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1 Introduction

In contrast with the supersymmetry (SUSY) [1, 2]
searches where a certain benchmark of the model is
looked for, the non-SUSY searches for physics beyond
the predictions of the standard model (SM) have no pre-
defined path. Often the results are given as model inde-
pendent as possible letting the various theoretical models
to confront their predictions with the observed results in
certain final states, e.g., μ+μ−. In order to improve the
searches sensitivity, the CMS detector and the physics
objects, e.g., tau-lepton candidates, need to be well un-
derstood. This section presents a short overview of the
CMS apparatus and the performance in reconstructing
the objects needed in various analyses. In this paper the

natural units system is used, � = c = 1.
The central feature of the CMS is a superconduct-

ing solenoid, providing a 3.8 T magnetic field. Within
the field volume are the silicon pixel and strip tracker,
the crystal electromagnetic calorimeter (ECAL) and
the brass/scintillator hadron calorimeter (HCAL). The
tracks can be reconstructed with transverse momentum
(pT ) as low as 100 MeV and a pT resolution of 1% at
100 GeV. The energy resolution achieved by ECAL is
3%/

√
ET /GeV while in HCAL it is 100%/

√
ET /GeV.

Muons are measured in gas-ionization detectors embed-
ded in the steel return yoke. A detailed description of the
CMS detector can be found elsewhere [3].

The muons are reconstructed starting from the tracks
found in the Muon System. These tracks are then
matched with the ones from the pixel and strip track-
ing system forming the global tracks of the muons. The
CMS acceptance can be described with the pseudo-
rapidity η = − ln(θ/2), where θ is the polar angle. The
muons can be reconstructed up to η = 2.4 and the
achieved resolution of the transverse momentum, pT , is
0.015% · pT ⊕ 0.5%. A complete overview of the muon
reconstruction performance is given in Ref. [4].

The electron candidates in CMS combine the en-
ergy from ECAL clusters with tracks reconstructed
by the Gaussian Sum Filter (GSF) algorithm [5].
They can be reconstructed in the |η| < 1.4442 and
1.556 < |η| < 2.5 range with a transverse energy resolu-
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tion of 3%/
√

ET /GeV.
The tau-lepton candidates are reconstructed with the

particle flow algorithm [7]. The identification is per-
formed using their leptonic decay products, electrons or
muons, and the Hadron Plus Strips (HPS) algorithm [6]
for hadronic decays. The particle-flow charged hadron
candidates are combined with clusters of nearby pho-
tons. The photons, produced in the π0 decays, are clus-
tered (η, ϕ)-strips accounting also for the electrons com-
ing from their conversion. The tau candidates can be
reconstructed in CMS detector up to η = 2.3 and their
energy scale is known with a precision of 3%.

Another important ingredient in the search for physics
beyond SM are the jets. The partons can fragment into
jets that can be reconstructed within the CMS detector
acceptance. In case of b-quarks, the jets can be identi-
fied by an appropriate b-tagging algorithm [8]. The jets
are reconstructed using the anti-κT jet selection algo-
rithm [9] with a radius of 0.5. The particle flow tech-
nique is used to reconstruct and identify all stable parti-
cles within the detector, performing the needed cleaning
of reconstructed jets in order to determine the missing
energy in the transverse plane, Emiss

T , in the event. The
Emiss

T is defined as the negative vector sum of all particle
candidates and jets reconstructed with the PF algorithm.

The various pile-up conditions were considered and the
physics objects were corrected accordingly [10].

2 Z ′- and W ′-bosons searches

The existence of narrow resonances at the TeV scale is
foreseen in many theoretical models predicting physics
beyond the SM. Two of these models, Sequential Stan-
dard Model with ZSSM having a SM-like couplings [11]
and the ZΨ expected in grand unied theories [12] foresee
for a mass of 1 TeV widths of 30 and 7 GeV, respectively.

