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Chapter 1

Introduction

Higgs physics is at present poised at an interesting juncture, when a light Higgs boson of the
standard model (henceforth to be referred to as SM), a spin-zero particle which would signal
spontaneous gauge symmetry breaking in the simplest form, has not been seen until the conclu-
sion of experiments at LEP and LEP2 electron-positron collider at CERN, Geneva. It is possible
that ongoing experiments at the pp collider Tevatron at FNAL in U.S.A. may discover the SM
Higgs boson if the mass is not too large. If it is not seen at Tevatron, one will have to wait
until results come out of the LHC (Large Hadron Collider) which is being built at CERN for
a heavier Higgs. From a theoretical point of view, the developments until the present time are
complex and interesting. While some of the basic principles underlying spontaneous symmetry
breaking of gauge symmetry and the Higgs mechanism are now commonly known, the actual
realization of this mechanism in nature is still a subject of investigation. The mass of the SM
Higgs boson is an unknown parameter and the pheonemonology is sensitively dependent on the
mass. Thus the properties and discovery strategies for the Higgs vary greatly depending on the
supposed mass, and the phenomenology rapidly gets complex as the range of the Higgs mass is
increased.

This work, based on four lectures delivered mainly for Ph.D. students, aims at describing
aspects of the SM Higgs. The scope is limited in extent and depth because of the limited time
available for the lectures.

Note that in the following, the SM Higgs is usually denoted by H, but at places, the Higgs
field will be denoted by </>, or, in the context of the unitarity gauge, by p.

Useful general references are [1, 2, 3, 4, 5].



Chapter 2

The Standard Model Higgs Boson

A Higgs boson is a massive spin-0 particle appearing in a local gauge theory, where the local
gauge invariance is broken completely, or at least partially, by the mechanism of spontaneous
symmetry breaking. The simplest way in which spontaneous breaking of a symmetry is achieved
is by the introduction of elementary scalar fields in a theory. The ideas in the context are best
illustrated by means of the standard model of electromagnetic, weak and strong interactions.
Since SM is currently a theory which explains most experimentally observed phenomena with
fairly high accuracy, it is an interesting starting point.

2.1 Introduction to the standard model

The standard model (SM) of electromagnetic, weak and strong interactions is based on a gauge
theory with an SU(2)i x U(l) x SU(3)c gauge group. The quarks and leptons transform
according to left-handed (LH) doublet and right-handed (RH) singlet representations of SU(2}i,
to account for the V — A nature of the charged-current weak interactions. The quarks (both
LH and RH) transform as triplets of SU(3)c of colour, to account for the strong interactions
of the quarks. The leptons are singlets under SU(3)c- The assignment of weak hypercharge
corresponding to the U(\) group to the various 5f7(2)^ and 5C7(3)c multiplets is according to
the charge formula:

Q = TZL + Y, (2.1)

where Q is the electric charge, T^L the third component of weak isospin corresponding to SU(2)i,
and Y the weak hypercharge. Since no generator of SU(3)c appears in eq. (2.1), electric charge
is independent of colour.

Quarks and leptons come in three generations:

J^i ^̂  l l i *K la — I j
^ dit

diaR-

Here i is the generation index, and a the colour index.
The fermions interact with the gauge bosons, which correspond to the adjoint representation

of the gauge group, through the minimal coupling:

where the sum is over all fermion multiplets, quarks as well as leptons. D^ is the covariant
derivative appropriate to the representation:

p> fJ> * ^ rj LJL ' & p> ' n ti \ * /



for left-handed quarks,

for left-handed leptons,
i -9s

for a right-handed quark q of charge Qq, and

D = d — ig'B (2.7)

for a right-handed electron with charge — 1. The notation is that D^ is a differential operator
and a matrix in SU(2)L space (2 x 2) as well as in 5C/(3)c colour space (3x3) .

The covariant derivative guarantees that £fermion is invariant under local gauge transforma-
tions

•0 -» Uip, (2.8)

where, for LH quarks, for example,
U = U,U2U3, (2.9)

with
E/i = e~

I5'y<3ai(x); f/2 = e^f7""0^1); Us = e~
i32Xaa^x\ (2.10)

and similarly for other fields. The gauge fields transform as

7,"1 + U2i^TaW^U^1, (2.11)

[7 3 iA a ( ?« f/g-1, (2.12)

+ is'S,,. (2.13)

The Lagrangian for gauge fields may be written as

£gauge = ~B^B^ - -W^Wa^ - G^G"", (2.14)

where
BIO, = d^Bv - dvB^ (2.15)

\i^TaW^i9-rbWb^ (2.16)

[i^G^X^]. (2.17)

The last two may be rewritten as

geabcW*W2, (2.18)

sf
abcGlGl, (2.19)

where 6abc is the Levi-Civita symbol and fabc are the SU(3) structure constants.
In the gauge-invariant theory described above, none of the fields correspond to massive

particles. Fermion mass terms are of the the form mipLipR + H.c., and are forbidden by even
global gauge invariance. Gauge boson mass terms are forbidden by local gauge invariance.

The way to give masses without sacrificing the renormalizability of the theory is by allowing
for spontaneous symmetry breaking.



2.2 Spontaneous symmetry breaking

A symmetry is said to be broken spontaneously if the Lagrangian of the theory is invariant under
the symmetry, but the ground state (the vacuum state) is not invariant. In this situation, many
degenerate vacuua are related to one another by the symmetry of the Lagrangian, and one is
singled out to be the correct vacuum. Hence states constructed out of this vacuum reflect this
bias, and the dynamics of the theory no longer shows the invariance.

The Lagrangian we described has a unique minimum energy state corresponding to all the
fields taking the value zero. This vacuum is gauge invariant. Hence something has to be added
to the theory to achieve spontaneous symmetry breaking.

Moreover, if the vacuum expectation value of any but a spin-0 field is nonzero, even Lorentz
invariance would be violated. To avoid this, one introduces only scalar fields in the theory.
The scalar field (s) may be elementary or composite. The latter case is not impossible in the
standard model as such, but requires extra interactions which can generate a "composite" scalar
field corresponding to a bound state.

Let us look more closely at the phenomenon of spontaneous symmetry breaking with ele-
mentary scalar fields.

A. Abelian global symmetry
We start with the simple example of a theory with a single complex scalar field (j) with a

global U(l) symmetry under <f>(x) — >• eia(f>(x), where a is independent of space and time. The
corresponding Lagrangian may be written as

(2.20)

We can write the "potential" term as

(2.21)

where higher order terms in $(f) are not included because they would destroy the renormaliz-
ability of the theory.

