and	
  W+jets	
  backgrounds	
  
•  Sum	
  of	
  MC	
  scaled	
  to	
  data	
  aler	
  subtrac@ng	
  mul@jet	
  

and	
  W+jet	
  
•  95%	
  	
  confidence	
  level	
  combined	
  upper	
  limit	
  on	
  σB	
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FIG. 5. Observed upper cross-section times branching ratio (σB) limits at 95% CL for Z′
SSM, E6-motivated Z′ and Z∗ bosons

using the combined dilepton channel. In addition, theoretical cross-sections on σB are shown for the same models. The stars
indicate the lower mass limits for each considered model. The thickness of the Z′

SSM curve represents the theoretical uncertainty
from the PDF error set, the choice of PDF as well as αs. The thickness of the Z′

SSM curve holds for the E6-motivated Z′ curves
as well.

C. Limits on spin-2 Graviton Excitations in the Randall-Sundrum Model536

The RS model phenomenology is characterized by the G∗ mass and k/M Pl. Limits at 95% CL on σB(G∗ → "+"−)537

are obtained and compared to the theoretical σB assuming values of k/M Pl less than 0.2. These results are used to538

set limits in the plane of k/M Pl versus G∗ mass, as illustrated in Figure 8 for the combined dilepton channel. Mass539

limits for five of the k/M Pl values used are given in Table IX.540

TABLE IX. The observed and expected 95% C.L. lower limits on the mass of the G∗ with varying coupling k/MPl. Both
lepton channels are combined.

k/MPl 0.01 0.03 0.05 0.1 0.2
Observed limit on MG∗ [TeV] 1.25 1.96 2.28 2.68 3.05
Expected limit on MG∗ [TeV] 1.28 1.95 2.25 2.67 3.05

D. Limits on Quantum Black Hole models541

Upper limits at 95% CL on σB are set as a function of Mth, assuming a signal according to both RS and ADD542

models. While the two models predict different mass distributions, using the same σB limit curve, as in Figure 9,543

leads to only a 1% difference in mass limits obtained. The observed lower limits on Mth for the combination of both544

dilepton channels are 3.65 TeV for the ADD model and 2.24 TeV for the RS model.545
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FIG. 4. Median expected (dashed line) and observed (solid line) 95% CL upper limits on cross-section times branching ratio
(σB) for Z′

SSM production for the exclusive dimuon and dielectron channels, and for both channels combined. The thickness of
the Z′

SSM theory curve represents the theoretical uncertainty from the PDF error set, the choice of PDF as well as αs.

TABLE VIII. Observed and expected lower mass limits for Z′ and Z∗ bosons, using the corresponding signal template for a
given model.

Model Width [%] Observed Mass Limit [TeV] Expected Mass Limit [TeV]
Z′

SSM 3.0 2.90 2.87
Z′

χ 1.2 2.62 2.60
Z′

ψ 0.5 2.51 2.46
Z∗ 3.4 2.85 2.82

B. Limits on Minimal Z′ bosons520

Limits are also set in the Minimal Z ′ models parameterization [4] of the Z ′ boson couplings. Instead of using the521

predicted σB based on a fixed coupling to fermions as described in the previous section, the new boson is characterized522

by two coupling parameters, gB−L and gY.523

For this analysis, signal templates are made accounting for the dependence of the Z ′ boson width on γ′ and θMin,524

as well as the interference with SM Z/γ∗. For a given value of θMin and for each tested Z ′ mass, dilepton invariant525

mass templates are created with values of γ′ varying between 0.005 and 4. The templates at these chosen values of γ′
526

are interpolated to all values of γ′ by using a smooth interpolating function in each dilepton mass bin. The parameter527

of interest in the likelihood analysis is γ′ for specific values of θMin and the Z ′ boson mass, MZ′

Min
. Systematic528

uncertainties are included in the analysis analogously to the computation of σB limits described above. Limits at529

95% CL are set on the relative coupling strength γ′ as a function of the Z ′
Min boson mass, as shown in Figure 6.530

Figure 7 contains limits at 95% CL on γ′ versus θMin for several representative values of MZ′

Min
. The strongest and531

weakest limits are found for θMin = 0.96 and θMin = 2.27, respectively. The limit strength depends heavily on the532

Z ′ branching ratio to dileptons, which in turn depends on θMin as the choice of this parameter influences the Z ′
533

couplings. For MZ′

Min
significantly above the tt̄ production threshold, the sum of Z ′ branching ratios to electron and534

muon pairs ranges from 4.6% to 32%.535

29

C. Spin-1 Z′
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FIG. 16. Ratio of the observed limit for the Z′
SSM search to the Z′

SSM cross-section times branching ratio for the combination
of the dielectron and dimuon channels.

 [TeV]eem
0.5 1 1.5 2 2.5 3 3.5 4 4.5

U
ni

t A
re

a 
Te

m
pl

at
es

-610

-510

-410

-310

-210

-110

1

10

210
 = 1.5 TeV

SSMZ’M
 = 2.5 TeV

SSMZ’M
 = 3.5 TeV

SSMZ’M

 Simulation For ApprovalATLAS

 = 8 TeVs ee      " SSMZ’

FIG. 17. Examples of dielectron signal templates at reconstruction level for Z′
SSM signals.
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SSM theory band represents the theoretical uncertainty from the PDF error set, the choice of PDF as well as αS .

the different widths given in Table VIII. Even though the width of the Z∗ is similar to the width of the Z ′
SSM, the515

tensor form of the coupling of the Z∗ to fermions strongly suppresses parton luminosity effects. Limits on σB for the516

Z∗ interpretation therefore do not worsen with increasing invariant mass. Quantitatively, the observed Z ′
SSM mass517

limit would increase from 2.90 TeV to 2.95 TeV and 3.08 TeV, if the Z ′
χ and Z ′

ψ boson signal templates, with smaller518

widths, were used. If the Z∗ boson template with negligible parton-luminosity tail but similar width were used instead519

of the Z ′
SSM template, the observed limit would increase to 3.20 TeV.520

TABLE VIII. Observed and expected lower mass limits for Z′ and Z∗ bosons, using the corresponding signal template for a
given model.

Model Width [%] Observed Mass Limit [TeV] Expected Mass Limit [TeV]
Z′

SSM 3.0 2.90 2.87
Z′

χ 1.2 2.62 2.60
Z′

ψ 0.5 2.51 2.46
Z∗ 3.4 2.85 2.82

B. Limits on Minimal Z′ bosons521

Limits are also set in the Minimal Z ′ Models parameterization [4] of the Z ′ boson couplings. Instead of using the522

predicted σB based on a fixed coupling to fermions as described in the previous section, the new boson is characterized523

by two coupling parameters, gB−L and gY.524

For this analysis, the signal templates account for the dependence of the Z ′ boson width on γ′ and θMin, as well525

as the interference with SM Z/γ∗. For a given value of θMin and for each tested Z ′ mass, dilepton invariant mass526

templates are created with various γ′ values between 0.005 and 4. The templates at these chosen values of γ′ are527

interpolated to other values of γ′ by using a smooth interpolating function in each dilepton mass bin. The parameter528
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  Z`-­‐>	
  τ	
  τ	
  
•  Analysis	
  complements	
  the	
  search	
  in	
  dielectron	
  and	
  dimuon	
  channels	
  
•  Both	
  tau	
  leptons	
  assumed	
  to	
  decay	
  hadronically	
  

–  Both	
  1	
  and	
  3-­‐prong	
  decays	
  included	
  
–  Mul@variate	
  algorithms	
  (BDT)	
  used	
  for	
  tau	
  iden@fica@on	
  (60%	
  efficiency)	
  

•  Drell	
  Yan	
  (Z-­‐>ττ/γ*)	
  dominant	
  background	
  at	
  high	
  mass:	
  es@mated	
  from	
  
MC	
  
	
  

6 Results and discussion

The numbers of observed and expected events including their total uncertainties at various points in
the event selection and after applying various mtotT thresholds are summarised in Table 3. For all signal
regions the number of observed events is consistent with the expected Standard Model background.
Therefore, upper limits are set on the production of a high-mass resonance decaying to τ+τ− pairs.

