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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, 107!2—10~!3 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 — the ones that do not
operate any more: LEP I, LEP II (LEP— 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) — which now operates — 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 7 = 6.582 x 107> MeV s and
the speed of light ¢ = 2.998 x 10' cm s~!. One electron-volt
equals the energy that an electron with the charge ¢. =
1.6 x 1071 C obtains after passing through a potential
difference of 1 V (1 eV = ¢, at 1 V). In the system of natural
units, it is assumed that 7 = ¢ = 1, which leads to a simple but
very important relation:

1 —14
@~2><10 cm

(1 GeV = 10° eV). The Heisenberg uncertainty relation
AxAp > 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 | TeV = 10° GeV allows studying phenomena at
distances of 10~!7 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 1077 —10~!% 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, 1013 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
~ 107" 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 1073 —10""7 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(1),,,. Charged leptons have the electric charge —1,
the neutrino has a zero charge, u-type quarks have the
charge 2/3, and d-quarks have the charge —1/3. We recall
that the proton has the quark composition uud and the
neutron, ddu.

(2) Reproducibility of the axial vector structure (V—A) 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

Gr _ _
L :7§ 175(1 = s) vueys (1 —ys)ve, (1)

where the leptonic current J, ~ [7,(1 — y5)v; has the V—A
structure. This means that only left-handed components ¥
of the fermion field take part in the charged current

interactions:
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(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 0,
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 phase-
independence principle itself remains unchanged.

Gauge invariants are constructed by replacing ordinary
derivatives by covariant ones: 0, — D, = 0, — g4,, and the
kinetic terms of the gauge field itself are constructed from the
field strength tensor F,, of the 4, 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 non-
renormalizable 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 anoma-
lies 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

(1), ().

which, in analogy with the ordinary isospin, are called weak-
isospin doublets. There should be three generations and,
because all neutrinos are left-handed, they are grouped in
the following way:

generation |

(), G G ()G,

tRa bR

generation 11 generation 1T

er  UR,dr MR CR,SR ™R

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(1),,, 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
SU,(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

SU.(3) x SUL(2) x Uy(1).

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

P 1

L= ) W;w(W"") ~a B,,B" — 1 G[L‘V(G”V)”

+ Y VLD + Y PRDH YR, )

f=1q f=1q
where

Wi, =0, Wi —0,W, + g WW)
B,, =0,B,—0,B,, (4)
Gl = 0,Af —0,A% + g [ AhA

L : i 0 . Ylf . a,a
Du =0, —ig W# —ig1 By 5 )~ 1gsAﬂt

(5)

. Y .
DE =0, —ig1B, (7R> — lgsAZl”.

Here, the indexes i, j, k take values 1, 2, 3, the indexes a, b, ¢
take values 1,...,8, and Y| ; 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 g and g are included both in the covariant
derivative, determining interactions with fermions, and in the
electromagnetic tensor, determining the interaction between

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 —
in our case, it is the existence of the Y r parameter.

Lagrangian (3) can now be rewritten in terms of charged
vector fields Wi = (W, FiW2)/v2 and neutral fields W}
and By, which can be a mixture of other fields 4, and Z,, w1th
a certain mixing angle Oy (the Weinberg mixing angle):

WSZZHCOSHWJrA“Singw, (6)
B, = —Z,sinOw + A, cos Ow .

The Lagrangian describing the coupling of charged currents
(CC) immediately follows from (3) and has the required form
(V=A):

82 = &
Lic = 7 Ve, 7 W, e+ he. = WG Vey (1 —=ps)We+he.,
(7)
q + 7 -
cc = 2\/—”/,u( Vs) W, d+2\/—dyy( )W, u. (8)

For the neutral-current (NC) interaction, according to
requirement 1, one of the fields, say, 4,, must have proper
electromagnetic interactions, just as the photon field does.
This requirement leads to a series of equations for hyper-
charges, which have solutions of the form