The Hamiltonian density corresponding to L is

H^i+V^ -V(f> + V((t>*(t>). (2.22)

Since the first two terms are positive (semi-)definite, it is clear that the field configuration
which minimizes the Hamiltonian H = flicPx should be space and time independent, and
should minimize V((f>^(f>). For /j,2, A > 0, the only minimum of the potential V is <J> = 0. This
will correspond to a vacuum state which is symmetric, with no £7(1) charge. However, A > 0,
H2 < 0 gives rise to an additional set of nontrivial minima, at

^ = -|-, (2.23)

that is, at (j> = ^/—/j,2/(2X)eld, for 0 < 9 < 2?r. These configurations are not only local minima,
but also global minima, with the energy density -///(4A). Note that A > 0 ensures stability.
Since for this state to make sense it has to be unique, 0 has to take some fixed value. Any value
of 9 corresponds to an unsymmetric vacuum.

Let us work with a shifted field which has a zero value for this minimum:

j(x) = <i>(x) - -=, (2.24)



where v = x/— M2A> and where we have chosen 0 = 0 for convenience. Then the Lagrangian of
eq. (2.20) becomes

On simplification, this gives

4

(2.26)
•±/\

If we write the above equation with

it / i _ | • i \ lr\ f\tj\

where (f>i^ are real, the kinetic energy terms have the correct normalizations:

_ v 2
(2.28)

It can be seen that </>i has a mass term, with mass v— 2/z2, whereas the field <fo is massless. The
latter corresponds to the massless boson predicted by the Goldstone's theorem for spontaneously
broken global continuous symmetries [6].

B. Abelian local gauge symmetry
Let us consider the same U(l) symmetry, but now local. We again take our simple scalar

model. Then, gauge invariance requires the use of a covariant derivative D^ = dp + igAp, where
AH is the gauge field. The gauge-invariant Lagrangian now is

(2.29)

It is invariant under
0 _> e«'«(*)^ (2.30)

Ap-tAp- -d^a. (2.31)
y

A trivial vacuum corresponds to (f> = 0, A^ = 0, which is the case for /x2 = 0. For /z2 < 0,
again, the vacuum corresponds to (</>) = i>/v/2, with v2 = — fj?/\. We again make a shift

(2.32)
v*

Then

c\z "p~- \" • —"ft. ' rL ' f'^f ' ^.OOJ

The bilinear terms in </>2 and A^ can be combined into

2

(2.34)



This is the mass term for A'^.
Actually, it is better to work in the Feynman gauge:

d^A* - gvfa = 0. (2.35)

Then the gauge fixing term is

. (2.36)

This provides the usual — ̂ (c^-A^)2 term for gauge fixing. The cross term gvO^A^fa cancels an
existing term which has the opposite sign (on integration by parts, dropping surface terms as
usual). The — ̂ g2v2</>2 corresponds to a mass term for the would-be Goldstone boson.

The spectrum can be seen more easily in the unitarity gauge. Write

<t>(x) = -j=p(x)eiaW. (2.37)

Then the Lagrangian of eq. (2.29) becomes

' + z,)4, (2.38)

where
p' + v = pe-ia^\ (2.39)

and

A'll = All + -dpafa). (2.40)

Since the original Lagrangian is gauge invariant, we could have obtained the final Lagrangian
simply by making the replacement

+t;) , (2.41)

and
Ap(x) -> 4(z) (2.42)

We can see that the vector field A'^ gets a mass gv, a(x) disappears from the Lagrangian,
and p' corresponds to a massive spin-0 particle of mass y/—2/j,2. This mechanism, which gives
masses to gauge bosons with the appearance of a massive spin-zero particle, is known as the
Higgs mechanism [7]. The spin-zero particle is known as the Higgs boson. The mechanism can
be generalized to bigger groups and larger representations of the scalars. Such a generalization
is used to achieve spontaneous symmetry breaking and to give masses to various particles in
SM. The Higgs sector is described in the next section,

2.3 Properties of the standard model Higgs boson

The gauge symmetry SU(2)L x £7(1) x SU(3)C of SM is broken to £7(l)e.m. x 5£7(3)c via a
single, complex scalar SU(1)i, doublet



The most general scalar potential which is invariant under the gauge group is

- (2.43)

is assigned Y = — 5, just like the lepton doublets.
As before, for /x2 < 0, there is a nontrivial minimum for the potential, which corresponds to
} = v/V2, (v = v/-j/2/A), and (<£*) = 0. We will assume (<£°) = (<£°)* = v/y/2.
The details of the of the minimization are given below.
Differentiating the potential

/ + <£+<n2 (2-44)

with respect to (j>°* and equating the result to 0 we get

1̂ - - MV + 2A(0<V + </>+<T)/ = 0. (2.45)

This implies either
/V° + <t>+4>~ = 0, (2.46)

or
4>° = 0. (2.47)

Next, differentiating with respect to (j>+ and equating the result to 0,

dV
+ 2A(0U*^U + </>+0~)<?r = 0 (2.48)

> •

This implies (2.46) above, or
<F = 0. (2.49)

One choice, appropriate from the point of view of charge conservation, is

To check that the above is indeed a minimum, we need to look at the second derivatives of
V with respect to the fields.

<t>° = -V > 0, (2.51)

where the extremum conditions (2.50) have been made use of. Also,

ff-V
4>- = 0, (2.52)

d2V
= 0, (2.53)

For the choice of real <^°, the remaining second-order derivatives give zero. It is clear that
conditions for the extremum (2.50) correspond to a minimum for A > 0 and /x2 < 0.



The kinetic energy term for </> contains minimal interaction with the gauge fields:

£K.E. = (D^ (£"»

(2.55)

To see the spectrum, we can again go to the unitarity gauge:

^ = eia-(x)r«-Ha(x) ( ̂  + WM (2.56)

^ 0 J v '

together with a gauge transformation of all other fields with the same parameters aa and a. Be-
/ i ( p + v) \

cause of the gauge invariance of the Lagrangian, we can replace 0 everywhere by I ^2 I ,

and its form would be unchanged. Thus, the Higgs Lagrangian becomes

Higgs = p + m W + P T - " l + - + " i Z l +

-7 A/94 - Xvp3 + ̂ m2
Hp2, (2.57)

4 2

apart from an additive constant. Here use has been made of the relations

'=£-; (2.58)

and
,„-2 /i^ii^- T>-»^ (ri^1 -L- ^\ /*0 ^O^

w £ ) 2 2

and
m^ = -2/z2. (2.60)

