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Searches for a W’, contact interactions and lepton resonances with CMS
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Abstract. We present the searches for W’, contact interactions and lepton resonances at CMS. No evidence has

been found so far and limits are set on various models.

1 Introduction

New heavy gauge bosons such as the W’ and Z’ are pre-
dicted in many models of new physics beyond the standard
model (SM). In the sequential standard model (SSM) [1]
an additional U(1) group is included and the W’and Z’ bo-
son are considered to be heavy analogues of the W and Z,
respectively. They are assumed to be narrow resonances
with decay modes and branching fractions similar to those
of their SM counterparts. Other models such as super-
string inspired E¢ models have more complex group struc-
tures, E¢ — S O(10) x U(1)y, with corresponding neutral
gauge bosons denoted as Z),. Heavy resonances also arise
in models with extra-dimensions, such as Kaluza-Klein
graviton excitations in the Randall-Sundrum (RS) model.
This model has two free parameters: the mass of the first
graviton excitation and the coupling k/Mp; , where k is the
curvature of the extra dimension and Mp; is the reduced
effective Planck scale.

The variety of observed quark and lepton flavors and
their mass hierarchies suggest a substructure. In order to
confine the constituents (often referred to as “preons’) and
to account for the properties of quarks and leptons, a new
strong gauge interaction, metacolor, is introduced. Below
a given interaction scale A the effect of the metacolor in-
teraction is to bind the preons into metacolor-singlet states.
For parton interaction § values that are much less than the
A scale the metacolor force will manifest itself in the form
of a flavor-diagonal contact interaction [2, 3] (CI).

2 Search for leptonic decays of W’ bosons

The main observable in this search [4] is the transverse
mass Mr of the lepton-E}***system. The E}"**comes from
the undetected neutrino. In W’ decays, the lepton and
E’}”” are expected to be almost back-to-back in the trans-
verse plane, and balanced in transverse energy. Candidate
events are therefore selected through a requirement on the
ratio of the lepton pr and the Ef**%, 0.4 < pr/E™S < 1.5.
A requirement is also imposed on the angular difference
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Figure 1. Left: Excluded W’cross section for the combination of
2012 electron and muon channel. Right: 95% CL limits on the
split-UED parameters p and 1/R.

in the transverse plane of the lepton and E’T”is“direction,
A¢py, > 0.8 X . The primary source of background
(BG) for all these signals is the off-peak, high transverse
mass tail of the standard model (SM) W — {v decays.
Other important BG arise from QCD multijet, ¢ + 7, and
Drell-Yan events. Di-bosons (WW, WZ, ZZ) decaying
to electrons, muons, or taus were also considered. Mul-
tijet BG is largely suppressed by the event selection re-
quirements. The My distribution is fitted with the func-
tion f(Mrt) = m to estimate the BG. A W — ev or
W’ — uv signal is expected to manifest itself as an ex-
cess over the SM expectation in the tail of the M distribu-
tion. No significant excess has been observed in the 3.7/fb
of data at 8§ TeV analysed. The observed highest trans-
verse mass events have Mt = 2.3 (1.3) TeV in the electron
(muon) channel. Upper limits on the production cross sec-
tion times the branching fraction oy X B(W’ — [lv), with
| = e or u are thus set, using a Bayesian method [5] with a
uniform prior probability distribution for the signal cross
section. The number of data events above an optimized for
the best expected exclusion limit transverse mass thresh-
old M’Tnin was compared to the expected number of sig-
nal and BG events. Systematic uncertainties on the signal
and BG yield were included via nuisance parameters with
a log-normal prior distribution. Using the central value
of the theoretical cross section times the branching frac-
tion, we exclude at 95% confidence level (CL) the exis-
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tence of a W’with SM-like couplings of masses less than
2.75 TeV (compared with an expected limit of 2.65 TeV)
in the muon and 2.60 TeV (compared to 2.70 TeV ex-
pected) in the electron channel. In the latter the observed
limit is below the expected due to the event at M =2.3
TeV. The results of the individual channels are combined
assuming independent uncertainties (no correlation) apart
from the luminosity uncertainty which is fully correlated.
The combined limit is 2.85 TeV. With 5 fb~! of data at
4/s = 7 TeV this limit was 2.5 TeV. The combination of
2011 and 2012 datasets was performed but didn’t improve
the sensitivity. The observed limits can be reinterpreted
in terms of the second Kaluza—Klein excitation W]%K mass
in a specific framework of universal extra dimensions with
bulk mass fermions. The Wf(K is the lowest state that can
couple to SM fermions and has the same final state as the
SM-like W’. Since it has even parity it can be produced
singly. WéK has been excluded for masses below 1.4 (3.3)
TeV, assuming a bulk mass parameter ¢ of 0.05 (10) TeV.
These lower limits on the mass can be directly translated
to bounds on the split-UED parameter space [1/R, u] as
shown in Figure 1.

