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1 Experimental Particle Physics at Rice University

1.1 Overview

During the period of this grant faculty members, post-docs, and students, have participated in
a number of experiments. These were KTeV, D0, CMS, and Mu2E. We have made important
contributions to the hardware and the physics goals of each of these experiments. Rice
faculty have taken a number of leadership roles on these experiments. Marj Corcoran has
been Chair of the D0 Institutional Board. She was co-convener of the B physics group in
2009–2010 and is currently once again the co-convener of this group for 2011–2013. She has
been co-convener of the D0 Luminosity Group since 2007. She is a member of the DPF
Executive Committee, a member of the APS Council Executive Committee, and a member
of the Executive Committee of the Texas Section of the APS. She is L3 manager for straw
tube assembly for the Mu2e experiment. Within CMS, Karl Ecklund is the Pixel Phase 1
Upgrade Pilot Run Detector Coordinator. He is also co-convener of the Top Properties group
with the Top Physics Analysis Group (2012–2013). He is also the deputy project manager
of the CMS tracker (2013–2014). Paul Padley was the L2 manager of the US CMS endcap
muon project beginning in 2006. He stepped down from this role in spring 2012 to allow
more time to work on the CMS Physics and Hardware. Previously he was the manager of
the DZero Run II DAQ project and co-manager of the DZero Run IIb trigger upgrade.

2 The KTeV Experiment

The Rice group participated in the KTeV Experiment at Fermilab for the entire length of the
experiment. Our involvement began around 1993 and was completed with the publication of
the final paper in 2011. Rice’s hardware contribution to KTeV was in the tracking system.
The drift chambers used in the Fermilab experiment E731 were refurbished by the Rice group,
with this work being done completely in Houston. One graduate student and numerous
undergraduates were involved in this work. These chambers worked flawlessly during the
course of the experiment, with the exception of problems caused by radiation damage. After
the first running period (1996-1997), we had to restring parts of the two upstream chambers
due to radiation damage. Figure 1(a) is a secondary emission electron micrograph of a sense
wire removed from the most upstream drift chamber, removed after the first data-taking
period in 1996-1997. This micrograph, taken at Rice, shows the coating on the sense wire
responsible for the drop in gain and discharge currents. Later studies confirmed that the
coating was mainly silicon. Based on these micrographs, we concluded that it would be
necessary to restring some parts of the drift chambers during the accelerator down-time.
This work was done at Fermilab but supervised by Corcoran, with the actual work being
carried out by a Rice undergraduate Anna Huang, Rice graduate student Angela Bellevance,
Corcoran, and one Fermilab technician.

The Rice group carried out the lepton-flavor violation searches at KTeV. This work was
the Ph. D. thesis topic of Angela Bellavance, and after her graduation Corcoran completed
the work and shepherded it through publication. The limits on KL → π0µe, KL → π0π0µe
and π0 → µe, published in 2008 [1], remain the world’s best limits. Figure 1 shows the
final mass vs. p2t plot, with the control and signal regions shown by the outer and inner

2



(a) (b)

Figure 1: (a) Secondary emission electron micrograph of a sense wire from one of the KTeV
drift chambers, after the first data-taking period. The coating responsible for gain reduction
is evident. (b) Final plot for the KL → π0µe limit. The horizontal axis is the invariant
mass of the π0µe system, while the vertical axis is the square of the momentum component
of the π0µe system perpendicular to a line drawn from the KL production target to the
decay vertex. The inner contour defines the signal region, while the outer contour defines
the control region.

contours. The variable p2t is the square of the momentum component of the π0µe system
perpendicular to a line drawn from the KL production target to the decay vertex. For a
perfectly reconstructed KL decay this quantity would be zero.

3 The D0 Experiment

The Rice High Energy Physics group has an association with the D0 Experiment that spans
more than 15 years. The Rice group was involved with the original top quark discovery in
1995, but most of our effort on D0 has been on RunII, both operations and data analysis.
Faculty members involved in D0 include Corcoran, Miettinen, and Padley.

The Rice group contributed to the construction and operation of D0 in a number of ways.
Rice played a supporting role in the commissioning of the Central Fiber Tracker (CFT),
with graduate student Andrew Askew assisting in the cosmic ray studies of the detector
while he was in residence at Fermilab. Rice graduate student Michael Cooke wrote and
maintained the online monitoring software for the Central Track Trigger (CTT), part of the
L1 trigger system based on the CFT. Cooke also served as one of the on-call experts for
the tracking system for two years. When Cooke moved on to data analysis, another Rice
graduate student Dennis Mackin took over the maintenance of the CTT online software.
Corcoran performed the CFT data quality studies from 2005 through the end of data-taking.
Rice graduate student Michelle Prewitt led the operations effort for the D0 luminosity system
for more than two years, a level of responsibility unusual for a graduate student. In this
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capacity she twice supervised the replacement of the luminosity monitor scintillator during
accelerator shutdowns. The Rice group also played a central role in the determination of the
D0 luminosity constant for the RunII period, work which resulted in a NIM paper describing
the D0 luminosity system and the measurement of the luminosity [2].

Rice faculty have taken leadership roles in D0. Padley served as the leader of the Run
II DAQ upgrade and subsequently was co-leader of the RunIIb trigger upgrade. Corcoran
served as Institutional Board chair for one year and co-convener of the B physics group for
three years.

