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Standard Model and predictions
for the Higgs boson
E E Boos
1. Introduction
Since school we all know that there are four different types of
interaction in nature: gravitational, weak, electromagnetic,
and strong. The strong interaction binds protons and
neutrons together to form a nucleus and to keep it stable.
These are short-range interactions with a characteristic range
of the order of the nucleus size, 10ÿ12 ÿ10ÿ13 cm. Less strong
interactions are the well-known electromagnetic ones that
ensure the stability of atoms and molecules by attracting the
positively charged atomic nucleus and negatively charged
electrons to each other. The range of these forces can be very
large. We do not feel this directly because, in toto atoms and
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molecules are electrically neutral. The interactions with even
smaller forces are the weak ones. They account for the decay
of the neutron in a free state and for the instability of many
atomic nuclei. In particular, these interactions are responsible
for nuclear cycles that result in energy emission from the Sun.
The gravitational interactions are the weakest ones, and they
bind massive objects together to form planets, the Solar
System, galaxies, etc.
All these notions, which we were taught in school, are
absolutely true. But the problem lies in the fact that the way
interactions manifest themselves depends on the type of
interacting objects and on the distance between them. The
Standard Model is a quantum theory that describes the
mechanisms of Nature on scales 3 to 4 orders of magnitude
less than the size of nuclei and protons. The `microscopes'
that allow us to obtain information about phenomena at such
extremely small distances are colliders Ð the ones that do not
operate any more: LEP I, LEP II (LEP Ð Large Electron±
Positron collider), SLC (Stanford Linear Collider), HERA
(Hadron±Electron Ring Accelerator), Tevatron, etc., as well
as the biggest collider in history, the Large Hadron Collider
(LHC) Ð which now operates Ð and the International Linear
Collider (ILC), expected in the future.
To understand what distances can be studied at a specific
collider, it is convenient to use the system of natural units,
which is standard for high-energy physics. In this system, the
units are the Planck constant 
h  6:582  10ÿ22 MeV s and
the speed of light c  2:998  1010 cm sÿ1 . One electron-volt
equals the energy that an electron with the charge qe 
1:6  10ÿ19 C obtains after passing through a potential
difference of 1 V (1 eV  qe at 1 V). In the system of natural
units, it is assumed that 
h  c  1, which leads to a simple but
very important relation:
1
 2  10ÿ14 cm
GeV
(1 GeV  109 eV). The Heisenberg uncertainty relation
DxDp 5 1=2, which holds in the quantum world, tells us that
the bigger the possible value of the transferred momentum is,
the smaller the distances that can be studied. The transferred
momentum 1 TeV  103 GeV allows studying phenomena at
distances of 10ÿ17 cm. Accordingly, at the LHC, where the
transferred momentum can be around 1±10 TeV (the range
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known as the Terascale), the structure of matter can be
studied on scales of 10ÿ17 ÿ10ÿ18 cm.
Earlier, when the collision energy in the center-of-mass
frame and, correspondingly, the transferred momentum
reached 10±100 GeV, we had the opportunity to `see' how
the world looks on scales that are much smaller than the size
of the nucleon, 10ÿ13 cm. It turned out that at these scales, the
proton and neutron consist of quarks and gluons, which are
responsible for the strong interactions. The strength of these
interactions weakens as the characteristic distances decrease.
The experiments revealed six types of quarks, which are
grouped into three generations, two quarks in each. It also
turned out that the six discovered leptons form three
generations, each consisting of a charged lepton and the
corresponding neutrino. At the same time, leptons and
quarks do not reveal any inner structure at distances up to
 10ÿ17 cm. These six quarks and six leptons form the
particles of matter. The world around us is built from leptons
and quarks of the first generation. Other quarks and leptons
appear either in high-energy cosmic rays or under artificial
conditions in accelerators and colliders. The six quarks and
six leptons grouped into three generations, the corresponding
antiparticles, together with vector bosons (photon, W  , Z,
gluons) and the recently discovered scalar boson (Higgs
boson) form the set of fundamental particles in the Standard
Model (SM).

2. Standard Model
The Standard Model [1±3] is a gauge quantum field theory
that is the basis for the description of the microcosm on scales
of 10ÿ13 ÿ10ÿ17 cm. The SM is one of the most significant
intellectual achievements over the last 50 years. A large
number of theorists and experimentalists took part in the
development and comprehensive verification of the SM
predictions. More than ten Nobel Prizes were awarded for
investigations of different aspects of the SM, including in
2013, received by P Higgs and F Englert. In this article, we
mainly discuss the electroweak part of the SM. A detailed
discussion of the various aspects of the SM can be found in a
series of reviews and lectures (see, e.g., [4±15]).
Our introduction to the SM does not follow the historical
principle. To build the SM, we start with a discussion of the
main requirements that it should satisfy.
(1) Reproducibility of the electromagnetic interactions of
leptons and quarks that are invariant under the transformation
group U 1em . Charged leptons have the electric charge ÿ1,
the neutrino has a zero charge, u-type quarks have the
charge 2=3, and d-quarks have the charge ÿ1=3. We recall
that the proton has the quark composition uud and the
neutron, ddu.
(2) Reproducibility of the axial vector structure VÿA of
the quark and leptonic charged currents. The structure of
charged currents is described by the results of many
measurements of the interactions between leptons and
quarks involving a change in charge by one unit. The
Fermi Lagrangian that describes the muon decay has the
form
GF
gs 1 ÿ g5  nm egs 1 ÿ g5 ne ;
L  p m
2

1

where the leptonic current Js  lgs 1 ÿ g5 nl has the VÿA
structure. This means that only left-handed components CL
of the fermion field take part in the charged current
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interactions:
C

