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1.1

Executive Summary

The 2011-13 LHC run marked a centennial milestone: the discovery of a Higgs-like particle at
a mass near 126 GeV. As no physics Beyond the Standard Model has yet been found, and the
measured Higgs mass is uncomfortably high for minimal SUSY and uncomfortably small for strong
dynamics and vacuum stability, the upcoming LHC Run II at 13 TeV from the Spring of 2015 on
will be crucial in elucidating the emerging picture of TeV scale physics.
Caltech’s rigorous preparatory work and data-driven analyses to accurately understand electroweak interactions and QCD have been essential prerequisites for the discovery program. We
discovered the “breaking” of scaling behaviors such as “Berends-Giele” jet multiplicity scaling,
testing higher order QCD e↵ects that have not yet been computed theoretically, and continued
our studies of W+jets and Z+jets, QCD multijet and top+jet events, to provide a more accurate
description and modeling of SM processes in new physics searches. Throughout LHC Run 1 and in
preparation for Run2, our group has been central in many areas including: 1) design and deployment of the trigger menus for luminosities up to 1034 and beyond, 2) precise ECAL laser monitors
(with new solid state blue lasers in 2012) and crystal-by-crystal ⇡ 0 /⌘ calibration, 3) the HCAL
noise filters both online and in the prompt o✏ine reconstruction, and 4) optimizing the electron,
jets, MET and TeV-muon physics object performance in the presence of increased pileup.
A crucial product of the preparatory work on jets and ET is Spiropulu and Rogan’s breakthrough
development of the razor kinematic variables and ratios in 2009-11, and ongoing advances together
with Duarte since then. This has surpassed the sensitivity of many SUSY searches based on earlier
methods, and was recently highlighted at the SUSY2013 and ICHEP 2014 conferences, yielding the
most stringent constraints on scalar top quarks. The “razor working group” formed by Spiropulu
opened a major new theme in CMS’ searches for SUSY, Higgs, and exotic new physics using the
full 2011-12 dataset, while also probing the regions of SUSY space favored by the 2013 Planck
data and relevant to direct dark matter (DM) searches. The razor is now being applied widely: to
the third generation SUSY sector (signatures with sbottom, stop, or stau); to GMSB SUSY with
photons, jets and ET in the final state; and to the Higgs decay channel H ! W W with improved
mass resolution to characterize the signal. It is also used extensively by phenomenologists and
theorists to explore the remaining allowed SUSY and other models’ parameter spaces, combining
all available collider, CMB and other DM-related data. Maurizio Pierini joined the group as a
visitor this Spring, strengthening our e↵orts in many areas of razor-based analysis, as well as
developing and deploying the physics analysis workflow and data quality monitoring processes
CMS-wide as part of the Physics Performance and Dataset (PPD) group. In July 2104 Jean-Roch
Vlimant (previously CERN) joined our group. He has an exceptional record in advanced LHC
⇤

Caltech undergraduate

1

1.1 Executive Summary

2

physics software and computing and will engage in advanced machine learning methods in view of
the massive and complex data and analyses of the upcoming LHC runs.
The Caltech group continues its longstanding leading work on H !
, W W and ZZ ! 4
lepton studies following the discovery, to rigorously characterize the new particle. This has been
a major axis of our work, including new analysis methods, calibration, photon ID, energy scale
and selection optimization in the presence of pileup, as well as the SM background description
and understanding. A major direction begun in 2012 by Spiropulu, Chen, Di Marco and Xie
and highlighted at the ICHEP 2014 conference is the use of new calculations and computational
techniques to directly probe the tensor structure of the full SM Lagrangian in ZZ ! 4 lepton
events, to determine the spin and CP of the new particle, building on the ongoing Higgs look-alike
work since 2010. Together with the H ! W W work using the razor and the work to lower the
lepton thresholds and accurately determine the mass scales in several channels, Caltech’s roles are
central to CMS’ Higgs searches and ongoing studies of the new boson.
The group’s work in CMS on LHC physics was highlighted at ICHEP 2014, where Di Marco
presented “Studies of the Higgs boson spin and parity using the gamma gamma, ZZ, and WW
decay channels”, Duarte presented “Inclusive SUSY Searches”, and Chen presented “E↵ective Higgs
Couplings Extraction in the 4 Lepton Channel” which is the main subject of his thesis.
The Caltech group (Newman, Bornheim, Zhu, Di Marco, Yang and Ma, and students Pena,
Veverka,Timciuc and undergraduate Lambert) is one of the strongest (if not the strongest) in the
ECAL community, with leading roles in ECAL monitoring, trigger, calibration, and defining the
reconstructed photon objects, ensuring the best possible overall performance of the ECAL 1 .
The Caltech group (Spiropulu, Apresyan, Rogan, Xie and students Chen, Mott and Duarte)
has established leading roles in HCAL triggering and operations, extraction and workflow of the
corresponding datasets, and especially jets and ET signatures. Spiropulu has been the deputy leader
of the HCAL Detector Performance Group (DPG) and led the Noise Working Group developing
the crucial techniques to suppress the HCAL noise both online and o✏ine. Together with Chen,
Apresyan, and Mott they developed an e↵ective filtering suite of algorithms that were an essential
part of CMS’ online operations, o✏ine reconstruction and analysis which have been adapted and
are now commissioned for operations with 25 nsec bunch spacing at LHC Run2. Apresyan, who has
been ET and JetMET Convenor, is now the DPG Coordinator for HCAL performance overseeing
four HCAL subgroups (DQM/Certification, Noise, CMSSW and Simulation).
We also have established leading roles in R&D for the CMS Upgrade at HL-LHC. Caltech
along with ETH proposed a new radiation-hard crystal scintillator LYSO, which has been studied
in our crystal lab by Zhu et al. over the last decade. The group proposed and now leads the
development of a compact cost e↵ective Shashlik design based on LYSO crystal plates for the
upgraded forward ECAL at the high luminosity LHC (HL-LHC), and associated physics studies.
The first 4 ⇥ 4 Shashlik test matrix was successfully designed and tested at the Fermilab MTest
beamline this year. As detailed further in Section 1.4 of this report, a new thrust led by Spiropulu
since 2012 is the development of picosecond-resolution timing devices at the HL-LHC, to address
the challenges of high pileup and provide improved vertexing, ID and resolution for photons and jets
in the ECAL, as well as triggering. Recent measurements (August 2014) performed in the FNAL
test beam showed that a precision of 15-30 psec has been achieved with the detection of shower
1