Rice’s contributions to physics analysis on D0 includes studies of Wγ and WW final
states, with both analyses including limits on anomalous couplings of gauge bosons. In the
Wγ system, interference between initial state radiation and direct photon production gives
rise to the radiation amplitude zero in the distribution of charge times rapidity difference,
Q×∆y. Pseudorapidity η is a good approximation for rapidity y, and the radiation amplitude
zero should appear as a dip in the Q × ∆η distribution at -1/3. The first study [3] of this
radiation amplitude zero was carried out by Rice graduate student Andrew Askew as part of
his Ph. D. physics analysis. This study was continued by graduate student Greg Pawloski for
his Ph. D. analysis [4]. Figure 2(a) shows the Q×∆η distribution from the later publication.
Another diboson analysis led by Rice was the measurement of the WW production cross

(a) (b)

Figure 2: (a) Distribution of the variable Q × ∆η in Wγ production, comparing data and
standard model expectations. (b) D0 history on limits on supersymmetric top quark (stop)
production as a function of stop mass vs supersymmetric neutrino mass.

section with 1 fb−1 of integrated luminosity [5] , which was the Ph. D. physics analysis
for Rice graduate student Michael Cooke. This measurement was, at the time that it was
published, the world’s most precise measurement of the WW cross section. This study
also included stringent limits on anomalous trilinear gauge boson couplings. Building on
this experience, Cooke led the D0 effort to combine several measurements to produce more
stringent limits on anomalous couplings.

Another major analysis thrust for us on D0 was the search for the supersymmetric partner
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of the top quark. An early analysis was carried out by our post doc Pedrame Bargassa [6],
while a later result was the thesis analysis for graduate student Dennis Mackin [7]. Figure
2(b) shows the history of D0 limits on stop production.

Graduate student Michelle Prewitt’s thesis work centered on the search for the ultra-
rare decay B0

s → µ+µ− [8]. This decay is of great interest because, as a flavor changing
neutral current, it is heavily suppressed in the standard model. This mode is also helicity
suppressed, resulting in a standard model expectation for this branching ratio of (3.5 ±0.2)×

(a) (b)

Figure 3: (a) Background distribution in dimuon mass near the blinded region for the B0
s →

µ+µ− search. This plot shows the mass sidebands before the box was opened. (b) Final
distribution of events in dimuon mass after the box has been opened.

10−9. However, nearly all models of physics beyond the standard model affect this branching
fraction, with most models enhancing it but some suppressing it further. Several experiments
have searched for this decay, with LHCb finally producing a 3.5 σ evidence at exactly the
standard model value, although this result has yet to be confirmed. Our analysis has produced
the best Tevatron limit, B(B0

s → µ+µ−) < 15 × 10−9 at the 95% CL and does not support
the excess seen by CDF. Figure 3 shows the background expectation interpolated from the
sidebands and the final observed number of events.

Graduate student Julie Hogan has not yet completed her Ph. D. degree, but has completed
her M. S. degree based on work done on D0. She has made several important contributions to
the study of missing transverse energy (ET/ ) at D0. Her most significant contributions include
the demonstration that a long tail in ET/ is due to poorly reconstructed primary vertices, and
that this tail can be eliminated by a simple cut on the location of the vertex. Hogan has also
developed a track-based version of ET/ , which, when used with the traditional calorimeter-
based ET/ , provides an extremely powerful discrimination against multi-jet backgrounds.
Hogan has documented her work in three D0 internal notes, an impressive number for someone
still in the early stages of her graduate career.

Rice post docs Avdhesh Chandra and Jesus Orduna have been active in B physics analysis.
Chandra has played a central role in the studies of the decays Bs → J/ψφ [14] and Bs →
J/ψf ′2(1525) [16]. Figure 4(a) shows the final result in the Bs → J/ψφ analysis, contour
curves in the ∆Γ vs φs plane, indicating a result consistent with the standard model. Figure
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4(b) shows the spin analysis of the f ′s(1525) meson, indicating support for the spin=2 nature
of this meson. Orduna has been the primary analyzer for the lifetime measurement of the

(a) (b)

Figure 4: (a) Limit contours for ∆Γ vs. φ
J/ψφ
s from the decay B0

s → J/ψφ. (b) Evidence for
the spin=2 nature of the f ′2(1525) meson.

decay Bs → J/ψf0(980). The lifetime associated with this decay is interesting because the
final state is pure CP-odd. If there is no CP violation in mixing, the CP-odd lifetime will be
equivalent to the lifetime of the heavier of the two mass eigenstates. The expectation is that
this lifetime will be somewhat different than the CP-averaged lifetime.

4 Mu2e Experiment

Due to our stringent momentum resolution requirements, it is crucial that we correctly model
energy loss, multiple scattering, and δ−ray production. Mu2e uses Geant4 as the standard
material modeling tool. Geant4 has several built-in physics lists which specify such processes.
Corcoran and Rice post doc Avdesh Chandra have studied the available electromagnetic
physics lists and have found that some are not acceptable for the low energy electrons typical
for Mu2e. Figure 5 shows the results of a study in which 100 MeV electrons impinge on a
target equivalent to one straw tube wall. The different colors represent different physics lists
available in Geant4. From the figure it is clear that certain of the physics lists have odd
behavior and are not acceptable for Mu2e simulations. Mu2e internal note 1982 details these
studies. This note also checks the distribution of δ-rays from Geant4, which is found to be
in agreement with expectations.

Orduna has been involved with studies aimed at developing a fast and efficient method
to measure the leak rate in the straws that will be used for the tracking system. He has
worked on both a vacuum system for an absolute measurement as well as CO2 detectors for
leak detection.
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(a) Residual energy in MeV (b) Plane scattering angle, normal-
ized to the Highland formula

Figure 5: Study of different physics lists available in Geant4. (a) The residual energy for
a 100.5 MeV electron after passing though the equivalent of one straw wall. (b) The 2D
multiple scattering angle, normalized to the Highland formula. The four physics lists shown
here are rejected due to incorrect behavior in one or both distributions.

5 CMS Experiment

The Rice group has been heavily involved in top quark physics within CMS. Currently Eck-
lund is co-convener of the Top Properties efforts. Padley has served and is serving on a
number of analysis review committees including chairing the review of H → bb. We have
also participated in the search for sTop squarks and Bs → µµ.