2
Yg=1=

4
YE =2V, YE=—2Y¢, -

3 08
where hypercharges are expressed through one independent
parameter, for example, the hypercharge of the left-handed
lepton doublet Y (see [16]). One of these equations relates
charges to the mixing angle: g; sin Ow = —g1 Y cos Ow. This
gives the neutral-charge Lagrangian with fields 4, and Z, in
the form

e
Lne = AN JEZ® 9
NC = eZQf 4sln0wcosgw; izt O)

where J&™ = 9, £ 0, = 0, 0 = —1, O = 2/3, Qg = —1/3,
and Jﬁ = f7ulvr — ays] 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:

e proper charged currents (V—A);

e proper electromagnetic interactions;

e the absence of chiral anomalies (the verification of this
property is beyond the scope of this article);

e prediction of new neutral currents coupled to the new
boson Z,. 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 M2V, V'** and the Dirac
mass terms for fermions my Yy = my (Y g + Yrir)
obviously do not satisfy the gauge invariance requirement:
the mass term for the vector field is not invariant under the
replacement V), — V, 4+ 9,0, and in the fermion mass terms,
Y1 and y are respectively a left-handed doublet and a right-
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Figure 1. Cross section for WW pair production in comparison with
theoretical predictions. Upper curve: contribution of the neutrino-
exchange 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 Lagran-
gian (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 WTW~4 and WTW~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 7’
and squared magnetization M can be expanded in a power
series in magnetization:

F(T,IMJ*) = fo(T) +% p(T)|MP? +% WM+

From the requirement of an energy minimum, we obtain

O 0= (u(T) + AT)MP)M = 0.

™M (10)

If at some critical temperature u?(Tei) =0, then the
situation is possible where u?(7) >0 for T > Ty and
u?(T) <0 for T < Teie. If u?(T) <0, then the solution
|M0|2 = —u?/J realizes the energy minimum. Any specific
direction of the magnetization vector My that the system
chooses spontaneously breaks the original rotational symme-
try.

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(Z) X Uy(l)

Lo =D,@'D'o — p2ote — it ole), (11)

Figure 2. Higgs field potential.

where @ is a complex doublet and the covariant derivative has
the form

. i i . I
D, :a,,fngW#t —ig 78,,.

(12)
Here, Y}, is the hypercharge of a scalar field, known as the
Higgs field. This field potential, shown in Fig. 2, has a
minimum

|2

ool =/ 5 =5 >0
"=V T

for negative u2, 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 SUy (2) doublet, can
be parameterized by four real fields:

&(x) = exp <—i %) @

V2

(13)

Because Lagrangian (11) is invariant under gauge transfor-
mations

D(x) — @'(x) = exp (ig2a't") @(x), (14)
we can fix the gauge g, (x) = &'(x) /v such that all the fields
&'(x) disappear from the Lagrangian under the correspond-
ing gauge field transformation, leaving only physical degrees

of freedom. In this gauge, called unitary, after expressing the
fields Wli, W,f, Wlf, and B, in terms of W;, Ay, Z,, and

0
v+ h(x) |,
V2

&(x) =

the Lagrangian Ly takes the form

_l 2 1 2..2V7,2 3 A 4
L= (@uh) =5 (20)h® = fwh® =7 h

s (12 2 ey (1

MGW W (1) s MpZ,ZM (14 ) (19)
where we can see the new scalar boson (Higgs) field 4(x) with
the mass M2 = 202, the mass terms Mw = (1/2) g, for the
fields Wui and Mz = (1/2)(ga cos Ow + g1 Yy, sin Ow)v for the
field Z,,, 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 self-
coupling terms /3 and h*.

The requirement that the mass of the field 4, vanishes has
the form

grsinfy — g Yhcosby =0.

After comparing this requirement with the one that followed
from the requirement of proper electromagnetic interactions
for the A4, field,

g2sinlOw + g1 Y coslOw =0,

we can conclude that the field 4, 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:

Yo =—Y{.

The vacuum

0
v+ h(x)
V2
breaks both symmetries, SU(2) and Uy(1). However, there

is a combination of the generators that leaves the vacuum
unchanged:

P(x) =

exp (ITIQI) Dyac = Pyac = 7Awi(pvac =0.

Such a combination fixes the value of Y}, to be Y3, = 1:

1 11 o\ .1 /1 0\ (10
T3+§Yh—§(o —1>+§Yh<0 1)‘(0 0)'

This condition means that the vacuum is electrically neutral
and the SUL(2) x Uy(1) symmetry is broken down to
Uem(1). The value of the Higgs field hypercharge Yy =1
fixes the hypercharge Y. The expressions for the masses of
the W * bosons then satisfy the famous relation

MW = Mzcosﬂw.

We note that the fields &(x) in Eqn (13) have disappeared
from the Lagrangian in the unitary gauge. However, follow-
ing the Goldstone theorem, we would expect the existence of
4 — 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 compo-
nents 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
to the Dirac mass terms for fermions: Q; ®dg + h.c. and

019 ug + h.c., where

- ur, 7L 0
O = (dL)’ Q_\/i<v+h)7

. 4 I (v+h
@C:mzqs':—( )
V2\ 0

o2 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:

(ﬁL C?L) (O)dk + L?R(O ’U)(ZL) = ’U(C?LdR + C?RdL) = vdd.
v L

However, the gauge invariance principle allows constructing
more general operators, where possible mixing in quark and
lepton sectors is taken into account:

Lyukawa = —TY0' @ dy +he. = I'IQ['dC up/ + hec.

