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We’ve all heard a lot about 
the discovery of a scalar 
boson at the CERN LHC



And also:



Question: why is the Higgs 
boson so important?

One of many answers in the market: it gives masses 
to elementary particles (hence the “God Particle”)



However, consider the following:

We don’t understand where the 
mass of the dark matter comes from 
(85% of all matters in our universe)

In the remaining 15% (atoms), almost 
all masses are generated by strong 
interactions of quarks and gluons

So why are the masses from the Higgs 
boson of any particular importance?



Reason 1
The electron mass, though tiny, ensures 

the very existence of atoms (and us)

Bohr radius / 1

me

If electrons were massless, 
they couldn’t have been 

trapped within atoms



Reason 2

The sun wouldn’t be 
shining now without the 

mass of the W boson



The speed of the reaction is mainly 
controlled by the beta-plus decay:

1H + 1H ! 2H + e+ + ⌫e

rate / G2
F / g4

m4
W

If the W boson were massless, the reaction 
could be so fast that the sun would have burnt 
out long before life could develop on the earth



How does the Higgs boson give masses 
to the electron and the W boson? 

To answer that question, we should ask first: 
why the electron and the W boson cannot 
have masses without the Higgs boson?

Because our best model describing the weak 
interactions of electrons is a chiral gauge theory



The gauge symmetry
• A guiding principle to construct the standard model 

of particle physics 

• Guarantees many desired properties of a realistic 
quantum field theory: unitarity, renormalizability, 
charge conservation… 

• A property that is sometimes desired (for the 
photon) but sometimes not (for the W and Z 
bosons): massless gauge bosons

You should have heard a lot about it from Prof. Cao and Prof. Si



Do we need the gauge 
symmetry?

• Intermediate vector boson theory: massive W 
boson without gauge symmetry 

!

• Unitarity violating (probability > 1) 

• Nonrenormalizable (infinite results when calculating 
quantum effects)

Yukawa (1935); Schwinger (1957)

We can’t give up gauge symmetry!



The chiral fermions

The insight of C. N. Yang and T. D. Lee, verified by C. S. Wu, 
tells us that the left-handed and right-handed fermions are 

different (with respect to weak interactions)

Consequences: V-A theory, chiral gauge symmetry 
SU(2)L ⌦ U(1)Y



Fermion mass terms violate 
chiral gauge invariance!

m ̄L R

 R

 ̄L

 R

 ̄L

Dirac mass term:

Non-chiral gauge symmetry Chiral gauge symmetry

Invariant! NOT invariant!



Solution for both problems: 
the Higgs field

 R

 ̄L
�

Invariant!

 ̄L R�(Dµ�)
†(Dµ�)

Gauge-invariant kinetic term 
containing interactions of the 

Higgs field with the W/Z bosons

We need to go one step further…



Spontaneous symmetry 
breaking

For more details, see Prof. Cao’s lecture

V (�) = µ2|�|2 + �|�|4

µ2 < 0

If you only want to remember 
one formula in this lecture, 

this is the one!



The Higgs mechanism
The Higgs field acquires a 
vacuum expectation value

The Higgs field interacts with 
the W boson with a strength g2

mW =
g2v

2

The Higgs field interacts with 
the electron with a strength ye

me =
yevp
2

� =
1p
2

✓
0

v +H

◆

physical Higgs boson



In order to give the observed masses to 
the electron and the W/Z bosons, the 

Higgs boson must have a few properties:

• It must have the right quantum numbers (i.e., the 
right gauge interactions with the W/Z bosons) 

• It must break the gauge symmetry following the 
correct pattern 

• It must interact with the electron with the right 
strength (Yukawa coupling)

Applies to other massive chiral fermions

SU(2)L ⌦ U(1)Y ! U(1)EM



Higgs phenomenology I

• Verify the couplings of the Higgs boson with the W 
and Z bosons (crucial for the weak interactions) 

• Verify the couplings of the Higgs boson to massive 
fermions (crucial for origin of fermion masses) 

• Verify the Higgs potential (crucial for symmetry 
breaking and vacuum stability)



It’s not the whole story!



Questions
• Flavor puzzle: why is the Yukawa coupling of the 

electron with the Higgs boson so tiny? 

!

!

• Extended Higgs sector: are we so lucky that the 
simplest model with only a single scalar boson is 
the correct one?

Remember the 12 fermions and 4 vector bosons!

ye =

p
2me

v
⇡ 3⇥ 10�6 compared to, e.g.,

yt =

p
2mt

v
⇡ 1

g2 =
2mW

v
⇡ 0.65



Questions

• Electroweak phase transition: how does the Higgs 
potential evolve from an unbroken phase in the 
early universe to a broken phase observed by us? 

!

• Naturalness: why is the Higgs boson so light 
compared to the Planck scale?

µ2 > 0 µ2 < 0



Hierarchy and naturalness
We are living in a quantum world, and the mass of 

the Higgs boson receives quantum corrections

“We are, I think, in the right Road of Improvement, for we are making Experiments.”
–Benjamin Franklin

1 Introduction

The Standard Model of high-energy physics, augmented by neutrino masses, provides a remarkably
successful description of presently known phenomena. The experimental frontier has advanced into the
TeV range with no unambiguous hints of additional structure. Still, it seems clear that the Standard
Model is a work in progress and will have to be extended to describe physics at higher energies.
Certainly, a new framework will be required at the reduced Planck scale MP = (8πGNewton)−1/2 =
2.4 × 1018 GeV, where quantum gravitational effects become important. Based only on a proper
respect for the power of Nature to surprise us, it seems nearly as obvious that new physics exists in the
16 orders of magnitude in energy between the presently explored territory near the electroweak scale,
MW , and the Planck scale.