Z/γ∗ → ττ Multijet W/Z+jets Top Diboson SM total Data Z′SSM(1750)
Preselection 270 ± 50 630 ± 100 80 ± 50 27 ± 15 1.1 ± 0.6 1000 ± 140 1016 9.4 ± 1.5
∆φ(τ1, τ2) 120 ± 20 420 ± 70 48 ± 30 13 ± 6 0.1 ± 0.1 600 ± 80 577 9.2 ± 1.5
OS 113 ± 18 210 ± 40 34 ± 22 10 ± 4 0.1 ± 0.1 370 ± 50 372 8.7 ± 1.4
mtotT > 300 GeV 102 ± 17 96 ± 17 28 ± 19 7 ± 3 0.1 ± 0.1 230 ± 40 235 8.7 ± 1.4
mtotT > 350 GeV 63 ± 11 40 ± 9 18 ± 12 5.0 ± 1.9 0.1 ± 0.0 126 ± 21 123 8.6 ± 1.4
mtotT > 400 GeV 37 ± 7 18 ± 4 10 ± 7 2.0 ± 1.1 < 0.1 66 ± 12 59 8.4 ± 1.4
mtotT > 450 GeV 22 ± 4 9 ± 3 6 ± 4 1.2 ± 0.6 38 ± 7 31 8.3 ± 1.4
mtotT > 500 GeV 14 ± 3 4.4 ± 1.6 4 ± 3 0.6 ± 0.3 23 ± 5 20 8.0 ± 1.3
mtotT > 550 GeV 8.9 ± 1.8 2.7 ± 1.1 1.8 ± 1.3 0.4 ± 0.3 14 ± 3 12 7.7 ± 1.3
mtotT > 600 GeV 5.9 ± 1.2 1.8 ± 0.8 1.1 ± 0.8 0.1 ± 0.1 9.0 ± 1.8 5 7.4 ± 1.3
mtotT > 650 GeV 4.1 ± 0.8 1.0 ± 0.5 0.7 ± 0.5 0.1 ± 0.1 5.9 ± 1.2 3 7.1 ± 1.2
mtotT > 700 GeV 2.8 ± 0.6 0.6 ± 0.3 0.5 ± 0.3 < 0.1 3.9 ± 0.8 0 6.7 ± 1.1
mtotT > 750 GeV 1.9 ± 0.4 0.5 ± 0.3 0.3 ± 0.2 2.8 ± 0.6 0 6.3 ± 1.1
mtotT > 800 GeV 1.4 ± 0.3 0.3 ± 0.2 0.2 ± 0.2 2.0 ± 0.4 0 6.0 ± 1.0
mtotT > 850 GeV 1.0 ± 0.2 0.2 ± 0.1 0.2 ± 0.1 1.4 ± 0.3 0 5.6 ± 1.0
mtotT > 900 GeV 0.7 ± 0.2 0.1 ± 0.1 0.1 ± 0.1 1.0 ± 0.2 0 5.2 ± 0.9

Table 3: Observed events and expected contributions from SM processes and a Z′ signal with mZ′ =

1750 GeV after various points in the event selection and after applying various mtotT thresholds.
The preselection includes all selections other than the ∆φ, OS and mtotT requirements. The total
statistical plus systematic uncertainty is shown. The W/Z+jets contribution includes all W/Z
decays to leptons except Z → ττ. The SM total may not always equal the sum of the SM
contributions due to rounding.

The statistical analysis employs a likelihood function defined as a single Poisson probability term
describing the total number of observed events. The Poisson probability is evaluated for the observed
number of data events given the signal plus background expectation. Systematic uncertainties on the
expected number of events are incorporated into the likelihood via nuisance parameters constrained by
Gaussian distributions. A signal strength parameter multiplies the expected signal contribution, for which
a positive uniform prior probability distribution is assumed. The impact of the choice of prior has been
evaluated in Ref. [8] and was found to have only a minor effect on the sensitivity. Theoretical uncertain-
ties on the signal cross section are not included in the calculation of the experimental limit as they are
model-dependent.

A Bayesian 95% credibility upper limit is set on the cross section times branching fraction for a
high-mass resonance decaying into a τ+τ− pair as a function of the resonance mass, using the Bayesian
Analysis Toolkit [63]. Figure 4 shows the limit. The resulting 95% credibility lower limit on the mass
of a Z′SSM decaying to τ

+τ− pairs is 1.90 TeV, with an expected limit of 1.80 TeV. The structure in the
expected limit below mZ′ = 1500 GeV is due to the changing mtotT thresholds. The initial improvement
above this point is due to the increasing acceptance of the mtotT threshold with increasing mZ′ , while the
degradation at very high mass is due to a decrease in the efficiency to reconstruct 3-prong taus with very
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W’(W*)-­‐>	
  e/μ	
  ν	
  

Table 10: Observed upper limits on W� and W∗ σB for masses above 2000 GeV. The columns are as for

table 9.

mW�/W∗ [GeV] channel 95% CL limit on σB [fb]

W � W∗

none S SB SBL SBc SBcL none SBcL

2250

e 0.356 0.357 0.357 0.357 0.358 0.359 0.829 0.858

µ 0.672 0.675 0.675 0.677 0.677 0.679 0.725 0.732

eµ 0.233 0.233 0.233 0.234 0.234 0.235 0.456 0.487

2500

e 0.388 0.389 0.389 0.390 0.390 0.391 0.437 0.440

µ 0.729 0.735 0.735 0.736 0.737 0.739 0.827 0.834

eµ 0.253 0.254 0.254 0.254 0.255 0.256 0.286 0.288

2750

e 0.354 0.356 0.356 0.357 0.358 0.358 0.458 0.460

µ 0.657 0.663 0.663 0.665 0.667 0.668 0.914 0.925

eµ 0.230 0.231 0.231 0.231 0.233 0.234 0.305 0.307

3000

e 0.348 0.354 0.354 0.354 0.356 0.357 0.385 0.387

µ 0.633 0.643 0.643 0.645 0.649 0.651 0.795 0.802

eµ 0.225 0.226 0.226 0.227 0.231 0.232 0.260 0.261

3250

e 0.366 0.385 0.385 0.386 0.391 0.392 0.336 0.337

µ 0.655 0.688 0.688 0.689 0.699 0.701 0.673 0.680

eµ 0.235 0.240 0.240 0.241 0.254 0.255 0.224 0.225

3500

e 0.402 0.462 0.462 0.463 0.473 0.474 0.309 0.310

µ 0.704 0.789 0.789 0.791 0.810 0.812 0.637 0.643

eµ 0.256 0.271 0.271 0.272 0.305 0.306 0.208 0.209

3750

e 0.447 0.516 0.516 0.517 0.528 0.529 0.291 0.292

µ 0.765 0.849 0.849 0.851 0.870 0.872 0.592 0.598

eµ 0.282 0.299 0.299 0.299 0.336 0.337 0.195 0.196

4000

e 0.477 0.528 0.528 0.529 0.539 0.540 0.293 0.294

µ 0.781 0.836 0.836 0.838 0.853 0.855 0.590 0.595

eµ 0.296 0.308 0.308 0.309 0.336 0.337 0.195 0.196

Table 11: Lower limits on the W� and W∗ masses. The first column is the decay channel (eν, µν or both

combined) and the following give the expected (Exp.) and observed (Obs.) mass limits.

mW� [TeV] mW∗[TeV]

decay Exp. Obs. Exp. Obs.

eν 3.15 3.15 3.04 3.04

µν 2.98 2.98 2.80 2.80

both 3.19 3.27 3.08 3.17

background events for all mass bins. None of the observations for any mass point in either channel

or their combination show an excess above background, so there is no evidence for the observation of

W� → �ν or W∗ → �ν. A deficit of the number of observed events with respect to the expected numbers

of background events is observed in the muon channel. This deficit is at most at 2σ local significance.

The intersection between the central theoretical prediction and the observed limits provides the 95%

CL lower limits on the mass. Table 11 presents the expected and observed W� and W∗ mass limits for

the electron and muon decay channels and their combination. The band around the theoretical prediction

indicates the PDF uncertainty given in table 1. The mass limits for the W� decrease by 100 GeV if the

intersection between the lower theoretical prediction and observed limit is used. The uncertainties on

εsig, Nbg and Lint have a marginal impact on the derived mass limits.

The results above are obtained using log normal distributions for the probability density functions of
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assuming a common branching fraction for the two channels. The kinematic variable used45

to identify the W �/W ∗ is the transverse mass46

mT =
�
2pTEmiss

T (1− cosϕ�ν), (1.1)

whose distribution has a Jacobian peak and falls sharply above the resonance mass. Here47

pT is the lepton transverse momentum, Emiss
T is the magnitude of the missing transverse48

momentum vector (missing ET), and ϕ�ν is the angle between the pT and missing ET vectors.49

Throughout this letter, transverse refers to the plane perpendicular to the colliding beams,50

longitudinal means parallel to the beams, θ and ϕ are the polar and azimuthal angles with51

respect to the longitudinal direction, and pseudorapidity is defined as η = − ln(tan(θ/2)).52

With the increased mass reach for W � and W ∗ of the 2012 dataset with respect to53

the previous analysis [6], one has to address the issue of rapid raise of the uncertainty54

on the signal selection efficiency at large masses. At the highest masses probed by this55

analysis, a significant fraction of the signal production is far off-shell, with m�ν � mW � .56

The uncertainty for the mass-dependent higher order QCD signal cross-section corrections57

at high mass is dominated by the parton distribution functions (PDFs) uncertainty and58

increases quickly for masses above about 2 TeV. Furthermore, high-mass cross-section limits59

show strong dependency on the choice of prior in the limit formalism described in Section60

