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Executive Summary

Our goal is to measure precisely the properties of the heaviest subatomic particle ever 
discovered, the top quark. In the proton-proton collision at the LHC, top quarks are 
copiously. The largest set of top quarks recorded by the CMS detector make it an ideal 
laboratory to measure properties such as its mass and the rate at which pair of top quarks 
are produced in association with energetic photons. Quantum electrodynamics, or QED, 
describes the emission of light by charged particles and is the most precise physics theory 
ever devised. Typically this means light emitted by electrons, but any charged particles 
will do such as the top quark. Studies of the light emitting properties of top quarks help 
us to refine our current theoretical predictions at the finest level and provide additional 
tools to study in more detail the recent discovered Higgs boson particle. However, during 
this process, the studies may reveal interesting features not yet observed. Deviations from 
the standard predictions would be a strong sign of something entirely new. These new 
physics theories are motivated to answer the current big mysteries in the universe such as 
what is the nature of mass or what is dark matter.

As the LHC increases the collision energy and its luminosity, the detectors need to be 
improved to cope with these high-luminosity scenarios. New sensors will be installed in 
the hadron calorimeter detectors along with new front and end electronics at the end of 
2016. We are testing and calibrating the new front-end readout electronics that will allow 
us to have more options to reduce the noise on these detectors. In order to do this 
calibration, we have developed a system that can inject electric charge in the full range of 
the charge integrator chip, the QIE ASICs.



Comparison of the actual accomplishments with the goals and objectives of the 
project

The project has two components, one on the physics side and another one on the detector 
side. The physics goal was very ambitious for a one-year grant. We proposed to measure 
the associated production of top quark pairs plus photons at the LHC using the data 
collected by the CMS detectors at V? = 13 TeV. However, this data was not available 
during the funding period. Instead, we use the data collected at V? = 8 TeV where we 
improved the analysis and implemented new methods to estimate the background from 
data instead of simulation. A preliminary analysis was presented to the collaboration and 
a draft of a paper is in preparation. The next step after the documentation has been 
updated is to start the review process of the analysis. This will happen outside the scope 
of this grant. We were also working with another analysis team in CMS from CERN and 
Boston Univ. With this team we measure the top-quark mass from the b jet energy 
spectrum. The top-quark mass is measured using the peak position of the energy 
distribution of b jets produced from top-quark decays. The analysis is based on a recent 
theoretical proposal. The measurement is carried out selecting top quark pair events with 
one electron and one muon in the final state in proton-proton 8-TeV collision data 
corresponding to an integrated luminosity of 19.7/fb. This analysis is starting the review 
process and is expected to become public very soon.

On the detector side, the goals of the project were achieved successfully. We have 
developed a system to inject constant charge in the full range of the charge-integrator 
chips known as QIE ASICs. The system will calibrate the readout front-end electronics 
boards that are being developed for the upgrade of the forward hadronic calorimeter. This 
system will be deployed at CERN where all the new components of the upgrade will be 
tested and calibrated.



Summary of Project Activities

Physics Activities

The measurement of the tty cross section suffers from the presence of a large irreducible 
background of photons radiated by charged particles other than the top quark. The photon 
radiation from top quarks can be classified into two stages. The first is radiation from top quark 
production that includes radiation from off-shell top quarks and initial-state radiation. The second 
stage is the radiation from top quark decays, where the photon is radiated either from an on-shell 
top quark, its decays products, or the decay products of the W boson. At Vs = 13 TeV, about 
50% of all photons in the tty events are radiated off the top quark decay products. There is a 
large interference of prompt photons with photons produced from initial (ISR) and final state 
radiation (FSR). At CMS, we have validated the signal generation of these events by comparing 
two event generators: WHIZARD [i] and MADGRAPH [ii]. Our group implemented a simulation of 
the 2 ^ 7 process, tty ^ l~vq1q2bby, where the interference from all the photon parents (initial 
state partons, top quarks, W, and b quarks) are included in the signal generation. The following 
description is for the analysis with a sample of data in pp collisions at Vs = 8 TeV. However, the 
same analysis strategy can be applied to data collected at Vs = 13 TeV with some modifications, 
mainly, to the lepton transverse momentum and isolation requirements.

