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This review summarizes the recent results for top quark and Higgs boson measurements
from experiments at Tevatron, a proton—antiproton collider at a center-of-mass energy
of v/s = 1.96 TeV, and the Large Hadron Collider, a proton—proton collider at a center-
of-mass energy of /s = 7 TeV. These results include the discovery of a Higgs-like boson
and measurement of its various properties, and measurements in the top quark sector,
e.g. top quark mass, spin, charge asymmetry and production of single top quark.
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1. Introduction

With the advent of the 21st century, we have entered an extraordinary era in the
history of high energy physics. LHC recently discovered a new, Higgs-like particle
after only a couple of years of data taking and Tevatron is still producing exciting
results. Most of these results are, yet again, a testament to the validity of one of
the most precisely tested theories, the standard model (SM) of particle physics.!™

The SM is a gauge field theory based on the symmetry group SU(3) ® SU(2) ®
U(1), where SU(2) ® U(1) describes the electroweak (EW) interactions®” and
SU(3) describes the strong interactions Quantum Chromo-Dynamics (QCD).8 12
The particle content of the SM includes a matter sector consisting of spin 1/2
fermion. This sector includes three generations of quark and lepton doublets. The
interaction or the gauge sector includes the spin 1 gauge bosons: the photon ()
for electromagnetic interaction; the weak gauge bosons Z and W+ for weak inter-
actions; and the eight gluons mediating the strong interaction. For the theory in
its simplest form, with gauge symmetry unbroken, all these particles (bosons and
fermions) are massless. The spontaneous breaking of this gauge symmetry in the
EW sector of the SM is what gives mass to the weak gauge bosons. The mechanism
used in the SM for this gauge symmetry breaking'3 15 is called Higgs mechanism or
Englert-Brout-Higgs-Guralnik-Hagen—Kibble (EBHGHK) mechanism.6720 Parti-

cles in the matter sector become massive through their interaction with the quanta
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Fig. 1. (Color online) Left: the global x? fit of the SM to precision data, projected onto the

My axis. The blue band includes both the experimental and the theoretical uncertainties;?!

Right: constraints on the top quark and W boson masses resulting from direct measurements and
a global SM fit including various values for the Higgs boson mass.?3

of this new field, the Higgs boson. The fermion-Higgs couplings are in proportion to
the fermion masses. The tantalizing fact that top quark’s coupling to Higgs boson
is almost 1, suggests that top quark might have some special role to play in EWSB.
The mass of Higgs boson itself is a free parameter, not explained by the theory.

The study of top quark and Higgs boson are very much intertwined and both
top quark and Higgs boson have been at the forefront of high energy physics for
a long time. Since the SM theory is renormalizable, higher-order perturbative cor-
rections can be reliably computed. These radiative corrections are very important
for precision EW tests, which may be sensitive to new physics even if the new par-
ticles are too heavy for their direct production. It turns out that these radiative
corrections are quite sensitive to the top mass (enhanced by a factor m?/m3,) but
only logarithmically dependent on the Higgs mass at one-loop level log(m?/ m%,V)
Higgs mass itself is driven by top quark radiative corrections. For the analysis of
EW data in the SM, one can use the best measured input parameters and predict
the value for any other parameters. For example, precise measurements of the top
quark mass m; together with the mass of the W boson myy and other parameters
of the EW theory can be used to indirectly constrain the mass of the Higgs boson,
as shown in Fig. 1. The most recent global EW fits indicate that the Higgs boson
should be light.?! 23 The value of top quark pole mass is one of the most important
contributions to the limits on Higgs mass from vacuum stability conditions.

Apart from a very few possible deviations from its predictions in experiments,
SM has proved to be an exceptionally successful theory. So far, there is no clear
indication of new physics in the data collected and analyzed by different experi-
ments. There are some measurements indicating some tension between the theory



S. Jabeen

and experimental observations?* but nothing tangible enough to invalidate SM
beyond any doubt. Yet, it does not answer all the open questions. Within SM, for
example, instability of the SM with respect to quantum corrections is a problem, so
is the observed mass of neutrinos. Also, baryogenesis, dark matter and dark energy
are big issues not addressed by this theory. We also know that the EW symmetry
breaking occurs at the TeV scale and new physics should lie around this scale. A
large number of models beyond the SM try to describe nature and would be the
main focus of experiments in coming years.

After the discovery of the top quark at the Tevatron in 1995 and of the 7
neutrino at the DONUT experiment in 2000, the existence of a neutral boson,
mark of the symmetry breaking mechanism, was still to be verified. Given that
once a value for the Higgs boson mass is assumed, the properties of the SM Higgs
boson are completely specified, precise predictions for production and decay rates
and kinematics are possible. Based on these predictions, collider experiments have
searched for the SM Higgs boson for the past many years. It took 25 years after the
formulation of the Higgs mechanism until a significant mass range could be probed
with the start of the operation of the Large Electron Positron (LEP) Collider at
CERN in 1989. The search was continued at the Tevatron proton—antiproton collider
from 2002 to 2011 at Fermilab. In 2010 the Large Hadron Collider (LHC) started
taking data in proton—proton collisions. In the summer of 2012 a new particle, a
neutral boson, very similar to one expected in SM, is discovered.61:484,488

Given the recent experimental results (discovery of a new Higgs-like particle and
hints of possible deviations from SM expectations in top quark production, these
two particles will remain the focus of collider experiments for a long time to come.
This paper presents the current status of measurements concerning top quark and
Higgs boson at the collider experiments.

This paper is organized as follows. After introduction (Sec. 1) a brief descrip-
tion of LHC and Tevatron colliders and Collider Detector at Fermilab (CDF),
D@, ATLAS and Compact Muon Solenoid (CMS) experiments are given (Sec. 2).
General considerations for data analysis at colliders follow (Sec. 3). Next two sec-
tions contain the experimental results. The first section gives an account of current
status of experimental studies of top quark (Sec. 4) and its properties and the
second section describes SM Higgs boson searches and evidence and discovery of
the Higgs-like particle at the LHC and Tevatron, respectively (Sec. 5).

A note to the reader: this paper only focuses on the experimental results either
already published or submitted for publication. Exceptions to this rule are combina-
tions of results between different channels in one experiment or within experiments.
As is always the case, there is a lag between when the new results are publically
available and when they are published. For a complete list of publically available
recent results in top quark and Higgs boson physics please visit corresponding public

webpages. 2528
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2. Experimental Apparatus: Accelerators and Detectors
2.1. Accelerators: Tevatron and LHC

Tevatron collider at Fermi National Accelerator Laboratory in Chicago was the
highest energy hadron collider in the world until the LHC at CERN in Geneva
started taking data in 2009. The LHC is mainly a proton—proton collider whereas
Tevatron is a proton—antiproton collider. This difference in initial states provides an
opportunity to make complementary measurements along with the measurements at
different center-of-mass (CM) energies. During Run II (defined by the period 2001
2011) Tevatron delivered 10 fb~! integrated luminosity at 1.96 TeV CM energy to
the CDF and D@ experiments each. The highest recorded instantaneous luminosity
reached was 4.3 x 1032 cm?s~! with about two multiple interactions on average.

At the LHC, the initial data taking started at 0.9 and 2.36 TeV CM energy,
subsequently increasing to 7 TeV in 2010 and 8 TeV in 2012. The maximum instan-
taneous luminosity reached was 4 x 1032 cm?s™! at 7 TeV and 8 x 1033 cm?s™! at
8 TeV. One of the challenges specific to LHC is the number of multiple interactions
per bunch crossing, which was about 20 on average with a maximum around 40
interactions per bunch crossing at 8 TeV. LHC stopped data taking at the end of
2012 for an upgrade to about 14 TeV, after delivering total integrated luminosity
per experiment of about 5.5 fb™* at 7 TeV and 23.5 fb™! at 8 TeV.

2.2. Detectors: CDF, DO, ATLAS and CMS

The final state of proton—proton or proton—antiproton collisions is expected to be
comprised of some combination of leptons, jets and missing transverse energy .
All four experiments, CDF and D@ at the Tevatron and ATLAS and CMS at the
LHC, are multipurpose detectors, built to reconstruct and analyze complete final
states in hadron collisions.?? 36 The main components of these detectors are the
tracking detectors, calorimeters and muon detectors. Typically, tracking detectors
are located in the magnetic field of superconducting magnets to allow measurements
of the momentum of charged particles.

At the Tevatron, the CDF weighs 5000 tons and is about 12m in all three
dimensions. The D@ detector has similar dimensions. Both CDF and D@ trigger
system consists of three levels used to reduce the incoming collision rate of the order
of 1 MHz to about 100 Hz.

All these detectors have very high object identification efficiencies. For example,
the D@ primary vertex reconstruction and identification efficiency in data is above
97% and efficiencies to identify muons is about 80% for pr = 10 GeV. CDF efficiency
to identify electrons and photons is above 80%, and muon identification efficiency
is about 95%.

In CDF, jets are reconstructed using a jet clustering algorithm.3” In order to
estimate the original parton energy from the observed jet energy in the calorimeter,
observed jet energies are corrected for the losses in calorimeter and contributions
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from multiple interactions in the event. In CDF these corrections are parametrized
as function of n and for jets with transverse momentum above 50 GeV, the jet
energy correction is determined with a 3% systematic uncertainty in the central
region.?® The jet reconstruction in D@ is performed using the Run II cone jet
algorithm.? The jet energy scale (JES) corrections are 1 and pr dependent and for
a jet with pr = 100 GeV and n = 0.0, the JES correction factor is 1.4 with 1.5%
uncertainty.0:4!

Many processes of interest, including top quark and Higgs boson production,
are characterized by the presence of one or more b-quark jets in the final state.
Thus identifying b-jets is an important part of signal selection and background
rejection. Jets originating from the decay of b-quarks are identified using various
methods including multivariate analysis (MVA) techniques. For CDF, typical b-
tagging efficiency is about 50%-70% in the central region, with misidentification
rates for light (u, d, s and gluon) jets of 0.5% 6%.%2 44 DO also uses different
algorithms to identify b-jets and typical efficiency for jets with pr above 30 GeV
for b-tagging is about 50%-80% with a light jet misidentification rate of 0.5%—-10%,
respectively.4®

The luminosity measurement at the CDF is done using Cherenkov counter
system.?8 At D@, luminosity is measured using plastic scintillator arrays located
in front of the end calorimeter cryostats.3> The current CDF and D@ luminosity
measurement uncertainty is about 6%.

At the LHC, the ATLAS detector?” is 25 m high, 25 m wide and 46 m long, and
has a total weight of 7000 tons. The CMS detector?® is 21 m long, 15m wide and
15m high, and weighs 12,500 tons. A three-level trigger system is used to reduce
the initial collision rate of the order of 10 MHz to about 200 Hz for ATLAS, and
two-level CMS trigger system decreases the event rate to around 300 Hz, before
data storage. CMS uses a global event reconstruction called Particle Flow (PF) to
reconstruct and identify each particle produced in the event using information from

all subdetectors.*?

Electron reconstruction®®®! efficiencies range from 70%-90% and for the most
of relevant energy range, the electron energy scale is known to better than 0.5%
(0.3%) in ATLAS (CMS), while the energy resolution is 2% (3%) or better. The
probability to misidentify the electron charge is below 1%. The energy resolution
for photons of pr = 100 GeV is better than 1.5%.

For muons, the reconstruction efficiency is above 95% for both experiments and
the muon pr resolution is 3%-4% and 1% 2% in the relevant range for ATLAS?2
and CMS®? detectors, respectively. Fake identification of a muon and the charge
mis-identification are very small for both experiments.

