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Lecture 3: Higgs Phenomenology at Higgs 
Factory (II), Top Quark Mass, and others



The Phenomenology

• The question: How to discover the Higgs boson at the Higgs 
factory?
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universities'worldwide.!

e)! There! is! a! strong! scientific! case! for! an! electronGpositron! collider,!
complementary!to!the!LHC,!that!can!study!the!properties!of!the!Higgs!boson!and!
other! particles! with! unprecedented! precision! and! whose! energy! can! be!
upgraded.!The!Technical!Design!Report!of! the! International! Linear!Collider! (ILC)!
has! been! completed,!with! large! European! participation.! The! initiative! from! the!
Japanese!particle!physics!community! to!host! the! ILC! in! Japan! is!most!welcome,!
and!European!groups!are!eager!to!participate.!Europe'looks'forward'to'a'proposal'
from'Japan'to'discuss'a'possible'participation.!

f)! Rapid! progress! in! neutrino! oscillation! physics,! with! significant! European!
involvement,!has!established!a!strong!scientific!case!for!a!longGbaseline!neutrino!
programme!exploring!CP!violation!and!the!mass!hierarchy!in!the!neutrino!sector.!
CERN' should' develop' a' neutrino' programme' to' pave' the'way' for' a' substantial'
European' role' in' future' longBbaseline' experiments.' Europe' should' explore' the'
possibility'of'major'participation'in'leading'longBbaseline'neutrino'projects'in'the'
US'and'Japan.!

The Strategy update must strike a balance between maintaining the diversity of the scientific 
programme, which is vital for the field since a breakthrough often emerges in unexpected areas, 
and setting priorities since the available resources are limited. As already described, large-scale 
particle physics activities require substantial investment of human and financial resources for an 
extended period. Although many of these activities are important for particle physics, they 
require careful planning and prioritisation in the international context. Out of the many 
motivated proposals put forward by the community and described in the Briefing Book, only 
four activities have been identified as carrying the highest priority. 

One of the key questions of particle physics that should soon receive a definitive answer was 
already identified by the 2006 Strategy, i.e. whether the Standard Model of strong and 
electroweak interactions, with its minimal realisation of the Brout-Englert-Higgs mechanism of 
electroweak gauge symmetry breaking and the modifications required to account for neutrino 
oscillations, is a valid description up to energy scales much higher than the TeV scale, or is 
modified by the presence of new particles at energies accessible to present and future high-
energy colliders. 

Today, some essential milestones along these lines have already been reached. First, and 
foremost, a new boson with a mass near 125 GeV has been discovered, compatible with the 
scalar particle of the Standard Model within the present experimental errors; secondly, many 
particles, suggested by motivated extensions of the Standard Model with or without 
supersymmetry, have been excluded well beyond the previous LEP and Tevatron limits; finally, 
several new precision tests have confirmed the Standard Model description of flavour mixing 
and CP violation in the quark sector and established additional strong indirect constraints on 
possible new physics at the TeV scale and beyond. 

On the one hand, the net result of all this is an impressive consolidation of the Standard Model 
of strong and electroweak interactions, with the technical possibility of extending its validity to 
scales much higher than the TeV scale. The simplest attempts to modify the Standard Model at 
the TeV scale, for example TeV-scale supersymmetry or partial compositeness, in order to 
correct some of its perceived theoretical weaknesses have started to be seriously challenged. On 
the other hand, there is strong evidence that the Standard Model must be modified, with the 
introduction of new particles and interactions, at some energy scale. Such evidence comes from 
studies of neutrino oscillations, dark matter, the observed baryon asymmetry of the Universe, 
the need to eventually incorporate quantum gravity and a model for cosmological inflation. 
Also, there are good indications that some of these modifications could take place in the vicinity 
of the TeV scale. Firstly, the theoretical concept of naturalness suggests that the validity of the 
Standard Model cannot extend much beyond the mass of its scalar particle. Secondly, weakly 

1.2 Theoretical structure of the Standard Model Higgs boson

Table 1.1. The Standard Model values of branching ratios of fermionic decays of the Higgs boson for each value of
the Higgs boson mass mh.

mh (GeV) b¯b ·+·≠ µ+µ≠ cc̄ ss̄
125.0 57.7 % 6.32 % 0.0219 % 2.91 % 0.0246 %
125.3 57.2 % 6.27 % 0.0218 % 2.89 % 0.0244 %
125.6 56.7 % 6.22 % 0.0216 % 2.86 % 0.0242 %
125.9 56.3 % 6.17 % 0.0214 % 2.84 % 0.0240 %
126.2 55.8 % 6.12 % 0.0212 % 2.81 % 0.0238 %
126.5 55.3 % 6.07 % 0.0211 % 2.79 % 0.0236 %

