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The CMS collaboration has recently produced results of a number of searches for new physics
processes using data collected during the 2011 run of the Large Hadron Collider. Up to 5
inverse femtobarns of proton-proton collisions at 7 TeV centre-of-mass energy have been used
to search for the standard model Higgs boson in five different decay modes, divided in 42
independent sub-channels. The combination of the results has allowed CMS to set 95%
confidence-level limits on the Higgs boson mass, constraining it to lay in the region
114.4<My<127 GeV or My=>600 GeV. An excess of events with a local significance of 3.1c is
observed for my=124 GeV?; the global significance of observing such an effect anywhere in the
search range 110-600 GeV is estimated to be 1.56. A number of signatures of supersymmetric
particles have also been investigated, significantly restricting the parameter space of natural
low-scale theories. A search for the rare decays of neutral bottom mesons to muon pairs, Bs 2uu
and By=uu, has achieved the tightest limits to date®, and is approaching the sensitivity to
measure the standard model branching ratios. As it happens, though, the highly informative
results extracted from 2011 data produce more questions than answers; this doubles expectations
for the 2012 run of LHC, which will conclusively answer several of them.
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The quoted results on combined Higgs boson searches have been updated by a recent publication [1].
The LHCD collaboration has since produced a slightly tighter limit which is now the world’s best on this
search [2].
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1. Introduction

2012 is arguably a crucial year for the Large Hadron Collider (LHC) experiments in
particular, and for high-energy physics in general. After the start-up of the LHC at the
CERN laboratories in Geneva on September 10™ 2008, and the subsequent September
19™ incident which caused a full additional year of delay in the schedule of the
machine®, physicists working at the LHC experiments have been busy with the
exploitation of data coming first from low-luminosity, low-energy collisions, and then
gradually higher energy and beam intensity (see Fig. 1). While insufficient to produce
significant advancements in our knowledge of fundamental physics, the very early, \'s =
900 GeV data delivered by the LHC in 2009 allowed important calibrations of the
detectors and data acquisition chain through the re-discovery of known standard model
(SM) signals. In contrast, the 40 inverse picobarns of 7-TeV collisions delivered in the
fall of 2010 were successfully used by the CMS collaboration to tighten the existing
bounds on supersymmetric (SUSY) parameters [3-7], as well as to discover new
features of low-energy quantum-chromo-dynamics (QCD) production [8], and to add
the 7-TeV measurement point to several cross section graphs [9-12]. However, it was
the data collected in 2011 which brought a significantly larger amount of information on
many new physics models. And 2012 promises to allow a further qualitative step
forward.
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Figure 1. Left: Integrated luminosity (in inverse picobarns, on a semi-logarithmic scale)
delivered by the LHC (red) and recorded by the CMS experiment (blue) during the 2010
7-TeV proton-proton run, as a function of date of the year. Right: Integrated luminosity
(in inverse femtobarns) delivered by the LHC (red) and recorded by the CMS
experiment (blue) during the 2011 7-TeV proton-proton run, as a function of date of the
year.

In this paper we offer a review of some of the most interesting searches performed with
2011 data by the CMS experiment. As the reader will see, many of the results configure
themselves as open questions: is the Bs meson decaying to muon pairs at the rate
predicted by the standard model, or at a higher rate compatible with the exchange of

* See e.g. http://press.web.cern.ch/press/PressReleases/Releases2008/PR14.08E.html
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virtual massive SUSY mediators? Does the Higgs boson exist? Is the Higgs boson mass
compatible with the indications of the existing global fits to electroweak observables?
Can gluinos with mass below 1 TeV be excluded for most of the SUSY parameter
space, throwing a monkey wrench into the inner workings of the most studied
extensions of the standard model?

Most of the above questions are very likely to certain to receive a conclusive
answer this year, when the LHC is scheduled to run at a centre-of-mass energy of 8
TeV, and is foreseen to deliver over 15 inverse femtobarns of proton-proton collisions
to the ATLAS and CMS detectors. The 1-TeV increase in total collision energy with
respect to 2011 may not sound like a large improvement; yet several of the most
interesting final states which might produce discoveries of new physics, such as e.g. a
new heavy Z’ gauge boson, correspondingly increase their cross sections quite
significantly because of their dominant production via quark-antiquark initial states;
even precision physics measurements in the top quark sector will benefit from the over
50% enhancement of top-pair production rate, effectively increasing the overall number
of analyzable top quarks by a factor of 5 with respect to 2011.

The structure of this document is as follows. We provide some detail of the CMS
experiment and of the 2011 data taking campaign in section 2. Section 3 describes some
of the most significant measurements produced by CMS in electroweak and top quark
physics. We offer a discussion of selected B physics results in section 4. In section 5 the
Higgs boson searches in the full 2011 dataset are described in detail. Section 6 is
devoted to a brief summary of CMS searches for SUSY processes. Section 7 discusses
two recent results for exotic new physics processes. We provide our conclusions in
section 8.

2. The CMS Detector and the 2011 Run

CMS —an acronym for Compact Muon Solenoid- is a multi-purpose magnetic detector
designed to study proton-proton collisions delivered by the CERN Large Hadron
Collider. The detector is located in a underground cavern at a depth of 100m at the site
of Cessy, near the border of France and Switzerland. Particles emitted in hard collisions
at the center of CMS cross in succession a silicon tracker, electromagnetic and hadron
calorimeters, a solenoid magnet, and muon drift chambers embedded in the solenoid
iron return yoke. A drawing of the CMS detector is shown in Fig. 2.
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Figure 2. An exploded view of the CMS detector, showing the outer muon chambers
(white) embedded in iron (red). Internally can be seen the calorimeter system (ECAL, in
green, and HCAL, in orange). The tracker is located in the core of the central barrel.

2.1 Overview of the CMS Detector

The momenta of charged particles emitted in the collisions at the center of the CMS
detector are measured using a 13-layer silicon pixel and strip tracker; 66 million silicon
pixels of dimensions 100x150 pm are arranged in three barrel layers, and are
surrounded by 9.6 million 180 um-wide silicon strips arranged in additional concentric
barrels in the central region and disks in the endcap region. In order to allow a precise
measurement of charged particle momenta, the silicon tracker is immersed in the 3.8 T
axial field produced by a superconducting solenoid. The tracker covers the
pseudorapidity range |n| < 2.5, where pseudorapidity is defined as # = — In tan 6/2 and
6 is the polar angle of the trajectory of a particle with respect to the direction of the
counter-clockwise proton beam.