The mere fact that the ratio MP/MW is so huge is already a powerful clue to the character of
physics beyond the Standard Model, because of the infamous “hierarchy problem” [1]. This is not
really a difficulty with the Standard Model itself, but rather a disturbing sensitivity of the Higgs
potential to new physics in almost any imaginable extension of the Standard Model. The electrically
neutral part of the Standard Model Higgs field is a complex scalar H with a classical potential

V = m2
H |H|2 + λ|H|4 . (1.1)

The Standard Model requires a non-vanishing vacuum expectation value (VEV) for H at the minimum

of the potential. This will occur if λ > 0 and m2
H < 0, resulting in ⟨H⟩ =

√
−m2

H/2λ. Since we

know experimentally that ⟨H⟩ is approximately 174 GeV, from measurements of the properties of the
weak interactions, it must be that m2

H is very roughly of order −(100 GeV)2. The problem is that m2
H

receives enormous quantum corrections from the virtual effects of every particle that couples, directly
or indirectly, to the Higgs field.

For example, in Figure 1.1a we have a correction to m2
H from a loop containing a Dirac fermion

f with mass mf . If the Higgs field couples to f with a term in the Lagrangian −λfHff , then the
Feynman diagram in Figure 1.1a yields a correction

∆m2
H = − |λf |2

8π2
Λ2
UV + . . . . (1.2)

Here ΛUV is an ultraviolet momentum cutoff used to regulate the loop integral; it should be interpreted
as at least the energy scale at which new physics enters to alter the high-energy behavior of the theory.
The ellipses represent terms proportional to m2

f , which grow at most logarithmically with ΛUV (and
actually differ for the real and imaginary parts of H). Each of the leptons and quarks of the Standard
Model can play the role of f ; for quarks, eq. (1.2) should be multiplied by 3 to account for color. The

H

f

(a)

S

H

(b)

Figure 1.1: One-loop quantum corrections to the Higgs squared mass parameter m2
H , due to (a) a Dirac

fermion f , and (b) a scalar S.
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These quantum effects (mostly 
from the top quark) tend to 
push the Higgs mass all the 
way up to the Planck scale

“We are, I think, in the right Road of Improvement, for we are making Experiments.”
–Benjamin Franklin
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In order to get a light Higgs, one need to fine-tune 
the parameters to cancel these huge effects, 

which is considered highly unnatural



Higgs phenomenology II

• Look for possible solutions to the hierarchy problem 

• Look for possible solutions to the flavor puzzle 

• Look for possible extended Higgs sector 

• Find out how the electroweak phase transition 
happened



A possible solution to the 
hierarchy problem: supersymmetry

The quantum effects of a 
new particle cancel the 

dangerous quantum 
effects of the top quark

For more, see S. Martin: hep-ph/9709356



A possible solution to the flavor 
puzzle: the Randall-Sundrum model

Also solves the hierarchy problem!



A possible model for an 
extended Higgs sector: 2HDM

2HDM = 2 Higgs Doublet Model

5 physical Higgs bosons: h0, H0, A0, H±

Either of these two could be the 125 GeV 
scalar boson recently discovered!

Very rich phenomenology!

Required by supersymmetric models!



How do we do all these?

We should make a couple of 
Higgs bosons and look at them



How do we make 
Higgs bosons?

Not like this



CEPC

We either 
need the LHC

Or a Higgs factory

A high-luminosity electron-positron collider running 
at a center-of-mass energy around 240-250 GeV

A proton-proton collider running at center-of-mass 
energies ranging from 7 TeV to 14 TeV



The Higgs boson couples to mass (at tree level)

However, the electrons, the positrons and the 
constitutes (up quarks, down quarks and gluons) 
of the protons are either massless or very light

We need some heavy mediators!



The Higgs boson couples to mass (at tree level)

We should look at the heavy guys:

The Bottom The W The Z The Top

4.5 GeV 80 GeV 91 GeV 173 GeV



Production channels @ LHC

Higgs Physics: Theory

2. The SM Higgs boson at hadron colliders

We summarize here the rates for the main Higgs production mechanisms at hadron col-
liders, including the higher order radiative corrections and the associated theoretical un-
certainties, as well as the decay and detection channels, focusing on the SM Higgs case.

2.1 The SM Higgs production cross sections

There are essentially four mechanisms for the single production of the SM Higgs boson
at hadron colliders; some Feynman diagrams are shown in Fig. 1.

Figure 1. Feynman diagrams for the leading production mechanisms of the SM Higgs
boson at hadron colliders.

The total production cross sections, borrowed from Refs [19, 20] and obtained using
adapted versions of the programs of Ref. [21], are displayed in Fig. 2 for the Tevatron with√
s = 1.96 TeV and the LHC with

√
s = 7 TeV as a function of the Higgs mass; the top

quark mass is set to mt = 173.1 GeV [6] and the MSTW [22] parton distributions func-
tions (PDFs) have been adopted. The most important higher order QCD and electroweak
corrections, summarized below for each production channel, have been implemented .
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qq̄→Z H
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qq→qqH
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Figure 2. The production cross sections for the SM Higgs boson at the Tevatron and
early LHC as a function ofMH in the main channels. From Refs. [19, 20].

The gluon–gluon fusion process gg → H is by far the dominant production channel for
SM–like Higgs particles at hadron colliders. The process, which proceeds through trian-
gular heavy quark loops, has been proposed in the late 1970s in Ref. [23] where the ggH
vertex and the production cross section have been derived. In the SM, it is dominantly
mediated by the top quark loop contribution, while the bottom quark contribution does not
exceed the 10% level at leading order. This process is known to be subject to extremely
large QCD radiative corrections that can be described by an associated K–factor defined
as the ratio of the higher order (HO) to the lowest order (LO) cross sections, consistently
evaluated with the value of the strong coupling αs and the parton distribution functions
taken at the considered perturbative order.