In addition to working on physics analysis, the Rice group has played a number of impor-
tant roles in the construction, installation, maintenance, and operation of the CMS detector.
Ecklund has been Pixel Online Software and Data Acquisition Coordinator and a Tracker
Operations Manager for the Pixels. Currently he is the deputy project manager of the CMS
tracker system. Padley was the manager of the US CMS EMU project, and Roberts has
played a leading role in the installation of the detector. Within both the EMU and Trigger
subsystems we are responsible for major contributions to the electronics. These systems have
been working well during the physics data taking and are currently being upgraded

5.1 CMS EMU System and Trigger

5.1.1 Electronics - Padley, Matveev, Redjimi, Adair, Liu

Padley is the lead physicist, and Matveev the design engineer, for a number of boards in the
CSC electronics system. We continue to be responsible for the operation, maintenance and
upgrade of these 170 electronic boards (including spares) of three types for the CSC system:

• the Clock and Control Board (CCB) that is an interface to the CMS Timing, Trigger
and Control (TTC) system in 60 EMU peripheral and one CSC Trackfinder (TF) crates,

• the Muon Port Card (MPC), that performs the data sorting and transmission from the
EMU peripheral crate to the CSC TF, and
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• the Muon Sorter (MS) board that performs data sorting and transmission from the
CSC TF crate to the Global Muon Trigger/Global Trigger (GMT/GT) crate.

Redjimi was stationed at CERN until last August and was the on-site person responsible for
this electronics.

5.1.2 ME42 Chambers - Roberts, Liu

Roberts played an important role in the installation of the CSC system. He was personally
responsible for construction and installation of the electronics VME crates, involved in the
installation of chambers, and conducted many of the commissioning tests of the system. In
2011 construction was begun of additional chambers to provide greater tracking redundancy
for high luminosity running. Liu has been providing software support for the FAST site
test stand used to verify chamber operation. Most importantly, Roberts spent the past
two summers at CERN learning about, and participating in the construction of the CSC
chambers. In addition Roberts was at CERN for several weeks this spring to continue this
work.

5.1.3 Electronics Replacements and Upgrades - Padley, Roberts, Michlin, Matveev,
Liu

In anticipation of higher LHC luminosity in coming years, the front end electronics will be
replaced with new digital front end boards for the ME1/1 chambers. This includes replacing
the Cathode Front End Board (CFEB) with a new digital version (DCFEB), replacing the
corresponding Trigger Motherboards (TMB) with an upgraded version, and replacing the
DAQ Motherboards (DMB) with an optical version (ODMB). The current ME11 electronics
will be removed and used to equip the new ME4/2 chambers. Matveev is providing sys-
tems engineering oversight for this project and Liu is providing the software support (new
electronics needs new software to control it). Padley provides the physicist oversight for the
related work at Rice. Work at Rice has included assisting with the design of the new Optical
DMB and design of the new patch panel interface board.

Padley, Michlin, and Matveev, have been conducting the R&D on trigger electronics for
higher luminosity at the LHC. It is envisaged that in the next 5–10 years the LHC beam
energy will reach the projected 7 TeV/beam and the luminosity will be increased up to
4× 1034cm−2s−1. Preliminary results of simulation at the top LHC luminosity presented by
the University of Florida (Gainesville) group show that the occupancies of the CSC system
will increase due to prompt pile-up, higher neutron background, and larger average number
of LCTs from the most critical inner ME1/1 chambers. The LCT rate at the MPC level may
increase by several factors per bunch crossing. At this point the existing 1.6 Gbps optical
links to the CSC Track Finder become insufficient and will require an upgrade. They reside
on the main MPC board while the processing FPGA is located on a mezzanine card. Our
plan is to replace the mezzanine board with the more advanced FPGA and faster optical
links. The ultimate solution would be to be able to transmit all the 18 available Local
Charged Tracks (LCTs) to the CSCTF every bunch crossing. Three “old” links would be
still available for compatibility with the existing Track Finder. At this point the design of
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Figure 6: Muon Port card with prototype Spartan 6 mezzanine card installed.

the of the MPC mezzanine is essentially complete and we are now awaiting upgrade funding
in order to go into production.

5.2 Present and Future Pixel Detectors

At the heart of CMS is a first-generation silicon pixel tracking detector, with three barrel
layers at radii 4–11 cm and two endcap disks providing precision three-hit tracking of charged
particles out to |η| < 2.5. The 100×150 µm pixels with charge readout provide hit resolutions
of 10–15 µm and excellent impact parameter and separated vertex reconstruction to provide
b tagging capabilities, important for physics involving b quarks, such as top quark decay and
H → bb. The pixels are also integral to tracking in CMS, providing triplet seeds for track
finding in the all silicon tracker. CMS tracking plays a crucial role also in calorimetry, using
the particle flow technique to improve the measurement of charged particles in jets using the
reconstructed momentum information from the tracker.

5.2.1 Pixel Data Acquisition & Operations – Ecklund, Zabel

Prof. Ecklund has been actively engaged in the CMS pixel tracker since 2005, when he joined
CMS and began contributing to the data acquisition (DAQ) system and online software. He
was the CMS Pixel Online Software Coordinator from 2005–2008, contributing the design of
the online software architecture, organizing software development, and personally coding in
many areas from early DAQ system tests to production software still in use today. In 2008 he
was active in commissioning of the Pixel detector and served as the Forward Pixel Operations
Manager for the start of the LHC and the following cosmic ray runs. Ecklund served as co-
editor and co-author of the paper on Pixel Performance using cosmic rays [19]. He continued
as the Pixel Tracker Operations Manager 2009–2010, while continuing to contribute to online
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software and commissioning of the detector during beam collisions and the first physics run.
During the period 2010–2012, Ecklund remained involved in Pixel Operations, taking on-