Surrounding the tracker are an electromagnetic calorimeter (ECAL) composed
of lead tungstate crystals, and a brass-scintillator hadron calorimeter (HCAL). These
detectors are used to measure the energy of incident particles from the produced
electromagnetic and hadronic cascades; they consist of a barrel assembly covering the
central region, plus two endcaps covering the solid angle for particles emitted at lower
angle with respect to the beams direction. The ECAL and HCAL extend to a
pseudorapidity range of |»|< 3.0; at still smaller angles particles emitted in the collision
encounter a steel/quartz-fiber Cherenkov forward detector (HF) which extends the
calorimetric coverage to || <5.0.

The outermost component of the CMS detector is the muon system, consisting of
four layers of gas detectors placed within the steel return yoke. The CMS muon system
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performs a high-purity identification of muon candidates and a stand-alone
measurement of their momentum, and in combination with the inner tracker information
provides a high-resolution determination of muon kinematics. More detail on the CMS
detector is provided elsewhere [13].

CMS collects data with a two-level trigger system. Level 1 is a hardware trigger
based on custom-made electronic processors that receive as input a coarse readout of the
calorimeters and muon detectors and perform a preliminary selection of the most
interesting events for data analysis, with an output rate of about 100 kHz. Level 2, also
called “High-Level Trigger” (HLT), uses fine-grained information from all sub-
detectors in the regions of interest identified by Level 1 to produce a final decision,
selecting events at a rate of about 300 Hz by means of speed-optimized software
algorithms running on commercial computers.

2.2 The 2011 Run of the LHC

The 2011 proton-proton run of the LHC started on March 14™ and terminated on
October 30™. In the course of the seven months of data-taking CMS acquired a total of
5.3 inverse femtobarns of integrated luminosity; 5.0 of these were collected with all the
CMS subdetectors fully operational. Most of the results discussed in this document have
been produced by analyzing the corresponding full datasets.

During the 2011 run the instantaneous luminosity of proton-proton collisions
delivered by the LHC reached up to 3.5 x 10** cm? s™. At a bunch crossing rate of 50
ns, the average number of pp interactions per bunch crossing was approximately 10. In
such conditions, the rare hard collision which produces the physics objects recognized
by the trigger system and fulfilling the criteria for data acquisition —electrons, muons,
taus, photons, energetic jets, missing transverse energy— is usually accompanied by
several additional pp interactions overlapping with it in the same bunch crossing. These
additional collisions, which are typically of low energy but may still produce significant
contributions to global event characteristics such as total visible energy or charged
particle multiplicity, are denoted as pile-up events. The analysis of the hard collision
properly includes the effect of pile-up, which is also modeled in all the necessary Monte
Carlo (MC) simulated samples.

3. Precision Measurements of Electroweak Observables

At a centre-of-mass energy of 7 TeV of proton-proton collisions, the LHC can be aptly
described as a top quark factory: of the order of 800 thousand top quark pairs have been
produced in the core of CMS in the 2011 run. Even larger is of course the number of
produced W and Z bosons (respectively 500 millions and 150 millions). Although for a
few selected standard model measurements —the mass of the Z boson being the clearest
example— the sheer statistics of the resulting analyzable datasets cannot compensate the
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less clean environment of proton-proton collisions and the undetermined centre-of-mass
energy of the hard subprocess with respect to the electron-positron collisions studied in
the past by the SLC and LEP/LEP 11 colliders, a number of properties of electroweak
interactions can be determined with unprecedented accuracy by the analysis of CMS
data, challenging theoretical predictions. In what follows we summarize only a few of
the many new measurements produced by CMS with vector bosons and top quarks.

3.1 Vector Boson Production Cross Sections

The production cross section of W and Z bosons at a centre-of-mass energy of 7 TeV
has been studied both inclusively [14] and as a function of the number of hadronic jets
accompanying the bosons [15]. Additional measurements have determined the cross
section of Wy and Zy production [16], as well as the production rate of WW, WZ, and
ZZ pairs [17]. In all these measurements, W boson candidates are selected by searching
for their decay to ev and pv final states, and Z bosons by searching for their ee and up
final states. In the case of ZZ production, however, the second boson has also been
identified in its decay to t-lepton pairs.
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Figure 3: The total production cross section of final states including W and Z bosons, in
picobarns (red markers) are compared to theoretical predictions (blue lines). For single
boson production are also reported the cross sections of processes including at least
one to at least four hadronic jets with transverse energy Er>30 GeV and pseudorapidity
|#|<2.4. For comparison, the upper limit on the rate of decays to Z-boson pairs of a 127
GeV Higgs boson is also reported and compared to standard model predictions.
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The general picture that can be drawn is one of excellent agreement with theoretical
calculations, which are available at next-to-leading order (NLO) [18-20] and next-to-
next-to-leading order (NNLO) [21-25] in perturbative QCD. Figure 3 provides a very
nice summary of the CMS measurements of these processes.

For some detail we may focus on inclusive W and Z production processes,
which probe relatively small values of parton momenta, with fractions x in the range
0.001-0.1 for the centrally-produced vector bosons exploited by the analyses.
Theoretical predictions here suffer from a significant source of uncertainty due to the
imperfect knowledge of parton distribution functions (PDF). This is due in particular to
the fact that vector boson production, which in hadronic interactions proceeds mainly
through the Drell-Yan process, requires at the LHC a sea quark in the initial state; given
the large number of gluons in the proton at the required energy scale, the scattering sea
quark is mostly provided by the gluon splitting process, with the result that the
uncertainty in g(x), the gluon PDF, significantly affects the calculation. Other
uncertainties are due to higher-order QCD and electroweak corrections. Overall, the
experimental uncertainties are still larger than theoretical ones, mainly because of the
4% error in the integrated luminosity, which is a limiting factor in all absolute cross
section determinations.

The luminosity uncertainty can be eliminated by computing the cross section

ratio
R oW)BW —1v)
o(Z)B(Z — 1)

where B identifies the indicated branching ratio. Using electron and muon datasets from
data collected in the 2010 run and corresponding to 36 inverse picobarns of integrated
luminosity, CMS finds R = 10.54 + 0.07 (stat.) + 0.08 (syst.) £ 0.16 (th.), where the first
uncertainty is statistical, the second is systematic, and the third comes from theoretical
uncertainties affecting detector acceptance. The NNLO prediction is R™ = 10.74 + 0.04,
in good agreement with the CMS result.