For jet reconstruction anti-kt algorithm is used.’* % The typical jet energy
resolution is about 8% (11%) at 100 GeV in the case of CMS3” (ATLAS).>® CMS
benefits significantly from the use of PF algorithm to reconstruct jets. The JES
uncertainty is less than 2% for pr > 45 GeV.?” For ATLAS, the JES uncertainty
is less than 2.5% for central jets with |n| < 0.8 and pr = 60-800 GeV.>7:%9
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Like CDF and D@ experiments, ATLAS and CMS also use several algorithms
based on the fact that B-hadrons travel inside the detector before decaying, result-
ing in secondary vertex in the event.%-6¢ The b-jet identification efficiencies depend
on the pr and n of the jet, as well as the event sample used to measure these
efficiencies. Typical values for the efficiencies and the rate of identifying a light
flavor jet as a b-quark jet (mis-tag rate) are in the range 50%-70% and 0.5%-5%,
respectively.6771

Presence of a neutrino in the event is characterized by Fr, calculated as the
negative of the vector sum of the pr of all the particles in the final state. In ATLAS,
Bt is reconstructed from the deposited energy™ where as CMS uses PF objects
as input to Fr calculation.” Even though ATLAS hadronic calorimeter has better
resolution, the CMS Fp resolution is comparable to ATLAS owing to the use of
PF objects. The Er resolution is roughly 50% x+/>_ Er for both experiments.

The instantaneous luminosity is measured in both experiments by counting the
rate of collisions for a given number of bunch crossings using various techniques and
detectors.”™ 80 In the case of ATLAS, the systematic uncertainty on the measured
luminosity currently corresponds to 1.8% and 3.6% for 7 TeV and 8 TeV data,
respectively.8t For CMS, the corresponding uncertainties are 2.2 (4.4)% for 7 TeV
and 8 TeV data, respectively.””

3. General Considerations for Searches at Hadron Colliders

In hadron collider experiments, the potential to search for new physics or to pre-
cisely measure a known process, depends on high trigger efficiency, efficient object
identification, clever ideas to discriminate signal from the background and under-
standing sources of systematic uncertainties.

As is always the case, current experiments refine and enhance techniques and
methods learned at the past experiments. Tevatron experiments started with a
wealth of knowledge from UA1, UA2 and LEP experiments, for example, and added
their own innovative methods, especially the use of multivariate techniques got a
big boost at the Tevatron. The same is now being repeated at the LHC where old
methods are being perfected and new methods are being continuously developed.

One of the biggest challenges at the hadron colliders lies in the fact that most
of the rate of interesting collisions is very small compared to noninteresting colli-
sions. Algorithms involved in selection of interesting collisions need constant tending
with changing luminosity and analysis needs of the experiments. Once interest-
ing collisions have been recorded, in order to increase the signal-to-background
ratio, all experiments have developed methods to efficiently use detector informa-
tion. Sophisticated techniques, e.g. matrix element information, artificial neural
82-86 and boosted decision trees 871
larly. The selection and classification of events is generally based on number and

networks are being used and improved regu-

flavor of leptons, number of jets, quality and multiplicity of identified b-tagged
jets, presence of missing transverse momentum . These different channels have
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different signal and background composition and help increase the sensitivity by
exploiting these differences. For estimation of signal and the background processes
to a process of interest, either Monte Carlo (MC) simulation or controlled samples
in data, or a combination of both are used. There are several programs available
to simulate various processes of interest at different CM energies and initial states.
For all generated samples the hadronization is handled by PYTHIA? or HER-
WIG++92 generators. In order to compare simulated events with experimental
data, the simulated samples are processed through detector simulations based on
the GEANT® framework. Finally, these simulated events are reconstructed and
analyzed in exactly the same way as the real data events.

In order to separate signal from background, sophisticated analysis techniques
have been developed. These techniques have been put to maximal use both in
object identification as well as final signal discrimination. All experiments use MVA
methods to combine information from many discriminating variables. Also, since
analyses using different MVA techniques are not 100% correlated, it is becoming a
normal practice to perform the search in a single channel with different MVA tech-
niques and then combine their results to increase sensitivity. Using these techniques
in series is common as well, where one discriminating technique is first applied for a
certain background and then a cut is applied to the resulting discriminant to retain
the signal enhanced subsample and then another MVA is applied to this subsample
to reduce other backgrounds. At the Tevatron, these techniques have played a cru-
cial role in many analyses including the observation of single top quark production
and evidence for the Higgs-like boson.

The final most discriminating distributions either from a single reconstructed
quantity or final output of a discriminating technique is used as the input for
the statistical analysis. Experiments use both Bayesian and “CLg” methods to
set exclusion limits on new physics hypotheses. For details of these methods see
Refs. 95-101.

4. Top Quark Physics at Hadron Colliders
4.1. Introduction

The top quark is the heaviest known fundamental particle. The mass of the top
quark, my, is a fundamental parameter of the SM. It is partner of the b quark in
the third generation weak isospin quark doublet and has charge @ = +2/3e and
weak isospin T5 = +1/2. The existence of a sixth quark was postulated long before it
was finally discovered in 1995 by the CDF and D@ collaborations at the Tevatron
proton—antiproton (pp) collider at Fermilab.!02:193 Tts partner, the b quark, was
discovered in 1977. The reason it took almost two decades to discover top quark, is
its unexpectedly large mass which turns out to be m; = 173.2£0.9 GeV, about 40
times heavier than the b-quark and comparable to the size of an atom of Gold. The
top quark decays almost exclusively as ¢t — Wb. The decays of the top quark into
a W boson and a quark of another isospin doublet ¢ — Ws (BR ~ 0.2%), t — Wd
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(BR ~ 0.005%) are strongly suppressed in the SM. The top quark decay width
predicted by the SM at next-to-leading-order (NLO) is I'; = 1.33 GeV for top mass
my = 172.5 GeV,'%* which corresponds to a very short lifetime (about 1072°s),
an order of magnitude smaller than the typical formation time of hadrons. Thus
top quark decays before it has a chance to hadronize, transferring information, e.g.
about spin,'%® to its decay products, providing a unique opportunity to study the
properties of a bare quark. The large value of m; also implies a large coupling to
the Higgs boson. The top quark Yukawa coupling is close to unity. This observation
has often prompted the speculation that the top quark may play a special role in
the EW symmetry breaking. The measured value of m; together with the mass of
the W boson (Myy) constrains the mass (mgr) of the Higgs boson through quantum
corrections. Comparing this indirect prediction with a direct measurement of my
provides a stringent test of the consistency of the SM.

Unitarity of the CKM matrix implies that the denominator of the ratio R of
branching fractions (BR), defined as

_ BR(t - Wb) [Vio|?
BR(t = Wq)  [Vip|> + [Vis|? + [Via|*

(1)

is unity. Here |V;;| are CKM matrix elements. A deviation of R from unity may
indicate presence of new physics beyond SM. Similarly, within SM the decays involv-
ing flavor changing neutral current (FCNC) t — Z/vq/q have negligible branching
ratios, and a deviation would indicate new physics. Thus precision measurements of
the couplings of top quark are very important in order to validate SM. In general,
precise measurements of the properties of the top quark and its interactions may
reveal effects from new physics. In particular, there are many proposed models
where new physics prefers to interact with third generation quarks. Also, experi-
mental signatures involving top quark production often constitute an important
background to various new physics scenarios. For these reasons, top quark physics
is a major part of the research plan at both Tevatron and LHC.

After the discovery of the top quark at Tevatron, both CDF and D@ experi-
ments have performed a large number of measurements to precisely determine its
production and decay properties, as well as any hints of new physics involving top
quarks. Now, this effort is being continued at the LHC. These measurements have
been summarized in recent years (see, e.g. Refs. 106-108). The LHC is truly a
top quark factory (millions of top quarks have been produced at the LHC so far.
About 80,000 top quark pairs in 5 fb~! at 7 TeV), and many properties will be
measured more precisely at the LHC. However, because of the difference in initial
states at both colliders, many measurements provide complementary information
at the Tevatron and thus will remain relevant.

This section is arranged as follows. Subsection 4.2 describes top quark produc-
tion and decay at Tevatron and LHC. In Subsec. 4.3, current status of top pair
production cross-section measurements, measurement of branching fraction and
some other related measurements are presented. Next section gives brief account
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Fig. 2. Feynman diagrams for t¢ production at leading-order QCD.
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Fig. 3. Representative Feynman diagrams for single top quark production. From left to right:
t-channel production as flavor excitation and as W-gluon fusion; s-channel production; tW
production.

of measurement of differential cross-section (Subsec. 4.4). Direct and indirect top
quark mass measurements are summarized in Subsec. 4.5, followed by mass dif-
ference (Subsec. 4.6), top quark charge (Subsec. 4.7), charge asymmetry (Sub-
sec. 4.9), decay width (Subsec. 4.10), spin correlation (Subsec. 4.8), Wtb coupling
and W polarization (Subsec. 4.11), and a study of color flow in top pair produc-
tion is briefly discussed (Subsec. 4.12). Finally, measurements for EW production
of single top quarks are presented (Subsec. 4.13).

4.2. Top quark production and decay

At hadron colliders, top quarks are produced either in pairs, through the strong
interaction, or singly through the weak interaction. In SM, the dominant production
mechanism for top quark pair production is mediated by the strong interaction. At
the Tevatron, ¢q is responsible for & 85% of the total ¢ production cross-section
and gluon fusion accounts for the rest. At the LHC these ratios are reversed and
gluon fusion accounts for = 90% of the total ¢ production cross-section. Figure 2
depicts leading Feynman diagrams for ¢ production through gluon fusion and
quark—antiquark annihilation. Figure 3 shows leading Feynman diagrams for three
single top quark production channels: the t-channel production through a space-
like W boson scattering off a b-quark; the s-channel production where time-like W
boson is produced from incoming quarks; and the ¢tW-channel where top quark is
produced in association with a W boson.

The t-channel production mode is dominant at both Tevatron and LHC, followed
by the tW associated production at LHC and s-channel production at Tevatron.
The s-channel has very small cross-section at the Tevatron to be observed with 5
standard deviation (SD) significance at D@ or CDF alone, and the tW production
has negligible cross-section. The increase in the cross-section for this channel from
Tevatron to the LHC is significantly less than the increase in the main backgrounds,
making it even harder to observe this channel at the LHC.
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Table 1. Latest NNLO+NNLL theoretical predictions for top
quark pair production for various colliders CM energies.138

Collider Otot [PD] Scales [pb] PDF [pb]
40.110(1.5%) 40.169(2.4%)
Tevatron 7.164 —0.200(2.8"2) ~0.122(1.7%)
+4.4(2.6%) +4.7(2.7%)
LHC 7 TeV 172.0 —5.8(3.4%) —4.8(2.8%)
+6.2(2.5%) +6.2(2.5%)
LHC 8 TeV 245.8 —8.4(3.4%) —6.4(2.6%)
) +22.7(2.4%) +16.2(1.7%)
LHC 14 TeV 953.6 733.9(3.6‘72) —17.8(1.9%)

Note that, being a proton—proton collider, for LHC, except for the tWW produc-
tion, the cross-sections for top quark production are larger than that for antitop
quark production.

4.2.1. Theoretical calculations for top quark production

The NLO QCD corrections to the total t£ production cross-section have been known
for more than two decades.!9115 Mixed QCD and weak!'6121 and QED and
weak!?? corrections have been available at NLO as well. Various soft-gluon re-
summation logarithmic and approximate next-to-next-leading-order (NNLO) cal-
culations have been done as well.'237132 There are also calculations of ¢ production
cross-section at NLO QCD which include the top quark decays and the correlations
between production and decay, such as the information on the top quark spin.33 137
Recently, exact NNLO calculations have been done'®® and latest NNLO + NNLL
theoretical predictions for top quark pair production for various colliders and CM
energies are given in Table 1. Figure 4 shows various NNLO approximate calcula-
tions at CM energies of 7 TeV and 8 TeV at LHC, and 1.96 TeV at Tevatron, along
with exact NLO and NNLO calculations.

