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Abstract

A search is conducted for resonant high-mass new phenomena in dielectron and dimuon
final states. The search uses 13.3 fb�1 of proton–proton collision data, collected at

p
s =

13 TeV by the ATLAS experiment at the LHC in 2015 and 2016. The dilepton invariant
mass is used as the discriminating variable. No significant deviation from the Standard
Model prediction is observed. Upper limits at 95% credibility level are set on the cross-
section times branching ratio for resonances decaying to dileptons, which are converted into
lower limits on the resonance mass, ranging between 3.36 TeV and 4.05 TeV, depending on
the model.
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Overview

• Theoretical Motivation

• Zʹ Searches in ATLAS

• Wʹ Searches in ATLAS

• Other Interesting Searches

• What’s Next?

Figure 8: Event display for the selected event with the highest dielectron invariant mass. Green towers represent
energy deposition in the cells of the electromagnetic calorimeter for the two selected electron candidates. Red
lines represent the reconstructed tracks associated to the two selected electron candidates. Cyan lines correspond
to other energetic tracks in the event, including some tracks from pile-up. Candidate leptons with ET > 30 GeV are
displayed. The highest momentum electron has an ET of 889 GeV and an ⌘ of -0.51. The subleading electron has
an ET of 868 GeV and an ⌘ of 1.14. The invariant mass of the pair is 2.38 TeV.
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Many theories Beyond the Standard Model (BSM) predict new phenomena 
which give rise to dilepton final states, such as narrow resonances.

A typical benchmark model used by searches is the Sequential Standard Model.

1.2. Theory and Motivation 23

fermions for anomaly cancellations, possible FCNC interactions in string derived models

with non-universal family charge, not to mention being perfect to study for its decay

properties in the search for other heavy exotic or supersymmetric particles.

Extending the neutral current sector would imply mass and kinetic mixings between

the SM Z0 and BSM Z′, due to on mass shell renormalisation and the extra abelian L

terms [21]. Equation (1.16) shows the relation between mass eigenstates Z1, Z2, and asso-

ciated gauge bosons. The gauge boson masses, and through association the weak mixing

angle θW , are then related to the gauge boson mixing angle θM through Equation (1.17).

With large datasets ofO(100 fb−1), deviations from the SM predicted MZ0, and θW , would

then be indicative of a Z′. For Z′ models considered in this thesis, the limitMZ′ ≫MZ0 is

used so that Z0-Z′ mixing is suppressed, implyingM2
1 ∼M2

Z0 andM
2
2 ∼M2

Z′ . Interference

terms between γ-Z0-Z′ would also arise from the cross terms of process amplitudes, but

are deemed negligible in an early search such as this.
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The Sequential Standard Model (SSM) [20] is used as a benchmark model for the Z′

and has the main feature of predicting the same coupling to SM fermions as the Z0. In

this model the SM gauge group: SU(3)c x SU(2)L x U(1)Y , is extended by arbitrarily

adding an extraU(1)′ gauge symmetry, the breaking of which results in the Z′. However,

in this simplified model there are many problems which would prevent the Z′ from being

a part of nature, unless it had different couplings to exotic fermions, or was the extra

dimensional excitation of the SM Z0. Nevertheless, as an entry point model the Z′SSM is

often used as a benchmark for comparison between experiments, and will therefore be

included in the search of this thesis.

One of the simplest well motivated models involving a Z′ is the Left-Right Symmetric

Model (LRM) [20], where a right-handed gauge group is added to the electroweak sector

of the SM, restoring parity at high energy by replacing SU(2)L with SU(2)L x SU(2)R,

andU(1)Y withU(1)B−L. This model comes from the decomposition of the SO(10)GUT

such that: SO(10) → SU(3)c x SU(2)L x SU(2)R x U(1)B−L, where SU(2)L is the SM,
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• Assumes the same coupling to fermions as the SM Z boson.
• Width / Pole Mass ~ 3%.
• The most sensitive search variable is usually dilepton invariant mass.

Theoretical Motivation: Zʹ Gauge Bosons

√s = 13 TeV

SSM Zʹ
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The linear combination of these U(1)ʹ states gives different possible Zʹ states 
depending on the mixing angle θ which sets the coupling the fermions:

Six commonly motivated values for θ                                                                     
leads to different models with specific Zʹ states named: 

The E6 GUT provides a theoretically motivated source of extra gauge bosons:

SM ForcesGUT Decomposition

Some other interesting models, not yet quantified in ATLAS searches, predict 
both a Zʹ and Wʹ gauge boson, such as the left-right symmetric model.

Theoretical Motivation: Zʹ Gauge Bosons
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Motivation

1/19

Searching for additional charged gauge bosons W’ arising from
extended gaugemodels.

s-channel W’ resonances→ ℓ+!!ET experimental signature.

Benchmark: Sequential Standard Model (SSM)
Same couplings to fermions as the SMW boson, no coupling to W
and Z, TeV scale mass.
Interference between W andW’ & decay to other bosons is
neglected.