A measurement which is unique to proton-proton collisions is the one of the
ratio between positive and negative W boson production cross section, which differs
from unity due to the difference in the PDF of up and down quarks in the proton.
Combining electron and muon final states CMS measures a ratio [¢(W")B(W" 2Iv)] /
[c(W)B(W 2lv)] = 1.421 + 0.006 (stat.) + 0.014 (syst.) = 0.029 (th.), in excellent
agreement with the NNLO theoretical prediction of 1.43 £ 0.01.

3.2 Top Quark Mass and Cross Section Measurements

The large samples of top pairs produced in the 2011 run of the LHC have allowed the
CMS experiment to measure with great accuracy the top pair production cross section in
several different final states [26-28]. A summary of these determinations is shown in
Fig. 4, where a comparison with the most recent theoretical predictions at NLO and
NNLO [29-31] indicates an excellent agreement.
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Similarly, the top quark mass has been measured by CMS both in single-lepton [32] and
in dilepton final states [27]. The most recent result, which employs the full statistics of
the 2011 run, is the second most precise top quark mass determination in the world at
the time of writing. The analysis uses top pair decays in the “muon plus jets” topology,

which arises when one of the two W bosons emitted in the tf 2W'bW'b reaction
decays via W 2uv, while the other W boson creates a pair of quarks. By selecting events
from muon-triggered data which contain a clean and isolated muon candidate of pr>30
GeV and four or more hadronic jets of Er>30 GeV, two of them with identified
secondary vertices from b-quark decay, a sample of 8094 candidates is isolated. A
kinematic fit using the world average value of the W boson mass as a constraint is used
to determine an estimate of the top quark mass for each possible combination of jet
assignments to the final state partons. Events with no combinations passing a cut on the
fit probability are discarded, resulting in a very high-purity sample of 2391 events. The
estimated masses of all combinations passing the selection are finally used, weighted by
their fit probability, in a global likelihood which combines information on the top quark
mass and the jet energy scale factor, the latter obtained by comparing the pre-constraint
mass of the jet pair assigned to the W decay with the world average W mass.

The top quark mass is measured to be m;=172.6 £ 0.6 £ 1.2 GeV, where the first
uncertainty quoted is the combination of statistical with jet-energy-scale-related
systematic uncertainty, and the second is the quadrature sum of all other systematic
uncertainties. Figure 4 shows a comparison of this estimate with other CMS
determinations, along with the result of its combination with other measurements based
on 2011 data.

3.3 Studies of Top Quark Properties

In the standard model the top quark constitutes no exception to the rule that
modification of quark flavor is only caused by the charged weak current. Flavor-
changing neutral current (FCNC) decays of the top quark are therefore only possible via
loop diagrams, which are heavily suppressed; in particular, theoretical calculations [33]
predict that the branching fraction of t=2Zq decay is of the order of 10™ and thus
completely unobservable at the LHC. Even small new physics contributions to such
reaction [34] could therefore be detectable in large enough data samples. CMS has
searched for the mixed decay tt ZqWhb in 2011 data, finding no significant signal and
setting a 95% confidence level (C.L.) upper limit B(t 22q)<0.34% [35].
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Figure 4. Left: top quark mass determinations by the CMS experiment. From top to
bottom are shown the measurements in the dilepton and u+jets final states employing
2011 data, the analysis results of 2010 data in the single-lepton and dilepton topologies,
and the combination of the four results. Right: CMS measurements of the top pair
production cross section. From bottom to top are shown three results using data
corresponding to 36 inverse picobarns of integrated luminosity analyzed from the 2010
run (in blue), their combination (in green), and results based on a quarter to a fifth of
the total 2011 statistics (in red).

4. Selected Results in Heavy Flavor Physics

In an era when heavy flavor physics was to be dominated by B factories —machines
providing electron-positron collisions at the Y (4S) centre-of-mass energy— experiments
studying heavy flavor properties in hadronic collisions have gone far beyond being
complementary to the dedicated electron-positron experiments. In particular, the CDF
experiment could match and in some cases surpass the precision of several BaBar and
Belle results in the latter’s own field of excellence, thanks to its innovative Silicon
Vertex Tracker, a revolutionary trigger which relied on the precise online measurement
of the impact parameter of charged tracks for the selection of large datasets enriched in
B-hadron decays. The triggering on track impact parameter, however, is not currently
possible in CMS and ATLAS, mainly because of two otherwise strong points in the
design of these experiments: the one-order-of-magnitude higher bunch-crossing rate of
the LHC, together with the two-orders-of-magnitude larger number of readout channels
of the silicon trackers of new generation of which the LHC experiments are endowed.
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The huge cross section of processes yielding bottom quarks in the final state of 7-TeV
proton-proton collisions again comes to the rescue. CMS can collect semileptonic B-
hadron decays of medium to large transverse momentum thanks to inclusive electron
and muon triggers, as well as exploit the significant branching ratio of B-hadron decays
to Jiy and y(2S) mesons by triggering on the resulting pairs of very low transverse
momentum muons. Indeed, the simple graph showing the invariant mass of muon pairs
collected by double muon triggers speaks volumes about the heavy flavor potential of
the experiment (see Fig. 5).

trigger paths

6 - -1 .
10 2011 Run, L=111b"| mv
CMS \s=7 TeV Wy
Bs — 'y

Y
[l low p_ double muon
high P, double muon

Events per 10 MeV
—
o

z

10

I
1 10 107
dimuon mass [GeV]

Figure 5. Invariant mass distribution of pairs of muon candidates of opposite sign
collected by muon triggers in 1.1 inverse femtobarns of 7-TeV proton-proton collision
in 2011. One immediately recognizes the signals due to muon pair decays of the ¢, the
o, the J/ly and the w(2S), as well as the three lowest bottomonium states and the Z
boson peak.

It is therefore not surprising that CMS can now claim the most stringent limits on the
rate of rare B =uu decays®, nor that many other world-class results are being produced
in this area of research. In the following we only make a brief mention of the most
relevant new measurements.

