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SEARCHING FOR NEW HIGH MASS PHENOMENA DECAYING 
TO MUON PAIRS USING PROTON-PROTON COLLISIONS AT 

√s = 13 TEV WITH THE ATLAS DETECTOR AT THE LHC 
S. Rettie1,2, on behalf of the ATLAS Collaboration 
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Drell-Yan Production

Diboson Production

Top Production Event Level Criteria 
• Good Run List (GRL) 
• Single-muon trigger: 1 isolated µ with 

pT > 26 GeV OR 1 µ with pT > 50 GeV 

• At least 2 combined muons 

• Require Opposite Charge 

• Select highest pT pair: mµµ > 80 GeV 
Muon Selection 

• Muon pT > 30 GeV 

• High-pT Muon Working Point 

• Bad Muon Veto 

• Track quality requirements: 

• d0 significance < 3  

• |z0 * sinθ| < 0.5 mm 

• Loose isolation on tracks

• Muon Spectrometer (MS): 
• Barrel region: |η| < 1.1 
• Endcap region: 1.1 < |η| < 2.7.  
• Toroidal magnetic field allows for 

transverse momentum (pT) 
measurements by measuring the 
curvature of the muon tracks 

• pT resolution up to 10% for muons 
with pT ~ 1TeV 

• Inner Detector (ID): 
• Contained in a 2T magnetic field 
• Used for the tracking of charged 

particles 
• ID track combined with MS track to 

form “combined” muon

η=0.5

η=1

η=1.5

η=2

η=3
η=4

η=2.5

η=0

High-pT Muon Working Point 
• Require combined muons 

• Require 3 separate muon stations to 
have hits for a given muon (3 stations in 
the MS) 

• Remove muon chambers with poor 
alignment; apply chamber vetoes 
based on η-φ track coordinates 

• Require that the track curvature be 
well measured; ensure that the muon’s 
ID and extrapolated MS momentum 
measurements agree to within 7σ

• No significant deviation from the Standard Model prediction was observed, so 
various theoretical models are constrained by setting limits on their parameters, 
e.g. the Z’ boson masses or the contact interaction binding energy scale Λ
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Table 4: Expected and observed event yields in the dimuon channel in di↵erent dilepton mass intervals. The quoted
errors correspond to the combined statistical, theoretical, and experimental systematic uncertainties. Expected event
yields are reported for the Z0

� model, for two values of the pole mass. All numbers are shown pre-marginalisation.

mµµ [GeV] 80–120 120–250 250–400 400–500 500–700

Drell-Yan 10700000 ± 600000 177900 ± 10000 12200 ± 700 1770 ± 120 1060 ± 80
Top Quarks 24700 ± 1700 34200 ± 2400 6100 ± 500 830 ± 70 401 ± 33
Dibosons 26000 ± 2800 5400 ± 600 910 ± 100 155 ± 17 93 ± 11

Total SM 10800000 ± 600000 218000 ± 10000 19200 ± 900 2760 ± 140 1550 ± 90

Data 11321561 224703 19239 2766 1532

Z0
� (4 TeV) 0.00873 ± 0.00032 0.0334 ± 0.0015 0.0441 ± 0.0021 0.0246 ± 0.0014 0.052 ± 0.004

Z0
� (5 TeV) 0.00347 ± 0.00014 0.0137 ± 0.0006 0.0151 ± 0.0007 0.0105 ± 0.0006 0.0176 ± 0.0012

mµµ [GeV] 700–900 900–1200 1200–1800 1800–3000 3000–6000

Drell-Yan 263 ± 23 110 ± 11 37 ± 4 5.4 ± 0.8 0.30 ± 0.07
Top Quarks 68 ± 6 24.5 ± 3.0 5.3 ± 0.9 0.11 ± 0.08 < 0.001
Dibosons 24.3 ± 2.9 9.8 ± 1.2 3.2 ± 0.4 0.45 ± 0.07 0.0184 ± 0.0035

Total SM 355 ± 24 144 ± 11 45 ± 4 6.0 ± 0.8 0.32 ± 0.07

Data 322 141 48 4 0

Z0
� (4 TeV) 0.0362 ± 0.0026 0.048 ± 0.004 0.067 ± 0.006 0.186 ± 0.022 1.24 ± 0.19

