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An introduction to the physics of electroweak symmetry breaking is given. We
discuss Higgs boson production in eTe~ and hadronic collisions and survey search
techniques at present and future accelerators. Indirect limits on the Higgs boson
mass from triviality arguments, vacuum stability, and precision electroweak mea-
surements are presented. An effective Lagrangian, valid when there is no low mass
Higgs boson, is used to discuss the physics of a strongly interacting electroweak
symmetry breaking sector. Finally, the Higgs bosons of the minimal supersymmet-
ric model are considered, along with the resulting differences in phenomenology
from the Standard Model.

1 Introduction

The search for the Higgs boson has become a major focus of all particle ac-
celerators. In the simplest version of the electroweak theory, the Higgs boson
serves both to give the W and Z bosons their masses and to give the fermions
mass. It is thus a vital part of the theory. In these lectures, we wilbhntroduce
the Higgs boson of the Standard Model of electroweak interactionsk

Section 2 contains a derivation of the Higgs mechanism, with particular
attention to the choice of gauge. In Section 3 we discuss indirect limits on
the Higgs boson mass coming from theoretical arguments and from precision
measurements at the LEP and LEP2 colliders. The production of the Standard
Model Higgs boson is then summarized in Sections 4 - 8, beginning with a
discussion of the Higgs boson branching ratios in Section 4. Higgs production
in eTe™ collisions at LEP and LEP2 and in hadronic collisions at the Tevatron
and the LHC are discussed in Sections 5 and 6, with an emphasis on the
potential for discovery in the different channels.

Section 7 contains a derivation of the effective W approximation and a
discussion of Higgs production through vector boson fusion at the LHC. The
potential for a Higgs boson discovery at a very high energy ete™ collider,
(v/s > 500 GeV) is discussed in Section 8.

Suppose the Higgs boson is not discovered in an eTe™ collider or at the
LHC? Does this mean the Standard Model with a Higgs boson must be aban-
doned? In Section 9, we discuss the implications of a very heavy Higgs boson,
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(M >> 800 GeV). In this regime the W and Z gauge bosons are strongly in-
teracting and new techniques must be used. We present an effective Lagrangian
valid for the case where M), >> \/s.

Section 10 contains a list of some of the objections which many theorists
have to the minimal Standard Model with a single Higgs boson. One of the
most popular alternatives to the minimal Standard Model is to make the the-
ory supersymmetric. The Higgs sector of the minimal supersymmetric model
(MSSM) is surveyed in Section 11. We end with some conclusions in Section
12.

2 The Higgs Mechanism

2.1 Abelian Higgs Model

The central question of electroweak physics is : “Why are the W and Z boson
masses non-zero?” The measured values, My = 80 GeV and Mz = 91 GeV,
are far from zero and cannot be considered as small effects. To see that this
is a problem, we consider a U(1) gauge theory with a single gauge field, the
photon. The Lagrangian is simpl)ag

1 v
‘C:_ZF;LUF# ) (1)
where
F,, =0,A,—0,A,. (2)

The statement of local U(1) gauge invariance is that the Lagrangian is invariant
under the transformation:A,(z) — A, (z) — 9,n(x) for any n and x. Suppose
we now add a mass term for the photon to the Lagrangian,
1 v 1 2
L= —ZFWF“ + gm A AR (3)

It is easy to see that the mass term violates the local gauge invariance. It is
thus the U(1) gauge invariance which requires the photon to be massless.

We can extend the model by adding a single complex scalar field with
charge —e which couples to the photon. The Lagrangian is now,

L= 1B Pt | Do P V() @
where
D, = 8, —icA,
V@6 = 6P A6 P 6
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Figure 1: Scalar potential with u? > 0.

V(¢) is the most general renormalizable potential allowed by the U(1) gauge
invariance.

This Lagrangian is invariant under global U(1) rotations, ¢ — ¢, and
also under local gauge transformations:

Au(z) — Au(z) —9un(z)

$z) — e g(z). (6)
(7)

There are now two possibilities for the theory.‘ﬂ If 42 > 0 the potential has
the shape shown in Fig. 1 and preserves the symmetries of the Lagrangian.
The state of lowest energy is that with ¢ = 0, the vacuum state. The theory is
simply quantum electrodynamics with a massless photon and a charged scalar
field ¢ with mass pu.

