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Motivation

Ruth Pöttgen 19.8.2014IPA, London

Standard Model of particle physics (SM) confirmed 
with great precision in many experiments

however, many unresolved questions

matter-antimatter asymmetry
hierarchy problem
dark matter/dark energy
...

one possible extension of SM providing solutions to some of the above: SUSY

not this talk, see talk by L. Ancu on Thursday

many other suggestions for ‘physics beyond the SM’ (BSM):  “exotics”

even more complete with Higgs-discovery
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Exotics in ATLAS and in this talk

Ruth Pöttgen 19.8.2014IPA, London

published results with 2012 data: 14 papers, 17 CONF notes

large variety of final states/observables/models

in this talk: only subset of recent results

special focus on mono-X dark matter (DM) searches

will also flash some of the other results

general search

new heavy/excited quarks

new gauge bosons

contact interaction (CI)

large extra dimensions/black holes

typical strategy: 
consider some discriminant variable
search for excess above data-driven or MC based background
if no excess observed: set limits

https://twiki.cern.ch/twiki/bin/view/AtlasPublic/ExoticsPublicResults
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ATLAS and LHC

Ruth Pöttgen 19.8.2014IPA, London

ATLAS one of 4 large experiments at the LHC

general purpose detector, broad physics programme

LHC has exceeded expectations

~5/fb at√s= 7TeV, ~20/fb at √s=8TeV

peak instantaneous luminosities of 8x1033cm-2s-1

currently shutdown to prepare for run-II
13-14TeV, 1034cm-2s-1
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General Search

Ruth Pöttgen 19.8.2014IPA, London

not as sensitive as optimised specific searches

but: comprehensive investigation

ATLAS-CONF-2014-006

~700 event classes, categorised based on final states

can involve electrons, photons, muons, (b-)jets, ETmiss

algorithm searching for regions with largest deviations

20.3/fbno particular model, looking for deviations from SM prediction in many distributions

Data 2012 Triboson Diboson 4 top single top+Z +Vtt single top tt

Z+light jets W+light jets Z+b jets W+b jets multijet Higgs (125 GeV) γW+ γγW+

γZ+ γγZ+ +jetsγγ +jetsγ fake leptons
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910 ATLAS Preliminary  = 8 TeVs, -1L dt = 20.3 fb∫

discriminants:  meff,  minv,  ETmiss

meff: scalar pT sum of all objects including ETmiss

minv: invariant mass of all objects excluding ETmiss

classes for which electron 
or photon triggers are used

no significant deviation observed
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New Heavy Quarks

Ruth Pöttgen 19.8.2014IPA, London

here:   TT→Zt+X,   BB→Zb+X 
    (also single production considered in conf note)

ATLAS-CONF-2014-036

vector-like quarks part of various non-SUSY natural models

regulation of quadratic divergence of one-loop contributions to Higgs mass

select high pT (>150GeV) Z boson (from ee or µµ) + (b-)jets

two categories: exactly 2 or ≥3 leptons

20.3/fb

discriminants:       m(Zb) or HT(jet+leptons) (scalar pT sum) here:  Q=T or Q=B
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New Gauge Bosons - Lepton+ETmiss

Ruth Pöttgen 19.8.2014IPA, London

20.3/fb

select exactly one electron or muon
pTe>125GeV,  pTµ>45GeV
same cuts on ETmiss

multi-jet background estimated from data

arxiv:1407.7494
accepted by JHEP

95%CL limits

discriminant: mT=√2pTETmiss(1-cosφνl)

models for GUTs/solutions to hierarchy problem

new gauge bosons predicted by many BSM scenarios

Table 10. Observed upper limits on σB for W ′ and W ∗ with masses above 2000 GeV. The
columns are the same as in table 9.

mW ′/W∗ [GeV] Channel 95% CL limit on σB [fb]
W ′ W ∗

none S SB SBL SBc SBcL none SBcL

2250
eν 0.453 0.455 0.455 0.456 0.458 0.459 0.830 0.859
µν 0.853 0.859 0.859 0.862 0.866 0.869 0.726 0.734
both 0.296 0.297 0.297 0.298 0.301 0.303 0.457 0.488

2500
eν 0.564 0.569 0.569 0.570 0.572 0.573 0.438 0.441
µν 1.06 1.07 1.07 1.08 1.08 1.08 0.828 0.837
both 0.368 0.370 0.370 0.371 0.376 0.377 0.287 0.289

2750
eν 0.629 0.643 0.643 0.644 0.648 0.649 0.459 0.462
µν 1.16 1.19 1.19 1.20 1.21 1.21 0.917 0.928
both 0.409 0.413 0.413 0.414 0.425 0.426 0.306 0.308

3000
eν 0.809 0.852 0.852 0.853 0.863 0.865 0.387 0.389
µν 1.47 1.55 1.55 1.56 1.58 1.58 0.798 0.807
both 0.523 0.534 0.534 0.536 0.566 0.567 0.261 0.263

3250
eν 1.20 1.37 1.37 1.37 1.40 1.40 0.338 0.340
µν 2.14 2.45 2.45 2.45 2.52 2.52 0.678 0.687
both 0.768 0.815 0.815 0.816 0.919 0.920 0.226 0.228

3500
eν 1.92 2.56 2.56 2.56 2.64 2.64 0.312 0.315
µν 3.37 4.38 4.38 4.39 4.56 4.57 0.645 0.655
both 1.22 1.38 1.38 1.38 1.72 1.73 0.210 0.213

3750
eν 3.12 4.90 4.90 4.90 5.07 5.08 0.297 0.307
µν 5.32 7.85 7.85 7.86 8.22 8.24 0.605 0.630
both 1.97 2.37 2.37 2.38 3.26 3.27 0.199 0.208

4000
eν 4.76 8.07 8.07 8.09 8.38 8.40 0.304 0.372
µν 7.75 12.0 12.0 12.0 12.6 12.6 0.613 0.749
both 2.95 3.66 3.66 3.66 5.24 5.24 0.203 0.255

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 3.13 3.13 3.08 3.08
µν 2.97 2.97 2.83 2.83
Both 3.17 3.24 3.12 3.21

– 18 – 7
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New Gauge Bosons - Dilepton

Ruth Pöttgen 19.8.2014IPA, London

arxiv:1405.4123
accepted by PRD

20.3/fb
dilepton resonances predicted by many BSM scenarios

e.g. GUTs/solutions to hierarchy problem
(many considered in this paper)

2 central electrons, pT>40 (30) GeV

discriminant: dilepton invariant mass
128 GeV < mll < 4500GeV

or 2 opposite-sign muons, pT>25 GeV

dijet and W+jets final states estimated from data
simulation normalised to data in Z-peak

95%CL limits

8
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Contact Interaction (CI)

Ruth Pöttgen 19.8.2014IPA, London

search for non-resonant new phenomena in ee and µµ

arXiv:1407.2410

20.5/fb

submitted to EPJC

discriminant: dilepton mass and dilepton decay angle

limits on CI scale Λ (binding energy) for different chiral structures

constructive or destructive interference with DY (ηij , i,j=L,R)

pTe1>40GeV, pTe2>30GeV
pTµ1,2>25GeV

opposite sign
mll>80GeV

accommodate fermion compositeness by 4-fermion CI
(similar to Fermi theory of β-decay)

9

http://arxiv.org/abs/1407.2410


 [TeV]DM
1.5 2 2.5 3 3.5 4

 [T
eV

]
th

M

4.6

4.8

5

5.2

5.4

5.6

5.8

6

6.2

6.4 ATLAS
 = 8 TeVs, -1 L dt = 20.3 fb!

Non-rotating Black Holes, CHARYBDIS

 D / Mth k = M

Observed (n=2)
Expected (n=2)
Observed (n=4)
Expected (n=4)
Observed (n=6)
Expected (n=6)

 (n=6)" 1 ±Exp 

k=
4

k=
3

k=
2

(a)

 [TeV]DM
1.5 2 2.5 3 3.5 4

 [T
eV

]
th

M

4.6

4.8

5

5.2

5.4

5.6

5.8

6

6.2

6.4 ATLAS
 = 8 TeVs, -1 L dt = 20.3 fb!

Rotating Black Holes, CHARYBDIS

 D / Mth k = M

Observed (n=2)
Expected (n=2)
Observed (n=4)
Expected (n=4)
Observed (n=6)
Expected (n=6)

 (n=6)" 1 ±Exp 

k=
4

k=
3

k=
2

(b)

 [TeV]DM
1.5 2 2.5 3 3.5 4

 [T
eV

]
th

M

4.6

4.8

5

5.2

5.4

5.6

5.8

6

6.2

6.4 ATLAS
 = 8 TeVs, -1 L dt = 20.3 fb!

Rotating Black Holes, low mult. remnant, CHARYBDIS

 D / Mth k = M

Observed (n=2)
Expected (n=2)
Observed (n=4)
Expected (n=4)
Observed (n=6)
Expected (n=6)

 (n=6)" 1 ±Exp 

k=
4

k=
3

k=
2

(c)