3

Q = t, b

V = W,Z

Diagrams from A. Djouadi, arXiv:1203.4199



Cross sections @ LHC
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are really small compared 

to other processes!

Plot by W. J. Stirling

That’s part of the reason 
why it took us so long to 

discover it



How do we look at a 
Higgs boson?

Not like this



The life of a Higgs boson is extremely short
Mean lifetime ~ 10-22 second

In contrast to Professor Higgs
Lifetime > 85 years

We can only look at 
the Higgs boson 
through its relics 
(decay products)



Decay Channels

complete the minimal standard model.
We can infer a great deal about how the 

Higgs particle interacts with other forms of 
matter. After all, because we are embedded in a 
cosmic material made from Higgs particles, we 
have observed their en masse effects on matter  
for a long time. In fact, all properties of the 
Higgs particle — including its spin and its rate 
of production — can be, and were, predicted 
given only its mass.

The Higgs particle can be produced in  
several ways, and it can decay in several ways 
(Fig. 1). This wealth of possibilities affords 
many opportunities for observations to test 
the underlying theory. If the Higgs particle 
were produced in isolation and in a clean 
environment, it would be straightforward to 
observe the rates of each production mecha-
nism and each decay mode, and thereby to 
test the theory in full detail. High-energy pro-
ton–proton collisions, however, are far from 
that ideal. Even in the rare Higgs-containing 
collisions, very few of the dozens of particles 
that are produced have anything to do with 
the Higgs particle. Tremendous effort has gone 
into understanding these ‘backgrounds’, which 
themselves reflect fundamental processes. 
As Richard Feynman once said, “yesterday’s 
sensation is today’s calibration”, but in these 
extraordinary conditions successful anticipa-
tion of what happens 99.9999999% of the time 
is as remarkable as the new information con-
tained in the remaining 0.0000001%.

Enumeration of all the combinations of 
production and decay processes that have 
been observed by the ATLAS and CMS 
collaborations is not appropriate here. I 
will briefly describe the two most mature 
cases, and mention even more briefly a few  
other results.

The announcements of the initial discovery 
at CERN were based mainly on observation of 
an excess signal in the two-photon (γγ) decay 
channel (Fig. 1d) at effective masses of about 
125 billion electronvolts, relative both to com-
puted backgrounds and to the measured back-
ground at nearby mass values. Although the 
γγ decay mode is rare for the Higgs particle, 
it is also difficult to produce high-mass pho-
ton pairs by other means, so the background 
is suppressed. Furthermore, it is possible to 
measure the energy and direction of photons 
quite accurately, which has enabled rapid pro-
gress in the study of this decay channel. So far, 
all results1,2 are consistent with expectations for 
a Higgs particle having a mass of 125 billion 
electronvolts. Initial hints that the rate of γγ 
production through Higgs-particle decay, rela-
tive to backgrounds, might exceed theoretical 
expectations have softened.

Although it too represents a small decay 
fraction, the ZZ decay mode (Fig. 1c) is par-
ticularly favourable for study. This is because 
the Z boson often decays into two charged  
leptons (electron or muon pairs), whose  
energy and momentum can be measured 

accurately. This allows full reconstruction of 
the underlying process, and comparison of 
energy and momentum distributions with 
theoretical predictions. These extra handles 
help us to address another fundamental prop-
erty of the Higgs particle: its spin. Theory pre-
dicts that the particle should have the quantum 
numbers of ‘empty’ space, namely spin 0 and 
positive parity, because it is a quantum of 
(apparently) empty space. Detailed study of 
angular and energy distributions in the ZZ 
decay have provided strong evidence in favour 
of spin 0 and positive parity, as anticipated.

In the γγ and ZZ channels, quantitative 
comparison of theory and experiment is at 
the level of a few tens of per cent. The WW 
and tau lepton–antilepton (ττ−) decay channels 
(Fig. 1 b,e) have also been observed, although 
in the case of the latter the precision is  
less good.

Two dominant themes emerge from these 
findings. The first is that the LHC machine 
works beautifully, and that the experimental 
groups are exploiting it brilliantly. Over the 
course of a few months, tentative sighting of 
the Higgs particle has matured into its multi-
featured, quantitative portrait. The second is 
that, so far, every aspect of the emerging por-
trait is consistent with expectations for the 
Higgs particle of the minimal standard model.

The new results challenge several widely 
mooted speculations. Models that postulate 
several main ingredients to the cosmic mate-
rial (for example, multi-Higgs models), or that 
postulate complex dynamics to explain the W 
and Z boson masses (such as Technicolor, 
extra-dimension and brane-world models) 
seem less credible, as simplicity and minimal-
ism carry the day.

Concerning the most popular and, in my 
opinion, most promising speculation about 
physics beyond the minimal standard model 
that might be accessed at the LHC, supersym-
metry, the message is mixed. The observed 
mass of the Higgs particle is quite low, rela-
tive to a priori expectations, as supersym-
metry requires. But implementations of 
supersymmetry that allow a mass as large 
as 125 billion electronvolts seem to require 
quite heavy masses for the supersymmetric 
partner particles, squarks and leptons, per-
haps 10–100 teraelectronvolts. Unfortunately, 
but ‘conveniently’, that puts them beyond the 
reach of the LHC. (Other superpartners, the  
gauginos, might be accessible.)