4.1 Searches for Bg=>pp and Bs> up
The search for the rare decays of neutral B4 and Bs mesons to muon pairs has been a hot

topic in the last few years. These decays are heavily suppressed in the standard model
due to the absence of flavor-changing neutral-current diagrams at tree level; two

% The LHCb collaboration has since updated its result[2] which is more stringent than the one reported here.
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additional factors further reduce their rate: the ratio m,*/mg” between the squared masses
of muons and B mesons implied by the helicity configuration of zero-total-momentum
energetic fermion-antifermion final states, and the ratio fg?/mg’ (Where fg is the B decay
constant) due to the inner annihilation of quarks in the decaying meson. The smallness
of the total predicted branching fractions, B(Bs 2uu) = (3.2 + 0.2)10° and B(Bguu) =
(1.0 + 0.1)10™° [36], constitute an opportunity to search for indirect evidence of new
physics, which could intervene in the form of the exchange of new virtual particles,
with significant increases in the rate of these decays for specific values of the new
physics parameters. For example, in minimal supersymmetric extensions of the standard
model the decays receive enhancements for large values of tanp, the ratio of vacuum
expectation values of the two Higgs boson doublets.

The search method is a counting experiment of events in the signal region of the
dimuon mass distribution for both B species. Because of the dependence of mass
resolution and background levels on the pseudorapidity of detected muons, two separate
samples are analyzed independently and then combined: “barrel” candidates have both
muons with |n|<l1.4, and “endcap” candidates include all remaining events. MC
simulations are used to estimate backgrounds from other B decays, while combinatorial
backgrounds are evaluated from the data in suitable mass sidebands. A normalization
sample of B* J/y K* decays, with the subsequent J/w =1y decay, is collected by a
similar dimuon trigger to the one used for the rare decay search, and is used to remove
the uncertainties of B hadron production cross section and integrated luminosity of the
data sample.
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Figure 6. Reconstructed invariant mass of muon pairs for Bs and By candidates selected
by the CMS search in the total 2011 dataset. The data is divided in muon pairs
identified in the central region (Barrel, left) and in the forward region (Endcap, right).
The search windows for Bs and By mesons are displayed as horizontal blue and red
bars, respectively.
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Muon candidates are selected using a variety of quality criteria, including the quality of
their track fits. Muon pairs with invariant mass in the 4.9<M,,<5.9 GeV range are then
preselected, and candidates in the signal regions (5.2<M,,<5.3 GeV for the By and
5.3<M,,<5.45 GeV for the Bs) are blinded to avoid potential bias in the selection
procedure. A random-grid search of 1.6 million possible selection strategies is
performed on a set of variables capable of discriminating the rare B decay signals from
backgrounds, optimizing the sensitivity to the expected upper limit; among the used
variables are the »° of the fit of muon trajectories to a common vertex, the transverse
momentum of the higher-pr and the lower-pr muon, the B candidate transverse
momentum, the isolation of the muons from other tracks in the event, the number of
nearby tracks, and the smallest impact parameter of these tracks with respect to the
common vertex of the muon pair.

Figure 6 shows the mass distribution of final candidates accepted by the
optimized selection. In the “barrel” sample two candidates are found for each B meson
species, while in the “endcap” four Bs candidates and zero By candidates are observed.
Upper limits on the branching ratios are determined at 95% C.L. using the CL; criterion
[37-38]: for the Bs meson the limit is B(Bs=uu) < 7.7 10, and for the By meson the
limit is B(By =) < 1.8 10”°. These limits can be used to constrain several proposed
extensions of the standard model.

4.2 B Cross Section Measurements

The study of production cross sections of b-quarks in hadron collisions enables detailed
tests of QCD calculations at next-to-leading order, which suffer from sizable
uncertainties due to the choice of renormalization and factorization scales. Comparisons
between experimental measurements and the results of calculations employing
perturbative expansions in powers of leading logarithms, e.g. In(pt/my) which are
important at high transverse momentum pr due to multiple gluon radiation processes,
are useful to test the validity of those approaches. In the past, cross section
determinations at lower energy, e.g. those produced at the HERA [39-40] and Tevatron
[41-42] colliders, showed intriguing disagreement with theoretical predictions; the
sources of the discrepancies have been largely understood [43-45], but it remains
important to extend the investigations at the higher centre-of-mass energy provided by
LHC collisions, where QCD is tested in an extended kinematical domain.
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Figure 7. Left: comparison of different determinations of the B hadron cross section in
7-TeV proton-proton collisions (red points with thick statistical and thin systematic
error bars) with MC@NLO calculations. Right: the ratio between non-prompt y/(2S)
and J/y production measured as a function of meson transverse momentum is compared
with the pr shape of a fixed order next-to-leading-log (FONLL) calculation.

CMS produced several measurements of B hadron cross sections already with the
relatively small dataset collected during 2010, using a variety of technologies [46-50]; a
summary is provided in the left panel of Fig. 7, which compares those results with
MC@NLO calculations [51] using the CTEQ6M set of parton distribution functions
[52]. The agreement is overall good. The analysis of the much larger 2011 dataset will
allow differential measurements, with more stringent tests of the theory.

As part of a study of J/y and y(2S) production [53], CMS has also recently
produced a measurement of the ratio between the fraction of B hadrons decaying to a
y(2S) meson and the fraction decaying to a J/y. The measurement has been produced as
a function of the meson pr and rapidity; no significant dependence on rapidity has been
observed, so CMS reported the ratio as a function of pr only (Fig. 7, right), which
agrees with the prediction of a fixed-order next-to-leading-logarithm calculation. A
further result of that study is the determination of the inclusive branching ratio of B
hadrons to y(2S) mesons, which is measured as B(B 2w(2S)X) = (3.08 £ 0.12 + 0.13 +
0.42)10°, where the first uncertainty is the combination of statistical and systematic
effects, the second is due to residual theoretical uncertainties, and the third is due to the
uncertainty in the world average branching fractions of B-2J/wX, J/y-2uu, and
w(2S) 9;1;( decays. The result is in good agreement with the world average value of (4.8
+2.4)10%.
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5. Searches for the Higgs Boson

Probably the most impatiently awaited results of the LHC experiments in 2011 have
been the ones of searches for the standard model Higgs boson [54-59]. Predictions
produced at the end of the 2010 run (see Fig. 8) implied that the analysis of 5 inverse
femtobarns of 7-TeV proton-proton collisions would allow the 95% C.L. exclusion of
the particle for all mass hypotheses up to 600 GeV, if the particle did not exist in that
mass range, or the detection of signals whose significance varied from the level of a
conclusive observation to that of a tantalizing hint. On December 13" 2011 the ATLAS
and CMS collaborations released preliminary results of those searches which indeed
fulfilled the predictions: both experiments claimed a 95% C.L. exclusion of the Higgs
hypothesis in most of the searched mass range, and a first evidence, consistent across
the two experiments albeit still inconclusive, of a possible 124-125 GeV signal. In this
section we provide a review of the CMS results, which in the meantime have
consolidated into several publications [60-68].
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Figure 8. Predicted significance of a Higgs boson signal (left) and 95% C.L. upper limit
on the signal cross section in SM prediction units (right) resulting from the combined
CMS analysis of all sensitive search channels using 5 inverse femtobarns of 7-TeV
proton-proton collisions.

