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W’ and Z’

• Many BSM models predict the 
existence of massive spin-1 objects 
decaying into pairs of leptons

‣ W’→lνl

‣ Z’→ll : l ∈ {e,μ,τ}

• Experimentally attractive: 
straightforward to trigger/reconstruct,

• SM backgrounds are either low or well 
understood

• Practically: the differences between 
the models are largely in the natural 
widths, ranging from around 0.5% to 3% 
(or non-resonant)

2

Sequential Standard Model
Applied to both W’→lνl and Z’→ll

Couplings to fermions are identical to those of the 
SM W and Z. 

Used as a benchmark

Grand Unification Model
Applied to Z’→ll

E6 gauge group breaks into SU(5) and two additional 
U(1) groups, physical states given by

Six different values for mixing angle θ lead to specific 
Z’ states Z’ψ,χ,η,I,S

1 Introduction

The dilepton (ee or µµ) final state signature is a key search channel for a host of di↵erent new phenomena
expected in theories that go beyond the Standard Model (SM). This search channel benefits from high
signal selection e�ciencies and relatively small, well understood backgrounds.

Models with extended gauge groups often feature additional U (1) symmetries with corresponding heavy
spin-1 Z0 bosons whose decay would manifest itself as a narrow resonance in the dilepton mass spectrum.
Grand Unified Theories (GUT) have inspired models based on the E6 gauge group [1, 2], which, for a
particular choice of symmetry breaking pattern, includes two neutral gauge bosons that mix with an
angle ✓E6 . This yields a physical state defined by Z0(✓E6 ) = Z0

 cos ✓E6 + Z0
� sin ✓E6 , where the gauge

fields Z0
 and Z0

� are associated with two separate U (1) groups resulting from the breaking of the E6
symmetry. All Z0 signals in this model are defined by specific values of ✓E6 ranging from 0 to ⇡, and the
six commonly motivated cases are investigated in this search, namely: Z0

 , Z0
⌘ , Z0

N, Z0
I , Z0

S, and Z0
� . In

addition to the GUT-inspired E6 models, the Sequential Standard Model (SSM) [2] provides a common
benchmark model that includes a Z0

SSM boson with couplings to fermions identical to those in the SM. A
series of models that are motivated by the large hierarchy between the electroweak and Planck scales also
predict the presence of narrow dilepton resonances. These include the Randall–Sundrum model [3] with
a warped extra dimension giving rise to spin-2 graviton excitations, the quantum black hole model [4],
the Z⇤ model [5], and the minimal walking technicolor model [6].

Some models of physics beyond the SM result in non-resonant deviations in the dilepton mass spectrum.
Compositeness models motivated by the repeated pattern of quark and lepton generations predict new
interactions involving their constituents. These interactions may be represented as a contact interaction
(CI) between initial-state quarks and final-state leptons. Other models producing non-resonant e↵ects are
models with large extra dimensions [7] motivated by the hierarchy problem. The following four-fermion
CI Lagrangian [8, 9] is used to describe a new interaction or compositeness in the process qq ! `+`�:

L =
g2

⇤2 [⌘LL (qL�µqL) (`L�µ`L) + ⌘RR(qR�µqR) (`R�µ`R) (1)

+⌘LR(qL�µqL) (`R�µ`R) + ⌘RL(qR�µqR) (`L�µ`L)] ,

where g is a coupling constant set to be
p

4⇡ by convention, ⇤ is the CI scale, and qL,R and `L,R are left-
handed and right-handed quark and lepton fields, respectively. The parameters ⌘i j , where i and j are L or
R (left or right), define the chiral structure of the new interaction. Di↵erent chiral structures are invest-
igated here, with the left-right (right-left) model obtained by setting ⌘LR = ±1 (⌘RL = ±1) and all other
parameters to 0. Likewise, the left-left and right-right models are obtained by setting the corresponding
parameters to ±1, and the others to zero. The sign of ⌘i j determines whether the interference between
the SM Drell–Yan (DY) qq ! Z/�⇤ ! `+`� process and the CI process is constructive (⌘i j = �1) or
destructive (⌘i j = +1).