W′−/W′+

q̄

q

ν̄ℓ/νℓ

ℓ−/ℓ+

Similarly to the Zʹ case, the benchmark model is the Sequential Standard Model.

• Assumes the same coupling to fermions as the SM W boson.
• Width / Pole Mass ~3%.
• Of course most realistic models would predict both a Zʹ and Wʹ.
• The most sensitive search variable is usually lν transverse mass.

MCSamples

4/19

Mass binned W / Z (Powheg+Pythia)

Inclusive t̄t & single top
(Powheg+Pythia)

Inclusive Diboson (Sherpa)

“Flat” W’ samples (Pythia)
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1 Introduction

There are many models of physics beyond the Standard Model (SM) predicting new spin-1 gauge bosons
that could be discovered at the Large Hadron Collider (LHC). While the details of the models vary,
conceptually these particles are heavier versions of the SM W and Z bosons and are generically called W0
and Z0 bosons.

In the following, a search for a W0 boson is presented using the pp collision data collected with the
ATLAS detector in 2015 and 2016 at a centre-of-mass energy of 13 TeV. The dataset corresponds to
an integrated luminosity of 3.2 fb�1 collected in 2015 and 10.1 fb�1 taken in 2016. The results are
interpreted in the context of the benchmark Sequential Standard Model (SSM), i.e. the extended gauge
model of Ref. [1], in which the couplings of the W0SSM to fermions are assumed to be identical to those of
the SM W boson. The decay of the SSM W0 to SM bosons is not allowed and interference between the
SSM W0 and the SM W boson is neglected.

The search is carried out in the W0 ! e⌫ and W0 ! µ⌫ channels. The signature is a charged lepton (`)
with high transverse momentum (pT) and substantial missing transverse momentum (Emiss

T ) due to the
undetected neutrino. The signal discriminant is the transverse mass

mT =

q
2pTEmiss

T (1 � cos �`⌫), (1)

where �`⌫ is the angle between the lepton and Emiss
T in the transverse plane1. The dominant background

for the W0 ! `⌫ search is the high-mT tail of the charged-current Drell–Yan (qq̄0 ! W ! `⌫) process.

Searches for W0SSM bosons in the W0 ! e⌫ and W0 ! µ⌫ channels were carried out by both the ATLAS
and CMS collaborations using the Run 2 data taken at a centre-of-mass energy of

p
s = 13 TeV in 2015.

The ATLAS analysis was based on data corresponding to an integrated luminosity of 3.2 fb�1 and sets
a 95% confidence level (CL) lower limit on the W0SSM mass of 4.07 TeV [2]. The CMS collaboration
published preliminary results on a search using 2.2 fb�1 which excludes W0SSM masses below 4.4 TeV at
95% CL [3].

2 ATLAS detector

The ATLAS experiment [4] at the LHC is a multi-purpose particle detector with a forward-backward sym-
metric cylindrical geometry and a near 4⇡ coverage in solid angle. It consists of an inner tracking detector
(ID) surrounded by a thin superconducting solenoid providing a 2 T axial magnetic field, electromagnetic
(EM) and hadronic calorimeters, and a muon spectrometer (MS). The inner tracking detector covers the
pseudorapidity range |⌘| < 2.5. It consists of a silicon pixel detector including the newly-installed insert-
able B-layer [5], followed by silicon micro-strip, and transition radiation tracking detectors. Lead/liquid-
argon (LAr) sampling calorimeters provide EM energy measurements with high granularity. A hadronic
(steel/scintillator-tile) calorimeter covers the central pseudorapidity range (|⌘| < 1.7). The end-cap and
forward regions are instrumented with LAr calorimeters for both EM and hadronic energy measurements

1 ATLAS uses a right-handed coordinate system with its origin at the nominal interaction point (IP) in the centre of the detector
and the z-axis along the beam pipe. The x-axis points from the IP to the centre of the LHC ring, and the y-axis points
upward. Cylindrical coordinates (r, �) are used in the transverse plane, � being the azimuthal angle around the beam pipe.
The pseudorapidity is defined in terms of the polar angle ✓ as ⌘ = � ln tan(✓/2).

2

Theoretical Motivation: Wʹ Gauge Bosons
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Contact Interactions

25/6/13 L.Duguid 3

What are we searching for?

Contact Interaction

● Four fermion contact interaction

● Example new physics is quark lepton 
compositness

● Λ is scale of new physics.

● Three parametrisations of the model 
dependent on the coupling of fermions.

● Formalisms: Left-left (LL), right-right (RR) 
and left-right (LR) isoscalar models.
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Large extra-spacial dimensions

● Kaluza-Klein towers produced close 
together forming non-resonant excess.
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cut-off scale.

● Formalisms: GRW, HLZ and Hewett   
(n = number of extra dimensions)

● Where         indicates formalism.
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•q-𝓁 compositeness, with scale, Λ.

•Non-resonant excess over the 
SM invariant mass spectrum.

•η describes whether the 
interference is constr./destr. and 
sets L/R handed couplings.