5.1 Production and Decay

The standard model Higgs boson has a non-zero coupling to all massive particles, and
can therefore be produced by several different mechanisms in proton-proton collisions.
From an experimental standpoint the most important reactions at the LHC include gluon
fusion diagrams, where a Higgs boson is emitted most frequently by a virtual top-quark
loop; vector-boson-fusion processes, where the Higgs is produced together with two
characteristic high-rapidity hadronic jets resulting from the emission of two virtual W or
Z bosons off the initial state quarks; and Higgs-strahlung diagrams, where the particle is
radiated by a highly-off-shell W or Z boson. A graph of the cross sections predicted for
these processes as a function of the unknown value of the Higgs boson mass is given in
Fig. 9 (left).
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Figure 9. Left: predicted cross section of Higgs production processes in 7 TeV proton-
proton collisions as a function of Higgs boson mass. From top to bottom the curves
describe gluon-fusion, vector-boson fusion, associated WH and ZH production, and
Higgs-strahlung off a top quark pair. Right: Higgs boson branching fractions as a
function of Higgs boson mass.

The Higgs mass is also the crucial parameter in determining the expected admixture of
decay modes (see Fig. 9, right). One typically distinguishes between a “low-mass”
range (Mmy<135 GeV) where the dominant decay is H->bb , and a “high-mass” range
(my>135 GeV) where the decay produces most frequently pairs of W or Z bosons.
However, a significant branching fraction is retained in the low-mass range by WW"
and ZZ~ states, where one of the bosons is off mass-shell. From an experimental
standpoint this has important consequences; in particular, a 125 GeV Higgs boson ends
up being visible in a large number of different final states: H=bb , H=yy, H >,
H-ZZ", and HWW’". While the decay to b-quark pairs, which can only be sought for

in Higgs-strahlung processes such as W =WH =lvbb , is very difficult to extract at the
LHC because of the large and irreducible W+jets background, the decay to W and Z
pairs remains a sensitive probe down to the LEP Il lower mass limit, 114.4 GeV [69].

5.2 Nuts and Bolts of the Statistical Analyses

All CMS searches of the Higgs boson, as well as their combination, employ the same
frequentist technique to determine upper limits on the production cross section of the
searched processes. The so-called CL; ratio [37-38] between the p-value of the signal-
plus-background hypothesis H; and the p-value of the background-only hypothesis Hq is
used as a criterion to determine how the data conform to the two alternatives.

The details can be described considering a generic counting experiment. A
likelihood function can be written in terms of the expected background and signal of the
two hypotheses and a signal strength modifier p describing the ratio between a given
observed cross section ¢ and the standard model prediction, u=o/osv. Denoting by 6 the
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vector of nuisance parameters affecting predicted signal s(d) and background b(6)
counts, one may write

L (data | ,0) = Poisson [data | us(6)+b(0)] 11(6)

where 71(0) indicates a prior knowledge of the nuisance parameters, coming from real or
hypothetical auxiliary measurements. One may then define a profile likelihood-ratio test
statistics as

n L(data | x,0,)
“ L(data | 2,6)

In the expression above the hatted symbols on the parameters indicates that they are the
respective maximum likelihood estimates (MLE), such that at the denominator one has
the global maximum of L, while at the numerator appears the maximum value of L for a
given value of the signal strength modifier p; the MLE of p at the denominator in the
above expression is constrained in the range [0,x]. This avoids negative signal strength
solutions, and ensures that best-fit values of the signal strength above the standard
model prediction are not counted as evidence against it.

Using the above definition of the test statistics, MLE of the nuisances 6, and 6,
are computed for the two hypotheses, given the data. These values are used to generate
pseudo-data for Hy and Hy and construct the respective probability density functions
f(q,) of the test statistics, which yield p-values of the two hypotheses when integrated
from the observed values g, and o to infinity. One thereby constructs the ratio

[ 1@, | 1.65™)dd,

cL =%

[£@,10,6;>)q,

obs
0

q
Values of the signal strength modifier p for which CLs<0.05 are excluded by a 95%
C.L. test. The procedure can be repeated for different Higgs mass hypotheses; if the
excluded range of p values includes the standard model prediction (x=1), the
corresponding mass hypothesis is excluded, at the stated confidence level. More detail
on the technique can be found in a combined ATLAS-CMS document [70].

5.3 Searches for H>ZZ Decays

CMS has searched for H-2ZZ decays in the full 2011 dataset of proton-proton collisions
using final states including one Z boson decay to electron-positron or muon pairs, which
provides an easy triggering strategy and a very clean signature, and then selecting
candidate decays of a second Z boson to any charged lepton pair (ee, pu, and tr),
neutrinos, or hadronic jets. All of the searches contribute to test the Higgs boson
hypothesis in the high-mass range my>200 GeV, while sensitivity to lower values of my
is provided only by the H->ZZ-24l (I=e,x) and the H->ZZ-2lljj (j=hadronic jet)
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signatures. A sample illustration of mass spectra resulting from these searches is
provided in Fig. 10, while Fig. 11 (left) shows the upper limit on the signal strength
modifier obtained from the search of llvv events. The right panel in Fig. 11 shows the
event display of a nice H>ZZ 2llzr candidate.
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Figure 10. Left: four-body transverse mass distribution of H2ZZ 2llvy candidates. The
neutrino transverse momenta are inferred from the observed transverse energy
imbalance and its attribution to the escaping neutrinos in the Z2vv decay hypothesis.
The data (black points) are compared to the stacked sum of expected backgrounds
(colored histograms); the hypothetical contribution from a My=300 GeV Higgs boson
is shown in black, unstacked. Right: reconstructed mass of llzz candidates in the
H2ZZ llzr search. Backgrounds from standard model diboson processes (ZZ, in red,
and WZ or Z+jet processes, in cyan) are compared to the mass distribution of 10
observed candidates (black points). The expected Higgs signals for my=200 and 400
GeV are shown stacked as hatched histograms.

