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Analyses of high mass resonances at ATLAS and CMS
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Several plausible extensions of the Standard Model predict the existence of high mass resonances that can
be reconstructed (either fully or partially) in the ATLAS and CMS detectors using leptons, jets and missing
transverse energy (Fr). We present the results of recent detailed studies of these searches performed by both
collaborations, focusing on the potential for discovery and limits setting with an integrated luminosity of the order

of 200 pb™! per experiment.

1. Introduction

Although what is now called the Standard
Model (SM) of Particle Physics has been ex-
tremely successful to predict experimental out-
comes, there are several indications that it is not
a complete theory of fundamental interactions.
Several of the possible extensions of the SM pre-
dict narrow states that can be reconstructed (in
some cases completely, in others missing one or
more neutrinos) using the general-purpose detec-
tors ATLAS and CMS (described in [1] and [2]).
Both experimental collaborations have studied
their physics reach using these final states.

Here, we report some of the studies and the ex-
pected sensitivity of searches for resonances that
decay into dileptons, one lepton and a neutrino
and leptons plus jets. The results presented cor-
respond to a center of mass energy of 14 TeV. The
effect of the lower center of mass energy planned
for first data is briefly discussed.

2. Detectors

The Large Hadron Collider is scheduled to be-
gin gathering pp collision data by the end of this
year. At the beginning of the data taking period,
even with a center-of-mass energy lower than orig-
inally planned, it will still produce a large amount
of W and Z bosons, as well as tf events. As an
illustration of the rate, one can point out that the
number of W and Z bosons contained in 200 pb—!
of 14 TeV LHC data is expected to be roughly
comparable to that of the full dataset accumu-

Identifying Jet rejection  Efficiency

Photons fewx10° 80%

Electrons ~ 10° 60%

B-jets ~ 100 60%

7 —hadrons few hundreds 50%
Table 1

Expected jet rejections and identification efficien-
cies at the LHC detectors.

lated by the Tevatron so far. Consequently, these
and other similar SM samples are expected to
help establish a good understanding of the de-
tector systems relatively soon after startup.

The reconstruction performance of the ATLAS
and CMS detectors (described in detail in [3] and
[4]) is briefly summarized in table 2 as a function
of the total energy E or the transverse momen-
tum pp of the corresponding object. Both detec-
tors have at their disposal silicon-based tracking
systems, electromagnetic and hadronic calorime-
ters (based on very different technologies) and
muon spectrometer systems; together, these sys-
tems provide powerful identification capabilities
(similar for both detectors), summarized in ta-
ble 1, as well as missing transverse momentum
(1) and jet reconstruction.

3. Dilepton searches

3.1. Signature, selection

In several models beyond the Standard Model
(BSM), dilepton (¢¢7) decays would provide
striking evidence of new high mass resonances
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ATLAS

CMS

Tracker

Si pixels, strips + TRT (pid)
o/pr ~ 5x10~4pr @ 0.01

Si pixels, strips
o/pr ~ 1.5x10~*pr & 0.005

EM calorimeter

Lead and liquid Argon (LAr)
o/E ~10%/VE @ 0.007

PbWO, crystals
o/E ~2—5%/VE & 0.005

Hadronic calorimeter

Fe+scintillator / Cu+LAr
o/E ~ 50%/VE @ 0.03

Cu + scintillator
0/E ~100%/VE @ 0.05

Combined muons

2% at 50 GeV to 10% at 1TeV

1% at 50 GeV to 5% at 1TeV

Table 2

Expected reconstruction performance of some detector subsystems of the ATLAS and CMS experiments.

in a relatively clean search. Both detectors have
good mass resolutions that should be able to re-
construct these objects even if their daughter par-
ticles’ momenta were on the order of 1 TeV. On
top of that, these signatures would be simple to
trigger on. These searches look for two well re-
constructed leptons of the same flavor and op-
posite charges, both with |n| < 2.5 (where 7 is
the pseudorapidity of the lepton; for electrons,
CMS cuts at 2.4 instead) and pr > 30 or 50 GeV
(CMS, ATLAS, respectively). No requirement is
imposed in the dilepton opening angle. Given
the large rejection factors that both experiments
expect against reducible backgrounds (i.e., those
composed of combinations of fake and true lep-
tons from SM processes), the main background
for this type of search is expected to be the Drell-
Yan production. Figure 1 [3] shows the differen-
tial cross section, as a function of the dielectron
invariant mass, for several SM processes; these es-
timates were obtained from generator-level quan-
tities, applying rejection factors of 4x10% and 10
against jets and photons, respectively, and basic
kinematic cuts. The neutral Drell-Yan process is
dominant, with each of the remaining processes
being smaller than 25% of it (and their sum not
exceeding ~30% of the Drell-Yan effective cross
section). Figure 2 shows a similar study done us-
ing full detector simulation [5], including a signal
of Z'-type boson with a mass of 1 TeV.