6 due to high signal efficiency uncertainty. The uncertainty on the signal efficiency is61

reduced considering only signal events around mass pole m�ν ∼ mW � . In this letter, limits62

are set on the fiducial signal cross-section times branching fraction (σfidB), defined as the63

product of total cross section multiplied by the W �/W ∗ → �ν branching fraction (σB) and64

the acceptance (Acc) of events passing the requirement m�ν > 0.4mW � . The requirement65

m�ν > 0.4mW � is imposed in order to minimise signal efficiency uncertainty, defined for the66

selection described later in the text, on the expected σfidB.67

The results are also used to set limits on the production of weakly interacting dark68

matter particles (DM). The DM can be pair produced at the LHC, pp → χχ̄, via a new69

intermediate state. Dark matter particles do not interact with the detector material and their70

production leads to signatures of Emiss
T . The events can be detected if there is associated71

initial-state radiation of a SM particle [10]. Both Tevatron and LHC collaborations have72

reported limits on the cross section of pp → χχ̄+X where X is a hadronic jet [10–12], a73

photon [13, 14] or hadronically decaying W or Z boson [15]. Previous LHC results are also74

reinterpreted to set limits on the scenarios where X is a leptonically decaying W [16] or75

Z [17, 18] boson. This letter is the first direct ATLAS search for the former case. Limits76

are reported in terms of the mass scale M∗ of a new SM-DM interaction expressed in an77

effective field theory as a four-point contact interaction [19–27]. Four operators are used78

as a representative set based on the definitions in Ref. [23]: D1 scalar, D5 vector (both79

constructive and destructive interference cases, prior denoted as D5c and latter D5d) and80

D9 tensor. Contrary to the W �/W ∗ limits, limits on DM particles are estimated using the81

total cross section times branching fraction σB.82

The main background to the W �/W ∗ → �ν signal comes from the high-mT tail of83

SM W boson decays to the same final state. Other backgrounds are Z bosons decaying84

– 2 –
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ATLAS-­‐CONF-­‐2014-­‐015	
  W’-­‐>	
  WZ	
  -­‐>	
  3l+υ	
  

Excluded EGMW ′ mass (TeV)
eνee µνee eνµµ µνµµ combined

Expected 1.21 1.16 1.17 1.16 1.49
Observed 1.20 1.19 1.06 1.17 1.52

Table 5: 95% CL expected and observed mass limits in TeV for the EGM W′ boson in the eνee, eνµµ,

µνee, µνµµ channels as well as the four channels combined.

found in data compared to the SM expectations. Stringent limits on the production cross section times

WZ branching ratio were obtained for a W′ arising from an extended gauge model decaying to WZ as a

function of the resonance mass. A corresponding observed (expected) mass limit of 1.52 (1.49) TeV is

found for the W′.
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Events containing at least one photon candidate and at least
one jet candidate, each with pT > 125 GeV, are selected for final
analysis. The photon trigger is fully efficient for these events. In the
events where more than one photon or jet is found, the highest-pT
candidates are selected to constitute the photon and jet pair to
compute mγ j .

The sensitivity of the search is improved by requirements on
photon and jet pseudorapidities. Dijet production rates increase
with jet absolute pseudorapidity whereas rates for an s-channel
signal would diminish. Photons are required to be in the barrel
calorimeter, |ηγ | < 1.37, and the distance between the photon and
jet, #η = |ηγ − η j |, must be less than 1.6. The latter requirement
was chosen by optimizing the expected significance of signals, us-
ing the #η distribution found in QBH and excited-quark signal
simulations, with respect to the SM background as predicted by
the pythia prompt photon simulation.

The acceptance of the event selection is about 60%. It is cal-
culated using parton-level quantities by imposing the kinematic
selection criteria (photon/jet |η|, photon/jet pT, #η, #R). All other
selections, which in general correspond to event and object quality
criteria, were used to calculate the efficiency based on the events
included in the acceptance. The efficiency falls from 83% to 72%
for masses from 1 TeV to 6 TeV for QBH signals and from 85% to
80% for excited-quark signals over the same mass range. There are
285356 events in the data sample after all event selections. The
highest mγ j value observed is 2.57 TeV.

5. Background estimation

The combined SM and instrumental background to the search
is determined by fitting the mγ j distribution to the four-parameter
ansatz function [50],

f (x ≡mγ j/
√
s ) = p1(1 − x)p2x−(p3+p4 ln x). (1)

The functional form has been tested with pythia and sherpa
prompt photon simulations and next-to-leading-order jetphox pre-
dictions with comparable sample size. Two additional control sam-
ples in the data are also defined to further validate the functional
form. The first control sample is defined by reversing two of the
photon identification criteria, #E and Eratio [49], that compare the
lateral shower shapes of single photons in the first layer of the
calorimeter to those of jets with high electromagnetic energy frac-
tion and low particle multiplicity, typical for meson decays. This
sample has a similar mγ j shape to the dominant background, SM
γ + jet events. The second control sample is defined by reversing
the photon isolation criterion, E isol

T . This control sample is enriched
in the second largest background, dijet events in which a jet has
passed the photon identification cuts.

Fig. 1 shows the resulting distribution of the γ + jet invariant
mass. The bin widths are chosen to be twice the mass resolution
at the centre of each bin. The relative resolution is about 4% of
mγ j at 1 TeV, improving to about 3% at 2 TeV. The fit result is
also shown in Fig. 1. The bottom panel of the figure shows the sta-
tistical significance of the difference between data and the fit in
each bin [51]. The fit quality is quantified using a negative log-
likelihood test statistic. The probability of the fit quality to be at
least as good as the observed fit (p-value) is 74%, indicating that
the data are consistent with the functional form.

6. Results

6.1. Search results

The search region is defined to be mγ j > 426 GeV, which is the
lower edge of the first bin for which biases due to kinematic and

Fig. 1. Invariant mass of the γ + jet pair for events passing the final selections.
The bin widths are chosen to be twice the mass resolution at the centre of each
bin. Overlaid is the fitted background function integrated over each bin (solid line),
with three examples of q∗ signals, as described in the text. For better visibility the
q∗ signals are only drawn for mγ j within ±25% of the nominal signal mass. The
bottom panel shows the statistical significance of the difference between data and
background in each bin.

trigger threshold effects are negligible. The γ + jet search is sensi-
tive to new resonances in the region between 426 GeV and 1 TeV,
where the statistics of dijet searches are limited by the higher
hadronic trigger thresholds. The bumphunter algorithm [52] is
used to search for statistical evidence of a resonance. The algo-
rithm operates on the binned mγ j distribution, comparing the
background estimate with the data in mass intervals of varying
numbers of adjacent bins across the entire distribution. For each
interval in the scan, it computes the significance of any excess
found. The significance of the outcome is evaluated using the en-
semble of possible outcomes in any part of the distribution under
the background-only hypothesis, obtained by repeating the analysis
on pseudodata drawn from the background function. The algorithm
identifies the two-bin interval 785–916 GeV as the single most
discrepant interval. Before including systematic uncertainties, the
p-value is 61%, including the trials factor, or “look-elsewhere” ef-
fect. Thus, the excess is not significant and the data are consistent
with a smoothly falling background.

6.2. Limit results

In the absence of any signal, three types of γ + jet signals
are explored: a generic Gaussian-shaped signal with an arbitrary
production cross-section, resulting from resonances with varying
intrinsic widths convolved with the detector resolution; the QBH
model; and the excited-quark model. For each signal mass con-
sidered, the fit to the observed mass distribution is repeated with
the sum of the four-parameter background function (Eq. (1)) and
a signal template with a normalization determined during the
fit. Bayesian limits at the 95% CL are computed as described in
Ref. [28] using a prior probability density that is constant for pos-
itive values of the signal production cross-section and zero for
unphysical, negative values.

Systematic uncertainties affecting the limits on production of
new signals are evaluated. The signal yield is subject to systematic
uncertainties on the integrated luminosity (2.8%), photon isolation
efficiency (1.2%), trigger efficiency (0.5%), and photon identifica-
tion efficiencies (1.5%). The last of these includes extrapolation to
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FIG. 5. Observed upper cross-section times branching ratio (σB) limits at 95% CL for Z′
SSM, E6-motivated Z′ and Z∗ bosons

using the combined dilepton channel. In addition, theoretical cross-sections on σB are shown for the same models. The stars
indicate the lower mass limits for each considered model. The thickness of the Z′

SSM curve represents the theoretical uncertainty
from the PDF error set, the choice of PDF as well as αs. The thickness of the Z′

SSM curve holds for the E6-motivated Z′ curves
as well.