The NLO QCD differential cross-sections for the production of tt+jets have been
calculated at NLO.115:139°143 For 5 detailed overview of the theoretical calculations
see Refs. 144-147.

Theoretical calculations for single top quark production cross-section are
available up to approximate NNLO for Tevatron as well as LHC.148 161 Here,
Refs. 148-160, 162 and 163 are up to NLO. References 161 and 164-167 are approxi-
mate NNLO. Reference 161 uses NLL resummation, while Refs. 164-167 use NNLL
resummation.

For Tevatron pp collisions at 1.96 TeV, approximate NNLO single top t-channel
and s-channel cross-sections are,

Ot-channel(My = 173 GeV) = 1.047009 +0.06 pb  (Ref. 164),
Os-chamnel(me = 173 GeV) = 0.52310- 50510050 bl (Ref. 165).

Here, uncertainties are from scale and PDF variations, respectively. Single antitop
production cross-section at the Tevatron is the same as for the single top cross-
section. The tW production cross-section at Tevatron is negligible.
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Fig. 4. NNLO exact!38 and approximate!23-127 results for the ¢ cross-section. Left: for LHC
/s =7 TeV (bars on the left) and /s = 8 TeV (right). Right: for Tevatron /s = 1.96 TeV. Plots
taken from Ref. 132. Here, [1] corresponds to Refs. 109, 111, 112, [2] corresponds to Ref. 138 and
[3], [4], [5], [6], [7] correspond to Refs. 123-127, respectively.

Table 2. Approximate NNLO QCD calculations of the total cross-
sections for single top quark and antiquark production in pp collisions
at /s = 7 TeV. The first (second) uncertainty corresponds to the scale
(PDF) uncertainty.

Single top production mode ot [pb] oz [pb]
t-channel (Kidonakis'64) a1.7ti8 +0.8 22.5+0.5757
s-channel (Kidonakis!6%) 3.17+ 0.061”8;}3 1.42 £ 0~01t8:8(7j
s-channel (Zhu et al.'6%) 2.81t8:%8 1~60J_r8:8§
tW-channel (Kidonakis!67) 7.8+0.275% 7.8+0.275%

For pp collisions at CM energy 7 TeV, these calculations are summarized in
Table 2.

4.2.2. Ezperimental signatures of top production

The t# measurements are characterized according to the decay of the W bosons
from the decay of the two top quarks as follows.

Dilepton channel. Both W bosons decay leptonically tf — WTbW b —
lybl'vpb, where | = electron, muon or tau lepton. The experimental signature
consists of two leptons with high transverse momentum (pr), large missing trans-
verse energy (Fr) and at least two b-quark jets. The branching fraction for this
decay mode is relatively small (about 10%) but this is a very clean channel with
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very small background contamination from, e.g. Z + jets or WW, ZZ or WZ
(diboson) production.

Lepton + jets channel. One W boson decays leptonically and other hadroni-
cally, tt — WTbW~b — q¢'blyb + lvbqq'b. Experimental signature for this channel
is one high pp lepton, Fp and at least four jets, two of which b-quark jets. The
branching fraction for this decay mode is about 44%. This is considered to be the
best search channel and experiments have generally performed their most sensi-
tive top measurements in this channel. The cross-section is relatively large for this
decay mode with manageable backgrounds, mainly from W + jets and multijet
production.

Hadronic channel. Both W bosons decay hadronically tf — WTbW b —
q@'bq"§"'b. The experimental signature is at least six jets, two of them b-jets. Even
though the branching fraction for this decay mode is about 46% this channel is very
challenging because of the large background from multijet production.

Since the final states with hadronically decaying taus are experimentally much
more challenging, as a result most of the channel combinations in the lepton + jets
and dilepton channel include only electron and muon channels.

The measurements in single top quark production are generally limited to
lepton + jets channel. The main backgrounds to EW single top quark measure-
ments arise from ¢, W + jets and multijet production.

4.3. Top quark pair production
4.3.1. Cross-section measurements

The cross-section for ¢t production has been measured to a great precision, in
different channels and at different energies, by four experiments, CDF and D@ at
Tevatron and ATLAS and CMS at the LHC. So far all measurements are in good
agreement with the SM predictions.

Cross-section measurements have been done in all general topologies, discussed
in Subsec. 4.2 by CDF,168179 D) 180-187 ATT,ASI88193 and CMS94 292 experi-
ments.

CDF and D@ collaborations have performed combination of measurements
within the experiments as well as with one another using a method of best linear
unbiased estimate BLUE.293204 In these combinations, both statistical and system-
atic correlations among these channels are taken into account and any bias in the
procedure is determined using ensembles of simulated experiments.

CDF internal combination includes two measurements in lepton + jets channel,
one from the dilepton channel, and one measurement in alljets channel, using up
to 4.6 b1, 9 fb~! and 2.9 fb~! integrated luminosity, respectively. CDF combina-
tions yields a total uncertainty of 0.5 pb on the combined CDF cross-section. The
maximum correlation between these channels is found to be about 50%. D internal
combination includes two measurements one from dilepton channel and the other



S. Jabeen

Table 3. Latest results for top quark pair production cross-section measurements from Teva-
tron and LHC experiments.

CDF, up to 8.8 fb~! at 1.96 TeV (Ref. 205) 047 =7.63+£0.31 (stat.) £0.39 (syst.) pb
D@, 5.4 fb~! at 1.96 TeV (Ref. 205) 047 =7.56£0.20 (stat.) £0.56 (syst.) pb
Tevatron, up to 8.8 fb~! at 1.96 TeV (Ref. 205) o,7=7.6042.0 (stat.) £0.36 (syst.) pb

ATLAS, up to 1.02 fb~! at 7 TeV (Ref. 206) 0,;=177+3 (stat.)*? (syst.) £ 7 (lum.) pb

CMS, 2.3 fb~! at 7 TeV (Ref. 197) o, §=161.9£2.5 (stat.)3 5 (syst.) £3.6 (lum.) pb
LHC, up to 1.1 fb~! at 7 TeV (Ref. 207) 0,7 =173.31+2.3 (stat.) £9.8 (syst.) pb

from lepton + jets channel, both using up to 5.4 fb~* integrated luminosity. ATLAS
combines its measurements in lepton + jets, dilepton and all hadronic channel.

Table 3 summarizes the internal combinations from CDF and D@ and their
final Tevatron combination, the internal combination of ATLAS experiment, and
the best measurement from the CMS experiment. The LHC results correspond to
data collected at 7 TeV CM energy.

The contributions of different sources to systematic uncertainties for these
measurements vary depending on the channel. Main uncertainties in these mea-
surements include modeling of signal and background, luminosity and detector
modeling. Here detector modeling includes uncertainties in the final state object
identification efficiencies, trigger, energy and resolution, the calculation of the miss-
ing transverse momentum, trigger and in the b-jet identification, and estimated
background fractions. The Tevatron combination has a relative uncertainty of 5.4%
and for the LHC combination this total uncertainty is 5.8%. A summary of the
most precise cross-section (0;7) measurements performed by experiments at Teva-
tron, in various channels, are shown in Fig. 5. A comparison of these measurements
with theory predictions is also shown. All measurements, within uncertainties, are
in good agreement with one another and with SM predictions.

In addition to these benchmark measurements for the production of top quark
pairs, experiments are always looking for methods to improve their acceptance or
reduce uncertainties. One example is the measurement in lepton + jets channel
by CDF.!70 In this analysis they reduce the large uncertainty on luminosity by
measuring a ratio of o,7/0 7/« 4. Since Z /v* cross-section®’ is much more precisely
known, the larger uncertainty in luminosity is replaced by a smaller uncertainty on
the Z/~* cross-section.

4.3.2. Measurement of branching fraction R

Within SM the branching fraction R = % (¢ = d,s,b) is expected to be 1
and any deviations could be an indication of a fourth-generation of fermions.

The D@ and CDF experiments at Tevatron have published measurements of
this ratio?*® 212 and found it to be in good agreement with SM expectation with a

deviation of 2.5 SD at most.210
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Tevatron Run i
CDF dilepton ———i=— 7.09+0.49+0.67 pb 8.8fb"
+0.83 pb
CDF ANN lepton+jets E—e—- 7.82+0.38+0.41pb 4.6fb"
+ 0.56 pb
CDF SVX lepton+jets [=i=@=f=i 7.32+0.36 + 0.61 pb 4.6 b
+0.71 pb
CDF all-jets =] 7.21+0.50+1.18 pb 29fb"
+1.28 pb
CDF combined [ S| 7.63+0.31+0.39pb <8.8fb"
+0.50 pb
DO dilepton —— 7.36 + 0.85 pb 5.4 b
D@ lepton+jets F——eo—— 7.90+0.74 pb 5.3 b
D@ combined —rei— 7.56+0.20+ 0.56 pb 5.4 fb™'
+0.59 pb
Tevatron combined (ol S 7.60+0.20+0.36 pb <8.8fb"
m, = 172.5 GeV +0.41 pb
1 1 1 1

6 7 8 9
pp — tt cross section (pb) at\s=1.96 TeV

Fig. 5. Summary of the most precise cross-section (o,7) measurements performed by CDF and
D@ experiments in various channels compared with theory predictions.

4.3.3. Additional jet activity in tt production

Many measurements presented in this paper suffer from significant systematic un-
certainties due to the modeling of additional quark and gluon radiation in ¢t pro-
duction. Experimental data are needed to validate the MC models and reduce these
uncertainties.

ATLAS performed a measurement of ¢£ production with a veto on additional jet
activity using 2 fb~* of 2011 data in the dilepton channel and the results are com-
pared to theoretical predictions from MC generators MCQNLO,?* POWHEG,?!3
ALPGEN?' and SHERPA.2¢ A reasonable, overall agreement between data and
predictions is observed when the additional jets are vetoed in the rapidity interval
ly| < 2.1. However, the agreement is not as good for some generators for jet veto
in the most central or most forward bins in rapidity. For details see Ref. 217.

4.3.4. Measurement of the fraction of gg in tt production

A measurement of the fraction of gg fusion process (fg4q) in the t¢ production per-
formed at CDF exploits the difference in kinematic characteristics of gg and qg
contributions to distinguish the two mechanisms. Using the Feldman—Cousins pre-
scription,?'® measured values are mapped to a range of MC-generated true fractions.
For the lepton + jets channel, in a sample of 1 fb™! of data CDF finds fgg < 0.33

at a 68% CL.219 This result is combined with another measurement?2° that relies
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on the higher probability for a primary gluon, than for a quark, to radiate a low
energy gluon in the production process, obtaining a value of fq, = 0.074_'8:(1)?7 in

agreement with the SM prediction.

4.3.5. Measurement of tt~y production

The EW couplings of the top quark can be studied by investigating events where
top quark pairs are produced in association with a gauge boson. CDF reported first
evidence for ¢ty production at the Tevatron??! and the result is consistent with the
SM predictions.

4.3.6. Lorentz invariance

Because of Earth’s rotation about its axis, if Lorentz invariance is violated, with
reference to Sun-centered frame in the Earth-based laboratory frame we would
observe periodic oscillation in the number of ¢t events observed in the detector as a
function of sidereal time. This violation can be quantified using the SM Extension
(SME) framework,??%223 which provides an effective field theoretical treatment for
violation of Lorentz and CPT symmetry in particle interactions by introducing
Lorentz-violating terms to the Lagrangian density of the SM. As yet, no constraints
have yet been placed on Lorentz invariance violation in the top quark sector. Using
5.3 fb~! of integrated luminosity, DO searched for violation of Lorentz invariance
by examining the ¢£ production cross-section in lepton + jets final states.??* Within
uncertainties, these coefficients are found to be consistent with zero.