The ⇡ 0 /⌘ !
calibration stream developed by our group, together with Caltech’s laser monitor, has proven
indispensable to precisely track radiation-induced transparency changes, and maintain the requisite calibration accuracy crystal-by-crystal over the ECAL barrel, which is crucial for CMS’ sensitivity to H !
and other new physics
channels with photons.
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particles using commercial MCP detectors, and with LYSO crystals measured with MCP-PMTs
and digitized with fast electronics
Student Alex Mott headed the online deployment of the trigger menus for the entire CMS trigger
in 2011-12. He led the studies and implementation of the SUSY triggers, as well as detector-related
noise filters with Chen and Apresyan that assure the efficiency and purity of the SUSY triggers.
Chen is convening the HCAL noise group in 2013-14, preparing for the 2015 run.
Caltech group members have been appointed to many important management and coordination
roles in CMS: in physics, triggers, reconstruction, detector operations and development, and the
Phase 2 upgrades, and as lead authors on many key papers, as well as founding and ongoing lead
roles in software and computing, and networking for the field. Several group members have received
awards and distinctions both within CMS and worldwide for physics and technology contributions
and advances during the grant period. 3 of the 7 CMS 2011 Student Awards for outstanding
work on the detector went to Mott (global trigger menus and online noise filtering), Yang (ECAL
calibration) and Chen (HCAL noise), among all the graduate students from 150 CMS institutions.
Orimoto, a former Millikan fellow now on the faculty at Northeastern, received a 2009 CMS Postdoc
award for her leadership of the ECAL Prompt Feedback Group (PFG).
We note that historically the group has an exceptional record in launching the careers of its
young members. The large majority of our grad students and postdocs as well as many of our undergraduates remain in HEP, and many have moved on to faculty positions, including: Chris Tully
(Princeton), Giorgio Gratta (Stanford), David Kirkby (Santa Cruz), Aaron Dominguez (Nebraska),
Toyoko Orimoto (Northeastern) and Martin Gruenewald (Ghent), as well as senior sta↵ members
such as Hong Ma (BNL).
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1.2.1 Higgs Discovery & Properties Measurements Program
H !
Discovery & Properties (Mott, Yang, Veverka, Bornheim, Apresyan, Newman,
Spiropulu) The H !
decay channel is one of the principal discovery modes and provides a
sensitive means to determine the properties and couplings of the SM Higgs boson.
The discovery analysis in this channel relied on the foundations developed by the Caltech
group, including the first boosted decision tree (BDT) analysis by Ma, the ECAL calibration with
⇡ 0 /⌘’s (Newman, Bornheim, Yang, Pena [201]) combined with the transparency measurements
from the laser monitor (Zhu, Zhang [202]), the regression based photon ID methods (Yang [204]),
and the energy scale setting and the electron pixel veto efficiency methods using tagged photons
in Z ! µµ events (Veverka and Bornheim [203, 18]). Yang’s thesis [204, 68] (with Newman,
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Bornheim, Gataullin, Di Marco, Mott, and others in the group; completed in Nov. 2012) is the
analysis of this mode, illustrated in Fig. 1.1, that uses the most rigorous calibration and multivariate
analysis methods to improve the ECAL reconstruction of photon clusters. Gataullin and Ma played
a central role in the baseline CMS analysis e↵ort, both for the SM and the Fermiophobic Higgs [17].
Mott, Ma, Gataullin, Bornheim and Veverka also made major contributions to the development of
the diphoton triggers, optimization of the photon identification methods in the presence of pileup [18] and modeling of the signal lineshape. Yang’s thesis contained an analysis of the variations of
results based on bootstrap resampling methods as suggested by Newman, which later was applied
in simplified form to gauge the internal consistency of the Higgs results among analyses and running
periods.
Since the discovery, the Caltech group (Mott et al.) has developed a substantially upgraded
streamlined H !
analysis that directly exploits a key strength - the high resolution for photons,
evaluated in categories event by event. This has been achieved while eliminating multiple layers
of the baseline MVA analysis, which mitigates the impact of mismodeling e↵ects in the simulation
and other systematics. The new analysis provides a stable platform for accurate measurement and
testing deviations from the SM. This will be especially important during the 13-14 TeV run, when
the rate of evolution of the ECAL and other subdetector responses will accelerate under greater
irradiation, and when this e↵ect combined with increased pileup (including out of time pileup with
25 nsec bunch spacing) could a↵ect the trigger and DAQ performance.
Mott’s improved
analysis is used in a novel set of Higgs-aware searches for SUSY and also
provides a natural connection with the upgrade of the forward ECAL. The measurement of the
Lagrangian parameters will be improved by selecting the high resolution photons (with varying
efficiencies) throughout the entire acceptance of the ECAL. The upgrade described in Section 1.3
will improve the photon identification and resolution in the ECAL endcap, and thus increase the
overall precision of these measurements. We note that Bornheim has led the CMS e↵ort to study
the performance of the H !
analysis with HL-LHC pile-up conditions.
H ! ZZ? ! 4` Discovery (Di Marco, Xie) Since 2012 the Caltech group has led, together
with the UCSD group, the optimization of the search for a low mass Higgs in H ! ZZ ⇤ ! 4`.
The high sensitivity in this channel depends crucially on reconstructing muons and electrons down
to the lowest possible pT . The electron identification developed by Di Marco and Xie, suited for
electrons down to pT =7 TeV improved the signal sensitivity for mH < 130 GeV by 15-20% (Fig. 1.2
left). Their introduction of regression for the momentum estimation of the electron, using both
ECAL and tracker variables, led to an improvement of 20% in the mass resolution of the H ! 4e
channel, and to observation of the new boson with 6.8 significance (6.8 expected) in the H ! 4`
channel alone, as shown in Fig. 1.2 right.
Di Marco also had the principal role in the calibrations of the electron momentum scale and
resolution using Z, J/ and ⌥(1S) resonances. He introduced corrections for the momentum scale
as a function of the electron ⌘ and pT , and reduced the scale systematics to less than 0.3%, as
shown in Fig. 1.3 left. Di Marco is the main author of the measurement of the Higgs mass in
this channel, with a fit using per-event mass uncertainties calibrated with dimuon and dielectron
resonances on data. Since 2013 Di Marco is the Coordinator of the H ! 4` group and Editor of the
paper. The Caltech group’s contributions to this measurement are documented in multiple CMS
Analysis Notes [125], a Physics Analysis Summary [121], and the 2012 and 2013 papers [120, 124].