Z0
� (5 TeV) 0.0153 ± 0.0011 0.0185 ± 0.0015 0.0233 ± 0.0021 0.0258 ± 0.0029 0.118 ± 0.020

on the Z0 pole mass using the relationship between the pole mass and the theoretical Z0 cross-section.373

In the context of the Minimal Z0 model and CI, limits are set on the parameter of interest. In the case374

of the Minimal Z0 model the parameter of interest is �04. For CI the parameter of interest is set to375

either 1/⇤2 or to 1/⇤4 as this corresponds to the scaling of the CI-SM interference contribution or the376

pure CI contribution respectively. In both Minimal Z0 and CI cases, the nominal Poisson expectation of377

each m`` bin is expressed as a function of the parameter of interest. As in the context of the Z0 limit378

setting or the log-likelihood ratio (LLR) search, the Poisson mean is modified by shifts due to systematic379

uncertainties, however in both the Minimal Z0 and the CI cases, these shifts are also non-linear functions380

of the parameter of interest. A prior uniform in the parameter of interest is used for all limits.381

Two complementary approaches are used in the search for a new physics signal. The first approach, which382

does not rely on a specific signal model and therefore is sensitive to a wide range of new physics, uses the383

BumpHunter (BH) [53] utility. In this approach all consecutive intervals in the m`` histogram spanning384

from two bins to half of the bins in the histogram are searched for an excess. In each such interval a385

Poisson probability (p-value) for an event count greater or equal to the observation found in data, given386

the SM prediction is computed. The modes of marginalised posteriors of the nuisance parameters from387

the MCMC are used to construct the SM prediction. The negative logarithm of the smallest p-value is388

the BH statistic. The BH statistic is then interpreted as a global p-value utilising simulated experiments389

where, in each simulated experiment, simulated data is generated from SM background model. Both390

dielectron and dimuon channels are tested separately in this manner.391

A search for Z0
� signals as well as generic Z0 signals with widths from 1% to 12% is performed utilising392

the LLR test described in Ref. [54]. This second approach is specifically sensitive to narrow Z0-like393

signals, and is thus complimentary to the more general BH approach. To perform the LLR search, the394
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10.1 Z0 Cross-section and Mass Limits424

Upper limits on the cross-section times branching ratio (�B) for Z0 bosons are presented in Fig. 4. The425

observed and expected lower pole mass limits for various Z0 scenarios are summarised in Table 5. The426

upper limits on �B for Z0 bosons start to weaken above a pole mass of ⇠ 3.5 TeV. This is mainly due to427

the combined e↵ect of a rapidly-falling signal cross-section as the kinematic limit is approached, with an428

increasing proportion of the signal being produced o↵-shell in the low-mass tail, and the natural width of429

the resonance. The e↵ect is more pronounced in the dimuon channel due to worse mass resolution than430

in the dielectron channel. The selection e�ciency also starts to slowly decrease at very high pole masses,431

but this is a sub-dominant e↵ect.432

Figure 4: Upper 95% CL limits on the Z0 production cross-section times branching ratio to two leptons of a single
flavour as a function of Z0 pole mass (MZ 0 ). Results are shown for the combined dilepton channel. The signal theory
predictions are calculated with Pythia 8 using the NNPDF23LO PDF set [37], and corrected to next-to-next-to-
leading order in QCD using VRAP [29] and the CT14NNLO PDF set [30]. The signal theoretical uncertainties are
shown as a band on the Z0

SSM theory line for illustration purposes, but are not included in the �B limit calculation.

Table 5: Observed and expected 95% CL lower mass limits for various Z0 gauge boson models, quoted to the
nearest 100 GeV. The widths are quoted as a percentage of the resonance mass.

Model Width [%] ✓E6 [Rad]
Lower limits on mZ 0 [TeV]

ee µµ ``
Obs Exp Obs Exp Obs Exp

Z0
SSM 3.0 - 4.3 4.3 4.0 3.9 4.5 4.5
Z0
� 1.2 0.50 ⇡ 3.9 3.9 3.6 3.6 4.1 4.0

Z0
S 1.2 0.63 ⇡ 3.9 3.8 3.6 3.5 4.0 4.0

Z0
I 1.1 0.71 ⇡ 3.8 3.8 3.5 3.4 4.0 3.9

Z0
⌘ 0.6 0.21 ⇡ 3.7 3.7 3.4 3.3 3.9 3.8

Z0
N 0.6 -0.08 ⇡ 3.6 3.6 3.4 3.3 3.8 3.8

Z0
 0.5 0 ⇡ 3.6 3.6 3.3 3.2 3.8 3.7
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m2
µµ = (pµ1 + pµ2)2