 [TeV]DM
1.5 2 2.5 3 3.5 4

 [T
eV

]
th

M

4.6

4.8

5

5.2

5.4

5.6

5.8

6

6.2

6.4 ATLAS
 = 8 TeVs, -1 L dt = 20.3 fb!

Rotating Black Holes, Production losses, CHARYBDIS

 D / Mth k = M

Observed (n=2)
Expected (n=2)
Observed (n=4)
Expected (n=4)
Observed (n=6)
Expected (n=6)

 (n=6)" 1 ±Exp 

k=
4

k=
3

k=
2

(d)

Figure 8. The exclusion limits in the Mth–MD plane, with electron and muon channels combined,
for (a) non-rotating and (b) rotating black hole models in two, four and six extra dimensions,
simulated with Charybdis. The lower panes show limits for (c) rotating black holes with low
multiplicity remnant decays and (d) with production phase losses turned on. The solid (dashed)
lines show the observed (expected) 95% CL limits, with the shaded band illustrating the expected
± 1 σ variation of the n = 6 expected limits. The ±1σ variation is comparable for the n = 2 and
n = 4 models. Masses below the corresponding lines are excluded. The lighter grey lines indicate
constant k = Mth/MD.
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Figure 6. The
∑

pT distributions in the (a) electron and (b) muon channels. Two representative
signal distributions for rotating black holes with n = 6 are overlaid to illustrate the signal properties.
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).
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Extra Dimensions

Ruth Pöttgen 19.8.2014IPA, London

possible solution to hierarchy problem

often used benchmark model: ADD (Arkani-Hamed, Dimopoulos, Dvali)

propagation of gravitons in n spacial extra dimensions of size R

MPl2 = MDn+2 Rn  => MD could be in TeV range => black hole production at LHC energies

20.3/fb

leptons+jets search 

arXiv:1405.4254
accepted by JHEP

production mass threshold Mth>MD

discriminant: scalar pT sum

≥3 objects with pT>100GeV
≥1 lepton (e,µ)

10
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Dijets

Ruth Pöttgen 19.8.2014IPA, London

=> search for bumps on top of smooth background

arXiv:1407.1376
submitted to PRD

20.3/fb

≥2 jets with pT>50GeV
2 leading jets in |η|<2.8
mjj>250GeV
|y*|=1/2|y1-y2|<0.6

QCD: smoothly falling dijet mass spectrum

many BSM models predict narrow resonances

new trigger strategy 
=> reach extended to <1TeV 

wrt 2011 results

2 example interpretations:

excited quarks quantum black holes (QBH) in ADD LED

n=6

MD=mth

(threshold for 
QBH production)

compositeness 
of fermions 
might explain SM 
family structure

3

noise [52]. Poorly measured jets correspond to energy

depositions in regions where the energy measurement is

known to be inaccurate. Events are also rejected if one of

the jets relevant to this analysis falls into regions of the

calorimeter that were non-operational during data tak-

ing. An inefficiency of roughly 10% due to this veto is

emulated in MC signal samples following the same con-

ditions as data. Central values and statistical errors of

the dijet mass spectra of both the data and MC signal

samples are scaled, in order to correct for this inefficiency.

Additional kinematic selection criteria are used to en-

rich the dijet sample with events in the hard-scatter re-

gion of phase space. The rapidity y of the two leading

jets must be within |y| < 2.8. The leading and subleading

jets are required to have a pT > 50 GeV, ensuring a jet

reconstruction efficiency of 100% [53] both for QCD back-

ground and for all benchmark models under considera-

tion. Events must satisfy |y∗| = 1
2 |ylead − ysublead| < 0.6

and mjj > 250 GeV. The invariant mass cut of mjj >
250 GeV is chosen such that the dijet mass spectrum is

unbiased by the kinematic selection on pT.

IV. COMPARISON OF THE DIJET MASS
SPECTRUM TO A SMOOTH BACKGROUND

The observed dijet mass distribution in data, after all

selection requirements, is shown in Fig. 2. The bin width

varies with mass and is chosen to approximately equal

the dijet mass resolution derived from simulation of QCD

processes. The predictions for an excited quark q∗ with

three different mass hypotheses are also shown.

The search for resonances in mjj uses a data-driven

background estimate derived by fitting a smooth func-

tional form to the spectrum. An important feature of

this functional form is that it allows for smooth back-

ground variations, but does not accommodate localized

excesses that could indicate the presence of NP signals.

In previous studies, ATLAS and other experiments [54]

have found that the following function provides a satis-

factory fit to the QCD prediction of dijet production:

f(x) = p1(1− x)p2xp3+p4 ln x, (1)

where the pi are fit parameters, and x ≡ mjj/
√
s. The

uncertainty associated with the stability of the fit is car-

ried forward as a nuisance parameter in the statistical

analysis.

The fit function is tested on the dijet mass spectrum

obtained from the simulated Pythia 8.160 QCD multi-

jet events mentioned in Sec. III, corrected for next-to-

leading-order effects using the NLOJet++ v4.1.3 pro-

gram [55,56] as described in Ref. [11]. The number of

data events is matched or surpassed by the number of

simulated events starting from dijet masses of roughly 2

TeV. There is good agreement between the fitted func-

tion and the simulated spectrum. The χ2-value of the fit

to data shown in Fig. 2 is 79 for 56 degrees of freedom.
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Figure 2. The reconstructed dijet mass distribution (filled
points) fitted with a smooth functional form (solid line). Pre-
dictions for three q∗ masses are shown above the background.
The central panel shows the relative difference between the
data and the background fit with overlaid predictions for the
same q∗ masses. The bin-by-bin significance of the data–
background difference is shown in the bottom panel.

The center panel of Fig. 2 shows the relative difference
between the data and the background fit, and overlays

the shapes that would be expected in the presence of

three sample q∗ signals. The bottom panel of Fig. 2 shows

the significance of the difference between the data and the

fit in each bin. The significance is calculated taking only

statistical uncertainties into account, and assuming that

the data follow a Poisson distribution with the expected

value given by the fit function.

For each bin a p-value is determined by assessing the

probability of a background fluctuation leading to a num-

ber of events higher than or equal to the observed excess,

or lower than or equal to the observed deficit. This p-
value is converted to a significance in terms of an equiv-

alent number of standard deviations (the z-value) [57].

Where there is an excess (deficit) in data in a given bin,

the significance is plotted as positive (negative) 2. To

test the degree of consistency between the data and the

fitted background, the p-value of the fit is determined

by calculating the χ2-value from the data and comparing

this result to the χ2 distribution obtained from pseudo-

2 In mass bins with small expected number of events, where the
observed number of events is similar to the expectation, the Pois-
son probability of a fluctuation at least as high (low) as the ob-
served excess (deficit) can be greater than 50%, as a result of the
asymmetry of the Poisson distribution. Since these bins have too
few events for the significance to be meaningful, these bins are
drawn with zero content.

x103
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Mono-X Searches for Dark Matter

Ruth Pöttgen 19.8.2014IPA, London

DM itself invisible to detector

unbalanced reconstructed object 
      => missing transverse energy (ETmiss)

DM

DM

SM

SM

need something to ‘tag’/trigger on

(some representative examples)

assume: interaction mediated by a new particle 
                 too heavy to be directly produced @LHC

effective field theory approach 
(contact interaction)

suppression scale of effective theory: M*

M: mediator mass
gχ : coupling to DM
gSM : coupling to SM

gg-operator only for mono-jet

What is the         ?
for Dirac-fermionic DM

collider

indirect

direct
jet, W, Z, γ
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 PreliminaryATLAS
=8 TeVs -1Ldt = 10.5 fb

not valid
effective theory

Mono-jet

Ruth Pöttgen 19.8.2014IPA, London

ATLAS-CONF-2012-147

1≤njet≤2
lepton veto
lead. jet pT>120GeV, |η|<2.0
4 signal regions (SR1-SR4)

 lead jet pT & ETmiss > [120, 220, 350, 500]GeV

10.5/fb
highest sensitivity to many of the operators due to large cross section

solely sensitive to gg-operator

no significant deviation from SM

update with full 2012 
dataset in preparation
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Ruth Pöttgen 19.8.2014IPA, London

JHEP 04 (2013) 075

limits on M* can be translated into (upper) limits on WIMP-Nucleon scattering cross section

spin-dependent interaction:
collider competitive over 
large mass region

spin-independent interaction:
collider competitive at small 
masses

Monojet@7TeV

collider competitive at small masses

Mono-jet 7TeV
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Mono-Photon

Ruth Pöttgen 19.8.2014IPA, London

PRL 110, 011802 (2013)

no significant deviation from Standard Model prediction

update with full 2012 
dataset in preparation

ETmiss >150GeV

lepton veto, ≤1 jet

photon |η|<2.37, pT>150GeV

4.6/fb, 7TeV
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constructive interference 
for W emission if  gu=-gd
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CDMS low-energy

spin-independent

90% CL

=> limits surpass mono-jet by 
3 orders of magnitude (for D5)

=> mono-W dominant process

jet pT > 150GeV, ETmiss >350, 500 GeV

lepton/γ veto, ≤1 AntiKt jet (R=0.4)

1 fat jet (Cambridge-Aachen), R=1.2

no significant deviation from Standard Model prediction

20.3/fb
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Search for dark matter in events with a Z boson and missing transverse momentum in
pp collisions at

√
s = 8 TeV with the ATLAS detector

(Dated: April 2, 2014)

A search is presented for production of dark matter particles recoiling against a leptonically

decaying Z boson in 20.3 fb
−1

of pp collisions at
√
s = 8 TeV with the ATLAS detector at the Large

Hadron Collider. Events with large missing transverse momentum and two oppositely-charged

electrons or muons consistent with the decay of a Z boson are analyzed. No excess above the

Standard Model prediction is observed. Limits are set on the mass scale of the contact interaction

as a function of the dark matter particle mass using an effective field theory description of the

interaction of dark matter with quarks or with Z bosons. Limits are also set on the coupling and

mediator mass of a model in which the interaction is mediated by a scalar particle.