In the golden “four-lepton” channel characterized by the eeee, eepp, or pupp final state
the small backgrounds are due to standard model ZZ production, with smaller
contributions from Z+bb, top pair production, and Z+jets production; all but ZZ
production contribute significantly only for four-lepton masses below 200 GeV. The ZZ
background is estimated from MC simulation, while other backgrounds are estimated
from orthogonal selections enriched in the various background components. In the data,
72 candidates are observed, with a total background prediction of 67.1 £ 6.0 events.
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Figure 11. Left: upper limit on the signal strength modifier x resulting from the search
of H->ZZ 2llv candidates (black curve). The green and yellow bands illustrate the 1o
and 20 range of expected upper limits, respectively. Right: event display of a
H>ZZ Duurr candidate. The red and blue boxes, of size proportional to measured
transverse energy, show the detected signals in the electromagnetic and hadronic
calorimeters, respectively; tracks in red show the reconstructed trajectory of identified
muon candidates, and the cyan track is associated with an electron candidate from
leptonic 7 decay.
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Figure 12. Reconstructed four-lepton mass distribution of H 2ZZ 2eeee, H 2ZZ 2eeuyu,
and H2ZZ 2uuuu candidates in 2011 CMS data (black points with error bars). Empty
histograms describing several different Higgs mass hypotheses are stacked on top of
predicted backgrounds from ZZ production (magenta) and other sources (in grey) for
the sake of comparison. The left panel shows the full mass range considered in the
search; the right panel shows a blow-up of the my<160 GeV region.

The search exploits the narrow mass resolution of the four-lepton combinations through
unbinned likelihood fits of the mass distribution in the data (Fig. 12) to the sum of
background and a set of narrowly-spaced mass hypotheses in the 110-600 GeV range.
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Slight excesses are observed for masses near 119 GeV and 320 GeV, with local
significances of 2.5¢ and 2.0c, respectively. After accounting for the multiplicity of
independent search regions in the mass spectrum [71], these however get reduced to
values below one standard deviation. A graph of the p-value of the background-only
hypothesis as a function of my is provided in Fig. 13 (left), while the right panel shows
the derived upper limits on the signal strength modifier p versus Higgs mass.
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Figure 13. Left: local p-value of the background-only hypothesis in the H-2ZZ 24l
search (I=e,u) as a function of the four-lepton invariant mass; the lower-right inset
shows a blow-up of the low-mass region. Right: upper 95% C.L. limit on the signal
strength modifier x as a function of Higgs boson mass. Mass hypotheses corresponding
to values below 1.0 of the black curve are excluded by the search results. The green and
yellow bands indicate 1o and 2o range of expected upper limits given the data size and
the analysis method.

5.4 Searches for the H>WW Decay

The H->WW decay mode is the most frequent one for my>135 GeV, and its search
provides high sensitivity to a standard model Higgs boson, particularly in the range of
masses around 2my. The searched final state is the one produced by a decay to ev or pv
pairs of both W bosons; the presence of two energetic neutrinos prevents the direct
reconstruction of the Higgs mass. Events with two electrons or muons of opposite
charge and significant missing transverse energy are divided in three categories
depending on the number (0, 1, or 2) of hadronic jets of Et>30 GeV they contain in
addition to the high-pr leptons. Events with more than two jets are rejected. After the
application of a tuned selection aimed at removing reducible backgrounds from Drell-
Yan, WZ/ZZ, and top pair production using the kinematical characteristics of the signal,
the data is dominated by real WW production events. Two alternative sets of Higgs-
mass-optimized selections, one based on one-dimensional cuts and the other using
multi-variate discriminants employing the boosted-decision trees (BDT) technique, are
finally applied to the 0- and 1-jet selections, while only a cut-based selection is applied
to the limited-sensitivity 2-jet subsample.
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Backgrounds surviving the selections are largely estimated with control samples of data,
except for the contribution of a few electroweak reactions (Wy* and some residual
diboson processes) which are estimated with corresponding MC simulations. Besides
standard model WW production, the main contributions are due to top pair production,
WH+jets production where jets produce a fake lepton signal. The comparison of event
counts in the data with predicted backgrounds evidences no significant signal (see e.g.
Fig. 14), and allows to determine upper limits on the signal-strength modifier p=c/osm.
Using the a priori more sensitive BDT selection, CMS excludes at 95% C.L. the mass
region 129<my<270 GeV using this search channel alone.
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Figure 14. BDT output in the my=130 GeV selection for the eu final state. Left: 0-jet
category; right: 1-jet category. The data (black points with error bars) are compared to
the sum of predicted backgrounds, dominated by WW production (in cyan). The
expected H->WW signal contribution for my=130 GeV is shown as a red empty
histogram, unstacked.

5.5 Searches for the H->yy Decay

Despite the smallness of its branching fraction (approximately equal to 0.2% in the 120-
130 GeV mass range), the H->yy decay channel is one of the main tools for a light
Higgs boson search at the LHC. The efficient and clean identification of energetic
photons and their precise energy measurement are among the strongholds of the CMS
detector design, with the precision of its electromagnetic calorimeter and the
redundancy of the silicon tracking system.

The general strategy of the analysis is to select photon-pair candidates in various
categories divided according to their background contamination and expected resolution
in the two-photon-mass m,,, and search for a narrow bump in the resulting m,,
distributions. Particular care is put in the determination of the hard interaction vertex:
the average number of pile-up interactions in 2011 collisions is about 10, and their root-
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mean-square separation along the beam axis amounts to 6 cm, while it is necessary to
know the vertex location to ~1 cm in order to reduce to a negligible level the smearing
of m,, due to the resulting uncertainty in the opening angle of the photon pair. The most
probable vertex is identified with better than 80% efficiency using the kinematical
properties of the observed charged tracks of each vertex as inputs to a BDT
discriminant. Photon isolation is carefully exploited to increase as much as possible the
separation of real prompt photon pairs from reducible backgrounds coming from y-jet
and jet-jet production.