A search for this type of narrow resonances in the
dilepton (e+e−, μ+μ−) mass spectra using proton-proton
collision data collected with CMS at

√
s = 7 and 8 TeV

was performed [13]. Data corresponding to 5.3 fb−1 in-
tegrated luminosity at 7 TeV and to 4.1 fb−1 at 8 TeV
were analysed. The events were selected using double
lepton triggers, while the leptons had to be isolated and
have pT > 35 GeV for electrons, and 45 GeV for muons.
The main background contributions are primarily due
to SM processes as Drell–Yan and tt̄ production. Other
prompt leptons that can contribute come from double
boson production (WW , WZ and ZZ) and from jets
misreconstructed as leptons.

In Fig. 1 the dimuon spectrum observed in the anal-
ysed data at

√
s = 8 TeV is presented. The correspond-

ing SM background contributions derived using Monte

Carlo simulations (MC) describe the data and no ex-
cess is observed. Therefore limits are calculated with an
unbinned likelihood fit of the dilepton mass. The ob-
tained limits are expressed as a function of the ratio:
Rσ = pp→Z′+X→��+X

pp→Z+X→��+X with � = e, μ. This ratio reduces
the dependence on the detector effects as acceptance,
trigger, selection efficiencies, and eliminates the system-
atic uncertainty from the integrated luminosity measure-
ment.

Fig. 1 The μ+μ− invariant mass distribution for
√

s = 8 TeV
analysed data and the corresponding SM background contributions
normalized to their cross-sections.

The achieved limits are presented in Fig. 2 together
with the model predictions. One can exclude with 95%
C.L. the Z ′

SSM with standard model-like couplings be-
low 2590 GeV and the superstring-inspired Z ′

Ψ below
2260 GeV.

Fig. 2 The expected and observed upper limits on the ratio of
the cross-section times branching fraction into dileptons for Z

′
SSM

and Z
′
Ψ production to the one for Standard Model Z0 production.

The limits and model predictions are given as a function of the
resonance mass. The green and yellow bands correspond to one
and two standard deviations, respectively.

A similar search was performed also for a new heavy
gauge boson W ′. The results of this search can be also
interpreted from the perspective of universal extra di-
mensions (UED) with bulk fermions, or split-UED [14,
15]. The model is based on extended space-time with
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an additional fifth dimension where the SM particles are
accompanied by corresponding Kaluza–Klein (KK) part-
ners.

For the this search [16] single lepton events were se-
lected with pT > 90 GeV electrons, and 45 GeV muons.
In order to enhance events with topology similar with
the one from the W -boson SM production, the trans-
verse momentum of the selected lepton is required to
be back-to-back with the Emiss

T . The main background
contributions are related to SM production of W -boson
and diboson. No significant excess is observed and there-
fore limits are calculated considering the transverse mass

spectrum: MT =
√

2 · p�
T · Emiss

T · (1 − cosΔϕ�,ν) with
� = e, μ and Δϕ�,ν the azimuthal angle difference be-
tween lepton and missing energy in the transverse plane.

The transverse mass spectrum observed at
√

s =
8 TeV in the electron channel is shown in Fig. 3.

Fig. 3 The transverse mass distribution observed in the electron
channel at

√
s = 8 TeV. The Monte Carlo simulated signal events

are overlaid.

The SM background contributions normalized to their
cross-section show that there is no significant excess in
data. The calculated limit can be seen in Fig. 4 and for
the combined statistics at 7 and 8 TeV centre of mass en-
ergy one can exclude W ′

MSSM with a mass of less than
2.85 TeV at 95% C.L.. For masses below 1.4 TeV also
the second Kaluza–Klein excitation can be excluded for
a bulk mass parameter, μ, of 0.05 TeV, while a mass
bellow 3.3 TeV is excluded for μ = 10 TeV.