4.4. Differential cross-sections for tt production

Measurement of differential cross-sections do;;/dX, where X can be any kinematic
variable of final state particles, top quark or top—antitop quark system, are an
important check of SM. Any deviation in these measurements from SM predic-
tions would be an indication of new physics (e.g. see Refs. 225 and 226). All four
experiments at Tevatron and LHC measure differential cross-sections for a variety
of variables including transverse momentum and m.22" 23% In most cases the dif-
ferential distributions are corrected for detector and acceptance effects, in order to
compare with parton level theoretical calculations.

CDF measures the differential cross-section for top quark-pair production with
respect to the ¢¢ invariant mass using an integrated luminosity of 2.7 fb~*.227 D@
performs similar measurement of differential cross-section as function of top quark
transverse momentum with 1.0 fb~! integrated luminosity.228

ATLAS?? measures differential cross-sections for top quark pair production
relative to the total inclusive top quark pair production cross-section as a function
of the invariant mass, the transverse momentum and the rapidity of the top quark
pair system. A data sample of 2 fb~* collected at 7 TeV is used for this measurement.
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Fig. 6. Left: CDF measured mass of the t# system with 2.7 fb~1 of integrated luminosity. Here
data are compared with the SM expectation as modeled by PYTHIA. Right: DO inclusive do/dp
for tt production (two entries per event) in data is compared with expectations from theoretical
calculations and output from several event generators.

CMS?230 also measures normalized differential top quark pair production cross-
sections using data corresponding to an integrated luminosity of 5 fb~! collected
at 7 TeV. The tt differential cross-section is measured as a function of kinematic
properties of the final-state particles, top quark and top—antitop system.

Results are shown in Figs. 6 and 7. These measurements are also compared with
predictions from MC event generators and NLO perturbative QCD calculations. No
significant deviations from SM predictions have been observed so far.
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Fig. 7. Left: ATLAS relative differential cross-section versus rapidity y;; compared to the NLO
prediction from MCFM. Right: CMS normalized differential ¢# production cross-section in the
lepton + jets channels as a function of the p%f.



S. Jabeen

4.5. Top quark mass measurements

The top quark mass is the most precisely measured mass in the quark sector. The
goal of Tevatron was to measure top mass with an uncertainty of up to 2 GeV.
Today, a single analysis at Tevatron has achieved precision of 1.3 GeV and the
combined measurement of top quark mass by the D@ and CDF collaboration is
below 1 GeV, corresponding to 0.5% uncertainty. A number of methods have been
developed over the years by all collaborations to measure top quark mass as pre-
cisely as possible.

The top quark mass is measured directly using the final state decay products,
and indirectly by comparing the measured cross-section for top quark production
with theoretical predictions. Both of these measurements are discussed below.

4.5.1. Direct measurements of the top quark mass

The top quark mass has been measured in all general topologies by
CDF176:177,231-251 and D@187:252-262 experiments at the Tevatron, and ATLAS?53
and CMS264-266 experiments at the LHC.

Figure 8 shows the most recent combination of CDF and D@ top quark mass
measurements.?%” This combination is an update from Ref. 268 and combines 12
statistically independent or uncorrelated measurements, including measurements
from Run I done using about 100 pb~ ! integrated luminosity collected at CM energy

Mass of the Top Quark
March 2013 (* preliminary)
CDF-I dilepton T 1674041141 10302 450)
Do-I dilepton T ies401282¢12m030)
CDF-II dilepton N ) 170.56+3.79 (£2.19+3.09)
D@-Il dilepton I 'S 174.0042.76 (+235+1.44)
CDF-Ilepton+jets T 176.1047.36 esa0:520)

D@-| lepton+jets 180.10+5.31 (£3.90+ 3.60)

CDF-Il lepton+jets 172.85+1.11 (20,52 0.98)
D@-1l lepton+jets - 174.9441.49 083+ 124)
CDF-l alliets 186.00211.51 1000+ 570)
CDF-ll alljets ¥ 172.4742.07 (1432 1.49)
CDF-Il track N 166.9049.46 (:8.00+290)
CDF-Il MET+Jets * T 173.95+1.85 (+135+126)
Tevatron combination * "% 173.20£0.87 (:051%0.71)

(£ stat + syst)

¥/dof = 8.5/11 (67%)

| | |
150 160 170 180 190 200
My, (GeV/c?)

Fig. 8. Summary of measurements of m; performed at the Tevatron.
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of 1.8 TeV during period from 1992 to 1996.233:257 The Run II measurements are
done using up to 8.7 fb~! integrated luminosity collected at CM energy 1.96 TeV
by CDF?231:235,237,239,241,246,248249 a1 up to 5.4 fb~ L collected by D()253:256,258,260
experiment.

The Run I measurements were mainly counting experiments, whereas in Run II
both collaborations have used a number of different analysis techniques to increase
the sensitivity. The Run I measurements all have relatively large statistical un-
certainties and their systematic uncertainties are dominated by the total JES un-
certainty. In Run II, both CDF and D@ take advantage of the larger t¢ samples
available and employ new analysis techniques to reduce both of these uncertain-
ties. In particular, jets from the W boson are used to recalibrate the JES through
an in situ jet calibration. This calibration is possible because for true ¢t events,
the invariant mass of the two jets from the W boson can be constrained to the
world average value of My, and the result is used to adjust the energy scale of jets.
This procedure reduces the impact of the uncertainty on the absolute JES in the
measurement, of m;. The Run II D@ analysis in the lepton + jets channel and the
Run IT CDF analyses in the lepton + jets, alljets and Fr channels use jets from
the W boson to recalibrate the JES through this in situ jet calibration. Run IT D@
dilepton measurement uses the JES determined in the lepton + jets channel by in
situ calibration. These analysis method also rely on the calibration of the measured
my through MC pseudo-experiments to correct for simplifications and assumptions
of each method.

Taking correlations of uncertainties into account, the resulting measured mass
of the top quark at Tevatron is

my = 173.20 £ 0.51 (stat.) £0.71 (syst.) GeV  (Ref. 267),

corresponding to a relative precision of 0.50%.
The ATLAS experiment performs this measurement in the lepton + jets channel
with 1 fb~! integrated luminosity and measures top mass to be

Miop = 174.5 £ 0.6 (stat.) £ 2.3 (syst.) GeV  (Ref. 263).

And measurement by CMS using 5 fb™* integrated luminosity in the same channel
results in a value:

Miop = 173.5 £ 0.4 (stat. + JES) £ 1.0 (syst.) GeV  (Ref. 264).

CMS also measures top quark mass in the dilepton channel using 5 fb™' inte-
grated luminosity?%® to be

Miop = 172.5 £ 0.4 (stat.) = 1.5 (syst.) GeV .

CMS recently also performed a simultaneous measurement of the top quark, W

266 1sing endpoints of kinematic variables. This sort of

boson and neutrino masses
technique can be used to measure masses of new, unknown particles. By measuring
mass of a known particle, this analysis provides not only a test of the method

but also measures top quark mass with minimal MC input compared to more
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traditional methods. When the neutrino and W boson masses are constrained to 0
and 80.4 GeV (world-average), respectively, a top quark mass value of

Miop = 173.9 4 0.9 (stat.)T5 7 (syst.) GeV

is obtained.

4.5.2. Indirect measurement of mass from the measured cross-section

Interpretation of measured mass in terms of theoretical conventions is important
when using this input in higher-order QCD calculations or in the fits of EW precision
observables and the resulting indirect Higgs boson mass bounds.?? Since the top
quark mass measurement has entered into precision era, one question comes up
frequently — which mass this value corresponds to? For example, is it the pole
mass m>°'® or the MSbar mMS mass?

In a direct measurement of top quark mass, either kinematic quantities mea-
sured in data are compared with MC templates for different assumed values of top
quark mass or the top quark mass is measured using distributions of kinematic
quantities in data and the method of extraction of top mass is calibrated using
MC simulation. Thus, either way, the mass is measured with respect to a quantity
defined as top quark mass in the MC generator. While the MC top quark mass,
mMC | is considered to be pole mass, the MC simulations used for top quark mass
at hadron colliders use LO QCD calculations and higher-order effects are simulated
through parton showering at leading logarithms (LL) level, introducing an ambi-
guity in the definition of the pole mass of O(Aqcp).2%9 27 Given this ambiguity, it
is hard to determine how close the measured top quark mass is to the pole mass.

The method mostly free of these ambiguities is based on extracting m; by com-
paring the observed ¢t cross-section with theoretical predictions. Determining the
mass from the cross-section is less precise than using the direct methods of measur-
ing top quark mass, but it provides m; in a well defined renormalization scheme.

D@ and CMS experiments have performed comparison of ¢ production cross-
section with different higher-order perturbative QCD calculations.'8%274:275 D) has
performed extraction of mP'® and mMS mass using 5.3 fb~! integrated lumino-
sity.2™* The direct measurement of the top quark mass are found to be consistent
with measured mP®® mass within 2 SD, and different from m mass by more
than 2 SD. This is the first such extraction of top quark mM® mass. This result
is in accordance with theoretical arguments that mM¢ should be close to the pole
mass.276

CMS uses same method as used by the D@ experiment to measure top quark
pole mass using 2.3 fb~! integrated luminosity at 7 TeV. The measured value of
pole mass is found to be 176.73% GeV by comparing the measured cross-section for
inclusive ¢t production to QCD calculations at NNLO + NNLL. CMS also performs
the first determination at hadron collider of ag(Mz) at full NNLO QCD using

mP°™ to the value 173.2 + 1.4 GeV. Figure 9 shows comparison CMS measurement
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Fig. 9. Left: CMS measurement of thOle from the measured o;7 together with the prediction at
NNLO+NNLL using different NNLO PDF sets. The inner error bars include the uncertainties on
the measured cross-section and on the LHC beam energy as well as the PDF and scale uncertainties
on the predicted cross-section. The outer error bars correspond to the uncertainty on the ag(mz)
world average. The vertical band shows the latest the direct top mass measurements. Here the
inner (solid) area corresponds to the original uncertainty of the direct m; average, while the outer
(hatched) area additionally accounts for the possible difference between this mass and mf019.275
Right: D@ measured o,; and theoretical NLO+NNLL and approximate NNLO calculations of t#
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cross-section as a function of m;">, assuming that m

of mP°"® from the measured o, along with the prediction at NNLO + NNLL using

different NNLO PDF sets (left), and DO measured 0,7 and theoretical NLO+NNLL
and approximate NNLO calculations of £ cross-section as a function of mMS.

4.6. Mass difference between top and antitop quark

The fact that top quark decays before it can hadronize makes it the only place where
the mass of a quark can be directly measured. If such a difference exists and is mea-
sured, it would be an indication of violation of the CPT symmetry. Both Tevatron
and LHC experiments have measured top-antitop quark mass difference.2’” 28! The
most recent measurements are listed in Table 4. So far, all measurements are in good
agreement with the SM expectation of no top—antitop quark mass difference.

Table 4. The top—antitop quark difference measurements from Teva-
tron and LHC experiments.

Exp., Lumi Amyiop = m¢ —mg
CDF, 8.7 fb~! —1.95 4 1.11 (stat.) = 0.59 (syst.) (Ref. 277)
D@, 3.6 fb~1 0.8 + 1.8 (stat.) £ 0.5 (syst.) GeV (Ref. 279)

CMS, 5 fb~! —0.44 £ 0.46 (stat.) £ 0.27 (syst.) GeV (Ref. 281)
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4.7. Charge of the top quark

Within SM, the charge of the top quark is +2/3e, but this value can differ from the
expectation. For example it can be —4/3e in some exotic models.?®? The charge of
the top quark can be inferred from charges of its decay products or in associated
production of top quarks in channels which are sensitive to top quark charge.?83
Measurements at Tevatron and LHC both have excluded the presence of a top quark

with exotic charge of —4/3e at the 95% CL.284288

4.8. tt spin correlation

Since the top quark decays before hadronization, the spin information is passed on
to its decay products.'%® In SM top quarks are expected to be produced unpolarized
at the lowest-order but in the t# pair production, the spin of two quarks is expected
to be correlated. The spin information may be extracted from angular correlations
between the top and antitop quark decay products, allowing tests of SM and new
physics beyond SM.134289-305 Qwing to the fact that the dominant production
modes are different between Tevatron and LHC, spin correlation measurements at
these colliders provide complementary information.