2.4 Interactions with fermions

These arise from the Yukawa couplings which also generate fermion masses on symmetry break-

ing: — / - —i —,-
>CY — —hijLicj)ljR — tifjQj^Ujft — hijQitfrdjft -\- H.c., (2.61)

where L, and Q denote respectively the left-handed lepton and quark doublets, /, u and d are
the right-handed singlet fields of the charged leptons, up quarks and the down quarks, and i,j
denote generation indices. The primes are used because these fields are in the weak basis, to be
finally rewritten in terms of the unprimed fields in the mass basis. The conjugate doublet Higgs
field is given by

(j) = IT d> = I / n I • (2.62)
\ —r1 /

On symmetry breaking, in the unitarity gauge these become

'ij^iL^JR(P + u) + H.c.. (2.63)

We thus have the mass matrices for fermions:



These mass matrices are diagonalized by left and right unitary transformations on the fermions:

I
me 0 0
0 m^ 0 | ; (2.65)
0 0 mT

I
mu 0 0
0 mc 0 | ; (2.66)
0 0 mt

md 0 0
0 ms 0 . (2.67)
0 0 mb

Since p and v come as a combination (p + v) for all the matrices, the p couplings to the fermions
are diagonal when the mass matrices are diagonalized. It is easy to see that they can be written
as

%* = - £ v7M (2-68)

where the sum is over all massive fermions. Note that the neutrino is massless in SM, and does
not couple to the Higgs.

In summary, the Higgs boson couplings to the gauge bosons and fermions can be written as

r\ 2 O

— ~ (2.69)v dm,i 2u2

Note that v can be rewritten in terms of GF, the Fermi weak coupling constant:

v = = j = (^/2Gp)~* (2.70)

For GF = 1-166 • 10~5 GeV~2, v = (y/2GF)~* ~ 246 GeV.

Problem: Work out the magnitudes of the Higgs couplings gf in g^ ffH for the various leptons
and quarks, and also g^ and g% in gjyW+f*W~H and

2.5 Summary of SM Higgs properties

1. The mass is a free parameter.

2. Couplings to various particles are proportional to the masses of the particles. Hence it
couples dominantly to the heaviest particle relevant to a particular process. As a corollary,
there is no coupling to neutrinos.

3. The couplings to fermions are diagonal in flavour.

4. The p parameter
777. ;y

cos 6w

is predicted to be 1.

10



Chapter 3

Constraints on the Mass of the
Standard-Model Higgs Boson

3.1 Theoretical Constraints

As seen earlier, the standard model leaves the mass of the Higgs a free parameter. However,
the dynamics can put some constraints on the mass. These may be from some general theoret-
ical considerations like vacuum stability, or experimental, coming from measurement of other
physical quantities to which the Higgs contributes indirectly.

3.1.1 Bound from vacuum stability

A lower bound on the Higgs mass may be obtained from the stability of the vacuum. This
bound is known as the Linde-Weinberg bound after the authors who first obtained it [8, 9]. The
condition of vacuum stability is the condition that the non-trivial vacuum remains lower than
the trivial vacuum in the presence of one-loop radiative corrections.

The approach is to calculate the one-loop effective potential according to the method of
Coleman and Weinberg [10]. This corresponds to the sum of all one-loop diagrams with external
Higgs legs of arbitrary number, all evaluated at zero momentum (corresponding in configuration
space to no derivatives).

The one-loop effective potential may be obtained by their method to be [10]

J.2

(3.1)

where <j) is the field corresponding to the physical SM Higgs, M is an arbitrary scale (the
subtraction point) used to define A, and B is given by

B = 2~I [2mw + «4 - 4mt ] • (3-2)

Originally, the effective potential was used by Coleman and Weinberg to make a prediction of
the Higgs mass if the bar mass for the scalar is assumed to be zero, and the gauge symmetry is
broken by the minimum of the one-loop effective potential.

Writing
i Pftv

(3.3)
2d</>2

<t>=v/V2

we can evaluate
f ( *,2 sll

(3.4)

11



We can rewrite the potential in terms of the value at the minimum:

Then

Requiring that V(v/V2) < V(0) gives

mjo > Bv2. (3.7)

When all fermions are light, this gives m^ ~ 7 GeV, which is the original Linde-Weinberg

bound [8, 9]. For mt ~ 80 GeV, however, B < 0, and so this bound is not useful. On the
other hand, for B < 0, the potential is not bounded below, because V —> oo for <f> —> oo. For
4> large, however, perturbation theory breaks down. So it is not sensible to take <f> very large.
Politzer and Wolfram [11], and independently Hung [12], therefore imposed the constraint that
V((f>i) > V(v/V%), where (f>\ is an estimate of where perturbation theory breaks down. They
could obtain an upper bound on fermion masses (in the region of 100 GeV) as a weak function
of the Higgs mass.

Alternatively, </>i could be taken to be the cut-off scale, which is larger than either the grand
unification scale (1015 GeV) or Planck scale (1019 GeV). This again leads to an upper bound on
fermion mass. Alternatively, if the masses of all the fermions are known, it gives a lower bound
on the Higgs mass [13].

It is of course possible that the unsymmetric vacuum we now live in is unstable, but the
decay lifetime is larger than the age of the universe. This gives a bound of m# < 260 MeV if
fermion masses are assumed zero [14]. For a heavy top, the bound depends on the assumed top
mass.

These bounds have been considerably refined by renormalization group methods and also
updated [15]. The results, together with those on upper bound on the Higgs mass are presented
in Fig. 3.1.

3.1.2 Upper bound on the Higgs mass

An upper bound on the Higgs mass may be obtained from considerations of triviality of the
scalar field theory [17].

Consider a pure 04 theory. We have the evolution equation for the coupling A,

where t = In M. The solution is

1
X(v) A(A)

(3.9)

where A is some large scale, and v is the electroweak scale. Suppose we are allowed to take
A — > oo, i.e., the theory remains unchanged for indefinitely large scales. Then, however small
A(u) is, A(A) will blow up at some large A, because

12



This is the Landau pole, AQ = ve3A(">, or m# = 3\^^/vzy Looking at it differently, if A(A) is
finite for all A, however large, \(v) can only be zero, leading to trivial theory. Of course, one
cannot rely on the perturbation theory beta function, and one must check by non-perturbative
methods if the problem exists. This means that the theory is trivial (a free theory) unless it is
understood as an effective theory, to be replaced by a more complete theory above a large cut-off
scale A. The cut-off cannot be taken to infinity. However, if we lower the cut-off, the value of
A(v), for fixed A(A), increases. Now since ra# = y/2X(v)v, this means that mjy increases. For
the theory to continue to make sense, mjj cannot be allowed to be so large that it exceeds the
cut-off. This gives an upper bound on m# of

( Aji,.l\
(3.11)m,H < A = v exp I - - • • -2 i ,

where 1/A(A) is taken to be zero. This is solved by mu/v w 3.75, or m# = 920 GeV. Of course,
for such a large coupling m^/(2t;2) w 7, perturbation theory is not valid and one must take
into account non-perturbative effects. It turns out that non-perturbative calculations more or
less confirm this limit [18]. All these considerations were in the limit of no gauge or Yukawa
couplings. However, the effect of these latter couplings can be included, and this changes the
limit only weakly.