3 Heavy neutrino

One of the driving reasons for looking for physics beyond
SM is the observation of the neutrino oscillation [17].
This implies that they are massive, while the SM assumes

Fig. 4 The upper limits on the cross-section times branching
fraction for W

′
SSM production as a function of its mass.

that they are massless. The neutrino mass can be ac-
commodated extending the SM by adding massive right-
handed neutrinos [18]. The decay mode that is searched
for is: W ′

R → �1N� → �1�2W
∗
R → �1�2qq

′ → �1�2jj with
� = e, μ, N� the heavy neutrino, W ∗

R is off-shell and j a
reconstructed jet. Therefore events with 2 leptons and at
least 2 jets are selected.

The leading lepton is selected if the pT is larger than
60 GeV, while the sub-leading lepton and the jets are
required to have pT greater than 40 GeV. Due to the
large mass expected for W ′

R, the signal can be enhanced
relative to SM background contributions by selecting
only events with dilepton invariant mass above 200 GeV
and the invariant mass of the dilepton and dijets system
above 600 GeV [19].

The main contributions from the SM background pro-
cesses are given by the tt̄ and Drell–Yan as one can ob-
serve in Fig. 5. Other contributions from W , single t and
diboson production are also considered. No signal excess
was observed and exclusion limits for various flavours of
the heavy neutrino were calculated. In Fig. 6 the limit in
the N� and W ′

R mass plane is shown for the case when
all flavours are considered.

Another search in the neutrino sector is for heavy
Majorana neutrino. The small neutrino mass could be
explained by introducing a new massive neutrino state:
mν ≈ y2

νv2/mN where yν is ν Yukawa coupling to Higgs
field and v the SM Higgs vacuum expectation, the “see-
saw” mechanism. The investigated decay channel [20] is
qq̄ → W± → N�± → W∓�±�± → qq̄�±�± with � = e, μ.
Events with only two same sign leptons with pT > 20
and 10 GeV, at least two jets with pT larger than 30
GeV and Emiss

T less than 50 GeV are selected.
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Fig. 5 The four object mass distribution for μμjj events at√
s = 8 TeV. The Monte Carlo simulated signal corresponds to

a 1800 GeV W
′
R and 900 GeV N�.

Fig. 6 The excluded region in N� and W ′
R mass plane with

MN�
= 1/(2MWR

) obtained considering electron, muon and tau
flavour.

In this search, limits on the Majorana neutrino mixing
elements are calculated. In Fig. 7 the exclusion limit on
|VμN | is shown as function of MN . For a 90 GeV Ma-
jorana neutrino the limits on the mixing elements are
|VμN |2 < 0.07 and |VeN |2 < 0.22.

4 The 4th generation

The mass of a fourth generation quarks, t and b, is re-
stricted to be greater than 350 GeV from direct searches

Fig. 7 The 95% C.L. exclusion region of |VμN |2 vs. the Majo-
rana neutrino mass. The expected (dashed black line) and observed
limit (solid red line) overlap.

[21]. The indirect search from LEP excludes a fourth light
neutrino type [22]. The search for t′ quark is performed
in events where a pair of heavy top-like quarks are pro-
duced t′t̄′ → bW+b̄W− → b�+νb̄�−ν̄ with � = e, μ.

Events triggered with two opposite-sign isolated lep-
tons, e+e−, e±μ∓ or μ+μ−, with pT > 20 GeV
are selected. In addition, top-like events are enhanced
by requiring two b-tagged jets with pT > 30 GeV,
while the Drell–Yan events are rejected by applying the
Emiss

T > 30 GeV cut. The selected leptons and b-tagged
jets are combined and from all invariant mass combina-
tions, M�b, the minimal one is chosen to look for the t′t̄′

signal [23]. The presence of the signal is expected to be
dominant for Mmin

lb > 170 GeV as it is illustrated in Fig.
8 for a t′ mass of 450 GeV. The main background con-
tribution comes from the Standard Model tt̄ (dilepton
channel) production. Also other backgrounds as diboson
and single top production were considered.