—TVL del +hee. (16)

Substituting fields @ and @€ in the unitary gauge leads to the
Lagrangian of the form

L
Lyuaa = = (M{d dgd + Mal's) + MT el e} + he.)

<(1+3)
v

where MY = I''iy/+/2.

We now consider the fact that physical states are those
with a certain mass. Mass matrices can be diagonalized by
unitary transformations

d]ii = (U](_j)i_jdLjv dIl{i = (Ul‘%)i‘;dRp
ui; = (UL)juL), ug; = (UR);jur,
=Wk, If=Uk)lk,

U Ul =1, UUL=1, UlU, =

After the diagonalization, the mass matrices have the form

my 0 O
UHMUg =0 m 0|,

0 0 mg
mq 0 0
U MgUS = 0 mg 0 |,
0 0 My
me O 0
whimuk=0 m 0
0 0 my

The Yukawa Lagrangian has the following structure (in
the simplest case where we assume neutrinos to be left-handed
and massless):

Lyukawa = — (mclldleRl + m;ldedLl

S R PR AP h
+ ml’laL’uR’ + m;"ﬁR’uL’ + mlllL[/Rl + ml*l[RllLl> <] + ;) s
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which contains Dirac mass terms for all fermions and the
Higgs boson interaction /(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 flavor-
changing neutral currents (FCNCs).

The charged currents include up and down quarks that are
rotated under the diagonalization by different unitary
matrices:

W' — (U, d'— (Uf)d,
Jc ~ (UE)TUE L?LQ dp.

The matrix Vegy = (UY) U 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 x 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— gauge invariance —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 Puly
Dyw(p) = *m (guv - MIZ/ ) :

The last term in parentheses in the right-hand side of (17) is
proportional to 1/M? and can lead to an incorrect behavior
of the theory for energies > M. 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

kyk,
k2 —EM?

(17)

i
Df =g g — (1)

18
k2_MIZ/ ( )

with ‘good’ behavior at large energies, where D€ is the causal
Feynman propagator.

In this way, the SM, whose construction is based on the
gauge invariance principle, is both unitary and renormaliz-

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 g; and g, are dimensionless.

As was mentioned above, Englert and Higgs received the
2013 Nobel Prize for the development of the BEH mechan-
ism. 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:

2

1 M M? M?
== N)+—h"——h"
5 0"h)(3,/ 2h h? h p3_"hopd

2v 8v?

2
( wWiwe “+; M3z, Z") <1 +ﬁ>
v

;Wﬁ0+>

(19)

All the coupling constants in Lagrangian (19) are expressed
through the Higgs boson mass M},. 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 Gg. As an example, we consider the pu~ decay,
which is described by the diagram

Because m, < Mw, the momentum in the W-boson propa-
gator 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

g _Or (20)
TN

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

1

M3, =4 gdv e
It follows from relations (20) and (21) that
1
v=———7>=246.22 GeV, 22
(\/EGF)]/Z ( )
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using the high-accuracy Gr measurement
Gr = 1.1663787(6) x 1075 GeV 2.

Once again, we note the significance of the gauge
invariance principle: relations (20) and (21) include the
constant g, of the same gauge group SUyp (2). The vacuum
expectation value of the Higgs field v is fixed by the parameter
Gg, 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:

o predictions for the decay widths and production cross
sections via different channels;

e constraints that follow from the SM unitarity require-
ments;

e constraints that follow from the SM self-consistency;

e constraints that follow from direct observations in
colliders;

e 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 Feyn-
man rules for the Higgs boson interaction with fermions, W *
and Z bosons, as well as for self-interaction vertices h? and h*
of the Higgs boson itself. Using Feynman rules, we can
calculate the partial Higgs boson decay widths and produc-
tion 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:

— decay into a fermion—antifermion pair f= b, ¢, T,

S/
h <

— decay into two photons, a photon and a Z boson:

t Y h w Y
+ [ —
v/Z vz’

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 (M < 130 GeV), the leading contribution to the
width is made by the decay into a pair of quarks bb, and the
total decay width is small compared with the mass. For
example, for My = 125 GeV, the total decay width TI'y is
approximately 4 MeV. For bigger masses, the decay into a
pair of W bosons becomes dominant and the decay width
rapidly increases as M}’ 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 10~3. However, this channel has huge
significance for the Higgs-boson search at the LHC due to
the good signal-to-noise ratio.