call DAQ expert shifts or Detector-On-Call shifts and following up open questions in the data
acquisition system and software. Ecklund was active in pixel data acquisition commissioning
as LHC luminosity performance continued to improve and push the detector closer to the
required performance specification. Pixel readout is zero suppressed on detector by design,
so as the pixel occupancy increases with LHC luminosity, the amount of data sent increases.
As the LHC neared design luminosity with 50 ns bunch spacing, data rates from the zero-
suppressed pixel DAQ system exceeded the design specified for 25 ns, but adjustments to the
downstream CMS event builder have allowed the higher data rates to be accommodated. In
this same period, the data acquisition system (firmware and software) was upgraded to recover
automatically from disruptions caused by exceptional conditions, e.g. channel overflows, and
single event upsets in the front-end electronics. Ecklund has worked with others in pixel
operations to diagnose and design improvements to mitigate these disruptions to data taking.
Ecklund’s graduate student Zabel and postdocs Cuplov (2008–2010) and Akgün (2012–) also
contribute to pixel detector operations and development of online software.

5.2.2 Pixel Phase 1 Upgrade – Ecklund, Akgün, Zabel

η=0 η=1.0η=0.5 η=1.5
η=2.0

η=2.5

η=2.5

η=2.0
η=1.5η=1.0η=0.5η=0

50.0 cm

Figure 7: Comparison of present CMS pixel tracker (bottom) and phase 1 upgrade (top) with
four layers and three forward disks split into inner and outer assemblies.

Ecklund has also been engaged in R&D for the pixel phase I upgrade (2017–2022), which
will incorporate a lighter weight carbon-fiber mechanical structure, allowing four barrel layers
and three disks with an overall reduced material budget. (Figure 7 compares the present and
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upgrade geometries.) The addition of a fourth layer and third disk gives four-hit tracking in
the tracking fiducial, improving the track reconstruction in the high-occupancy environment
of the upgraded LHC. The inner layer is moved inward to 3 cm, and the fourth layer gives
a longer lever arm. In combination the impact parameter resolution is improved. Ecklund
was co-author of the forward pixel chapter of the Upgrade Technical Proposal [20] and a
contributing author to the Pixel Phase 1 TDR [21].

To handle the higher instantaneous luminosities during phase 1, the upgrade requires
significant changes to the readout system from on-detector modules to the electronics room,
notably the use of higher bandwidth digital readout links instead of analog links, requiring
new readout chips, optical links, optical receivers and Front End Drivers (FEDs) including
FED firmware. Based on current experience, operation of the new readout chain in the full
conditions expected at CMS is highly desirable, so there will be a pilot system installed in
CMS during the long shutdown in 2013–2014. Ecklund has been appointed pilot run detector
coordinator and will be responsible for installation of a prototype detector and readout chain
as well as upgrades to the online software to operate the pilot system.
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Figure 8: Estimated pixel hit rate per unit area in the CMS phase 1 pixel detector upgrade
for L = 2× 1034 cm−2 s−1 for the innermost barrel layer (left) and the forward disks (right).
Hit rates are given as the number of pixel hits per cm2 per second. They are derived from
full GEANT simulation and correspond to the incident charged particle flux times the pixel
cluster size.

Ecklund and Zabel have contributed to pixel occupancy and data rate estimates using
simulated 14 TeV p-p collisions, showing that to meet specifications for a luminosity of
2×1034 cm−2 s−1 and 50 ns bunch spacing, the pixel modules on the inner disk assembly must
each have a single optical fiber for readout. Figure 8 displays the hit rate per unit area for each
read out chip (ROC) of layer 1, where the staggered ladder structure is visible in alternate
sectors as lower/higher rates for larger/smaller distances from the beam line. The relatively
lower rate for sectors 7–8 and 19–20 results from the larger radius for these modules along
the boundary where the two half shells meet. Figure 8 also shows a representative forward
disk, where the inner edge of the inner disk modules has the highest rate (200 MHz/cm2),
equivalent to the layer 2 rates, and requiring a single 400 Mbps optical fiber for each module
constructed from an array of 2× 8 ROCs. The outer disk modules have lower data volumes
and can be readout two modules per optical fiber.
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5.3 Detector Performance Studies and Contributions

5.3.1 CSC System - Boulahouache

As part of the Rice service work contribution to the CMS experiment, Chaouki Boulahouache
has been taking a leading role in providing prompt feedback for the CSC system. This effort
uses data offline to spot trouble with the detector and software systems. For example in
early 2011 running an asymmetry between the two end caps was spotted, that was ultimately
tracked back to a firmware issue in the trigger, which was then quickly fixed. Also this effort
has contributed to various physics analysis efforts, verifying that candidate events have real
muons and are not artifacts of some hardware glitch.

He also continued the work on the CSC DPG paper. It is worth noting that the code
written to measure the CSC Local reconstruction, as well as CSC trigger primitive efficiencies
that are part of the CSC DPG paper has proved useful in other studies. In one case it was
was used to to confirm and help debug problems discovered by the Muon POG where the
CSC local track reconstruction showed inefficiencies.

5.3.2 Trigger - Redjimi

Redjimi made a number of studies of the L1 Muon trigger performance. One important result
of this work has been the plots of muon trigger trigger efficiency. An example plot is shown
in figure 9

Figure 9: Muon trigger efficiency as a function of Pt.

During 2011, Laria Redjimi migrated her expertise in the Level 1 muon trigger to the Top
Physics Analysis Group (PAG). Laria played a leading role in the development of the trigger
menus used to trigger on top quark physics. Her work included offline studies of the Level
1 hardware performance and validation. She was also responsible for the development of
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the High Level Trigger (HLT) trigger paths involving muons. With each significant increase
in luminosity, which was continuous throughout the year, the work had to be repeated.
By end of the year, Laria stepped down from this responsibility to concentrate on physics
analysis. Laria also helped supervise an Padley’s undergraduate researcher, Seth Brown.
Seth developed the software tools used to study the effect of increasing luminosity on various
triggers.