Fig. 8 The minimal invariant mass observed for the �b pairs com-
binations. The signal prediction for a 450 GeV t′ is also shown.
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The total SM background prediction in the signal re-
gion is 1.8 ± 1.1 events and only 1 event is observed in
the analysed data. Because there is no evidence for an
excess of events above SM expectations exclusion limits
are calculated on the t′t̄′ pair production cross section as
shown in Fig. 9. At 95% C.L. the existence of a t′ quark
with a mass of 557 GeV is excluded.

Fig. 9 The 95% C.L. upper limits on the production cross section
of t′ t̄′ as a function of t′ mass.

Also an inclusive search for quarks of the 4th genera-
tion was performed [24]. In this search the limits on the
masses of the t′ and b′ were calculated as a function of the
CKM matrix element |Vtb|. The lower limit of |Vtb| > 0.81
obtained from the single t production cross section mea-
surements [25] translate in a lower limit above 0.66 on the
mixing between the third and fourth-generation quarks
in this model, |Vt′b′ |2.

The tt̄-like events are enhanced by requiring that the
leading lepton, pT > 40 GeV, is accompanied by two jets

Fig. 10 The ST distribution in events where both jets are
b-tagged and the Standard Model expectations. The signal distri-
bution is shown for two values of |Vt′b′ |2 and for b′ and t′ masses
of 550 GeV. The signal is magnified by a factor of 8 for visibility
purposes, while last bin includes the overflow.

with pT above 30 GeV, at least one of them being b-
tagged, and Emiss

T > 40 GeV.
In order to discriminate between SM background con-

tributions and the 4th generation signal, the scalar sum
on the transverse momenta on the final state recon-
structed objects, ST , is used: ST = Emiss

T + p�
T + pb

T +

pj
T +

∑N
i=0 p

W i
qq̄

T where p
W i

qq̄

T is the transverse momentum
of the ith reconstructed hadronically decaying W -boson.

The observed scalar sum ST in events where both jets
are b-tagged and the prediction from SM background
processes is presented in Fig. 10. The expected signal
contribution from 550 GeV 4th generation quarks is also
shown. No excess over the expected SM predictions was
observed, therefore limits for mb′ = mt′ as function of
|Vtb|2 = |Vt′b′ |2 were calculated. In Fig. 11 it can be seen
that 4th generation quarks with mass below 685 GeV are
excluded at 95% C.L..

Fig. 11 The exclusion limits on mb′ = mt′ as function of
|Vtb|2 = |Vt′b′ |2. The parameter values below the line are excluded
at 95% C.L..

5 Excited leptons

One attempt to explain the three generation structure of
the fermion families leads to models where quarks and
leptons can be postulated as being composed of “more”
fundamental constituents, the preons [26]. These excited
fermions are supposed to couple to the SM fermions
therefore they can be produced via contact interaction
and one of the possible decays is radiative through the
emission of a photon. The signal �±�∗∓ → �±�∓γ is
searched with � = e, μ.

The events selected for this search have two isolated
leptons and one photon. In case of electrons it is required
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that their pT is greater than 35 GeV in the barrel region,
|η| < 1.4442, and 45 GeV in the end-caps. The muons are
selected in the |η| < 2.1 region with pT > 45 and 40 GeV,
for the leading and sub-leading one, respectively. The
photon selection ensures a high energy resolution and
purity for ET > 35 GeV in the barrel region. It is also
well separated in η and ϕ from the reconstructed muons
and electrons by requiring a radius between its direction
and the leptons of 0.7 and 0.5, respectively. The invariant
mass of each lepton and the photon, M�γ , is analysed in
the (Mmax

�γ , Mmin
�γ ) plane [27]. This approach allows us

to enhance the signal in an L-shape region as shown in
Fig. 12 for an excited lepton of 0.2 TeV.

Fig. 12 The Mmax
�γ vs. Mmin

�γ distribution for the excited muon
analysis. The data are illustrated with blue plain circles, back-
ground contributions with red squares and the expected signal for
an excited muon of 0.2 TeV.

Upper limits on the production cross section of the ex-
cited leptons are calculated at 95% C.L. using a single
bin counting method and are presented in Fig. 13.