C. Limits on spin-2 Graviton Excitations in the Randall-Sundrum Model536

The RS model phenomenology is characterized by the G∗ mass and k/M Pl. Limits at 95% CL on σB(G∗ → "+"−)537

are obtained and compared to the theoretical σB assuming values of k/M Pl less than 0.2. These results are used to538

set limits in the plane of k/M Pl versus G∗ mass, as illustrated in Figure 8 for the combined dilepton channel. Mass539

limits for five of the k/M Pl values used are given in Table IX.540

TABLE IX. The observed and expected 95% C.L. lower limits on the mass of the G∗ with varying coupling k/MPl. Both
lepton channels are combined.

k/MPl 0.01 0.03 0.05 0.1 0.2
Observed limit on MG∗ [TeV] 1.25 1.96 2.28 2.68 3.05
Expected limit on MG∗ [TeV] 1.28 1.95 2.25 2.67 3.05

D. Limits on Quantum Black Hole models541

Upper limits at 95% CL on σB are set as a function of Mth, assuming a signal according to both RS and ADD542

models. While the two models predict different mass distributions, using the same σB limit curve, as in Figure 9,543

leads to only a 1% difference in mass limits obtained. The observed lower limits on Mth for the combination of both544

dilepton channels are 3.65 TeV for the ADD model and 2.24 TeV for the RS model.545
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the same as in the SM SU(2) group, and the scale of new physics is proportional to the mass of the new heavy boson.94

The model parameters are chosen such that the total and partial decay widths of the W ∗ are the same as those of95

the charged partner of the Z ′
SSM boson (W ′

SSM) with the same mass. The width of the Z∗ resonance is 3.4% of its96

mass [10].97

Previous ATLAS results exclude a Z∗ with mass less than 2.20 TeV at 95% CL [17].98

D. Graviton Excitations in Randall-Sundrum Models99

An alternative solution to the hierarchy problem has been proposed in models that allow the gravitational force to100

propagate into extra spatial dimensions. Among them, a Randall-Sundrum (RS) model [11] postulates the existence101

of a warped extra dimension. Specifically, the geometry of the RS model contains two 4-dimensional branes, known as102

the TeV brane and the Planck brane, within a 5-dimensional bulk. The extra dimension in the bulk is compactified,103

which leads to a Kaluza-Klein tower of excited states of the graviton. The particles of the SM are confined to the104

TeV brane, where due to warping the apparent strength of gravity is exponentially suppressed. Gravity originates on105

the Planck brane; gravitons are also located on the Planck brane, but can propagate in the bulk.106

The RS model phenomenology is characterized by the mass of the lightest Kaluza-Klein excitation mode of the107

graviton, known as the G∗, and the ratio k/M Pl, which defines the coupling strength of the G∗ to SM particles.108

Here k is a scale that defines the warp factor of the extra dimension and M Pl = MPl/
√
8π is the reduced Planck109

mass. The G∗ in this model is expected to be narrow for values of k/M Pl < 0.2. The intrinsic width of the particle110

is proportional to (k/M Pl)2, and is 0.014% (5.8%) for k/M Pl = 0.01 (0.2). A lower bound on k/M Pl of 0.01 is111

theoretically preferred [31], as it limits the energy scale of new physics to be on the order of TeV, and smaller than112

10 TeV. For values above k/M Pl ≈ 0.1 the size of the extra dimension approaches the quantum scale and is less113

motivated on theoretical grounds for this classical theory [31].114

The G∗ is produced predominantly via quark-antiquark annihilation and gluon-gluon fusion, with decays to SM115

fermions or bosons. While the branching ratio to dileptons is low due to the spin-2 nature of the particle, the final116

state has a large expected signal-to-background ratio.117

Previous ATLAS results exclude a G∗ with coupling k/M Pl= 0.1 at 95% CL for masses less than 2.16 TeV [17],118

and the corresponding limit from CMS is 2.39 TeV [18].119

E. Quantum Black Holes120

In the context of models with extra dimensions, semi-classical black holes can be formed at a collider if the available121

energy is well above the fundamental Planck scale [32, 33]. Such black holes would then decay through Hawking122

radiation. Quantum black holes differ from these variants in that they lack a well-defined temperature or significant123

entropy. This inhibits thermal decays for black holes produced at a mass scale just above the Planck scale, which124

in turn limits the number of particles in the final state [12]. For two-particle final states, it is interesting to look at125

the quantum gravity regime, where the threshold for QBH production, Mth, lies between the five-dimensional Planck126

scale, M̃ , and five times this value [12, 34, 35]. The QBH decay is governed by the yet unknown theory of Quantum127

Gravity, but it is assumed that QBHs decay democratically to all SM particles. Provided the Planck scale is not128

higher than a few TeV, QBHs could be observed at the LHC.129

For QBHs with zero charge, decays to the dilepton final state are predicted with branching ratios ranging from130

0.5% to 4.1%, depending on whether the production is via qq or gg, and whether the global symmetries of lepton and131

baryon number are conserved or violated. The model [36] used to interpret the result of this article conserves color,132

electric charge and total angular momentum. While QBHs are technically not resonances, an increase in the dilepton133

production cross-section near the black hole threshold is expected. The expected signal is therefore similar to that134

predicted by resonance models, and QBHs are thus referred to as resonances for the remainder of this article.135

Production of QBHs can occur in the RS model, and in the extra-dimensional model proposed by Arkani-Hamed,136

Dimopoulos and Dvali (ADD) [37]. The ADD model postulates the existence of n ≥ 1 flat additional spatial dimen-137

sions, compactified with radius R. Only gravity propagates in these extra dimensions, with SM particles confined to138

a 4-dimensional manifold. The mass scale for QBH production in the ADD model with n = 1 corresponds to M̃ . The139

analysis here has been performed assuming n = 6, but the dependence of the resulting production limit on n is small.140

In the RS model with n = 1, M̃ can be calculated from the G∗ mass and k/M Pl as follows [12]: M̃ = MG∗

3.83×(k/MPl)
2
3

141

where the mass scale for QBH production, Mth, is assumed to be equal to M̃ .142

Previous limits on the types of QBH production described in this article have been set by the ATLAS experiment143

using final states with an energetic photon and a jet [38] as well as final states with an energetic lepton and a jet [39].144
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1 Introduction

The decays of TeV-scale resonances to pairs of electroweak-scale bosons are predicted in many new

physics models [1–6], and have already been searched for in various WW/ZZ/WZ topologies at the

LHC [7–14]. The Higgs boson discovery [15, 16] has opened up further opportunities for searches, in

particular for resonant pair production of a Standard Model (SM) Higgs H, predicted in several of these

models [4–6]. A search for resonant di-Higgs production in the context of “Two Higgs Doublet Model”

(2HDM) extensions of the Higgs sector [6] has recently been carried out by CMS [17], for resonance

masses up to 360 GeV, using multilepton final states with and without diphoton candidates. A recent

particle level study [18] indicated that the X → HH → bb̄bb̄ final state is promising for higher-mass

resonance searches, benefitting from the large expected branching ratio of Higgs decays to b-quark pairs

and the high transverse momentum (pT) with which the b-quarks are produced.

This document describes a search for TeV-scale resonances decaying to a pair of SM Higgs bosons,

both of which subsequently decay to bb̄, leading to two back-to-back, high pT, doubly b-tagged dijet sys-

tems. The individual Higgs decays are reconstructed from pairs of nearby R = 0.4 anti-kt jets [19], each

b-tagged with a multivariate b-tagging algorithm [20]. The invariant masses of the dijets are required to

be consistent with the H→bb̄ hypothesis, assuming mH = 125 GeV, and the invariant mass of the four

b-tagged jets that make up the two dijet systems, m4j, is examined to look for a resonance.

The search is performed with a data sample corresponding to 19.5 fb
−1

of proton-proton collisions

recorded by the ATLAS detector in 2012 at
√

s = 8 TeV. The results are interpreted using as a signal

the first Kaluza-Klein (KK) excitation of the graviton (G
∗
) in a Randall-Sundrum (RS) model [3] with

a warped extra dimension, in the context of the “bulk RS model” in which the fermion and boson fields

of the SM are free to propagate into the extra dimension [4, 21]. This is the baseline signal model used

in a number of searches for resonant electroweak-scale boson production [7–10]. As well as decaying

to tt̄, W
+

W
−

and ZZ, the G
∗

also decays to a pair of Higgs bosons with a reasonably large branching

fraction of ∼7%. Within this model, the dimensionless coupling constant k/M̄Pl, where k is the curvature

of the warped extra dimension and M̄Pl = MPl/
√

8π is the reduced Planck mass, is set to unity. The

G
∗

production cross-section and decay width are proportional to the square of the coupling, and with

k/M̄Pl = 1.0 the natural width of the G
∗

resonance is smaller than the m4j resolution (∼15%). For a KK

Graviton mass (mG∗) of 500 GeV, the BR(G
∗→HH) is 6.4%, the G

∗
width is 19 GeV, and the production

cross-section σ(pp→G
∗
) × BR(G

∗→HH→bb̄bb̄) is 71 fb. For mG∗ = 1 TeV, the BR(G
∗→HH) is 7.4%,

the width is 56 GeV, and σ(pp→G
∗
) × BR(G

∗→HH→bb̄bb̄) is 1.5 fb.