I
X6

100 150 200 250

Mt [GeV]
Figure 3.1: Stability bounds on the SM Higgs boson mass. A denotes the cut-off scale where
the particles become strongly interacting.

The upper limit may also be derived in another way, by requiring that the cut-off can be
removed to at least 1015 GeV (GUT scale) or 1019 GeV (Planck scale) [13, 15]. This is shown
in Fig. 3.1, taken from [16]. The limit is about 140 GeV in the latter case.

3.1.3 Unitarity Limit

The Equivalence Theorem

We have the relation m2
H = —2fj,2 = 2Xv2 = A-v/2/G/r. Since v and GF are fixed from experiment,

large m# means large A. Hence for m# ~ (Gp/\/2)~l, perturbation theory is not valid. (This

13



corresponds to m# « 300 GeV). In fact, a limit may be obtained from unitarity, if the tree
amplitudes are to be valid at high energies [19, 20]. A convenient way of calculating vector boson
scattering amplitudes at high energies is to use the equivalence theorem [20]. This theorem relies
on the fact that at high energies, zero-helicity amplitudes dominate. These, in turn, may be
calculated in the Feynman-'tHooft gauge by replacing longitudinally polarized gauge bosons by
the spin-0 bosons (the "would-be" Goldstones) responsible for the masses of the gauge bosons.

To study the high-energy scattering amplitudes, it is useful to take a fresh look at the scalar
Lagrangian,

We write

Then 0t0 = 5 (02 + 4% + 03 + ^4). The Lagrangian thus has a global 0(4) symmetry, under
which fa (i = 1,2,3,4) transforms as a four-dimensional representation. Explicitly,

L = \ E (d»W<t>i ~ /*20i0«) - 7 (E Wi] ' (3-14)
i=l \i=l /

where we have not included the gauge fields, which do not have the full S0(4) = SU(2) x SU(2)
symmetry. To write the scalar Lagrangian in terms of the representations of the two 5?7(2)'s,
we use

7T= (02,03,04), 0" = 01- (3.15)

The Lagrangian is then

. (3.16)
'

For one SU(2) rotation, take rotations in the three-dimensional TT space:

6Tf = -i5a • fff- 6a = 0, (3.17)

where T are the 3 x 3 rotation matrices corresponding to the three-dimensional irreducible
representation of SU(2). This is just an isospin symmetry. Next consider another transformation

Sjf = -6/3a; 8a = 6/3-7?. (3.18)

Then
5(7f2 + a2) = -27? • 600 + 2CT5/3 • TT = 0. (3.19)

This is also an invariance of the Lagrangian. There is also a discrete symmetry, viz., parity;

7T -> -7T, (3.20)

a -> a. (3.21)

6f3 interchanges these, so it is axial. Thus the O(4) is equivalent to SU(2)v x SU(2)A- We now
allow for spontaeous symmetry breaking,

o = 0i = (0i> + H = (a) + H, (3.22)

with
(a)2 = v2 = V/A. (3.23)

14



Rewrite the Lagrangian in terms of the shifted fields:

2 + tf2). (3.24)

In the above equation, H is the only physical field. The TT fields correspond to the longitudinal
degrees of freedom of the massive gauge bosons:

7T3 = z (= ZL)** = w± (= W±). (3.25)

For example, one can check that the H -> WJ^WL width comes out right:

M « -^£, (3.26)

. (3.27)
STT

3.1.4 WLWL scattering

We can use the Lagrangian in eq. (3.24) to calculate amplitudes involving longitudinal gauge
bosons. As an illustration of how a bound on the Higgs mass can be obtained from unitarity,
we take the process WL,WL -> WiWi. A similar analysis can be carried out for other channels
like WLWL -> ZLZL, ZLZL -> ZLZL, etc.

There are three contributions to the amplitude for WI^WL — » WL,WL, one from the quartic
coupling,

S (3.28)
'U~

one from the diagram with s-channel Higgs exchange,

~"" " (3.29)
y v s — mjj

and from the diagram with t-channel Higgs exchange,

-^=(i?)2^r. 0.30)

The sum gives

- i M « i ( - - ~ -

for s,t <C rripf. Note that without the Higgs exchange contributions, the amplitude goes as
constant. Hence, Higgs exchange is needed for good high-energy behaviour. Secondly, the Higgs
cannot be very heavy, or else the unitarity limit would be crossed too soon. To see this, write
the old-fashioned scattering amplitude /cm, so that |/cm|2 = ̂ . Then we have

- <3'32>

The scattering amplitude has the partial wave expansion

(3.33)
/

15



where aj = eiSl sin Si is the partial wave amplitude written in terms of the phase shift <Jj . Unitarity
is expressed by the optical theorem relation

4?r
a = — 3/(0). (3.34)

For elastic scattering, the phase shift 81 is real, but has a positive imaginary part if there is
inelasticity. A convenient way to express elastic unitarity is

3- = -1. (3.35)
a/

From this it follows that
i. (3.36)

Projecting I = 0,

a0 = - / d cos eV2GFm2
H ( 2 + mfl ,

IGvr J \ s — mjf

+ - 7 - , " - r - , (3.37)
mw ~~ f (1 ~ V 1 ~ 4m^/5 cos 0J - m^

ao ~ —-^—GpTfiTT I 2 H o In ^— 1 (3.38)
" ^TT ^ I s - m2

W s m2rr )

we get

The / = 0 partial-wave unitarity for large s then implies,

or

ml < - (3.40)

This gives a limit of m# < 1.2 TeV.

3.2 Experimental constraints

3.2.1 Electroweak precision data

The fact that SM is renormalizable only after including the top and Higgs in the loop implies
that electroweak observables are sensitive to the masses of these particles.