5.3.3 CSC Trigger Primitives - Padley

During the 2011 running it was observed that the volume of data from the CSC system was
larger than expected. The CSC system has been designed such that a chamber is only read
out if a trigger primitive is found in the chamber. This essentially eliminates the background
due to neutrons and material radioactivity and allows the suppression of beam halo. In order
to study the data volume issue Padley undertook a study of the the trigger primitive rates
in the CSC system. Padley showed that there is a significant rate of LCTs in events without
a muon trigger. For example events that have been triggered with a jet trigger (and do not
have a muon trigger) will often have one or more LCTs in them. While there is a component
of this that are real muons — evidenced by the fact that they proceed through the entire
muon system — the majority of these spurious LCTs are only in one layer of the CSC system.
There are a number of possibilities as to the source of these trigger primitives. They could
be low momentum muons that do not penetrate the system, jet punch through, beam halo
related, or perhaps something else.
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Figure 10: The average number of LCTs per zero bias event as a function of luminosity. Data
are the points with error bars and the solid line is a straight line fit to the data with the
resulting parameters shown in the upper right of the figure.

It is also important to understand how the rate of these LCTs scale with the instantaneous
luminosity. For example if the rate was not linear with instantaneous luminosity, then there
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could be very serious consequences for the future operation of the CSC system. In early
summer 2012 ideal data for studying this was taken by the experiment. During LHC fill
2622 there were problems with the injection chain of the accelerator complex, which lead to
a very long fill where the luminosity varied by about a factor of 5 from beginning to end.
The average number of LCTs per event was found for each luminosity block, and from that it
was possible to make a distribution of that number as a function of instantaneous luminosity.
Figure 10 shows the resulting plot of the data with a straight line fit for comparison.

5.4 Physics analysis

During the first run of the LHC, CMS has accumulated 5 fb−1 of p-p collisions at
√
s = 7

TeV, followed by 20 fb−1 at
√
s = 8 TeV. Currently the LHC is shutdown for improvements

and will restart operation at
√
s =13–14 TeV and 1034cm−2 s−1, starting in 2015.

With these samples, standard model signals for top quark pair production and W/Z
bosons are extremely well established, and searches for physics beyond the standard model
in most cases have exceeded the sensitivity of the Tevatron experiments. Our strategy at Rice
for physics analysis is to pursue both standard model measurements involving top quarks,
where the high statistics samples allow precision measurements of top quark properties and
couplings, and searches for new phenomena, to exploit the window of sensitivity opened by
the LHC’s energy frontier. Initially we contributed to a measurement of top quark pair
production at 7 TeV in early data with the electron plus jet topology, where expertise on the
pixel detector is leveraged for b tagging of jets. Similarly we have leveraged muon detector and
trigger experience to search for new physics in “lepton jets” and displaced lepton signatures,
as well as in the decay B0

s → µµ, which is loop-suppressed in the standard model and sensitive
to contributions from new phenomena, especially SUSY. We are also using our expertise in
top physics to search for new physics in top decays and in top-like channels. All of these lines
of analysis continue to take advantage of LHC physics opportunities at the energy frontier.

5.4.1 Top Cross Section - Ecklund, Cuplov, Zabel

Ecklund, graduate student Zabel, and former postdoc Cuplov contributed to the top quark
pair production cross section measurement made on the 2010 data (35 pb−1), and published
in Phys. Rev. D [22]. Our analysis, documented in internal notes [23, 24, 25], used the
electron plus jets channel tt̄ → (W+b)(W−b̄) → (e+νb)(jjb̄), where the W from one top
decays leptonically and the other W decays to jets, requiring at least one b-tagged jet using
a displaced secondary vertex. This analysis was included in the top pair cross section paper.
Many systematic studies performed for our counting analysis were adopted by other analysts
contributing to the paper. Ecklund contributed text and figures for the paper and was part
of the editorial team for the journal article submission. In addition, two undergraduate
students1 participated in top cross section measurement as part of their Rice senior thesis
research. Figure 11 shows the number of b tags in the selected event sample, matching
expectations from simulation, and the cross section measurement compared to approximate
next-to-next-to-leading order calculations, with good agreement.

1Kyung Oh (now PhD program at Johns Hopkins) and Diego Caballero (now PhD program at Yale).

14



Secondary vertex tag multiplicity
1 2 3

Ev
en

ts

0

50

100

150

200

250

300

350
Data
tt

Single Top
νl→W -l+l→*γZ/

QCD
VV

Data
tt

Single Top
νl→W -l+l→*γZ/

QCD
VV

Data
tt

Single Top
νl→W -l+l→*γZ/

QCD
VV

 of Electron Data-1=7 TeV, 36 pbsCMS, 
3 jets≥e + 

) (pb)t(tσ
0 50 100 150 200 250 300

-0.25

4.8

A
p

p
ro

x.
 N

N
L

O
 Q

C
D

N
L

O
 Q

C
D

CMS l+jets   7±  29
36 ± 14 ±173 

arXiv:1106.0902  lum)± syst. ± stat. ±(val 

CMS dilepton   7±  14
14 ± 18 ±168 

arXiv:1105.5661  lum)± syst. ± stat. ±(val 

CMS l+jets+btag   6±  17
17 ±  9 ±150 

 lum)± syst. ± stat. ±(val 

CMS combined   6±  17
17 ±154 

 lum.)± tot. ±(val 

-1=7 TeV, 36 pbsCMS, 

Theory: Langenfeld, Moch, Uwer, Phys. Rev. D80 (2009) 054009

 PDF(90% C.L.) uncertainty⊗MSTW2008(N)NLO PDF, scale 

Figure 11: B-tag multiplicity in selected electron+jet events with three or more jets (left)
and top pair cross section measurements compared to theoretical calculations (right).