H ! ZZ? ! 4` Properties (Chen, Xie, Di Marco, Spiropulu) In light of the upcoming 13 TeV
run, Caltech’s Chen et. al have developed a complete new analysis framework and computational
methodology to measure the properties directly, thereby entering a new era of precision Higgs
measurements. Starting from the e↵ective Lagrangian approach [207], and the fully di↵erential
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Figure 1.3: Left: Relative di↵erence between the dilepton mass peak position in data and simulation as
obtained from Z, J/ and ⌥ resonances as a function of the transverse momentum of one of the electrons
for dielectron events in the 8 TeV data. Right: scan of the negative log-likelihood 2 ln L vs the SM Higgs
boson mass mH , for each of the three channels separately and for the combination.

cross section for general scalar couplings to ZZ, , and Z including interference e↵ects, allowing
for on- and o↵-shell gauge bosons and the q q̄ background, and a fully parametrized map for the
final state leptons that accurately reproduces the full detector acceptance and resolution, we have
built 8-dimensional reconstruction-level probability distributions (pdf s) as continuous functions of
the Lagrangian parameters. Fig. 1.4 shows the SM background decomposition as a function of
4-lepton mass for phase space cuts similar to CMS analysis: 40 GeV < MZ1 < 120 GeV, 10 GeV
< MZ2 < 120 GeV with MZ1 > MZ2 .
We have been recently able to perform a fit of the full SM Lagrangian to the data in a computationally tractable manner for the first time, and directly extract simultaneously all the parameters
and their correlations. An important advantage of this approach is that the observables we use to
build the pdf s are well understood: lepton decay angles, dilepton masses and four-lepton masses.
We do not contract them into lower dimension composite observables, and thus retain the full discrimination power and sensitivity in the measurements. The results of this analysis were presented
by Chen, and highlighted in the plenary sessions at ICHEP 2014.
This analysis also is expected to be an important benchmark in LHC Run 2, where we anticipate
much smaller statistical errors in the extracted parameters. As an example, in Figure 1.4, we present
the likelihood scan for a pseudo-dataset of 500 events for the lowest-order CP-odd HZZ coupling
component for a toy model point, labeled as the white diamond. In preparation for the study, Chen
et al in collaboration with Vega-Morales produced a series of papers [119, 117, 118] documenting
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Figure 1.4: (Left) Decomposition of the SM background to the Higgs search for the 2e2µ final state. A:
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the analysis procedure, preliminary results with LHC data and projections, and the calculation and
computational aspects of the analysis.
H ! WW? Discovery & Properties (Di Marco, Xie, Rogan, Newman, Spiropulu) The
H ! W W decay, with a fully leptonic final state, is the channel with the highest sensitivity for
Higgs masses larger than 125 GeV. Di Marco has had the leading role in formulating and optimizing
this analysis in CMS, including the electron identification and analysis techniques to extract the
signal from the start. He served as the Coordinator of the HWW group, and has been the main
contributor throughout the 7 and 8 TeV LHC run. In 2012, Di Marco and Xie reoptimized the
electron identification and improved the methods to estimate W+jets from the data, to further
suppress the background and more accurately extract the signal, with an observed significance of
4.3 (expected 5.0 ). Given the high branching ratio and good signal/background ratio (⇡ 1/10),
we also obtained a measurement of the signal strengths that have implications for both the fermion
couplings and the vector couplings, shown in Fig. 1.5 left.
Given the presence of two neutrinos, the H ! W W channel provides sensitivity to the mass
mainly through the variation of the cross section with mH . Di Marco, Rogan and Spiropulu applied
an alternative innovative approach to this channel, using an updated version of the razor variable
MR [20], and the opening angle of the two leptons in the razor frame,
R . This improves
the mass resolution from an e↵ective 30 GeV to 20 GeV, peaking at the true Higgs mass. The
analysis also uses a di↵erent experimental technique, through a 2D unbinned maximum likelihood
approach [126]. The S/(S+B) weighted, background subtracted MR distribution for 7 and 8 TeV
data is shown in Fig. 1.5 middle. This technique, as a fully parametric shape analysis, has been
applied to measure the mass of the observed boson in this channel in the SM hypothesis (µ ⌘ 1)
with remarkable precision: mH = 125.5 ± 3.8 GeV, consistent with the mass measured in the
H!
and ZZ ! 4` channels. The 2D likelihood contour in the µ mH plane is shown in Fig. 1.5
right. This analysis also has improved the precision of the WW SM cross section measurements,
and established additional handles to improve the overall Higgs spin measurement through full
use of the charge and helicity information in the W decays in this channel. Caltech’s studies in
2013 using 8 TeV data are described in the CMS Analysis Notes [126, 127], the Physics Analysis
Summary [122] and the paper being submitted as of this writing [123].
H ! Z Sensitivity and Implications (Bornheim, Xie, Veverka, Pena, Newman) The Higgs
boson decay to Z proceeds through a loop mediated by heavy charged particles at leading order,
and is therefore particularly sensitive to contributions from BSM physics. The Caltech group led