Focus point3 or split4 supersymmetry models,  
which anticipated this possibility, also suppress 
many other logically possible, but un observed, 
signatures of supersymmetry. The flip side of 
those negative virtues is that these models 
compromise one widely advertised advantage 
of supersymmetry, its potential to ease the 
hierarchy problem. (The hierarchy problem 
is the ‘unnaturally’ tiny value of the W boson 
mass, relative to the fundamental Planck 
mass.) With that gone, only unification of 

Figure 1 | Decay modes of the Higgs particle. The numbers represent the percentage probabilities for 
each decay mode, as calculated in the minimal standard model. a, Bottom quark–antiquark (bb) particle 
pairs. H, Higgs particle. b, W boson pairs. The H is not heavy enough to decay into two W bosons, so 
one (W*) never materializes as such, but ‘decays’ almost before it is actually produced. The other decays 
normally. c, Z boson pairs, conceptually similar to W boson pairs. d, Photon (γγ) pairs. Because photons 
do not couple directly to H, this decay proceeds by an indirect mechanism (denoted by the triangle) that 
can involve a top quark–antiquark (tt) pair and W and Z boson pairs. e, Tau lepton–antilepton (ττ pairs. 
Other decay channels are possible, notably gluon pairs and charm quark–antiquark pairs, but are more 
challenging to access experimentally, because energetic gluons and charm quarks are easily produced by 
other means, raising severe signal-to-noise issues. 
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Diagrams from F. Wilczek: Nature 496, 439-411 (2013)

Again we should consider the heavy guys, and here we need to 
take into account limitations from energy-momentum conservation

125 GeV



Branching ratios
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BR = probability to 
decay into a 

particular final state



Question: A 125 GeV Higgs boson most likely 
decays into a pair of bottom quarks or a pair of W 
bosons. However, it was discovered firstly in the 

diphoton channel and the ZZ channel. Why?

Problem with bottom quarks: they are too easy to be 
created at a hadron collider via strong interactions

Problem with W bosons: they are also easy 
to create, and not so easy to identify 

(decaying to quarks or neutrinos)

Background events (events not coming from the Higgs boson) are important! 

Photons and Z bosons are “clean”



What we have seen?

ATLAS-CONF-2014-009 CMS-PAS-HIG-14-009



This plot contains a lot of information, 
so I’ll spend some time to explain them

Bars represent 
experimental uncertainties

Band represent 
theoretical uncertainties



What goes into the x-axis?
What we can measure is: 

production rate = cross section × branching ratio

functions of the couplings we want to know about

experimental measurement of the production rate theoretical prediction in the SM

ratio = 1 means consistent with the SM



Perturbative calculations 
are important!
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Figure 6: The fixed-order (left) and RG-improved (right) cross-section predictions including
perturbative uncertainty bands due to scale variations for the Tevatron (upper) and LHC
(lower plots). In contrast to Figure 5, different PDF sets are used according to the order of
the calculation.

after RG improvement are fully contained in the lower-order ones and the K-factor is close
to 1, in particular for the LHC.1 In fixed-order calculations it is customary to use PDFs ex-
tracted from a fit using predictions of the same order. Doing so absorbs universal higher-order
corrections into the PDFs. Since resummed calculations contain contributions of arbitrarily
high orders, the optimal PDF choice is less clear. If the same large higher-order corrections
affect both the observable one tries to predict and the cross sections used to extract the PDFs,
it would be quite problematic to perform a resummation in one case and not the other. For
our case, the relevant input quantity is the gluon PDF at low x, which is mostly determined
by measurements of scaling violations in the DIS structure function, ∂F2(x,Q2)/∂Q2. The
higher-order corrections associated with the analytic continuation of the time-like gluon form
factor, which we resum, do not affect the DIS cross section, and so are not universal and

1For MRST2004 PDFs [52], the K-factors after resummation are somewhat larger, K ≈ 1.3 for the LHC,
see [18].
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If nobody ever did 
these calculations…

Figure from arXiv:0809.4283



Higgs @ NNLO

(a) (b) (c)
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g
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g
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g

g
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Figure 2: Sample two-loop diagrams contributing to gg → H at NNLO. The right
vertex stands for the effective coupling of the Higgs particle to gluons. The bubble
in diagram (e) represents any quark except for the top quark.

These relations allow to compute any such planar diagram with arbitrary powers of the
denominators and irreducible numerators.

In our case, however, we also need to compute non-planar diagrams, e.g. Fig. 2 (b). For this
reason, we follow an algorithm that has recently been published by Baikov and Smirnov [1].
It relates the recurrence relations for l-loop integrals with n + 1 external legs to the ones
for (l + 1)-loop integrals with n external legs. Here we have n = l = 2, and thus the
massless two-loop vertex diagrams of Fig. 2 are mapped onto massless three-loop two-
point functions. The algorithm to compute the latter ones is known [18] and implemented
in the computer program MINCER [19], written in FORM [20]. Following the recipe of [1],
we modified the MINCER routines such that they are applicable to the class of two-loop
three-point functions at hand. For the generation of the diagrams we used QGRAF [21] as
integrated in the program package GEFICOM [22]2.

The only integral that can not be reduced to convolutions of one-loop integrals in this
approach is the non-planar one with all propagators appearing in single power, and with
numerator equal to one. However, the result for this integral is known as an expansion in
ϵ up to its finite part [15].

As a check of our setup we re-did the calculation of the electro-magnetic quark form factor
in QCD to two loops and found full agreement with [16]. We performed this calculation in
a general Rξ gauge and explicitly checked its gauge parameter independence in this way.
We also computed the two-loop three-gluon vertex in Rξ gauge with two gluons on-shell
and found agreement with [17,23,24]. Finally, the calculation of the present paper was also
performed in Rξ gauge and we verified that the gauge parameter dependence disappears
in the sum of all diagrams.