The most sensitive previous Z0 searches were carried out by the ATLAS and CMS Collaborations [10,
11]. Using 20 fb�1 of pp collision data at

p
s = 8 TeV, ATLAS set a lower limit at 95% credibility level

(C.L.) on the Z0
SSM pole mass of 2.90 TeV for the combined ee and µµ channels. Similar limits were

set by CMS. The most stringent constraints on CI searches are also provided by the CMS and ATLAS
Collaborations [11, 12]. The strongest lower limits on the ``qq CI scale are ⇤ > 21.6 TeV and ⇤ >

2

Contact Interactions
Applied to di-lepton final state

Quark and lepton compositeness with a characteristic 
energy scale Λ corresponding to the binding energy 

between fermion constituent. Produces non-resonant 
excesses.

http://journals.aps.org/rmp/abstract/10.1103/RevModPhys.81.1199
http://journals.aps.org/prd/abstract/10.1103/PhysRevD.34.1530
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Why Run 2 is so important 3

W.J. Stirling, private communication

1fb-1 @ 13 TeV ~ 10-20fb-1 @ 8 TeV for a 2-3 TeV object
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13 TeV results overview 4

ATLAS CMS

One-lepton 
(W’)

ATLAS-CONF-2015-063 
W’ → {e, μ} + ET

CMS-PAS-EXO-15-006  
W’ → {e, μ} + ET

Two-leptons 
(Z’)

ATLAS-CONF-2015-070 
Z’ → {ee, μμ} 

ATLAS-CONF-2015-072 
Z’ → {eμ}

CMS-PAS-EXO-15-005  
Z’ → {ee, μμ}

• Z’: search for narrow resonances in the di-lepton invariant mass distributions 
(Mee, Mμμ) or for non-resonant excesses above the SM background 

• W’: search for discrepancies above background in the transverse mass 
distribution: 

• ATLAS and CMS recently updated their 8TeV limits with 13TeV data; this talk 
reviews these 13 TeV results

1

1 Introduction
Many SM extensions predict additional heavy gauge bosons. In particular the Sequential Stan-
dard Model (SSM) [1] predicts the existence of a new massive boson, W0, exhibiting the same
couplings as the Standard Model (SM) W boson, decaying in final states with a charged lepton
and neutrino, or quark pairs. If sufficiently massive, the decay channel W0 ! tb̄ is also allowed.

The analysis presented in this paper addresses deviations from the SM prediction in events
with a charged lepton (electron or muon) and one (or more) particles that cannot be directly
detected (neutrino, dark matter particle) in the final state. In particular it allows the search for a
W0 boson, where the decays to bosons (W, Z, H) are assumed to be suppressed. No interference
with the W boson from the SM is considered.

Similar searches have been carried out at several past experiments and accelerators, finding no
indication for any deviation in terms of new physics and setting lower limits to the mass of a
potential SSM W0 boson. The most stringent limits up-to-date come from the LHC experiments,
ATLAS [2] and CMS [3]. Current limits obtained by CMS with an integrated luminosity of
19.7 ± 0.5 fb�1 of proton-proton collisions at a center-of mass energy of 8 TeV, are 3.22 TeV in
the electron channel, and 2.99 TeV in the muon one. Combining both channels results in an
exclusion of W0 bosons with a mass less than 3.28 TeV. The ATLAS results at

p
s = 8 TeV

exclude W0 bosons with masses less than 3.24 TeV.

Due to the increase in the center-of-mass energy from 8 to 13 TeV the parton luminosities as-
sociated to qq̄ interactions (at the origin of W0 bosons) increase very substantially in the high
mass region. This note presents the analysis of 2.2 fb�1 of proton–proton collisions taken by the
CMS detector during 2015, at a center-of mass energy of 13 TeV.