The alternative scenari(Eiﬂs more interesting. In this case u? < 0 and the
potential can be written as,b’

V(g)=—1ull o+ ¢ *)? (8)

which has the Mexican hat shape shown in Fig. 2. In this case the minimum
energy state is not at ¢ = 0 but rather at

(¢) = TRVt (9)

*We assume A > 0. If A < 0, the potential is unbounded from below and has no state of
minimum energy.




Figure 2: Scalar potential with u? < 0.

(@) is called the vacuum expectation value (VEV) of ¢. Note that the direction
in which the vacuum is chosen is arbitrary, but it is conventional to choose it
to lie along the direction of the real part of ¢. The VEV then clearly breaks
the global U(1) symmetry.

It is convenient to rewrite ¢ as

1 .x
—e'v | v+ h|, 10
6= et (v+n) (10)
where x and h are real fields which have no VEVs. If we substitute Eq.
back into the original Lagrangian, the interactions in terms of the fields with
no VEVs can be found,

e2v?

1
L = _ZFWFW —evA, 0ty + AL AH
1 1
+5 <8#h8“h + 2u2h2) + Eaﬂxaﬂx
+(h, x interactions). (11)

Eq. @ describes a theory with a photon of mass M4 = ev, a scalar field h
with mass-squared —2u2 > 0, and a massless scalar field Y. The mixed y — A
propagator is confusing, however. This term can be removed by making a
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gauge transformation:
1
A=A, — —0,x. 12
y7s 124 ev MX ( )

After making the gauge transformation of Eq. @ the x field disappears from
the theory and we say that it has been “eaten” to give the photon mass. This i
called the Higgs mechanism and the x field is often called a Goldstone boson!E
In the gauge of Eq. E the particle content of the theory is apparent; a massive
photon and a scalar field h, which we call a Higgs boson. The Higgs mechanism
can be summarized by saying that the spontaneous breaking of a gauge theory
by a non-zero VEV results in the disappearance of a Goldstone boson and its
transformation into the longitudinal component of a massive gauge boson.

It is instructive to count the number of degrees of freedom (dof). Before
the spontaneous symmetry breaking there was a massless photon (2 dof) and
a complex scalar field (2 dof) for a total of 4 degrees of freedomf] After the
spontaneous symmetry breaking there is a massive photon (3 dof) and a real
scalar, h, (1 dof) for the same total number of degrees of freedom.

At this point let us consider the gauge dependance of these results. The
gauge choice above with the transformation AL = A, - é@ux is called the
unitary gauge. This gauge has the advantage that the particle spectrum is ob-
vious and there is no x field. The unitary gauge, however, has the disadvantage

that the photon propagator, A, (k), has bad high energy behaviour,

i kKt kY
Bunlh) = =3z (o~ 7 ) "

In the unitary gauge, scattering cross sections have contributions which grow
with powers of k? (such as k?, k°®, etc.) which cannot be removed by the con-
ventional mass, coupling constant, and wavefunction renormalizations. More
convenient gauges are the R¢ gauges which are obtained by adding the gauge
fixing term to the Lagrangian

1 2

Lor = 2 (QLA“ + §evx> . (14)

Different choices for £ correspond to different gauges. In the limit & — oo the

unitary gauge is recovered. Note that after integration by parts the cross term

in Eq. @ exactly cancels the mixed xd,A* term of Eq. @ The gauge boson
propagator in R¢ gauge is given by

i (1= &kyuky
Bulk) =15 3 (g”” R —M3 ) (%)

bMassless gauge fields have 2 transverse degrees of freedom, while a massive gauge field
has an additional longitudinal degree of freedom.
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In the R, gauges the x field is part of the spectrum and has mass ME =EM3E.
Feynman gauge corresponds to the choice £ = 1 and has a massive Goldstone
boson, x, while Landau gauge has £ = 0 and the Goldstone boson x is massless
with no coupling to the physical Higgs boson. The Landau gauge is often the
most convenient for calculations involving the Higgs boson since there is no
coupling to the unphysical x field.

2.2 Weinberg-Salam Model

It is now straightforward to obtain the usual Weinberg-Salam model of elec-
troweak interactionsll The Weinberg- Salam model is an SU(2)1, xU(1)y gauge
theory containing three SU(2);, gauge bosons, Wﬁ, i=1,2,3, and one U(1)y
gauge boson, B,,, with kinetic energy terms,

1 1 vi 1 v
EKE = —ZW#UWM — ZBHVBM 5 (16)
where
Wi, = 0W)—0,Wj+ge*Wiw)
B, = 0,B,—09,B, . (17)

Coupled to the gauge fields is a complex scalar SU(2) doublet, ®,

o= (%) (18)

with a scalar potential given by
2
V(®)=p?| 0P | +)\(| TP |> : (19)

(A > 0). This is the most general renormalizable and SU(2)y, invariant poten-
tial allowed.