5.4.2 Top Properties - Ecklund, Redjimi, Boulahouache

Given the large top samples available at the LHC and our familiarity with top analysis on
CMS, Rice is pursuing the measurement of top quark properties with the aim of measuring
or constraining non-standard model couplings, which if found would be indirect evidence of
new physics in top production or top quark decay.

W Helicity in Top Decays Ecklund and Redjimi, with earlier contributions from former
postdoc Boulahouache, pursued a measurement of the W Helicity fractions in top quark
decay using a sample of t→ Wb→ `νb, where ` indicates a muon (Boulahouache) or electron
(Redjimi). In the standard model, the top decay is mediated by a V −A current, and for the
small b quark mass, only longitudinal (F0 = 0.70) and left-handed (FL = 0.3) helicity W s
are expected. Any right-handed helicity contribution (FR) above the 10−3 level would be an
indication of non-standard model couplings for the top quark. The W helicity is obtained
from an angular analysis of the top decay products, namely cos θ∗, the cosine of the angle
between the direction of the charged lepton in the W -rest frame and the W direction in the
top rest frame, the so-called helicity angle. By reconstructing the top decay and performing
a kinematic fit using the W and top mass constraints to improve the reconstruction (both
jet assignment and four-momentum resolution), the helicity angle distribution may be fit to
three components to extract the helicity fractions F0, FL, and FR.

Working with CMS collaborators from CIEMAT Madrid and Vrije Universiteit Brussel,
we engaged in the top W helicity analysis starting in April 2011. Initial presentations to the
Top Physics Analysis Group (PAG) on expected sensitivity and event selection were given in
May that year. Ecklund was asked to jointly coordinate the W Helicity working group, within
the Top PAG, and after the summer kick-off meetings, he organized a one-day workshop at
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CERN in October 2011, where the three main groups compared their various approaches
and decided on a strategy for a joint analysis that released preliminary results for the 2012
winter conferences [26, 27]. These preliminary results are based on the muon channel and
include significant contributions on event selection and background suppression from the Rice
group. Of particular importance is recovery of sensitivity to the small right-handed helicity
component by relaxing lepton isolation requirements, which remove events near cos θ∗ = −1,
the region where the b jet and the lepton overlap. Studies from Rice have allowed the
acceptance of the analysis to be optimized, as far as the online trigger requirements allow,
for sensitivity to FR. Boulahouache also developed a robust event selection to suppress
backgrounds while keeping good acceptance in all regions of cos θ∗. Additional work on
improved event selection and top kinematic fitting from Rice that improves the sensitivity
was incorporated into the final analysis of the full 7 TeV data sample of 5 fb−1, now in
preparation for journal publication.
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Figure 12: (a) The W helicity angle distribution for t → Wb → µνb, showing data (points)
and contributions from top pair events, and backgrounds (shaded histograms). (b) Con-
straints on gR and gL from the measured helicity fractions.

The preliminary results of a fit to the observed cos θ∗ distribution based on 2.2 fb−1 of
2011 data in the muon channel are shown in Figure 12a. A sample of approximately 9000
events with good signal to background ratio are selected requiring four or more jets with at
least 30 GeV of transverse energy, one of which must be b tagged, and one isolated muon
candidate with pT > 25 GeV. We find good agreement with the expected helicity fractions
in the standard model, including FR consistent with zero with uncertainty at the 5% level.
The helicity fraction measurements may be converted to constraints on anomalous couplings
at the Wtb vertex. Figure 12b shows the constraints on the real part of gR and gL, expected
to be zero in the standard model.

Additional work to include the electron channel was undertaken by Redjimi, based on
the same code framework developed at Rice for the muon channel. In collaboration with
CIEMAT and VUB, we contributed to a paper (TOP-11-020, in preparation) including both
channels and the full 5 fb−1 of 7 TeV data. Redjimi’s work on the top trigger menu for the
2011 7 TeV run (c.f. Section 5.3.2) was necessary to ensure efficient triggering for lepton
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plus jet top events. For the electron channel especially, the strategy relies on a cross trigger
requiring jet activity in addition to a lepton candidate, allowing lower pT thresholds than
would otherwise be possible. This is essential for sensitivity to as much of the top quark
decay phase space as possible.

In 2012 the LHC collected 20 fb−1 of data from 8 TeV collisions. The W Helicity mea-
surement is limited by systematic uncertainties, however a new analysis taking advantage
of a more stable trigger menu in 2012 and the improved signal to background ratio from
the relative increase of the top-pair cross section over the backgrounds (dominated by W+jet
production) was considered as a potential PhD thesis topic for Zabel. In this direction, Zabel
investigated multi-variate techniques for top candidate selection to improve the purity of the
top sample.

Leadership: Top Properties Co-convener Ecklund’s active involvement in the Top
Properties group led to a leadership position in CMS physics management. Ecklund was
appointed co-convener (2012–2013) of the Top Properties group of the Top Physics Analysis
Group. He was resident at CERN Jan–Jul 2012 to ramp up his coordination and leadership
efforts in Top Properties analysis.

Numerous results from the 2011 data sample are becoming available and analysis is under-
way using the 2012 data sample. In 2012 five preliminary results were prepared for Moriond
2012 in the Top Properties group, three were added for ICHEP 2012, and one more was
released for TOP 2012. In 2013 two 8 TeV analyses were released for winter conferences at
Moriond. Archival journal publications are complete for three of these and in preparation
for the remainder, sometimes combining 7 and 8 TeV data samples. The Top Properties
analyses are summarized in Table 1.