103

102

10!

10°

Fh, GeV

107!

10-3 | [ | | | |
100 130 160 200 300 500 700 1000

Mh, GeV

Figure 3. Total width of Higgs boson decay Iy, versus its mass My.
(See [23].)

100 130 160 200 300 500 700
Mh,GeV

1000

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:
— gluon—gluon fusion:
g t
h
g

— vector boson fusion:

q

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-
tion with the b-quark pair gg — bbh [25] and the associated
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:

: (23)

1 16m &
o=~ 1Im A(0=0)= IS @+ Dlail,
b =0

where ¢ is the partial-wave amplitude. Hence, Im a¢; = |a/|2,

or
1\ 1
|Rea;}2+<lma;f§> :17

which means that [Rea;| < 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 scatter-
ing amplitudes of the two longitudinal W can be easily found

—_
[«
=]

a(pp — h+ ), pb
S

_.
9
5]

300 400 500 1000
Mh,GeV

—_
(=
o

_
<

—_
(=
=)

o(pp — h+y), pb

_
N

—_
9
o
™

1000
My, GeV

a(pp — h+y), pb

300 400 500

1000

M, hs 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-to-
Next-to Leading Logarithmic); EW —electroweak, QCD — Quantum
Chromodynamics. (See [24].)

from the Goldstone-boson scattering diagrams:

S et b

AWTW™ = WIW )

MY (M2 1 M2 1
S el I (i Y . (24
{ v2+<v s—M}%—’_ v ) t— M} (24)
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Vs =8TeV =
- Uy = (2my + My)/4 g
10° £ MSTW 2008 9
= [ [ o6~ nNNLo) | E
— bbh (NLO
Tl [ e (NLO) | 3
ey =
o E
T C
o
£ L
© 00 |
E Preliminary
L results
10—1 | | |
100 200 300 400 500
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 / = 0 partial-wave amplitude, we obtain

1 0
=——| dt|4
a0 16TCSJ; 4|

_ M
T 16mw?

M M s

2
s — My Py

The condition |Re @] < 1/2 then leads to two possible results:

s> M? M2
apy —" ——" M, <870 GeV,

8nv?

.v<Mhz Ky
— <1 .
ay — 902 Vs 7 GeV

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 V' Vp-scattering channels
considered), or the SM stops working for /s < 1.7 TeV

(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:

di 1

3
Tno” > Tod {122 + 647 = 3% =5 (3¢5 +&7)

3
+1g 267 + (g5 + gf)z]} : (26)
where 4, = my /v is the Yukawa coupling constant for the top
quark.

For large /4, terms of the order of 7% are dominant, and
Eqn (26) becomes

d 3,
dno? 4=+

which has the solution

3 277!
~gm M0

The ‘triviality’ bound means that the Landau ‘zero point’
must not be reached, which relates the permissible limit for
the Ac scale and the Higgs-boson mass.

Forsmall 4, Eqn (26) contains two dominant terms, which
do not depend on A. This leads to the solution

MQ?) = 4(v?)

1 mi 3 4 2 242 8
+@{712F+E[2g2+(g2 Jrgl)] ln?' (27)
Because 4 and the mass M), satisfy the relation M} = 2v2,
the ‘stability’ requirement, which is the positive sign of the
coupling constant A (the Higgs-field potential must not bend
down), provides the relation

2 v? ’"14 3 4 2 242 :

Figure 8 shows the allowed area for the Higgs boson mass M},
versus the scale A (between two limiting curves). We can see

Vs =14 TeV

1200
a o, fb
) 1000 |
q q
W
h 800 |
W
600
b t
q q’ 400 |
W ~
- h 200
W
7
b t 0
-1.5

-1.0 -0.5 0

G

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 R ] —0.8
results were obtained from the SM consistency: the Landau pole should Al (03 01
not be reached, which yields the ‘triviality’ requirement (upper curve); the Phaa M7 ’
Higgs-potential stability yields the lower curve. Mw —-1.2
Ty 0 0.2
that the theory with the Higgs boson mass of approximately e -0
130 GeV can be self-consistent at very large scales, up to the i, -0
range where the SM applies. m 0 0.4
(4) Direct bounds on the Higgs-boson mass M) were o o ’

obtained at the LEP and Tevatron colliders before the LHC
started working. The study of the process with the Higgs-

boson emission (Higgsstrahlung) at LEP,
e+

[§

led to the lower bound
My > 114.4 GeV

with a 95% confidence level.