At lowest orders, the Fermi coupling can be written in terms of the weak coupling and W
mass as

(3.41)

Putting in the electromagnetic coupling, the weak mixing angle and the W mass, this relation
can be rewritten as

sin

The A's come from radiative corrections. ArQ is the shift in the electromagnetic coupling if
evaluated at rn?z instead of at 0; Art denotes the top (and bottom) contributions to the W and
Z masses, which are quadratic in the top mass; Ar# accounts for the virtual Higgs contributions
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to the masses. This term depends logarithmically on the Higgs mass at leading order, due to
Veltman's screening theorem [21, 22]:

11 r ™2 ci
> m^) (3.43)

For a large Higgs mass, the quartic scalar coupling (A w ^mjf/v2) is large, and the theory
is strongly interacting. Hence it would be expected that radiative corrections grow with m^.
However, Veltman [21] showed that the growth is only logarithmic at lowest loop order. At two
loops, there is a term g m^/m^r:

r ~,2 ™2 1
(3.44)mw mw

Thus terms proportional to m2
H are screened by an extra g2. This is called the "screening"

theorem, and explains why low-energy observables are relatively insensitive to the Higgs mass.
Even though the sensitivity on the Higs mass is only logarithmic, the increasing precision in

the measurement of the electroweak observables gives the estimates [23]:

mH = 88 _^ GeV;

mH < 206GeV. (95%C.L.)
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Chapter 4

Decays of the Standard Model Higgs
Boson

The mass of the SM Higgs boson is not fixed by theory, and is therefore not known. As a
consequence, the decay channels and their relative partial widths are not known - they depend
on the mass. Thus, certain channels may be forbidden for lighter Higgs. The dominant decay
is into the most massive channel permissible by the Higgs mass, because of the fact that the
coupling is proportional to the mass of the particle-antiparticle pair in the decay channel.

We now take up the decays in terms of different categories.

4.1 Higgs decays into fermions

The Higgs coupling to quarks and leptons is given by

where my is the mass of the fermion /. Since v w 246 GeV, the couplings of light fermions
are quite small. The amplitude for the decay H —t ff (related to the S-matrix element 5 by
S = —iM) is given by

M = ^f-u(pf)v(pj). (4.2)

This leads to the matrix element squared, summed over final spins, of

E \M\2 = H - 2mj = 2V2GFmJ (m2
H - 4m}) . (4.3)

The partial decay width can then be easily worked out to be [24]
2 3 / 2

• (4-4)

Nc is a colour factor, being 1 for leptons and 3 for quarks. In practice, one has to include QCD
corrections to this result. The calculation of these is beyond the scope of these lectures. They
were first calculated in refs. [25]. However, the result is that bulk of the QCD corrections are
accounted for by using a running quark mass: m\(q2 = m?H}. For m# « 100 GeV, the relevant
parameters are m^m^) w 3 GeV and mc(m

2
H) w 0.6 GeV. The residual QCD corrections SP

are small:

f-%5-7v- (4-5)

For a Higgs mass below 2m\y, the fermionic decays are dominant. For m# > 2m&, the bb
mode dominates.
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4.2 Higgs decays into WW and ZZ

The coupling of the Higgs to W+W~ and ZZ is given by

(4.6)

The amplitudes for H -» VV are given by

l '

Thus, the squared matrix element, summed over final spins and averaged over initial spins,
is given by

m /

mv
(4.8)

where x = my/m2
H. The phase space is the same as in the case of H —*• //, giving [26]

VT^ (4.9)

for W+W~, and without the factor of 2 in the numerator in the case of ZZ, the two final-state
particles being identical.

Since longitudinal polarization vectors of massive spin-1 particles go as Ey/my for large
vector boson energy EV, the amplitude increases with EV — ^'mn as m2

H. This explains the
large power of m?H in the width. Note that

T(H -> WW}

for 77i f j 2> my.
Below the threshold for two vector bosons, the Higgs can decay into one real and one virtual

vector boson V*. This becomes important for m# ~ 140 GeV.
Above the threshold, the four lepton channel H —>• ZZ —> 4/* provides a very clean signal

for the Higgs. H —» W W is not so clean, since the final state has either neutrinos or jets.

4.3 Higgs decays into gluon and photon pairs

The SM Higgs does not couple to gg or 77 at tree level. Hence these decays are suppressed.
However, below the T+T~ threshold these decays could have large branching ratios. Also, even
for larger Higgs masses, these decays are important because the signature is clean. These decays
occur at one-loop level, with top and bottom quarks in the loop, and in the case of H —> 77,
even W can contribute, as shown in Fig.4.1.

Approximate expressions or these partial widths are (in the limit of mjj <C 4771 ,̂ 4m2) [24]

(4.11)
6 ) 7T

(4.12)
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H

W

H

W

Figure 4.1: Diagrams with fermion and W loops contributing to the decay H -> 77.

where 64, the top charge, is |, NF is the number of light flavours, and Nc is 3, the number of
colours. QCD corrections to H —>• gg should be included. These correspond to the qqg and ggg
final states, and are important, because they increase the width by about 65%.

Loop mediated Higgs couplings can be calculated in the limit of mjj small compared to the
loop mass m by using a low-energy theorem for an amplitude with an external Higgs[27, 28, 29]:

(4.13)
PH->O v omm

This theorem can be derived by observing that if an external zero-mass Higgs line is introduced
in the propagator, it is equivalent to the substitution

1
— m

P2 ~

1 m l I d
$ — m v p" — m v d In m

1
v

"V^-Aw-)
d In m\y p2 - m2^ '

1
(4.14)

p

(4.15)

This works for ^4 = 0 (Feynman gauge), or A = l/p2 (Landau gauge). In either of these gauges,
one has to worry about unphysical scalars.

To take an example, for the Hgg coupling, we need the gluon propagator Hgg as a function
of the loop masses. With

"' him (4.16)

for q2 = 0,
a. 1

127T V

More precise expressions for m# not small can be found in [4].

(4.17)

4.4 Higgs decay into

The calculations are similar to those for H -> 77. Because the Z coupling is proportional to
g, whereas the 7 coupling is proportional to e = gsmOw, the branching ratio for H —>• Z'y is
higher than that for H —>• 77 by a factor of about I/sin2 6w- However, since only a fraction of
Z decays provide a good signature, this mode is not very useful for a search of the Higgs boson.
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Figure 4.2: The branching ratios (left figure) and the total decay width (right figure) of the SM
Higgs shown as a function of the Higgs mass, from [30].

4.5 Conclusion

Branching rations for various channels and the total decay width are shown as a function of the
Higgs mass in Fig. 4.2 taken from [30].