Theoretical Motivation: Other Interesting Models

Randall-Sundrum (RS) Graviton

1.2. Theory and Motivation 30

on their position in y. This is a powerful feature as it explains the ratio between mEW and

MPl with no fine tuning, allowing a mass of order 1018 GeV on the Planck brane to appear

at the TeV scale on our SM brane. To get this rescaling factor, the only hierarchy is kR≃

11-12, which is vastly more natural than the original O(15) disparity. Furthermore, it has

been shown by Goldberger and Wise [40, 41] that kR ≃ 11-12 is a physical possibility,

hence the RS model provides a true possible solution to the hierarchy problem.

To determine the coupling of the KK G∗ masses to SM fermions in the RS context,

examination of the Lagrangian term (Equation (1.25)) shows how the massless zero mode

G∗ couples to the SM fermions in the same way as the ADD model, whereas all higher

KK modes have exponentially larger couplings due to the warp factor. This means that

the G∗ on the SM brane should appear with weak/TeV scale mass and couplings, able

to be produced as a spin-2 resonance at collider experiments. Experimentally, due to the

spacing of the KK states, the first non-zero mode G∗ is generally searched for, with the

width of the resonance depending on the mass and growing as ∼ (k/MPl)2. Figure 1.10

shows the expected σB at the LHC for an RS G∗ decaying to two electrons for various

possible values of k/MPl . This thesis will search for (or set exclusion limits on) both the

mass and k/MPl parameters of interest in the RS model.

L = −

(

Gµν0
MPl

+∑
n>0

Gµνn
Λπ

)

Tµν , where Λπ =MPle−πkR ∼ 1 TeV (1.25)

Theoretical constraints on the RS model come from the requirements that |R5| < M2
∗

(limiting k/MPl ≤ 0.10), and Λπ =MPle−πkR ∼ 1 TeV, where Λπ is the new physics en-

ergy scale (so that approximately Λπ ≤ 10 TeV, essentially limits k/MPl ≥ 0.01). These

theoretical constraints along with oblique parameter constraints from electroweak pre-

cision data are displayed in Figure 1.11. The current observed experimental exclusion

limits from direct searches for an RS model G∗, are presented in Table 1.6 from recent

experiments.

1.2.3 Search Strategy at the Large Hadron Collider

To determine if there are new physical phenomena such as high mass resonances at the

TeV scale, seen via their decay into dielectrons within the ATLAS detector, one has to

know to a very high accuracy both the response of the detector, and the expected number

•Posit warped extra spatial dimensions 
to explain the hierarchy between the 
Planck and electro-weak (EW) scale.

•Graviton (G*) has Spin-2, and allowed 
to decay to SM particles including ɣɣ.

•Parameters of interest: MG*, k/MPl.
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Zʹ Searches in ATLAS
Dielectron Channel Dimuon Channel

Event-Level CriteriaEvent-Level Criteria
Dielectron Trigger Single Muon Trigger

At least two electrons At least two muons
Lepton-Level Criteria.Lepton-Level Criteria.

pT > 30 GeV, within defined η region, and satisfy track quality cutspT > 30 GeV, within defined η region, and satisfy track quality cuts
e-identification = Likelihood “Medium” High pT Muon Working Point

“Loose” isolation criteria (pT dependent, with decreasing threshold)“Loose” isolation criteria (pT dependent, with decreasing threshold)
- Opposite sign charge

Select Highest ET/pT PairSelect Highest ET/pT Pair
Dielectron Invariant Mass > 80 GeV Dimuon Invariant Mass > 80 GeV

• Very clean search channel, with relatively small and well understood 
backgrounds.

• High pT muon working point reduces the reconstruction efficiency by 
20%, but improves the resolution of muons with pT > 1.5 TeV by 30%.

Ref 1

Ref 2
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Zʹ Searches in ATLAS Ref 3

Electron Identification

Signal Dijet

• Numerous shower-shape variables, and inner detector quantities used.

• Well measured quantities are put into a likelihood and 3 working points 
defined: Loose, Medium, Tight.

• This is an improvement over Run-1 which used a cut-based approach.
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Zʹ Searches in ATLAS
• Backgrounds to this search in order of decreasing contribution:

- Neutral Current (NC) Drell-Yan (DY),

- ttbar + single top processes (Top Quarks),

- Dibosons (WW, WZ, ZZ),

- QCD Multi-jet & W+jets (negligible in the dimuon channel).

• All backgrounds described with Monte Carlo (MC), except for the 
Multi-jet & W+jets background which uses a data-driven method.

• Signal templates are created by reweighting at Born level from NC DY.

• Higher-Order cross-sections are used where possible, such as NC 
DY, where ATLAS calculates NNLO QCD + NLO EW k-factors as a 
function of truth dilepton invariant mass (PDF: CT14NNLO).

- NNLO QCD k-factor only, is applied to the signal.

Ref 1
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Zʹ Searches in ATLAS

Latest Results!Dielectron Channel

• Using both 2015 and 2016 data at √s = 13 TeV (total: 13.3 /fb).
• Relatively good data/MC agreement (within systematic uncertainties).
• Top Quarks contribution fraction has increased wrt √s = 14/8 TeV.