PACS numbers: 13.85.Rm,14.70.Hp,14.80.Nb

Astrophysical measurements indicate the existence of

non-baryonic dark matter [1, 2]. However, collider based

searches, nuclear scattering experiments, and searches for

particles produced from dark-matter annihilation have

not yet revealed its particle nature nor discovered its

non-gravitational interactions, if they exist [3]. Collider-

based searches for weakly interacting massive particles

(WIMPs, denoted as χ), specifically pp → χχ̄+X at the

Large Hadron Collider (LHC) via some unknown inter-

mediate state, are an important facet of the experimen-

tal program and provide sensitivity over a broad range of

values of the WIMP mass, mχ, including for low masses

where direct detection experiments are less sensitive. The

presence of dark-matter particles, not directly observable

in a collider detector, can be inferred from their recoil

against Standard Model (SM) particles. The LHC col-

laborations have reported limits on the cross section for

the process that includes initial state radiation (ISR),

pp → χχ̄+X, where the ISR component X is a hadronic

jet [4, 5], a photon [6, 7], or a W or Z boson decaying

hadronically [8]. Limits on dark matter produced in the

decay of the Higgs boson have also been reported [9]. In

this analysis, limits are set using the final state of a Z
boson decaying to two oppositely charged electrons or

muons, plus missing transverse momentum, Emiss
T .

Since the nature of the intermediate state mediating

the parton–WIMP interaction is not known, a useful ap-

proach is to construct an effective field theory (EFT) [10–

12]. EFTs have often been used to describe interactions

between dark-matter particles and quarks or gluons, but

they have recently been extended to describe direct inter-

actions with electroweak bosons [13–15]. In the context

of the EFT framework, the WIMP is considered to be

the only new particle accessible at LHC energies, in ad-

dition to the SM fields. The mediator of the interaction

is assumed to be heavy compared to the typical parton

interaction energies involved, and the dark-matter parti-

cles are also assumed to be produced in pairs.

The EFTs considered in this analysis, depicted in

Fig. 1, are expressed in terms of two parameters: mχ and

a mass scale, M�, described in Ref. [10]. M� parameter-

izes the coupling between the WIMP and SM particles,

where the coupling strength is normalized, or in inverse

proportion, to the heavy-mediator mass scale. The coef-
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FIG. 1. The diagrams showing different types of pp → χχ̄+Z
production modes considered in this analysis [13]. Figure (a)

shows a diagram that includes an ISR operator, and figure

(b) shows a diagram that includes a ZZχχ operator.

ficients of the Lagrangian’s interaction terms appear as

powers of M�, e.g. for the D1 operator as 1/M3
� and for

the D5 and D9 operators as 1/M2
� . The definition of the

D1, D5, and D9 operators and the region of validity of

the EFT limits are discussed in Ref. [10, 16].

Following the approach of Ref. [13], the coupling of

dark matter to electroweak bosons is considered for

dimension-5 and dimension-7 operators. The dimension-

7 operator couples dark matter to Zγ∗
as well as ZZ.

Since a Z boson is in the final state for each operator,

intermediate states with a Z or γ∗
each contribute to the

matrix element. The relative contribution of the Z and

γ∗
diagrams is a parameter of the theory.

This analysis considers models of dark-matter produc-

tion where a Z boson is radiated as ISR or interacts di-

rectly with WIMPs. The latter case of an interaction

between a Z-boson and a WIMP is a process not previ-

ously investigated in the analysis of LHC experiments.

To complement the EFT analysis, this paper also ex-

amines the results in terms of a model in which the in-

termediate state is specified [17]. In this model a scalar-

mediator η, with mass mη, and a scalar–WIMP coupling

strength f is responsible for the production of the dark-

matter particles. The mediator η transforms as a color

triplet and an electroweak doublet, and has a hyper-

charge of 1/3. The production cross section is propor-

Mono-Z(ℓℓ)

Ruth Pöttgen 19.8.2014IPA, London

PRD 90, 012004 (2014)

20.3/fb

∆φ(pTll, ETmiss)>2.5,   |ηll|<2.5,    (pTll -ETmiss)/pTll < 0.5

veto additional leptons or jets

2 opposite-sign electrons or muons

SR1-SR4: ETmiss >150, 250, 350, 450 GeV

in addition to ISR graph

sensitivity to coupling of DM to Z
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� . The definition of the
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Following the approach of Ref. [13], the coupling of
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as well as ZZ.
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intermediate states with a Z or γ∗
each contribute to the

matrix element. The relative contribution of the Z and
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tion where a Z boson is radiated as ISR or interacts di-

rectly with WIMPs. The latter case of an interaction

between a Z-boson and a WIMP is a process not previ-

ously investigated in the analysis of LHC experiments.

To complement the EFT analysis, this paper also ex-

amines the results in terms of a model in which the in-

termediate state is specified [17]. In this model a scalar-

mediator η, with mass mη, and a scalar–WIMP coupling

strength f is responsible for the production of the dark-

matter particles. The mediator η transforms as a color
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Mono-W(ℓν)

Ruth Pöttgen 19.8.2014IPA, London

20.3/fb

final state of W’ search can also be interpreted 
as mono-W signal for DM pair production

reminder: construtive or destructive 
interference for D5

discriminant: ETmiss

arxiv:1407.7494
accepted by JHEP
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Beyond the EFT

Ruth Pöttgen 19.8.2014IPA, London

merit of EFT: 
only 2 parameters,
independent of details of UV completion, 
directly comparable to (in)direct searches

however: validity of EFT questionable at LHC energies

minimal requirement: momentum transfer Qtr < Mmed= f(gSM, gDM, M*), 
                                          + couplings bounded from above

remove events that do not fulfill the above requirement

=> limits deteriorate

how much, depends on assumed coupling/operator

e.g. D5 fully valid wrt this requirement for 

π<√(gSM gDM)<4π 

details depend on UV completion

natural next step: simplified model with a light mediator
increases number of parameters

parameters: WIMP mass, mediator mass and width

ATL-PHYS-PUB-2014-007

ATL-PHYS-PUB-2014-007

coupling to SM particles

coupling to WIMPs
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Simplified Models

Ruth Pöttgen 19.8.2014IPA, London

mono-jet: vector s-channel mediator

approaches EFT at 
high mediator masses

resonant enhancement at 
intermediate masses

ATL-PHYS-PUB-2014-007

mono-Z: scalar, coloured t-channel mediator

lower limits from relic density 
=> upper left corner in conflict

PRD 90, 012004 (2014)

f:=√(gqgχ) 
gq : coupling to quarks
gχ : coupling to WIMPs
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14 TeV Prospects

Ruth Pöttgen 19.8.2014IPA, London

simulation studies for 14TeV performed for some analyses, here two examples 

improvement by factor ~2

ATL-PHYS-PUB-2014-007mono-jet di-lepton ATL-PHYS-PUB-2013-003
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current limits ~3TeV

95%CL limits in TeV

di-electron channel
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Astroparticle Forum

Ruth Pöttgen 19.8.2014IPA, London

forum for discussion of astroparticle physics related issues

exchange between ATLAS and astroparticle physics experiments and theorists

provide guidance to ATLAS groups for astrophysics related interpretation/analyses

ATLAS impact for astrophysics and vice versa

example topics: 

dark matter, EFT validity  -  covered in this talk

constraints on hadronic interaction models for comparisons to air shower data

founded April 2012

contact:

invites speakers from other experiments/theorists

input welcome and appreciated

david.berge@cern.ch

heidi.sandaker@cern.ch

stephane.willocq@cern.ch

tobias.golling@yale.edu

onofrio@cern.ch

jamie.boyd@cern.ch
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Summary

Ruth Pöttgen 19.8.2014IPA, London

large variety of exotics BSM searches 
conducted in ATLAS

no excess over SM expectations observed

limits on large number of model parameters

Dark Matter searches performed 
in many channels

mostly use of EFT for easy comparison 
to (in)direct experiments

in the future: move on to simplified models

LHC run-II will start in 2015

higher energies, higher luminosity

expect many more interesting results

stay tuned! :)
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ADD GKK + g/q − 1-2 j Yes 4.7 n = 2 1210.44914.37 TeVMD

ADD non-resonant !! 2e,µ − − 20.3 n = 3 HLZ ATLAS-CONF-2014-0305.2 TeVMS

ADD QBH→ !q 1 e,µ 1 j − 20.3 n = 6 1311.20065.2 TeVMth

ADD QBH − 2 j − 20.3 n = 6 to be submitted to PRD5.82 TeVMth

ADD BH high Ntrk 2 µ (SS) − − 20.3 n = 6, MD = 1.5 TeV, non-rot BH 1308.40755.7 TeVMth