Four independent event classes are defined based on the pseudorapidity of the
most forward photon and the isolation of the most isolated one, while a fifth class
collects candidates of vector-boson-fusion production of H-2yy, identified by the
presence of two forward jets. The five mass distributions are separately fit to the sum of
a background model, obtained from the study of the full 100-180 GeV distribution of
m,,, and a signal model derived from the NLO matrix-element generator POWHEG
[72-73] interfaced with the PYTHIA Monte Carlo [74]. The fit results are combined to
extract a global limit on the signal strength modifier p using the CLs technique
described in section 5.2. The results are shown in Fig. 15 (left). An excess of events
with a local significance of 3.1c is observed for a Higgs mass around 124 GeV.

5.6 Other Searches for the Higgs Boson

Besides the three main search channels discussed above, all characterized by the decay
to pairs of vector bosons, CMS has produced results of two fermionic decay modes of
the standard model Higgs boson: b-quark pairs and tau-lepton pairs. These are less
sensitive to a standard model Higgs than the bosonic channels, but they provide
valuable input to the combined search.

The H-=bb decay is sought for in combination with the signal of a highly-
boosted W (Z) boson decaying to ev or uv (ee, py, or vw) pairs. The neutrino final state
of Z bosons is flagged by the presence of large missing energy pointing away from any
jet activity in the transverse plane; two b-tagged jets characterize the Higgs decay
signature. Backgrounds arise from vector boson plus jet production, top pairs, and QCD
multijet production; their contributions are measured in suitable control regions. Two
separate searches are performed, one using a cut-based selection on the dijet mass of the
b-tagged jets, the other employing a BDT discriminant. Upper limits are set on the
strength modifier p at values ranging from approximately three to ten, for Higgs masses
in the 110-135 GeV range.
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Figure 15. Left: upper 95% C.L. limit on the signal strength modifier x as a function of
Higgs boson mass from the analysis of H =y signatures®. Right: reconstructed zz mass
distribution of 7 pairs in the vector-boson-fusion search for H2zz decays. The orange
histogram represent the estimated Drell-Yan contribution, while the empty white
histogram shows the contribution of a Higgs decay with u=5.

In the H-27z search backgrounds from Drell-Yan produced t pairs overwhelms the
small expected signal of direct Higgs production, therefore two methods are used to
increase the signal-to-noise ratio. One is to rely on vector-boson fusion production of
the Higgs boson, the other is to require the presence of a high-pr jet in addition to the t
pair candidate. A maximum likelihood technique is used to reconstruct the most likely
mass of the reconstructed t pair system, thus partly recovering the missing information
from the neutrino(s) emitted in t decay. The mass distribution of candidates in the BDT
search category is shown as an example in Fig. 15 (right), where the Z 27z contribution
is clearly visible. Upper limits on the signal strength modifier p are obtained at values
varying from 3 to 7 for my ranging from 110 to 145 GeV.

5.7 Combined Results

The results of the five searches described above are combined by CMS by taking into
account all statistical and systematic uncertainties and their correlations [76]. There are
a total of 42 exclusive sub-channels that contribute to the combined results, with a total
of 156 to 222 individual sources of systematic uncertainty, depending on 183 different
Higgs boson mass hypotheses in the 110-600 GeV range; the interval between
considered mass hypotheses is driven by the expected mass resolution at low my, and
by the intrinsic Higgs boson width at large my. The combination is performed by
constructing a global likelihood function, with each systematic source assigned to a
nuisance parameter; each of these has a corresponding probability density function, and
most of these are constrained by subsidiary measurements. The method is the one
already explained in Sec. 5.2 above.

® A newer result is available for this analysis [75].
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Figure 16. Left: CL value of the combined CMS Higgs boson search from 2011 data as
a function of the hypothesized Higgs boson mass. Right: local p-value of the
background-only hypothesis as a function of my. Different search channels are
indicated by different colored curves; the p-value predicted in the presence of a real
Higgs boson is indicated with a dashed curve.

The CL; of the SM Higgs hypothesis is shown as a function of Higgs mass in Fig. 16.
This allows CMS to exclude the range 127<my<600 GeV at a confidence level of 95%.

The right panel in Fig. 16 shows the local p-value of observed excesses in the
data, as a function of my. For my=124 GeV an excess corresponding to a 3.1c
significance is observed’, but the significance of the observation is reduced to 1.5¢
(2.10) if the multiplicity of mass hypotheses in the full 110-600 GeV range (the 110-
145 GeV range) is considered.

Finally, Fig. 17 shows the best-fit value of u in the low-mass region from the full
set of searches as a function of my. The data is globally compatible with the predicted
standard model signal strength (u=1) in the region 117-126 GeV. For the hypothesis my
=124 GeV the best-fit value is also shown for each individual channel, showing that
there is overall compatibility in the results. If this signal is indeed due to standard model
Higgs boson production, 8-TeV data from the 2012 run of the LHC are very likely to
certain to ascertain it.

" All combined Higgs search results have been updated by a recent CMS publication[1]. The highest local
significance is there reported as a 2.8 effect for my=125 GeV, and the corresponding corrected significance is 0.8c.
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Figure 17. Left: best-fit value of the signal strength modifier x as a function of Higgs
mass in the low-mass range 110<my<145 GeV. The band includes statistical and
systematic uncertainties. Right: for the my=124 GeV hypothesis the best-fit value of x is
shown individually for the five analyzed decay channels.

6. Searches for Supersymmetry Signatures

Among all hypothesized extensions of the standard model Supersymmetry is one of the
most studied alternatives. The symmetry between standard model fermions and bosons
with supersymmetric counterparts of bosonic and fermionic nature automatically
cancels the large quantum contributions to the Higgs boson mass due to virtual loops of
standard model particles [77-80], solving the naturalness puzzle in a very elegant way;
the added bonus is a unification-ready merging of coupling constants below the Planck
scale. Supersymmetric particle searches have been carried out in the past thirty years
without success, pushing the allowed mass of the hypothetical SUSY particles to higher
and higher values. Despite those early results, the much larger centre-of-mass energy of
the LHC led many to trust that SUSY particles would suddenly pop up soon after the
start of data taking, with unmistakable and striking signatures. But Nature has chosen
otherwise.