2 CMS Detector
A detailed description of the CMS detector and the coordinate system used can be found else-
where [4]. The central feature of the CMS apparatus is a superconducting solenoid of 6 m
internal diameter providing an axial field of 3.8 T. Within the field volume are located the sili-
con pixel and strip tracker (|h| < 2.4) and the barrel and endcap calorimeters (|h| < 3); a lead
tungstate crystal electromagnetic calorimeter (ECAL) and a brass/scintillator hadronic calori-
meter (HCAL). An iron/quartz-fiber calorimeter is located in the forward region (3 < |h| < 5),
outside the field volume. Muons are measured with detection planes made of three technolo-
gies: Drift Tubes, Cathode Strip Chambers, and Resistive Plate Chambers (|h| < 2.4).

3 Analysis strategy and simulated samples
The experimental signature in this search is the presence of a high-energy charged lepton and
missing transverse energy, Emiss

T , which may flag the presence of a non-interacting particle
(neutrino). The quantity ~p miss

T is defined as �Â~pT of all reconstructed particles with Emiss
T

being the modulus of ~p miss
T .

The main discriminant variable used in the search is the transverse invariant mass, MT, defined
from the lepton ~pT, the ~p miss

T in the event, and the difference in the azimutal angle between

them, as MT =
q

2pl
TEmiss

T (1 � cos[Df(~pl
T,~p miss

T )]).

The dominant and irreducible background of this search is W! ln with l = µ, e. The tau
decay channel is also considered as background, although it contributes to the low MT region.

https://atlas.web.cern.ch/Atlas/GROUPS/PHYSICS/CONFNOTES/ATLAS-CONF-2015-063/
http://cms-results.web.cern.ch/cms-results/public-results/preliminary-results/EXO-15-006/index.html
https://atlas.web.cern.ch/Atlas/GROUPS/PHYSICS/CONFNOTES/ATLAS-CONF-2015-070/
https://atlas.web.cern.ch/Atlas/GROUPS/PHYSICS/CONFNOTES/ATLAS-CONF-2015-072/
http://cms-results.web.cern.ch/cms-results/public-results/preliminary-results/EXO-15-005/index.html
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Event selection and main backgrounds 5
W’ Z’ Means of 

evaluation

Real 
leptons

DY 
(W, Z, γ*) ✓ ✓ MC

t/tbar, 
single top ✓ ✓ MC

Di-bosons 
(WW, 

WZ,ZZ)
✓ ✓ MC

Fake 
leptons 

(hadronic 
jets)

With real 
leptons 
(W+jets)

✓ ✓ (Electrons) 
✕ (Muons)

Data 

With each 
other (multi-

jets)
✓ ✓ (Electrons) 

✕ (Muons)
Data 

For the di-leptons: summed backgrounds are normalised 
to the level of the data in the region:
60/80 (CMS/ATLAS) <mll < 120 GeV

→ mass independent systematics cancel

• Trigger: single e/μ (ee for Z’)

• Offline event selection: 

‣ W’: single e/μ plus missing transverse 
energy

‣ Z’: ee/μμ

• Indicative signal efficiencies (CMS)

‣ 3 TeV W’: ~75% for e and μ

‣ 1 TeV Z’→ee: ~75% barrel-barrel, 70% 
barrel-endcap

‣ 1 TeV Z’→μμ: ~90% 

• Indicative dilepton resolutions

‣ CMS (ee @ 1TeV): 1.8% (barrel), 1.4% 
(barrel+endcap)

‣ CMS (μμ @ 1TeV): 4%

‣ ATLAS (ee > 200 GeV): < 2%

‣ ATLAS (μμ @ 1TeV): 19-32%
} Run-1

evaluation



Mμμ event (1390 GeV) recorded by ATLAS @ 13TeV
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Mee event (2910 GeV) 
recorded by CMS @ 

13TeV
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Systematics

• Experimental uncertainties on the 
leptons and MET

‣ Trigger (W’)

‣ Lepton reconstruction/
identification efficiency (W’, Z’)

‣ Lepton isolation (W’, Z’)

‣ MET scale/resolution (W’)

‣ Jet scale/resolution (W’)

‣ MC statistics at high mass (W’, Z’)

‣ Normalisation (Z’)

8

• Uncertainties on the MC 
background/signal

‣ PDF-related for DY (W’, Z’)

‣ Multi-jet and W+jets b/g 
(W’)

• Luminosity (W’)