1 ÿ g5
1  g5
C
C  CL  C R :
2
2

2

(3) Independence of the Lagrangian from the field phase or
the gauge interaction character.
This principle can be quickly illustrated as follows. Our
theory has to describe leptons and quarks, which are
fermions. Fermions are represented as complex fields,
which, in addition to the amplitude, have a phase that is
defined at each point of space±time. But the Lagrangian
cannot depend on such complex phases; therefore, it should
contain only bilinear combinations of the field and the
conjugate field. However, for the Dirac equation to follow
from the Lagrangian, it must contain derivatives (have a
kinetic part). But a derivative acts on the field phase and
makes an incorrect contribution to the Lagrangian. The way
such dependences can be eliminated is by introducing an
additional vector field (vector, because the derivative qm
acting on the phase produces a vector). The vector field
should be transformed in such way that the additional phase
dependence is exactly compensated. The transformation rule
for the compensating (gauge) field depends on the specific
group, but it is possible in each case and the phaseindependence principle itself remains unchanged.
Gauge invariants are constructed by replacing ordinary
derivatives by covariant ones: qm ! Dm  qm ÿ gAm , and the
kinetic terms of the gauge field itself are constructed from the
field strength tensor Fmn of the Am field.
(4) Renormalizability and unitarity. The dimension of the
terms (operators) in the SM Lagrangian should not be more
than four. By using currents and structures that include
covariant derivatives and electromagnetic tensors of the
gauge field or fields, we can construct gauge-invariant
operators with a dimension greater than four. This means
that these operators should be reduced to a unit-free form by
introducing specific parameters in the denominator. The
presence of such operators would lead to nonunitary
behavior of the cross sections at high energies, and the
corresponding theories would be nonrenormalizable. The
four-fermion Fermi Lagrangian (operator) introduced
above has the dimension six, which leads to such a nonrenormalizable and nonunitary theory.
(5) Absence of chiral anomalies. Left- and right-handed
fields should be included in the theory in different ways.
Therefore, it is not obvious a priori whether the theory
would have chiral anomalies. The presence of such anomalies would lead to a violation of unitarity and, hence, is not
appropriate.
(6) The possibility of considering three generations of
leptons and quarks. As was mentioned, three generations of
leptons and quarks have been discovered, and the SM should
consider this fact.
(7) The possibility of describing massive fermions and
gauge bosons without breaking the gauge invariance. All
fermions, with a possible exception of one specific neutrino,
have mass. All electroweak gauge bosons, except photons,
also have mass. As we see in what follows, the requirement of
the possibility of describing massive fields leads to the idea of
spontaneous symmetry breaking.
We now proceed with the construction of the SM
Lagrangian. Charged currents include only left-handed field
components (leptons and neutrinos, u- and d-quarks); hence,
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left-handed components can be naturally arranged into
doublets
 
 
u
nl
;
;
d L
l L
which, in analogy with the ordinary isospin, are called weakisospin doublets. There should be three generations and,
because all neutrinos are left-handed, they are grouped in
the following way:
generation I
   
u
ne
e L
d L
eR

generation II
   
nm
c
m L
s L

uR ; dR

mR

generation III
   
nt
t
t L
b L

c R ; sR

tR

tR ; bR

:

As soon as we introduce this requirement, we actually have no
other option than to write the following Lagrangian,
consisting of dimension-four terms:

L

m

L

f  l; q

R

m

R

3

where
i
 qm Wni ÿ qn Wmi  g2 e i j k Wmj Wnk ;
Wmn

Bmn  qm Bn ÿ qn Bm ;
a
Gmn



qm Aan

ÿ

qn Aam

 gs f

4
abc

Abm Acn

;
 f
YL
ÿ igs Aam t a ;
DmL  qm ÿ ig2 Wmi t i ÿ ig1 Bm
2
 f
YR
DmR  qm ÿ ig1 Bm
ÿ igs Aam t a :
2

6

Bm  ÿZm sin yW  Am cos yW :

SUc 3  SUL 2  UY 1 :

f  l; q

the gauge fields. Therefore, the strength of interaction with
fermions cannot be changed without changing the strength of
interaction between the gauge bosons themselves. But in
Abelian theories, there is no self-interaction of gauge bosons
and the gauge invariance principle allows certain freedom Ð
in our case, it is the existence of the YL; R parameter.
Lagrangian (3) can now be rewritten
in terms of charged
p
vector fields Wm  Wm1  iWm2 = 2 and neutral fields Wm3
and Bm , which can be a mixture of other fields Am and Zm with
a certain mixing angle yW (the Weinberg mixing angle):
Wm3  Zm cos yW  Am sin yW ;

We have introduced left-handed doublets, and we can
therefore assume that there should be a corresponding
invariance under the group called the weak-isospin group
SUL 2. One could try to add the electromagnetic interaction
group U 1em to that group, but this does not lead to a correct
description of all electroweak interactions. Nevertheless, we
can assume the invariance under some other group, UY 1,
and call it the weak-hypercharge group. Moreover, we know
from quark spectroscopy that quarks need to have the
quantum number `color', and that there are three different
color states. Therefore, it is natural to assume that there is
SUc 3 symmetry to describe the quark color states.
We now take the following step: we require the gauge
invariance of the theory under the group

1 i
1
1 a
W mn i ÿ Bmn B mn ÿ Gmn
G mn a
L  ÿ Wmn
4
4
4
X
X
 f iD L g m C y 
 f iD R g m C y ;
C
C
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Here, the indexes i, j, k take values 1, 2, 3, the indexes a, b, c
take values 1; . . . ; 8; and YL;f R is the weak hypercharge for
left- and right-handed fields of leptons and quarks.
We note an important difference between Abelian and
non-Abelian gauge theories. In non-Abelian gauge theories,
the gauge charges g2 and gs are included both in the covariant
derivative, determining interactions with fermions, and in the
electromagnetic tensor, determining the interaction between

