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Many theories beyond the Standard Model predict new phenomena with the final states of well
isolated high-pr leptons. Searches for new physics with these signatures are performed in the
ATLAS experiment at the LHC. The ATLAS experiment collected 139 fb~! of data with 13 TeV
pp colliding energy during 2015 to 2018 (Run 2), that is available for physics analyses. In this
article, the results to search for a heavy particle decaying into leptonic final states with full Run 2
dataset as well as the combination analysis and prospects for HL-LHC are reported.
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1. Introduction

The resonance search is the most standard way to find a new particle. These searches in the
ATLAS experiment are motivated by many new physics models beyond the Standard Model (SM)
aiming to resolve the hierarchy problem such as the Randall-Sundrum (RS) model with a warped
extra dimension [1], extended Higgs sectors as in the two Higgs-doublet model [2], composite
Higgs bosons [3] or extended gauge sectors as in Grand Unified Theories [4, 5, 6].
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Figure 1: Feynman diagram for resonance production mediated by a new heavy boson (V' = W’ or Z’) in
Drell-Yan mechanism, that decays into ¢v or ¢¢.

The proton-proton (pp) colliding energy at Large Hadron Collider (LHC) was increased from
8 TeV to 13 TeV after long shutdown 1 in 2013 to 2014. The ATLAS experiment at LHC collected
139 fb~! of data during 2015 to 2018 (Run 2), that is available for physics analyses. Searches for
new heavy spin-1 bosons (W' and Z’) are performed by using data taken in Run 2, that are produced
by Drell-Yan (DY) mechanisms as shown in Figure 1. In this article, the analysis results of searches
for W' and Z' in the leptonic final states with full Run 2 dataset [7, 8], the combination analysis
with 36.1 fb~! of data [9] and prospect at High-Luminosity LHC (HL-LHC) [10] are described.

2. W' — (v search

The interpretation in this search uses the Sequential Standard Model (SSM) [11] as the bench-
mark, in which the W’ boson (Wg,,) couples to fermions with the same strength as the W boson
in the SM but with suppressed coupling to SM bosons. The dominant background source in this
search originates from DY production of W bosons. Discrimination between signal and background
events relies on the transverse mass (mr) computed from the charged-lepton transverse momentum
(pr) and the missing transverse momentum (whose magnitude is denoted as E%ﬁss) in the event:

mr = \/2prERS (1~ cost), 2.1)

where ¢y, is the angle between the charged lepton and missing transverse momentum directions
in the transverse plane. Figure 2 shows the transverse mass distributions in the electron and muon
channels for events passing the full selection. No significant excess was observed in both cases,
i.e., the distributions are consistent with the SM expectation.

Figure 3 shows observed and expected upper limits at the 95% confidence level (CL) on the
pp — W' — (v cross section in the combination of electron and muon channels as a function of
Wiy mass with the full signal line shape from the SSM, where the interference between the W’
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Figure 2: Distributions of the transverse mass for data and predicted background events in the electron
(left) and muon (right) channels [7]. Expected signal distributions for several WS'SM boson masses are shown
stacked on top of the total expected background. The middle panels show ratios of the number of events
observed in the data to the expected total background count, while the lower panels show the same ratio
when taking into account the pulls on the nuisance parameters observed in the statistical analysis. The
hatched bands represent the total uncertainty in the background estimate. Arrows in the middle and lower
panels for the electron channel indicate data points that lie outside the vertical axis range.

signal and the SM DY background is not taken into account. The crossing point of the upper limit
and the model cross-section curve gives the limit on Wy, mass, summarizing the obtained mass
limits in Table 1.

m(W’) lower limit [TeV]
Decay Observed  Expected

W — ev 6.0 5.7
W’ — uv 5.1 5.1
W' — fy 6.0 5.8

Table 1: Observed and expected 95% CL lower limits on the W{s,, mass in the electron and muon channels
and their combination [7].