CDF and D@ experiments at Tevatron have measured these correlations
in lepton + jets and dilepton channels with integrated luminosity of up to
5.4 fb~1.306-309 The most recent combination of DO spin correlation measurements
provides a 3.1 SD evidence for spin correlation using 5.3 fb~' dataset.?07

At the LHC, ATLAS also analyzed ¢ spin correlation using 2.1 fb ™! integrated
luminosity in dilepton channel and provides a conclusive observation of spin corre-
lation in tf events produced in pp collisions.?'® The difference in azimuthal angle
between the two charged leptons in the laboratory frame is used to extract the
correlation between the top and antitop quark spins. In the helicity basis the mea-
sured degree of correlation corresponds to 0.4070 09, in agreement with the NLO
SM prediction. The hypothesis of zero spin correlation is excluded at 5.1 SD.

Figure 10 shows distributions in data compared with simulated ¢# samples with
correlation as predicted by the SM and the case of no spin correlation, as predicted
by the SM, for ATLAS and D@ experiments.

4.9. Charge asymmetry in tt production

The top quark pair production at the Tevatron pp collider proceeds mainly through
qq — tt, and at the pp LHC through gg — tt. Both of these production modes
are charge conjugation symmetric at the lowest-order. However, at higher-orders
this remains no longer true.'36:312-323 Tt turns out that processes involving initial
state valence quarks exhibit a forward-backward asymmetry with respect to the
incoming proton and antiproton beams. Thus, pp collisions at Tevatron provide a
unique opportunity to test SM predictions as well as many new physics models that

predict deviations from SM expectations.324336
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Fig. 10. Distributions in data compared with simulated ¢ samples with correlation as predicted
by the SM and the case of no spin correlation. Left: ATLAS reconstructed charged lepton A¢
distribution for the dilepton channel. Right: D@ distribution of the discriminant R for lepton+-jets
events. The first and last bins include contributions from R < 0.37 and R > 0.60, respectively.

In case of Tevatron, the charge asymmetry is manifested as a difference in the
rapidities between the top quark and antitop quark,

Ay =y —yg.

This difference is invariant under boosts along the beam axis. The corresponding
forward—backward asymmetry in the ¢ rest frame is then defined as,

Ny — Np

App = —— 2
BT Nr + Ng’

where Ny is the number of “forward” events with Ay > 0 and Np is the number
of “backward” events with Ay < 0.

Being proton—proton collider, there is no forward—backward asymmetry at the
LHC, since the initial state is symmetric. However, due to the proton density func-
tions (PDF), the incoming quarks have on average more momentum compared with
the antiquarks, which means that the charge asymmetry results in a rapidity dis-
tribution of top quarks that is slightly broader than that of top antiquarks. That
is, at large rapidities, more top quarks than antiquarks are produced, while in the
central region, more top antiquarks than quarks are produced. At LHC, the charge
asymmetry Ac measured by the CMS Collaboration is the relative difference be-
tween events with |n:| > |nz] and || < |ng|, with n:(n;) being the pseudorapidity
of the top (anti)quark, and n = In(tan 6/2), in the laboratory frame.

These measurements are done at the detector level where selection and recon-
struction has been done. These quantities are also defined at the generator or parton
level, where they are corrected for detector effects and are directly comparable to
the QCD calculations.
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Fig. 11. CDF charge asymmetry measurements compared with theoretical predictions. Left: The
parton-level forward-backward asymmetry as a function of |Ay| with a best-fit line superimposed.
Right: the parton-level forward-backward asymmetry as a function of M;; with a best-fit line
superimposed.

Recently, a charge asymmetry in ¢ events was reported by Tevatron experiments
and since then Tevatron and LHC experiments have measured this property in
various distributions.?37 344 D@ and CDF experiments measure forward-backward
asymmetry App and explore the dependence of asymmetry in terms of Ay and in-
variant mass of the top—antitop quark system. CDF, using an integrated luminosity
of 9.4 fb~!, measures the inclusive asymmetry at the parton-level to be

AFB = (164 + 47)% (Ref 337)

which is compared to NLO prediction from POWHEG,?!? and found to be different
by about 2 SD. CDF also observes a linear dependence of Arp on the top quark
pair mass M,; and the rapidity difference |Ay| at detector and parton levels. At the
parton level, these dependencies exceed expected dependence by more than 2 SD.
Figure 11 shows CDF parton-level forward—backward asymmetry as a function of
|Ay| and as a function of M,;; with a best-fit line superimposed.

D@ performs a similar analysis and finds

Apg = (19.6 £ 6.5)% (Ref. 340),

compared to (5.0 4 0.1)%, predicted by MC event generator MC@QNLO.?!* This
value disagrees with expectations by up to 3 SD.

Instead of full reconstruction of top and antitop quark in the event, an alterna-
tive approach is to measure asymmetry based on the rapidity of the lepton in the
top quark decay, which avoids the additional difficulties in accounting for migra-
tions and reconstructing the top quark. In the most recent measurement from D@,
no excess in asymmetry compared to SM predictions was observed in the dilepton
channel.?3® This measurement of leptonic asymmetry in the dilepton channel is
combined with the similar measurement in the lepton + jets channel®*® The final
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Fig. 12. D@ charge asymmetry measurements Left: Pseudorapidity x charge distribution for
the charged leptons;339 Right: The reconstructed Ay. Bin widths correspond to about half the
detector resolution in Ay.340

asymmetry at the parton level is found to be
Abp = (11.843.2)% (Ref. 339)

which is predicted to be ALy = (4.7 4+ 0.1)%, including higher-order QCD + EW
corrections. The observed asymmetry in this case is measured to be 2.2 SD above
the predicted value.

D@ does not report any statistically significant enhancement of Arp depen-
dence on the invariant mass of the ¢t system (m,;) or on rapidity difference |Ay|.
Figure 12 shows DO pseudorapidity x lepton charge distribution3? and the rapidity
difference Ay.340

ATLAS has measured charge asymmetry in single lepton + jets channel, using
1.04 fb~! integrated luminosity at the CM energy 7 TeV.3*2 Both |Ay| and m,;
distributions are analyzed. The measured asymmetry is compatible with theoretical
prediction from the MC@QNLO MC generator, at parton level

Ac = —0.109 + 0.028 (stat.) +0.024 (syst.),

compared to MC@QNLO MC generator of Ac = 0.006 £0.0025. Figure 13 shows the
unfolded §|y| distribution and unfolded asymmetries in two regions of m;; compared
to the prediction from MC@NLO.

CMS uses 5.0 fb™! integrated luminosity collected at 7 TeV to measure charge
asymmetry in single lepton—+jets events in the ¢ sample. The inclusive measurement
yields

Ac = 0.004 4 0.010 (stat.) £ 0.011 (syst.)

compared to theoretical prediction (SM) Ac = 0.0115 4 0.0006.321 CMS also mea-
sures tt charge asymmetry as a function of rapidity, transverse momentum and
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Fig. 13. ATLAS charge asymmetry measurement. Left: The unfolded A|y| distribution for the
muon channel compared to the prediction from MC@NLO. The inner (outer) part of the error
bars corresponds to the statistical (systematic) uncertainty. Right: unfolded asymmetries in two
regions of m; 7 compared to the prediction from MCQ@QNLO.
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Fig. 14. Left: corrected asymmetry as a function of |y;z| (right) and p§§ (left). The measured
values are compared to NLO calculations.32! and to the predictions of a model featuring an effec-
tive axial-vector coupling of the gluon (EAG).332 The error bars on the differential asymmetry
values indicate the statistical and total uncertainties, determined by adding statistical and sys-
tematic uncertainties in quadrature. The shaded areas indicate the theoretical uncertainties on
the NLO calculations.

invariant mass of the t# system. Figure 14 shows corrected asymmetry as a func-
tion of |y,;| and pt compared to NLO calculations.??!

Within current uncertainties, the LHC data do not show any significant asymme-
try and all measured values are consistent with a null asymmetry as well as with the
SM predictions. Given the results and precision of measurements at LHC and Teva-
tron, more studies, with larger datasets are needed before any conclusion is reached.



Top and Higgs Physics at the Hadron Colliders

4.10. Width of top quark

In the SM, decay width of the top quark, I'y, can be calculated given the top quark
mass my. For m; = 172.5 GeV, the top quark width is expected to be I'y = 1.33 GeV
at NLO.'%* The value of T'; can be affected by the presence of new physics, but,
given that the mass resolution of the reconstructed top quark at the current hadron
colliders is much larger compared to I';, determining this property directly is very
challenging.

The CDF experiment has performed such direct searches34%:346 by comparing
reconstructed top quark mass for each event with templates of different top quark
widths (T'y). Using 4.3 fb~! of integrated luminosity, CDF establishes an upper limit
at 95% confidence level (CL) of Ty < 7.6 GeV and a two-sided 68% CL interval of
0.3 GeV < TI'y < 4.4 GeV for a top quark mass of 172.5 GeV.

The DO experiment employs an indirect method?47:348 and extracts I'; from its
partial width T'(¢ — W), which is determined from the ¢-channel of the single top
quark production cross-section. This coupled with the top quark branching fraction
B(t — Wb) measured using the ratio R = B(t — Wb)/B(t — W¢),?1° and the
assumption that I'y = I'(t — Wb)/B(t — Wb), (namely that B(t — W¢q) =1) and
that the Wtb coupling is the same in the production and decay of the top quark,
provides a measure of T';. Using the above inputs from analyses using 5.4 fb~*
of data, DO obtains Ty = 2.007035 GeV for m; = 172.5 GeV,?*7 in agreement
with the SM. This translates to a top quark lifetime of 7, = (3.2970:23) x 10™%°s.
In the same analysis, a direct limit is also obtained on the CKM matrix element
0.81 < |Vip| <1 at 95% CL.

So far all measurements of top quark width are in agreement with SM expec-
tations.

4.11. The Wtb coupling and W polarization

The polarization of the W bosons produced in top quark decays can be either
longitudinal, left-handed or right-handed (helicity 0, helicities —1 and +1, respec-
tively). In the SM, for m; = 172.5 GeV, W helicity is expected to have left-handed
component of f_ = 0.303 and a longitudinal component of f, = 0.696.34% 358 The
production of right-handed W bosons is strongly suppressed.

In an effective field theory approach, the most general Witb vertex involving
terms up to dimension five can be written as3>?

L = —%%”(VLPL + VaPr)tW,,

9 50"

V2 Mw
where Vg, gr and gr are anomalous left- and right-handed couplings, and are
absent in SM at tree level. The left-handed coupling Vi, = Vi = 1 within SM. In
the presence of such anomalous Wtb couplings, the angular correlations of the top

(gLPL + gRPR)tW; + h.c., (2)
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quark decay products are also modified. This can, for example, change the single
top quark production cross-section. Thus, measurement of helicity fractions can be
used to set limits on anomalous couplings and vice versa. Direct limits on these
couplings can be obtained from single top production cross-section measurements
which proceeds through EW interaction and can be combined to further constrain
the measurements of helicity fractions.349:350,352,354,355

The CDF?369 362 and D)363:364 experiments have measured W boson polariza-
tion in ¢ decays. The Tevatron combination of their individual measurements3®® is
based on 2.7-5.4 fb~! integrated luminosity dataset. The simultaneous determina-

tion of longitudinal (fp) and right-handed (f5) helicities results in

fo = 0.722 + 0.062 (stat.) + 0.052 (syst.) ,
f+ =—0.033 £0.034 (stat.) £ 0.031 (syst.).