2
1.5
1
0.5
0
0

CMS

s = 7 TeV, L = 4.9 fb ; s = 8 TeV, L = 19.5 fb

0.5

1

1.5

2

µ

2.5
VBF+VH

-1

s=7 TeV, L=4.9 fb ;

-1

s=8 TeV, L=19.5 fb

data - background

3

CMS

s=7 TeV, L=5.1 fb-1

s=8 TeV, L=19.6 fb-1

20
18

2.5

16

MH=125 GeV

-2 ∆ lnL

-1

S/(S+B) weighted events / 17 GeV

µ

ggH+ttH

CMS

2.5

7
-1

σ/ σSM

1.2 Physics

14

2

12

50
1.5

10
8

1

6
4

0.5

0
50

2

100

150

200
250
MR [GeV]

0
0
110 115 120 125 130 135 140 145 150 155 160

MH (GeV)
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p
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intervals in the ( / SM ,mH ) plane using the fit in the MR R distribution, where the solid and
dashed lines indicate the 68% and 95% CL contours respectively.
the work on this search as documented in [209]. Xie led the improvement and optimization of
the lepton selection, as well as the measurement of the selection efficiency. Bornheim and Xie led
the improvement of the lepton momentum and photon energy measurements. Bornheim and Pena
evaluated and precisely corrected the scale and resolution of the photon energy measurement [210]
using the Phosphor fit invented by Veverka to measure photon energy scale and resolution in-situ
using radiative Z boson decays to muons Z ! µ+ µ . The wide-ranging work and leadership
of Bornheim in this important area of Higgs physics, as well as the associated work on correctly
gauging the scale and resolution are particularly noteworthy.
The limit we set is 3 to 31 times the SM cross section, depending on the mass. A few hundred
inverse femtobarns is needed to reach the SM cross section, and a few inverse attobarns is needed
to measure the cross section in this decay channel. A significant increase in efficiency could be
achieved by extending the usable kinematic range for photons to larger ⌘ and lower pT , through
the upgrades discussed in Section 1.4.
Higgs combination (Xie, Chen) The properties of the Higgs boson are best studied when all
production and decay channels are considered simultaneously and the systematic uncertainties are
appropriately correlated. As part of the CMS combination team, Xie and Chen contributed to the
development, implementation, and validation of the benchmark e↵ective physics models, including
evaluation of possible fit biases. Their work focused on measuring the e↵ective Higgs couplings for
each of the benchmark models [211, 212], exemplified by the measurement of the vector (V ) and
fermion (F ) couplings to the Higgs boson. This is shown in Fig. 1.6, along with their results on
testing custodial symmetry using the WW and ZZ decay channels.
Double Higgs Production Future Projections (Xie, Lambert, An) Measuring the cross
section for double Higgs boson production is the only method available at the LHC to construct the
shape of the scalar potential, including the Higgs self-coupling, which has profound implications in
particle physics and cosmology. Measuring this highly-suppressed process is a challenge, requiring
least 100 times more integrated luminosity than was collected during LHC Run 1, which makes it
an ideal benchmark to motivate the HL-LHC and study the particular technology choices for the
CMS Phase 2 detector upgrade. Xie and undergraduates An and Lambert carried out the first
comprehensive simulation study of the double Higgs channel HH ! bb̄
in CMS, including the
complete set of backgrounds. They established the feasibility and characterized the sensitivity of
this measurement [128, 129] through a maximum likelihood fit they developed to extract the signal
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Figure 1.7: (Left) diHiggs production cross section for di↵erent

p

s (Middle) The uncertainty on the double
Higgs boson production cross section measurement using 3 ab 1 of integrated luminosity at the LHC, as
a function of the width of the di-bjet mass distribution. (Right) The same cross section measurement
uncertainty as a function of the integrated luminosity.