For excited electrons (muons) with masses between 0.6
and 2 TeV production cross sections higher than 1.57–
1.32 fb (1.30–1.14 fb) are excluded. The limits are more
stringent, 0.73–0.60 fb, for models where Me∗ ≈ Mμ∗ .
Also, for the scale of contact interaction Λ = M�∗ ex-
cited electrons (muons) with masses below 1.9 TeV are
excluded.

6 Gauge-mediated symmetry breaking

Some of the models predicting the physics beyond SM,
for example hidden valley scenarios [28] or supersym-
metry with gauge-mediated symmetry breaking (GMSB)
[29], predict long lifetime particles that may be neutral
and decay into photon and weakly interacting particles.

Fig. 13 The 95% C.L. expected and observed upper limit on
cross-section production of excited muons. For different Λ scales,
the excited lepton leading-order cross-section are shown with the
black solid lines.

One example is the neutralino which decays into a pho-
ton and a weakly interacting gravitino: χ̃0

1 → γG̃.
The event signature is therefore given by an excess

in the Emiss
T and displaced photon signals. The time of

impact of the photon on the surface of the ECAL and
ECAL cluster shape are most important discriminating

Fig. 14 The Emiss
T spectrum at

√
s = 7 TeV. The multi-jet and

γ+jet backgrounds use shape derived from data. The rest of the
background contributions are estimated using Monte Carlo simu-
lation and normalized according to their cross-sections. The signal
corresponds to the SUSY breaking scale Λ = 100 TeV and the
decay length cτ = 2000 or 250 mm.
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variables in this search [30]. The photon is selected in the
|η| < 1.4 region with ET > 100 GeV. Together with the
photon also three jets are required with pT > 35 GeV. In
the Emiss

T spectrum, at large values, an excess of events
is predicted by the model as illustrated in Fig. 14

No excess of events was observed and the exclusion
limits on the decay length of neutralino as a function of
its mass, presented in Fig. 15, were calculated. The χ̃0

1

mass upper limit goes up to 220 GeV, while the cτ limit
up to 6000 mm.

Fig. 15 The observed and expected exclusion region of the eχ0
1

proper decay length and mass.

7 Lepto-quarks

Grand Unified Theories, composite models [31], techni-
color schemes [32] and superstring-inspired E6 models
[33] predict the existence of leptoquarks, particles which
carry both baryon and lepton number. The dominant
production mechanisms of the leptoquarks are foreseen
to be gluon-gluon fusion and qq̄ annihilation.

The channel used in the search of the first [34] and sec-
ond [35] generation of leptoquarks is LQLQ → �q�q(νq)
with � = e, μ. The signal events are characterised by two
energetic leptons, two jet and a large scalar sum ST . For
example in the μμjj channel muons with pT > 40 GeV
and jets with pT larger than 30 GeV are selected. In ad-
dition a cut on ST > 250 GeV is applied. The analysis
is optimised using the smallest muon-jet invariant mass
that minimize the MLQ − MLQ difference.

In Fig. 16 the invariant mass Mμj is shown after the
final selection. The main SM background contributions
in the final distribution of the μμjj channel are given
by the Drell–Yan and tt̄. Other contributions as W -
boson, diboson and QCD multijet production processes

are also considered. The number of events observed in
data is consistent with the SM background prediction.
Therefore an upper limit on the leptoquarks production
cross section times the square of the branching ratio,
β = BR(LQ → �q), was calculated.

Fig. 16 The muon-jet invariant mass distribution after the final
selection. The signal prediction for a leptoquark mass of 550 GeV
in the μμjj channel is also illustrated.

For the second generation leptoquarks the exclusion
limits are shown in Fig. 17.

Fig. 17 The upper limit at 95% C.L. on the leptoquarks produc-
tion cross section times the square of the branching ratio, β, as a
function of the second generation leptoquarks mass. For β = 1 also
the theoretical scalar leptoquarks production cross section and its
uncertainties are shown.