The Lagrangian describing the coupling of charged currents
(CC) immediately follows from (3) and has the required form
VÿA:
g2
g2
LlCC  p neL gm Wm eL  h:c:  p ne gm 1 ÿ g5 Wm e  h:c: ;
2
2 2
7
g2
g
2
q
 1 ÿ g W ÿ u :
LCC  p ugm 1 ÿ g5 Wm d  p dg
8
m
5
m
2 2
2 2
For the neutral-current (NC) interaction, according to
requirement 1, one of the fields, say, Am , must have proper
electromagnetic interactions, just as the photon field does.
This requirement leads to a series of equations for hypercharges, which have solutions of the form
YRe  2YLe ; YRu  ÿ

4 e
2
Y ; YRd  YLe ;
3 L
3

where hypercharges are expressed through one independent
parameter, for example, the hypercharge of the left-handed
lepton doublet YLe (see [16]). One of these equations relates
charges to the mixing angle: g2 sin yW  ÿg1 YLe cos yW . This
gives the neutral-charge Lagrangian with fields Am and Zm in
the form
X
X
e
m
Qf Jfem
J ZZm ;
9
LNC  e
m A 
4 sin yW cos yW f f m
f

where Jfem
m  f gm f, Qn  0, Qe  ÿ1, Qu  2=3, Qd  ÿ1=3,
Z

and Jf m  f gm vf ÿ af g5  f. As a result, Lagrangians (7) and
(9), which are derived from Lagrangian (3), have the structure
that demonstrates the `good' properties of the theory:
 proper charged currents VÿA;
 proper electromagnetic interactions;
 the absence of chiral anomalies (the verification of this
property is beyond the scope of this article);
 prediction of new neutral currents coupled to the new
boson Zm . These currents and the boson have been discovered
experimentally.
However, the constructed theory cannot properly
describe the properties of Nature. Not all the fields in such a
theory have masses, while in reality the W and Z bosons, as
well as all charged leptons and quarks, have nonzero masses.
But, as we introduce mass into the theory, a serious problem
appears. The mass terms for bosons MV2 Vm V m and the Dirac
  mc c
 c  c c 
mass terms for fermions mc cc
L R
R L
obviously do not satisfy the gauge invariance requirement:
the mass term for the vector field is not invariant under the
replacement Vm ! Vm  qm a, and in the fermion mass terms,
cL and cR are respectively a left-handed doublet and a right-
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Figure 2. Higgs field potential.
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where F is a complex doublet and the covariant derivative has
the form
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Figure 1. Cross section for WW pair production in comparison with
theoretical predictions. Upper curve: contribution of the neutrinoexchange diagram. Middle curve: contribution of diagrams with a photon
and neutrino exchange. The contribution of all SM diagrams (lower curve)
is in excellent agreement with the experimental results, shown by circles.
(See details in [17].)

handed singlet, which means that they transform differently
under phase rotations.
The gauge interaction structure that follows from Lagrangian (3) has been reliably proved. The example given in Fig. 1
shows how well the experimental results agree with the
structure of the three-boson vertices W Wÿ A and W Wÿ Z
that follow from the kinetic part of (3). The situation where
the interactions, unlike the states spectrum, are invariant
under some certain symmetry, is typical for spontaneous
symmetry breaking.
We recall that in the Ginzburg±Landau superconductivity
theory [18] (see also [15]), the free energy that is invariant
under spatial rotations and is a function of the temperature T
and squared magnetization M can be expanded in a power
series in magnetization:

ÿ
1
1
F T; jMj2  f0 T   m 2 T jMj2  l T jMj4  . . . :
2
4
From the requirement of an energy minimum, we obtain

ÿ
qF
10
 0 ) m 2 T   l T jMj2 M  0 :
qM
If at some critical temperature m 2 Tcrit   0, then the
situation is possible where m 2 T  > 0 for T > Tcrit and
m 2 T  < 0 for T < Tcrit . If m 2 T  < 0, then the solution
jM0 j2  ÿm 2 =l realizes the energy minimum. Any specific
direction of the magnetization vector M0 that the system
chooses spontaneously breaks the original rotational symmetry.

3. Spontaneous symmetry breaking in the Standard Model.
The Brout±Englert±Higgs mechanism
In analogy with the ideas of the Ginzburg±Landau theory, to
the SM Lagrangian (3), we add a complex scalar-field
Lagrangian that is invariant under the same group
SUL 2  UY 1:
LF  Dm F y D m F ÿ m 2 F y F ÿ l 4 F y F ;

11

Dm  qm ÿ ig2 Wmi t i ÿ ig1

Yh
Bm :
2

12

Here, Yh is the hypercharge of a scalar field, known as the
Higgs field. This field potential, shown in Fig. 2, has a
minimum
r
jm 2 j
v
 p > 0
jj0 j 
2l
2
for negative m 2 , analogous to the potential in the Ginzburg±
Landau theory. Any specific vacuum solution breaks the
phase-shift (gauge) symmetry.
Any random complex scalar field, an SUL 2 doublet, can
be parameterized by four real fields:
0
1


0
x i x t i @
v  h x A :
13
F x  exp ÿi
p
v
2
Because Lagrangian (11) is invariant under gauge transformations
F x ! F 0 x  exp ig2 a i t i  F x ;

14

we can fix the gauge g2 a i x  x i x=v such that all the fields
x i x disappear from the Lagrangian under the corresponding gauge field transformation, leaving only physical degrees
of freedom. In this gauge, called unitary, after expressing the
fields Wm1 , Wm2 , Wm3 , and Bm in terms of Wm , Am , Zm , and
0
1
0
F x  @ v  h x A ;
p
2
the Lagrangian LF takes the form
1
1
l
qm h2 ÿ 2lv 2 h 2 ÿ lvh 3 ÿ h 4
2
2
4