Assuming left-handed helicity fractions is fixed to the value expected in
the SM,

fo =0.682+£0.035 (stat.) £ 0.046 (syst.),
f+ =—0.015+0.018 (stat.) = 0.030 (syst.).

D@ has placed limits on anomalous right-handed vector and right- and
left-handed tensor couplings in single top quark production using data up to
5.4 fb~1.366-369 D@ has also performed a combination of these results from sin-
gle top with W helicity fraction measurement3% in ¢ decays using the general
framework described in Ref. 350.

ATLAS?™ and CMS also combine their measurements3”* of the W boson polar-
ization in top quark decays. The measurements are based on integrated luminosities
of up to 2.2 fb~* collected at 7 TeV and result in longitudinal (Fp) and left-handed
(Fp) fractions,

Fy = 0.626 £ 0.034 (stat.) 4 0.048 (syst.),
Fp, = 0.359 4 0.021 (stat.) & 0.028 (syst.).

The fraction of W bosons with right-handed polarization (Fr) is calculated
assuming the sum of all fractions to be unity and is found to be

Fr=0.015£0.034.

Exclusion limits on anomalous Wtb couplings are derived from these results
as well.

Figure 15 shows combined 2D helicity measurements of left-handed versus lon-
gitudinal helicity fractions (Fy, versus Fp) for LHC and right-handed versus longi-
tudinal helicity fractions (fy versus fo) for Tevatron. Also shown are the helicity
fractions predicted by NNLO QCD calculations. So far all measurements are con-
sistent with one another as well as with SM predictions.
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Fig. 15. Left: LHC combined values of Fy, and Iy as well as the 68% CL interval. Also shown
are the helicity fractions predicted by NNLO QCD calculations. The black line indicates the
boundary of the unitarity constraint that the helicity fractions sum up to unity. Right: CDF and
D@ combined contours of 68% and 95% CL for the 2D helicity measurements. Error bars on the
input measurements correspond to 1 SD uncertainty on fo and f4.

4.12. Study of color flow

Color charge is a conserved quantity in QCD and two final-state particles on the
same line of color flow are termed to be color-connected to each other. D@ per-
formed the first study of color flow in terms of the color representation of the
hadronically decaying W boson in tf events, using 5.3 fb~* of integrated lumino-
sity. This study is performed using a vectorial variable called “jet pull,”3? which
is based on the measurement of the pattern of jet energy distributed in the n—¢
plane in the calorimeter, and measures the color flow between a pair of jets. This
variable sensitive to the color-flow structure of the final state and is used to distin-
guish color-octet from color-singlet states. D@ measures the fraction of uncolored
W bosons to be 0.56 + 0.42 (stat. + syst.), in agreement with SM expectation.3™

4.13. Electroweak production of single top quarks

As discussed in Subsec. 4.2, apart from top quark pair production through strong
force, SM also predicts production of a single top quark through EW force. All three
modes of production of single top quark are important and under constant investi-
gation because of their complementary sensitivity to the effects of new physics in
the Wtb vertex (see, e.g. Refs. 154, 374-376). Also, the cross-section is proportional
to the CKM matrix element |V;p|,377-37® making it the only place where this matrix
element can be measured directly, without any assumptions. Single top quarks are
produced 100% polarized and this polarization can be observed in angular dis-
tributions of their decay products. Although the predicted cross-section for this
production mode is only about half that of the top pair production, for the low jet
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multiplicity final state, the background contribution from W 4 jets production is
overwhelming. This remains true even after the identification of b-jets in the event.
Given this challenging situation, use of MVA techniques has proved to be invaluable
in search for single top quark production. It was largely due to the techniques used
by CDF and D@ that made the initial evidence,382:389:390 and observation®™ 38! of
single top production possible in 2007 and 2009, respectively.

Experiments at Tevatron and LHC have measured production cross-section for
single top using different analysis techniques.?”? 396 The most recent s + t-channel
production cross-section at the Tevatron has been performed by CDF using 3.2 fb™*
and by DO using 9.7 fb~! integrated luminosity collected at CM energy 1.96 TeV:

Oppls +1) = 23798 pb  (CDE¥352)
opp(s +1) = 411705 pb  (DO383).

The t-channel production of single top has the largest cross-section among the
three production modes at the Tevatron as well as at the LHC and has been observed
at both colliders.?85:392:394 The measured cross-section in pp and pp collisions is
found to be consistent with SM predictions at CM 1.96 TeV and 7 TeV, respectively:

opp(t-channel) = 3.0770-95 (stat. +syst.) pb  (DQ,383)
0pp(t-channel) = 83 + 4 (stat.)?%y (syst.) pb  (ATLAS39?),
opp(t-channel) = 67.2 £ 6.1 (stat. + syst.) pb  (CMS3%4).

The tW production mode has been observed at the LHC,3%3:3% and no devia-
tions from SM predictions have been reported:

pp(tW) = 16.8 £ 2.9 (stat.) £ 4.9 (syst.) pb  (ATLAS?),
opp (W) = 167 (stat. + syst.) pb (CMS3%) .

Recently, evidence for the most challenging mode, the s-channel production,
has been reported by the D@ experiment and is found to be consistent with SM

prediction within about 30% uncertainty:3%3

opp(s-channel) = 1.10753% pb  (DO33) .

Figure 16 shows the Tevatron single top results for combined, t-channel cross-
section and s-channel cross-section measurements.

All experiments also report direct measurement and lower bounds on the value
of CKM matrix element |V3p|. So far, no significant deviations from SM predictions
have been observed.

5. Higgs Physics at Hadron Colliders
5.1. Introduction

Understanding the mechanism through which EW bosons and fermions acquire
mass is at the heart of research program at hadron colliders. It is related to most
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Fig. 16. Summary of single top measurements from Tevatron for combined cross-section (upper),
t-channel cross-section (lower left) and s-channel cross-section (lower right) measurements.

of the major problems in particle physics today. Within SM, spontaneous break-
ing of EW symmetry gives mass to the W and Z bosons, imparting component
of observed longitudinal polarization. In addition, fundamental fermions get their
masses through Yukawa interactions with the Higgs field. In the SM, the symmetry
breaking mechanism predicts the existence of a neutral scalar particle, the Higgs
boson. Even though SM has been extraordinarily successful, and there are indirect
indications of Higgs mechanism, for example, by the observed W/Z longitudinal
polarization, the direct discovery of the Higgs boson and the EWSB mechanism is
needed. This critical discovery was made in 2012, when a boson, very similar to
Higgs boson predicted by SM was found. This section briefly describes the searches
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L/’

Fig. 17. Feynman diagrams for dominant Higgs boson production processes. Upper left: gluon—
gluon fusion; upper right: vector boson fusion; lower left: Higgs-strahlung; lower right: Higgs boson
produced in association with fermion pair.

that culminated into evidence and discovery of this particle at Tevatron and the
LHC, respectively.

This section is arranged as follows. In Subsec. 5.2, Higgs boson production
and decay at Tevatron and LHC is discussed. Direct and indirect constraints are
discussed in Subsec. 5.3. Searches strategies at Tevatron (Subsec. 5.4) and LHC
(Subsec. 5.5) are discussed next, followed by results from evidence and discovery of
Higgs-like boson (Subsec. 5.6). Finally, some studies done at the Tevatron and LHC
to verify the identity of this newly discovered particle are presented in Subsec. 5.7.

5.2. Higgs boson production and decay at the hadron colliders

The current hadron colliders have focused on the Higgs boson mass range
100 GeV < My < 200 GeV, favored by the overall fit of the SM to precision
data and the results of the direct searches. The most important Higgs production
modes at the hadron colliders are gluon—gluon fusion, vector boson fusion (VBF),
Higgs-strahlung, and associated production with top quark pairs. Some of the lead-
ing Higgs boson production Feynman diagrams are shown in Fig. 17. Figures 18 and
19 show the total cross-sections of the main production channels for Tevatron at
Vs =1.96 TeV (Ref. 398) and for the LHC at /s = 8 TeV (Ref. 399), respectively.
For the LHC at /s = 7 TeV, the Higgs production cross-section in gluon—gluon
fusion process increases about 10-fold compared to Tevatron. LHC gains another
20%-30% in the Higgs boson production cross-sections for My ~ 100-200 GeV
from an increase in energy from 7 TeV to 8 TeV. The transition from 7 TeV to
14 TeV in energy increases the cross-sections by another factor of at least 3 or 4.
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Fig. 18. Cross-sections for the various SM Higgs boson production channels at Tevatron (in fb)
with a CM energy of 1.96 TeV, as predicted by the TeVALHC Section Working Group.398
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Fig. 19. Cross-sections and respective uncertainties, indicated by the band widths, for the various
SM Higgs boson production channels at the LHC (in pb) with a CM energy of 8 TeV, as predicted
by the LHC Higgs Cross Section Working Group.399

The gg — H production mode occurring through a top quark loop is the domi-
nant production mode at hadron colliders. Cross-section for this channel is at least
an order of magnitude larger than other production modes. Higgs-strahlung is one
of the main search channel for Higgs bosons at Tevatron, but at the LHC this chan-
nel suffers from large background. In the case of VBF, Higgs boson is produced by
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Fig. 20. The branching ratios of the SM Higgs boson as function of Higgs mass. Bands correspond

to total uncertainties.400-401

fusion of vector bosons radiated by outgoing quarks that appear in the detector
as two hard back-to-back jets, a signature that makes it easier to tag such events.
Even though the cross-section from the Higgs boson production in association with
tt pair is much smaller than other modes considered for the search, the motiva-
tion to study this process comes from the fact that it provides direct access to top
Yukawa coupling.

Figure 20 shows branching ratios for the SM Higgs as function of Higgs
mass. 400401 The decay width of the Higgs boson extends from 10~* GeV for
My < 10 GeV to 103 GeV for My ~ 1 TeV.3% For my in the low Higgs mass
range 114-130 GeV, the width is below 5 MeV.%%2 The dominant decay channel in
the low mass range is H — bb.

Because of larger decay width, a heavy Higgs boson would show up as an ex-
tremely broad resonance, whose width becomes of the same size as its mass for
MH g 1 TeV.399’400

Theoretical calculations involving Higgs boson production and decay, and event
simulation have received a big boost from the LHC (see, for example, Refs. 398—
402). New powerful techniques for amplitude calculations and for the simulation of
processes with complicated final states are being developed continuously.

The gluon—gluon fusion process through triangular heavy quark (dominantly top
quark) loops, receives large QCD radiative corrections.?3404 The NLO corrections
in QCD have been calculated and turn out to be up to 100%. The NNLO corrections
are known in the large top quark mass limit and add another 25%. Resummation
of the soft-gluon contributions is known up to next-to-next-to-leading logarithm
(NNLL) and add another few percentages. The EW corrections for this process are
known up to two-loop level. They increase the cross-section by a factor that changes
+5% for My = 120 GeV to about 2% for My = 300 GeV.405-422
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For the VBF process, full QCD and EW calculations up to NLO and approxi-
mate NNLO QCD calculations are used to calculate the cross-section.*23 430
Cross-sections of the associated W H/ZH processes are calculated including QCD
corrections up to NNLO and EW contributions up to NLO.31"437 Finally, the
cross-sections for the t£H process are calculated up to NLO QCD.438 442

The branching ratios of the SM Higgs boson as a function of the Higgs mass,
as well as their uncertainties, are calculated using the PROPHECY4F#43444 and
HDECAY*#45:446 programs. The uncertainty in the signal cross-section from the
choice of PDFs is determined with the PDF4LHC prescription.47 451

For detailed discussion of predicted cross-sections, branching ratios and uncer-
tainties, see Refs. 399 and 400.