cross section, using the diphoton mass and di-bjet mass. Their results, expressed as the relative
uncertainty on the measured cross section as a function of the photon and jet energy resolution,
and the integrated luminosity, shown in Figure 1.7, are important in establishing the means by
which future studies of detector performance based on more detailed simulations, including reoptimizations of b-tagging performance and jet energy resolution in the HL-LHC environment, can
be easily mapped onto the ultimate sensitivity to the Higgs self-coupling parameter.
1.2.2 Razor Searches: SUSY, Exotica & Dark Matter
The razor variables and their phenomenology were conceived, invented and developed within
the Caltech group with colleagues from FNAL and CERN, and a large number of new analyses
are being carried out in CMS and ATLAS as well as by the theory and phenomenology community using these ideas. Rogan’s Ph. D thesis (completed February 2013) focused on this powerful
search program by exploiting kinematic variables sensitive to the mass-scale of pair-produced particles decaying to visible and weakly interacting particles, as is characteristic of Supersymmetry
and a number of New Physics scenarios that include a Dark Matter candidate. In October 2013
we hosted a workshop on new kinematic variables at Caltech (http://hep.caltech.edu/kvnp) that
further explored the multifaceted application of razor and razor-like approaches to: BSM searches,
Higgs characterization, and in depth understanding and description of SM physics, especially top
and vector boson QCD associated production.
p
Caltech led the most inclusive LHC search for new heavy particle pairs produced at s =
7 TeV. A summary was just published in Phys. Rev. Letters [132], and article has been published
in Phys. Rev. D. The search used a 2D shape analysis in the razor space of R2 , a dimensionless
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ratio related to the missing transverse energy ET , and MR , an event-by-event indicator of the heavy
particle mass scale. Our razor results from the full 2012 dataset were highlighted at SUSY2013 and
ICHEP 2014. The latest results, using an upgraded razor analysis led by Duarte that includes the
number of b-tags in the event as a third dimension in the likelihood, put the most stringent limits
on the masses of stops and gluinos, and raise concerns on “naturalness” as the path to solving the
hierarchy problem.
Gluinos and top squarks (Duarte, Chen, Apresyan, Di Marco, Mott, Pierini, Spiropulu) These
searches exploit the razor variables R2 and MR [135, 136] to separate the SM background (mainly
W/Z+jets and tt̄+jets) from a potential signal (a bump on a falling spectrum in the R2 vs. MR
plane). The background-only hypothesis, specified through an 3-dimensional analytical model, is in
good agreement with the data. The results (available at twiki.cern.ch/twiki/bin/view/CMSPublic/
PhysicsResultsSUS13004) are interpreted in terms of exclusion limits on the masses of SUSY particles, using a set of simplified SUSY models [137, 138, 139]. Fig 1.8 shows the 95% C.L. upper
limit on the gluino and top squark production cross sections we obtained as a function of their
masses in two simplified SUSY scenarios, as shown at the SUSY2013 conference, which were the
most stringent limits on these sparticle masses up to that date.
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Figure 1.8: (Left) 95% C.L. upper limit on the gluino production cross section times branching
fraction as a function of gluino mass (for a fixed LSP mass of 50 GeV) in a simplified SUSY topology,
consisting of gluino-mediated production of 4 b-jets with missing transverse energy. (Right) 95%
C.L. upper limit on the stop production cross section times branching fraction as a function of
the stop mass (for a fixed LSP mass of 25 GeV) in a simplified SUSY topology, consisting of
stop-mediated production of 2 top quarks with missing transverse energy.
Natural SUSY (Duarte,Pierini, Spiropulu) In 2014 we produced a new set of interpretations
of the razor analysis using a simplified natural SUSY spectrum as a reference. In the context of
this benchmark the neutralino is forced to be the lightest SUSY particle. The di↵erence in mass
between the chargino and the neutralino is fixed to 5 GeV. Gluino and same-flavor squark pair
production are considered in separate models, scanning the masses of the produced SUSY particle
and the neutralino.
For the top squark, the combined likelihood of the razor hadronic analysis and the exclusive
top squark search in events with single-lepton results in a stronger bound on the top squark mass.
These analyses and combinations are now heading for publication and are publicly available at
twiki.cern.ch/twiki/bin/view/CMSPublic/PhysicsResultsSUS14011
Dark Matter (Pena, Duarte, Pierini Spiropulu) CMS’ DM searches using monojet [40] and
monophoton [41] events (with large ET and a single photon or jet) are known to be competitive with
direct and indirect DM searches, and are the most sensitive for low masses in the Spin Independent
(SI) case, as well as for a wide range of masses in the Spin Dependent (SD) case. We have
applied new razor-based methods to monojet and monophoton events as sensitive probes of BSM
physics [42], with e↵ective field theory as a DM model framework, to extend the reach and sensitivity