Extrapolation/interpolation needed to fill
gaps and extend to the full search range
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W’ searches: transverse mass distributions (eν) 9
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W’ searches: transverse mass distributions (μν) 10
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W’ searches: production and upper mass limits 11

Expected (TeV) Observed (TeV)
ATLAS CMS ATLAS CMS

eν 4.03 3.8 3.98 3.8
μν 3.66 3.8 3.42 4.0

combined 4.18 4.2 4.07 4.4
8 TeV 3.17 3.26 3.24 3.28
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Z’ searches: invariant mass distributions (ee) 12
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Z’ searches: invariant mass distributions (μμ) 13
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Z’ searches: production and upper mass limits 14
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Lepton number violation through Z’ and quantum gravity 15
• Extensions to the SSM Z’ model allow lepton-number 

violating decays to occur by introducing additional 
couplings

• Quantum black holes could fail to respect lepton 
number conservation in their decay, and produce eμ 
final states

‣ Assume quantum gravity couples with equal strength 
to all SM particle degrees of freedom, allowing LFC 
violation but forbidding local symmetry violation 
(charge, colour)

‣ Assume black hole predominantly decay into two-
particle states 

‣ ADD model: six extra dimensions (n=6)

‣ RS model: one highly warped extra dimension (n=1)

• Very similar to the lepton flavour conserving Z’ analysis

• Low background, Drell Yan largely suppressed
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Lepton number violation through Z’ and quantum gravity 16
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Outlook and conclusions

• ATLAS and CMS have well-developed searches in place for 
heavy counterparts of the W and Z boson

‣ Both detectors demonstrate excellent performance in the 
relevant object reconstruction, and complement each 
other’s strengths 

• 2-3 inverse femtobarns of data at 13TeV has already allowed 
us to push the limits beyond Run-1 for W’ and Z’ over 1TeV  

• In 2016 we expect ~10 times more data

‣ What might we see this year? Some very interesting results 
ahead of us! 

17
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ATLAS 19
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Triggers 21
ATLAS CMS

W’

eν 1e > 50 GeV, HCAL isolation at L1 
or nonisolated > 60, 120 GeV

1e > 105 GeV 
or 1e > 115 GeV

μν 1μ > 50 GeV 1μ > 50 GeV, |η| < 2.4 
or 1μ > 45 GeV, |η| < 2.1

Z’

ee 2e > {17 GeV, 17 GeV} ET

2e > {33 GeV, 33 GeV} ET 
Hadronic calo deposits in cone centred 

around electron of size ΔR=0.14 must be 
less than 15% (barrel) or 10% (endcaps) 

of the electron energy

μμ 1μ > 26 (isolated) || 50 GeV 1μ > 50 GeV, |η| < 2.4
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Offline selections (W’) 22

ATLAS CMS

W’

eν

1e pT > 65 GeV 
“Tight” for pT< 125, “Medium” otherwise 

Isolated 
ETmiss > 65 GeV 
mT >130 GeV

1e pT > 130 GeV 
Isolated 

Events with additional electrons > 35 GeV 
rejected 

μν
1μ pT > 55 GeV 

Isolated 
ETmiss > 55 GeV 
mT > 110 GeV

1μ pT > 53 GeV 
σpT/pT < 0.3 

Isolated 
Events with additional muons > 25 GeV 

rejected 

Both Event must have a primary vertex
|Δϕ|(pT , pTmiss| > 2.5 
0.4 < pT/ETmiss < 1.5 
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Offline selections (Z’) 23

ATLAS CMS

Z’

ee
2e ET > 30 GeV 
Primary vertex 

Isolated 
No opposite charge requirement

2e ET > 35 GeV 
|ηdet| < 1.4442 (barrel) 

1.566 < |ηdet| < 2.5 (endcap) 
At least one in the barrel 

Isolated 
No opposite charge requirement

μμ
2μ pT > 30 GeV 
Primary vertex 

Isolated 
Opposite charge requirement

2μ > 53 GeV, |η| < 2.4 
Isolated 

Common vertex fit χ2/dof < 20 
Opposite charge requirement



James Catmore - Moriond EW 2016

Data driven background estimation (matrix method)
• Used to calculate contamination from hadronic jets which are wrongly identified as leptons (“fakes”)