Just as in the Abelian model of Section 2.1, the state of minimum energy
for % < 0 is not at ® = 0 and the scalar field develops a VEV. The direction of
the minimum in SU(2);, space is not determined since the potential depends
only on the combination ®'® and we arbitrarily choose

<q>>_i(0) . (20)



With this choice the scalar doublet has U(1)y charge (hypercharge) Yo = 1
and the electromagnetic charge isl

(7’3—|—Y) '

Q=" (21)

Therefore,
Q(®) =0 (22)

and electromagnetism is unbroken by the scalar VEV. The VEV of Eq.
hence yields the desired symmetry breaking scheme,

It is now straightforward to see how the Higgs mechanism generates masses
for the W and Z gauge bosons in the same fashion as a mass was generated
for the photon in the Abelian Higgs model of Section 2.1. The contribution of
the scalar doublet to the Lagrangian is,

L= (D"®) (D,@) - V() | (24)
wherd]
g g
In unitary gauge there are no Goldstone bosons and only the physical Higgs

scalar remains in the spectrum after the spontaneous symmetry breaking has
occurred. Therefore the scalar doublet in unitary gauge can be written as

‘I’:%<v2h) : (26)

which gives the contribution to the gauge boson masses from the scalar kinetic
energy term of Eq. @,

oo gen) (1) e

[

°The 7; are the Pauli matrices with Tr(7;7;) = 20;5.

d Different choices for the gauge kinetic energy and the covariant derivative depend on
whether g and g’ are chosen positive or negative. There is no physical consequence of this
choice.



The physical gauge fields are then two charged fields, W=, and two neutral
gauge bosons, Z and 7.

1

= _ 1 1172
Wi = \/i(WH:FzWH)
3
gn — 9Bt Wy
/g2+g/2
B, +gW}
Ano= P29 Sw (28)

The gauge bosons obtain masses from the Higgs mechanism:

1
My, = 1921}2
1
Mz = (g*+g )’
My = o0 (29)

Since the massless photon must couple with electromagnetic strength, e,
the coupling constants define the weak mixing angle Oy,

e = gsinfw
e = g cosby . (30)

It is instructive to count the degrees of freedom after the spontaneous
symmetry breaking has occurred. We began with a complex scalar SU(2),
doublet ® with four degrees of freedom, a massless SU(2);, gauge field, W;,
with six degrees of freedom and a massless U(1)y gauge field, B, with 2 degrees
of freedom for a total of 12. After the spontaneous symmetry breaking there
remains a physical real scalar field h (1 degree of freedom), massive W and Z
fields (9 degrees of freedom), and a massless photon (2 degrees of freedom).
We say that the scalar degrees of freedom have been “eaten” to give the W=+
and Z gauge bosons their longitudinal components.

Just as in the case of the Abelian Higgs model, if we go to a gauge other
than unitary gauge, there will be Goldstone bosons in the spectrum and the
scalar field can be written,

1 ez ( 0
= e “<v+h)' (31)

In the Standard Model, there are three Goldstone bosons, & = (w¥, z), with
masses My, and My in the Feynman gauge. These Goldstone bosons will play
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an important role in our understanding of the physics of a very heavy Higgs
boson, as we will discuss in Section 9.

Fermions can easily be included in the theory and we will consider the
electron and its neutrino as an example. It is convenient to write the fermions
in terms of their left- and right-handed projections,

Yun=5(1F W)Y (32)

From the four-Fermi theory of weak interactions, we know that the W-boson
couples only to left-handed fermions and so we construct the SU(2), doublet,

LL=(:§). (33)

From Eq. @7 the hypercharge of the lepton doublet must be Y, = —1. Since
the neutrino is (at least approximately) massless, it can have only one helicity
state which is taken to be vp. Experimentally, we know that right-handed
fields do not interact with the W boson, and so the right-handed electron, eg,
must be an SU(2) singlet and so has Y., = —2. Using these hypercharge
assignments, the leptons can be coupled in a gauge invariant manner to the
SU(2), x U(1)y gauge fields,

/ /
Liepton = i€r7" (aﬂ + i%}@Bu> er+iL" <8# + igT W+ i%YLB#>LL .