Dimuon Channel    

Ref 1
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Zʹ Searches in ATLAS: Event Displays

• Dielectron mass = 2.38 TeV.
• Very clean Zʹ candidate 

event (NC DY background).
• Electron pT: 889 / 868 GeV.

Ref 1
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Zʹ Searches in ATLAS: Event Displays

• Dimuon mass = 1.98 TeV.
• Event not a clean Zʹ/DY candidate. Additional muon, and 

some missing energy indicates that it is likely a WZ event.
• Muon pT: 604 / 561 GeV.

Ref 1
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Zʹ Searches in ATLAS Ref 1

Systematic Uncertainties
• Numbers in the table represent uncertainty at masses of 2 TeV (4 TeV).



Systematic Uncertainties
• Numbers in table represent uncertainty at masses of 2 TeV (4 TeV).
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Zʹ Searches in ATLAS Ref 1

Dominant Systematic Sources
Both Channels:
• DY PDF Variation: Uncertainty due to eigen-vector 
(EV) variations of the chosen PDF.

- CT14NNLO has 28 EV.
- These have been re-diagonalised into 7 new EV.
- Quadratic sum of 7 EV matches the 28 EV well.

Dielectron Channel:
• Lepton Energy Scale: Uncertainty in the calibration 
of the electron energy.

Dimuon Channel:
• Reconstruction Efficiency: Uncertainty in the 
efficiency to reconstruct muons.
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Zʹ Searches in ATLAS: Search Phase
• Use a log-likelihood ratio (LLR) test to quantify significance of any 

excess. In the absence of significant excess, set exclusion limits.

DRAFT
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Figure 37: Distribution of the q0 test statistic for background-only toys [36].

The probability p0 corresponding to a given experimental observation qobs

0 is evaluated as follows:692

p0 = P(q0 > qobs

0 |background-only) =
Z 1

q

obs

0

f (q0 |0, ✓̂obs0 )dq0 (13)

Usually, the p0 values are translated to a scale of significance (Z), or number of standard deviations. It is693

done by using the inverse of the cumulative function for the normal Gaussian � [37],694

Z = ��1(1 � p0) (14)

For example, in the background-only hypothesis, the probability to have an excess with 5� significance695

(Z = 5) is p0 = 3 · 10�7; 5� is conventionally the significance required for claiming the observation of a696

new particle.697

Going back to the q0 test statistic definition, actually the definition for the cases with µ̂ < 0 has been698

modified in the latest version of the statistical recommendations to be used at the LHC. Now q0 is defined699

as:700

q0 =

8
>>>><
>>>>:

+2 ln

L (data|0,✓̂0)
L (data| µ̂,✓̂)

�
for µ̂ < 0,

�2 ln

L (data|0,✓̂0)
L (data| µ̂,✓̂)

�
for µ̂ > 0,

(15)

The only reason for doing this is verifying the sanity of the analysis allowing also the quantification of701

negative fluctuations: in the background-only hypothesis positive and negative fluctuations should be702

equal, on the average. The p0 values computed using the definition in Equation 12 are called capped p0,703

and they are always below 0.5; while the ones computed with this last definition are called un-capped p0704

and they can go above 0.5. If the un-capped p0 value is used in a mass region with inadequate statistics,705

then one can end up with an ill defined PDF with negative probabilities. Therefore, the un-capped p0706

value is used henceforth where possible, and is switched to the capped p0 when necessary.707
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8. Statistical Interpretation and Results659

In this section two complementary search methods are used to interpret the expected and observed data,660

quantifying the significance of any observed excess. In the absence of a significant excess, exclusion661

limits on the given parameter of interest for each model are assessed using a Bayesian approach.662

For the Z0 interpretation, an optimised binning based on the mass resolution in each channel is used for663

the Z0 search phase. For the Z0 limit setting phase, the same log mass-binning as presented in the previous664

sections is used, with the bins in the Z-region (80–120 GeV) summed together into a single bin, giving a665

total of 60 mass bins. Plots of the resolution optimised mass-binning used in the Z0 search are presented666

in Appendix ??.667

8.1. Discovery Statistics668

Two approaches are used to search for a signal-like excess in the data, namely: (1) An LLR Test, which669

utilises signal templates for the di↵erent models under investigation, providing local and global signi-670

ficances, and (2) The BumpHunter/TailHunter Tool, which e↵ectively scans the dilepton invariant mass671

spectrum for any local resonant/non-resonant signal-like excess, providing the corresponding global sig-672

nificance. These two methods are complementary as the LLR test relates to specific models and signal673

shapes of interest to this search, while the BumpHunter/TailHunter Tool is free to find any interesting ex-674

cess within the data. For this reason both approaches are used in this paper, as described in the proceeding675

text.676

8.1.1. Likelihood-ratio test677

The importance of an excess is quantified based on the probability that the background fluctuates creating678

a signal-like excess equal or larger than what is observed. This probability (p-value) is usually denoted679

as p0.680

p0 is computed using a test statistic defined as follows:681

q0 =

8
>>><
>>>:

0 for µ̂ < 0,

�2 ln

L (data|0,✓̂0)
L (data| µ̂,✓̂)

�
for µ̂ > 0,

(12)

The more important is an excess, the larger is the di↵erence between the two likelihoods considered in682

this equation and the larger is the corresponding q0 value. (For a given dataset, L(data| µ̂, ✓̂) is always683

larger or equal than L(data|0, ✓̂0).)684

Again, the di↵erent treatment for the cases with µ̂ < 0 is associated with the physical fact that the number685

of signal events can only be positive. In this case, it produces a Dirac peak in the distribution of q0, at686

q0 = 0; it represents the 50% of the times that background-only datasets have downward fluctuations.687

Figure 37 shows the q0 distribution for background-only toys.688

The background-only toys are generated following frequentist conventions, using the nuisance parameter689

values ✓̂obs0 and event counts following Poisson probabilities. From this toys distribution a probability690

density function f (q0 |0, ✓̂obs0 ) is built.691
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Zʹ Searches in ATLAS: Exclusion Limits
• Set exclusion limits on the parameter of interest (σB) at 95% 

credibility level and convert into limit on the Zʹ pole mass.

• Use a Bayesian approach, and Markov Chain Monte Carlo (MCMC) 
to marginalise the likelihood, integrating out the nuisance parameters.

Zʹ 
Model

Lower Obs 
Mass Limit

SSM
ee, µµ, ℓℓ [TeV]:
3.85, 3.49, 4.05.

χ
ee, µµ, ℓℓ [TeV]:
3.48, 3.18, 3.66.

ψ
ee, µµ, ℓℓ [TeV]:
3.18, 2.90, 3.36.

Ref 1
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Wʹ Searches in ATLAS
eν Channel µν Channel

Event-Level CriteriaEvent-Level Criteria
Single Electron Trigger Single Muon Trigger

Lepton-Level Criteria.Lepton-Level Criteria.
pT > 65 GeV pT > 55 GeV
Within defined η region, and satisfy track quality cutsWithin defined η region, and satisfy track quality cuts

e-identification = Likelihood “Tight” High pT Muon Working Point
“Loose” isolation criteria (pT dependent, with decreasing threshold)“Loose” isolation criteria (pT dependent, with decreasing threshold)

 ℓν Selection ℓν Selection
Veto Addition electron/muon: LH Medium, pT > 20 GeV / Medium WP,  pT > 20 GeV.Veto Addition electron/muon: LH Medium, pT > 20 GeV / Medium WP,  pT > 20 GeV.
Missing Transverse Energy > 65 GeV Missing Transverse Energy > 55 GeV

mT > 130 GeV mT > 110 GeV

• Also a very clean search channel, with relatively small and well 
understood backgrounds. Higher-Order corrections calculated as for Zʹ.

• In order of decreasing contribution: Charged Current (CC) Drell-Yan 
(DY), ttbar + single top processes (Top Quarks), dibosons (WW, WZ, 
ZZ), QCD Multi-jet.

Ref 4
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Wʹ Searches in ATLAS
Latest Results!eν Channel

• Relatively good data/MC agreement, especially post-fit.
• Low mT disagreement (pre-fit) due to jet energy scale and low MET.

μν Channel

Ref 4
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Wʹ Searches in ATLAS: Event Displays

• eν event, mT = 2.19 TeV.
• Electron pT / Event MET: 1.09 TeV / 1.09 TeV.

Ref 4
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Wʹ Searches in ATLAS: Event Displays

• μν event, mT = 2.91 TeV.
• Muon pT / Event MET: 2.01 TeV / 1.05 TeV.

Ref 4
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Wʹ Searches in ATLAS Ref 4

Systematic Uncertainties

• Numbers in the table represent uncertainty at mT of 2 TeV (4 TeV).



Systematic Uncertainties

• Numbers in the table represent uncertainty at mT of 2 TeV (4 TeV).
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Wʹ Searches in ATLAS Ref 4

Dominant Systematic Sources

• Similarly to Zʹ: PDF variation and lepton energy 
scale are important systematic uncertainties.

• Additionally, for the Wʹ search:

- PDF choice is more important for W+/W-, with 
NNPDF30NNLO dominating at high mT.

- Background extrapolations for the Top Quarks, 
Diboson, and Multi-jet backgrounds, cause large 
systematic uncertainties at high mT in this search.
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Wʹ Searches in ATLAS: Search and Limit Setting
• Same tools and methodology used as the Zʹ search.
• No significant excess observed, so proceed to set exclusion limits.

mW0 lower limit [TeV]
Decay Expected Observed

W0 ! e⌫ 4.59 4.64
W0 ! µ⌫ 4.33 4.19
W0 ! `⌫ 4.77 4.74

Table 3: Expected and observed 95% CL lower limit on the W 0SSM mass in the electron and muon channels and their
combination.