Reference Status Description
TOP-11-020 [27] Moriond 2012† W helicity in top pair events
TOP-11-028 [28] Moriond 2012* Search for FCNC in top decay (7 TeV)
TOP-11-029 [29] Moriond 2012† Measurement of B(t→ Wb)/B(t→ Wq) (7 TeV)
TOP-11-030 [30] Moriond 2012* Top charge asymmetry in p-p collisions (7 TeV)
TOP-11-031 [31] Moriond 2012 Constraints on the top charge in tt̄ events
TOP-12-004 [32] ICHEP 2012† tt̄ spin correlations in the dilepton channel
TOP-12-014 [33] ICHEP 2012* Measurement of ttV associated production
TOP-12-016 [34] ICHEP 2012† Top polarization in dilepton channel
TOP-12-010 [35] TOP 2012† Top charge asymmetry in dileptons (7 TeV)
TOP-12-035 [36] Moriond 2013† Measurement of B(t→ Wb)/B(t→ Wq) (8 TeV)
TOP-12-037 [37] Moriond 2013† Search for FCNC in top decay (8 TeV)

* Journal article published
† Journal article in preparation

Table 1: Analysis Results as of April 30, 2013 from the CMS Top Properties Group, where
Ecklund is co-convener 2012–2013.

The large data sample from 7 and 8 TeV LHC running in 2011–2012, under analysis dur-
ing Ecklund’s convenership, allows improved measurements of top quark properties. Several
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ongoing analyses that have not yet been released will be added to the list of results in Top
Properties. In particular, there are strong efforts in the group on top quark polarization and
charge asymmetry, both aimed at measurements that could shed light on the unexpectedly
large forward-backward asymmetry observed at CDF [38, 39] and D0 [40, 41] particularly
at high m(tt̄) [39]. At the LHC, a charge asymmetry, which comes from quark-antiquark
production of top pairs, would appear as a central-forward asymmetry. Numerous models
for new physics that could explain the anomalous Tevatron asymmetry, e.g. axigluon ex-
change [42], have been partially investigated already and mostly ruled out with 7 TeV LHC
data, leaving a mystery explored with additional data at 8 TeV, including more differential
measurements of the asymmetry that are valuable for constraining and testing new physics
models. There is also interest in probing spin correlations in tt̄ production more precisely
in the 8 TeV data, now that there is clear evidence for spin correlations from the ∆φ of the
two leptons in the dilepton channel [32]. An effort in the lepton+jets channel has started
based on a matrix element method, which should add sensitivity and is complementary to
the simpler measurement in the dilepton channel.

The first measurements of the top quark couplings to vector bosons and the Higgs boson
are within reach. CMS has signals for tt̄Z production in the trilepton channel and tt̄W and
tt̄Z in the same sign dilepton channel [33] using 5 fb−1 of 7 TeV data, which are consistent
with but larger than standard model expectations. The 8 TeV data will allow improved
precision on the cross sections and ttV couplings. A high priority analysis jointly with the
Higgs Physics Analysis Group is aimed at measuring tt̄H to elucidate the nature of the new
boson at 125 GeV. Goals of the Top Properties group for 2013 include preparation of detailed
reference papers on the measurements of top quark properties.

Ecklund presented invited talks on CMS top physics results at the 2013 Rencontres de
Physique de la Vallee d’Aoste and the 2011 meeting of the Division of Particles and Fields [43].
He also gave an invited talk on CMS status for the TOP 2010 International Workshop on
Top Quark Physics in Brugge, Belgium [44].

5.4.3 Physics with Displaced or Closely-spaced Leptons - Boulahouache

Leveraging his expertise with muon triggering and muon reconstruction, Boulahouache stud-
ied the trigger performance for muons and contributed significantly to several analyses making
use of unusual event topologies that require detailed study of the muon trigger efficiencies.
He contributed to a search for lepton jets, a signature appearing in some models of WIMP-
like dark matter that annihilates primarily into leptons leading to closely-spaced leptons in
the final state, e.g. Ref. [45]. He initiated physics analysis on this channel[46], was joined by
several other groups, leading to a publication from CMS in 2011 [47].

Boulahouache was active in searches for “Hidden Valley” signatures [48], where, e.g., a
Higgs decays to a hidden sector with heavy long-lived neutral particles that subsequently de-
cay to leptons giving displaced vertices [49]. The same topology can occur in split SUSY mod-
els [50]. He carried out detailed studies of the trigger performance for displaced leptons[51]
and engaged with other collaborators to pursue this new physics channel [52]. A search based
on the displaced vertex from which the leptons originate has been released in 2011 [53, 54],
and an update was undertaken using the full 2011 dataset [55] with preliminary results re-
leased for ICHEP2012 and now published [56] .
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5.4.4 Search for light scalar top partners, Adair, Akgun, Ecklund, Padley

The discovery of a new boson at 125 GeV [57, 58] consistent with the Higgs boson has
reignited searches for a supersymmetric partner to the top quark [59] that would cancel large
radiative corrections to the Higgs mass, controlling the quadratic divergence and resolving
the hierarchy problem. General searches at the LHC so far have not found evidence of any
superpartners, including those aimed at stop squarks t̃. Model dependent lower limits on
the stop mass range from 150–180 GeV [60] and 240–330 GeV [61] at the Tevatron and
LHC, respectively. Improved searches targeting more difficult scenarios can take advantage
of detailed knowledge of top quark backgrounds to stop production, or make use of top quarks
appearing in the decay of stop squarks, e.g. t̃→ tχ̃0

1, which via stop pair production produces
tt̄ with large missing transverse energy from the undetected lightest superpartners (LSP).

Adair and Akgun, with supervision from Padley and Ecklund, are involved in the SUSY
search - Scalar Top Quark Search with Jets and Missing Transverse Momentum in pp Col-
lisions at

√
s = 8 TeV. The analysis searches for scalar top decays in all-hadronic channels.