of these searches by exploring a more inclusive multijet topology in a previously unexplored region
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Figure 1.9: (Left) Natural SUSY benchmark simplified model spectrum, (Middle) Gluino mass limit at 95%
CL, obtained for di↵erent gluino-gluino models, in the context of the benchmark natural SUSY spectrum,
(Right) Top squark mass limit at 95% CL, obtained for di↵erent squark-squark models in the context of the
benchmark natural SUSY spectrum.
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Figure 1.10: (Left) Spin dependent DM-nucleon cross section upper limit as a function of the DM
mass. (Right) Spin independent DM-nucleon cross section upper limit as a function of the DM
mass. The CMS razor and CMS monojet analysis results are shown as dashed lines while other
direct DM experimental limits and future projections are shown as solid lines.
of parameter space. The preliminary limits from our analysis of the 8 TeV dataset are shown in
Fig 1.10) along with other CMS and Xenon results. The razor analysis on the full Run 1 dataset,
is now being internally reviewed towards publication as of this writing and will further narrow the
search for dark matter.
3rd generation leptoquarks, and sbottoms (Chen, Apresyan, Spiropulu) Our group has
performed the first search at the LHC for third generation Leptoquarks (LQ) that carry both
baryon and lepton numbers, in events with large ET and b-jets. We have set the most stringent
limits on third generation LQs, excluding masses below 450 GeV, and the first stringent limits on
sbottom production, excluding sbottom squark masses up to 410 GeV. These analyses have been
published in Ref. [216].
Other analyses with the razor framework include a search in events with 6 jets [214], in tau
leptons [130], and in di-photons photons [131], each of which is designed to target interesting BSM
physics, such as light stops in SUSY, light staus, gravity-mediated SUSY breaking, and KaluzaKlein gravitons.
Resonant Diphoton Razor Analysis (Mott, Spiropulu) Here we search for SUSY events in
8 TeV LHC collisions using the razor variables and selecting events with a pair of photons whose
invariant mass is near the Higgs resonance. The search uses Standard Model Higgs Monte Carlo and
sidebands in the m spectrum to predict the background shape in the R2 MR plane for events
near the Higgs mass peak. The analysis is done in five exclusive boxes based on event kinematics,
photon quality and the presence of bb̄ pairs to improve sensitivity to a wide variety of models. The
selection is left as inclusive as possible, to allow interpretation of a wide set of SUSY models with
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Higgses in the final states. This analysis is the focus of the thesis of graduate student Alex Mott,
and it will soon enter internal review towards publication.
Recursive Razor & other Razor framework upgrades (Duarte, Rogan, Pierini, Spiropulu)
An e↵ort to develop the razor framework further targeting searches of models with “compressed
spectra”, i.e. small mass splittings between the new heavy partners is underway. We refer to this
as the recursive rest-frame (RR) reconstruction, introduced in Rogan’s thesis [20]. Since 2012,
this approach has been further developed by Duarte and Spiropulu with undergraduates Wang
and Upadhya, and has been shown to provide a handle on the spectroscopy of all the particles
in the decay chain. A phenomenological study with collaborators Lykken (FNAL) and Buckley
(Rutgers) used the new approach in direct searches for electroweak pair production of new particles
at the LHC. Despite the large background and low signal cross sections we demonstrated how these
searches can be improved by a combination of new razor variables and shape analysis of signal and
background kinematics, in final states with a pair of opposite sign leptons plus missing transverse
energy. The work was published at PRD (10.1103/PhysRevD.89.055020) in 2014. Additionally the
team has been working on optimization of the megajet reconstruction algorithms to more accurately
capture the products in each decay chain in the pair production and deacys of new heavy partners.
Undergraduate Edward Garza is working on this topic with Wang at the time of this writing, and
they are marking good progress.
Razor SM backgrounds: W+jet, Z+jet and tt̄+jets events (Anderson, Lee, Spiropulu,
Newman) The Caltech group has had a central role in the thorough understanding and study of
the SM production of W+jets, Z+jet and tt̄+jets processes as the foundation of all searches for the
Higgs and BSM physics, as well as an invaluable training ground for starting undergraduates and
graduate students in hadron collider physics and precision QCD measurements. We have led the
CMS preparation and first papers on W+jets and Z+jets in both the electron and muon channels,
and we have launched a new e↵ort to study these SM processes using the razor framework in
preparation for the 2015 Run 2 searches for new physics. Graduate student Dustin Anderson has
presented results on Z+jets and tt̄+jets using the razor variable space with the 8 TeV data. Given
his involvement and rapid progress in both the Standard Model and SUSY groups, he has been
asked recently to be the main contact for the validation of the mini-AOD event format in CMS, as
well as the main SUSY/PPD/DQM contact.