2
2
h
1
h
2
 MW
Wm W mÿ 1 
 MZ2 Zm Z m 1 
;
v
2
v

L

15

where we can see the new scalar boson (Higgs) field h x with
the mass Mh2  2lv 2 , the mass terms MW  1=2 g2 v for the
fields Wm and MZ  1=2 g2 cos yW  g1 Yh sin yW v for the
field Zm , as well as the term for the interaction of the fields W
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and Z with the Higgs boson and the Higgs boson selfcoupling terms h 3 and h 4 .
The requirement that the mass of the field Am vanishes has
the form
g2 sin yW ÿ g1 Yh cos yW  0 :
After comparing this requirement with the one that followed
from the requirement of proper electromagnetic interactions
for the Am field,
g2 sin yW  g1 YLe cos yW  0 ;
we can conclude that the field Am corresponds to the photon
field, which is massless and describes proper electromagnetic
interactions with fermions, only when the Higgs boson and
the lepton doublet hypercharges have the same absolute
values but different signs:
Yh  ÿYLe :
The vacuum
0

1
0
F x  @ v  h x A
p
2

breaks both symmetries, SUL 2 and UY 1. However, there
is a combination of the generators that leaves the vacuum
unchanged:
exp iT^i yi  Fvac  Fvac ) T^i Fvac  0 :
Such a combination fixes the value of Yh to be Yh  1:


 


1
1 1
1
1 0
1 0
0
^
:

T3  Y h 
 Yh
0 0
0 1
2
2 0 ÿ1
2
This condition means that the vacuum is electrically neutral
and the SUL 2  UY 1 symmetry is broken down to
Uem 1. The value of the Higgs field hypercharge Yh  1
fixes the hypercharge YLe . The expressions for the masses of
the W  bosons then satisfy the famous relation
MW  MZ cos yW :
We note that the fields x i x in Eqn (13) have disappeared
from the Lagrangian in the unitary gauge. However, following the Goldstone theorem, we would expect the existence of
4 ÿ 1  3 massless bosons corresponding to the number of
generators that break the symmetry. These three bosons in
gauge theory become (are `eaten' by) longitudinal components of the vector fields W  and Z, which transform from
components with no mass and two degrees of freedom into
ones with mass and three degrees of freedom. This mechanism
of mass generation is called the Brout±Englert±Higgs (BEH)
mechanism [19-21].

4. Brout±Englert±Higgs mechanism for fermions
The BEH mechanism of spontaneous symmetry breaking
allows producing mass not only for gauge bosons but also
for fermions.
We can construct only two gauge-invariant Yukawa-type
operators that, under spontaneous symmetry breaking, lead
L FdR  h:c: and
to the Dirac mass terms for fermions: Q

Physics ± Uspekhi 57 (9)

L F C uR  h:c:, where
Q
 


1
uL
0
QL 
; F  p
;
dL
2 vh


1 vh
;
F C  is 2 F y  p
2
0
s 2 is the second Pauli matrix, and h.c. stands for Hermitian
conjugate terms.
These two operators produce masses for the respective up
and down fermions:
 
 
u
0
 :
uL dL 
dR  dR 0 v L  v dL dR  dR dL   vdd
dL
v
However, the gauge invariance principle allows constructing
more general operators, where possible mixing in quark and
lepton sectors is taken into account:
 0 i F d 0 j  h:c: ÿ Gi j Q
 0i C 0 j
LYukawa  ÿGdi j Q
L
R
u L F uR  h:c:
i

j

ÿ Gei j L0L FeR0  h:c:

16

Substituting fields F and F C in the unitary gauge leads to the
Lagrangian of the form


i
j
i
j
i
j
LYukawa  ÿ Mdi j dL0 dR0  Mui j uL0 uR0  Mei j eL0 eR0  h:c:


h
 1
;
v
p
where Mi j  G i j v= 2.
We now consider the fact that physical states are those
with a certain mass. Mass matrices can be diagonalized by
unitary transformations
0
 URd i j dR j ;
dLi0  ULd i j dL j ; dRi
0
0
 ULu i j uL j ; uRi
 URu i j uR j ;
uLi

lL0  ULl  lL ; lR0  URl  lR ;
UL ULy  1 ; UR URy  1 ; ULy UL  1 :
After the diagonalization, the mass matrices have the form
!
0
mu 0
u y
u
0 mc 0 ;
UL  Mu UR 
0
0 mt
!
0
md 0
d y
d
0 ms 0 ;
UL  Md UR 
0
0 mb
0
1
me 0
0
l y
l
UL  Ml UR  @ 0 mm 0 A :
0
0 mt
The Yukawa Lagrangian has the following structure (in
the simplest case where we assume neutrinos to be left-handed
and massless):

LYukawa  ÿ mdi dLi dRi  mdi dRi dLi


h
i
i
 mui uLi uRi  mui uRi uLi  mli lL lRi  mli lR lLi 1 
;
v
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which contains Dirac mass terms for all fermions and the
Higgs boson interaction h x, which is proportional to the
fermion masses.
We note that neutral currents, containing either only up or
only down fermions, also become diagonal after unitary
rotations that diagonalize mass matrices. As a result, the
SM predicts the nonexistence of the generation or flavorchanging neutral currents (FCNCs).
The charged currents include up and down quarks that are
rotated under the diagonalization by different unitary
matrices:
u 0 ! ULu u ; d 0 ! ULd d ;
^ dL :
JC  U u y U d uL Q
L