As part of this study, a search for G
∗→ZZ→bb̄bb̄ was also performed using the same analysis strategy

but with a modified signal region definition. However, the sensitivity was found to be significantly lower

than that demonstrated in the ZZ→llqq̄ final state [7, 8], and the results are not reported here.

2 The ATLAS Detector

The ATLAS detector [22] is a general-purpose detector with an inner tracking system, calorimeters

and an outer muon spectrometer. The tracking system consists of silicon pixel, silicon microstrip and

transition-radiation straw-tube detectors. This system is immersed in a 2 T axial magnetic field produced

by a solenoid and provides charged-particle tracking and identification in the pseudorapidity
1

region

|η| < 2.5. The central calorimeter system in the pseudorapidity range |η| < 1.7 consists of a liquid-

argon electromagnetic sampling calorimeter with high granularity and an iron/scintillator tile calorimeter

1
ATLAS uses a right-handed coordinate system with its origin at the nominal interaction point (IP) in the centre of the

detector and the z-axis along the beam pipe. The x-axis points from the IP to the centre of the LHC ring, and the y-axis points

upwards. Cylindrical coordinates (r, φ) are used in the transverse plane, φ is the azimuthal angle around the beam pipe. The

pseudorapidity, η, is defined in terms of the polar angle θ as η = − ln[tan(θ/2)].

1

G*-­‐>HH-­‐>4b	
  	
  
ATLAS-­‐CONF-­‐2014-­‐005	
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FIG. 33. Dielectron invariant mass (mee) distribution after dielectron event selection, with two selected QBH signals overlaid,
compared to the stacked sum of all expected backgrounds, including a ratio of data over background expectation. The bin
width is constant in logmee. The green band in the ratio plot shows the systematic uncertainties described in Sec. IX.
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FIG. 34. Dimuon invariant mass (mµµ) distribution after dimuon event selection, with two selected QBH signals overlaid,
compared to the stacked sum of all expected backgrounds, including a ratio of data over background expectation. The bin
width is constant in logmµµ. The green band in the ratio plot shows the systematic uncertainties described in Sec. IX.
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FIG. 34. Dimuon invariant mass (mµµ) distribution after dimuon event selection, with two selected QBH signals overlaid,
compared to the stacked sum of all expected backgrounds, including a ratio of data over background expectation. The bin
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Figure 2: Dimuon invariant mass (mµµ) distribution with statistical uncertainties after final selection,
compared to the stacked sum of all expected backgrounds, with two selected Z′SSM signals overlaid. The
bin width is constant in log mµµ. Bottom inset: The black points show the ratio of observed to expected
events with statistical uncertainty, while the shaded band indicates the mass-dependent systematic uncer-
tainty on the sum of the backgrounds.

number of events observed compared to the expected background. Figure 2 and Table 2 reflect this
information for the dimuon channel. Good agreement between the data and the background expectation
is found.

5 Systematic uncertainties

The treatment of systematic uncertainties in this analysis is simplified by the fact that the backgrounds
are normalized to the data in the region of the Z peak. This procedure makes the analysis insensitive
to the uncertainty on the measurement of the integrated luminosity as well as other mass-independent
systematic uncertainties. Instead, a mass-independent systematic error of 5%, due to the uncertainty on
the Z/γ∗ cross section in the normalization region, is assigned to the signal expectation. In addition,
all systematic uncertainties estimated to have an impact ≤ 3% on the expected number of events are
neglected in the statistical analysis having a negligible impact on the limit setting.

Mass-dependent systematic uncertainties include theoretical effects due to the PDF, QCD and elec-
troweak corrections, as well as experimental effects, namely lepton efficiency and resolution. These
uncertainties are correlated across all bins in the search region. The mass-dependent theoretical uncer-
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bin width is constant in log mµµ. Bottom inset: The black points show the ratio of observed to expected
events with statistical uncertainty, while the shaded band indicates the mass-dependent systematic uncer-
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number of events observed compared to the expected background. Figure 2 and Table 2 reflect this
information for the dimuon channel. Good agreement between the data and the background expectation
is found.

5 Systematic uncertainties

The treatment of systematic uncertainties in this analysis is simplified by the fact that the backgrounds
are normalized to the data in the region of the Z peak. This procedure makes the analysis insensitive
to the uncertainty on the measurement of the integrated luminosity as well as other mass-independent
systematic uncertainties. Instead, a mass-independent systematic error of 5%, due to the uncertainty on
the Z/γ∗ cross section in the normalization region, is assigned to the signal expectation. In addition,
all systematic uncertainties estimated to have an impact ≤ 3% on the expected number of events are
neglected in the statistical analysis having a negligible impact on the limit setting.

Mass-dependent systematic uncertainties include theoretical effects due to the PDF, QCD and elec-
troweak corrections, as well as experimental effects, namely lepton efficiency and resolution. These
uncertainties are correlated across all bins in the search region. The mass-dependent theoretical uncer-
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FIG. 33. Dielectron invariant mass (mee) distribution after dielectron event selection, with two selected QBH signals overlaid,
compared to the stacked sum of all expected backgrounds, including a ratio of data over background expectation. The bin
width is constant in logmee. The green band in the ratio plot shows the systematic uncertainties described in Sec. IX.

Ev
en

ts

-110

1

10

210

310

410

510

610

710
Data 2012

*!Z/
Top quark
Diboson
ADD QBH n=6 (2500 GeV)
ADD QBH n=6 (3500 GeV)

 For ApprovalATLAS
      µµ "QBH 

      -1 L dt = 20.5 fb#
 = 8 TeV            s

 [GeV]µµm
100 200 300 400 1000 2000 3000

D
at

a/
Ex

pe
ct

ed

0.6
0.8

1
1.2
1.4

FIG. 34. Dimuon invariant mass (mµµ) distribution after dimuon event selection, with two selected QBH signals overlaid,
compared to the stacked sum of all expected backgrounds, including a ratio of data over background expectation. The bin
width is constant in logmµµ. The green band in the ratio plot shows the systematic uncertainties described in Sec. IX.
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width is constant in logmee. The green band in the ratio plot shows the systematic uncertainties described in Sec. IX.
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Figure 2: Dimuon invariant mass (mµµ) distribution with statistical uncertainties after final selection,
compared to the stacked sum of all expected backgrounds, with two selected Z′SSM signals overlaid. The
bin width is constant in log mµµ. Bottom inset: The black points show the ratio of observed to expected
events with statistical uncertainty, while the shaded band indicates the mass-dependent systematic uncer-
tainty on the sum of the backgrounds.

number of events observed compared to the expected background. Figure 2 and Table 2 reflect this
information for the dimuon channel. Good agreement between the data and the background expectation
is found.

5 Systematic uncertainties

The treatment of systematic uncertainties in this analysis is simplified by the fact that the backgrounds
are normalized to the data in the region of the Z peak. This procedure makes the analysis insensitive
to the uncertainty on the measurement of the integrated luminosity as well as other mass-independent
systematic uncertainties. Instead, a mass-independent systematic error of 5%, due to the uncertainty on
the Z/γ∗ cross section in the normalization region, is assigned to the signal expectation. In addition,
all systematic uncertainties estimated to have an impact ≤ 3% on the expected number of events are
neglected in the statistical analysis having a negligible impact on the limit setting.

Mass-dependent systematic uncertainties include theoretical effects due to the PDF, QCD and elec-
troweak corrections, as well as experimental effects, namely lepton efficiency and resolution. These
uncertainties are correlated across all bins in the search region. The mass-dependent theoretical uncer-
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number of events observed compared to the expected background. Figure 2 and Table 2 reflect this
information for the dimuon channel. Good agreement between the data and the background expectation
is found.

5 Systematic uncertainties

The treatment of systematic uncertainties in this analysis is simplified by the fact that the backgrounds
are normalized to the data in the region of the Z peak. This procedure makes the analysis insensitive
to the uncertainty on the measurement of the integrated luminosity as well as other mass-independent
systematic uncertainties. Instead, a mass-independent systematic error of 5%, due to the uncertainty on
the Z/γ∗ cross section in the normalization region, is assigned to the signal expectation. In addition,
all systematic uncertainties estimated to have an impact ≤ 3% on the expected number of events are
neglected in the statistical analysis having a negligible impact on the limit setting.

Mass-dependent systematic uncertainties include theoretical effects due to the PDF, QCD and elec-
troweak corrections, as well as experimental effects, namely lepton efficiency and resolution. These
uncertainties are correlated across all bins in the search region. The mass-dependent theoretical uncer-
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TABLE I. Breakdown of relative systematic uncertainties
on the SM background for the threshold mass Mth = 5TeV.
The uncertainties are added in quadrature to obtain the total
uncertainty.