3. Z' — ¢/ search

In this search, Z’ defined in SSM (Zgg),), E¢-motivated Grand Unification model (Z}, and Z(,,)
[12] and the Heavy Vector Triplet (HVT) model (Z{;y) [13] are assumed as the benchmark. In the
first two models, the Z’ boson is a singlet, associated with a new U(1) gauge group, and generally
its couplings to the SM W and Z bosons are assumed to be zero. Z{g), boson has the same fermion
couplings as the SM Z boson.

The Zj;, boson is a neutral member of a new SU(2) gauge group, i.e., part of a triplet and
exists with two new charged heavy bosons (W}}yr) with which it is nearly degenerate in mass. The
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Figure 3: Observed and expected upper limits at the 95% CL on the pp — W’ — £v cross section in the
combination of electron and muon channels as a function of WéSM mass [7]. The dashed lines surrounding
the SSM cross-section curve (solid line) correspond to the combination of PDF, ¢, renormalization, and
factorization scale uncertainties (for illustration only).

HVT model provides generic framework with couplings of W’ and Z’ to SM fermions and Higgs.
For that reason, this model is used to evaluate constraint on the couplings.

Figure 4 shows distributions of the dielectron and dimuon invariant mass for events passing the
full selection. A resonant signal is searched for by fitting the distributions. The fit function consists
of a generic signal shape and a smooth functional form for the background. The dilepton mass
distributions are consistent with the smoothly falling background expectation, and no significant
excess is observed.
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Figure 4: Distribution of the invariant mass for events passing the full selection in electron (left) and muon
(right) channels [8]. Generic zero-width signal shapes, scaled to 20 times the value of the corresponding
expected upper limit at 95% CL on the fiducial cross-section times branching ratio, with pole masses of m,
= 1.34, 2 and 3 TeV as well as background-only fits are superimposed. The data points are plotted at the
centre of each bin. The error bars indicate statistical uncertainties only. The differences between the data
and the fit results in units of standard deviations of the statistical uncertainty are shown in the bottom panels.

Figure 5 shows the upper limits at 95% CL on the fiducial cross-section times branching ratio
as a function of pole mass for different mass widths for the combined dilepton channel. The generic
cross-section limits at I'/m = 0.5%, 1.2% and 3.0% are compared with the model predictions of
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Z{,,, Z! and ZgSM, respectively, to evaluate the mass limits that are summarized in Table 2.
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Figure 5: Upper limits at 95% CL on the fiducial cross-section times branching ratio as a function of
pole mass for the zero-width, 3%, 10% (left) and 0.5%, 1.2%, 6% (right) relative width signals for the
combined dilepton channel [8]. Observed limits are shown as solid lines and expected limits as dotted/dashed
lines. Also shown are theoretical cross-sections for Zygy, (I'/m = 3.0%) (left) and Z;c (T'/m = 1.2%) and
Z{l, (I'/m = 0.5%) (right) in the fiducial region. The signal theoretical uncertainties are shown as a band on
the Z{g,, theory line and are derived as in Ref. [14]. They are shown for illustration purposes, and are not
included in the limit calculation.

Lower limits on m .+ [TeV]

Model ee L 74
obs exp | obs exp | obs exp
Z;[, 41 43 |40 40 |45 45
Zy 46 46 | 42 42 | 48 438
Ziom | 49 49 | 45 45|51 5.1

Table 2: Observed and expected 95% CL lower limits on my for three Z' gauge boson models, quoted to
the nearest 100 GeV in the ee and pu channels as well as their combination (¢, £) [8].

The cross-section limits are converted into exclusion contours in coupling space of the HVT
model. Figure 6 shows observed 95% exclusion contours in the HVT parameter space of (g5,8r)
with g5 = g¢ = g, and (g4, g¢) With g; = 0 for resonance masses of 3, 4 and 5 TeV for the dilepton
channel, where g, g, and g;, correspond to the coupling strengths of the triplet field to lepton, quark
and Higgs and vector-boson fields, respectively.