1.3

Detector Subsystems and Upgrades

Electromagnetic Calorimeter (ECAL) The ECAL performance relies on precise (laser) monitoring and (⇡ 0 /⌘ 0 ) calibration, and in-depth understanding of detector and monitoring systematic
e↵ects on a crystal-by-crystal basis over time. Caltech leads the work in these areas. The crystals
of the CMS ECAL exhibit a dose rate dependent transparency change ranging from a few percent
in the barrel to several tens of percent in the endcap. To compensate for the resulting deterioration
of the resolution performance the transparency is measured with a sophisticated laser monitoring
system and corrected to a precision of around 0.1%. Caltech designed the laser source, installed,
commissioned and optimized it at CERN (Zhu, Zhang, Bornheim), and maintains this mission critical device (Bornheim, Di Marco and students). In 2012-13 the old Quantronix lasers were replaced
with state of the art diode pumped lasers from Photonics Industries, that were first commissioned
at Caltech before installation at Point 5.
The monitoring of the transparency changes is now a stable and reliable procedure. The focus
has now shifted to longterm measurements of the performance of the crystals, in the higher radiation
environment of the endcap during Run 2, which will also provide important input for our HLLHC studies and preparations for the CMS Phase 2 Upgrades. The ⇡ 0 /⌘ 0 calibration, performed
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since 2012 by Pena and Bornheim, is now automated and streamlined. The calibration results
provide crucial input to the Higgs to diphoton discovery channel. During the shutdown we used
both the laser monitoring and (⇡ 0 /⌘ 0 ) calibration data crystal by crystal as part of the continued
optimization work on our upgraded H!
analysis.
Hadron Calorimeter (HCAL) The HCAL is the essential subsystem for jet and ET reconstruction, crucial for all discovery analyses with jets (such as Dark Matter searches, Higgs and
other VBF measurements.). Caltech (Apresyan, Chen, Mott and Spiropulu) led the work on the
HCAL noise filtering at the trigger, online and o✏ine reconstruction levels, as well as all the data
quality monitoring (DQM) since 2009. Preparing for LHC Run 2 with higher luminosity, the focus
of the HCAL noise group, led by Chen, has been two-fold: upgrading the baseline noise filters,
and developing a new pileup-insensitive energy reconstruction. Chen (with A. Toropin) used a
parameterized model of the HCAL pulse shape from the pileup deposits in minimum bias events
to subtract the out-of-time (OOT) pileup. He derived a correction from this model and was able
to eliminate the bias in the energy measurement. The Caltech noise filters we developed for Run
1 [153] based on pulse shape have been upgraded to provide the overall likelihood of a readout box
being noisy, while the filters we developed that use the number of hits above energy threshold are
being reoptimized for high pileup conditions during Run 2.
One of the major CMS upgrade projects during Long Shutdown 1 (LS1) was the replacement
of the photodetectors of the outer hadron calorimeter (HO) with silicon photomultipliers (SiPMs),
providing significantly improved stability and a higher signal to noise ratio. Xie established a lead
role in the project by coordinating the entire SiPM quality certification team in the operation
of the front-end readout module burn-in teststand, as well as the analysis of the resulting quality
certification data. He developed and improved many of the analysis methods, including the analysis
of the long term stability of the SiPM readout modules from which a number of issues significant
for its operation in the next LHC run have been discovered. He led the e↵ort to define the criteria
for SiPM certification, and successfully installed and set up the teststand for operation at the CMS
assembly hall at Point 5. Prior to and during Run2, Xie will play a leading role in commissioning
HO and developing new methods and algorithms to exploit the improved detector, to achieve the
required triggering and energy measurement resolution. Notably Spiropulu, Chen and Apresyan
have been asked by the CMS management in the Summer of 2014 to assist the HCAL DPG group
in aspects of detector performance and noise filtering technology transfer and oversight in view of
the upcoming Run 2.
Trigger (Duarte, Wang, Mott, Pierini, Chen, Rogan, Spiropulu) Since 2010, Caltech has
had major development, deployment and operational roles in the CMS trigger group, in addition
to designing new physics-motivated trigger suites (such as the razor suite for searches and the
diphoton suite for the Higgs) and the filters that mitigate HCAL noise at the trigger level. For
this work Mott was awarded one of the 7 subsystem detector awards in 2011. In 2012-13, Mott
continued his work designing, deploying and validating all 25 physics trigger menus (each containing
hundreds of trigger paths) and over 40 special purpose (for example calibration, alignment etc.)
run configuration menus used by CMS. The high level trigger (HLT) monitoring software suite
developed by Mott was deployed as the sole tool for online monitoring of the HLT, as well as all
HLT data-certification and validation. His HLT suite, which has been successful in quickly spotting
and immediately resolving a number of data quality issues to ensure the data quality during LHC
Run 1, will be extended to cover the more difficult conditions of LHC Run 2.
The Caltech group also is developing special triggers for Higgs properties measurements in the
di-photon channel, and more sophisticated versions of the razor trigger suite to maintain and extend
CMS’ sensitivity to BSM phenomena amidst the more challenging luminosity and pileup conditions
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of Run 2. Ann Wang with Duarte have presented a comprehensive proposal to the trigger studies
group that is incorporated in the trigger menus that are being currently designed for the upcoming
Run.