Source Electron+jet Muon+jet
% %

Lepton reconstruction, +2
−1

+30
−7

scale and resolution

Jet reconstruction, +31
−15

+5
−5

scale and resolution

Multijet modeling +27
−27 -

PDF +52
−33

+100
−69

Fit +77
−77

+130
−71

Total +100
−89

+170
−100

TABLE II. Numbers of expected background (Exp.) and
observed (Obs.) events, along with the cumulative signal ef-
ficiencies (Eff.), with uncertainties including both the statis-
tical and systematic components for various values of Mth.
Numbers of events are integrated above minv requirement for
the given Mth.

Mth Electron+jet Muon+jet
Obs. Exp. Eff. Obs. Exp. Eff.

TeV % %

1.0 1200 1210+−
230
220 57± 4 620 550±280 38± 4

1.5 100 110±40 57± 4 49 65+−
45
40 36± 4

2.0 12 19+−
13
12 56± 4 8 14+−

16
14 36± 4

2.5 0 5.3+−
4.5
3.9 55± 4 3 5+−

6
5 34± 4

3.0 0 1.8+−
1.8
1.6 54± 4 1 2.1+−

2.9
2.1 34± 4

3.5 0 0.76+−
0.79
0.67 54± 4 0 1.0+−

1.6
1.0 33± 4

4.0 0 0.35+−
0.38
0.34 53± 4 0 0.57+−

0.94
0.57 33± 5

5.0 0 0.09+−
0.10
0.09 52± 4 0 0.24+−

0.39
0.24 32± 5

6.0 0 0.03+−
0.04
0.03 52± 4 0 0.13+−

0.22
0.13 32± 6

3.9% at 6TeV for the electron channel and from 3.6% at

1TeV to 5.6% at 6TeV for the muon channel. The cu-

mulative efficiency, shown in Table II, is taken from the

signal MC simulation for charge +4/3 QBHs. The dif-

ferences in the efficiency between the charge +4/3 state

and the other charged states are much smaller than the

uncertainties mentioned above and are neglected.

The observed numbers of events and the expected

backgrounds, shown in Table II, are in agreement within

the total uncertainty. There is no evidence for any ex-

cess. Upper limits on Σσqq × BFqq for the produc-

tion of QBHs above Mth are determined in the interval

1−6TeV assuming lepton universality and using the CLs

method [42, 43], which is designed to give conservative

limits in cases where the observed background fluctuates
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FIG. 2. The combined 95% CL upper limits on Σσqq×BFqq

for QBHs decaying to a lepton and jet, as a function of Mth,
assuming MD= Mth and n = 6 ADD extra dimensions. The
limits take into account statistical and systematic uncertain-
ties. Points along the solid black line indicate the mass of the
signal where the limit is computed. Also shown are the ±1σ
and ±2σ bands indicating the underlying distribution of pos-
sible limit outcomes under the background-only hypothesis.
The predicted cross section for QBHs is shown as the solid
curve.

below the expected values. The statistical combination of

the channels employs a likelihood function constructed as

the product of Poisson probability terms describing the

total number of events observed in each channel. Sys-

tematic uncertainties are incorporated as nuisance pa-

rameters into the likelihood through their effect on the

mean of the Poisson functions and through convolution

with their assumed Gaussian distributions. Correlations

between channels are taken into account.

Figure 2 shows the 95% confidence level (CL) combined

lepton+jet upper limit on the cross section times branch-

ing fraction for the production of QBHs as a function of

Mth. Above 3.5TeV, the limit is 0.18 fb. For the n = 6

QBH model assumed in this Letter, the 95% CL lower

limit on Mth is 5.3TeV. For n = 2, and all other model

assumptions the same, the 95% CL lower limit on Mth is

4.7TeV. The effect of a 0.65% uncertainty on the beam

energy [44] is found to be negligble. Treating the chan-

nels separately, the 95% CL upper limit on the electron

(muon)+jet Σσqq ×BFqq above 3.5TeV is 0.27 (0.49) fb,
and the n = 6 lower limit on Mth is 5.2 (5.1)TeV.

In conclusion, a first search for two body lepton+jet

final states with large invariant mass has been performed

using 20.3 fb−1
of pp collisions recorded at

√
s = 8TeV

with the ATLAS detector at the LHC. In the invariant-

mass region above 1TeV the observed events are consis-

tent with data-driven extrapolated backgrounds from the

low-invariant-mass control region. Above 3.5TeV the ex-

pected background drops below one event and the 95%

CL upper limit on the electron (muon)+jet Σσqq ×BFqq

is 0.27 (0.49) fb. Assuming lepton universality, the 95%
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Figure 2: Dimuon invariant mass (mµµ) distribution with statistical uncertainties after final selection,
compared to the stacked sum of all expected backgrounds, with two selected Z′SSM signals overlaid. The
bin width is constant in log mµµ. Bottom inset: The black points show the ratio of observed to expected
events with statistical uncertainty, while the shaded band indicates the mass-dependent systematic uncer-
tainty on the sum of the backgrounds.

number of events observed compared to the expected background. Figure 2 and Table 2 reflect this
information for the dimuon channel. Good agreement between the data and the background expectation
is found.

5 Systematic uncertainties

The treatment of systematic uncertainties in this analysis is simplified by the fact that the backgrounds
are normalized to the data in the region of the Z peak. This procedure makes the analysis insensitive
to the uncertainty on the measurement of the integrated luminosity as well as other mass-independent
systematic uncertainties. Instead, a mass-independent systematic error of 5%, due to the uncertainty on
the Z/γ∗ cross section in the normalization region, is assigned to the signal expectation. In addition,
all systematic uncertainties estimated to have an impact ≤ 3% on the expected number of events are
neglected in the statistical analysis having a negligible impact on the limit setting.

Mass-dependent systematic uncertainties include theoretical effects due to the PDF, QCD and elec-
troweak corrections, as well as experimental effects, namely lepton efficiency and resolution. These
uncertainties are correlated across all bins in the search region. The mass-dependent theoretical uncer-
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missing transverse momentum vector �p miss
T :

mT =

�
2 · p �T · Emiss

T · (1 − cos(∆φ(�p �T, �p
miss
T ))) . (1)

6 Event Selection

The selected events contain at least one high-pT isolated lepton and at least two additional objects (lep-
tons and jets). Two statistically independent channels are defined, based on whether the highest pT
lepton matching a lepton reconstructed by the trigger is an electron or a muon. This lepton is called the
“leading" lepton. For the electron channel, the leading electron is required to pass the “tight" selection
criteria. The muon channel has a lower acceptance, due to the stringent hit requirements in the muon
spectrometer.

The high multiplicity final states of interest are distinguished from SM background events using the
quantity:

�
pT =

�

i=objects

pT,i if pT,i > 60 GeV, (2)

the scalar sum of the transverse momenta of the selected leptons and jets with pT > 60 GeV, described
in Section 5. Events with 700 GeV <

�
pT < 1500 GeV constitute a preselection sample from which

special control regions and signal regions are defined by adding other selection criteria. Figure 1 shows
the
�

pT distribution for preselected events, for the electron and muon channels. The signal, containing
multiple high-pT leptons and jets, would manifest itself as an excess of events at higher

�
pT, and is

entirely negligible in the preselection region.
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Figure 1: The
�

pT, after event preselection, in the electron (left) and muon (right) channels. The Monte
Carlo distributions are rescaled using scale factors derived in the appropriate control regions, as described
in the text. The lower panels show the ratio of the data to the expected background, with the statistical
uncertainty on data (points), and separately, the fractional total uncertainty on the background (shaded
band).

6

For the signal region, in order to reduce the SM background contributions, events are required to
contain at least three reconstructed objects with pT > 100 GeV, at least one of which must be a lepton,
as well as to have a minimum

�
pT of 2000 GeV. In each of the channels, the signal region above�

pT = 2000 GeV is divided into multiple slices, with minimum
�

pT thresholds increasing in steps
of 200 GeV. This allows the analysis to be sensitive across a wider range of signal models, and values
of MD and Mth. Events at lower

�
pT, but with otherwise the same requirements as the signal region,

constitute a “sideband” region. The contributions from signal models not yet excluded by earlier analyses
to the sideband region are well below 1%. The selection criteria for the sideband and signal regions are
summarised in Table 2.

7 Background Estimation

The dominant sources of Standard Model background in this search are the production W and Z bosons in
association with jets, tt̄ production and multi-jet processes. The leptonic decays of W, Z and top quarks
produce events with real leptons, with associated high-pT jets (hereinafter called “prompt” backgrounds).
In multi-jet events, reconstructed leptons arise either from semi-leptonic decays within jets (dominantly
from heavy flavour decays), or from mis-identification of a hadronic jet; collectively, these are denoted
as “fake" leptons.

The backgrounds are estimated using a combination of data-driven and MC-based techniques. The
multi-jet contribution is estimated using a data-driven technique that is more reliable than simulation for
determining fake lepton backgrounds, due to its independence from MC modelling uncertainties such as
hadronisation and detector simulation. Prompt backgrounds are estimated using MC samples, normalised
in data control regions that are dominated by a single background component and kinematically close to
the signal region.