4. Combination analysis

The combination analysis was performed by using 36.1 fb~! of data taken in Run 2, including
the VV channels WZ — qqqq, {vqq, {vil, WW — qqqq, £vqq, LvEv; and ZZ — qqqq, VVqq, £lqq,
Levv, 0000 and the VH channels WH — qggbb, {vbb and ZH — qqbb, vvbb, (lbb, as well as the
lepton-antilepton channels ¢v and ¢¢. The charged leptons ¢ are either electrons or muons. For
the VV and V H decay channels involving leptonic decays of vector bosons, T-leptons are included
as part of the signal since 7-lepton decays into electrons or muons provide a small amount of
additional acceptance.
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Figure 6: Observed 95% exclusion contours in the HVT parameter space in (g5, g ) with g5 = g, = g4 (left)
and (g4,g¢) With g set to zero (right), for resonance masses of 3, 4 and 5 TeV for the dilepton channel [8].
The area outside the curves is excluded.

No significant deviation from the SM predictions is observed, therefore, the cross-section
limits are evaluated in terms of constraints on couplings of the heavy vector-boson triplet to quarks
(g4), leptons (gr) and Higgs boson (gg) in context of the HVT model. Figure 7 shows observed
95% CL exclusion contours in the HVT parameter space of (gx,gs) and (g4, 8¢) for resonances
of mass 3, 4 and 5 TeV for the combination of VV, VH and ¢v/{{ channels. A and B in the plots
represent two scenarios with different relative strength of g5 and gy. A denotes gy = —0.56 and
gr = 8¢ = & = —0.55, reproducing the phenomenology of weakly coupled models. B implements
a strongly coupled scenario with gz = —2.9 and gy = 0.14. The leptonic final states (/v and
£¢) provide the strongest constraint on the couplings. The remarkable point is that the combination
analysis with 36.1 fb~! gives stronger constraint on the coupling than those in Z’ — ¢/ only analysis
with 139 fb~! that are shown in Figure 6.
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Figure 7: Observed 95% CL exclusion contours in the HVT parameter space in (gy,gy) (left) and (g4,8¢)
(right) for resonances of mass 3, 4 and 5 TeV for the combination of VV, VH, and ¢v/¢{ channels [9]. The
areas outside the curves are excluded, as are the filled regions which show the constraints from precision
electroweak measurements.

5. V/ — ¢4/tv search at HL-LHC

LHC will be upgraded to HL-LHC after 2026 with five times larger instantaneous luminosity
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(5 x 10** cm™2s™!) or more, compared to the LHC design value (1 x 103 cm~2s~1). Search for
heavy resonances in the leptonic final states will be performed at HL-LHC.

Figure 8 shows the expected upper limits on cross-section times branching ratio (o X BR) as a
function of the W), (left) and Z(,, (right) boson mass in the combined electron and muon channels
for 14 TeV pp colliding energy, assuming 3000 fb~! of data. The sensitivity to W’ and Z’ masses
will be improved by up to 2 TeV, compared to the results with a full Run 2 dataset. Given that, the
resonance searches with the leptonic final states remain to be important at HL-LHC.
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Figure 8: Expected (dashed black line) upper limits on cross-section times branching ratio (¢ x BR) as a
function of the Wgy (left) and Zil/ (right) boson mass in the combined electron and muon channels for /s =
14 TeV collisions and an integrated luminosity value of 3000 fb=1 [10]. The 1o (green) and 20 (yellow)
expected limit bands are also shown. The predicted 6x BR for Wigy, (left) and Z{l, (right) production is
shown as a black line. The blue marker shows the limits obtained with the Run 2 analysis with 36 fb~! of
data.

6. Summary and conclusions

Searches for high mass resonances with the leptonic final states are important physics program
in the ATLAS experiment. The analyses were performed by using 139 fb~! of a full Run2 dataset,
and the sensitivity to W’ and Z’ is significantly improved, compared to the previous results with
36.1 fb~!. The combination analysis including the final states of /v and ¢/ as well as VV and VH
was performed with 36.1 fb~! of data. The results give stronger constraint on the couplings of W’
and Z' to SM particles than Z’ only analysis with 139 fb~! of a full Run2 dataset.

Improvement of the mass limit up to 2 TeV is expected with much larger statistics in HL-
LHC. For that reason, searches for high-mass resonances with the leptonic final states remain to be
important program also in HL-LHC.
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