5.3. Constraints on the Higgs mass

In SM, Higgs boson mass is a free parameter. However, there are some theoretical
arguments about the low and high bounds on the Higgs mass. The upper boundary
comes from the argument whether SM is viable theory up to high energies (Planck
scale, Aplanck = 2 X 1018 GeV)*52:4%3 and lower bound comes from the need for the
theory to be perturbative (i.e. calculable) up to large energies. 454458

Figure 21 illustrates these bounds on the SM Higgs boson mass.*?? For a Higgs
boson within the mass window 130 GeV < H < 170 GeV, the SM is expected to
be consistent up to scales as high as the Planck scale, where effects of gravity are

as large as the strong and EW interactions.
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Fig. 21. Perturbativity (triviality) upper bound and vacuum-stability lower bound on My as
function of the scale A at which new physics has to appear (at the latest) in order to avoid the
bounds.#%? The two different versions of the perturbativity bound reflects the intrinsic uncertainty
of the limit, and the bands of the (meta)stability bounds reflect parametric uncertainties.
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On the experimental side, since 1980s, there have been direct and indirect experi-
mental bounds on the Higgs mass as well. LEP1, LEP2, SLC and Tevatron have
performed a large variety of high-precision measurements. These experiments pro-
vide direct and indirect constraints on the Higgs mass, along with the limits from
EW precision fits to these measurements. Four experiments at LEP2 excluded the
SM Higgs boson mass below 114.4 GeV with 95% CL.46° Figure 1 shows the status
of direct and indirect experimental constraints?? as of March 2012. Here the blue
band, includes both the experimental and the theoretical uncertainties. The pre-
cision EW measurements lead to m — H = 94735 GeV or an upper bound of
mpy < 152 GeV at 95% CL. Combined, LEP, Tevatron and LHC exclude most of
the Higgs mass range shown in this plot, except for a small window around 130 GeV.

5.4. Higgs boson searches at Tevatron

At the Tevatron, searching for Higgs boson is about a decade long effort. First
limits on SM Higgs boson production were placed with about 0.2 fb~! data in
2003. In 2012, Tevatron announced the evidence of excess of events in Higgs boson
searches.*! Compared to the LHC, where experiments are more sensitive to H —
yv/VV, Tevatron’s sensitivity primarily comes from H — bb. In this case, the fact
that cross-section for Higgs boson production is much smaller than at the LHC,
combined with limited jet energy resolution, has made Higgs search at the Tevatron
a search for a broad excess rather than a bump hunt. This also signifies the use
of MVA techniques in this search. Many of these techniques have been pioneered,
refined and validated for high energy use in variety of measurements, in many
different initial and final states at the Tevatron.

An overview of the production rates for most of the search channels considered
at Tevatron is shown in Fig. 22. Searches in channels with leptons and missing trans-
verse momentum prove to be more sensitive, even if the production cross-section

Fig. 22.
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Production cross-sections in the most sensitive search channels at the Tevatron.
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is smaller in these channels. To increase sensitivity, both CDF and D@ experi-
ments have put enormous effort into improving lepton reconstruction and selec-
tion efficiencies, invariant dijet mass resolution and b-jet tagging algorithms and
use of MVA methods. Combining all possible channels that added even a little
bit to the combined result also increased overall sensitivity. About 30 analyses
have been included in the final Tevatron combination%? for search of SM Higgs
boson production in mass range 90-200 GeV. Production modes considered are
gluon-gluon fusion, WH, ZH, ttH and VBF processes. The main categories that
these analyses are divided into, depending on their topology, are H — bb,463 472
H — WHW— AT ATO [y pbp— 4TTATS [r o= 479480 40 Ty 77 481

The suppression of background processes, in particular from W (Z)+light-flavor
production, depends crucially on the performance of the algorithm to identify the
b-quark flavored jets from the Higgs boson decay. Significant improvements were
achieved in this regard, which greatly enhanced the sensitivity. The mass of the
Higgs boson candidate can be reconstructed from the invariant mass of the two jets
assigned to the Higgs boson decay with a mass resolution of 10%-15%. This dijet
mass is an important observable to discriminate the signal process from background
processes, in particular from diboson production V Z with Z — bb. The correlations
in the systematic uncertainties across channels and also across experiments were
carefully taken into account in the cross-section measurement.

The combined background-subtracted dijet-mass distribution for the diboson
analysis is shown in Fig. 23. Here, all channels contributing to the WZ and ZZ
production modes are included. The signal and background contributions are fit to
data, and the fitted background is then subtracted. Also shown is the background-
subtracted distribution of the final discriminant histograms, summed for bins with
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Fig. 23. Left: Background-subtracted distribution of the reconstructed dijet mass, combined
Tevatron channels contributing to the WZ and ZZ analysis. Right: Background-subtracted dis-
tribution of the discriminant histograms, summed for bins with similar signal-to-background ratio
(S/B) over all contributing Higgs boson search channels, for my = 125 GeV. The background is
fit to the data, and the uncertainty on the background, shown with the unfilled histogram, is after
the fit.462
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Fig. 24. Higgs boson production rates at the LHC for CM energies of 7 TeV in final states which
are used to search for the Higgs boson.399

similar signal-to-background ratio (S/B) over all contributing Higgs boson search
channels from both experiments. The background model is fit to the data, allowing
the nuisance parameters to vary within their constraints. The uncertainties on the
background predictions in each bin are after the fit. An excess of events in the
highest S/B bins, relative to the background-only expectation is observed.

5.5. Higgs boson searches at the LHC

The production rates for most sensitive decay channels at the LHC are shown in
Fig. 24. Here, again, the most sensitive channels for Higgs search are the ones that
contain leptons, photons and large missing transverse momentum in the final decay
products.

The Higgs boson search at the LHC is divided into three regions depending on
the Higgs boson mass:

(1) Low-mass region, 110 GeV < My < 150 GeV.
(2) Intermediate mass region, 150 GeV < My < 200 GeV.
(3) High mass region, 200 GeV < My < 600 GeV.

The channels H — WYW~ — Itvli v and H — ZZ — IT171'"Tl'~ contribute
significantly to the overall sensitivity over the full mass range.

In the low-mass region, search is performed mostly in channels where Higgs
boson decays to photons, to a pair of gauge bosons (WW,ZZ), tau leptons or
bottom quarks. The decays H — vy and H — ZZ — ITI~I"tI’", even though
having lower rate, provide an excellent resolution for the reconstruction of the in-
variant mass of the decay products of the Higgs boson candidate with an accuracy
of about 1%-2%. For other decays considered, either the invariant mass cannot be
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reconstructed due to the presence of missing transverse momentum, or the recon-
struction resolution is limited.

For the intermediate-mass range the H — WYW~ — [tvl~ v decay mode
provides the most sensitivity.

In the high-mass region, in addition to the two channels discussed above, where
the full mass range is covered, the channel H — ZZ — [Tl vv provides the largest
sensitivity and dominates the sensitivity for My values larger than 300 GeV. Also,
for large My, the signal rates for H — ZZ — IYI7I'"]'" and H — WTW~ —
ITvl~ v get quite small. The sensitivity in this case is increased by including decay
modes of the weak gauge bosons, which has larger branching ratios in this range.
The final search channels for high mass range include H — WTW~ — [Tvl~p,
H— ZZ = YU, H - ZZ — ITlqqg, H - ZZ — 1Tl vv, and are
analyzed by both collaborations. In addition, H — ZZ — 71~ 77 is analyzed only
by CMS, and H — WTW~ — lvqq only by ATLAS.

In the H — ZZ — IT17I"t1’~ channel an excess in the invariant-mass spectrum
of the four isolated leptons over a small continuum background is searched for. The
main irreducible background from nonresonant ZZ production is mainly estimated
from simulation. The smaller reducible backgrounds from Z+jets production, which
mostly impacts the low four-lepton invariant-mass region, and top quark pair pro-
duction are estimated from control regions in data, or at least the normalization
is validated in dedicated control regions. The ATLAS collaboration uses the four-
lepton invariant-mass spectrum as their final discriminant. The CMS collaboration
uses the four-lepton invariant mass and an observable reconstructed by combined
information from the five angles that describe the production and decay kinematics
in the Higgs boson rest frame.*®? Figure 25 shows four-lepton invariant mass spec-
tra for ATLAS and CMS and a clear excess can be seen at invariant mass around
125 GeV.

The H — ~+ analysis selects events with two isolated photons with large trans-
verse momenta. The dominant reducible backgrounds are multi-jet production and
single-photon production in association with jets with cross-sections several orders
of magnitude larger than the signal cross-section. These backgrounds can be sup-
pressed to a level of less than 25% due to the excellent discrimination capabilities
of the LHC detectors between photon and jets. The irreducible background from
diphoton production can only be discriminated from the signal process by an excel-
lent reconstruction of the invariant mass of the diphoton system. The diphoton
mass spectra after requiring two isolated photon candidates for the data from 2011
and 2012 are shown in Fig. 26. Again, a clear excess of events is observed above
the continuum of background, around diphoton mass 125 GeV.

The H — 777~ analysis searches for a broad excess in the reconstructed di-
tau invariant-mass distribution. The H — bb analysis selects events produced in
association with a W or Z decaying via Z — 71, Z — v or W — lv.

In the combination of the different search channels the ratio of the cross-section
for the different production modes and the ratio of the decay branching fraction
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Fig. 25. Four-lepton invariant-mass spectra in ATLAS*33 (left) and CMS*® (right) for the com-
bined 2011 and 2012 data.
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Fig. 26. Diphoton invariant-mass spectra in ATLAS*83 (left) and CMS*®4 (right) for the com-
bination of the 2011 and 2012 data.

are taken from the SM prediction.?? Correlations in the theoretical and systematic
uncertainties, which are included via nuisance parameters in the likelihood function,
among the various search channels and event categories are taken into account (see
Refs. 483 and 484 for details).

5.6. Summer of 2012 — A particle is born

In July 2012, CDF and D@ experiments at Tevatron, and ATLAS and CMS ex-
periments at the LHC, announced evidence and discovery of a Higgs-like particle,
respectively. Latest results are discussed briefly here.
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Fig. 27. (Color online) Left: Observed and median expected (for the background-only hypo-
thesis) 95% CL Bayesian upper production limits expressed as multiples of the SM cross-section
as a function of Higgs boson mass for the combined CDF and D@ searches in all decay modes.
The blue short-dashed line shows median expected limits assuming the SM Higgs boson is present
at My = 125 GeV. Right: The solid black line shows the background p-value as a function of My
for CDF and D® SM Higgs boson searches in all decay modes combined. The dotted black line
shows the median expected values assuming SM signal is present, evaluated separately at each
mass point. The blue lines show the median expected p-values assuming the SM Higgs boson is
present with My = 125 GeV at signal strengths of 1.0 times and 1.5 times the SM prediction.462

5.6.1. Ewvidence at the Tevatron

Tevatron observes a broad excess in the bb final state, consistent with a wide range
of SM Higgs boson-mass hypothesis.46! Both CDF and D@ analyze up to 10 fb™*
integrated luminosity collected at CM /s = 1.96 TeV.*85:486 Figure 27 shows upper
cross-section limit for Higgs production relative to the SM prediction. Every anal-
ysis is repeated for values of Higgs mass in 5 GeV steps. The expected sensitivity
for the Tevatron combination is 1.15 x SM or better for Higgs mass below 190 GeV.
The Tevatron is expected to exclude for SM Higgs boson production between mass
range 90-120 GeV and 140-184 GeV. An excess of events is found around 130 GeV.
The local significance of this excess for Higgs mass at 125 GeV is found to be 3.0 SD
with an expected local significance of 1.9 SD. This excess in events is consistent
with the Higgs boson observed at the LHC. Combined cross-section measurement at
Higgs mass of 125 GeV is 1.4470 22 x SM.#62 The Tevatron experiments quote a best
fit value for the signal cross-section (o g +0zp) x BR(H — bb) at My = 125 GeV
of 0.23f8:82 pb to be compared to the SM Higgs boson of 0.12+ 0.01 pb, consistent
within 1.5 SD. Based on these findings the Tevatron experiments reported evidence
for the production of a new particle produced in association with weak bosons
and decaying to a b-quark pair. Both experiments conclude that the excess is com-
patible with the production of the SM Higgs boson with a mass of 125 GeV within
large uncertainties. Systematic uncertainties are evaluated for each channel includ-
ing shape and normalization uncertainties, and combined by taking correlations
between the channels and between CDF and D@ experiments into account. Major
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systematic uncertainties arise from integrated luminosity, theoretical cross-sections
used to normalize backgrounds, jet energy scale and resolution, lepton identifica-
tion and b-tagging. For analyses considering H — bb decay mode, largest source
of uncertainty on the background comes from estimated rate of V' + heavy-flavor
production. This uncertainty is constrained using data samples before applying
b-tagging requirements.