(34)
All of the known fermions can be accommodated in the Standard Model in an
identical manner as was done for the leptons. The SU(2), and U(1)y charge
assignments of the first generation of fermions are given in Table 1.
A fermion mass term takes the form

Lmass = —mEUJ =—-m <EL¢R + ERU)L) . (35)

As is obvious from Table 1, the left-and right-handed fermions transform dif-
ferently under SU(2), and U(1)y and so gauge invariance forbids a term like
Eq. @ The Higgs boson can be used to give the fermions mass, however.
The gauge invariant Yukawa coupling of the Higgs boson to the up and down
quarks is

Lg= _)\dGL(I)dR + h.c. (36)

This gives the effective coupling

— /\d%(ﬂ[‘, EL) ( ’U-(i)-h )dR+h.C. (37)
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Table 1: Fermion Fields of the Standard Model

Field SUB) SU@2) UQ)y

ur,
QL = < dy ) 3 2 3
Ug 3 1 3
dr 3 -2

h
h
Il
/N
o <
SN
N———
[u—
[N
|
[u—

B
Il
L
-
=
N
=
[\
=

which can be seen to yield a mass term for the down quark if we make the
identification
md\/§

Mg = T (38)

In order to generate a mass term for the up quark we use the fact that ¢ =
—ima®* is an SU(2) doublet and we can write the SU(2), invariant coupling

L, = - Qp®Ugr + h.c. (39)

which generates a mass term for the up quark. Similar couplings can be used
to generate mass terms for the charged leptons. Since the neutrino has no right
handed partner, it remains massless.

For the multi-family case, the Yukawa couplings, Ay and A\, become N X
N matrices (where Np is the number of families). Since the fermion mass
matrices and Yukawa matrices are proportional, the interactions of the Higgs
boson with the fermion mass eigenstates are flavor diagonal and the Higgs
boson does not mediate flavor changing interactions. (In models with extended
Higgs sectors, this need not be the case.)

By expressing the fermion kinetic energy in terms of the gauge boson mass
eigenstates of Eq. @, the charged and neutral weak current interactions of the
fermions can be found. A complete set of Feynman rules for the interactions
of the fermions and gauge bosons of the Standard Model is given in Ref. 3.

The parameter v can be found from the charged current for p decay,
i — €eU.vy, as shown in Fig. 3. The interaction strength for muon decay
is measured very accurately to be Gr = 1.16639 x 1075 GeV =2 and can be
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Figure 3: Determination of the vacuum expectation value v from p decay.

used to determine v. Since the momentum carried by the W boson is of order
m,, it can be neglected in comparison with My, and we make the identification

GF g2 1
V2 8M5V 202’ (40)
which gives the result
v=(V2Gp) Y? =246 GeV . (41)

One of the most important points about the Higgs mechanism is that all of
the couplings of the Higgs boson to fermions and gauge bosons are completely
determined in terms of coupling constants and fermion masses. The potential
of Eq. E had two free parameters, u and A\. We can trade these for

2

2 _ M
YT T
M7 = 202\ (42)

There are no remaining adjustable parameters and so Higgs production and
decay processes can be computed unambiguously in terms of the Higgs mass
alone.

3 Indirect Limits on the Higgs Boson Mass

Before we discuss the experimental searches for the Higgs boson, it is worth
considering some theoretical constraints on the Higgs boson mass. Unfortu-
nately, these constraints can often be evaded by postulating the existence of
some unknown new physics which enters into the theory at a mass scale above
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that of current experiments, but below the Planck scale. Never the less, in
the minimal Standard Model where there is no new physics between the elec-
troweak scale and the Planck scale, there exist both upper and lower bounds
on the Higgs boson mass.

3.1 Triviality

Bounds on the Higgs boson mass have been deduced on the grounds of trivialityﬂ’ﬂ
The basic argument goes as follows: Consider a pure scalar theory in which
the potential is given by1

V(@) =p? | ofe | +A(| @' |)? (43)
where the quartic coupling is
M;

This is the scalar sector of the Standard Model with no gauge bosons or
fermions. The quartic coupling, A, changes with the effective energy scale
@ due to the self interactions of the scalar field:

oo
dt ~ 4w2’

where t = log(Q?/Q3) and Qo is some reference scale. (The reference scale is
often taken to be v in the Standard Model.) Eq. @ is easily solved,

r ot 3 <Q_2)
MNQ) T MQo) 4w B\ @2)
1 2480 10g(%)|

Hence if we measure )\ at some energy scale, we can predict what it will be at all
other energy scales. From Eq. @ we see that A(Q) blows up as @ — oo (called
the Landau pole). Regardless of how small A(Qp) is, A(Q) will eventually
become infinite at some large Q. Alternatively, \(Qg) — 0 as @ — 0 with
MQ) > 0. Without the A®* interaction of Eq. i the theory becomes a non-
interacting theory at low energy, termed a trivial theory.