ADD BH high
∑

pT ≥ 1 e, µ ≥ 2 j − 20.3 n = 6, MD = 1.5 TeV, non-rot BH 1405.42546.2 TeVMth

RS1 GKK → !! 2 e,µ − − 20.3 k/MPl = 0.1 1405.41232.68 TeVGKK mass
RS1 GKK →WW → !ν!ν 2 e,µ − Yes 4.7 k/MPl = 0.1 1208.28801.23 TeVGKK mass
Bulk RS GKK → ZZ → !!qq 2 e,µ 2 j / 1 J − 20.3 k/MPl = 1.0 ATLAS-CONF-2014-039730 GeVGKK mass
Bulk RS GKK → HH → bb̄bb̄ − 4 b − 19.5 k/MPl = 1.0 ATLAS-CONF-2014-005590-710 GeVGKK mass
Bulk RS gKK → tt 1 e,µ ≥ 1 b, ≥ 1J/2j Yes 14.3 BR = 0.925 ATLAS-CONF-2013-0522.0 TeVgKK mass

S1/Z2 ED 2 e,µ − − 5.0 1209.25354.71 TeVMKK ≈ R−1

UED 2 γ − Yes 4.8 ATLAS-CONF-2012-0721.41 TeVCompact. scale R−1

SSM Z ′ → !! 2 e,µ − − 20.3 1405.41232.9 TeVZ′ mass
SSM Z ′ → ττ 2 τ − − 19.5 ATLAS-CONF-2013-0661.9 TeVZ′ mass
SSM W ′ → !ν 1 e,µ − Yes 20.3 ATLAS-CONF-2014-0173.28 TeVW′ mass
EGM W ′ →WZ → !ν !′!′ 3 e,µ − Yes 20.3 1406.44561.52 TeVW′ mass
EGM W ′ →WZ → qq!! 2 e,µ 2 j / 1 J − 20.3 ATLAS-CONF-2014-0391.59 TeVW′ mass
LRSM W ′

R → tb 1 e,µ 2 b, 0-1 j Yes 14.3 ATLAS-CONF-2013-0501.84 TeVW′ mass
LRSM W ′

R → tb 0 e,µ ≥ 1 b, 1 J − 20.3 to be submitted to EPJC1.77 TeVW′ mass

CI qqqq − 2 j − 4.8 η = +1 1210.17187.6 TeVΛ

CI qq!! 2 e,µ − − 20.3 ηLL = −1 ATLAS-CONF-2014-03021.6 TeVΛ

CI uutt 2 e,µ (SS) ≥ 1 b, ≥ 1 j Yes 14.3 |C | = 1 ATLAS-CONF-2013-0513.3 TeVΛ

EFT D5 operator (Dirac) 0 e,µ 1-2 j Yes 10.5 at 90% CL for m(χ) < 80 GeV ATLAS-CONF-2012-147731 GeVM∗

EFT D9 operator (Dirac) 0 e,µ 1 J, ≤ 1 j Yes 20.3 at 90% CL for m(χ) < 100 GeV 1309.40172.4 TeVM∗

Scalar LQ 1st gen 2 e ≥ 2 j − 1.0 β = 1 1112.4828660 GeVLQ mass
Scalar LQ 2nd gen 2 µ ≥ 2 j − 1.0 β = 1 1203.3172685 GeVLQ mass
Scalar LQ 3rd gen 1 e, µ, 1 τ 1 b, 1 j − 4.7 β = 1 1303.0526534 GeVLQ mass

Vector-like quark TT → Ht + X 1 e,µ ≥ 2 b, ≥ 4 j Yes 14.3 T in (T,B) doublet ATLAS-CONF-2013-018790 GeVT mass
Vector-like quark TT →Wb + X 1 e,µ ≥ 1 b, ≥ 3 j Yes 14.3 isospin singlet ATLAS-CONF-2013-060670 GeVT mass
Vector-like quark TT → Zt + X 2/≥3 e, µ ≥2/≥1 b − 20.3 T in (T,B) doublet ATLAS-CONF-2014-036735 GeVT mass
Vector-like quark BB → Zb + X 2/≥3 e, µ ≥2/≥1 b − 20.3 B in (B,Y) doublet ATLAS-CONF-2014-036755 GeVB mass
Vector-like quark BB →Wt + X 2 e,µ (SS) ≥ 1 b, ≥ 1 j Yes 14.3 B in (T,B) doublet ATLAS-CONF-2013-051720 GeVB mass

Excited quark q∗ → qγ 1 γ 1 j − 20.3 only u∗ and d ∗, Λ = m(q∗) 1309.32303.5 TeVq∗ mass
Excited quark q∗ → qg − 2 j − 20.3 only u∗ and d ∗, Λ = m(q∗) to be submitted to PRD4.09 TeVq∗ mass
Excited quark b∗ →Wt 1 or 2 e,µ 1 b, 2 j or 1 j Yes 4.7 left-handed coupling 1301.1583870 GeVb∗ mass
Excited lepton !∗ → !γ 2 e, µ, 1 γ − − 13.0 Λ = 2.2 TeV 1308.13642.2 TeV!∗ mass

LSTC aT →W γ 1 e, µ, 1 γ − Yes 20.3 to be submitted to PLB960 GeVaT mass
LRSM Majorana ν 2 e,µ 2 j − 2.1 m(WR ) = 2 TeV, no mixing 1203.54201.5 TeVN0 mass
Type III Seesaw 2 e,µ − − 5.8 |Ve |=0.055, |Vµ |=0.063, |Vτ |=0 ATLAS-CONF-2013-019245 GeVN± mass
Higgs triplet H±± → !! 2 e,µ (SS) − − 4.7 DY production, BR(H±± → !!)=1 1210.5070409 GeVH±± mass
Multi-charged particles − − − 4.4 DY production, |q| = 4e 1301.5272490 GeVmulti-charged particle mass
Magnetic monopoles − − − 2.0 DY production, |g | = 1gD 1207.6411862 GeVmonopole mass

Mass scale [TeV]10−1 1 10
√
s = 7 TeV

√
s = 8 TeV

ATLAS Exotics Searches* - 95% CL Exclusion
Status: ICHEP 2014

ATLAS Preliminary∫
L dt = (1.0 - 20.3) fb−1

√
s = 7, 8 TeV

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

https://twiki.cern.ch/twiki/bin/view/AtlasPublic/ExoticsPublicResults
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General Search

Ruth Pöttgen 19.8.2014IPA, London

ATLAS-CONF-2014-006

uncertainty than that in Ref. [79]. For triboson production (including W/Z+γγ) we quote a correlated

uncertainty of 20% and 50% as an uncorrelated uncertainty. Similar numbers are found in Ref. [80]. The

same conservative uncertainties are used for the single top+Z and four top production. An uncorrelated

uncertainty of 20% is used for all Higgs production processes to cover systematics in specific phase-

space regions, e.g. with additional jet production. The correlated uncertainty is set to 5% due to the

well-known Higgs cross-sections [36].

Process correlated uncorrelated

uncertainty (%) uncertainty (%)

Multijet (normalized to data) 0 30

γ+jets and γγ+jets 10 30

W/Z + jets production 5 15

W/Z + heavy flavour production 10 30

tt̄ and single top 5 20

tt̄ + vector boson 10 30

Diboson processes (including W/Z+γ) 10 30

Triboson 20 50

Higgs production 5 20

Table 3: Theoretical uncertainties assigned to the modelling of the background processes, subdivided

into correlated and uncorrelated effects for the generation of the pseudo-experiments.

6 Results

6.1 Event yields

Data events are found in 573 event classes. The number of classes with an SM expectation larger than

0.1 is 697. These classes are further considered for the statistical analysis. A total of 16 event classes
2

have an SM expectation of less than 0.1 events, but at least one data event; two data events are found

only in the 2µ1e5 j event class. The data and MC prediction for the 697 classes with an SM expectation

> 0.1 are shown in Figures 1 and 2 for event classes collected with the electron and photon triggers, in

Figures 3, 4 and 5 with the muon trigger and in Figures 6, 7 and 8 with jets and Emiss

T
triggers. Agreement

between data and the SM prediction is observed for most event classes.

6.2 Search algorithm

To quantify the level of agreement between the data and the SM expectation and to identify regions of

deviations, we use a search algorithm first developed for the H1 generic search [3]. The algorithm has

been applied to the meff (the scalar sum of the pT of the objects defining the class, including the Emiss

T
),

the visible invariant mass and the Emiss

T
distributions. The visible invariant mass (minv) is defined for

each event class as the invariant mass calculated with all objects defining the class besides the Emiss

T
. The

meff variable has been widely used in the context of searches for new physics, as it is sensitive to a large

2
The 16 classes are: 3 j2b, 1µ1e6 j2b, 2µ1e5 j, 2µ8 j, 1µ1e2γ, 1µ9 j2b, 4µ1 j1b, 2µ2e2 j1b, 1µ3e2 j1b, 3e2 j3b, 3e4 j2b,

ν2e1γ2b, ν1e1γ5 j1b, ν2µ1e1 j2b, 15 j, ν3e2b

9

not sensitive at low pT or small cross sections

4.3 Event classification

The events are subdivided into exclusive classes based on the number and types of objects reconstructed

in the event; electrons (e), muons (µ), photons (γ), jets ( j), b-jets (b) and Emiss

T
(ν) are considered. We

choose not to use taus or lepton charge information for the classification. The subdivision can be regarded

as a classification according to the most important features of the events. The pT cuts applied on top of

the trigger selection and the labels used for each object are summarized in Table 2.