The experimental and theoretical systematic uncertainties in the tty cross section measurement 
can be reduced by measuring the ratio R = ctfy/atf where ctf is the inclusive top quark pair 
production cross-section. The cross section atfy can be obtained using the experimental top quark 
pair cross-section times the measured cross-section ratio. The dominant uncertainty in this 
analysis will be the photon misidentification. However, we expect to measure atfy with 
sensitivity at or below 10% resulting in a very precise measurement of this quantity.

Lepton+jets events are selected by requiring the presence of an isolated muon or electron 
candidate, missing transverse momentum, and at least four high-pT jets, of which at least one is to 
be identified as originating from a b quark (b-tagged). Particle flow (PF) reconstruction 
algorithms are used to identify these objects. At this stage of the selection, the sample is enriched 
in top quark pairs. Fig. 2.1 shows, on the left, the invariant mass of the combination of three jets 
that has the largest total transverse momentum known as M3. More than 90% of the events are 
top quark pair candidates. In the preselected sample, we extract the correct top quark pair and 
total background contents by performing a likelihood fit to the data. The next step is to require at 
least one well-identified photon. The photon candidates are reconstructed from clusters of 
channels in the electromagnetic (EM) calorimeter around channels with significant energy 
deposits (superclusters). The observable variables used in the photon selection are the PF 
isolation corrected for the event energy density due to the underlying event and pileup, the ratio 
of hadronic energy in the hadron calorimeter towers to the EM energy in the supercluster, and the 
electron veto to reduce electron/photon misidentification. Fig. 2.1 shows, on the right, the photon 
charged hadron isolation in muon+jets events at Vs = 8 TeV. The tty signal events have low 
values of isolation while the tail of the isolation distribution is dominated by background.

The main background contributions in this analysis arise from tt+jets, W+jets, Drell-Yan+jets, 
and single top quark events with real and fake photons. The estimation of the photon 
misidentification rate is crucial in this analysis. By using template fits of real and fake photon 
observables, such as the photon charged hadron isolation and the shower width variable (oirjirj), it 
is possible to estimate each of these contributions in the final sample. The preliminary analysis



was pre-approved using templates derived from simulation. Our group is using a new method that 
derives templates from data control samples. With these data-driven shapes for signal and 
background, we perform a fit to estimate the photon purity.
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Figure 2.1 On the left is the invariant mass of the combination of three jets that has the largest total 
transverse momentum (M3) in the preselection sample. On the right is the photon charged hadron 
isolation with a photon requirement in the muon+jets sample.

With high statistical accuracy, the signal shape can be obtained from data through the random 
cone isolation method [hi]. The isolation energy is calculated in a region separated from the 
photon candidate. Starting from the photon (77,0) axis, a new axis is defined at the same 77 but 
with a random separation in 0. This new axis is used to define the random cone provided that no 
jet or photon or electron is reconstructed within AR < 0.8 and no muon is reconstructed within 
AR < 0.4 from this axis. In the case for which the new axis does not meet these requirements, a 
new 0 angle is generated. Fig. 2.2 shows, on the left side, the comparison between the random 
cone and MC truth shapes.

Figure 2.2 On the left, we compare the signal shape of the photon hadron isolation distribution between 
the MC truth and the random cone method in data. The plot on the right side shows the fit to the data 
using signal and background templates derived from side bands.

The background template can also be obtained from data using the sideband region of the shower 
width distribution, <7^, between 0.012 and 0.016 where the sample is dominated by background 
events. Both signal and background templates are validated against MC truth events. Fig. 2.2 
shows, on the right side, the fit to the data. The photon purity in the signal region is estimated to



be about 55%. The fit has been validated using pseudo experiments. The systematic uncertainty 
on this method can be calculated by changing the size of the airiiri sideband region. In addition, 
the signal template from the data random cone method can be replaced by the MC truth template 
and by recomputing the purity. The uncertainty on this method is expected to be at or below 10%.

Additional sources of systematic uncertainties have been checked such as b-tagging, jet energy 
scale and resolution, pileup, lepton isolation and reconstruction, top pT corrections, parton 
distribution functions, and photon energy. As expected, the total uncertainty from these sources is 
about 2 to 3% in total. Our preliminary result is R = 1.15 ± 0.05x10_2 and atfy = 2.6 ±
0.1(stat) ± 0.3(syst) pb. This result has a significant lower systematic uncertainty that the 
current public preliminary measurement and is in good agreement with the SM.