To obtain a bound on the Higgs mass we require that the quartic coupling
be finite,

(45)

— >0, (47)

ep? <0, A > 0.



where A is some large scale where new physics enters in. Taking the reference
scale Qo = v, and substituting Eq. @ gives an approximate upper bound on
the Higgs mass,

9 8m2p?

M2« 0 7
hS 3 log(A2/v?)

Requiring that there be no new physics before 1016 GeV yields the approximate
upper bound on the Higgs boson mass,

(48)

M;, < 160 GeV. (49)

As the scale A becomes smaller, the limit on the Higgs mass becomes pro-
gressively weaker and for A ~ 3 TeV, the bound is roughly M; < 600 GeV'.
Of course, this picture is valid only if the one loop evolution equation of Eq.
@ is an accurate description of the theory at large A. For large A\, however,
higher order or non-perturbative corrections to the evolution equation must be
included

Lattice gauge theory calculations have used similar techniques to obtain
a bound on the Higgs mass. As above, they consider a purely scalar theory
and require that the scalar self coupling A remain finite for all scales less than
some cutoff which is arbitrarily chosen to be 2w Mj,. This gives a limiﬁS

M, (lattice) < 640 GeV. (50)

The lattice results are relatively insensitive to the value of the cutoff chosen.
Note that this bound is in rough agreement with that found above for A ~
3TeV.

Of course everything we have done so far is for a theory with only scalars.
The physics changes dramatically when we couple the theory to fermions and
gauge bosons. Since the Higgs coupling to fermions is proportional to the
Higgs boson mass, the most relevant fermion is tﬁ top quark. Including the
top quark and the gauge bosons, Eq. @ become

d)\ o 1 2 2 4 3 2 72 3 4 2 7 2\2
7= 1o | 12N H12A90 129 52397+ )+16(2g +(9°+4" %)%)| (51)
where M
t
=" 52
gt » ( )

For a heavy Higgs boson , A > ¢4, ¢, ¢’, and the dominant contributions to the
running of A are,

d\ A 3
o~ 122+ 12¢2 — = (3¢° + 4 D) |.
7~ Toqz |12 T 1290 — 5B07 +977) (53)
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There is a critical value of the quartic coupling A which depends on the top
quark mass,

Ae==(Bg"+9' %) -9 . (54)

| —

The evolution of the quartic coupling stops when A\ = /\CE If My, > My =
Vv2X.v then the quartic coupling becomes infinite at some scale and the theory
is non-perturbative. If we require that the theory be perturbative (i.e., the
Higgs quartic coupling be finite) at all energy scales below some unification
scale (~ 1016 GeV) then an upper bound on the Higgs mass is obtained as a
function of the top quark mass. To obtain a numerical value for the Higgs mass
limit, the evolution of the gauge coupling constants and the Higgs Yukawa
coupling st also be included. For M; = 175 GeV this bound is M) <
170 GeV. 14 If a Higgs boson were found which was heavier than this bound,
it would require that there be some new physics below the unification scale.
The bound on the Higgs boson mass as a function of the cut-off scale from
the requirement that the quartic coupling A(A) be finite is shown as the upper
curve in Fig. E

3.2 Vacuum Stability

A bound on the Higgs mass can also be derived by the requirement that spon-
taneous symmetry breaking actually occursid that is,

V(v) < V(0). (55)

This bound is essentially equivalent to the requirement that A remain positive
at all scales A. (If A becomes negative, the potential is unbounded from below
and has no state of minimum energy.) For small A, Eq. EI becomes,

a1
dt 1672

120+ (20" + P (56)

This is easily solved to find,
A(A) = A(v) + 1 —12¢4 + 3(294 +(¢* +4d H?)| log A—2 . (57
1672 t16 v2