2I acknowledge the kind permission by the authors of GEFICOM to use this program.
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At leading order we find

η(0)
ij = δ(1 − x)δigδjg. (44)

At next-to-leading order there are contributions from the gluon-gluon, quark-gluon and quark-antiquark channels:
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The main result of this paper is the next-to-next-to-leading order corrections, which we separate according to their
dependence on the number of quark flavors:

η(2)
ij = ∆(2)A

ij + nf∆(2)F
ij . (47)

For the gluon-gluon channel we find
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What are the labels on the 
y-axis?

• VBF tag: selecting vector boson fusion 
production process (typically two forward jets 
with large rapidity gap and large invariant mass) 

• VH and ttH tag: selecting corresponding 
production processes by identifying the W/Z 
boson or the top quark pair in the final state 

• Untagged: mostly coming from gluon fusion 
production process 

• 0/1 jet: mostly gluon fusion 

• 2 jets: mostly VH or VBF

decay mode of 
the Higgs boson

Higgs Physics: Theory

2. The SM Higgs boson at hadron colliders

We summarize here the rates for the main Higgs production mechanisms at hadron col-
liders, including the higher order radiative corrections and the associated theoretical un-
certainties, as well as the decay and detection channels, focusing on the SM Higgs case.

2.1 The SM Higgs production cross sections

There are essentially four mechanisms for the single production of the SM Higgs boson
at hadron colliders; some Feynman diagrams are shown in Fig. 1.

Figure 1. Feynman diagrams for the leading production mechanisms of the SM Higgs
boson at hadron colliders.

The total production cross sections, borrowed from Refs [19, 20] and obtained using
adapted versions of the programs of Ref. [21], are displayed in Fig. 2 for the Tevatron with√
s = 1.96 TeV and the LHC with

√
s = 7 TeV as a function of the Higgs mass; the top

quark mass is set to mt = 173.1 GeV [6] and the MSTW [22] parton distributions func-
tions (PDFs) have been adopted. The most important higher order QCD and electroweak
corrections, summarized below for each production channel, have been implemented .

pp̄→tt̄H

qq̄→Z H

qq̄→WH

qq→qqH

gg→H mt = 173.1 GeV
MSTW2008

√
s = 1.96 TeV

σ(pp̄ → H + X) [pb]

MH [GeV]
114 120 130 140 150 160 170 180 190 200
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ppp→ t̄tH

qq̄→Z H

qq̄→WH

qq→qqH

gg→H
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√
s = 7 TeV

σ(ppp → H + X) [pb]

MH [GeV]
500400300200180160140115

100

10

1

0.1

0.01

Figure 2. The production cross sections for the SM Higgs boson at the Tevatron and
early LHC as a function ofMH in the main channels. From Refs. [19, 20].

The gluon–gluon fusion process gg → H is by far the dominant production channel for
SM–like Higgs particles at hadron colliders. The process, which proceeds through trian-
gular heavy quark loops, has been proposed in the late 1970s in Ref. [23] where the ggH
vertex and the production cross section have been derived. In the SM, it is dominantly
mediated by the top quark loop contribution, while the bottom quark contribution does not
exceed the 10% level at leading order. This process is known to be subject to extremely
large QCD radiative corrections that can be described by an associated K–factor defined
as the ratio of the higher order (HO) to the lowest order (LO) cross sections, consistently
evaluated with the value of the strong coupling αs and the parton distribution functions
taken at the considered perturbative order.
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A subtlety in VH production with 
H decaying to bottom quarks

Backgrounds for this particular final state 
are huge (V+jets, top quark, etc.)

Many clever ideas were proposed 
by theorists, initiated by this work:

Butterworth, Davison, Rubin, Salam: arXiv:0802.2470 

Bottom line: to suppress the huge backgrounds, 
we need to consider highly boosted V and H 
(i.e., those with large transverse momenta)



Boosted objects and jet 
substructure

as possible from the underlying event (UE), in order to
maximize resolution on the jet mass. One should also
correlate the momentum structure with the directions of
the two b-quarks, and provide a way of placing effective
cuts on the z fractions, both of these aspects serving to
eliminate backgrounds.

To flexibly resolve different angular scales, we use the
inclusive, longitudinally invariant Cambridge or Aachen
(CA) algorithm [7,8]: one calculates the angular distance
!R2

ij ! "yi # yj$2 % "!i #!j$2 between all pairs of ob-
jects (particles) i and j, recombines the closest pair, up-
dates the set of distances, and repeats the procedure until
all objects are separated by a !Rij > R, where R is a
parameter of the algorithm. It provides a hierarchical
structure for the clustering, like the K? algorithm [9,10],
but in angles rather than in relative transverse momenta
(both are implemented in FastJet 2.3 [11]).

Given a hard jet j, obtained with some radius R, we then
use the following new iterative decomposition procedure to
search for a generic boosted heavy-particle decay. It in-
volves two dimensionless parameters," and ycut: (1) Break
the jet j into two subjets by undoing its last stage of
clustering. Label the two subjets j1, j2 such that mj1

>
mj2

. (2) If there was a significant mass drop (MD), mj1
<

"mj, and the splitting is not too asymmetric, y !
min"p2

tj1
;p2
tj2
$

m2
j

!R2
j1;j2

> ycut, then deem j to be the heavy-

particle neighborhood and exit the loop. Note that y ’
min"ptj1

; ptj2
$=max"ptj1

; ptj2
$. (Note also that this ycut is

related to, but not the same as, that used to calculate the
splitting scale in [5,6], which takes the jet pT as the
reference scale rather than the jet mass.) (3) Otherwise,
redefine j to be equal to j1 and go back to step 1. The final
jet j is to be considered as the candidate Higgs boson if
both j1 and j2 have b tags. One can then identify Rb "b with
!Rj1j2

. The effective size of jet jwill thus be just sufficient
to contain the QCD radiation from the Higgs decay, which,
because of angular ordering [12–14], will almost entirely
be emitted in the two angular cones of size Rb "b around the
b-quarks.