Detector Activities

The Phase-1 upgrade is motivated by the new LHC beam conditions that will operate close to the 
designed energies and higher luminosity rates. The expected luminosity for the initial Run-2 is of 
about 1.6x1034 cm-2s-1 and by 2019, the LHC is expected to reach peak intensities of about 
2.5x10s" cm-2s-1. At these rates, the number of multiple interactions, known as pileup, will rise 
to about 50 interactions per beam crossing. The HCAL detector and its electronics are being 
upgraded to cope with these high-luminosity scenarios. The first components are being installed 
in the current Long Shutdown (LS1) and the rest will be installed during the 2015 Year-End 
Technical Stop (YETS). The upgrade of the HCAL front-end electronics (FEE) will include an 
improved flash ADC chip, known as the Charge Integrator and Encoder or QIE ASIC. The charge 
signal is measured and encoded into a non-linear digital scale by the chip. The QIE uses the LHC 
clock to divide time into regular bins and measures the accumulated charge in each time bin. 
Internally, the QIE uses capacitors to accumulate the charge and measure the voltage. The new 
chip is needed to take advantage of the low-noise silicon photomultiplier (SiPM) sensors. The 
QIE chip is the integral part of the HCAL readout electronics. The QIE must accommodate larger 
signals with increased sensitivity having the least significant bit of 3 fC and a RMS noise of less 
than 2 fC. These specs provide a good signal/noise discrimination of single photoelectrons. There 
are two new versions of the QIE chip. The QIE11 will be used in the HCAL barrel and end-caps 
(HBHE) while the QIE10 will be used in the forward calorimeter (HF). The QIE chips are 
mounted in readout cards as part of the front-end electronic system with twenty-four chips per 
card.

To accomplish these goals, my student assembled a board to inject charge for the calibration of 
the HF readout boards and developing software and procedures to support its use. The charge 
injector is designed to cover the large dynamic range of the QIE from 3 fC to 330 pC. The tester 
board has 12 output channels. The amplitude of the current is controlled with a USB DAC that 
supplies voltage to two amplifiers in each channel. The frequency of the pulses is configured 
using a CPLD chip mounted on the card. The output current needs to be pulsed to avoid 
overheating the QIE chips. Fig. 2.3 shows, on the left, the assembled FIT injector card and, on the 
right, the output voltage of two channels (red, brown) and the reference clock (green) as a 
function of time. The design of the tester board has been done in collaboration with the HCAL 
groups from the University of Minnesota and Fermilab. My undergraduate student, Robert 
Schmelzle, and I spent three days at Minnesota where we worked on the design of the circuit and 
PCB layout. The injector circuit was assembled at FIT. Robert and I spent a month at Fermilab 
verifying the circuitry of the board as well as testing the design and configuration of the system.



Robert will continue working on the board for the rest of the calendar year 2014. We expect to 
have the board ready to test the HF prototype boards by November 2014. Two HF prototypes 
cards are being assembled at Fermilab. We will use those boards to develop a procedure to 
validate the F1F cards. Roy will travel to Fermilab for short periods to run these tests. The final 
production of 200 boards will be done in Turkey and possibly in Brazil at the beginning of 2015. 
Those boards will be tested and calibrated at CERN using our injector card. Students from Turkey 
and Brazil along with Roy will be available to run these tests. I will organize this effort during the 
Summer of 2015 at CERN. The HCAL project will support cost-of-living-adjustment funds for 
Roy’s stay at CERN for six months and for my stay for three months.

Figure 2.3 On the left is a photo of the charge injector card assembled at FIT along with a USB DAC. 
On the right is the output voltage of two channels (red and brown) and the reference clock (green) 
from our tester board.



Products Developed 

Publications

1. T. Roy, F. Yumiceva et al, “Single Chip Testing of the QIE ASIC”, CMS DN-14- 
010, 2014

2. D. Noonan, R. Roy, F. Yumiceva CMS Collaboration, “Measurement of the tt 
gamma production cross section at 8 TeV” CMS-PAS-TOP-14-008.

3. T. Roy, F. Yumiceva et al. QIE: performance studies of the next generation 
charge integrator, JINST 10 (2015) C02009.

Networks or collaborations foster

• A stronger collaboration was foster between my group at Florida Institute of 
Technology and the top quark group at CERN. We are working in similar 
analyses; our students are working together, and share some of the analysis tools 
such as ntuple files.

• We also have now a stronger collaboration with Kansas St. University group as 
we have worked together in top quark analyses.

• In the detector efforts, we have worked closely with the groups from Minnesota 
and Fermilab who have provided technical advise on the development of the 
charge injection calibration system.
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