The pair production of the first generation leptoquarks
is excluded at 95% C.L. for masses below 830 (640) GeV
for β = 1(0.5). The second generation leptoquarks pair
production is excluded at 95% C.L. for masses below 632
(523) GeV for β = 1(0.5).

The search for the third generation leptoquarks was
done with the channel LQLQ → τbτb → �τhadb-jet b-jet
where � = e, μ and τhad is tau-lepton decaying fully
hadronic [36]. The selected events have an electron
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(muon) with the pT greater than 30 GeV and a hadronic
decaying tau with pT > 50 GeV. The signal predic-
tion against the Drell–Yan contribution is enhanced
requiring two b-tagged jets with pT > 30 GeV. An
additional discrimination against the background is
obtained when applying M(τh, b-jet) > 170 (190) GeV
for signal with masses up to 450 GeV (greater than
450 GeV). The M(τh, b-jet) is chosen such that the
M�b − Mτh,bjet is minimized. The ST distribution, where
ST = pτh

T + p�
T + pbjet1

T + pbjet2
T , after final selection is

used to search for the third generation leptoquarks. In
Fig. 18 one can observe that no excess of events is seen
with respect to SM background predictions.

Fig. 18 The ST distribution observed in data and the Standard
Model background predictions normalized according to their cross-
sections. The signal (black line) after M(τh, b-jet) > 170 GeV is
also illustrated.

The stop decaying via t̃1 → τb has the same event sig-
nature. Therefore exclusion limits can be calculated for
the third generation leptoquarks pair production as well
as for the stop pair production as it can be seen in Fig.
19.

The existence of the third generation leptoquarks with
masses below 535 GeV is excluded at 95% C.L. for a
branching ratio to τb of 100%. The vector leptoquarks
with masses below 760 GeV are also excluded. The stop
masses below 240 GeV are excluded for any value of the
λ′

333 coupling [37] to τ -lepton and b-quark. For λ′
333 = 1

stops with masses below 453 GeV are excluded at 95%
C.L..

8 Extra-dimensions and other searches

The Randall-Sundrum (RS) model [38] predicts an effec-
tive theory where the graviton propagates in a 5th extra
dimension. This could lead to Kaluza–Klein tower of
states that can be detected as massive spin 2 resonances,
e.g. the RS graviton G∗. The model can be described
phenomenologically with the graviton mass and the ra-
tio of the 5th dimensional curvature to the reduced Plank

Fig. 19 The 95% C.L. limits on third generation leptoquarks
pair production cross-section times the branching ratio to decay
into τb as a function of leptoquark mass. Because t̃1 → τb has the
same event signature also the limit for the stop pair production is
calculated.

mass (k/MPlank), the coupling constant of the model.
The final state searched for the existence of the

RS graviton G∗ → Z0Z0 → qq̄νν̄ is described by
large Emiss

T and only 2 jets [39]. The leading jet
is required to have a pT > 200 GeV and a mass
larger than 70 GeV. In order to veto the QCD mul-
tijet background events the two jets have to be well
separated in the azimuthal angle, Δϕ > 2.8. The W -
boson SM contribution is reduced by removing events
with isolated electrons or muons. The signal is fur-
ther enhanced by selecting events with jet-Emiss

T trans-

verse mass MG
T =

√
2pjet

T Emiss
T

[
1 − cosΔϕ(jet, Emiss

T )
]

greater than 900 GeV and Emiss
T > 300 GeV.

In Fig. 20 the jet-Emiss
T transverse mass is presented.

The main SM background contributions are given by the
processes Z0+nq → νν̄+njets and W + nq → �ν + njets.
The expected signal contribution for MG∗ = 1250 GeV
and k/MPlank = 0.2 is also shown.

No excess of events was observed. Limits at 95% C.L.
on the cross-section production times the branching ra-
tio for a resonance decaying in Z0Z0 and consequently
into a massive jet plus Emiss

T were calculated.
For a mass between 1000 and 1500 GeV, they are found

to be between 0.047 and 0.021 pb. From the perspective
of the RS model it can be concluded that the RS gravi-
ton is excluded for k/MPlank above [0.11, 0.29] as it can
be seen in Fig. 21.