L

The matrix VCKM  ULu y ULd is also unitary and mixes the
charged currents in the SM. This matrix is called the
Cabibbo±Kobayashi±Maskawa (CKM) mixing matrix. In
general, a unitary 3  3 matrix is parameterized by three real
angles and one complex phase. The presence of this phase
leads to processes with CP-invariance violation.
In this short article, we do not discuss the full variety of
phenomena that are related to the mixing matrix. We only
note that the main principle Ð gauge invariance Ð allows
including a CP violation in theory. However, it does not
predict the scale of this violation, which is to be derived from
experiment together with fermion masses and CKM-matrix
angles.
In this way, the BEH mechanism produces masses for
bosons and fermions, without violating the interaction gauge
invariance. Moreover, the SM, being a theory with massive
fields described by the BEH mechanism, is also unitary and
renormalizable. The unitarity was already demonstrated: all
nonphysical degrees of freedom have disappeared from the
theory in the unitary gauge. The renormalizability of the
theory follows from its gauge invariance (see a detailed
discussion in book [22]). Indeed, in the unitary gauge, the
massive vector field propagator has the form


i
pm p n
Dmn p  ÿ 2
ÿ
g
:
17
mn
MV2
p ÿ MV2
The last term in parentheses in the right-hand side of (17) is
proportional to 1=MV2 and can lead to an incorrect behavior
of the theory for energies 4 MV . A priori, it is not clear that
all the contributions corresponding to these longitudinal
terms in the massive vector field propagators are reduced
after the calculation of physical quantities such as the cross
sections or kinematic distributions. But, due to the gauge
invariance, the theory can be quantized in other gauges,
where nontrivial contributions of nonphysical degrees of
freedom would remain (Goldstone bosons, ghost fields).
However, in this gauge, the massive vector field and
nonphysical bosons propagators have the form


i
km kn
x
Dmn
ÿ 2
ÿ
1
ÿ
x
g
;
18
mn
k 2 ÿ xMV2
k ÿ MV2
Dc 

p2

i
ÿ xMV2

with `good' behavior at large energies, where D c is the causal
Feynman propagator.
In this way, the SM, whose construction is based on the
gauge invariance principle, is both unitary and renormaliz-
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able. We recall that the dimension of all terms in the SM
Lagrangian is not more than four and, as a result, the
interaction constants g1 and g2 are dimensionless.
As was mentioned above, Englert and Higgs received the
2013 Nobel Prize for the development of the BEH mechanism. The work of 't Hooft and Veltman was recognized by
the Nobel Committee in 1999 ``for elucidating the quantum
structure of electroweak interactions in physics.'' We
emphasize the fundamental role of the work of Faddeev,
Popov, and Slavnov (see [22] and the references therein),
where methods of non-Abelian gauge-theory quantization
were developed, in particular for theories with spontaneous
symmetry breaking.

5. Predictions for the SM Higgs boson
What did we know about the SM Higgs boson before its direct
observation?
We consider the Lagrangian of the SM Higgs sector,
which unites the corresponding boson and fermion parts,
mentioned above in Sections 2±4:
1 m
M2
M2
M2
q h qm h  h h 2 ÿ h h 3 ÿ h2 h 4
2
2v
8v
2


2
1
h
2
 MW
Wm W ÿm  MZ2 Zm Z m
1
2
v


X
h
ÿ
mf ff 1 
:
v
f

Lh 
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All the coupling constants in Lagrangian (19) are expressed
through the Higgs boson mass Mh . Masses of the W  and
Z bosons, as well as the lepton and quark masses, are known
from experimental observations. The vacuum expectation
value parameter for the Higgs field v is also well defined
from the measurement of the four-fermion interaction
constant GF . As an example, we consider the mÿ decay,
which is described by the diagram
nm
mÿ

eÿ
W

ÿ

ne

.

Because mm 5 MW , the momentum in the W-boson propagator can be neglected, and after comparing the structure of
the Fermi four-fermion interaction with the charged-current
Lagrangian (7), we can obtain the relation
g22
GF
 p :
2
8MW
2

20

But in the SM, the W-boson mass appears due to the BEH
mechanism and, as was shown above,
2

MW

1 2 2
g v :
4 2

21

It follows from relations (20) and (21) that
1
 246:22 GeV ;
v  p
2 GF 1=2

22
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Ð decay into two photons, a photon and a Z boson:

GF  1:1663787 6  10

GeV

ÿ2

:

Once again, we note the significance of the gauge
invariance principle: relations (20) and (21) include the
constant g2 of the same gauge group SUL 2. The vacuum
expectation value of the Higgs field v is fixed by the parameter
GF , which was introduced and measured long before the BEH
mechanism was described.
Returning to Lagrangian (19), we note that all the
parameters in it have been measured experimentally except
the Higgs boson mass. This allowed performing various
calculations for different Higgs-boson mass ranges and
obtaining a set of quantitative predictions and experimental
constraints:
 predictions for the decay widths and production cross
sections via different channels;
 constraints that follow from the SM unitarity requirements;
 constraints that follow from the SM self-consistency;
 constraints that follow from direct observations in
colliders;
 constraints that follow from the comparison of loop
corrections for mass with precision measurements.
We now discuss these predictions.
(1) Directly from Lagrangian (19), we can derive Feynman rules for the Higgs boson interaction with fermions, W 
and Z bosons, as well as for self-interaction vertices h3 and h4
of the Higgs boson itself. Using Feynman rules, we can
calculate the partial Higgs boson decay widths and production cross sections, taking the leading strong (and in several
cases, electroweak) corrections into account (see [23]).
The Feynman diagrams for the main decay channels are
as follows:
 c, t; m:
Ð decay into a fermion±antifermion pair f  b,
f

t

h

g

h



g

W

g=Z

g=Z

.

The characteristic behavior of the total Higgs boson decay
width and of the branching ratios of the decays through
different channels is shown as a function of the Higgs boson
mass in Figs 3 and 4 [23].
It is important to note that for small Higgs boson
masses (Mh 4 130 GeV), the leading contribution to the
 and the
width is made by the decay into a pair of quarks bb,
total decay width is small compared with the mass. For
example, for Mh  125 GeV, the total decay width Gh is
approximately 4 MeV. For bigger masses, the decay into a
pair of W bosons becomes dominant and the decay width
rapidly increases as Mh3 and for the mass  1 TeV reaches a
value near 0.5 TeV, which shows that for such large masses,
the SM Higgs boson itself is no longer a particle, and the
SM becomes a meaningless theory. We note that the
branching ratio of decay into two photons is extremely
low, of the order 10ÿ3 . However, this channel has huge
significance for the Higgs-boson search at the LHC due to
the good signal-to-noise ratio.