Several possible extensions of the SM contain a
high-mass gauge boson that can decay into lepton
pairs (reference [3] summarizes some of them). In
what follows, we will refer to the “SSM” model
(in which Z’ couplings are the same as those of
the SM Z boson), unless otherwise noted.
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Figure 1. Dielectron invariant mass spectra of SM
backgrunds after selection requirements.

3.2. Background estimation

Since detector effects and theoretical uncer-
tainties can affect the Monte Carlo -based back-
ground estimation, both collaborations are de-
veloping control sample strategies to help con-
strain some of the expected backgrounds. Fig-
ure 3 [5] shows, for example, an estimation of the
tt background (black triangles) done by measur-
ing the b-tagging efficiency and then comparing
the yields of events with one or two b-tag(s) to
determine the overall ¢ normalization. The solid
yellow histogram shows the actual ¢f level (from
Monte Carlo), which is well in agreement with
the estimation. Error bars correspond to the ex-
pected statistics after an integrated luminosity of
100 pb~1.

It is also possible to estimate the level of the



LA A L L BN B ) B B B

N

g 105 J- L dt = 100 ob" e ‘Data’ (including 1 TeV Z‘)é
8 . - P AlISMBG +1TeV Z' E
pd =y All SM BG

N 3 [ v+Jet, WaJet, Di-jet BG

; 10 |:| tt BG

£ —

é CMS Preliminary

v oom v ormml v vl vl vl 1l

1000 1200
M,. (GeV/c?)

800

Figure 2. Dielectron invariant mass spectra for
100 pb~! for a 1 TeV signal and SM backgrounds.

tt background from the number of electron-muon
events, since they can be expected to be twice
as many as the dimuon events (from this pro-
cess). In figure 4, the tf spectrum determined
using this method (black triangles) is compared
with the Monte Carlo ¢ — ee distribution (solid
yellow histogram), showing good agreement [5].

3.3. Systematic uncertainties

The effects of several sources of systematic un-
certainty have been evaluated using full simu-
lation samples; among them, those associated
with lepton identification efficiency, momentum
or energy scales, momentum resolution, luminos-
ity and the alignment of the muon system, which
turns out to be the dominant source. Figure 5
shows the effect of plausible misalignment scenar-
ios on the reconstructed width of potential Z’ sig-
nals in CMS [6]; similarly, figure 6 shows the ex-
pected increase in the amount of integrated lumi-
nosity needed to reach a 5o statistical significance
(horizontal line) when such misalignments are in-
troduced in the simulation [3]; the more conserva-
tive misalignment scenario would roughly double
the amount of luminosity needed to establish a
signal.
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Figure 3. Estimation of the ¢t background using
b-tags (triangles), and from Monte Carlo truth
(filled histogram).

3.4. Physics reach

The discovery potential has been estimated us-
ing several methods, all with compatible results.
In one of them, the generator-level shape of the
dilepton invariant mass distribution was modeled
with a four-parameter family of curves; these pa-
rameters describe the mass and the width of the
Z' resonance, its amplitude and the size of its in-
terference with the tail of the SM Z boson. Detec-
tor resolution, acceptance effects and selection ef-
ficiencies were obtained from full simulation sam-
ples, and applied to these shapes. Figure 7 [3]
shows, overlaid, the model obtained by this pro-
cedure (solid red line), and the distribution ob-
tained from full simulation (black histogram).
From these models, the expected sensitivity is ob-
tained through the use of the log-likelihood ra-
tio (LLR) estimator, in which the Background
Only (null hypothesis, HO) distribution is com-
pared with the Signal+Background (H1) distri-
bution to compute the probability that, when no
signal is present, an outcome will have a peak
at least as large as the expected signal. This is
done by comparing the expected distribution of
the LLR for each hypothesis (HO and H1, as il-
lustrated in figure 8 [3]). Using this procedure,
there is no need to restrict the analysis to a mass
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Figure 4. tt background estimation from ey com-
binations (triangles); histogram: MC truth.

window (and, consequently, neither to determine
the optimal size of such window).

Both experiments have comparable physics
reach in these searches. Figure 9 shows the ex-
pected luminosity needed for to reach a statistical
significance of 5¢ for several Z’ models [3]. If such
a state exists slightly above the current Tevatron
limits (1 TeV [7]), as low as 100 pb™! of inte-
grated luminosity could yield a 50 discovery even
in for the least favorable model considered (Zy,).