‣ Singly for W’

‣ Together or in combination with a real lepton for Z’

• Idea of the matrix method: express the unknown quantities (number of fake candidates) in terms of quantities that can 
be measured from data

‣ Loosen the lepton ID criteria to produce a “loose lepton” sample

‣ Measure how many loose leptons pass the signal selection, use matrix method to link back to the actual fake yield

‣ e.g. for W’ (similar for Z’ but 4x4 matrix due to paired combinations)

24
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DRAFT

The matrix method provides a connection between the “true” number of real electrons (N
R

) and the
“true” number of fakes (N

F

) and the measurable quantities from a sample in which the electrons have are
passing loose selection (N

L

) criteria and at the same time failing a tight selection and a sample in which
the electrons pass the tight selection (N

T

) criteria via Eq. 5.
 

N
T

N
L

!
=

 
✏
R

✏
F

1 � ✏
R

1 � ✏
F

!  
N
R

N
F

!
(5)

The vector on the right hand side of the equation describes the inaccessible truth quantities. Since these346

truth quantities are independent from each other, which means N
R

has no component from N
F

, also the347

vector on the left side of the equation has to fulfill this criteria. Because of this N
L

should not contain N
T

348

and in the following L indicates “pass loose but not tight” or short “loose fail tight”.349

The entries in the matrix are called real e�ciency (✏
R

) and fake e�ciency (✏
F

) and denote the probability
for a real (fake) electron to pass from loose to tight and is given by:

✏
F

=
N fake

tight

N fake
loose

, ✏
R

=
N real

tight

N real
loose

. (6)
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The matrix method provides a connection between the “true” number of real electrons (N
R

) and the
“true” number of fakes (N
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) and the measurable quantities from a sample in which the electrons have are
passing loose selection (N
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Invert matrix: 

εF and εR are measured independently (using data driven methods such as tag-and-probe 
for efficiencies and enriched background samples for fake rates)
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Electron, muon channels separately
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Source Electron channel Muon channel

Background Signal Background Signal

Trigger negl. (negl.) negl. (negl.) 3% (3%) 3% (4%)

Lepton reconstruction and identification negl. (negl.) negl. (negl.) 6% (10%) 5% (8%)

Lepton isolation negl. (negl.) negl. (negl.) 5% (5%) 5% (5%)

Lepton momentum scale and resolution 3% (3%) 11% (6%) 49% (69%) 5% (21%)

Emiss
T resolution and scale < 0.5% (< 0.5%) < 0.5% (< 0.5%) 1% (1%) 1% (2%)

Jet energy resolution < 0.5% (< 0.5%) < 0.5% (1%) 1% (1%) 1% (1%)

Multijet background 3% (19%) n/a (n/a) negl. (negl.) n/a (n/a)

PDF choice for DY production 3% (13%) n/a (n/a) 2% (2%) n/a (n/a)

PDF variation for DY production 8% (10%) n/a (n/a) 6% (8%) n/a (n/a)

Luminosity 8% (4%) 9% (9%) 9% (9%) 9% (9%)

Total 12% (26%) 14% (11%) 51% (71%) 13% (25%)
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5

6 Results
The transverse mass, MT, defined in Section 3, is reconstructed for each selected event in data
and simulated samples. This is the main discriminant variable used in the analysis, where sig-
nal events are expected at very high MT values, while the different background contributions,
and particularly the SM W boson decays appear as a tail as the transverse mass increases, due
to the falling cross section. Fig. 1 shows the differential transverse mass (left) and cumulative
MT (right) distributions for the electron channel for MT > 200 GeV. The same distributions are
presented for the muon channel in Fig. 2 for values MT > 120 GeV. The increasing bin size at
high MT values in the muon distribution reflects for the muon pT resolution.

The bottom panels in the MT distributions present the data over SM prediction ratio, showing
good agreement between them within the given uncertainties. For illustration purposes, the
expected signal from the decay of two W0 bosons with masses M(W’) = 2.4 and 3.6 TeV are also
shown.