1.4

Upgrade of the CMS detector for HL-LHC

The HL-LHC is planned to provide 2.5 inverse attobarns with instantaneous luminosities leveled
at 5 ⇥ 1034 cm 2 s 1 , corresponding to a peak pileup of 140 minimum bias collisions per bunch
crossing, starting approximately in 2025. Precision measurements of the recently discovered Higgslike particle and the mechanism of electroweak symmetry breaking will be major physics goals, as
well as continued searches for new physics with greatly extended reach.
Upgrade of the CMS forward detector region (Newman, Bornheim, Apresyan, Di Marco,
Duarte, Anderson, Flamant, Pena, Zhu) The Technical Proposal for the CMS Phase 2 Upgrade [106]
includes a forward ECAL upgrade to address the degradation induced by electromagnetic and
hadronic radiation in the crystals [104, 232] and readout devices. The Caltech group has leading
roles in R&D for the ECAL upgrade that build on the group’s ongoing R&D program on LYSO
crystals [108, 109, 110, 111, 112, 233]. Recent studies by Zhu et al. have shown that these crystals
are radiation hard up to the electromagnetic dose levels (⇠ 100 MRads) expected in the ECAL
endcap at the HL-LHC. (Additional discussions of crystal R&D at Caltech are found in the Crystal
Detector R&D Chapter of this report.) Figure 1.11 (Left) shows the concept, a very compact LYSO
+ Tungsten sampling “Shashlik” calorimeter with longitudinal fibers to extract the light, designed
and proposed by our group for the Phase 2 CMS endcap ECAL [113], that would have the needed
radiation hardness and resolution. The design has the advantages of a small Moliere radius (14
mm) for superior electromagnetic shower containment and hence photon ID in the presence of high
pileup, short length (12 cm of LYSO and W layers for 24 X0 ) and high light output per GeV. A
first Shashlik prototype matrix has been constructed in collaboration with Virginia, Notre Dame,
Minnesota, Iowa and other CMS collaborators, and has been successfully tested at the Fermilab
M4 test beam this Spring and Summer. Caltech’s participation in the test beam campaign at
Fermilab using a Shashlik test matrix and precision timing devices (as discussed next), includes
benchmarking the performance of the detectors and understanding their combined use in this new
regime, as well as guiding the R&D process towards a full scale detector upgrade for the HL-LHC.
PU=20
PU=140
PU=140, tmax(jet) 150 ps
T = 10 ps
Toy MC Simulation
Caltech-CMS internal

Figure 1.11: (Left) LYSO/W sampling calorimeter forward ECAL concept for the HL-LHC. (Middle)
t z-vertex

resolution as measured with the time-of-flight (TOF of all energy deposits in a jet) for a dijet
signature. (Right) Monte Carlo simulation of t z-vertex resolution in events where the Z boson decays to a
pair of electrons, measured with a varied TOF resolution.

Picosecond TOF system
(Spiropulu, Bornheim, Apresyan, Xie, Duarte, Pena, Anderson,
Flamant, Newman, Zhu) Following Spiropulu’s proposal (Alushta 2011) to include a precision
timing detector in the CMS Phase 2 Upgrade program, studies by our group have shown how a
high resolution timing detector could provide the necessary handles to distinguish energy deposits
from pileup, and optimize physics object reconstruction at HL-LHC. This program has already
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Figure 1.12: Measurements of
the time resolution for di↵erent
electron beam energies, obtained
with an LYSO crystal mounted
on a Hamamatsu R3809 MCPPMT, fitted to a model incorporatingpa stochastic term scaling
as 1/ E, and a constant term.
shown the promise of this approach to improve the object ID, energy resolution and correct vertex
ID efficiency by (1) discriminating and suppressing physics objects or components of objects from
PU, (2) cleaning up ECAL calorimeter clusters based on the shallower depth and hence earlier
times of min-bias (PU) hits in the crystals, for photons that have no associated tracks, as well as
for electrons, (3) identifying the hard scatter vertex for neutral objects by finding a set of times
consistent with a single z-vertex position after correcting for the candidate flight path, (4) improving
the /⇡ 0 separation through a similar method, and (5) distinguishing spatially overlapping vertices
that are separated in time.
Spiropulu with the Caltech team have launched an R&D program, referred to as CPT (CMS
Precision Timing) towards the feasibility, development and construction of a high precision timing
system for the Phase 2 CMS upgrade. The progam includes both a strong simulation e↵ort and
a strong hardware R&D e↵ort. The goals of the precision timing system include excellent energy
resolution and identification efficiency for photons, electrons, jets and missing transverse energy
in the extreme pileup environment of the High Luminosity LHC run. We are investigating two
options for calorimeter elements capable of high precision timing: a) scintillating crystal layers as
an active medium to detect the energy and position of the high energy particles and their time of
arrival simultaneously [234], and b) a dedicated detector based on microchannel plates (MCP) to
measure secondary shower particles [235]. The benefit of precision timing on the physics object
reconstruction in the HL-LHC environment has been studied in the context of preparations of the
CMS Phase 2 upgrade Technical Proposal, and is documented in Section 9 of the corresponding
document [236]. To be utilized e↵ectively it has been found that the timing measurement needs to
be very closely linked to the electromagnetic energy measurement, ideally based on the same active
detector element.
In the past year we have conducted several rounds of experiments at Spiropulu’s CPT Lab in
Lauritsen, using the lab’s cosmic ray and picosecond laser test stands), and at the Fermilab test
beam facility, to investigate the feasibility of the precision calorimeter options. To perform these
experiments, we have utilized the resources provided by the Caltech PMA division, funding from US
CMS (that prompty recognized the value of this line of R&D work), as well as sharing of resources
with the precision timing group at Fermilab. Our results have been widely presented within the
CMS collaboration, as well as at international conferences (CALOR 2014, TIPP 2014, NDIP 2014),
and have been published in NIM A [235]. The results are indeed very encouraging. Based on the
most recent test beam results, we now have a proof of concept of the technical feasibility of a device
capable to achieve a resolution of a few tens of psec, as shown in Figure 1.12.
At the August 25, 2014 CMS Management Board, the CMS upgrade management recognized
the importance of the timing R&D, and proposed the formation of a CMS Fast Timing Working
Group. We have been contacted as initiators and leaders of this work to advise on the selection of a
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coordinator of this group. To form a fast timing upgrade project with international participation,
we plan to work closely with our CERN and European colleagues who have expressed interest in
our timing R&D program during the past year.
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