Both collaborations have assessed the effect of
lowering the center of mass energy; in particular,
when going from 14 to 10 TeV; the production
cross-sections for signal and backgrounds are re-
duced by factors of 2 or 3 (for masses of the Z’
boson between 1 and 2 TeV); accordingly, the lu-
minosity needed for discovery roughly doubles [8].

Besides Z’ models, the physics reach for other
possible extensions of the SM has also been eval-
uated. The sensitivity of a dimuon search for
the Graviton in Randall-Sundrum models is il-
lustrated in figure 10 [4]; the sensitivity to the
lowest mass states of technicolor models is shown
in figure 11 [3]; the observation of the latter could
require less than 1 fb~! of data; the solid line in-
cludes the expected effect of the early alignment.
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uncertainty on the resolution of a dimuon reso-
nance in CMS.
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Figure 6. Effect of the alignment uncertainty on
the sensitivity of the dimuon search in ATLAS.
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(histogram) and the model described (solid line).
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Figure 9. Expected luminosity needed for a 5o
discovery for several models of the Z’ boson, as a
function of the Z’ mass.
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4. Tau pairs

High mass resonances could also decay into
pairs of tau leptons, each of which, in turn, can
decay hadronically or leptonically. All decay
modes (lepton-hadron, hadron-hadron, lepton-
lepton) have been studied and used in a combined
search. Event selection is based on missing energy
cuts, an upper bound on the transverse mass and
the scalar sum of the transverse momentum of
potential decay products, and a b-jet veto.

Although neutrinos are always present in these
decays, the collinear approximation (i.e., assum-
ing that the final state leptons have the same
direction that their parent tau leptons) allows a
good reconstruction of the resonance’s invariant
mass; figure 12 shows the expected distribution of
the reconstructed mass for a Zgg,, after 1.0 fb~!
of data, along with the main backgrounds for this
type of search [3].
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Figure 12. Reconstructed mass distributions, for
all 77 final states and m(Z’) = 800 GeV, for
1 tb~! of data, using the collinear approximation.

However, when the visible leptons are back-to-
back, the above approximation breaks down; in
such cases (which are far more frequent), the vis-
ible mass, defined as the invariant mass of the
(four-) vector sum of the momenta of the identi-
fied visible decay products of the two taus and the
missing transverse momentum, provides a good
discriminator for this search. Figure 13 shows
the visible mass distribution for signal and back-

grounds [3]. Although the signal-to-noise ratio is
much smaller in this case (than when the collinear
approximation can be applied), the number of
events used is much larger. Figure 14 shows the
integrated luminosity needed for 3 and 50 evi-
dence using a combination of these two methods,
and of all decay channels [3]. A Zgg,, with a
mass up to 1.2 TeV could yield a 50 significance
with about 1 fb~! of data.
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5. Lepton-neutrino searches

Several BSM scenarios include heavy charged
gauge bosons that are able to decay into a charged
lepton plus a neutrino. As in the case of the
SM W boson, the transverse mass mr, defined as
V2prEr(1 — cos Ag(¢,Br)), helps extract them.

Events are required to have exactly one, iso-
lated, high-pr lepton (electron or muon), a large
amount of missing transverse energy K (over
50 GeV) and most of their 7 should come from
the lepton and the neutrino (i.e., they should
have low jet activity). These cuts are very effec-
tive to reduce the dijet and ¢t backgrounds; after
applying them the main remaining background is
the off-shell, high-my tail of the SM W boson,
which has a falling mp distribution, while the ex-
pected signal would have a Jacobian edge at the
mass of the W’ boson, which can be exploited
by keeping only events with mp > 0.7my. Fig-
ure 15 shows the m7 distribution of three myy-
signals and the backgrounds after all selection cri-
teria (electron channel) [9]; background distribu-
tions are stacked; signals are not.
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Figure 15. Transverse mass distributions after
cuts of signal and SM backgrounds in the W’
search.

Figure 16 [9] shows the expected luminosity
needed to reach a 30 and a 50 evidence, as a
function of the mass of the W' boson (using, as
a benchmark, the Altarelli model [10]), and the

luminosity needed to set a 95% confidence level
exclusion, also as a function of m(W’). Due to
the large production cross section of this model,
an integrated luminosity of the order of 200 pb~!
is expected to allow LHC experiments to probe
masses up to about 2.5 TeV, which would be well
above the current (DQ) limit of 1 TeV [11].
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Figure 16. Luminosity needed to establish evi-
dence (top) or to set a 95% CL limit (bottom),
as a function of the mass of the W’ boson.