The classification includes all possible final state configurations and object multiplicities, e.g. if a

data event with 7 reconstruced muons is found it is classified in a “7-muon” event class (7µ). Similarly

an event with missing transverse momentum, 2 muons, 1 photon and 4 jets is classified and considered

in a corresponding event class denoted (ν2µ1γ4 j).
To suppress sources of fake Emiss

T
two additional requirements are applied on events to be classified

in ν categories. The ratio of Emiss

T
over meff (where meff is defined in each event class as the scalar sum

of the pT of the objects defining the class, including the Emiss

T
) is required to be greater than 0.2 and the

minimum azimuthal separation between the Emiss

T
and the three leading reconstructed jets (if present) has

to be greater than 0.4, otherwise the event is rejected.

Some final states covered in this search have blinded signal regions in dedicated new physics searches

and they are therefore excluded from this search. These final states are monojet and monophoton, final

states with four or more b-jets and final states with one electron or one muon and additional Emiss

T
. Final

states with 2 photons without additional leptons and without Emiss

T
are not expected to be well modelled

by the MC prediction due to the large multijet background and have been excluded from the analysis.

Multijet background is expected to be negligible for final states with 2 photons and additional leptons or

Emiss

T
.

Object jet b-jet electron muon photon Emiss

T

Label j b e µ γ ν

Lower pT cut 50 GeV 50 GeV 25 GeV 25 GeV 40 GeV 150 GeV

Table 2: List of objects used for the event classification with their label and lower pT requirement.

4.4 Background estimation

In this search the SM prediction for almost all processes is taken from MC simulation. Only background

events with one lepton candidate originating from misidentification of hadronic jets, photon conversions

or real leptons from heavy flavor decays (collectively referred to as fake leptons) are estimated using data.

For categories containing more than one lepton the contribution from fake leptons is found to be small

compared to the total background and taken directly from the simulation. Comparisons between data and

simulation in dedicated control regions with enlarged fake-lepton contribution have shown agreement

within uncertainties. Re-weighting procedures are applied to some of the MC samples to improve the

modeling of the SM background. This is described in section 4.4.2.

4.4.1 Estimation of fake lepton background

Background contributions with exactly one fake lepton are determined with a data-driven procedure

referred to as the ABCD method.

In an ABCD method the background rate is estimated by applying the event selections on two inde-

pendent, uncorrelated variables, such that both selections enhance the signal to background ratio. This

6
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Event selection
Z boson candidate preselection

≥ 2 central jets
pT(Z)≥ 150 GeV

Dilepton channel Trilepton channel
= 2 leptons ≥ 3 leptons

≥ 2 b-tagged jets ≥ 1 b-tagged jet
Pair production Single production Pair production Single production

HT(jets)≥ 600 GeV ≥ 1 fwd. jet – ≥ 1 fwd. jet
Final discriminant

m(Zb) HT(jets+leptons)

Table 1: Summary of the event selection criteria. Preselected Z boson candidate events are divided into
dilepton and trilepton categories. The requirements on the number of central jets and the Z candidate
transverse momentum are common to both channels, and for the pair and single production hypotheses.
Other requirements are specific to a lepton channel or the targeted production mechanism. The last row
lists the final discriminant used for hypothesis testing.

Figure 4 presents unit-normalized distributions of simulated signal and background events in several
discriminating variables employed in the event selection. The reference signals correspond to the single
and pair production of SU(2) singlet T and B quarks with a mass of 650 GeV. Figure 4(a) presents the
lepton multiplicity distribution after selecting events with a Z boson candidate and at least two central
jets. The shapes of the signal and background distributions motivate separate criteria for events with ex-
actly two leptons, and those with three or more, with the strategy for the former focused on background
rejection, and the strategy for the latter focused on maintaining signal efficiency. The only signal hy-
pothesis not expected to produce events with a third isolated lepton is the B(→ Zb)b̄q process. The other
three processes are capable of producing, in addition to the Z boson, a W boson that decays to leptons.
The W could arise from a top quark decay, or directly from the other heavy quark decay in the case of
the pair production signal.

At least two central jets are required in both lepton channels, and when testing both production
mechanism hypotheses. The requirement is over 95% efficient for the pair production signals, and over
70% efficient for the single production signals, while suppressing the backgrounds by a factor of 20 and
5 in the dilepton and trilepton channels, respectively. A second common requirement is on the minimum
transverse momentum of the Z boson candidate: pT(Z) > 150 GeV. Figure 4(b) presents the pT(Z)
distribution in signal and background dilepton channel events after the Z+≥ 2 central jets selection.

Figure 4(c) presents the b-tagged jet multiplicity, also after the Z+ ≥ 2 central jets selection in
the dilepton channel. Pair production signal events are expected to yield at least two b jets, whether
produced directly from a heavy quark decay, the decay of a top quark, or the decay of a Higgs boson.
Single production signal events also yield two b jets, but the one arising from the b quark produced in
association is less often in the acceptance for b-tagging. In order to effectively suppress the large Z+
jets background, dilepton channel events are required to contain at least two b-tagged jets when testing
both the single and pair production hypotheses. A requirement of at least one b-tagged jet sufficiently
balances signal efficiency and background rejection in the trilepton channel.

Signal events from pair production often produce several energetic jets. The scalar sum of the trans-
verse momentum of all central jets in the event, HT(jets), is a powerful variable to further reduce the back-
ground in the dilepton channel. Selected events in this channel are required to satisfy HT(jets)> 600 GeV
when testing the pair production hypotheses. The transverse momentum of leptons is not included, as
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Fractional uncertainties (%): dilepton channel

Z+jets tt̄ Other bkg. Total bkg. BB̄ T T̄
Luminosity 1.4 2.8 2.8 0.3 2.8 2.8

Cross section 5.5 6.4 29 0.7 - -

Jet reconstruction 13 10 14 11 2.0 2.1

b-tagging 9.1 13 9.9 5.7 7.2 5.9

e reconstruction 2.9 16 5.9 4.6 2.5 1.5

µ reconstruction 3.8 7.8 7.2 4.2 3.2 1.3

Z+jets pT(Z) correction 9.0 - - 6.5 - -

Z+jets rate correction 6.9 - - 5.0 - -

MC statistics 5.0 25 12 5.4 2.4 2.9

Table 6: The fractional uncertainties (%) in the yields of signal and background events after the final

dilepton channel selection for testing the pair production hypotheses. The signals correspond to SU(2)
singlet T and B quarks with a mass of 650 GeV. The uncertainties are grouped into categories that are

explained in more detail in the text.

Fractional uncertainties (%): trilepton channel

WZ tt̄ +V Other bkg. Total bkg. BB̄ T T̄
Luminosity 2.8 2.8 2.8 2.8 2.8 2.8

Cross section 17 30 8.9 21 - -

Jet reconstruction 5.4 1.2 8.1 3.1 4.0 1.8

b-tagging 13 3.6 13 6.7 5.6 5.5

e reconstruction 9.3 3.9 37 11 5.9 12

µ reconstruction 14 3.9 18 4.2 6.2 5.7

MC statistics 11 3.1 27 6.6 4.8 8.3

Table 7: The fractional uncertainties (%) in the yields of signal and background events after the final

trilepton channel selection for testing the pair production hypotheses. The signals correspond to SU(2)
singlet T and B quarks with a mass of 650 GeV. The uncertainties are grouped into categories that are

explained in more detail in the text.
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singlet T and B quarks with a mass of 650 GeV. The uncertainties are grouped into categories that are
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TABLE V. The numbers of expected and observed events in the dielectron (top) and dimuon (bottom) channel in bins of the
invariant mass m!!. The region 80–110 GeV is used to normalize the total background to the data. The errors quoted are the
combined statistical and systematic uncertainties.

mee [GeV] 110–200 200–400 400–800 800–1200 1200–3000 3000–4500
Z/γ∗ 122000 ± 7000 14000 ± 800 1320± 70 70± 5 10.0 ± 1.0 0.008 ± 0.004
Top 8200 ± 700 2900 ± 500 200± 80 3.1± 0.8 0.16± 0.08 < 0.001
Diboson 1880± 90 680± 40 94± 5 5.9± 0.4 1.03± 0.06 < 0.001
Dijet & W+jet 3900 ± 800 1290 ± 320 230± 70 9.0± 2.3 0.9± 0.5 0.002 ± 0.004
Total 136000 ± 7000 18800 ± 1000 1850 ± 120 88± 5 12.1 ± 1.1 0.011 ± 0.005
Observed 136200 18986 1862 99 9 0

mµµ[GeV] 110–200 200–400 400–800 800–1200 1200–3000 3000–4500
Z/γ∗ 111000 ± 8000 11000 ± 1000 1000 ± 100 49± 5 7.3± 1.1 0.034 ± 0.022
Top 7100 ± 600 2300 ± 400 160± 80 3.0± 1.7 0.17± 0.15 < 0.001
Diboson 1530 ± 180 520 ± 130 64± 16 4.2± 2.1 0.69± 0.30 0.0024 ± 0.0019
Total 120000 ± 8000 13700 ± 1100 1180 ± 130 56± 6 8.2± 1.2 0.036 ± 0.023
Observed 120011 13479 1122 49 8 0

For all but the Minimal Z ′ Models, limits are set on σB
versus the resonance mass. The predicted σB is used
to derive limits on the resonance mass for each model.
Table VI lists the predicted σB values for a few reso-
nance masses and model parameters. In the case of the
Minimal Z ′ Models, limits are set on the effective cou-
plings as a function of the resonance mass to incorporate
interference effects of the Z ′ signal with the Drell–Yan
background.