8 Conclusion

A search for new high-mass states decaying to a lepton (electron or muon) plus missing transverse
momentum in pp collisions was carried out using pp collisions taken with the ATLAS detector atp

s = 13 TeV using 13.3 fb�1 of integrated luminosity. Events with high-pT electrons and muons and
with high Emiss

T are selected. Examining the transverse mass spectrum, agreement between the data and
the SM expectations is found. Mass limits are set for the benchmark Sequential Standard Model W0
boson. At 95% CL, masses below 4.74 TeV are excluded for the combined channel. This represents an
improvement of the mass limit of around 700 GeV compared to the previous ATLAS results based on the
data taken in 2015.
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Other Interesting Searches: Contact Interactions

• An interesting aspect of this search was that it utilised forward-
backward asymmetry as an additional discrimination variable.

7

cosθ ∗ =
pz(ℓ+ℓ−)
|pz(ℓ+ℓ−)|

2(p+1 p
−
2 − p−1 p

+
2 )

m(ℓ+ℓ−)
√

m(ℓ+ℓ−)2+ pT (ℓ+ℓ−)2
,

where p±n denotes 1√
2
(E ± pz) and n = 1 or 2 corresponds

to the negatively charged or positively charged leptons, re-
spectively. From this angle, a forward-backward asymmetry,
which is sensitive to the chiral structure of the interaction, is
defined as follows:

AFB =
NF−NB
NF+NB

,

where NF (NB) is the number of events with cosθ ∗ greater
(smaller) than zero. The discrimination between CI+SM and
the SM-only background is due to the couplings of the CI
model, which predicts a larger AFB than the SM background
for the CI signal in the left-left and right-right model, and an
equally large but opposite-sign AFB for the left-right model.
If a CI signal were present in nature this would therefore
lead to a modest increase in the total measuredAFB as a func-
tion of dilepton mass for the left-left and right-right model,
and a substantial decrease in the measured AFB for the left-
right model. Therefore in the CI search, each dilepton mass
bin is further divided into forward and backward events for
the statistical interpretation of the results. Figures 2 and 3
present the data and background for cosθ ∗ and AFB as a
function of dilepton mass, respectively, in both channels.
These distributions also display CI signal predictions.

Good agreement is observed between the data and the
background model in both the dilepton mass and AFB distri-
butions.

Table 4 Expected and observed event yields in the dielectron (second
column) and dimuon (third column) channels in the ADD search for
large extra dimensions. The expected yields for the SM plus two GRW
ADD parameter points are also shown. The quoted errors consist of
both the statistical and systematic uncertainties added in quadrature.

Process mee [GeV] mµµ [GeV]

1900–4500 1900–4500

Drell–Yan 0.43 ± 0.12 0.44 ± 0.09
Top quarks < 0.002 < 0.006

Multi-Jet &W+Jets 0.062 ± 0.012 < 0.001
Diboson 0.053 ± 0.005 0.047 ± 0.005

Photon-Induced 0.06 ± 0.06 0.05 ± 0.05

Total SM 0.61 ± 0.13 0.54 ± 0.09

Data 0 0

SM+ADD (MS = 3.5 TeV) 5.8 ± 0.5 3.9 ± 0.4
SM+ADD (MS = 4.0 TeV) 2.56 ± 0.24 1.69 ± 0.14
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Fig. 2 Reconstructed cosθ ∗ distributions for data and the SM back-
ground estimate in the dielectron (top) and dimuon (bottom) channels.
Results are shown for the contact interaction signal region for dilepton
masses between 400 GeV and 4500 GeV. Also shown are the predic-
tions for a benchmark Λ value in the LR contact interaction model.
The ratio is presented with the total systematic uncertainty overlaid as
a band.

7 Systematic uncertainties

The total background estimate is normalized by scaling to
data in the dilepton mass region 80–120 GeV. This protects
the analysis against mass-independent systematic uncertain-
ties (such as the luminosity uncertainty), as any constant
scale factor cancels. However, mass-dependent systematic
uncertainties affect the shape of the discriminating variables
and are therefore considered as nuisance parameters in the
statistical interpretation.

Experimental uncertainties originate from the follow-
ing sources: lepton trigger and reconstruction efficiencies,
lepton energy and momentum scale and resolution, lepton
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Fig. 2 Reconstructed cosθ ∗ distributions for data and the SM back-
ground estimate in the dielectron (top) and dimuon (bottom) channels.
Results are shown for the contact interaction signal region for dilepton
masses between 400 GeV and 4500 GeV. Also shown are the predic-
tions for a benchmark Λ value in the LR contact interaction model.
The ratio is presented with the total systematic uncertainty overlaid as
a band.

7 Systematic uncertainties

The total background estimate is normalized by scaling to
data in the dilepton mass region 80–120 GeV. This protects
the analysis against mass-independent systematic uncertain-
ties (such as the luminosity uncertainty), as any constant
scale factor cancels. However, mass-dependent systematic
uncertainties affect the shape of the discriminating variables
and are therefore considered as nuisance parameters in the
statistical interpretation.