Requiring A(A) > 0 gives the bound on the Higgs boson mass,

,UZ

3 A2
M > a2t Tegt e @ g 90 0s(5) )
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A more careful analysis along the same lines as above@ using the 2 loop renor-
malization group improved effective potentia]ﬂ and the running of all couplings
gives the requirement from vacuum stability if we require that the Standard
Model be valid up to scales of order 1016G6VE@7

M (GeV) > 130.5 4+ 2.1(M; — 174) . (59)
If the Standard Model is only valid to 1 T'eV, then the limit of Eq. @ becomes,
Mp(GeV) > 71+ .74(M, — 174) . (60)

We see that when A is small (a light Higgs boson) radiative corrections from
the top quark and gauge couplings become important and lead to a lower limit
on the Higgs boson mass from the requirement of vacuum stability, A(A) > 0.
If X is large (a heavy Higgs boson) then triviality arguments, (ﬁ > 0), lead
to an upper bound on the Higgs mass. The allowed region for the Higgs mass
from these considerations is shown in Fig. [] as a function of the scale of new
physics, A. If the Standard Model is valid up to 10'® GeV, then the allowed
region for the Higgs boson mass is restricted to be between about 130 GeV
and 170 GeV. A Higgs boson with a mass outside this region would be a signal
for new physics.

3.8 Bounds from Electroweak Radiative Corrections

The Higgs boson enters into one loop radiative corrections in the Standard
Model and so precision electroweak measurements can bound the Higgs bo
mass. For example, the p parameter gets a contribution from the Higgs bosoﬁ

11g2 M
p=1- 967{2 tan® Oy 10g<M—V};>. (61)

Since the dependence on the Higgs boson mass is only logarithmic, the limits
derived on the Higgs boson from this method are relatively weak. In contrast,
the top quark contributes quadratically to many electroweak observables such
as the p parameter.

It is straightforward to demonstrate that at one loop, all electroweak pa-
rameters have at most a logarithmic dependance on M} H This fact has been

fThe renormalization group improved effective potential sums all potentially large loga-
rithms, log(Q?/v?).

9This result is scheme dependent. Here p = M3, /M2 cos? Oy (M), where cosfyy is a
running parameter calculated at an energy scale of My .
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Figure 4: Theoretical limits on the Higgs boson mass. The allowed region is shaded. The

region above the solid line (labelled Landau pole) is forbidden because the quartic coupling

is infinite. The region below the dot-dash line is forbidden because the quartic coupling is
negative, causing the potential to be unbounded from below.

glorified by the name of the “screening theorem”@ In general, electroweak
radiative corrections involving the Higgs boson take the form,

My, M?
2 1oo =2 27h L) 2
g<ogMW+g 2 (62)

That is, effects quadratic in the Higgs boson mass are always screened by an
additional power of g relative to the lower order logarithmic effects and so
radiative corrections involving the Higgs boson can never be largeE

From precision measurements at LEP and SLC of electroweak observables,
the direct measurements of My, and M; at the Tevatron, and the measurements
of v scattering experiments, there is the hound on the Higgs boson mass coming
from the effect of radiative corrections

My, < 280 GeV' (95% confidence level). (63)

This bound does not include the Higgs boson direct search experiments and
applies only in the minimal Standard Model. Since the bound of Eq. @ arises
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Figure 5: Limits on the Higgs boson mass from the Tevatron measurements of My, and M
for various values of the Higgs boson mass.

from loop corrections, it can be circumvented by unknown new physics which
contributes to the loop corrections.

The relationship between My, and M; arising from radiative corrections
depends sensitively on the Higgs boson mass. The radiative corrections to My,
can be written as,

M%,) TQ
W) =1- , 64
( M2 V2G pME, (1 — 6r) (64)

where dr is a function of M? and log(Mp,). The results using the Tevatron
measurements of My, and M, are shown in Fig. E and clearly prefer a relatively
light Higgs boson, in agreement with the global fit of Eq. @

While the Higgs boson mass remains a free parameter, the combination of
limits from electroweak radiative corrections and the triviality bounds of the
previous section suggest that the Higgs boson may be relatively light, in the
few hundred GeV range.
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4 Higgs Branching Ratios

In the Higgs sector, the Standard Model is extremely predictive, with all cou-
plings, decay widths, and production cross sections given in terms of the un-
known Higgs boson mass. The measurements of the various Higgs decay chan-
nels will serve to discriminate between the Standard Model and other models
with more complicated Higgs sectors which may have different decay chains
and Yukawa couplings. It is hence vital that we have reliable predictions for
the branching ratios in aorder to verify the correctness of the Yukawa couplings
of the Standard Model

In this section, we review the Higgs boson branching ratios in the Standard
Model.