3 Search for exotic resonances in VZ

The study of the di-vector boson VV production (V =
W, Z) plays a special role in testing theories proposed as an
alternative to the Higgs mechanism. Several models pre-
dict the existence of new particles that couple to two vector
bosons. A few examples are Randall-Sundrum (RS) gravi-
tons coupling to ZZ and WW, or technimesons coupling
to WZ. Limits from previous searches and from indirect
bounds place the masses of these proposed RS resonances
at or above the TeV scale. We present a search [6] for
heavy resonances decaying toaZ — £ ({ = u, e) and a
vector boson (V) decaying hadronically. We consider the
Sequential Standard Model (SSM) W — WZ — ¢£jj and
Ggrs — ZZ — (ljj decay chains as benchmark models,
without enforcing the specific nature of the produced par-
ticle in the analysis. This allows us to interpret our results
in different theoretical frameworks, as for instance the RS
model. Z candidates are formed from two same-flavor,
opposite-sign leptons and selected by requiring their in-
variant mass to be in the 70 < mz < 110 GeV mass range
and with a transverse momentum p% > 150 GeV. We re-
construct the V — gq candidate as a single jet (as the res-
onance is postulated to be heavy, the quarks are boosted
and close to each other), well separated from the two lep-
tons forming the Z candidate: AR(jet,{) > 1.0. We re-
quest the jet mass, m;, computed from the vectorial sum
of the four-momenta of the constituent particles to be in
the 65 < m; < 120 GeV mass range. We also request
the V candidate transverse momentum, p¥, to be larger
than 250 GeV. Once the Z — £¢ and (mono-jet) V — ¢q
candidates have been reconstructed, we combine their four
momenta to compute the mass of the mother particle, my.
This variable is used to evaluate the hypothesis of the sig-
nal presence in the analyzed datasets. According to sim-
ulation, the dominant (~ 90%) BG in this analysis after
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Figure 2. Exclusion limits for a counting experiment and com-
parison with the theoretical predictions in W’(top left) and RS
Graviton (top right) models for the combination of electron and
muon channels. Bottom: Interpretation of the limits in the mgg-
k/Mp, plane.

all selection cuts is the inclusive Z production (“Z+jets”),
with additional contributions from t7+jets and the contin-
uum SM two-vector boson production (WZ and ZZ). The
shape and the overall normalization of the expected BG
myz distributions are derived from data, with additional
cross-checks carried out with the inclusive simulated BG
samples. No significant excess of events is observed, with
the largest deviation appearing in the ~900 GeV region
in the muon channel. The systematic uncertainties con-
sidered in this analysis can be divided into two main cate-
gories: the uncertainty in the determination of the SM BG
and the uncertainty in the expected yields of signal events.
For the expected signal yields, the systematic uncertainties
that we considered are on the luminosity measurement, the
JES, the parton density function (PDF) and trigger and
reconstruction efficiencies. Finally, we assign a 9% sys-
tematic uncertainty on the V mass cut efficiency. We em-
ploy the modified frequentist CLs statistical method and a
series of search windows corresponding to different mass
hypotheses to search for exotic VZ resonances. Each mass
window is optimized to give the best exclusion limit. We
calculate 95% C.L. exclusion limits (Fig. 2) on the com-
bined c(VZ)XB(V — qq,Z — t{,L = e, ) product for the
two final states under study (separately and combined) as
a function of the mass of the hypothetical resonance. The
limit setting is performed by looking for an excess over
the expected BG in the VZ mass distributions for the two
channels separately. We exclude W’bosons with masses
between 700 and 929 GeV in the SSM at 95% C.L.The
exclusion limit calculated in the RS Graviton model is for
masses (mgs ) between 700 and 924 GeV for k/Mp[ =0.05.
Assuming the resonance width is much smaller than the
experimental resolution for the range of k/M p; considered
here, the limit can be extended in the mgg-k/M p; plane,
by rescaling the cross section as a function of k/Mp, and
assuming that the signal efficiency remains the same. The
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result is shown in Fig. 2. These results are not as competi-
tive as the ones derived in the yy and £€ channel searches
(mgs > 1500 GeV). However, one should consider that
those are derived assuming a democratic RS model. In
more recent studies, RS models with SM fields propagat-
ing have been proposed, in which case the RS graviton
does not couple to fermions. This opens the possibility
to an enhancement of the branching ratios for final states
with V pairs, as well as the interest to study large values of
k/Mp; [7].