Experimental uncertainties originate from the follow-
ing sources: lepton trigger and reconstruction efficiencies,
lepton energy and momentum scale and resolution, lepton

• cosθ* is defined in the Collins-Soper Frame: the angle 
between incoming partons and outgoing dilepton system.

Ref 5

Ref 6
NF: cosθ* > 0,
NB: cosθ* < 0,
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Other Interesting Searches: Diphoton Searches Ref 7

Latest Results!

• Similar to dilepton search, looking for either Higgs or Gravitons.
• Significance of 2015 observation is slowly diminishing sadly.
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Other Interesting Searches: Diphoton Searches
Ref 7

• Similar to dilepton search, looking for either Higgs or Gravitons.
• Shown here for Spin-2 selection, only differs slightly from Spin-2.
• Significance of 2015 observation is slowly diminishing sadly.

Latest Results!



D. HaydenMSU 28

Other Interesting Searches: Diphoton Searches Ref 8

• Previously, dilepton and diphoton channels have been combined for 
the RS Graviton search! (Also ADD Graviton not described today).

background components, weighted appropriately to ac-
count for the purity. In addition, there is a contribution,
which is roughly constant with a value of ≈ 10% for dipho-
ton masses above 800 GeV, introduced by varying the pu-
rity value within its uncertainty. An additional overall un-
certainty of ≈ 2% was included due to the finite statistics
of the data sample in the low mass control region.
The total background systematic uncertainty starts at

≈ 2% for mγγ = 140 GeV, rises to ≈ 15% by 700 GeV and
then increases slowly up to almost 20% for the highestmγγ

values, above 2 TeV.
Systematic uncertainties on the signal yields were eval-

uated separately for the ADD and RS models. Since the
differences were small, for simplicity the higher value was
taken and applied to both models. The systematic un-
certainties considered for the signal yield include the 3.7%
uncertainty on the integrated luminosity [32], and a 1% un-
certainty to account for the limited signal MC statistics. A
value of 1% for the uncertainty on the bunch crossing iden-
tification (BCID) efficiency accounts for the ability of the
Level 1 trigger hardware to pick the correct BCID when
signal pulse saturation occurs in the trigger digitization.
In addition, a value of 2% was applied for the uncertainty
on the efficiency of the diphoton trigger. An uncertainty
of 2.5% was applied due to the influence of pileup on the
signal efficiency. Finally, a value of 4.3% was taken to
account for the uncertainty in the selection and identifi-
cation of the pair of photons, including uncertainties due
to the photon isolation cut, the description of the detector
material, the tight photon identification requirements, and
extrapolation to the high photon ET values typical of the
signal models. Uncertainties due to the current knowledge
of the EM energy scale and resolution were verified to have
a negligible impact. Adding all effects in quadrature, the
total systematic uncertainty on the signal yields was 6.7%.
Uncertainties in the theoretical signal cross sections

due to PDFs and due to the NLO approximation were
considered. The uncertainties due to PDFs range from
≈ 10− 15% for ADD models and from ≈ 5 − 10% for RS
models. The authors of Refs. [33, 34] have privately up-
dated their calculations of the NLO signal cross sections
for 14 TeV, and provided k-factors to the LHC experi-
ments to scale from LO to NLO cross section values for
the case of 7 TeV pp collisions. The NLO k-factor values,
evaluated in our case for |ηγ | < 2.5, have some modest de-
pendence on the diphoton mass as well as on MS for the
ADD model, and on the k/MPl value for the RS model.
However, the variations are within the theoretical uncer-
tainty. For simplicity, therefore, constant values of 1.70
and 1.75 were assumed for the ADD and RS models, re-
spectively, and an uncertainty in the k-factor value of ±0.1
was assigned to account for the variations.

7. Results and Interpretation

Figure 1 shows the observed invariant mass distribution
of diphoton events, with the predicted SM background su-

perimposed as well as ADD and RS signals for certain
choices of the model parameters. The reducible back-
ground component is shown separately, in addition to the
total background expectation, which sums the reducible
and irreducible contributions. The shaded bands around
each contribution indicate the corresponding uncertainty.
The bottom plot of Figure 1 shows the statistical signifi-
cance, measured in standard deviations and based on Pois-
son distributions, of the difference between the data and
the expected background in each bin. The significance
was calculated and displayed as detailed in Ref. [35], and
plotted as positive (negative) where there was an excess
(deficit) in the data in a given bin. Table 1 lists, in bins
of diphoton mass, the expected numbers of events for the
irreducible and reducible background components, as well
as for the total background, and also the numbers of ob-
served data events. Both Figure 1 and Table 1 demon-
strate that there is agreement between the observed mass
distribution and the expectation from the SM backgrounds
over the entire diphoton mass range; no evidence is seen
for either resonant or non-resonant deviations which would
indicate the presence of a signal due to new physics. An
analysis using the BUMPHUNTER [36] tool found that
the probability, given the background-only hypothesis, of
observing discrepancies at least as large as observed in the
data was 0.28, indicating quantitatively the good agree-
ment between the data and the expected SM background.
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Figure 1: The observed invariant mass distribution of diphoton
events, superimposed with the predicted SM background and ex-
pected signals for ADD and RS models with certain choices of pa-
rameters. The bin width is constant in log(mγγ ). The bin-by-bin
significance of the difference between data and background is shown
in the lower panel.

