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1 Standard Model and LHC

Particle Physics, my field of interest, is the branch of science which studies the
elementary particles and their interactions. The Standard Model (SM) is a theory
developed throughout the second half of the 20th century and it summarizes our
current understanding of particle interactions. From an experimental point-of-view
all the measurements performed during the years are in good agreement with the
predictions of the SM and no evidence of physics beyond the Standard Model (BSM)
appeared so far. Despite his success, the SM leaves some aspects unexplained: for
example it doesn’t explain the unification of forces or it doesn’t contain any viable
dark matter particle with all the required properties deduced from cosmology. This
is an indication that the theory may be not complete. Many extensions of the SM
try to solve these problems by predicting the existence of new particles at the TeV
scale that could be observed at particle colliders with large enough energy. The
Large Hadron Collider (LHC) at CERN is the most powerful particle accelerator in
the world and it accelerates protons in order to obtain head-on collisions. The LHC
ran in 2010 and 2011 at an energy in the center of mass of 7 TeV and in 2012 at
8 TeV (Run 1). After two years of technical stop, it was turned on again in 2015
(Run 2) with an energy in the center of mass of 13 TeV. It will collect data at this
energy until 2018, recording an integrating luminosity between 100 and 200 fb−1

that is almost 10 times the total luminosity collected during the Run I. The higher
energy with respect to Run 1 will allow to explore a region of the mass spectrum
never explored before. Furthermore the production cross section for new particles
increases with the collision energy.

Four major experiments are taking data at LHC. ATLAS (A Toroidal LHC Ap-
paratuS) and CMS (Compact Muon Solenoid) are two general purpose experiments,
which aim at doing precision SM measurements and search for new physics in sev-
eral final states at the same time. The other two experiments are ALICE (A Large
Ion Collider Experiment) that is optimized for the study of collision between heavy
ions, and LHCb, designed to study the physics of B mesons. Since 2013 I’m part of
the CMS Collaboration.

2 Search for dijet resonances

The subject of my Ph.D. thesis is the search for physics beyond Standard Model in
final states with two jets of particles. Any hypothetical new particle that might be
produced at LHC originates from the colliding protons and therefore it must couple
to quarks and/or gluons. The search for new resonances decaying to pairs of quarks
and gluons is therefore one of the most important searches for new physics that can
be performed at LHC. The quarks and gluons produced in the decay cannot exist
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as free particles because of the confinement and therefore they recombine together
into hadrons that create a collimated jet of particles.

Deep inelastic proton-proton (pp) collisions often produce two energetic jets. The
invariant mass spectrum of such jets pair is predicted by quantum chromodynamics
(QCD) to fall steeply and smoothly when the mass increases. If the pair of jets is
produced from a resonance decay instead a peak in the invariant mass spectrum is
expected, corresponding to the mass of the resonance mX . The kinematic relation
to be satisfied is (1)

mX =
√

2E1E2 − 2p1p2cos(θ12) (1)

where E1,2 and p1,2 are the energies and momenta of the partons in the final
state and θ12 is the angle between them.

The search for new resonances decaying into a pair of jets has been performed
with Run 1 and Run 2 data. In figure 1 the CMS results using the 2015 data are
reported.

Figure 1: Dijet mass spectrum observed by CMS on data collected at 13 TeV (dots)
compared to a fitted parameterization (solid curve) and to the prediction of QCD MC
(dashed curve). The lower panel shows the difference between the data and the fitted
parameterization, divided by the statistical uncertainties. The predicted distributions
of narrow resonance signals for three models as example are also shown (dash-dotted
curves).
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Data are well described by the falling fit and no significant excess compared to
the background prediction has been observed by both ATLAS and CMS. Therefore
upper limits on the production cross sections of these kind of resonances has been
set at 95% confidence level (CL) constraining many new physics models.

3 Jet reconstruction and calibration

From eq. 1 it can be observed that the precision in the knowledge of the partons
energy reflects in the precision of the measurement of the resonance mass. However
in the detector quarks and gluons appear as a jet of particles, collimated bunches
of high-energy hadrons, therefore a reconstruction of this jet is needed. Different
clustering algorithms may be used to clusterize partons into jets and CMS makes
use of anti-kt algorithm [1], with a distance parameter of 0.4. At generator level,
the list of final state particles produced in the hadronization process constitute the
list of objects that will be clustered into a so-called ′′gen-jet′′. At reconstruction
level instead a list of particle candidates after the full event reconstruction must be
created. The momentum of the charged particles is measured by the tracker, while
the electromagnetic and hadronic energy deposits are measured in the calorimeters.
The information from all the sub-detectors is combined to build the reconstructed
particle candidates which are then clusterized to form a ′′reco-jet′′. The energy of a
generator level jet is different from the energy of a reconstruction level jet because
of some physics and detector effects. One of the main effects to be corrected for is
the presence of the pile-up (multiple interactions in the same bunch-crossing) which
adds some extra-energy to the measured jet. Another important effect is the non-
uniformity of the jet energy response (defined in 2) across the detector and as a
function of the jet transverse momentum.

Jet response =
preco−jetT

pgen−jetT

(2)

Corrections for all these effects are computed in MC and then applied to both
data and MC [2]. After that, the response in the MC is close to 1 by definition. A
small difference (∼3-5%) is observed in the data-MC comparison and it means that
the jet response in the data is not 1 yet. During my first Ph.D. year, I worked at
the calculation of the residual data/MC corrections using a data sample enriched
in events with one isolated photon and one jet. The photon and the jet are back-
to-back in the plane transverse to the proton beam line therefore they have in first
approximation the same transverse energy and the ratio R(pγT ), defined in 3, should
be close to 1 after the previous corrections.
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R(pγT ) =
pjT
pγT

(3)

Since the photon energy is measured in the electromagnetic calorimeter with
much better precision with respect to the energy of the jet, it can be assumed as a
reference. R(pγT ) is compared in data and MC as a function of the jet pseudorapidity
and the photon pT as shown in figure 2 where a shift between data and MC is visible,
in this case of about 3%. From this and similar distributions some correction factors
are calculated to bring this ratio to 1.