4.1 Decays to Fermion Pairs

The dominant decays of a Higgs boson with a mass below the W W ~ threshold
are into fermion- antifermion pairs. In the Born approximation, the width into
charged lepton pairs is

_ GFM12
42

where 3, = /1 — 4M7? /M7 is the velocity of the final state leptons. The Higgs
boson decay into quarks is enhanced by the color factor N. = 3 and also
receives significant QCD corrections,

T(h—I117) Mpg} (65)

_ 3GFM2 4 o
I'(h— qq) = T%quhﬁg <1 + g?AgCD) ) (66)

where the QCD correction factor, ASCD, can be found in Ref. 22. The Higgs
boson clearly decays predominantly into the heaviest fermion kinematically
allowed.

A large portion of the QCD corrections can be absorbed by expressing the
decay width in terms of a running quark mass, M,(u), evaluated at the scale
= Myj. The QCD corrected decay width can then be written asg

_ 3GF . 9,9 3< as(M?) )
I'(h — = —M;(M; )M 14+5.67T——=+4---], 67
( QQ) 4\/§7T q( h) hﬂq T ( )
where as(M?) is defined in the M S scheme with 5 flavors and A= = 150 GeV .

The O(a?) corrections are also known in the limit M, >> Mq]g
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For 10 GeV' < Mj, < 160 GeV, the most important fermion decay mode
is h — bb. In leading log QCD, the running of the b quark mass is,

M%) = M[%} Hm{l +0@)}, (68)

where M,(M?) = M implies that the running mass at the position of the
propagator pole is equal to the location of the pole. For Mb(Mf) =4.2 GeV,
this yields an effective value M,((M}, = 100 GeV)?) = 3 GeV. Inserting
the QCD corrected mass into the expression for the width thus leads to a
significantly smaller rate than that found using M, = 4.2 GeV. For a Higgs
boson in the 100 GeV range, the O(a;) corrections decrease the decay width
for h — bb by about a factor of two.

The electroweak radiative corrections to h — ¢g are not significant and
amount to only a few percent correctionEd These can be neglected in compar-
ison with the much larger QCD corrections.

The branching ratios for the dominant decays to fermion- antifermion pairs
are shown in Fig. Eﬂ The decrease in the h — ff branching ratios at Mj, ~
150 GeV is due to the turn-on of the WW* decay channel, where W* denotes
a virtual W. For most of the region below the W W~ threshold, the Higgs
decays almost entirely to bb pairs, although it is possible that the decays to
7777 will be useful in the experimental searches. The other fermionic Higgs
boson decay channels are almost certainly too small to be separated from the
backgrounds.

Even including the QCD corrections, the rates roughly scale with the
fermion masses and the color factor, N,

I'(h — bb) 3MZ(M?)
L'(h—71t77) M2z

(69)

and so a measurement of the branching ratios could serve to verify the correct-
ness of the Standard Model couplings. The largest uncertainty is in the value
of as, which affects the running b quark mass, as in Eq. @ .

4.2 Decays to Gauge Boson Pairs

The Higgs boson can also decay to gauge boson pairs. At tree level, the
decays h — WTW~ and h — ZZ are possible, while at one-loop the decays
h — gg,v7v, 7Z occur.

h A convenient FORTRAN code for computing the QCD radiative corrections to the
Higgs boson decays is HDECAY, which is documented in Ref. 25.
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Figure 6: Branching ratios of the Standard Model Higgs boson to fermion-antifermion pairs,
including QCD radiative corrections. The radiative corrections were computed using the
program HDECAY .25

The decay widths of the Higgs boson to physical WTW ™ or ZZ pairs are
given by,

3
I(h—WIW™) = C;f;]\\/g” VI=rw(l—rw + 3r%)
GrM;
T(h—22) = 161;\/% VI=rz(1—rz+31%), (70)

where ry = 4M2 /M?.