103
102
101
Gh , GeV

using the high-accuracy GF measurement
ÿ5
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100

10ÿ1

h
f

10ÿ2

;

Ð decay into real vector bosons V  W; Z Mh > 2MV :

10ÿ3

100 130 160 200

300

500

700

1000

Mh , GeV

V
h

Figure 3. Total width of Higgs boson decay Gh versus its mass Mh .
(See [23].)

;
V

Ð decay into real and virtual bosons MV < Mh < 2MV :
V
h
;

V

Ð decay into two virtual bosons V  W; Z Mh < MV :

10ÿ1


bb

WW
ZZ
tt

tt
gg
cc

10ÿ2

V

h

10ÿ3

;

V

10ÿ4
t

gg
ss
mm

Ð decay into two gluons:
h

100
Br(h)

g

g

Zg

100 130 160 200

300

500

700

1000

Mh , GeV
;

Figure 4. Branching ratio of Higgs boson decay through different channels
versus its mass. (See [23].)
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The main channels for the Higgs boson creation at the
LHC are:
Ð gluon±gluon fusion:
t

h
;

g

Ð vector boson fusion:
q

pp!

q
V
V

100

10ÿ1

q

h

Ð associated production of a top±antitop quark pair and h:
t

s pp ! h  w, pb

;

pp!

LO

h (N

NL

O+

pp!

100

10ÿ1

pp
!

pp
Zh

LL

!
W

LO

NL

(N

O

LO

QC

D+

QCD

NN

LO

QC

D

QC

D

+

QC

NL

O

D)

)

400 500

1000
Mh , GeV

b
p
s  8 TeV

NN

(NN

h(

(N

pp
!
tth

qqh

EW

+N

+

LO

NL

O

EW

NL

OE

W)

EW

)

EW

)

)

10

80 100

.
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where al is the partial-wave amplitude. Hence, Im al  jal j2 ,
or


1 2 1
2
Re al  Im al ÿ
 ;
2
4
which means that jRe al j < 1=2.
In the SM, the most `dangerous' in the sense of energetic
growth are amplitudes that involve the W- and Z-boson
longitudinal components. These longitudinal components
originate in the SM, according to the BEH mechanism, from
the corresponding Goldstone bosons. Therefore, the scattering amplitudes of the two longitudinal W can be easily found

102

s pp ! h  w, pb

The results of calculations of the Higgs boson production
cross sections at the LHC with the consideration of higher
orders and for the collision energies 7, 8, and 14 TeV are
shown in Fig. 5 [24].
The leading contribution to the production cross section is
made by gluon±gluon fusion. We note that for the Tevatron
energies, only two production channels are possible: gluon±
gluon and the associated production of W=h and h. We
emphasize that at the LHC, an interesting processes for
small Higgs-boson masses would be its associated produc [25] and the associated
tion with the b-quark pair gg ! bbh
production of h with a single top quark [26]. The cross
sections of these processes are shown in Figs 6 and 7.
(2) In quantum theory, the optical theorem can be
derived from the unitarity requirement, relating the total
cross section of the process to the forward scattering
amplitude:
1
1
16p X
2l  1jal j2 ;
Im A y  0 
s
s l0

+N

ÿ2

h

s

a
p
s  7 TeV

300

101

g

t

QCD

200

V

g

NLL

qqh
(NN
LO Q
pp
CD
!
+N
W
LO E
h
pp
(
W)
N
!
NL
Zh
O
(N
QC
NL
D
O
pp
+
QC
!
NL
tth
D
O
(N
+
EW
LO
NL
)
QC
O
EW
D)
)

102

Ð associated production of W=Z and h:


q

+N

100

;

q

NLO

pp!

10ÿ2

h
q

h (N

101
s pp ! h  w, pb

g
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1

10

100

10ÿ1

200
pp!

h (N

NLO

+N

300

NLL

c
p
s  14 TeV
QCD

pp!
qqh
(NN
LO Q
pp
CD
+N
pp !W
LO E
!
h
W)
Zh
(N
(N
NL
NL
O
O
Q
pp
C
QC
!
D D+
tth
+
(N
NL NL
LO
O
O
QC
EW EW
D)
)
)

100

1000
Mh , GeV

400

300

+N

LO

EW

)

400 500

1000
Mh , GeV
Figure 5. Cross sections of the main Higgs-boson production processes at
the LHC at energies 7, 8, and 14 TeV. The calculation was performed
considering perturbations of various orders that follow the leading order
(LO): NLO (Next-to-LO), NNLO (Next-to-NLO), NNLL (Next-toNext-to Leading Logarithmic); EW Ð electroweak, QCD Ð Quantum
Chromodynamics. (See [24].)
200

from the Goldstone-boson scattering diagrams:

h

h

A W W ÿ ! W W ÿ

 2 2
 2 2

M2
Mh
Mh
1
1
 ÿ 2 2h 

:
v
v
v
s ÿ Mh2
t ÿ Mh2

,
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LHC HIGGS XS WG 2012

p
s  8 TeV
m0  2mb  Mh =4
MSTW 2008

  w, fb
s pp ! bbh

102

 ! h NNLO
bb
 NLO
gg ! bbh

101

Preliminary
results

200

300

dl
3 2 2

l Q ;
d ln Q 2 4p2

400
500
Mh , GeV


Figure 6. Cross section of the Higgs-boson and bb-quark
pair associated
production. The calculations were performed using the distribution
function (Martin±Stirling±Thorne±Watt parton distribution function)
and taking into account the errors in the five-flavor scheme (upper
darkened area) and in the four-flavor scheme (lower shaded area).
(See [25].)