The Higgs boson mass was excluded from the interval
My ~ 160—170 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 top-
quark masses, which are

My = 80385 £+ 15 MeV,
M, =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

7 -0 = N h
/ \
w / \ w

VAVA VaVaAVAY aVAVEE

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

-3 =2 -1 0 1 2 3
(Ofit = Onmeas)/ Tmeas

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]).

Comparing these mass shifts and the measurement accuracy,
we can obtain the upper bound

My < 155 GeV, 95% CL.

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

My =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
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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 para-
meters:

o four parameters in the electroweak and Higgs sector: g,
22, 112, A, which can be expressed through the parameters that
are measured with the highest accuracy:

2
o
Olem :Ev Sln0W7 M27 Mh;

e six quark masses and three charged-lepton masses;

e three angles and one phase in the Cabibbo—Kobayashi—
Maskawa mixing matrix;

e agcp = g2/(4n), the coupling constant for strong
interactions.!

(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 contribu-
tion to the Higgs-boson mass correction are

W’Z < t

W,z t

The correction that corresponds to these diagrams,

3Gk
42 2

SMP2 = (M3 + M2+ ME —4M2)A* ~ —(0.24)*,

I Nonzero masses and mixing of the neutrinos give additional parameters.
Here, we do not take these aspects into account, because the correspond-
ing phenomena involving neutrinos are not yet accessible for study at
colliders.

depends quadratically on the scale A that is connected with
any ‘new physics’ or any new object that can make a
contribution to the Higgs-boson mass parameter. The
corrections to the masses of all other SM particles, except
the scalar Higgs boson, depend on A logarithmically, or
weakly, which is guaranteed by the symmetries of the
theory, which is chiral for fermions and gauge for bosons.
The symmetry that would forbid such a strong mass
dependence on the scale is absent for the scalar Higgs boson.
If we required the corrections to the Higgs boson mass to be
less than the mass itself, My, < My, the upper limit for A
would be a value less than 1 TeV, which almost contradicts
the data, because no ‘new physics’ has been discovered on this
scale. This difficulty, possibly a technical one, is known as the
‘little hierarchy problem’. In order to solve this problem, one
should, presumably, introduce something in addition to the
SM.

In this short article, we have mainly discussed the
electroweak sector of the SM with the BEH mechanism,
together with the Higgs boson production, properties, and
bounds. We did not discuss the strong sector of the SM,
quantum chromodynamics, CKM matrix physics, neutrino-
sector physics, and many other aspects. The search for and
discovery of the Higgs boson in the LHC in the CMS
(Compact Muon Solenoid) and ATLAS (A Toroidal LHC
ApparatuS), the consequences of this discovery, SM difficul-
ties, theoretical ideas of going beyond the framework of the
SM, and the search for ‘new physics effects’ are discussed in
other reports, which were presented at the scientific session of
the Physical Sciences Division of the Russian Academy of
Sciences, “‘Physics at the Large Hadron Collider. Higgs
boson,” 26 February 2014.

The author is grateful to V A Rubakov for the opportu-
nity to prepare this report. The work was done with a partial
financial support from the RFBR (grant 12-02-93108) and the
Program for Support of Leading Scientific Schools (grant
3042.2014.2).
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CMS collaboration results:
Higgs boson and search for new physics

A V Lanyov!

1. Introduction

Predictions of the Standard Model (SM) describe well the
observed elementary particle physics phenomena. An impor-
tant 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
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with those expected in the SM. Certain discoveries were
expected to happen at the full design center-of-mass energy
of colliding protons /s = 14 TeV and the originally planned
integrated luminosity £ d¢ = 300 fb~!: 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
By — utp [6], and the search for BSM physics using a full
dataset of the 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 —269 °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 |y| < 2.5 (i.e., for a polar angle up to
0 > 9.4° in accordance with the definition of the pseudo-
rapidity n = —In[tan (6/2)]). Ionization calorimeters are
located around the tracker: 1) an electromagnetic calori-
meter based on lead—tungstate (PbWO,) crystals reconstruct-
ing 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 || < 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
|n| < 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 |n| < 1.6. The system ensures reconstruction of
muon tracks with a precision o(pr)/pr < 0.05 for the
transverse momenta up to pr < 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 Y(1S) and
the radial excitations Y(2S) and Y(3S). The first physics run
was completed in 2012, with the respective integrated
luminosities ~ 5 and 20 fb~! obtained at /s = 7 and 8 TeV.
The luminosity reached £ =7 x 10®* cm~2s~!' 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.
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