TABLE VI. Values of σB for the different models. The model
parameter M corresponds to the mass of the Z′, Z′

χ, Z
′
ψ, Z

∗

and G∗ boson. For the QBH models, M = Mth corresponds
to the threshold mass, while for the MWT model M = MR1

.
The value M = 3 TeV is not applicable for the MWT model,
as the range of the limits is up to 2.25 TeV.

σB [fb]
Model M = 1 TeV M = 2 TeV M = 3 TeV
Z′

SSM 170 3.4 0.21
Z′

χ 93 1.5 0.062
Z′

ψ 47 0.87 0.032
Z∗ 300 4.0 0.076
G∗, k/M Pl=0.1 190 1.8 0.044
RS QBH 56 0.40 0.0065
ADD QBH 11000 96 1.8
MWT, g̃ = 2 31 0.17 n/a

A. Limits on narrow spin-1 Z
′

SSM, E6 Z
′ and Z

∗

bosons

For the Z ′
SSM, E6-motivated Z ′ and Z∗ bosons, the

model specifies the boson’s coupling strength to SM
fermions and therefore the intrinsic width. The param-
eter of interest in the likelihood analysis is therefore σB
as a function of the new boson’s mass.
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FIG. 3. Median expected (dashed line) and observed (solid
red line) 95% CL upper limits on cross-section times branch-
ing ratio (σB) in the combined dilepton channel, along with
predicted σB for Z′

SSM production. The inner and outer
bands show the range in which the limit is expected to lie
in 68% and 95% of pseudo-experiments, respectively. The
thickness of the Z′

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

Figure 3 presents the expected and observed exclusion
limits on σB at 95% CL for the combined dielectron and
dimuon channels for the Z ′

SSM search. The observed limit
is within the ±2σ band of expected limits for all MZ′ .
Figure 3 also contains the Z ′

SSM theory band for σB. Its
width represents the theoretical uncertainty, taking into
account the following sources: the PDF error set, the
choice of PDF, and αS . The value of MZ′ at which the
theory curve and the observed (expected) 95% CL limits
on σB intersect is interpreted as the observed (expected)
mass limit for the Z ′

SSMboson, and corresponds to 2.90
(2.87) TeV.
A comparison of the combined limits on σB and those

10

TABLE III. Summary of systematic uncertainties on the ex-
pected numbers of events at a dilepton mass of m!! = 2 TeV,
where n/a indicates that the uncertainty is not applicable.
Uncertainties < 3% for all values of mee or mµµ are neglected
in the respective statistical analysis.

Source (m!! = 2 TeV) Dielectrons Dimuons
Signal Backgr. Signal Backgr.

Normalization 4% n/a 4% n/a
PDF variation n/a 11% n/a 12%
PDF choice n/a 7% n/a 6%
αs n/a 3% n/a 3%
Electroweak corr. n/a 2% n/a 3%
Photon-induced corr. n/a 3% n/a 3%
Beam energy < 1% 3% < 1% 3%
Resolution < 3% < 3% < 3% 3%
Dijet and W + jets n/a 5% n/a n/a
Total 4% 15% 4% 15%

TABLE IV. Summary of systematic uncertainties on the ex-
pected numbers of events at a dilepton mass of m!! = 3 TeV,
where n/a indicates that the uncertainty is not applicable.
Uncertainties < 3% for all values of mee or mµµ are neglected
in the respective statistical analysis.

Source (m!! = 3 TeV) Dielectrons Dimuons
Signal Backgr. Signal Backgr.

Normalization 4% n/a 4% n/a
PDF variation n/a 30% n/a 17%
PDF choice n/a 22% n/a 12%
αs n/a 5% n/a 4%
Electroweak corr. n/a 4% n/a 3%
Photon-induced corr. n/a 6% n/a 4%
Beam energy < 1% 5% < 1% 3%
Resolution < 3% < 3% < 3% 8%
Dijet and W + jets n/a 21% n/a n/a
Total 4% 44% 4% 23%

MS. However, such events are rare and the corresponding
systematic uncertainty is negligible over the entire mass
range considered. This is an improvement on previous
ATLAS publications [17], which used a very conservative,
and much larger, estimate: 6% at 2 TeV. In addition, the
uncertainty on the resolution due to residual misalign-
ments in the MS propagates to a change in the steeply
falling background shape at high dilepton mass and in the
width of signal line shape. The potential impact of this
uncertainty on the background estimate reaches 3% at
2 TeV and 8% at 3 TeV. The effect on the signal is negli-
gible. As for the dielectron channel, the momentum scale
uncertainty has negligible impact in the dimuon channel
search.

Mass-dependent systematic uncertainties that change
the expected number of events by at least 3% anywhere
in the m!! distribution are summarized in Tables III and
IV for dilepton invariant masses of 2 TeV and 3 TeV,
respectively.
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FIG. 2. Dielectron (top) and dimuon (bottom) invariant
mass (m!!) distributions after event selection, with two se-
lected Z′

SSM signals overlaid, compared to the stacked sum
of all expected backgrounds, and the ratios of data to back-
ground expectation. The bin width is constant in logm!!.
The green band in the ratio plot shows the systematic uncer-
tainties described in Sec. IX.

X. COMPARISON OF DATA AND
BACKGROUND EXPECTATIONS

The observed invariant mass distributions, mee and
mµµ, are compared to the expectation from SM back-
grounds after final selection. To make this comparison,
the sum of all simulated backgrounds, with the rela-
tive contributions fixed according to the respective cross-
sections, is scaled such that the result agrees with the
observed number of data events in the 80 - 110 GeV
normalization region, after subtracting the data-driven
background in the case of the electron channel. The
scale factors obtained with this procedure are 1.02 in
the dielectron channel and 0.98 in the dimuon chan-
nel. It is this normalization approach that allows the
mass-independent uncertainties to cancel in the statisti-
cal analysis.
Figure 2 depicts them!! distributions for the dielectron

and dimuon final states. The bin width of the histograms
is constant in logm!!, chosen such that a possible signal
peak spans multiple bins and the shape is not impacted
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Table 4. Expected numbers of events from the various background sources in each decay channel
for mT > 1500 GeV, the region used to search for a W ′ with a mass of 2000 GeV. The W → !ν and
Z → !! rows include the expected contributions from the τ -lepton. The uncertainties are statistical.

eν µν

W → !ν 2.65 ± 0.10 2.28 ± 0.21
Z → !! 0.00163 ± 0.00022 0.232 ± 0.005
Diboson 0.27 ± 0.23 0.46 ± 0.23
Top 0.0056 ± 0.0009 0.0017 ± 0.0001
Multi-jet 0.066 ± 0.020 0.046 ± 0.039

Total 2.99 ± 0.25 3.01 ± 0.31

6 Statistical analysis and systematic uncertainties

A Bayesian analysis is performed to set limits on the studied processes. For each candidate

mass and decay channel, events are counted above an mT threshold. The optimisation

of mTmin is done separately for W ′ → !ν and W ∗ → !ν. For each candidate mass, the

mTmin values that minimise the expected cross-section limits are obtained in the electron

and muon channels separately, but for simplicity the lower value is used in both channels

since this has a negligible impact on the final results. A similar optimisation is performed

when setting the limits on DM production, and in this case a single mTmin is chosen for

each operator. The expected number of events in each channel is

Nexp = εsigLintσB +Nbkg, (6.1)

where Lint is the integrated luminosity of the data sample, εsig is the signal selection

efficiency defined as the fraction of signal events that satisfy the event selection criteria as

well as mT > mTmin, Nbkg is the expected number of background events, and σB is the

cross-section times branching fraction. Using Poisson statistics, the likelihood to observe

Nobs events is

L(Nobs|σB) =
(LintεsigσB +Nbkg)Nobse−(LintεsigσB+Nbkg)

Nobs!
. (6.2)

Uncertainties are included by introducing nuisance parameters θi, each with a probability
density function gi(θi), and integrating the product of the Poisson likelihood with the
probability density function. The integrated likelihood is

LB(Nobs|σB) =

∫

L(Nobs|σB)
∏

gi(θi)dθi, (6.3)

where a log-normal distribution is used for the gi(θi). The nuisance parameters are taken

to be: Lint, εsig and Nbkg, with the appropriate correlation accounted for between the first

and the third parameters.