For the l  0 partial-wave amplitude, we obtain
a0 

1
16ps

0
s

(1.2 TeV), and something beyond the SM has to surface in
order to sustain the unitarity.
(3) The bounds follow from the renormalization group
equation for the Higgs-boson self-coupling evolution:

dl
1
3
'
12l2  6ll2t ÿ 3l4t ÿ l 3g22  g12 
d ln Q 2 16p2
2


3  4
26
2g2  g22  g12 2 ;

16
where lt  mt =v is the Yukawa coupling constant for the top
quark.
For large l, terms of the order of l2 are dominant, and
Eqn (26) becomes

100

10ÿ1
100

Physics ± Uspekhi 57 (9)

dt jAj




Mh2
Mh2
Mh2
s
log
1

ÿ
2

:
ÿ
16pv 2
s
s ÿ Mh2
Mh2

25

The condition jRe al j < 1=2 then leads to two possible results:
M2
a0 ÿ! ÿ h2 ; Mh 4 870 GeV ;
8pv
s 5 Mh2
p
s
a0 ÿ! ÿ
;
s 4 1:7 GeV :
32pv 2
s 4 Mh2

Consequently, to satisfy the unitarity requirement, either the
theory must contain the Higgs boson with a mass not less than
870 GeV (710 GeV with all VL VL -scattering
p channels
considered), or the SM stops working for s 4 1:7 TeV
1200
a
q0

q
W

h

s, fb

which has the solution

ÿ1
3
Q2
l Q 2   l v 2  1 ÿ 2 l v 2  ln 2
:
v
4p
The `triviality' bound means that the Landau `zero point'
must not be reached, which relates the permissible limit for
the LC scale and the Higgs-boson mass.
For small l, Eqn (26) contains two dominant terms, which
do not depend on l. This leads to the solution
l Q 2  l v 2



1
mt4
3  4
Q2
2
2 2

ÿ12 4 
ln 2 :
2g2  g2  g1 
2
v
v
16p
16

27

Because l and the mass Mh satisfy the relation Mh2  2lv 2 ,
the `stability' requirement, which is the positive sign of the
coupling constant l (the Higgs-field potential must not bend
down), provides the relation



v2
m4
3  4
Q2
Mh2 > 2 ÿ12 4t 
2g2  g22  g12 2 ln 2 : 28
8p
v
v
16
Figure 8 shows the allowed area for the Higgs boson mass Mh
versus the scale L (between two limiting curves). We can see
b

p
s  14 TeV
s, fb

1000

150
125
100

800

75
50

W
b

t

q

q0

600
400

W
h

25
0

0.5

p
s  8 TeV

1.0

Ct 1.5

200

W
b

t

0
ÿ1.5

ÿ1.0

ÿ0.5

0

0.5

1.0

Ct

1.5

Figure 7. (a) Feynman diagrams for the associated production of the Higgs boson and a single top quark. In the lower diagram, the Higgs boson radiates
from the top quark, and in the upper one, it radiates from the W boson. (b) Cross section of the Higgs boson associated production with a single top quark
versus the normalization value of the coupling constant for the top quark and the Higgs boson. (See [26].)
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Figure 8. Allowed mass region for the Higgs boson versus the scale. The
results were obtained from the SM consistency: the Landau pole should
not be reached, which yields the `triviality' requirement (upper curve); the
Higgs-potential stability yields the lower curve.

that the theory with the Higgs boson mass of approximately
130 GeV can be self-consistent at very large scales, up to the
range where the SM applies.
(4) Direct bounds on the Higgs-boson mass Mh were
obtained at the LEP and Tevatron colliders before the LHC
started working. The study of the process with the Higgsboson emission (Higgsstrahlung) at LEP,
e

Z

ÿ0.7

A0;c
FB

0.9

A0;b
FB

2.5
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ÿ0.1
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0.6

R0c
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Dahad M2Z 
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5

GW
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c
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ÿ0
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ÿ3 ÿ2 ÿ1

0
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2

3

Ofit ÿ Omeas =smeas

Figure 9. Global fit of precision experimental data on a series of quantities,
indicated in the left column, with the calculation results for these
quantities in the SM, considering the loop-corrections contribution (see
details in [27]).

Z
h

ÿ

e

,

led to the lower bound

Comparing these mass shifts and the measurement accuracy,
we can obtain the upper bound
Mh < 155 GeV ; 95% CL :

Mh > 114:4 GeV
with a 95% confidence level.
The Higgs boson mass was excluded from the interval
Mh  160ÿ170 GeV at the Tevatron after a study of the
gluon fusion process with a decay into two W-bosons.
(5) Very important constraints follow from the LEP and
Tevatron precision measurements of the W-boson and topquark masses, which are
MW  80385  15 MeV ;
Mt  173:18  0:56 stat:  0:75 syst: GeV :
In the SM, as in a quantum field theory, the W-boson
mass acquires loop corrections, which depend logarithmically
on the Higgs boson mass, as follows from the diagram
h
W

W

,

and quadratically on the top-quark mass, as follows from the
diagram
t

W

W
b

.

We note that a comparison of the precision measurement
results at the LEP, SLC, and Tevatron colliders with the
calculation results in the framework of the SM, where
quantum corrections to the leading approximation were
considered, showed how well the description works. The
results of this comparison are shown in Fig. 9. We note that
the Gfitter collaboration for all data fitting, including
constraints from direct searches and from a comparison
with loop corrections, has presented the result shown in
Fig. 10 [27]. The best value for the Higgs boson mass turned
out to be
Mh  125  10 GeV ;
which is in good agreement with the mass of the Higgs boson
discovered later at the LHC. An interesting fact is that earlier,
after the W-boson and top-quark mass fitting, the top-quark
mass of 178 GeV was estimated with a 20% accuracy,
followed by the direct observation of the top quark at the
Tevatron.