Table 1.2. The Standard Model values of branching ratios of bosonic decays of the Higgs boson for each value of
the Higgs boson mass mh. The predicted value of the total decay width of the Higgs boson is also listed for each
value of mh.

mh (GeV) gg ““ Z“ W +W ≠ ZZ �H (MeV)
125.0 8.57 % 0.228 % 0.154 % 21.5 % 2.64 % 4.07
125.3 8.54 % 0.228 % 0.156 % 21.9 % 2.72 % 4.11
125.6 8.52 % 0.228 % 0.158 % 22.4 % 2.79 % 4.15
125.9 8.49 % 0.228 % 0.162 % 22.9 % 2.87 % 4.20
126.2 8.46 % 0.228 % 0.164 % 23.5 % 2.94 % 4.24
126.5 8.42 % 0.228 % 0.167 % 24.0 % 3.02 % 4.29

are listed for mh = 125.0, 125.3, 125.6, 125.9, 126.2 and 126.5 GeV [47]. In Table 1.2 the predicted
values of the total decay width of the Higgs boson are also listed. It is quite interesting that with
a Higgs mass of 126 GeV, a large number of decay modes have similar sizes and are accessible to
experiments. Indeed, the universal relation between the mass and the coupling to the Higgs boson for
each particle shown in Fig. 1.1 can be well tested by measuring these branching ratios as well as the
total decay width accurately at the ILC. For example, the top Yukawa coupling and the triple Higgs
boson coupling are determined respectively by measuring the production cross sections of top pair
associated Higgs boson production and double Higgs boson production mechanisms.

1.2.4 Higgs production at the ILC

At the ILC, the SM Higgs boson h is produced mainly via production mechanisms such as the
Higgsstrahlung process e+e≠ æ Zú æ Zh (Fig. 1.3 Left) and the the weak boson fusion processes
e+e≠ æ W +úW ≠ú‹‹̄ æ h‹‹̄ (Fig. 1.3 (Middle)) and e+e≠ æ ZúZúe+e≠ æ he+e≠. The
Higgsstrahlung process is an s-channel process so that it is maximal just above the threshold of the
process, whereas vector boson fusion is a t-channel process which yields a cross section that grows
logarithmically with the center-of-mass energy. The Higgs boson is also produced in association with
a fermion pair. The most important process of this type is Higgs production in association with a top
quark pair, whose typical diagram is shown in Fig. 1.3 (Right). The corresponding production cross
sections at the ILC are shown in Figs. 1.4 (Left) and (Right) as a function of the collision energy by
assuming the initial electron (positron) beam polarization to be ≠0.8 (+0.2).

The ILC operation will start with the e+e≠ collision energy of 250 GeV (just above threshold for
hZ production), where the Higgsstrahlung process is dominant and the contributions of the fusion
processes are small, as shown in Fig. 1.4 (Left) . As the center-o�-mass energy,
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Figure 1.3. Two important Higgs boson production processes at the ILC. The Higgsstrahlung process (Left), the
W-boson fusion process (Middle) and the top-quark association (Right).
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√s'='240'GeV'

e+e/→'HZ→'ggµ+µ�

#  HiggsBstrahlung#(mH#=#125#GeV)#

#  The#gluon#can#be#studied#with#Higgs#decays#(BR#~#10%)#

FCCBee/CepC:#focus#on#a#90B250#GeV#e+e�#machine#(100#km#circumf.)#
5#abB1#integrated#luminosity#to#two#detectors#over#10#years#"#106#clean#Higgs#events#

#"#FCCBee/CEPC#measure#the#Higgs#boson#producTon#cross#secTons#and#most#of#its#
properTes#with#precisions#far#beyond#achievable#at#the#LHC#



The Phenomenology
• The question: How to discover the Higgs boson at the Higgs 

factory? 

• The recoil mass! 

• Smearing effects: 

- C.m. energy uncertainty; 

- Energy resolution of the particle 1 and 2 from Z decay; 

- Width of the Z boson (~2.5GeV).

m2
h = p2h = ((

p
s, 0, 0, 0)� pZ)

2 = ((
p
s, 0, 0, 0)� p1 � p2)

2

= (
p
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2

= s� 2
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The Phenomenology
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CEPC detector: PFA oriented

High Precision VTX close to IP: b, c, tau tagging
High Precision & light Tracker: 

PFA oriented Calorimeter: Tagging, ID, JER, etc

Reconstruct ALL the physics objects
(lepton, γ, tau, Jet, MET, ...) with high

efficiency/precision
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Highlight 1: Reconstruction

LEPTON PHOTON

JET/MET FLAVOR

Reconstructed by Arbor Particle Flow Algorithm, 1403.4784
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• Where is the long tail from?

The Phenomenology



Underlying events

Hard scattering

Parton Showering

Hadronization

Decay

Electromagnetic radiation 

Proton Proton

The Phenomenology
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e- e+



The Phenomenology

e- e+
• The Initial State Radiation (ISR).