4 Search for resonances decaying to ee/uu

For both the dimuon and dielectron final states, two iso-
lated and same-flavor high-pt leptons were required [8].
The most prominent SM BG process (either directly or via
77) is Drell-Yan production (Z/y*); there are also contri-
butions from ¢z, tW, and diboson processes. In addition,
jets may be misidentified as leptons and contribute to the
BG through multijet and vector boson plus jets final states.
In the final dilepton spectra, the BG component from SM
processes is found by fitting an appropriate function to the
data. Studies of the BG components were performed in
order to verify that its assumed composition is correct but
are not used directly to estimate the magnitude of the BG.
In absence of signal, limits are set on the possible con-
tributions from narrow heavy resonances. A key feature
of the statistical procedure is that it requires no knowl-
edge of the integrated luminosity as the BG estimations
are normalized to the data in regions where SM processes
would dominate any potential signal and the limits are set
on the ratio of the products of cross sections and branching
fractions: R, = %. This eliminates the un-
certainty in the integrated luminosity and reduces the de-
pendence on experimental acceptance, trigger, and offline
efficiencies. The ratio of acceptances of the new boson to
the Z is calculated using Monte Carlo simulation with the
assumption that the new physics comes from a resonance
of spin 1. The extended unbinned likelihood function for
the spectrum of dilepton invariant mass values m above
200 GeV is based on a sum of analytic probability density
functions (pdfs) for the signal and BG shapes. The pdf
fs(m|l', M, w) for the resonance signal is a Breit-Wigner
of width I' and mass M convoluted with a Gaussian res-
olution function of width w. The width T is taken to be
that of the Zj. This width is sufficiently small that the
detector resolution dominates. A BG pdf fz was chosen
and its shape parameters fixed by fitting to the simulated
Drell-Yan spectrum in the mass range 200 < mg, < 2500
GeV. No significant difference in shape is observed when
fitting just the Drell-Yan and the Drell-Yan and all other
SM BGs. The functional form used for the BG is m™~*".
In absence of signal, upper limits are calculated using the
Bayesian technique. The dominant uncertainty in the anal-
ysis is that on R, the ratio of selection efficiency times de-
tector acceptance for Z’ decay to that for Z decay. This un-
certainty is 8% for the dielectron channel and 3% for the
dimuon channel. These values reflect our current under-
standing of the detector acceptance (including the impact
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Figure 3. Upper limits as a function of resonance mass M on the
production ratio R, of cross section times branching fraction into
lepton pairs for Zg . Z), boson production (left) and G (right)
to the same quantity for Z bosons for the combined dilepton 7+8
TeV data.

of PDF uncertainties on the acceptance) and the recon-
struction efficiency turn-on at low mass, as well as their
values at high mass. The largest contribution to the un-
certainty on R, comes from the uncertainty in the lepton
reconstruction efficiency at high mass. To further improve
the exclusion limits, the dataset taken until june 2012 at
4/s=8 TeV 1is combined with the one collected in 2011
at /s=7 TeV. To account for the different center-of-mass
energies, the predicted ratio of R, for a quark-antiquark
annihilation at /s=7 TeV and at 8 TeV is used to convert
the published 7 TeV limits to 8 TeV. The additional uncer-
tainty this introduces on R, is negligible compared to ex-
isting uncertainties affecting this variable. Figure 3 shows
the observed and expected upper limits on the production
ratio R, of the cross section times branching fraction of
a Z’ boson and Gy relative to that for a Z boson for the
dimuon and dielectron combination for the 7 and 8 TeV
datasets combined. The figures also show the predicted
cross section times branching fraction ratios for Zg Z&/
and Ggg production. A Zg¢,, (Zl/ﬂ) with a mass less that
2590 (2260) GeV is thus excluded. The Gggare excluded
below 2390 (2030) GeV for ¢ = 0.1 (0.05) TeV.