6. Conclusion
Finally, we can make the following conclusions.
(1) The Standard Model is a renormalizable quantum
field theory free of chiral anomalies, with spontaneous

Dw2

20
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16
14
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8
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2
0

Tevatron, 95% CL
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uncertainty
Theoretical errors
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Theoretical errors
not taken into
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Figure 10. Best fit of experimental data on the precision measurement of
electroweak parameters with the results of theoretical calculations in the
SM framework versus the Higgs boson mass. The plot illustrates the
results with theoretical errors both taken and not taken into account, as
well as constraints obtained from direct searches at the LEP and Tevatron.
These constraints are shown by shaded rectangles (see the details in [27]).

electroweak symmetry breaking. The SM predictions for
various observables, including the widths and branching
ratios of the decays, various asymmetries, process cross
sections, and kinematic distributions are in impressive
agreement with the experimental results.
(2) The SM with massless neutrinos has 18 free parameters:
 four parameters in the electroweak and Higgs sector: g1 ,
g2 , m 2 , l, which can be expressed through the parameters that
are measured with the highest accuracy:
aem 

e2
; sin yW ; MZ ; Mh ;
4p

 six quark masses and three charged-lepton masses;
 three angles and one phase in the Cabibbo±Kobayashi±
Maskawa mixing matrix;
 aQCD  gs2 = 4p, the coupling constant for strong
interactions.1
(3) The SM allows calculating the characteristics of many
processes, understanding and describing many phenomena,
but at the same time does not predict the parameter values.
(4) The simplest SM Higgs mechanism has one significant
problem: it is not stable under quantum loop corrections to
the Higgs boson mass itself (the problem of hierarchy or the
`naturalness' of the SM). The diagrams that make a contribution to the Higgs-boson mass correction are
h

W, Z

h

h
W, Z

h

t
h

h
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CMS collaboration results:
Higgs boson and search for new physics
A V Lanyov 1
1. Introduction
Predictions of the Standard Model (SM) describe well the
observed elementary particle physics phenomena. An important part of the SM is the Brout±Englert±Higgs mechanism,
which introduces the scalar Higgs field with a nonzero
vacuum expectation as a result of spontaneous symmetry
breaking. Due to interaction with this field, particles acquire
nonzero masses and, because of the quantum excitations of
the Higgs field, a new elementary particle appears: the Higgs
boson. But until recently there was no experimental evidence
for the existence of the Higgs boson. One of the main physics
goals of constructing the Large Hadron Collider (LHC) at the
European Organization for Nuclear Research (CERN,
Switzerland) was to determine whether the Higgs boson
exists, what its mass is, and whether its characteristics agree
1
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with those expected in the SM. Certain discoveries were
expected to happen p
atthe full design center-of-mass energy
of colliding protons s  14 TeV and the originally planned
integrated luminosity L dt  300 fbÿ1 : either the Higgs boson
or other new strong effects, because otherwise, at the energy
above 1 TeV, a perturbative unitarity violation in the
scattering of the intermediate vector bosons would occur [1].
Other major physics goals of the LHC construction were the
search for physics Beyond the SM (BSM), implementing
various ideas, such as electroweak symmetry breaking, the
hierarchy problem, incorporation of gravity into quantum
theory, grand unification, supersymmetry, the existence of
dark matter particles, etc. [2, 3].
This summary report provides an overview of the most
interesting recent results of the CMS Collaboration, including
the discovery of the Higgs boson [4, 5] and the rare decay
Bs ! m mÿ [6], and the search for BSM physics using a full
dataset of
pthe first run held in 2011±2012 at the LHC at
energies s  7 and 8 TeV.

2. CMS detector
The Compact Muon Solenoid (CMS) is one of the two
general-purpose detectors located at the LHC (Fig. 1). Its
name originates from the world's largest superconducting
solenoid with an inner diameter of 6 m, length of 12.5 m, and
magnetic field of 3.8 T, cooled by liquid helium to ÿ269  C. In
the center, around the interaction point of proton beams with
an energy of 4 TeV, there is a silicon tracker that reconstructs
interaction vertices and momenta of charged particles by the
curvature of the tracks in the magnetic field up to the
pseudorapidity jZj < 2:5 (i.e., for a polar angle up to
y > 9:4 in accordance with the definition of the pseudorapidity Z  ÿ ln tan y=2). Ionization calorimeters are
located around the tracker: 1) an electromagnetic calorimeter based on lead±tungstate (PbWO4 ) crystals reconstructing the position and energy of electromagnetic showers and in
this way determining the position and energy of photons,
electrons, and positrons up to the pseudorapidity jZj < 3;
2) a hadron calorimeter based on layers of brass and a
scintillator determining the parameters of hadronic showers
and hadronic jets. The tracker and calorimeters are located
inside the superconducting solenoid surrounded by a steel
magnetic return yoke and a muon system in the range
jZj < 2:4 and consist of a barrel part based on drift tubes
and an endcap part based on cathode strip chambers, as well
as resistive planar chambers for making a fast muon trigger in
the range jZj < 1:6. The system ensures reconstruction of
muon tracks with a precision s pT =pT < 0:05 for the
transverse momenta up to pT < 1 TeV in the barrel part. A
detailed description of the detectors and the characteristics is
given in [7,8]. The full spectrum of the invariant mass of the
muon pairs in Fig. 2 displays the known resonances in the
range from 1 to 100 GeV; due to a good momentum
resolution, there is a distinct separation of the individual
peaks from the ground state of the Upsilon meson U(1S) and
the radial excitations U(2S) and U(3S). The first physics run
was completed in 2012, with the respective
integrated
p
luminosities  5 and 20 fbÿ1 obtained at s  7 and 8 TeV.
The luminosity reached L  7  1033 cm ÿ2 s ÿ1 and the
average number of interactions per proton±proton collision
reached 21. The CMS detector effectively operated with these
occupancies and recorded over 90% high-quality data, which
made it possible to discover the Higgs boson and other
interesting physics.