Tables 1 and 2 summarize the integrated SM expected number of events compared to data for
three representative lower MT thresholds of 500 GeV, 1 TeV and 1.5 TeV for the electron and
muon decay channels, respectively. Also shown is the number of integrated expected signal
events for two W0 signal samples of mass M(W’) = 2.4 and 3.6 TeV.

MT >500 GeV MT >1000 GeV MT >1500 GeV
Data 230 11 1.0
SM Background 246 ± 18 14.3 ± 1.2 1.9 ± 0.2
SSM W’ M=2.4TeV 66.1 ± 5.5 58.4 ± 5.2 46.3 ± 4.4
SSM W’ M=3.6TeV 5.5 ± 0.7 4.9 ± 0.7 4.3 ± 0.6

Table 1: Number of events in the electron decay channel integrated above given MT thresholds
of 500, 1000 and 1500 GeV, for data, SM background and two signal examples for M(W0) =
2.4 TeV and 3.6 TeV. The uncertainties given include systematic and statistical uncertainties,
except the 4.6% on the total integrated luminosity.

MT > 500 GeV MT > 1000 GeV MT > 1500 GeV
Data 220 10 0
SM Background 251.5 ± 8.8 13.0 ± 1.2 1.8 ± 0.3
SSM W’ M=2.4TeV 94.6 ± 5.2 83.9 ± 4.6 65.8 ± 3.6
SSM W’ M=3.6TeV 6.3 ± 0.3 5.7 ± 0.3 5.0 ± 0.3

Table 2: Number of events in the muon decay channel integrated above given MT thresholds of
500, 1000 and 1500 GeV, for data, SM background and two signal examples for M(W0) = 2.4 TeV
and 3.6 TeV. The uncertainties given include statistical and systematic uncertainties, except the
4.6% on the total integrated luminosity .

The event with the highest mass occurs at MT ⇠2.0 TeV in the electron channel and at MT
⇠1.3 TeV in the muon one.

6.1 Exclusion limits on SSM W0 bosons

As no significant deviation from predictions is seen in the MT distributions in neither the elec-
tron nor the muon decay channels, exclusion limits on new signals are set in the context of
the SSM W0 boson production, using the complete MT distributions for expected background
contributions, signals and observed data.
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MC sample details

• Drell-Yan

‣ NLO Powheg-Box v2, CT10 PDF + Pythia8.186 + Photos FSR

‣ Normalised as function of mass to NNLO pQCD using VRAP + CT14NNLO 
PDF

‣ Generated in slices to ensure full coverage

• Top

‣ Powheg-Box v2 (ttbar), Powheg-Box v1 (single top), CT10 PDF + Pythia6.428

‣ Normalised to cross section as calculated by Top++2.0

• Diboson

‣ Sherpa2.1.1, CT10 PDF

• Signal

‣ Pythia8.183, NNPDF23 LO. No interference. WZ decay forbidden. 

‣ Normalised as per DY samples

29



James Catmore - Moriond EW 2016

W’ MC details 30
ATLAS CMS

DY

NLO Powheg-Box v2, CT10 PDF + Pythia8.186 + Photos 
FSR 

Normalised as function of mass to NNLO pQCD using 
VRAP + CT14NNLO PDF 

Generated in slices to ensure full coverage

W: inclusive in mass - Madgraph 5_aMC@NLO 
W: high mass slices - Pythia8.2, tune CUETP8M1, 

NNPDF3.0 PDF 
Mass dependent k-factor for high MT tails: NNLO QCD 
using FEWZ 3.2β2, NLO E/W corrections using MSCANC 

High mass DY: Powheg

Top

Powheg-Box v2 (ttbar), Powheg-Box v1 (single top), 
CT10 PDF + Pythia6.428 

Normalised to cross section as calculated by Top++2.0

ttbar: Powheg 
Single top: Powheg in in t- and tW-channels, aMC@NLO in 

s-channel

Diboson Sherpa2.1.1, CT10 PDF Pythia8.2, tune CUETP8M1, CT10 PDF

Signal
Pythia8.183, NNPDF23 LO. No interference. WZ decay 

forbidden.  
Normalised as per DY samples

Pythia8.2, tune CUETP8M1, NNPDF3.0 PDF 
K-factors to NNLO via FEWZ 3.2β2
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Model Width [%]
ee [TeV] µµ [TeV] `` [TeV]