We can get the total width of the Higgs by adding up all the decay channels. Upto masses
of about 140 GeV, the Higgs is very narrow, T(H) ~ 10 Mev. After the opening of the real
and virtual gauge-boson channels, the state rapidly becomes wider, reaching a width of about
1 GeV at around m# « 200 GeV. The width cannot be measured directly in the intermediate
mass region at LHC or e+e~ colliders. However, it could be measured at [i+fJ,~ colliders. Above
a mass of about 250 GeV, the state is wide enough to be observable, in general. Above the
two-vector-boson threshold, the width is T(H) w \m]j (TeV). For mH w 1 TeV, TH w \ TeV.
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Chapter 5

Production of Higgs at e+e~ colliders

Since the Higgs couples to particles with strength proportional to the mass of the particle, one
should look for processes where a heavy particle is produced. The heaviest particles we know
are W*, Z and the top quark. So we can look for mechanisms where Higgs is produced from
one of these particles, either real or virtual.

The first process studied at LEP (^/s = mz), which ruled out Higgs masses less than 65.4
GeV, was the Bjorken process.

5.1 Bjorken process

This process was first studied by Bjorken [31, 32]. The process, shown in Fig.5.1 is e+e~ —>
Z(q) —> Z*H(k), where the virtual Z decays in to a fermion pair. Since we are considering real
Z production in e+e~ collisions, we can separate the production and decay of Z, and look at
Z(q) -> H(k)f(pi)f(p2)- The corresponding amplitude is given by

M(Z -> Hff) = 4^±± 5 r
f MZ(pi)7./(«/ ~ a/75)«(p2), (5-1)

V Q — 771*7* ^

where

~tL - gf sin26w 5 a/ = —^r- ^ r ( 5 - 2 )2 3L ) ' cosOw \2 3LJ v '

are the vector and axial-vector couplings of the fermion / to Z.
The square of the matrix element summed over final spins and averaged over initial spins is

given by

xTr [i,,(vf - Tsa/Jlfrv (vf ~ 7so/¥i] , (5.3)

with

The trace in eq. (5.3) evaluates to

Tr [jv(vf - T5a/)V27^' ("/ - 7sa/)^i] = 4 (vj
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Figure 5.1: The Bjorken process for the production of Higgs

x \P\vPlv' • P2\

(5-5)

The last term in the expression for the trace can be dropped because it is antisymmetric in v
and i/, whereas the spin-averaged product of polarization vectors (5.4) is symmetric. Also, the
terms in eq.(5.3) with (q — k) factors can be dropped because when they are contracted with
the trace, they give zero because of current conservation, and the fact that q — k = p\ +P2- We
therefore have the relation, for q2 = rn^,

V

Pi • P2 +
7717

We can then write the expression for the matrix element squared (5.3) as

1
(q - fc) m

(5.6)

(5.7)

which becomes, in the rest frame of the initial Z,

where qz* is the four-momentum of the virtual Z.
The decay width can be obtained by multiplying (5.8) above by the phase space factor and

carrying out the momentum integrations. The phase space factor is

which, using the on-mass-shell condition

(5.9)
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can be written, after carrying out integration over d^p? as

(27T

Now going to a frame in which pi+p? = 0 and q = k, and writing

Pi • q = Pioqo ~ \Pi\\q] cos 6pq , (5.10)

P2 • q = P2oqo + \p\ I |g| cos 9pq , (5.11)
we can carry out the angular integration in d?p\ using 6pq as the integration variable. The
integral can be carried out using the 5 function. One can then write everything in a Lorentz-
invariant form and then make a transition to the Z rest frame, to get

f
J

Since the integrand has no angular dependence, the angular integral gives 47r. Then using
the variables

x = 2EH/mz (5.13)

and
y = mH/mz, (5.14)

we get

This may be compared with the decay width into fermions:

The normalized decay distribution is then

Y(Z -> //) dx ~1927r2cos26»w (x - y2)2

Integrating over x,

BR(Z -» H f ) 92

&-. (5.17)

BR(Z -> //) 192vr2 cos2 0W

- 3(y4 - 6y2 + 4) Iny - i(l - y2)(2y4 - 13y2 + 47)1 . (5.18)
^ J

Because the Z width has been neglected, there is a singularity for y = 0. Using a Breit-Wigner
form regulates the singularity.

The ratio is 10~2 or less. The branching ratio itself is much smaller, 10~4 — 10~7 (for
mjj w 0 - 60 GeV), decreasing with increasing m#. The signal at LEP is e+e~ — > l+l~ll+l'~ ,
e+e~ -> l+l~qq, etc., with a peak in the invariant mass of a pair of fermions. The Higgs
could be detected without observing the decay products of the Higgs. One simply measures
the four- momenta of the outgoing fermions /, / coming from the virtual Z, and uses energy-
momentum conservation to obtain the Higgs-boson four-momentum. In addition, the invariant
mass distribution M,j is strongly peaked at very large values. Roughly, M,j w r (mz — m/f),
where r ranges from 0.96 at m# = O.lm^ to 0.73 at mjj = .Qmz- This is obtained from the
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earlier expression for dT/dx, by using M2y = m2^+m|(l — x). Physically, the distribution peaks

when the Z* is almost on-shell, but since kinematics allows a maximum of M2^ = m?z — m^, it
peaks there.

The strategy to search for the Higgs boson at LEP was to look for Z* going into e+e~ or
M+/x~, and the Higgs decay products depending on the mass of the Higgs:

Mass range Decay products Signature
e+e ,77 Acollinear lepton pair

+ no calorimetric energy
< m/f < nice M+M~ Lepton pair + a few tracks

> mcc bb, cc, T+T~ Acollinear lepton pair + 2 jets
qg Two acollinear jets

+ large missing E, pr
(for Z —> vv)

Background is from the four-fermion decay of Z,

Z ->• qqll.

MH peaks at small values for the four-fermion final state and at large values for the Hll final
state. Hence a cut on M^ can reduce the four-fermion background.

5.2 Associated Bjorken process

At cm energies above the Z mass, as for example at LEP2, the Z is produced in a virtual
state, and then one should look for its decay into a real Z and H. This is sometimes called the
associated Bjorken process. The corresponding differential cross section is given by [33]

da (e+e~ -» ZH) _ ?ra2A1/2 [A sin2 0 + 8m|s] [1 + (1 - 4 sin2 Gw)2]
dcosO 256s2 sin4 9w cos4 9w (s — ra|)2

where
A = (s — m2

H — rn2?)2 — 4m2
Hmz. (5.20)

This integrates to

„ t.+.- . m - ^2A1/2[A + 12m|5][l + (l-4sin2

(5.21)

The cross section peaks at cm energy ^/s ~ mz + \/2m#, and it scales with s as l/\/s.
Since the cross section vanishes for asymptotic energies, the process is most useful for searching
Higgs bosons in the mass range where the collider energy is of the same order as the Higgs mass,

Since the recoiling Z mass in the two-body reaction e+e~ -» ZH is monoenergetic, the mass
of the Higgs boson can be reconstructed from the energy of the Z, m# = s — 1^/sEz + m^,
without any need to analyze the decay products of the Higgs boson.