The measurements in the two decay channels are combined assuming the same branch-

– 10 –

Table 5. Relative uncertainties on the selection efficiency εsig and expected number of background
events Nbkg for a W ′ (upper part of the table) and W ∗ (lower part of the table) with a mass of
2000 GeV. The efficiency uncertainties include contributions from the trigger, reconstruction and
event selection. The last row gives the total relative uncertainties.

εsig Nbkg

Source eν µν eν µν
W ′ → #ν
Reconstruction and trigger efficiency 2.5% 4.1% 2.7% 4.1%
Lepton energy/momentum resolution 0.2% 1.4% 1.9% 18%
Lepton energy/momentum scale 1.2% 1.8% 3.5% 1.5%
Emiss

T scale and resolution 0.1% 0.1% 1.2% 0.5%
Beam energy 0.5% 0.5% 2.8% 2.1%
Multi-jet background - - 2.2% 3.4%
Monte Carlo statistics 0.9% 1.3% 8.5% 10%
Cross-section (shape/level) 2.9% 2.8% 18% 15%
Total 4.2% 5.6% 21% 27%

W ∗ → #ν
Reconstruction and trigger efficiency 2.7% 4.1% 2.6% 4.0%
Lepton energy/momentum resolution 0.4% 0.9% 3.0% 17%
Lepton energy/momentum scale 2.4% 2.4% 3.1% 1.5%
Emiss

T scale and resolution 0.1% 0.4% 3.1% 0.6%
Beam energy 0.1% 0.1% 2.5% 1.9%
Multi-jet background - - 1.8% 2.6%
Monte Carlo statistics 1.2% 1.8% 6.7% 8.6%
Cross-section (shape/level) 0.2% 0.2% 17% 15%
Total 3.9% 5.1% 19% 25%

7 Results

The inputs for the evaluation of LB are listed in tables 6, 7 and 8. The uncertainties

on εsig and Nbkg account for all relevant experimental and theoretical effects except for

the uncertainty on the integrated luminosity. The latter is included separately and is

correlated between signal and background. The tables also list the predicted numbers of

signal events, Nsig, with their uncertainties accounting for the uncertainties in both εsig and

the cross-section calculation. The maximum value for the signal selection efficiency is at

mW ′ = 2000 GeV. For lower masses, the efficiency falls because the relative mT threshold,

mTmin/mW ′ , increases in order to reduce the background level. The contribution from

W ′ → τν with a leptonically decaying τ is neglected. It would increase the signal yield

by 2%–3% for the highest masses. The background level is estimated for each mass by

summing over all of the background sources.

– 12 –
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Table 1 Summary of MC sample information for signal and background processes used in this search. The columns from left to right give the
process of interest, generator, matrix-element order, parton shower program, and PDF utilized.

Process Generator Order Parton Shower / Hadronization PDF

qq̄→ Z/!∗ → !+!− POWHEG [26] NLO PYTHIA 8.165 [28] CT10 [27]
!!/!q/! q̄→ !+!− PYTHIA 8.165 [28] LO PYTHIA 8.165 [28] MRST2004QED [32]
tt̄ → !X ,Wt → X MC@NLO 4.06 [33] NLO JIMMY 4.31 [34] + HERWIG 6.520 [35] CT10 [27]

WW,WZ,ZZ→ !X/!"/!! HERWIG 6.520 [35] LO HERWIG 6.520 [35] CTEQ6L1 [37]

CI: qq̄→ !+!− PYTHIA 8.165 [28] LO PYTHIA 8.165 [28] MSTW2008LO [30, 31]
ADD: qq̄/gg→ G∗ → !+!− SHERPA 1.4.1 [7] LO (multi-leg) SHERPA 1.4.1 [7] CT10 [27]

negligible in this region. After the normalization procedure,
good agreement is found in the control region, as displayed
in Fig. 1. The search is then conducted in the mass region
400–4500 GeV.

6 Event yields

In the CI search, six broad dilepton mass bins are used in
the search region from 400 GeV to 4500 GeV. For the ADD
search region, a single dilepton mass bin is employed in the
range 1900–4500 GeV, where the lower mass boundary is
optimized based on the strongest expected exclusion limit.

The dielectron (dimuon) channel event yields are pre-
sented in Table 2 (Table 3) for the CI search and both chan-
nels are presented in Table 4 for the ADD LED search.
Dilepton mass distributions for data and the predicted back-
ground are shown in Fig. 1 for both channels, along with a
few benchmark CI and ADD signals overlaid.

The dilepton invariantmass is commonly used as the dis-
criminating variable for a CI search. However, the lepton
decay angle also has high discriminating power from DY
events in certain cases such as the left-right model. There-
fore, the dilepton decay angle, # ∗, is also used as a discrim-
inating variable in the CI search. The angle # ∗ is defined
in the Collins–Soper (CS) frame [40], which is constructed
with the z-axis bisecting the angle between the two incoming
parton momenta, and the x-axis perpendicular to the incom-
ing parton momentum plane. As the incoming parton infor-
mation from pp collisions is unknown, the direction of the
dilepton system is taken to be the direction of the incoming
quark (as opposed to anti-quark). This introduces a dilution
of any asymmetry in the cos# ∗ distribution (leading to de-
rived angular variables being described as “uncorrected”).
The angle # ∗ is then taken as the angle between this z-axis
and the outgoing negatively charged lepton, using the for-
mula

cos# ∗ =
pz(!+!−)
|pz(!+!−)|

2(p+1 p
−
2 − p−1 p

+
2 )

m(!+!−)
√

m(!+!−)2+ pT (!+!−)2
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Fig. 1 Reconstructed dielectron (top) and dimuon (bottom) mass dis-
tributions for data and the SM background estimate. Also shown are
the predictions for a benchmark $ value in the LL contact interaction
model and benchmark MS value in the GRW ADD model. The distri-
bution bin width is constant in log(m!!). The ratio is presented with the
total systematic uncertainty overlaid as a band.

calculation of decay angle in Collins-Soper frame

z-acis bisecting angel between incoming partons

x-axis perpendicular to plane of incoming parton momenta

angle between z-axis and outgoing negatively charged lepton

p+/-=E+/-pz
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Figure 6. The
∑

pT distributions in the (a) electron and (b) muon channels. Two representative
signal distributions for rotating black holes with n = 6 are overlaid to illustrate the signal properties.
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).
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9 Results and interpretation

The
∑

pT distributions observed from data and predicted from SM processes for the elec-

tron and muon channels in the sideband and signal regions are given in figure 6, with two

representative signal distributions superimposed: rotating black holes with n = 6 and Mth

= 5 TeV, one with MD = 2 TeV, the other with MD = 3.5 TeV.5 The yields in the signal

region for various choices of
∑

pT threshold are shown in table 4. In both channels, the

fraction of the W+jets background, already dominant at lower
∑

pT, increases further for

higher
∑

pT. The W+jets background constitutes 45% (66%) of the background yield

above
∑

pT = 2000 GeV in the electron (muon) channel; the contribution from Z+jets is

19% (17%), whereas tt̄ accounts for 15% (17%), with the remainder in the electron channel

being multi-jet events. For both channels, no data events are observed above
∑

pT = 3000

GeV, in agreement with the background estimate.

Electron Channel Muon Channel

Min.
∑

pT [GeV] Expected Background Data Expected Background Data

2000 44± 12 47 22.8 ± 5.4 27

2200 19± 7 22 10.1 ± 3.2 12

2400 8.2± 3.7 5 4.5± 1.9 7

2600 3.5± 2.1 2 2.0± 1.3 2

2800 1.5± 1.2 0 0.89 ± 0.82 2

3000 0.65+0.69
−0.65 0 0.40+0.53

−0.40 0

3200 0.28+0.40
−0.28 0 0.18+0.34

−0.18 0

Table 4. Expected SM background and observed event yields for the electron and muon channels,
for the signal regions of this search. The quoted uncertainties on the background yields are the
combined statistical and systematic uncertainties.

No significant excess is observed beyond the Standard Model expectation for all choices

of
∑

pT threshold: p-values for the background-only hypothesis are in the range 0.2 -

0.5. 6 Consequently, limits are set on the fiducial cross-section and on TeV-scale gravity

benchmark models, using the modified frequentist CLs prescription described in ref. [81].

It compares the number of observed events in data with the SM expectation, using the

profile likelihood ratio as test statistic. All systematic uncertainties and their correlations

are taken into account via nuisance parameters.

5These points have cross-sections of 46.3 pb and 12.9 pb, respectively, as calculated by Charybdis.
6The p-value is truncated at 0.5, since only upward fluctuations of the background are taken into account.

– 20 –

Figure 11 shows limits for a rotating black hole model with lepton conservation imposed,

for four extra dimensions. The effect on the excluded region for this model choice is small,

showing that the analysis is not sensitive to this model assumption.

Tables 7 and 8 summarise the exclusion limits for all models considered in the n = 6

case. For MD = 1.5 TeV, threshold masses below 5.5–6.2 TeV are excluded at 95% CL,

depending on model assumptions. For MD = 4 TeV, threshold masses below 4.8–5.7 TeV

are excluded.