Another search where the hypothesis of existence RD
Graviton can be tested is the investigation of the dijet
invariant mass spectrum [40]. Many models with a final
state with qq̄, qq, q̄q̄, qg and/or gg can be probed in this
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Fig. 20 The jet-Emiss
T transverse mass observed in

√
s = 7 TeV

data and the Standard Model background predictions. The ex-
pected signal for MG∗ = 1250 GeV and k/MPlank = 0.2 is also
presented.

Fig. 21 The exclusion limits interpreted in the Randall–Sundrum
model for G∗ → Z0Z0 → qq̄νν̄.

search. Events with jets in |η| < 2.5 region with pT > 30
GeV are selected. The selected jets are combined into
wide jets [41, 42] that are used afterwards to measure
the dijet mass spectrum. The two wide jets are required
to be close in η, Δηjj < 1.3, and have Mjj > 890 GeV.
In Fig. 22 the dijet mass spectrum is presented for the
data collected at

√
s = 8 TeV. Expected contributions

from a W ′-boson with 1.5 TeV mass and for E6 scalar
diquark [43] with 3.5 TeV are also presented.

No excess was observed, exclusion limits were calcu-
lated on the cross section times branching ratio and ac-
ceptance.

These limits are compared with predictions from var-
ious models in Fig. 23.

Fig. 22 Dijet mass spectrum from wide jets together with ex-
pected signal contributions for a 1.5 TeV W ′-boson and 3.5 TeV
E6 scalar diquark.

Fig. 23 The observed upper limits at 95% C.L. on the cross sec-
tion times branching ratio and acceptance for gluon-gluon (open
circles), quark-gluon (solid circles), and quark-quark (open boxes)
resonances. The expectation for string resonances [44], E6 di-
quarks, excited quarks [45], axigluons [46], colorons [47], s8 res-
onances [48], W ′ and Z′ new gauge bosons, and Randall-Sundrum
gravitons are also presented.

Motivated by the hierarchy problem, the ADD model
[50] with n extra spatial dimensions predicts production
of microscopic black hole (BH) in proton-proton colli-
sions at the high energies. These BH do not grow like
cosmics black holes, but rather evaporate.

The event signature is given by a large number of
energetic final state particles where 75% are jets. There-
fore events with isolated energetic leptons, pT > 50
GeV, isolated photons with ET > 50 GeV and at least
2 jets with pT > 50 GeV in |η| < 2.6 region are selected.
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Fig. 24 The scalar sum on the transverse momenta and miss-
ing energy, ST , for events with a multiplicity of at least 8 ener-
getic objects. The solid line with error bands illustrates the back-
ground prediction. Expected signal contributions are given for cer-
tain number of extra dimensions, n, multidimensional Planck scale,
MD, and the minimum black hole mass, Mmin

BH .

The discriminating variable chosen in this search [49] is
the scalar sum on the transverse momenta on the final
state reconstructed objects, ST , which goes over all jets,
leptons, photons with pT > 50 GeV and Emiss

T > 50
GeV.

The observed data are in agreement with the expected
QCD multijet background contribution and cross section
limits at 95% C.L. can be extracted for various BH pa-
rameter sets, as shown in Fig. 25.

The ADD model can be also tested looking at the
presence of the tower Kaluza–Klein excitations of the
graviton. These would lead to an enhancement of the
fermion and boson pair production cross sections, espe-
cially at high energies. A search in the dielectron mass
spectrum was performed [52] with the data collected at√

s = 7 TeV.
The event selection requires two isolated electrons with

pT greater than 35 GeV in the barrel region and 40 GeV
in the endcap region. An optimized invariant mass cut,
Mee > 1.3 TeV, to the expected sensitivity was used.