Exp Obs Exp Obs Exp Obs
Z 0
SSM 3.0 3.17 3.18 2.91 2.98 3.37 3.40
Z 0
� 1.2 2.87 2.88 2.64 2.71 3.05 3.08

Z 0
S 1.2 2.83 2.84 2.59 2.67 3.00 3.03

Z 0
I 1.1 2.78 2.78 2.53 2.62 2.95 2.98

Z 0
N 0.6 2.64 2.64 2.38 2.48 2.81 2.85

Z 0
⌘ 0.6 2.64 2.65 2.38 2.48 2.81 2.85

Z 0
 0.5 2.58 2.58 2.32 2.42 2.74 2.79
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ATLAS systematics 34

Source Dielectron Dimuon

Signal Background Signal Background

Normalisation 4.0% (4.0%) N/A 4.0% (4.0%) N/A

PDF Choice N/A 9.1% (17%) N/A 5.3% (7.4%)

PDF Variation N/A 5.3% (11%) N/A 4.4% (6.5%)

PDF Scale N/A 1.8% (2.3%) N/A 1.7% (1.9%)

Photon-induced corrections N/A 3.4% (5.4%) N/A 3.2% (3.8%)

E�ciency 5.1% (5.0%) 5.1% (5.0%) 13% (19%) 13% (19%)

Scale & Resolution <1.0% (<1.0%) 7.8% (9.1%) 20% (26%) 20% (46%)

Multi-jet & W+jets N/A <1.0% (<1.0%) N/A N/A

MC Statistics <1.0% (<1.0%) <1.0% (<1.0%) <1.0% (<1.0%) <1.0% (<1.0%)

Total 6.5% (6.4%) 15% (24%) 25% (32%) 26% (51%)



James Catmore - Moriond EW 2016

ATLAS full yields 35

mee [GeV] 500-700 700-900 900-1200 1200-1800 1800-3000 3000-6000

Drell–Yan 145 ± 30 38 ± 6 16 ± 4 5.6 ± 1.6 0.87 ± 0.26 0.026 ± 0.012

Top Quarks 43.8 ± 2.9 5.4 ± 1.2 0.9 ± 0.5 0.09 ± 0.11 0.002 ± 0.006 < 0.001

Diboson 7.7 ± 1.1 1.4 ± 0.5 0.39 ± 0.26 0.08 ± 0.12 0.005 ± 0.030 < 0.001

Multi-Jet & W+Jets 4 ± 4 1.1 ± 0.8 0.40 ± 0.16 0.089 ± 0.019 0.0042 ± 0.0014 < 0.001

Total SM 201 ± 31 46 ± 7 17 ± 4 5.8 ± 1.6 0.88 ± 0.26 0.026 ± 0.012

Data 202 44 17 9 0 0

SM+Z0
(mZ0 = 3 TeV) 201 ± 31 46 ± 7 17 ± 4 5.9 ± 1.6 2.6 ± 1.1 1.44 ± 0.34

SM+CI (⇤

�
LL = 25 TeV) 207 ± 31 49 ± 7 20 ± 4 8.0 ± 1.6 2.11 ± 0.27 0.251 ± 0.019

mµµ [GeV] 500-700 700-900 900-1200 1200-1800 1800-3000 3000-6000

Drell–Yan 110 ± 7 27.5 ± 2.2 11.8 ± 1.1 4.5 ± 0.7 0.70 ± 0.08 0.079 ± 0.023

Top Quarks 39.5 ± 0.8 6.7 ± 0.4 0.89 ± 0.15 0.046 ± 0.032 < 0.001 < 0.001

Diboson 3.98 ± 0.32 0.65 ± 0.11 0.229 ± 0.028 0.022 ± 0.006 0.00104 ± 0.00034 < 0.001