5 Search for resonances decaying to 77~

Taus can decay into lighter leptons plus neutrinos (referred
to as 7y, { = e,u) and into a hadronic system (referred
to as 7, ). Four ditau final states have been studied [9]:
TeTyu, TeTh, TuTh, and Ty7y. The signature is two high pr,
oppositely—charged, isolated, and almost back-to—back
tau candidates. Ditau pairs are formed from oppositely—
charged candidates separated in AR space (AR > 0.7). In
addition, the back—to—back requirement on the ditau pairs
is imposed by selecting candidates with cosA¢(T,72) <
—0.95, where A¢(ty, ;) is the difference in the azimuthal
angle between the 7 candidates. The presence of multi-
ple neutrinos in the final state, which escape CMS un-
detected, preclude us from fully reconstructing the mass
of the ditau system. To more effectively distinguish be-
tween lower mass BGs from tau lepton pairs from new
massive resonant particle production, the visible tau decay
products and the E7"** are used to reconstruct the partial
mass. To estimate the BG contributions in the signal re-
gion, data-driven techniques are employed wherever pos-
sible. In cases where a complete data-driven approach is
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Figure 4. Combined 95% CL upper limits on the cross section
as a function of Z’ mass.

not possible, data—to—-MC scale factors are used to cor-
rect the expected contributions obtained from the simu-
lated samples. The largest BG sources are from W+jet(s)
and Drell-Yan production for 7,7, and 7,7}, final state, and
QCD for ,7,. However, the contamination from these
BGs is small in the mass region essential for this analy-
sis. The unbiased BG shapes can not be evaluated with
the data available. The BG shapes are taken from Monte
Carlo simulation validated in the control regions and nor-
malized to the values obtained from the data—driven esti-
mates. The main source of systematic uncertainty results
from the estimation of the BG contributions that are dom-
inated by the statistical uncertainty of the data used in the
control regions. The contamination from other BGs in
these control regions have a negligible effect on the sys-
tematic uncertainty. These uncertainties are in the range
of 6 to 14%. Systematic effects associated with hadronic 7
identification are extracted from a global fit of the visible
ditau mass and constraining the production cross section
to the measured cross section in Z — e*e” and Z — u*u~
decay channels. This uncertainty amounts to 6.8% per tau
leg. Uncertainties that contribute to the ditau mass shape
variations include tau (2%) and lepton (1%) energy scale,
and uncertainties on the E’T”i‘y‘vscale that is used for the
M(71, T2, E7Y) mass reconstruction. Additional uncer-
tainties that contribute to the mass shape are due to small
statistics of the simulated samples in the high mass re-
gions that lead to systematic uncertainties in the fit param-
eters. The scale uncertainties contribute via the jet energy
scale (2-5% depending on n and p7) and unclustered en-
ergy scale (10%), where unclustered energy is defined as
the energy found “outside"” the reconstructed leptons and
jets with py > 10 GeV/c. The observed mass spectra do
not reveal any evidence for Z’ — 777~ production. Using
the CLs methodology an upper limit on the cross section
opp = Z') x BR(Z' —» t*77) at 95% CL as a function
of the mass for each ditau final state is calculated taking
into account all systematic uncertainties. The final com-
bined limit is obtained using a joint likelihood, where the
systematic uncertainties, incorporated as nuisance param-
eters, have been marginalized. Combining all four final
states (Figure 4) we can exclude Zg,, and Zgly with SM

couplings with masses less than 1 TeV/c?.

6 Searches for contact interactions

CI can be searched in u*u~ final states [10]. Interfer-
ences (either constructive or destructive) with SM Drell-
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Figure 5. Observed and expected limits as a function of Mfl;jw
for destructive (left) and constructive (right) interference.

Yan (DY) dimuon production must be taken into account
and the processes contributing to the cross section are de-
noted collectively by “CI/DY”. This analysis is restricted
to the left-left isoscalar model LLIM where all of the ini-
tial state quarks are assumed to be composite. This model
is the conventional benchmark for CI in the dilepton chan-
nel. The analysis of CI events is limited to a dimuon mass
range from 200 to 2000 GeV/c?. The lower limit is enough
above the Z-peak so that a deviation from DY production
is observable, while the upper limit is chosen large enough
to include all events that could be produced for values of A
accessible with this dataset and not excluded by previous
measurements. The minimum mass Mf;ﬁ’” required in the
analysis is varied between the lower and upper limits to
optimize the limit on A. The non-zero BGs, in decreasing
order of importance, are 7, diboson (WW/WZ/ZZ), W (in-
cluding W+jets, tW, and tW), and Z — 7r. The QCD BG
is negligible. Event yields corresponding to the integrated
luminosity of the data are predicted as a function of A and
M ﬁ;{“’, including the contributions from the CI/DY process
and non-DY SM BGs. The expected and observed 95%
CL lower limits on A are determined using the CL; modi-
fied frequentist procedure, taking the profile likelihood ra-
tio as a test statistic. The expected mean for the number of
signal events is the total number of events expected using
a given A less the total number of events expected using
the DY process. The expected mean for the number of
BG events is the total number of events using the DY pro-
cess. The systematic uncertainties on integrated luminos-
ity, acceptance, and expected BG are included as nuisance
parameters in the limit setting procedure. The acceptance
uncertainty is dominated by the difference between accep-
tances determined using DY and CI/DY simulations. The
uncertainty in BG is dominated by the effect of PDF vari-
ations. The observed and expected lower limits on A at
95% CL as a function of Mﬁ;{“’ for destructive and con-
structive interference are shown in Figs. 5. For both cases,
the sensitivity to A is maximal for M, ﬁl’l’“’ in the middle of
the range studied. In both cases we select minimum mass
of 700 GeV/c?, resulting in an observed (expected) limit
of 9.5 TeV (9.8 TeV) for destructive interference and 13.0
TeV (13.0 TeV) for constructive interference.