The observed signal strengths in all channels are consistent with the presence
of a SM Higgs boson with a mass of 125 GeV. The best fit values for the signal
strength at My = 125 GeV is pu (0/osm) = 1.447052 consistent with the SM
expectation of 1.

5.6.2. Discovery at the LHC

In July 2012, both CMS and ATLAS experiments also presented the results of their
search for the SM Higgs boson using about 5 fb~! integrated luminosity collected
at /s = 7 TeV. A clear excess in the four-lepton invariant-mass distribution is
observed in both experiments at masses of 125 GeV in ATLAS and 126 GeV in
CMS. Both experiments found the presence of a Higgs-like boson with about 5 SD
significance.*8”

For the latest results, both ATLAS and CMS perform this search in H —
Ny 488489 [ 77 490496 [ _y [Py 496499 [y pp 500504 apq [ _y g 505,50
channels for /s = 7 TeV data collected in 2011 and /s = 8 TeV integrated
luminosity collected in 2012. ATLAS improved H — ZZ — {*¢~ ("¢~ and H — vy
searches and combined 7 TeV results obtained for 5 fb™* dataset with searches in
H — ZZ — (t0~0t¢~, and H - WW — evpuv channels carried out in 5 fb™*
data collected at /s = 8 TeV. The CMS experiment combines results from above
five channels using up to 5.1 (5.3) b~ integrated luminosity collected at /s =
7(8) TeV.

Figure 28 shows exclusion limits on the signal-strength parameter p (o/ognm) as
a function of Higgs boson mass obtained from the analysis of 2011 and 2012 data by
ATLAS*® and confidence level CLg for rejecting the signal4background hypothesis
as a function of the Higgs boson mass by CMS.4%4
local p-values as function of Higgs boson mass. The ATLAS experiment observes
a significant excess of events consistent with the presence of a neutral, SM-like
Higgs boson with a measured mass of 126.0 + 0.4 (stat.) + 0.4 (syst.) GeV, with
a significance of 5.9 SD. The significance corresponds to a background fluctuation
probability (p-value) of 1.7 x 10~°. The global significance of this excess, taking into
account the entire mass range 110-600 GeV, is 5.1 SD.*® The CMS experiment
observes an excess of events above the expected background, with a local significance
of 5.0 SD at a mass of approximately 125 GeV, with measured mass of 125.3 +
0.4 (stat.) £ 0.5 (syst.) GeV. The expected significance for a SM Higgs boson of
that mass is 5.8 SD. CMS finds the global significance of the signal to be 4.6 (4.5) SD
for the mass range 115-130 (110-145) GeV.484

Figure 29 shows corresponding



Top and Higgs Physics at the Hadron Colliders

CMS

\5=7TeV,L=611b" 1s= aTeVL 531"
T

2 qoF ‘ ' ‘ @ -
F E —— Observed =
c f ATLAS 201t -2012 W+t 8 1§ ~ 58 oot (66%) |~
-‘E [ o= 7TeV:[Lt=4648 15" ER § 10“§ ”””” Expected ($5%) F95%
= [ is=8Tev:[Lot=5859" — Oosened £ g2 [\ 9%
d ----- Bkg. Expected 8 - f 99.9%
1 .............................................................. I =
2y = 10* .
n =
o % :
5
_5,,10 =
© 1q¢ -
10" CL, Limits 7 .
110 150 200 300 400 500 110 115 120 125 130 135 140 145
my (GeV
m, [GeV]  (GeV)
Fig. 28. Exclusion limits on the signal-strength parameter p as a function of the hypothetical
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The ATLAS experiment excludes three mass regions at 99% CL, 113-114,
117-121 and 132-527 GeV, while the expected exclusion range at 99% CL is 113—
532 GeV.483 CMS excludes an SM Higgs boson at 95% CL with mass ranges 110
121.5 GeV and 128-145 GeV. In absence of a signal, CMS expects to exclude the
entire mass range of 110-145 GeV at the 99.9% CL or higher.4%4

Both ATLAS and CMS have published combined results with 7 TeV and 8 TeV
data,483,484,487,507-511

In both experiments, the systematic uncertainty is dominated by the knowledge
of the absolute energy scale of photons and to a lesser extent of that of electrons.
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The mass values determined in the different final states within one experiment as
well as the mass values determined in the two experiments are consistent with each
other. Already now the precision of the determination of the mass is better than 1%.

5.7. Is this really the Higgs boson?

Answer to this question requires detailed study of the discovered particle. In order to
make sure that the observed particle is in fact the SM Higgs boson, one must confirm
that the spin-parity is 0T and that the couplings are as predicted by the theory.
In the SM, the properties of the Higgs boson are fully determined once its mass
is known. Within SM, all cross-sections and decay fractions are predicted,3%9-400
and can be measured in current data, providing test for SM predictions. The fact
that both ATLAS and CMS collaborations observe significant excess of events in
the H — ~v mode, proves that the new particle is neutral and that its spin cannot
be 1, and that the spin must be either 0 or 2. With large enough statistics the
spin-parity can be determined from the distributions of H — ZZ* — 4 leptons, or
WW* — 4 leptons. Information can also be obtained from the HZ invariant mass
distributions in the associated production (see, e.g. Refs. 512-516).

Since the tree level couplings of the fermions and bosons with the SM Higgs
boson are in proportion to their masses, they have very special pattern. The gluon—
gluon and gamma-gamma channels proceed via loops and cross-section of these
channels could be different from SM expectation if non-SM particles contribute
to these loops. Thus, study of Higgs boson couplings with fermions and bosons
opens up another window to new physics. The coupling strengths can be deter-
mined from the measurement of the production cross-section times branching frac-
tion in different channels. For low mass Higgs, however, the total Higgs boson
width is predicted to be very small, much smaller than the experimental resolution.
Therefore, either only ratios of couplings can be determined in a completely model-
independent way or assumptions have to be made, e.g. the couplings to massive
weak gauge bosons are not larger than predicted by the SM. Both Tevatron and
LHC experiments do a model-independent analysis of Higgs couplings based on a
simple rescaling of SM cross-sections, a strategy put forward by the LHC Higgs
Cross Section Working Group.4?? The data is fit to corresponding coupling scale
factors (k), where k = 1 for coupling strengths predicted by the SM.

Figure 30 shows signal strength p for Tevatron Higgs boson measurements in
several channels. Combined results for the analysis of the Higgs boson coupling
to fermions and bosons from Tevatron experiments are shown as two-dimensional
constraints in the fermion coupling (ry) either to W and Z bosons (kw,z) or more
generically to vector bosons (kv ), as shown in Fig. 31. Within uncertainties, no
deviations from SM expectation are observed. The ATLAS and CMS experiments
have also performed similar measurements for coupling scale factors.

Both experiments at the LHC have measured the couplings of the new particle
to vector bosons, fermions, gluons and photons. Observed event yield is compared
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with the prediction for the SM Higgs boson through a fit of the signal strength
. The overall signal strength relative to the SM prediction, assuming the ratio
of production cross-sections and ratio of branching ratios as predicted by the SM,
is shown in Fig. 32 as function of the hypothetical Higgs boson mass. The com-
patibility of a simultaneous determination of the best signal strength p and the
best mass value my in several final states is demonstrated in Fig. 33. The largest
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Fig. 33. Best fit values for the signal strength p versus hypothetical Higgs boson mass My in
ATLAS*®3 (left) and CMS*84 (right).

signal strengths of 1.4 + 0.3, observed at a mass of 126.0 GeV (ATLAS) and of
0.87 + 0.23 observed at a mass of 125.5 GeV (CMS), are compatible with unity.
The four main Higgs boson production mechanisms at LHC can be associated with
either top quark couplings (gluon—gluon fusion and t¢H ) or vector—boson couplings
(VBF and VH). Therefore, combinations of channels corresponding to these pro-
ductions modes can be used to test the relative strengths of the couplings of the new
state to the vector bosons and top quark and shown in Fig. 34. So far, all results
are consistent, within uncertainties, with expectations for a SM Higgs boson.
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expected values for the SM Higgs boson.484

6. Conclusions

These are very exciting and historic times. More than 40 years ago, Higgs mech-
anism was proposed to describe the spontaneous breaking of the EW symmetry.
This mechanism is accompanied by a neutral scalar known as the Higgs boson.
Experimental proof of Higgs, both the mechanism and the particle, would be a
great breakthrough and a step further towards deeper understanding of nature. In
July 2012, a new neutral boson with a mass of 126 GeV was discovered. This is
the first evidence of a fundamental, scalar particle, related to a field with nonzero
vacuum expectation value.

So far no significant hints of physics beyond SM have been seen either at Teva-
tron or the LHC. Couplings of the newly discovered boson with fermions and bosons
have been studied and, so far, all measured properties are consistent with the
expectations for the SM Higgs boson within current, rather large, uncertainties.
Most measurements in the top quark sector are in accordance with the SM expec-
tations and the deviations seen so far are not significant enough.

The measured mass of newly discovered boson is compatible with the my in the
range preferred by the EW precision measurements. Figure 35 shows the stability
domains as functions of the top quark mass, m; and the Higgs boson mass, my. The
observed value of mpy corresponds to a metastable value with a lifetime longer than
the age of the universe, so the SM could be a viable theory up to the Planck mass.??

Regardless of its exceptional success, SM is not complete and some new physics
has to exist beyond SM. It would be very disappointing if all the properties of the
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dotted contour-lines show the scale A in GeV where the instability sets in, for as(mz) = 0.1184.

newly discovered boson match exactly the SM predictions. Therefore, precision
measurements of its properties are critical. Precise measurement of Higgs boson
self-coupling is especially needed, in order to determine the Higgs potential. Simi-
larly, a nonvanishing value for A provides a test of spontaneous symmetry breaking.
An increase of the integrated luminosity to 3000 fb~! reduces the experimental
uncertainties in the signal strength (0/osy) by roughly a factor of 2,5 so that
the uncertainties of the Higgs boson couplings should be reduced by a factor of
about 1.5. The precise value of A and hence, the exact method of spontaneous
symmetry breaking, will perhaps have to wait for future experiments. Studies show
that at the LHC design luminosity, for Higgs boson with mass between 150 GeV
and 200 GeV, nonzero self-coupling and a range of 0-3.8\/Agy at 95% CL can be
established.?!?

Because of its special nature, the top quark plays very central role in many new
physics models as well. Exact nature of the Higgs boson will not be completely clear
until crucial information from study of its couplings with the top quark is provided.
Given, EW symmetry breaking does employ Higgs mechanism, any extension of SM
would include Higgs-like bosons. Many SM extensions in the Higgs sector include
Dark Matter candidates, providing another reason to study the new particle with
as much precision as possible. Finally, Higgs fields could in fact play a key role
in the inflationary phase of the cosmological expansion that is driven by Dark
Energy.

Thus, precise measurements of Higgs boson and top quark properties, under-
standing of Higgs potential, the search for additional Higgs bosons and other
new particles and corresponding processes, will be of utmost priority not only
at the current LHC experiments but in future upgrades and in planning of new
machines.
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