The two parameters " and ycut may be chosen indepen-
dently of the Higgs mass and pT . Taking " * 1=

!!!
3
p

en-
sures that if, in its rest frame, the Higgs decays to a
Mercedes b "bg configuration, then it will still trigger the
mass drop condition (we actually take " ! 0:67). The cut
on y ’ min"zj1

; zj2
$=max"zj1

; zj2
$ eliminates the asymmet-

ric configurations that most commonly generate significant
jet masses in non-b or single-b-jets, due to the soft gluon
divergence. It can be shown that the maximum S=

!!!!
B
p

for a
Higgs boson compared to mistagged light jets is to be
obtained with ycut ’ 0:15. Since we have mixed tagged
and mistagged backgrounds, we use a slightly smaller
value, ycut ! 0:09.

In practice, the above procedure is not yet optimal for
LHC at the transverse momenta of interest, pT &

200–300 GeV, because from Eq. (1), Rb "b * 2mH=pT is
still quite large and the resulting Higgs mass peak is
subject to significant degradation from the underlying
event (UE), which scales as R4

b "b [15]. A second novel
element of our analysis is to filter the Higgs neighborhood.
This involves resolving it on a finer angular scale, Rfilt <
Rb "b, and taking the three hardest objects (subjets) that
appear—thus, one captures the dominant O"#s$ radiation
from the Higgs decay, while eliminating much of the UE
contamination. We find Rfilt ! min"0:3; Rb "b=2$ to be rather
effective. We also require the two hardest of the subjets to
have the b tags.

The overall procedure is sketched in Fig. 1. We illustrate
its effectiveness by showing in Table I, (a) the cross section
for identified Higgs decays in HZ production, with mH !
115 GeV and a reconstructed mass required to be in a
moderately narrow (but experimentally realistic) mass
window, and (b) the cross section for background Zb "b
events in the same mass window. Our results (CA MD-F)
are compared to those for the K? algorithm with the same
ycut and the SISCONE [16] algorithm based just on the jet
mass. The K? algorithm does well on background rejec-
tion, but suffers in mass resolution, leading to a low signal;
SISCONE takes in less UE so gives good resolution on the
signal; however, because it ignores the underlying sub-
structure, fares poorly on background rejection. CA MD-
F performs well both on mass resolution and background
rejection.

The above results were obtained with HERWIG 6.510
[17,18] with JIMMY 4.31 [19] for the underlying event,
which has been used throughout the subsequent analysis.
The signal reconstruction was also cross checked using
PYTHIA 6.403 [20]. In both cases, the underlying event
model was chosen in line with the tunes currently used
by ATLAS and CMS (see for example [21]). [The non-
default parameter setting are: PRSOF ! 0, JMRAD"73$ !
1:8, PTJIM ! 4:9 GeV, JMUEO ! 1, with CTEQ6L [22]
PDFs.] The leading-logarithmic parton shower approxima-
tion used in these programs have been shown to model jet
substructure well in a wide variety of processes [23–28].
For this analysis, signal samples of WH;ZH were gener-
ated, as well as WW, ZW, ZZ, Z% jet, W % jet, t"t, single
top and dijets to study backgrounds. All samples corre-

b Rbb
Rfilt

Rbbg

b

R

mass drop filter

FIG. 1. The three stages of our jet analysis: starting from a
hard massive jet on angular scale R, one identifies the Higgs
neighborhood within it by undoing the clustering (effectively
shrinking the jet radius) until the jet splits into two subjets each
with a significantly lower mass; within this region, one then
further reduces the radius to Rfilt and takes the three hardest
subjets, so as to filter away UE contamination while retaining
hard perturbative radiation from the Higgs decay products.

PRL 100, 242001 (2008) P H Y S I C A L R E V I E W L E T T E R S week ending
20 JUNE 2008

242001-2

If the Higgs boson is boosted, the two bottom quarks 
from its decay will be very close to each other

The clever idea: “fat jet” and jet substructure



Checklist on our current 
knowledge about the couplings
Couplings to the W and Z bosons: 

quite a lot of information 

Couplings to the bottom quark and the 
tau lepton: some rough information 

Couplings to the top quark: very rough 
information (indirectly from gluon fusion 
and directly from ttH production) 

Couplings to first/second generation 
fermions: largely no information 

Self-couplings in the Higgs potential: 
largely no information



Higgs self-couplings
V (�) = µ2|�|2 + �|�|4

Higgs potential

V (�) =
1

2
m2

HH2 + �vH3 +
�

4
H4

EWSB

Can be probed by Higgs pair production

Can be probed by HHH production



Higgs pair production

box diagram matrix element. At LO, we may write, schematically:

�LO
HH = |

X

q

(↵qC
(1)
q,tri + �qC

(1)
q,box)|2 + |

X

q

�qC
(2)
q,box|2 , (2.1)

where C
(1)
q,tri represents the matrix element for the triangle contributions and C

(i)
q,box

represents the matrix element for the two Lorentz structures (i = 1, 2) coming from

the box contributions [41, 45], for each of the quark flavours q = {t, b}.
The parameters ↵q, �q and �q for quark flavour q are given in terms of the

Standard Model Lagrangian parameters by:

↵q = �yq ,

�q = �q = y2q , (2.2)

where q = {t, b}, � is the (normalised) Higgs triple coupling defined in the previous

section and yq is the normalised Hqq̄ coupling (after electroweak symmetry breaking

and assumed to be real) defined with respect to the SM value: yq ⌘ Yq/Y
SM
q (Yq

being the resulting coupling and Y SM
q the SM value). In contrast, the single Higgs

cross section, again, schematically, will only contain the matrix element squared

|Pq C
(1)
q,tri|2.

g H

f

H

H

g

g H

f

H
g

Figure 1: The Higgs pair production diagrams contributing to the gluon fusion process

at LO are shown, for a generic fermion f .