Figure 2: The variable R(pγT ) for Data and for Monte Carlo simulation as a function
of photon transverse momentum in the central region of pseudorapidity |η| < 1.3. In
the lower panel is reported the ratio between data and Monte Carlo.

After the described calibration procedure the jet energy scale is known with an
uncertainty at the level of percent in the wide range of energies relevant for the
physics at CMS (from 40 GeV to ∼1 TeV). This calibration is being used for all the
CMS physics publication based on data collected at 13 TeV in 2015.
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4 Extensions and improvements to the search for

dijet resonances

The selection currently used for the dijet analysis is very simple and basically consists
in requiring two high pT jets. The only variable which is used to discriminate the
signal from background (which consists of QCD multijets events) is cosθ∗, where θ∗

is the scattering angle in the rest of frame of the resonance (fig 3). This is done
because a new resonance would be produced in the s-channel, while the background
is produced via t-channel (see fig. 4).

Figure 3: The scattering angle in the rest of frame of the resonance.

Figure 4: The Feynman diagrams for the production of a X resonance in the s-
channel (on the left) and of the QCD background in the t-channel (on the right).

The two processes therefore have very different angular distributions (reported
in figure 5) in which it can be observed that for QCD processes the distribution
peaks to 1, while for the signal it is flatter and depends on the resonance spin.

In the current analysis a cut on this variable is set at cosθ∗ < 0.57 in order to
reduce the background and enhance the signal significance. Such cut suppresses
QCD t-channel contribution significantly more than dijet resonances, however a
signal could exist in that excluded region and so it could be not observed.

One of the goals of my work is the extension of the analysis removing the current
cut and categorizing the events in bins of cosθ∗. In this way it will be possible to
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Figure 5: Angular distribution for different production channel. For QCD process
(t-channel) the distribution peaks to 1, while for the signal process (s-channel) the
distribution is significantly flatter

probe a wider range of the parameters space increasing the analysis sensitivity. Fur-
thermore, studying the angular variable, the analysis can be optimized for different
hypotheses on the resonance spin. I will also work at extending the analysis to also
cover wide resonances which have an intrinsic width greater than experimental dijet
mass resolution. In this way the search would cover the widest range of possible
new physics signatures.

As it can be seen in Fig. 1 the current analysis cover the range of resonance masses
above 1.2 TeV. For my PHD thesis I’m working at extending it at lower masses,
to probe hypothetical resonances with small production cross sections that similar
searches performed at previous colliders could not find. The main experimental dif-
ficulties originate from the large cross section of multijet events at low dijet mass
and the limited resources for processing and storing these data. Due to these con-
straints, the thresholds of the trigger selection must be raised, in order to keep a
constant throughput despite the increasing collision rate and this is the reason of
the current search range. In order to extend it at lower masses, CMS developed
a novel trigger strategy, named ”data scouting” [4]. By significantly reducing the
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events size compared to the standard CMS data stream, this approach allows to
reduce significantly the trigger thresholds. The price to pay to have a small event
size is the fact that the full event information can not be stored and therefore the
object reconstruction is only run online. For this reason the jets used in this analysis
are reconstructed at high level trigger (HLT) where the clustering algorithm has to
be faster than in the standard reconstruction in order to satisfy the tight timing
requirements at trigger level. In this fast process it’s possible that the jet energy
is not fully reconstructed or the pile-up is not properly taken in account. A crucial
aspect for this analysis and my main recent activity is therefore to correct the HLT
jet energy and bring it back to the true value. For this purpose a particular dataset
is used where both HLT jets and ′′standard′′ jets after the full reconstruction are
saved. The standard jets are used as a reference to correct the HLT jets in a similar
way as discussed in par. 3. Once this is done and the corrections are applied the
invariant mass of the jets reconstructed at HLT is comparable with that obtained
with the standard reconstruction.

This technique has been used in Run 1, allowing to extend the analysis down to
a resonance mass of 500 GeV [5] and will be used again with the much larger dataset
to be collected in the next two years. The sub-TeV region has become particularly
interesting after the latest Run 2 results shown by LHC. In December 2015, both
CMS and ATLAS have found hints of a small excess in the diphoton invariant mass
spectrum compatible with a resonance mass of 750 GeV. If this excess is not a
statistical fluctuation but it is due to the decay of a massive particle, this new state,
being produced from proton-proton collision, must also couple to quarks and gluons.
Therefore, evidence of this signal could also be observed in the dijet channel using
the data scouting technique.

5 Outlook

As discussed in these pages, I’m collaborating at the CMS experiment at LHC
and my main interest is the jets physics. In the previous year my activity mainly
concentrated on the jet energy calibration, for which I’m responsible within the
experiment and which I plan to continue in 2016 as well with new data. At the
moment I’m contributing to the search for new physics in the dijet final state in
the mass region below 1.2 TeV using to data scouting technique. This is currently
my main activity and will continue all along 2016. The goal is to publish a paper
based on the data collected in 2015 and then exploit the much larger dataset which
is supposed to come in 2016 to redo the analysis. In parallel, I’m preparing for the
extension of the analysis in the mass region above 1.2 TeV. My thesis will conclude
in 2017 with the analysis of the whole dataset that will be collected in the next two
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years and the publication of both low-mass and high-mass resonance searches.
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