Total SM 151 ± 7 35.5 ± 2.3 14.2 ± 1.1 4.6 ± 0.7 0.71 ± 0.08 0.079 ± 0.024

Data 169 28 13 4 0 0

SM+Z0
(mZ0 = 3 TeV) 151 ± 7 35.5 ± 2.3 14.2 ± 1.1 4.6 ± 0.7 2.13 ± 0.26 0.8 ± 0.4

SM+CI (⇤

�
LL = 25 TeV) 162 ± 8 38.1 ± 2.4 15.3 ± 1.2 5.5 ± 0.8 0.87 ± 0.09 0.099 ± 0.035
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ATLAS limits for non-resonant (CI) production 37

Chiral Structure
LL Const LL Dest LR Const LR Dest RL Const RL Dest RR Const RR Dest

 [T
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ATLAS limits for non-resonant (CI) production 38

Channel Prior
Left-Left [TeV] Left-Right [TeV] Right-Left [TeV] Right-Right [TeV]

Const. Destr. Const. Destr. Const. Destr. Const. Destr.

Exp: ee
1/⇤2 18.5 15.2 18.1 15.8 17.7 16.1 17.9 15.9

Obs: ee 18.3 15.3 17.6 15.8 17.5 15.9 17.5 15.8

Exp: ee
1/⇤4 16.9 14.3 16.6 14.8 16.4 14.8 16.5 14.7

Obs: ee 16.7 14.1 16.2 14.5 16.1 14.6 16 14.6

Exp: µµ
1/⇤2 18.2 14.5 17.5 15.1 17.4 15.4 18.1 14.5

Obs: µµ 20.2 15.8 19.7 17.0 19.4 17.1 20.4 15.8

Exp: µµ
1/⇤4 16.6 13.8 16.3 14.4 16.1 14.5 16.6 13.9

Obs: µµ 18.1 15.0 17.7 15.8 17.4 15.9 18.1 15.0

Exp: ``
1/⇤2 21.4 16.4 21.0 17.4 20.4 17.7 20.9 16.9

Obs: `` 23.1 17.5 22.1 18.8 21.7 19.0 22.6 17.7

Exp: ``
1/⇤4 19.9 15.6 19.0 16.6 18.7 16.6 19.4 16.0

Obs: `` 20.7 16.4 20.0 17.5 19.8 17.6 20.3 16.6
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CMS Mee distributions in barrel and endcaps 39
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Z’ MC details 40
ATLAS CMS

DY

NLO Powheg-Box v2, CT10 PDF + Pythia8.186 + Photos 
FSR 

Mass dependent k-factor to NNLO using VRAP + 
CT14NNLO PDF 

Mass-dependent EW corrections at NLO using mcsanc 
and CT14 PDF set

Powheg2.0, NNPDF3.0 PDF + Pythia8

Top

Powheg-Box v2 (ttbar), Powheg-Box v1 (single top), 
CT10 PDF + Pythia6.428 

Normalised to cross section as calculated by Top++2.0

Powheg 2.0

Diboson Sherpa2.1.1, CT10 PDF Pythia8

Signal
Pythia8.183, NNPDF23 LO. No interference for resonant. 
For non-resonant, both DY and CI samples generated to 

account for interference. 
Pythia8
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Kinematic variables of e, μ for selected pairs 42
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Local p-value 44
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Expected and observed candidates by data-taking period 45
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Systematics 46
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Expected and observed yields 47
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Z’→eμ MC details

• Z’ signal: Pythia8, NNPDF23LO PDF

‣ 25 mass points from 500 GeV to 5TeV

‣ No interference

• QBH signal: QBH, CTEQ6L1 PDF + Pythia8

‣ ADD and RS models

‣ 11 threshold mass points in 500 GeV steps, from 3-8TeV

• Single top and ttbar: Powheg-Box v2 CT10 PDF + Pythia6.4.28

• Di-bosons: Sherpa2.1.1, CT10 PDF

• Drell-Yan: Pythia8, NNPDF2.3 PDF

‣ k-factors for QCD and EW corrections to NNLO with FEWZ 
and CT14NNLO PDF

48