A reinterpretation of the search in Sec. 2 can be done
in terms of four-fermion CI in the particular case of the
Helicity-Non-Conserving model, providing a limit on the
preon binding energy scale A. The expected and observed
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limits for A are shown in Figure 6. The lower limit on A
is 8.7 TeV.

7 Search for excited leptons

Compositeness models predict excited states of quarks and
leptons at the characteristic scale of the new gauge interac-
tion that binds preons. Since these excited fermions couple
to SM fermions, they can be produced via CI and subse-
quently decay to SM fermions through the emission of a
W/Z boson or a photon. Previous searches have not found
evidence for excited leptons. Here, the production of an
excited lepton in association with an oppositely charged
lepton of the same flavor, via four-fermion CI, is consid-
ered [11]. The excited lepton decay £* — ¢y results in
the final state £*¢~y. The dominant, irreducible, SM BG
in this search is the Drell-Yan production of £*¢~y where
the final state photon is either radiated by an initial-state
parton (initial state radiation, ISR), or originates from one
of the final-state leptons (final state radiation, FSR). The
second-most important BG is due to Z+jets events where
a jet is misidentified as a photon. Here, Z corresponds to
the off-shell production as well. Another important BG is
due to W+jets events where a jet is misidentitfied as an
electron in the e* channel. The analysis uses events with
at least one well reconstructed primary vertex, one isolated
high pr photon, and two isolated high py leptons. The an-
gle between the photon and the leading lepton, AR(y,£), is
required to be AR(y, 1)>0.7 and AR(y,e)>0.5. The dilep-
ton invariant mass is required to be above 60 GeV. For the
muon channel, the dilepton invariant mass is required to
be 25 GeV above the nominal Z mass (91.19 GeV). For
the electron channel, the dielectron invariant mass and the
electron-photon invariant masses are required to be outside
a £25 GeV window centered at the nominal Z mass. The
larger (an" ) and the smaller (Mxin ) invariant masses of
the photon paired with one of the leptons are used for sig-
nal selection. A region in M%i“ -M?’Ia* plane forming an
L-shape is used for signal selection. For the chosen lepton-
photon pairs, both invariant mass distributions peak at the
excited lepton mass. The boundaries of the final selec-
tion depend on the excited lepton mass, and are identical
for the excited electron and excited muon cases. For the
lower masses, tighter L-shape selection regions are needed
since the BG is more significant. For higher excited lep-
ton masses the BG is negligible, a wider L-shape selection
region is thus used. After all selection steps the expected
BG is always below 2 events and decreases with the £*

mass. The expected numbers of potential signal events and
irreducible BG events are evaluated from simulation while

the contribution of misidentified particles is derived from
data. The uncertainties in the description of the detector
performance, such as lepton energy or momentum resolu-
tion, lepton and photon energy scales, have been included
in the systematic uncertainties. The impact on the sig-
nal yield corresponds to +2% and +3.5%, respectively. A
systematic uncertainty effect of 10% is conservatively as-
signed due to parton distribution functions on the BG. For
masses above 0.4 TeV no data events pass the selection
criteria. Hence we provide upper limits on the production
cross section of excited electrons and excited muons at the
95% C.L. using a single bin counting method which takes
into account the signal and BG yield uncertainties and the
integrated luminosity normalization uncertainty. Limits
for masses between 0.2 and 0.4 TeV are higher due to the
fact that the BG is located in this region. Assuming sim-
ilar masses for e* and u* the channels could be combined
thus improving the excluded cross section limit to 0.73 —
0.60 fb for masses from 0.6 TeV to 2 TeV. For each excited
lepton mass, the excluded cross section can be associated
to a value of the new interaction scale A. Excited electrons
and muons with masses below 1.9 TeV are excluded for
the scale of CI A = My-.
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