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 section 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 section 4.
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FIG. 2. Shape of the Emiss
T distribution in simulated samples

of ZZ background, effective theories of dark-matter interac-

tion with a qq̄ initial state (D1, D5, and D9 [10]) and inter-

action with a Z/γ∗
intermediate state [13], and the scalar-

mediator theory. The shapes of ZZχχ-no-γ∗
and ZZχχ-

maximal-γ∗
are similar, as are the shapes of D9 and the

dimension-5 ZZχχ EFT, so only one of each is plotted. Each

distribution is normalized to unit area. The mass of the scalar

mediator, mη is 1 TeV, and the dark-matter particle mass is

mχ = 200 GeV.

representative operators and for the scalar-mediator the-
ory with representative coupling constant, f = 6, and
mη = 1 TeV are given in Table I.

TABLE I. The power dependence of 1/M� for the EFT and

the cross sections of WIMP production in association with an

on-shell Z boson for various EFT operators and the scalar-

mediator theory are shown. For the calculation of the pro-

duction cross section, M� is taken to be 1 TeV for the EFT

operators. The coupling constant of the scalar-mediator the-

ory, f , is taken to be 6 and the mass of the mediator, mη, is

1 TeV.

D5 D9 ZZχχ
max. γ∗

Scalar

mediator

mχ [GeV] Cross sections [fb]

10 7.1 120 3.1 810

200 5.6 89 2.0 300

400 3.1 47 0.83 70

1000 0.25 3.4 0.023 -

M−1
� power 2 2 3 -

Samples of pp → Zχχ̄ events are propagated through
the ATLAS detector using the full simulation of the ID
and muon trackers and the parameterized simulation of
the calorimeter [30], tuned to full simulation and data.
The shapes of the simulated Emiss

T distributions for the
signal operators are shown in Fig. 2 compared to the
dominant SM background process ZZ → �+�−ν̄ν.

Contributions to the systematic uncertainty of the ex-
pected SM backgrounds are due largely to experimental

sources affecting the Emiss
T measurement and to the effi-

ciencies for the reconstruction and identification of elec-
trons and muons. For example, when Emiss

T >120 GeV,
the experimental systematic uncertainty for the ZZ back-
ground is dominated by the jet–energy scale (1.7% and
2.3% for electron and muon final states, respectively) and
the electron and muon momentum scale (2.3% and 0.8%,
respectively). Smaller systematic uncertainties are asso-
ciated with the Emiss

T measurement and with the efficien-
cies for the reconstruction and identification of electrons
and muons.
For the dominant background, ZZ → �+�−ν̄ν, de-

termined from simulated samples, systematic theoretical
uncertainties are derived from the generator differences,
QCD factorization and renormalization scales, and PDF
modeling. The largest theoretical uncertainty, the gener-
ator difference, is evaluated as the difference in yields cal-
culated from samples simulated with SHERPA 1.4.1 [35]
and POWHEG BOX. The systematic uncertainties asso-
ciated with the ZZ background are summarized in Ta-
ble II for each signal region. The luminosity uncertainty
is 2.8% and is derived from beam-separation scans per-
formed following the procedure described in Ref. [36].

TABLE II. Summary of the systematic uncertainties for the

largest background process: (ZZ → �+�−ν̄ν). Statistical un-

certainties are from MC simulation sample size.

Uncertainty Source
Emiss

T threshold [GeV]

150 250 350 450

Statistical [%] 2 6 13 24

Experimental [%] 3 6 9 8

Theoretical [%] 35 35 35 35

Luminosity [%] 3 3 3 3

Total [%] 35 36 38 43

The expected background and observed yields are re-
ported in Table III. Figure 3 shows the Emiss

T distribution
after applying all selection requirements other than the
Emiss

T thresholds for the observed data, the expected SM
backgrounds, and the hypothetical pp → Zχχ̄ signals for
various values of the mass scale.

TABLE III. Observed yields and expected SM backgrounds

in each signal region. Statistical, systematic, and luminosity

uncertainties are added in quadrature to give the total back-

ground estimate and uncertainties.

Process
Emiss

T threshold [GeV]

150 250 350 450

ZZ 41± 15 6.4± 2.4 1.3± 0.5 0.3± 0.1
WZ 8.0± 3.1 0.8± 0.4 0.2± 0.1 0.1± 0.1

WW , tt̄, Z → τ+τ−
1.9± 1.4 0

+0.7
−0.0 0

+0.7
−0.0 0

+0.7
−0.0

Z+jets 0.1± 0.1 – – –

W+jets 0.5± 0.3 – – –

Total 52± 18 7.2± 2.8 1.4± 0.9 0.4+0.7
−0.4

Data 45 3 0 0
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of ZZ background, effective theories of dark-matter interac-

tion with a qq̄ initial state (D1, D5, and D9 [10]) and inter-

action with a Z/γ∗
intermediate state [13], and the scalar-

mediator theory. The shapes of ZZχχ-no-γ∗
and ZZχχ-

maximal-γ∗
are similar, as are the shapes of D9 and the

dimension-5 ZZχχ EFT, so only one of each is plotted. Each

distribution is normalized to unit area. The mass of the scalar

mediator, mη is 1 TeV, and the dark-matter particle mass is

mχ = 200 GeV.

representative operators and for the scalar-mediator the-
ory with representative coupling constant, f = 6, and
mη = 1 TeV are given in Table I.

TABLE I. The power dependence of 1/M� for the EFT and

the cross sections of WIMP production in association with an

on-shell Z boson for various EFT operators and the scalar-

mediator theory are shown. For the calculation of the pro-

duction cross section, M� is taken to be 1 TeV for the EFT

operators. The coupling constant of the scalar-mediator the-

ory, f , is taken to be 6 and the mass of the mediator, mη, is

1 TeV.

D5 D9 ZZχχ
max. γ∗

Scalar

mediator

mχ [GeV] Cross sections [fb]

10 7.1 120 3.1 810

200 5.6 89 2.0 300

400 3.1 47 0.83 70

1000 0.25 3.4 0.023 -

M−1
� power 2 2 3 -

Samples of pp → Zχχ̄ events are propagated through
the ATLAS detector using the full simulation of the ID
and muon trackers and the parameterized simulation of
the calorimeter [30], tuned to full simulation and data.
The shapes of the simulated Emiss

T distributions for the
signal operators are shown in Fig. 2 compared to the
dominant SM background process ZZ → �+�−ν̄ν.

Contributions to the systematic uncertainty of the ex-
pected SM backgrounds are due largely to experimental

sources affecting the Emiss
T measurement and to the effi-

ciencies for the reconstruction and identification of elec-
trons and muons. For example, when Emiss

T >120 GeV,
the experimental systematic uncertainty for the ZZ back-
ground is dominated by the jet–energy scale (1.7% and
2.3% for electron and muon final states, respectively) and
the electron and muon momentum scale (2.3% and 0.8%,
respectively). Smaller systematic uncertainties are asso-
ciated with the Emiss

T measurement and with the efficien-
cies for the reconstruction and identification of electrons
and muons.
For the dominant background, ZZ → �+�−ν̄ν, de-

termined from simulated samples, systematic theoretical
uncertainties are derived from the generator differences,
QCD factorization and renormalization scales, and PDF
modeling. The largest theoretical uncertainty, the gener-
ator difference, is evaluated as the difference in yields cal-
culated from samples simulated with SHERPA 1.4.1 [35]
and POWHEG BOX. The systematic uncertainties asso-
ciated with the ZZ background are summarized in Ta-
ble II for each signal region. The luminosity uncertainty
is 2.8% and is derived from beam-separation scans per-
formed following the procedure described in Ref. [36].

TABLE II. Summary of the systematic uncertainties for the

largest background process: (ZZ → �+�−ν̄ν). Statistical un-

certainties are from MC simulation sample size.

Uncertainty Source
Emiss

T threshold [GeV]

150 250 350 450

Statistical [%] 2 6 13 24

Experimental [%] 3 6 9 8

Theoretical [%] 35 35 35 35

Luminosity [%] 3 3 3 3

Total [%] 35 36 38 43

The expected background and observed yields are re-
ported in Table III. Figure 3 shows the Emiss

T distribution
after applying all selection requirements other than the
Emiss

T thresholds for the observed data, the expected SM
backgrounds, and the hypothetical pp → Zχχ̄ signals for
various values of the mass scale.

TABLE III. Observed yields and expected SM backgrounds

in each signal region. Statistical, systematic, and luminosity

uncertainties are added in quadrature to give the total back-

ground estimate and uncertainties.

Process
Emiss

T threshold [GeV]

150 250 350 450

ZZ 41± 15 6.4± 2.4 1.3± 0.5 0.3± 0.1
WZ 8.0± 3.1 0.8± 0.4 0.2± 0.1 0.1± 0.1

WW , tt̄, Z → τ+τ−
1.9± 1.4 0

+0.7
−0.0 0

+0.7
−0.0 0

+0.7
−0.0

Z+jets 0.1± 0.1 – – –

W+jets 0.5± 0.3 – – –

Total 52± 18 7.2± 2.8 1.4± 0.9 0.4+0.7
−0.4

Data 45 3 0 0

event numbers
systematic uncertainties
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