Given the absence of evidence for a signal, 95% CL
upper limits were determined on the ADD and RS sig-
nal cross sections, using a Bayesian approach [37] with a
flat prior on the signal cross section. The systematic un-
certainties were incorporated as Gaussian-distributed nui-
sance parameters and integrated over.
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production cross section and the branching ratio for graviton decay via G → γγ/ee/µµ, as a function of the graviton mass. The theory curves
are drawn assuming a k-factor of 1.75. The thickness of the theory curve for k/MPl = 0.1 illustrates the theoretical uncertainties. (Right)
The RS results interpreted in the plane of k/MPl versus graviton mass, and including recent results from other experiments [10, 13]. The
region above the curve is excluded at 95% CL. In both figures, linear interpolations are performed between the discrete set of mass points for
which the dilepton limits were calculated in Ref. [12].
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• Cross-checks were also performed in the dilepton channel for the 
2016 diphoton search. Dielectron and Dimuon channel are both 
interesting regions to confirm/deny a Graviton-like signal.

• Important to be ready for a discovery, and able to combined searches.
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What’s Next?
• The “fast and lightweight” search era of the LHC is coming to an end.

- Dijet searches have “burnt off” the O(10-100) increase in signal 
cross-sections by going from √s = 8 TeV to √s = 13 TeV.

- Clean search channels such as dilepton and diphoton will not get 
a sizeable increase in sensitivity for at least a year.

- Predicted 2015+2016 dataset = ~ 35 /fb. Double by end of 2017?

• If new physics does not jump out at us this year, it doesn’t mean that 
it isn’t there, we may need to look harder.

• Searches should start to look into exclusive signal regions.
- Instead of inclusive Zʹ search, look for Zʹ + 1 jet, Zʹ + 2 jets, etc.
- Start to use missing energy cuts, and jet vetoes, eke out signal.

• One could also turn to a wider combination of search channels.
- Give the maximum feedback to theorists to help point us forward.
- Be ready for if/when a signal does appear, to characterise it fast.
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What’s Next?
• All of these discussions, and more, are currently happening in ATLAS.
• For example, on the grand combination topic:

- General heavy vector resonance interpretation in terms in singlet 
and triplet representations.

- Parameterise signal in N-dimensional coupling space, and produce 
results on the multitude of various relationships.

Ref 9
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Conclusions
• Some great recent results from the ATLAS collaboration, but 

unfortunately no sign of new physics so far. Still a chance this year!
• Thoughts are starting to turn to more novel approaches, to eke out 

any signal that nature could be hiding in the 2015+2016 dataset.
• An exciting time to be doing research in particle physics, hoping 

that nature still has some surprises for us yet, at the LHC.

Ref 10
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Dilepton Search: Lepton Kinematics Ref 1
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Dilepton Search: Search and Limits
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Dilepton Search: Limit Table

Ref 1
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Electron Identification: Likelihood Variables Ref 3
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Lepton+MET Search: Lepton Kinematics Ref 4
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Lepton+MET Search: Limits
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Zʹ and Contact Interactions: 2015 Limits

Ref 10
the dielectron channel. The selection efficiency also starts to slowly decrease at very high pole mass, but
this is a sub-dominant effect. The lower limits on the CI scale, Λ, where a prior uniform and positive in
1/Λ2 is used are summarised in Fig. 2(b). Table 4 gives an overview of Λ lower limits for all considered
chiral coupling and interference scenarios as well as both choices of the prior Λ probability.
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Figure 2: (a) Upper 95% CL limits for Z′ production cross-section times branching ratio to two leptons as a function
of Z′ pole mass (MZ′ ). The signal theory lines are calculated with Pythia 8 using the NNPDF23LO PDF set [38],
and corrected to next-to-next-to-leading order in QCD using VRAP [25] and the CT14NNLO PDF set [26]. The
signal theoretical uncertainties are shown as a band on the Z′SSM theory line for illustration purposes, but are not
included in the σB limit calculation. (b) Lower 95% CL limits on the contact interaction (CI) scale Λ for different
chiral couplings and both constructive and destructive interference scenarios using a uniform positive prior in 1/Λ2.
For the left-left (LL) and right-right (RR) cases, the ATLAS

√
s = 8 TeV results [12] are shown for comparison.

In that publication, the left-right (LR) case was obtained by setting ηLR = ηRL = ±1 and therefore is not directly
comparable to the results presented here.
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1/Λ2 is used are summarised in Fig. 2(b). Table 4 gives an overview of Λ lower limits for all considered
chiral coupling and interference scenarios as well as both choices of the prior Λ probability.
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