5.3 Gauge-boson fusion process

A heavier Higgs, m# > 2mjy, can be produced by WW fusion,

e+e~ -)• (W+Ve)(W—Ve) ->• Hveve. (5.22)
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H

Figure 5.2: The WW fusion process

Two virtual W's fuse to give rise to the Higgs, as shown in Fig. 5.2. If mu > 2mz, the process
of ZZ fusion can also occur in an analogous fashion:

e+e~ -» (Z*e+)(Z*e-) -» He+e~. (5.23)

Because the W and Z propagators peak at low \q2\, the W and Z can be thought of as having q2 «
0, and almost real. One can think of a simplified approximate picture, wherein a high-energy
electron (or positron) emits a nearly real, nearly collinear W or Z with a certain probability
depending on the energy fraction carried by the W or Z. The probability for finding a particle
V with a fixed helicity h with a momentum fraction x in an electron is fe/vh(x}dx, where the
functions / for the different helicities are given by [34]

(5-24)

Here V is either W or Z, the subscripts on V denote the helicity, with L denoting the "longi-
tudinal" or zero helicity, and E is the energy or the electron beam. Similar expressions may be
obtained for positron beams. This is called the equivalent vector boson approximation, and is in
the same spirit as the equivalent photon approximation (also known as the Weizacker- Williams
approximation) .

Working without approximation, the cross section for the fusion process can be put in the
form

where

ix l + 3z 1 + x , . .

- m - ̂  + *> + t ' (5-27)
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with KH = rrifi/s, KW = m'w/s, and z = y(x — KH)/(KWX). This process dominates over the
Bjorken process for large s. At asympotic energies, the cross section simplifies to

cr(e+e.+«,- In- -2 . (5.28)

a(e+e~ ->• Higgs) [fb]

100 200 300 400 500 600 700

Figure 5.3: Production cross sections of the SM Higgs boson in e+e through the main processes
with ^/s = 350, 500 and 800 GeV as a function of MH.

Fig. 5.3, taken from [35], shows the production cross section as a function of the Higgs
mass, and of the centre-of-masss energy, in the context of high-energy e+e~ linear collider. At
such a collider, there would be also be higher order processes possible, with Higgs produced in
association with, for example, tt pair.

5.4 Photon-photon fusion

The two-photon width is related to the production cross section for polarized 7 beams by

(7(77 ->• If) =
• 77)

(s77 - m^)2 + r^mf^'
(5.29)

For a narrow Higgs, the observed cross section is obtained by folding the parton cross section
with the invariant 77 energy flux T^j-p- for J77 = 0 at r = m^/see, where the 77 arise from
e+e*.

The event rate can be sufficiently large for intense beams of photons obtained by Compton
back-scattering of laser beams off high energy electrons.

The large 77 continuum background is suppressed in the J^7 = 0 polarization state. For
decays into W^W^", the continuum background is large; the ZZ background may be under
control.
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Chapter 6

Higgs Production at Hadron
Colliders

Possible processes which can contribute to production of Higgs particles at hadron colliders are

• Gluon-gluon fusion: gg — > H

• WW, ZZ fusion: W+W -> H, ZZ -> H

• Bjorken-type process: qq — > W, Z — > W, Z + H

• Higgs bremsstrahlung off top quark: qq, gg — > it + H

While gluon fusion plays a dominant role throughout the entire Higgs mass range of the
standard model, the WW/ZZ fusion process becomes increasingly important with increasing
rax- The last two radiation processes are relevant only for light Higgs masses.

The production cross sections at hadron colliders like the Large Hadron Collider (LHC) are
quite large, so that a large sample of Higgs can be produced. However, because of the large
background, experimental difficulties are present. These problems may be tackled by triggering
on leptonic decays of W, Z and t in the radiation process, or by exploiting the resonance
character of Higgs decays H — > 77 and H —> ZZ — > 41^. Thus Tevatron is expected to search
for Higgs particles in the mass range above that of LEP2, upto about 180 GeV [36]. LHC is
expected to cover the entire canonical Higgs mass range mjj ~ 700 GeV.

6.1 Gluon-gluon fusion

At LHC, this provides the dominant production mechanism in the entire mjj range upto about
1 TeV. We will derive an expression for the production cross section for the process.

Define the probability of finding a parton carrying a momentum fraction between x and x+dx
of the total proton momentum as f ( x } d x . Then the cross section in proton-proton collisions is

da(s) = dn dx2f(xi)f(x2)da(s), (6.1)

where J = x\x2s.
For a process corresponding to the production of a particle or a narrow resonance, we will

have
4-7T2

&(§) = (2J + l)_rpartial<5(J - M2), (6.2)
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where M is the mass of the resonance, rpartjai its partial decay width into the incoming channel,
and J its spin. (This is the Breit-Wigner formulation). In such a case, we have the hadron-level
cross section

rl /•! 47J.2
a = dxi dx2f(xl)f(x2)(2J + l)—-rp;iIiial8(sxlX2-M2)

JO JO M

(2J + 1)47T2
T, 1 [ldx f , . „ , .

= j^- rP-rti"1;/. —/(*)/(^/*), (6-3)

where r = ^j-. The last expression can be rewritten as

d£
l T ' (6'4)

where

^ = f ' f ( x ) f ( r / x ) (6.5)

is the luminosity spectrum, which is process independent, but depends on the colliding hadrons
and the partons.

For the case of pp —> H + X, we have the expression:

•J- •*• ^ .1 •*• " •»• I •"••"• • _ * * _ " * / **"**'tJIJ in n\

Here, the first factor of | comes from the fact that to make a colour singlet, only one of the
eight gluons can annihilate a gluon of a given colour. The second factor of i comes because in
T(H — > gg), one sums over all 8 colour channels, but here we are dealing with annihilation of
a gluon pair of a single colour. The factor of 2 compensates for the fact that in the calculation
of T(H -> gg) a factor of 5 is included for phase space of identical particles in the final state,
whereas here those particles are in the initial state.