Our efforts are focused on the lepton efficiency measurements for the various parts of the
background estimations. The dominant background (tt̄) is estimated with a W-embedding
technique in a control sample. This technique removes a reconstructed muon and embeds a
W particle decay in the same event. It is then checked if the combined event enters a search
region. In this procedure control sample is corrected with the muon efficiency in order to get
the inclusive sample. Due to the dependence on the presence of hadronic activity around the
lepton of interest, the parametrization is performed as a function of the lepton pT and the
distance between the lepton and the nearest jet min∆R(µ,jet). The measurement proceeds
by first tagging an isolated and well-identified muon, in the case of data events additionally
matching this muon with a muon trigger (HLT IsoMu24). This tag is then paired to a recon-
structed probe muon on which the selection criteria are tested. The efficiencies are extracted
from Z-boson mass for each bin in the parametrization. A Voigtian for the signal plus a
quadratic function for the background was found to fit the Z-mass distributions well over the
wide kinematical range of the probes. MC closure tests, and data-MC comparisons, showed
these measurements to be at a very good accuracy for the considered sample. In order to
account for the differences that can rise from the embedding procedure the difference between
muons and electrons in plain data and in simulated muons and electrons embedded in data
are studied by comparing efficiencies as measured with tag-and-probe in Z data. We pro-
duced a sample of embedded Z events representing all event characteristics as the plain data
sample, on which again the efficiencies are measured using the Z tag-and-probe technique.
Both measurements are found to be compatible with each other within the uncertainties,
over the full range of probed data. This is confirmed in the MC closure tests for the muon
and electron predictions, which provide an estimate for the systematic uncertainty related to
this method.

5.4.5 B0
s → µµ, Redjimi, Padley, Ecklund

In late 2012 it became apparent that the CMS Bs → µµ needed additional help. In particular
they were requesting help in understanding muon triggering efficiencies, and area where Rice
has exceptional expertise. As a result we have made a number of contributions to this effort.

We have modified all 2011 MuOnia HLT menus (about 200 paths) to be compatible with
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a recent 2012 CMSSW version. Care was taken to ensure that this migration did not change
the logic of the MuOnia trigger path filters. We were then able to implement them into
GEN-SIM MuOnia MC to generate and produce a reconstructed MC sample that contained
the same trigger menu and the offline objects as in the 2012 data. This in turn allows us to
get an accurate measurement and comparison for B0

s physics analysis between 2011 data and
2011 MC.

We have also been involved in the investigation of the increase in trigger and the yields
rates observed during last period of 2012 data: We have collected all the modifications and
the changes have been done to all the HLT menus before this observation at each step in
both (Level-1 and HLT triggers) We were able to identify that the problem was most likely
related due to the modification of the HLT filters to increase its efficiency for Higgs physics.
This hypothesis was tested by measuring the trigger rate using the new modified parameters
using raw data, and comparing the rates to the same trigger using the old parameters. The
study clearly demonstrated that we had understood the effect correctly. As a consequence a
new MC production run was requested, using the trigger menu parameters as used for data
taking. on the right menu as the one we have in data. This investigation was very important
because the trigger efficiency and other MC corrections used for B0

s analysis are measured
from MC only.

5.4.6 Analysis Review Committee Work

In CMS each analysis is assigned an analysis review committee (ARC). This committees are
charged with thoroughly reviewing an analysis and the resulting papers. The work load varies
from paper to paper but this often can be quite effort. In addition each paper is assigned
a language editor who checks the text for grammar and style. Both Karl Ecklund and Paul
Padley have been heavily involved in this sort of work.
Karl Ecklund’s ARC work:
TRK-10-004: Measurement of Momentum Scale and Resolution using Low-mass Reso-
nances and Cosmic-Ray Muons
SUS-11-010: Search for supersymmetry in events with same-sign dileptons and missing
energy
SUS-11-028: Language Editor: Search for supersymmetry in events with a single lepton
and b-tagged jets
TOP-11-010: Top pair invariant mass distribution in dileptons
TOP-12-014: First measurement of associated top pair and vector boson production at 7
TeV
SUS-12-017: Search for supersymmetry in same sign dileptons at 8 TeV
SUS-13-003: Language Editor: Search for R-parity-violating supersymmetry in multilepton
events
Paul Padley’s ARC work:
SUS-11-007: Search for supersymmetry in all-hadronic events with tau leptons
TOP-11-019: (Unofficial Language editing) Measurement of the mass difference between
top and antitop quarks
HIG-11-033:(Unofficial language editing) H → γγ, including VBF Category
HIG-11-025: Language Editor: H → ZZ → 4l (e, mu)
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HIG-11-027: Language Editor: H → ZZ → 2l 2q
SUS-12-004: Search for supersymmetry in all-hadronic events with tau leptons
SUS-12-008: Search for Supersymmetry with a single tau, jets and MET
EXO-11-028: Language Editor: Search for 2nd Generation Leptoquarks
EXO-11-102: Search for heavy resonance in ZZ →2l2q
HIG-12-004: Language Editor: A0 → µµ
HIG-12-019: Chair of ARC: Higgs H → bb, (included participating in the review of the
Boson discovery paper)
HIG-12-036: Long version of Higgs discovery paper
HIG-13-011: Chair of ARC: Higgs to bb in the VBF channel
HIG-13-012: Chair of ARC: Search for the SM Higgs boson produced in association with
W,Z and decaying to b quarks

In addition to having ARCs, institutions are asked to review paper drafts as an institution.
In the past year Rice conducted two institutional reviews of papers: SUS-12-014, Search for
supersymmetry in events with photons and low missing transverse energy in p-p collisions at√
s = 7 TeV and HIN-11-008, Study of W boson production in PbPb and p-p collisions at√
sNN = 2.76 TeV.
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