We have performed numerical fits using the results of the hpair program [46],

used to calculate the total cross section for Higgs boson pair production at lead-

ing and approximate next-to-leading (NLO) orders. The fits were done employing

MSTW2008lo68cl and MSTW2008nlo68cl parton density functions [47] and using

top and bottom quark masses of 174.0 GeV and 4.5 GeV respectively. We have

obtained:

�LO
HH [fb] = 5.22�2y2t � 25.1�y3t + 37.3y4t +O(�Yby

2
t ) ,

�NLO
HH [fb] = 9.66�2y2t � 46.9�y3t + 70.1y4t +O(�Yby

2
t ) , (2.3)

where we are not showing terms suppressed by the (un-normalised) Hbb̄ coupling,

Yb. In fact, we have checked explicitly that a fit performed ignoring the bottom

– 3 –

Cross section @ 14 TeV is 40 fb (very small!)

Will be a tough task for the 
LHC, requiring combination of 

jet substructure techniques 
and multivariate analysis
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FIG. 3. Outputs of BDT analysis. Left: background re-
jection vs. signal e�ciency. Right: normalized signal and
background distributions against BDT response.

boosted decision tree (BDT) method [26] implemented
in the ROOT TMVA package [27]. In addition to our previ-
ous set of variables, we add the following: pT,h2 , pT,Wh ,
pT,h1h2 , Rh1,Wh , MT,`⌫ , ��`,⌫ , ��Wl,Wh , whereWl refers
to the leptonically decaying W boson, and the trans-
verse mass of the lepton and neutrino system is defined
as M2

T,`⌫ ⌘ (ET,` + ET,⌫)2 � (~pT,` + ~pT,⌫)2.
We trained 1000 decision trees, from which the outputs

are shown in Fig. 3, where we can see that one can ob-
tain good discrimination between signal and background.
We find that when cutting at a value of around 0.1, we
can obtain S/

p
S +B ⇠ 2.4 and a significance of 3.1�,

with S ⇡ 9 and B ⇡ 6. We have checked that the inclu-
sion of underlying event for the signal sample does not
bring down the significance substantially. Further im-
provement can be obtained if one consider the tauonic
decays of the W bosons in both signal and background.
Assuming a ⌧ reconstruction e�ciency of ⇠ 70%, one
can obtain an increased significance of 3.6 (3.0) using
the BDT (cut-based) analysis.
Conclusions. We have studied the prospects of detect-
ing Higgs boson pair production at the 14 TeV LHC
in the bb̄`⌫jj channel, where ` is either a muon or an
electron. Our analysis is based on exploiting jet sub-
structure techniques to identify the h ! bb̄ decay for
a Higgs boson in the boosted regime as a fat jet, and
also event reconstruction for the h ! W+W� decay. In
spite of the very tiny initial signal to background ratio,
we have identified a few useful kinematic variables that
allow to discriminate signal from background. By cut-
ting on these variables one can achieve an O(1) signal to
background ratio, although retaining only a few handful
of events for 600/fb. Further increase in the sensitivity
can be achieved by including several more variables into
the analysis. Given that scenario, we turned to a mul-
tivariate boosted decision tree analysis, which allows to
obtain a significance of about 3� while retaining a larger
number (about 10) of signal events. Furthermore, the
significance can be enhanced if we consider tau leptons
in the final state, allowing to obtain just under 4� of
sensitivity. This channel will make an important contri-
bution, in combination with the already studied bb̄⌧+⌧�

and bb̄��, final states, towards the discovery of Higgs pair

production at the LHC, and measuring the trilinear self
interaction.
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Higgs coupling to 
electron?

Nobody knows how to measure this important one. 
Waiting for clever ideas from you young people!



An example beyond the SM: the minimal 
supersymmetric standard model (MSSM)
2HDM embedded: h0, H0, A0, H±

Tree-level couplings to 
W/Z bosons and 

fermions are altered

hV V : sin(� � ↵) , HV V : cos(� � ↵)

ht¯t :
cos↵

sin�
, Ht¯t :

sin↵

sin�

hb¯b : � sin↵

cos�
, Hb¯b :

cos↵

cos�

New particles may enter the loop to change the 
gluon fusion process and the decay to diphoton



These changes should 
be reflected in this plot
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Figure 8: Left: Fit to the two main e↵ects present in supersymmetry: stop loop correction to

the htt̄ coupling and tree-level modification of the Higgs couplings due to the two-Higgs doublet

structure. Dotted lines show the Gaussian approximation. Right: fit as function of the �-

function coe�cients b
3

= b� that parameterise dilaton models. The SM Higgs is reproduced at

the experimentally favored point b
3

= b� = 0, while the pure dilaton is excluded at more than

5�.