In Fig. 26 the observed dielectron invariant mass spec-
trum is presented. The dominant SM background con-
tribution is given by the Drell–Yan process. The ex-
pected enhancement of events from the ADD model with
ΛT = 3.0 TeV, the model unknown parameter related to
the number of extra dimensions, is also shown. There is
one event observed for Mee > 1.3 TeV, while 0.79± 0.15
events are expected from the SM prediction.

In Fig. 27 the exclusion limits at 95% C.L. on the cross

Fig. 25 The observed cross section limits at 95% C.L. using
counting experiments for various black hole parameter sets. The
signal predicted cross sections with the BLACKMAX generator
[51] are also shown.

Fig. 26 The measured dielectron invariant mass spectrum and
the estimated standard model background contributions. The sig-
nal expected from the ADD model for ΛT = 3.0 TeV is also dis-
played.

Fig. 27 The 95% C.L. limits on the cross section of an ADD sig-
nal with a dielectron pair in the final state. The expected leading-
order and next-to-leading-order cross section are also illustrated.



Adrian Perieanu, on behalf of the CMS Collaboration, Front. Phys., 2013, 8(3) 267

section of an ADD signal that decays into a dielectron
pair are shown together with the leading-order and next-
to-leading-order theoretical predictions. A similar search
using the dimuon final state was also performed [53].

Another test of the ADD model was performed on
events containing a single energetic jet (monojet) and
large Emiss

T . These events are signature of direct produc-
tion of a graviton produced via processes as gg → gG.
The same event signature corresponds also the best can-
didate for dark matter (DM), a stable weakly interactive
particle χ. The DM particles could be produced at the
LHC if their mass is less than half of the parton centre-
of-mass energy. The interaction with the SM particle can
be seen as a contact interaction at the scale Λ. In this
search χ is assumed to be a Dirac fermion.

Events selected for this search [54] have one jet with
pT larger than 110 GeV and Emiss

T > 200 GeV. The
signal is enhanced with respect to SM background con-
tributions by applying a lepton veto, no muon or electron
with pT > 10 GeV, and no more than 2 jets with pT > 30
GeV.

In Fig. 28 the Emiss
T spectrum is shown together with

examples of ADD and DM signals. The observed number
of events is consistent with the SM prediction. Exclusion
limits on the dark matter-nucleon scattering cross sec-
tion were calculated for spin independent and depended
models, as shown in Fig. 29.

The lower limit at 95% C.L. on the multidimensional
Plank scale MD in the ADD model is presented in Fig.
30.

Fig. 28 The observed Emiss
T spectrum and the SM background

contributions. Signal expectation for a dark matter particle at the
scale Λ = 599 GeV, axial-vector couplings and Mχ = 1 GeV, as
well as expectation for an ADD signal with the multidimensional
Plank scale MD = 2 TeV and δ = 3 extra dimensions are also
presented.

Fig. 29 The 90% C.L. upper limits on the dark matter-nucleon
scattering cross section for spin independent (a) and spin depen-
dent (b) models using monojet final state. For comparison, results
from the monophoton final state search [55] as well as from other
experiments are also shown.

Fig. 30 The lower limits at 95% C.L. on the multidimensional
Plank scale MD as a function of δ extra dimensions.

9 Conclusions

In this paper results on the searches for physics beyond
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the standard model (SM) in pp collisions at
√

s = 7 and 8
TeV recorded with the CMS experiment were presented.
The analyses performed with dedicated physics objects
were focused on specific final states topologies. In this
way various theoretical models could be tested compar-
ing their prediction for a certain final state. No significant
excess of events has been observed so far, therefore new
limits were set on the cross section production of the new
gauge Z ′- and W ′-bosons, heavy neutrino, quarks of the
4th generation, leptoquarks as well as of the signal pre-
dicted by models considering extra dimensions and dark
matter.

Although many final states topologies were tested,
most of them refer to phase-space regions where the stan-
dard model processes contributions is highly suppressed.
It is time to extend these searches also in regions of
phase-space where the precision needs to be improved
in order to better discriminate with respect to contribu-
tions from the SM processes.
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