At very high
�

pT, the number of events in the simulated samples becomes more limited, and there-
fore subject to statistical fluctuations. Therefore, for each background component, the

�
pT distribution

is fitted to a functional form to smooth the backgrounds and extrapolate them to very high
�

pT.

7.1 Prompt background estimation from control regions

The background estimates for processes involving prompt leptons are based on MC simulations nor-
malised in control regions, each dominated by a single process, as discussed above. The normalisation
factors are determined, separately for the electron and muon channels, for the three main backgrounds:
Z+jets, W+jets and tt̄. The control regions are defined in Table 3.

For the Z+jets control region, events passing preselection requirements are then required to contain
two electrons or muons of opposite charge and to have di-lepton invariant mass between 80 and 100 GeV.
The W+jets control region consists of events with exactly one lepton, no b-tagged jets and Emiss

T greater
than 60 GeV, where the last two requirements help to reduce the tt̄ and Z+jets/multi-jet contributions,
respectively. The tt̄ control region consists of events with exactly one lepton and at least four jets, of

Quantity Region
Sideband Signal

�
pT 1000–2000 GeV > 2000 GeV

object multiplicity at least 3 objects above 100 GeV
leading lepton at least 1 lepton with pT > 100 GeV

Table 2: Definitions of the sideband and signal regions.

7

and
Nfail = (1 − �prompt)Nprompt + (1 − �fake)Nfake , (4)

where �prompt and �fake are the relative efficiencies for prompt and fake leptons to pass the nominal se-
lection, given they have passed the looser selection criteria. The simultaneous solution of these two
equations gives a prediction for the number of events in data with fake leptons passing the nominal
criteria, taken to be the estimated number of multi-jet events:

Nfake =
Nfail − (1/�prompt − 1)Npass

1 − �fake/�prompt
. (5)

The efficiencies �prompt and �fake are determined from control regions enhanced in prompt lepton or
fake lepton events, respectively, as described in Table 3. A fake-enhanced control sample is obtained
by selecting events with exactly one lepton that satisfies the relaxed lepton criteria described above,
mT < 40 GeV and mT + Emiss

T < 60 GeV. After observing no
�

pT dependence in �fake and �prompt, the
minimum

�
pT requirement for these regions is set to 500 GeV, compared with

�
pT > 700 GeV for the

other control regions, in order to gain statistical power.
The efficiency for identifying fakes as prompt leptons is given by the fraction of the events in this

control region that also pass the nominal lepton selection, after subtracting, in both instances, the es-
timated contribution from prompt lepton backgrounds (derived from MC simulations, renormalised to
match data in control regions, as described above). For the muon channel, �fake is found to be negligibly
small, consistent with zero: 0.0043±0.0040 (stat), or < 0.011 at 95% CL. For the electron channel, some
dependence on the pT and η of the leading electron is observed, which is taken into account by using pT-
and η-dependent �fake; they vary in the range 0.26–0.42.

The efficiency �prompt is evaluated in a region with the same selection as the Z+jets control region,
except for the relaxed

�
pT requirement, 500 GeV <

�
pT < 1500 GeV, to match that used in the fake

lepton control region. The relative efficiency for identifying prompt leptons is obtained through the ratio
of the number of events in which both leptons pass the nominal selection to those in which only one does.
The measured values of �prompt are 0.960±0.007 and 0.942±0.007 for electrons and muons, respectively,
where the quoted uncertainties are statistical only.

7.3 Background smoothing with fits

At high
�

pT, particularly beyond
�

pT ≈ 3500 GeV, the numbers of events in the simulated background
samples are small and consequently have large statistical uncertainties. To provide a more robust predic-
tion in the signal region, the

�
pT distributions of each individual background are fitted to an empirical

function that enables the background shape to be smoothed and extended without being strongly affected
by statistical fluctuations. This method reduces the statistical uncertainty, by using information at lower�

pT to constrain the shape of the distribution, but introduces systematic uncertainties from the choice
of binning and normalisation region, and from choice of fit function. These are further discussed in
Section 8. The fit function used is given by:

F = (1 − x)p0 xp1 xp2 log(x) , (6)

where x =
�

pT/
√

s, and p0, p1 and p2 are the parameters to be fitted. The function was chosen for its
stable and reliable description of the shape of the distributions over the full range of

�
pT. In previous

studies [75–77], ATLAS and other experiments have found that this ansatz provides satisfactory fits to
kinematic distributions. The fit range begins at

�
pT = 700 GeV, and ends where the number of simulated

events in a given bin is below five. The start- and end-points of the fit range, as well as the binning, are
varied, and the results are consistent with the nominal fit within the statistical uncertainty. Although the
default fits (shown in Figures 4 and 5) are of high quality and stability, there is an uncertainty associated

11

 threshold  [GeV]
T

 pΣ
2000 2500 3000 3500

  
[f

b
]

fid
 lX

 
→

p
p

 
σ

0

1

2

3

4

5

6
ATLAS Preliminary

 = 8 TeVs, 
-1

 L dt = 20.3 fb∫
95% C.L. Upper Limit

Observed (n=2)

Expected (n=2)

 (n=2)σ 1 ±Exp 

(a)

 threshold  [GeV]
T

 pΣ
2000 2500 3000 3500

  
[f

b
]

fid
 lX

 
→

p
p

 
σ

0

1

2

3

4

5

6
ATLAS Preliminary

 = 8 TeVs, 
-1

 L dt = 20.3 fb∫
95% C.L. Upper Limit

Observed (n=6)

Expected (n=6)

 (n=6)σ 1 ±Exp 

(b)

Figure 7: Upper limits on the fiducial cross-sections σfid

pp→�X for the production of final states with at

least three objects passing a 100 GeV pT requirement including at least one lepton, and
�

pT above

threshold, for all final states with at least one electron or muon, for models with two (a) and six (b) extra

dimensions. The observed and expected 95% C.L. limits according to the CLs prescription are shown, as

well as the ± 1 σ bounds on the expected limit.

Angular Mom. Description
Excluded Mth value [TeV] for:

MD = 1.5 TeV MD = 4 TeV

Non-rotating Black holes: High multiplicity remnant 6.2 5.7

Rotating Black holes: High multiplicity remnant 6.0 5.4

Rotating Black holes: Low multiplicity remnant 6.0 5.2

Rotating Production loss model (gravitons) 5.5 4.8

MS = 1.2 TeV MS = 2.5 TeV

Non-rotating
String balls

5.7 5.1

Rotating 5.5 4.7

Table 7: Limits for n = 6 for the Charybdis models detailed in Sec. 4.

Angular Mom. Description
Excluded Mth value [TeV] for:

MD = 1.5 TeV MD = 4 TeV

Non-rotating Black holes: High multiplicity remnant 6.2 5.6

Rotating Black holes: High multiplicity remnant 6.1 5.6

Non-rotating Black holes with graviton 6.2 5.6

Rotating 10% Production loss model (photons) 6.1 5.5

Table 8: Limits for n = 6 for the Blackmax models detailed in Sec. 4.
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Figure 7: Upper limits on the fiducial cross-sections σfid

pp→�X for the production of final states with at

least three objects passing a 100 GeV pT requirement including at least one lepton, and
�

pT above

threshold, for all final states with at least one electron or muon, for models with two (a) and six (b) extra

dimensions. The observed and expected 95% C.L. limits according to the CLs prescription are shown, as

well as the ± 1 σ bounds on the expected limit.

Angular Mom. Description
Excluded Mth value [TeV] for:

MD = 1.5 TeV MD = 4 TeV

Non-rotating Black holes: High multiplicity remnant 6.2 5.7

Rotating Black holes: High multiplicity remnant 6.0 5.4

Rotating Black holes: Low multiplicity remnant 6.0 5.2

Rotating Production loss model (gravitons) 5.5 4.8

MS = 1.2 TeV MS = 2.5 TeV

Non-rotating
String balls

5.7 5.1

Rotating 5.5 4.7

Table 7: Limits for n = 6 for the Charybdis models detailed in Sec. 4.