The CMS experiment has searched the 2011 data for supersymmetric particle
signatures in a number of final states and with a variety of advanced methods [81-91].
Here, for the sake of brevity, only a summary of those searches is provided. In general,
SUSY particles can be copiously produced in LHC proton-proton collisions in the form
of pairs of squarks or gluinos, which carry color quantum numbers and are thus subject
to strong interactions. Depending on the mass spectrum of SUSY particles, the decay of
squarks and gluinos may give rise to several lighter supersymmetric states in
succession, with a typical “cascade” signature and characteristic kinematic features. At
the end of the decay chain, a quite general signature of R-parity-conserving SUSY
theories is the production of neutral weakly-interacting particles called neutralinos,
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which are the lightest in the supersymmetric spectrum and are thus stable. Their escape
from the detector with large transverse momentum can be flagged by the same
experimental observable used to detect neutrinos, i.e. a large energy imbalance in the
plane transverse to the beams. Experimental searches often require large values of
missing transverse energy, in some cases along with hadronic jets, in others
accompanied with charged leptons or more complex final states.

Figure 18 summarizes the status of CMS searches for SUSY particles, in 2011
datasets corresponding to up to 2.1 inverse femtobarns of integrated luminosity. Upper
limits in production cross sections are turned into exclusion regions in the plane
described by the universal scalar and gaugino masses. The most sensitive searches are
the one for jets and missing energy and the “razor” analysis, which exploits the
kinematic configurations of the jets in the reconstructed reference frame of super-
particle decay. Those searches are expected to produce much tighter limits on
superparticle masses when performed on the data from the 2012 run, because of the
larger statistics as well as the significant increase of the production cross section for
very massive objects.
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Figure 18. Summary of results of SUSY searches by CMS using 2010 (dashed curves)
and 2011 data (full curves), here shown for a representative choice of SUSY
parameters. Grey curves show iso-contours in the value of squark and gluino masses.
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7. Other Exotic Searches

A number of exotic extensions of the standard model have been tested with 2011 data.
Here we provide just a short summary of two recent searches, and refer the interested
reader to the public pages of the CMS experiment [92] for a more comprehensive list of
results.

7.1 Search for New Resonances in the Dijet Mass Spectrum

A large class of new physics models can be tested by an inclusive search for new
particles decaying to jet pairs (dijets). These models generally predict that the jets have
smaller values of pseudorapidity difference than corresponding QCD backgrounds. The
dijet angular ratio, defined as the ratio between the number of events with jets of similar
pseudorapidity (|41|<1.3) to the number of events with jets having pseudorapidity
difference 1.3<|4%|<3.0, is used to place limits on the cross section of these
models[93].

The observed ratio is used to compute a global log-likelihood ratio of the two
hypotheses (background-only and background plus signal, with varying signal mass).
The CL; criterion [37-38] is used to determine 95% C.L. upper limits on the product of
signal cross section, kinematical acceptance, and branching fraction to jet pairs. For the
benchmark model of an excited quark, the limit is set at 3.2 TeV (see Fig. 19).
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Figure 19. Left: dijet angular ratio observed in 2.2 inverse femtobarns of CMS data
(black points with error bars) compared with a QCD background shape
parametrization obtained from the Pythia MC (red curve) and with the contribution
expected from excited quark resonances of mass 1.0, 1.5, and 2.5 TeV. Right: upper
limit on the product of production cross section, kinematic acceptance, and branching
fraction to jet pairs of a dijet resonance as a function of its invariant mass. The
theoretical prediction is shown as a dashed red curve.
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7.2 Search for Microscopic Black Holes

If the energy scale of quantum gravity phenomena were abnormally low, microscopic
black holes could potentially be produced in energetic proton-proton collisions. CMS
has searched for such phenomena in the context of a model with n large, flat, extra
spatial dimensions [94-95], in which the scale of new physics is set by a multi-
dimensional Planck scale connected with the size of the extra dimensions.

The observable quantity used to separate black hole production candidates from
standard model backgrounds is the total transverse energy St of all the detected objects
in the event: jets, electrons, photons, and muons, all contributing to the sum if their
transverse energy is larger than 50 GeV. The shape of the St distribution is dominated
by QCD multijet production, which is determined from a data parametrization in a
control region contributed by events with only two or three objects above threshold,
previously determined to be depleted of a possible signal of black hole production. The
invariance properties of the variable St on the number of objects in the final state has
been thoroughly tested. St shapes for the tested black hole production models are
generated using the BLACKMAX generator [96].

Using the good agreement of observed data at high-object multiplicity and high-
St with background predictions, upper limits are set with the CL; criterion [37-38] on
the cross section of black hole production in several models (see Fig. 20). The limits can
be cast in the context of the considered large extra-dimensions model into lower limits
in the mass of semi-classical and quantum black holes, which range between 3.8 and 5.2
TeV for a multidimensional Planck scale Mp=4 TeV and a number of extra dimensions
n <6, depending on a wide range of model parameters [97].

8. Conclusions

The CMS experiment has exploited the 5 inverse femtobarns of collisions collected in
the 2011 proton-proton run of the Large Hadron Collider to produce a large number of
groundbreaking results in searches for new physics and precision measurements of
standard model observables. Among the most exciting of these results is certainly the
narrowing down of the possible range of masses of the standard model Higgs boson,
and the observation of a still insufficiently significant and yet tantalizing excess of
events compatible with a 124-GeV Higgs, a mass value where the competitor ATLAS
collaboration also observes a hint of Higgs decays. Data from the 8-TeV 2012 run of the
LHC is expected to put the final word on the existence of that particle. Currently,
however, the most striking conclusion one can draw from the set of produced results is
that natural low-scale Supersymmetry is getting close to be excluded across the board of
the wide SUSY parameter space; similarly, other exotics new physics models are
nowhere to be seen in TeV-scale collisions.
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Figure 20. Left: The distribution of the variable St observed in CMS data with four or
more final state objects (black points with error bars) compared with the background
model (blue curve with error band) and the sum of background and signal contributions
(empty histograms) for different values of the multi-dimensional Planck mass scale Mp,
black hole masses, and numbers of extra dimensions n. Right: 95% C.L. upper limits on
the production cross-section (in picobarns) as a function of black hole mass, for the
different models shown on the left.
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