pµ1

pµ2

Protons

Protons

The ATLAS Detector

Event SelectionBackgrounds

Exclusion Limits

Motivation

E6 ! SO(10)⇥ U(1) ! SU(5)⇥ U(1)� ⇥ U(1) 

q

q

Z'
µ-

µ+

Z 0
(✓E6) = Z 0

 cos ✓E6 + Z 0
� sin ✓E6

Z Prime (Z’) 
• Additional spin-1 neutral gauge boson 
• Sequential SM (Benchmark): additional 

heavy boson with same couplings as 
SM Z 

• Predicted by GUT models based on the 
E6 gauge group 

• Two additional U(1) gauge fields 

• Observable as narrow resonances in 
dimuon invariant mass spectrum
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Figure 2: Leading-order production mechanism for Drell-Yan with additional contact term with scale ⇤ in the
dimuon final state. Similar diagrams apply to the electron channel.

exclusion limits for ``qq CI in which all quark flavours contribute come from the previous ATLAS200

non-resonant dilepton analysis conducted using 3.2 fb�1 of proton–proton (pp) collision data at
p

s =201

13 TeV [17]. That combined analysis of the dielectron and dimuon channels set lower limits at 95%202

credibility level (C.L.) on the left-left model of ⇤ = 25.2 TeV and ⇤ = 17.8 TeV, for constructive and203

destructive interference, respectively, given a uniform positive 1/⇤2 prior.204

4. Monte Carlo Production and Higher-Order Corrections205

4.1. Background Processes206

The ATLAS Detector response was simulated with Geant4 [27] and all MC events were reconstructed207

with the same software as for the data (release 20.7). In addition, data-driven energy scaling and mo-208

mentum smearing is applied to electrons and muons respectively where relevant, as well as event-level209

re-weighting for multiple pp collisions (Pile-up). Re-weighting of events in MC to match the data ac-210

cording to the trigger, isolation, and reconstruction e�ciency are also included.211

The SM background to a dilepton search consists of an irreducible component due to Drell-Yan (qq̄ !212

Z/�⇤ ! `+`�) as well as photon-induced events (�� ! `+`� , through t– and u– channel processes), and213

reducible non-negligible components, in order of largest expected contribution to smallest: tt̄, multi-jet214

& W+jets, and diboson backgrounds. The multi-jet & W+jets background is defined as events which215

contain a maximum of one real lepton, and one or more non-prompt lepton or jets which fake a lepton.216

For the electron channel, it is prohibitive to produce MC with enough events to accurately represent the217

expected multi-jet distribution, due to the small probability of a jet faking an electron which passes the218

analysis criteria. Therefore, a Data-Driven (DD) approach is used to determine the background contribu-219

tion from multi-jet & W+jets in this channel. For the muon channel, the multi-jet background is expected220

to be negligible, and there are adequate statistics to estimate the W+jets background with MC. This con-221

tribution was also found to be negligible in the muon channel, and so the multi-jet & W+jets background222

was excluded in this channel (see Section 6.2 for details of this study). All of the other applicable back-223

grounds to this search (Drell-Yan, photon-induced, tt̄, and dibosons) are su�ciently described using MC,224

as detailed below.225
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Contact Interactions (CI) 
• Probes quark and lepton 

compositeness, with binding energy 
scale Λ 

• Observable as broad excess in 
dilepton invariant mass spectrum

L =
g2

⇤2
[⌘LL (qL�µqL) (`L�

µ`L) + ⌘RR(qR�µqR) (`R�
µ`R)

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

µ`L)]
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2ΛPrior: 1/
µµ →CI 

* Fake muon background is negligible

Highest mµµ Event (1.99 TeV)

Leading µ (pT, η, φ): 
(637 GeV, -0.43, -2.16) 

Subleading µ (pT, η, φ): 
(546 GeV, 1.81, 0.90) 

Missing ET: 109 GeV 

Reference: 
ATLAS-CONF-2017-027

https://atlas.web.cern.ch/Atlas/GROUPS/PHYSICS/CONFNOTES/ATLAS-CONF-2017-027/