6. Leptons plus jets

Final states with two leptons and one or two
jets also have a good chance of allowing LHC to
improve the current experimental limits at the
early stages of data taking. Both leptoquark
(LQ) models and Left-Right Symmetric Models
(LRSM) produce this signature, and in both cases
the background can be reduced strongly.

6.1. Leptoquarks

Leptoquarks (LQ) are bosons carrying quark
and lepton numbers. Experimental constraints
favor three generations of LQ, each coupled to
a SM generation. Current experimental limits
(from DQ) place the mass of the first-generation
LQ over 256 GeV, and that of the second gener-
ation LQ above 251 GeV. Figure 17 shows Feyn-
man diagrams for the pair production of LQ,
where each of them decays (with branching ra-
tio B) into a quark and a lepton; for the search,
events are required to have 2 leptons of opposite
charge and the same flavor and at least two jets.
Expected backgrounds (Drell-Yan, ¢f and dibo-
son production) are rejected by requirements on
the transverse momenta of the leptons, the scalar
sum of the pr of leptons and jets, the dilepton
invariant mass and the lepton-jet invariant mass.
Figure 18 shows the expected lepton-jet invariant
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Figure 17. Feynman diagrams for leptoquark pair
production.

mass spectrum before and after the above cuts;
both correspond to a first generation leptoquark
signal, at an integrated luminosity of 100 pb~! [3].

[’ . .
10°E First generation ATLAS
F —e— Signal - 400 GeV
oL — Drell-Yan
10°¢ Tt
WW,ZZWZ

[any

2 *events / 10 GeV / 100 pb*
=
o

i
e
A

T == Tt I3 - T 17T

\\‘\\\\i:s‘. w‘;:\'iiwi
100 200 300 400 506 600 700 800

0
M, [GeV]

30— T
. L First generation ATLAS ]
8 25k —e— Signal - 400 GeV ]
o r — Drell-Yan ]
S I . ]
-~ 20 WW,ZZ,WZ -
E r 1
o 15— -
— - .
2 100 E
[ L -
> L -
() - 4
* C ]
N 5: ]

"'“',, RENSLA I R 1 [ 0e0estancen, ‘
100 200 300 400 500 600 700 800

M, [GeV]

2

Figure 18. Reconstructed electron-jet invariant
mass in the first-generation leptoquark analysis
(with mrg = 400 GeV) after baseline selection
(top) and after all selection criteria (bottom).

Figure 19 shows the 5o contours for the lepto-
quark search in ATLAS, showing the branching
ratio () that would yield a 50 discovery as a
function of the total integrated luminosity used,
for a 400 GeV leptoquark [3]. For this mass, a
value of 3% above 0.3 would allow a 50 signal
with less than 100 pb~! of data.
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6.2. Left-right symmetric models

These models, which address the non-zero
neutrino mass and baryogenesis, incorporate
three heavy right-handed Majorana neutrinos
(Ne, Ny, N;), and some also introduce right-
handed heavy bosons (Wg and Z’). Figure 20
shows a possible decay in one such model, where
the Wg boson decays into a lepton and a Ma-
jorana neutrino Ny, which ultimately produces a
lepton and two jets. Since all final state particles
can be reconstructed, it is possible in this model
to reconstruct both the N, and the Wxr masses.
Selection cuts similar to those used in the LQ
search allow a strong reduction of the expected
backgrounds also in this case; figures 21 and 22
show the reconstructed mass of N, and Wg, re-
spectively, after cuts, for two possible scenarios:
one with my, = 1.8 TeV and my, = my, =
300 GeV, denoted as LRSM_18_3, and one with
my, = 1.5 TeV and my, = my, = 500 GeV,
labeled as LRSM_15_5 [3].

Figure 23 [3] shows the expected significance
of this search for the same scenarios; triangles
correspond to LRSM_18_3, while squares represent
LRSM_15_5. Solid/hollow markers show the sig-
nificance when systematic uncertainties are in-
cluded/excluded. As shown, for these mass val-
ues, a 5o significance could be reached with less
than 150 pb~! and 40 pb~! of collision data, re-
spectively.

Figure 20. Feynman diagram for Wx boson pro-
duction and its decay to a Majorana neutrino NVy.

7. Discussion

Several plausible extensions of the SM predict
narrow resonances, which can be reconstructed
using the ATLAS and CMS general-purpose de-
tectors at LHC. Background estimation proce-
dures, fit-based strategies, and statistical tools
have been developed to extract these potential
signals from collision data. Studies done for a
center-of-mass energy of 14 TeV have shown that
several of these models could be established at
the 50 level even with O(100 pb~!) of integrated
luminosity. In some of the models considered,
preliminary estimations using a lowered center-
of-mass energy of 10 TeV show that the initial
run may still be enough to go beyond Tevatron
limits.
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