The differential luminosity is obtained from the proton structure functions. We can use a
simple fit:

T^k = 2.104e-24-8T°-2. (6.7)
CET

The partial width F(H —> gg) arises at one-loop level from the exchange of quarks in the
loop, and is given by

where TQ = 4mQ/m^, and the sum is over the quarks Q. The form factors AQ are given by

^QM = |r0[l + (l-r0)/(rQ)] (6.9)

where
f arcsin2 7% (TQ ^ J)

f ( r Q ) = l r 1+VT^ 12 (6.10)
-

For small loop masses, the form factor vanishes,

AQ(TQ) « -^TQ [ln(rQ/4) + zyr]2 , (6.11)

whereas for large loop masses, it approaches 1.
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QCD corrections to the gluon fusion process are very important. They are large and positive,
thus increasing the production cross section. Apart from virtual-gluon corrections to gg -> H,
the real-gluon corrections from gg —>• Hg, qg -» Hq, qq -> Hg should also be included. These
subprocesses contribute at order a%. The virtual corrections rescale the lowest-order fusion cross
section with a coefficient that depends only on the ratios of the Higgs and quark masses. Gluon
radiation leads to two-parton final states with invariant energy s > mjj in the gg, gq and qq
channels.

The final result for the hadronic cross section can be split into five parts:

\f* / I .. I *m. i/J/ VJ* */" V /

CTQ is the lowest-order result for gg —*• H. In the heavy quark limit,

C- 2 —

Also, in this limit, analytic forms are available for Acr9ff, Acrgs and
The size of the radiative corrections can be parametrized by defining the K factor

(6.13)

K = , (6.14)

where the subscripts LO and NLO stand respectively "leading order" and "non-leading order" .
The K factor is around 1.6, with weak dependence on m# .

Overall, the Higgs production cross section by this mechanism at LHC is around 10 pb, and
decreases with increasing m# because of fall in gg luminosity.

6.2 Vector Boson Fusion

For large Higgs masses, this mechanism becomes competetive with gluon fusion. For intermediate
masses, it is smaller by about an order of magnitude.

For large Higgs masses, the two electroweak bosons W and Z are predominantly longitudi-
nally polarized (with helicity 0). The equivalent particle spectra of the longitudinal W and Z
bosons in quark beams is given in the equivalent vector boson approximation [34] by

f G p r n f 1 -x
JL x

- 2eg sin
2 %)2 + (/f)2] ̂ . (6.16)

From these particle spectra, the WW and ZZ luminosities can be easily derived.

x F(/|' - 2eq> sin2 Ow? + (/|')21 2--- I n r . (6.18)L J L TZ TZ 1

Denoting the cross section for VV -> H by <TO,

>H) = a06(l-rn?H/§), (6.19)
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with
<TO = V27rC?F. (6.20)

Then
dCvv

a(qq ->• ggff) = — a0. (6.21)
dry

A calculation of this cross section without the equivalent boson approximation was done by
Cahn and Dawson [37]

The hadronic cross section is finally obtained by summing the parton cross section over the
flux of all possible pairwise combinations of quarks and antiquarks:

/•i __ rQQ1

a(HH' -> VVX -)• HX) = drY ^j~^(^ -> 1l'H\S = TS). (6.22)
JmH/s q,q> dT

Since to lowest order the proton remnants are colour singlets in the WW, ZZ fusion processes,
no colour will be exchanged between the two quark lines from which the two vector bosons are
radiated. As a result, QCD corrections are already accounted for by the corrections to the quark
parton densities.

This process is most important in the upper range of Higgs masses, where the cross section
approaches values close to gluon fusion.

6.3 Bj or ken-like process

The Bjorken-like process qq —» V* —> VH (V = W, Z) is an important mechanism for Higgs
production. The cross section is smaller than that for gluon fusion. However, leptonic decays
of W and Z are extremely useful to filter Higgs signal events out of the huge background. The
mechanism is the same as that for e+e~ colliders, except for the folding with the quark and
antiquark densities.

6.4 Higgs bremsstrahlung off top quark

This process, qq(gg) —> ttH, is relevant only for small Higgs masses because of the small phase
space available. Analytic expression for the parton level cross section is quite involved. This
process is also an interesting process for the measurement of the ttH Yukawa coupling.
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a(pp-»H+X) [pb]

Vs = 2 TeV

100 120 140 160

MH [GeV]

180 200

Figure 6.1: Cross sections for contributions of various mechanisms to pp —>• HX at the Tevatron,
taken from [38].

Figs. 6.1 and 6.2, taken respectively from [38] and [39], show the cross sections for various
prodution mechanisms at Tevatron and at the proposed LHC.
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Figure 6.2: Cross sections for contributions of various mechanisms to pp
taken from [39].

HX at the LHC,
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Chapter 7

Present status and outlook

The Higgs has not been seen so far. The most important limits come from the e+e experiment
LEP at CERN in Geneva. The LEP began in 1989 and started taking data at the Z resonance.
Later, the cm energy was pushed up in steps to 209 GeV. There were four experiments, ALEPH,
DELPHI, L3 and OPAL. Until shutdown in November 2000, about 1000 pb"1 of data were
delivered to each of the four experiments. The analysis of the data for SM Higgs are optimized
for Higgs bosons decaying in to b quarks, and thus use b identification as a major tool to suppress
background from signal. The final states considered can be characterized as Hqq, Hvv, He+e~,
Hp,+n~ and HT+T~ . The combined limit on the SM Higgs mass at 95% confidence level is set
to be 114 GeV.

The ongoing Tevatron pp experiment at the Fermi National Accelerator Laboratory in the
U.S.A. is also carrying out a Higgs search. The dominant Higgs production processes at Tevatron
are the gluon fusion, gg —» H, and associated production with a W or Z boson, qq —» W/ZH.
The gluon fusion process has a higher cross section, but it is very difficult to distinguish from
the overwhelming QCD background in the light Higgs region (mjj < 130 GeV), where H -> bb
is the dominant decay channel. In the case of associated production, the vector boson provides a
handle to suppress the background, but the cross section a(pp —> W/ZH) w 300 fb for m# = 110
GeV, is approximately 20 times smaller than the it cross section. According to the decay modes
of the vector bosons, four different signatures are considered. The search strategy is similar for
all decay channels. After identifying the W or Z through its decay, at least two extra jets from
the H —> bb decay are required, and, depending on the analysis, one or both jets must be tagged
as b jets. The Higgs mass is reconstructed using the two 6 tagged jets or the two most energetic
jets.

No Higgs signal has been seen, and the events seen are consistent with the background events
expected. It is expected to be able to put a limit of about 180 GeV by the end of its run. If the
Higgs is not found at Tevatron, the LHC (Large Hadron Collider) pp collider should be able to
explore the SM Higgs upto about 700 GeV.

If the Higgs is discovered at any of these machines, its properties could be studied in more
detail and with greater accuracy at a future e+e~ linear collider with cm energy of 500 GeV or
more, which seems likely to be built in the coming years.

If the SM Higgs is not found upto the perturbative limit on its mass, the implication would
be that the Higgs sector is strongly interacting, and interesting new physics would be waiting
to be discovered.
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