This paper is organized as follows: section 2 shows initial state radiation (ISR) imple-
mentation in MadGraph. Section 3 describes the detector model, Monte Carlo (MC) simu-
lation, and the samples used in the studies. Section 4 presents the measurements of

l + -H e e . The conclusions are summarized in section 5.

2. ISR implementation in MadGraph

ISR is an important issue in high energy processes, especially for lepton colliders. ISR affects
cross section significantly, for example, it reduces the ZH cross section by more than 10%.
Following Whizard [14], we have implemented in MadGraphthe lepton ISR structure
function that includes all orders of soft and soft-collinear photons, as well as up to the third
order in hard-collinear photons. Comparisons can be seen in figure 2 for l+ -e e ZH , from
which one can see good agreement between Whizard and MadGraphwith ISR included, on
distributions of center-of-mass energy and Higgs transverse momentum. Similar checks have
also been passed for other processes, including for l+ - + -e e W W and + -W W Z .

One should note that besides ISR, another macro effect in high luminosity electron–
positron colliders, beamstrahlung, also affects the cross section. In the storage ring the
beamstrahlung effect makes the beam energy spread larger, and reduces the center-of-mass
energy [15]. The effects, however, are found to be small at the CEPC.

Based on the above progress, we are now able to generate signal samples in
MadGraph with ISR effect included for l+ -e e ZH , together with the decay of l + -H e e
at matrix element level, thanks to the convenience of MadGraph.

3. Detector and simulation

Analysis is performed on the MC samples simulated on the CEPC conceptual detector, which is
based on the International Large Detector (ILD) [16, 17] at the ILC [18]. At the CEPC, electron
identification efficiency is expected to be over 99.5% for the tranverse momentum pT larger than

Figure 2. Comparison plots of center-of-mass energy and Higgs transverse momentum,
between Whizard and MadGraphwith or without ISR effect included, for the
process l+ -e e ZH .

J. Phys. G: Nucl. Part. Phys. 45 (2018) 015004 C Chen et al

3



 (GeV)s
250 300 350 400

 (f
b)

σ

20−

0

20

40

60

80
total xsec

 xsecZh

WBF xsec

 5×interference 

 collider, without ISR-e+e

The Phenomenology
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• The Initial State Radiation (ISR).
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The Phenomenology
• Now we can understand the result.
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The Phenomenology
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The Phenomenology
• The width of the Higgs boson ~ several %.



Top Quark at Future Lepton Colliders



The “Mass” of the Top Quark

• Lepton collider: 

• What mass?
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The “Mass” of the Top Quark

• What is the mass?

Γ
M

∼ 0.03

Γ
M

∼ 0.008

Γ
M

∼ 0.00003

Γ = 0



The “Mass” of the Top Quark

• What is the mass?

Γ
M

∼ 0.1

× Re(p2)

Im(p2) Single pole of the amplitude: 

M(· · · , p2, · · · ) = Zm

p2 � (m2 � im�)
+ f(· · · , p2, · · · )
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The “Mass” of the Top Quark

• What is the mass? 

• How to measure it?



The “Mass” of the Top Quark

• Whose mass? Extra contribution to 
the jet momentum in 
hadronization, ~𝜦QCD



The “Mass” of the Top Quark

• Pole mass vs. Monte Carlo mass? 

• To compare the prediction and the data, we need to do a Monte 
Carlo simulation.  

• There is a parameter named “top quark mass” in the 
phenomenological model used by the MC code. But … 

• People believe that they are close to each other. The error is 
~GeV…

mpole
t ≠ mMC

t



The “Mass” of the Top Quark

• What is the mass? 

• How to measure it?



The “Mass” of the Top Quark

• Running coupling constants?

V(r) = −
α
r

—
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The “Mass” of the Top Quark

• Running coupling constants?

V(r) = −
α
r

Form invariance

—

—

V(r) = −
α(r)

r



The “Mass” of the Top Quark

• The parameters in the Lagrangian need explanations.

ℒ =
1
2

∂μϕ∂μϕ −
1
2

m2ϕ2

ℒ =
1
2

∂μϕ∂μϕ −
1
2

m2ϕ2 −
λ
4!

ϕ4



The “Mass” of the Top Quark

• MS bar mass and cross section.

dσtt̄

dx
= f (N)(αX

s (μ), mX
t (μ), μ)



The “Mass” of the Top Quark

• Lepton collider: 

• What mass?



The “Mass” of the Top Quark

• Lepton collider: 

• What mass?



The “Mass” of the Top Quark

• Lepton collider: 

• What mass?



The “Mass” of the Top Quark

• Lepton collider: 

• Threshold effect. (need NRQCD)



The “Mass” of the Top Quark

• Lepton collider: 

• 1S mass.