All of this amounts to specialise the universal �2 inserting the following values of its parameters

rt = R
˜t

cos↵

sin �
, rb = r⌧ = rµ = � sin↵

cos �
, rW = rZ = sin(� � ↵). (23)

Furthermore, the parameters rg, r�, rZ� relative to loop processes are fixed as in eq. (14). We

trade the ↵ parameter (mass mixing between Higgses) for the pseudo-scalar Higgs mass mA

using

tan 2↵ =
m2

A +M2

Z

m2

A �M2

Z

tan 2�. (24)

Finally, we assume a large tan �, as motivated by the observed value of the Higgs mass (a

large tan � amplifies the stop contribution to the Higgs mass). The left panel of fig. 8 shows

the resulting fit. Once again, the universal fit is an adequate approximation of the full fit. Of

course, supersymmetry can manifest in extra ways not considered here, e.g. very light staus or

charginos could enhance h ! �� [60].

5.7 Data prefer the Higgs to the dilaton

As another example of a model where both the tree-level and the loop level Higgs couplings

are modified, we consider the dilaton. The dilaton is an hypothetical particle ', that, like the

Higgs, couples to SM particles with strength proportional to their masses [61]. More precisely

17

A simple fit done in 
arXiv:1303.3570
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FIG. 1: Feynman diagrams for the pair production of the SM-like Higgs boson via gluon fusion in

the MSSM and NMSSM with HI denoting a CP-even Higgs (I = 1, 2 for the MSSM and I = 1, 2, 3

for the NMSSM) and q̃i,j (i, j = 1, 2) for a squark. The diagrams with initial gluons or final Higgs

bosons interchanged are not shown here. For the quarks and squarks we only consider the third

generation due to their large Yukawa couplings.

that the mixing between the doublet and singlet Higgs fields can significantly alter the mass.

To be more explicit, if the state H1 is h, the mixing is to pull down the mass, while if H2

acts as h, the mixing will push up the mass. Another remarkable character of the NMSSM

is that in the limit of very small λ and κ (but keep µ fixed), the singlet field decouples from

the theory so that the phenomenology of the NMSSM reduces to the MSSM. So in order to

get a Higgs sector significantly different from the MSSM, one should consider a large λ.

Throughout this work, we require 0.50 ≤ λ ≤ 0.7 in our discussion of the NMSSM and

we consider two scenarios:

6

A heavy Higgs boson may enhance the 
production rate for a pair of light Higgs bosons

0.5

0.6

0.7
0.8
0.9

1

2

3

4

5

6
7
8
9

11

124 126

mh (GeV)

σ
SU

SY
 / 
σ

SM

MSSM

124 126

mh (GeV)

NMSSM1

124 126

mh (GeV)

NMSSM2

FIG. 3: The scatter plots of the surviving samples, showing σSUSY /σSM versus the SM-like Higgs

boson mass. The plus ’+’ (blue) denote the results with only the gluon fusion contribution, while

the circles ’◦’ (pink) are for the total results.

For each SUSY model we use the package NMSSMTools-3.2.0 [30] to scan over the pa-

rameter space and then select the samples which give a SM-like Higgs boson in the range of

125± 2 GeV and also satisfy various experimental constraints, including those listed in Sec-

tion I. The strategy of our scan is same as in [6] except for three updates. First, since the rare

decay Bs → µ+µ− has been recently observed with Br(Bs → µ+µ−) = 3.2+1.5
−1.2 × 10−9 [21],

we use a double-sided limit 0.8 × 10−9 ≤ Br(Bs → µ+µ−) ≤ 6.2 × 10−9. Second, for the

LHC search of the non-standard Higgs boson, we use the latest experimental data [23]. The

third one is that we require stops heavier than 200 GeV [20]. After the scan, we calculate

the Higgs pair production rate in the allowed parameter space. We will demonstrate the

ratio σSUSY /σSM for each surviving sample. Of course, such a ratio is less sensitive to higher

order QCD corrections.

In Fig. 3 we show the normalized production rate as a function of the Higgs boson mass

for the surviving samples in the MSSM and NMSSM (for the NMSSM we show the results

for the NMSSM1 and NMSSM2 scenarios defined in Sec.II). This figure shows two common

features for the three scenarios. One is that the production rate can deviate significantly

from the SM prediction: in most cases the deviation exceeds 30% and in some specail cases

the production rate can be enhanced by one order. The other feature is that for most

cases the dominant contribution to the pair production comes from the gluon fusion, which

is reflected by the approximate overlap of ’◦’ (pink) with ’+’ (blue). Fig. 3 also exhibits

some difference between different scenarios. For example, in the MSSM the bb̄ annihilation

8

Possible to distinguish 
at the LHC?

Cao, Heng, Shang, Wan, Yang: arXiv:1301.6437



The additional Higgs bosons 
may also be directly produced
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Figure 1: A generic set of diagrams (a) for the Born level, (b) for virtual gluon exchange, (c)
virtual gluino and squark exchange, (d) gluon radiation, and (e) gluon–(anti)quark scattering in
the subprocesses qq̄, gg → tb̄H−, etc.

3

These will be striking guns for 
an extended Higgs sector 

beyond the SM!



The Higgs factory
An electron-positron collider dedicated to produce 

a lot of Higgs bosons via the process

Will certainly push our knowledge about 
the Higgs boson to a new frontier

A great opportunity for you young people if it is built in China!



Further readings
• The Higgs Hunter’s Guide  

by John F. Gunion, Howard E. Haber, Gordon Kane 
and Sally Dawson 

• Higgs Boson Theory and Phenomenology  
hep-ph/0208209 
by Marcela Carena and Howard E. Haber 

• Searching for the Higgs boson 
hep-ph/0702124 
by David Rainwater