Angular Mom. Description
Excluded Mth value [TeV] for:

MD = 1.5 TeV MD = 4 TeV

Non-rotating Black holes: High multiplicity remnant 6.2 5.6

Rotating Black holes: High multiplicity remnant 6.1 5.6

Non-rotating Black holes with graviton 6.2 5.6

Rotating 10% Production loss model (photons) 6.1 5.5

Table 8: Limits for n = 6 for the Blackmax models detailed in Sec. 4.
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I. Vivarelli - Search for dark matter and extra dimensions at the LHC - Blois 2014

Dark matter (at the LHC)

• LHC can complement direct searches limits (especially at low DM 
candidate masses and for spin-dependent interactions)

• Signal: production of DM particles recoiling against X (X=g,W/Z,γ)

3

g,W/Z,γ = X • Effective theory approach (EFT) 
most ly used (mass of the 
mediator large)

• Especially to express limit into 
DM-nucleon cross section

• In some cases, the mediator is 
specified through a simplified 
model

from Phys. Rev. D 82, 116010 (2010)
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Dark matter (at the LHC)

• LHC can complement direct searches limits (especially at low DM 
candidate masses and for spin-dependent interactions)

• Signal: production of DM particles recoiling against X (X=g,W/Z,γ)

3

g,W/Z,γ = X • Effective theory approach (EFT) 
most ly used (mass of the 
mediator large)

• Especially to express limit into 
DM-nucleon cross section

• In some cases, the mediator is 
specified through a simplified 
model

from Phys. Rev. D 82, 116010 (2010)
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  boson	
  and	
  WIMP	
  
inves@gated	
  for	
  the	
  first	
  @me	
  at	
  the	
  LHC	
  

•  Four	
  signal	
  regions	
  using	
  MET:	
  150,	
  250,	
  
350	
  and	
  450	
  GeV	
  

•  95%	
  CL	
  lower	
  limits	
  on	
  M*	
  and	
  upper	
  
limits	
  on	
  χ-­‐nucleon	
  scaVering	
  cross	
  
sec@on	
  
–  complement	
  the	
  limits	
  in	
  other	
  channels	
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  Devia@ons	
  of	
  observed	
  yields	
  from	
  expected	
  yields,	
  	
  in	
  units	
  of	
  the	
  total	
  uncertainty	
  on	
  the	
  expected	
  yield	
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• On-Z  3e/µ      
• On-Z  2 e/µ + !had 
• Off-Z  3e/µ   
• Off-Z  2 e/µ + !had 

with on-Z : |m!!- mZ| < 20 GeV
and off-Z : |m!!- mZ| > 20 GeV

• HT
leptons: Sum of 3 lepton pT

• HT
jets: Sum of all jet pT

• ET
miss: Missing transverse energy

• meff:  HT
leptons + HT

jets + ET
miss

• Min. pT(!): pT of 3rd lepton 
• b-tags: number of b-jets  !!"#$$%"#$%&

'!
&'($%

"#$%&

()*

* (** +** ,**

4 signal regions    X

Variable Signal Region Definition Additional Requirements
H

leptons
T Inclusive ≥200 GeV ≥ 500 GeV ≥ 800 GeV

Min. p
�
T Inclusive ≥ 50 GeV ≥ 100 GeV ≥ 150 GeV

E
miss
T Inclusive ≥100 GeV ≥ 200 GeV ≥ 300 GeV H

jets
T < 150 GeV

E
miss
T Inclusive ≥100 GeV ≥ 200 GeV ≥ 300 GeV H

jets
T ≥ 150 GeV

meff Inclusive ≥600 GeV ≥1000 GeV ≥1500 GeV
meff Inclusive ≥600 GeV ≥1200 GeV E

miss
T ≥ 100 GeV

meff Inclusive ≥600 GeV ≥1200 GeV m
W

T ≥ 100 GeV, on-Z
b-tags Inclusive ≥ 1 ≥ 2

Table 1: Kinematic signal regions defined in the analysis.

in the detector and is reconstructed as a prompt electron. Events with a reconstructed Z-boson candidate
are referred to as on-Z, and those without such a candidate are referred to as off-Z. The resulting four
categories are mutually exclusive.

Several kinematic variables are used to characterize the events that satisfy all selection criteria. The
variable H

leptons
T is defined as the scalar sum of transverse momenta, or p

vis
T for τhad candidates, of the

three leading leptons. The variable Min. p
�
T is defined as the minimum pT of the three leading leptons in

the event. The variable H
jets
T is defined as the sum of transverse momenta of all selected jets in the event.

The “effective mass”, meff , is the scalar sum of E
miss
T , H

jets
T , and the transverse momenta of all identified

leptons in the event. For events classified as on-Z, the transverse mass using the E
miss
T and the hardest

lepton not associated with a Z-boson candidate is defined as:

m
W

T =

�
2p
�
TE

miss
T (1 − cos(∆φ)) (1)

where ∆φ is the φ separation of � and E
miss
T .

Subsets of selected events are defined based on kinematic properties. The H
leptons
T distribution is

considered for all events in each category. The E
miss
T distribution is considered separately for events

with H
jets
T below and above 150 GeV, which serves to separate events produced through weak and strong

interactions. The meff distribution is considered for events with and without a requirement of E
miss
T ≥

100 GeV and with and without a requirement of m
W

T ≥ 100 GeV. Signal regions are also defined based
on the number of b-jets. Increasing lower bounds on the value of each kinematic variable define signal
regions; the lower bounds are shown in Table 1.

6 Background estimation

Standard Model processes that produce events with three or more lepton candidates fall into three classes.
The first consists of events in which prompt leptons are produced in the hard interaction, including the
WZ, ZZ, and tt̄ +W/Z processes. A second class of events includes Drell–Yan production in association
with an energetic γ, which then converts in the detector to produce a single reconstructed electron.
A third class of events arises from non-prompt, non-isolated, or fake lepton candidates satisfying the
identification criteria described in Section 4.

The first class of backgrounds is dominated by WZ → �ν���� and ZZ → ������ events. Smaller
contributions come from tt̄ + W → bb̄�ν��ν���ν and tt̄ + Z → bb̄�ν��ν������ events. Contributions from
triboson events, such as WWW → �ν��ν���ν production, are negligible. All such processes are modeled
with the dedicated MC samples described in Section 3. Reconstructed leptons in the simulated samples

5

94 signal regions in total

Lepton category Other variables

Fewer lepton categories, but more
kinematic variables than in CMS paper 

ATLAS-CONF-2013-070

Leading lepton: pT>26GeV
Other leptons : pT>15GeV
pT(""#$)>20GeV
All prompt and isolated
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Table 1: Kinematic signal regions defined in the analysis.

in the detector and is reconstructed as a prompt electron. Events with a reconstructed Z-boson candidate
are referred to as on-Z, and those without such a candidate are referred to as off-Z. The resulting four
categories are mutually exclusive.

Several kinematic variables are used to characterize the events that satisfy all selection criteria. The
variable H

leptons
T is defined as the scalar sum of transverse momenta, or p

vis
T for τhad candidates, of the

three leading leptons. The variable Min. p
�
T is defined as the minimum pT of the three leading leptons in

the event. The variable H
jets
T is defined as the sum of transverse momenta of all selected jets in the event.

The “effective mass”, meff , is the scalar sum of E
miss
T , H

jets
T , and the transverse momenta of all identified

leptons in the event. For events classified as on-Z, the transverse mass using the E
miss
T and the hardest

lepton not associated with a Z-boson candidate is defined as:

m
W

T =

�
2p
�
TE

miss
T (1 − cos(∆φ)) (1)

where ∆φ is the φ separation of � and E
miss
T .

Subsets of selected events are defined based on kinematic properties. The H
leptons
T distribution is

considered for all events in each category. The E
miss
T distribution is considered separately for events

with H
jets
T below and above 150 GeV, which serves to separate events produced through weak and strong

interactions. The meff distribution is considered for events with and without a requirement of E
miss
T ≥

100 GeV and with and without a requirement of m
W

T ≥ 100 GeV. Signal regions are also defined based
on the number of b-jets. Increasing lower bounds on the value of each kinematic variable define signal
regions; the lower bounds are shown in Table 1.

6 Background estimation

Standard Model processes that produce events with three or more lepton candidates fall into three classes.
The first consists of events in which prompt leptons are produced in the hard interaction, including the
WZ, ZZ, and tt̄ +W/Z processes. A second class of events includes Drell–Yan production in association
with an energetic γ, which then converts in the detector to produce a single reconstructed electron.
A third class of events arises from non-prompt, non-isolated, or fake lepton candidates satisfying the
identification criteria described in Section 4.

The first class of backgrounds is dominated by WZ → �ν���� and ZZ → ������ events. Smaller
contributions come from tt̄ + W → bb̄�ν��ν���ν and tt̄ + Z → bb̄�ν��ν������ events. Contributions from
triboson events, such as WWW → �ν��ν���ν production, are negligible. All such processes are modeled
with the dedicated MC samples described in Section 3. Reconstructed leptons in the simulated samples
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94 signal regions in total

Lepton category Other variables

Fewer lepton categories, but more
kinematic variables than in CMS paper 

ATLAS-CONF-2013-070

Leading lepton: pT>26GeV
Other leptons : pT>15GeV
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Conclusions	
  

•  Searches	
  for	
  exo@c	
  phenomena	
  carried	
  out	
  in	
  
a	
  variety	
  of	
  channels	
  at	
  ATLAS	
  

•  No	
  signs	
  of	
  heavy	
  resonances,	
  black	
  holes	
  or	
  
dark	
  maVer	
  in	
  8	
  TeV	
  dataset	
  

•  New	
  limits	
  have	
  been	
  set	
  
•  Looking	
  forward	
  to	
  high	
  energy	
  and	
  luminosity	
  
in	
  2015	
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