Below the WTW ™ and ZZ thresholds, the Higgs boson can also decay to
vector boson pairs VV*, (V = W#, Z), with one of the gauge bosons, off-shell.
The widths, summed over all available channels for V* — ff are: I@

4
. g* My, 40 160 My
T(h— 22%) = T-= s F(SE
(h—=227) 2048(1 — sy )27 < 3 W T )
3g4Mh MW
T(h 5= P2 1
(h — WW*) s (Mh : (71)
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where sy = sin? Oy and

47 13 1
F(z) = —|1—2a?] (7332— 7+;) —3(1—6x2+4x4) | In(z) |
1 —8z2 +20z* L[3xr -1
3——"""cos~ 72
- 422 — 1 i 223 (72)

These widths can be significant when the Higgs boson mass approaches the
real WTW ™ and ZZ thresholds, as can be seen in Fig. ﬁ The WW* and ZZ*
branching ratios grow rapidly with increasing Higgs mass and above 2Myy the
rate for h — WTW ™ is close to 1. The decay width to ZZ* is roughly an order
of magnitude smaller than the decay width to WW™ over most of the Higgs
mass range due to the smallness of the neutral current couplings as compared
to the charged current couplings.
The decay of the Higgs boson to gluons arises through fermion loopsﬂ

Fulh — g0) = TR | S Pl (73
where 7, = 4MZ /M and F/5(7,) is defined to be,

Fyo(mq) = 274 [1 +(1- Tq)f(Tq)] . (74)
The function f(7y) is given by,
[sinl (m)F if 7, >1

2
—%[log(i—*)—iw} , ifr, <1,

e =14+/1—1, (76)

In the limit in which the quark mass is much less than the Higgs boson mass,
(the relevant limit for the b quark),

2M2 M
F 4 1502 ( =2 . 7
1/2 — M,f 0og (Mh) (77)

flrg) = (75)

with

A Higgs boson decaying to bb will therefore be extremely narrow. On the other
hand, for a heavy quark, 7, — oo, and Fj; (14) approaches a constant,

4
F1/2—’—§- (78)
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It is clear that the dominant contribution to the gluonic decay of the Higgs
boson is from the top quark loop and from possible new generations of heavy
fermions. A measurement of this rate would serve to count the number of
heavy fermions since the effects of the heavy fermions do not decouple from
the theory.

The QCD radiative corrections from h — ggg and h — gqq to the hadronic
decay of the Higgs boson are large and they typically increase the width by
more than 50%. The radiatively corrected width can be approximated by

I'(h — ggX)=Ty(h — gg) [1 + CaST(M):| , (79)

where C' = 282 — 2 log(p?/M?), for M), < 2Mtﬂ The radiatively corrected
branching ratio for h — ggX is the solid curve in Fig. E
The decay h — Z~ is not useful phenomenologically, so we will not discuss
it here although the complete expression for the branching ratio can be found
in Ref. 28. On the other hand, the decay h — -y is an important Iﬁde for
the Higgs search at the LHC. At lowest order, the branching ratio is,
OézGF

I'(h— =——" M3 NLQ?Fi(1;) |? 80
( YY) 128273 hlzi: Qi Fi(mi) | (80)

where the sum is over fermions and W bosons with F} /2(74) given in Eq. 23,
and

Fw(Tw)=2+3Tw[1+(2—7'w)f(7'w)] . (81)

W = 4M§V/M,%, N¢; = 3 for quarks and 1 otherwise, and @Q; is the electric
charge in units of e. The function f(7,) is given in Eq. @ The h — vy
decay channel clearly probes the possible existence of heavy charged particles.
(Charged scalars, such as those existing in supersymmetric models, would also
contribute to the rate.ﬁ

In the limit where the particle in the loop is much heavier than the Higgs
boson, 7 — oo,

4
Fipp — 3

The top quark contribution (F} ;) is therefore much smaller than that of the
W loops (Fw) and so we expect the QCD corrections to be less important
than is the case for the h — gg decay—In fact the QCD corrections to the
total width for h — ~~ are quite small@ The h — v branching ratio is the
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Figure 7: Branching ratios of the Standard Model Higgs boson to gauge boson pairs, in-

cluding QCD radiative corrections. The rates to WW* and ZZ* must be multiplied by the

appropriate branching ratios for W* and Z* decays to ff pairs. The radiative corrections
were computed using the program HDECAY.2%

dotted line in Fig. ﬂ For small Higgs masses it rises with increasing M}, and
peaks at around 2 x 1073 for M} ~ 125 GeV. Above this mass, the WW* and
Z7Z* decay modes are increasing rapidly with increasing Higgs mass and the
vy mode becomes further suppressed.

The total Higgs boson width for a Higgs boson with mass less than M}, ~
200 GeV is shown in Fig. . As the Higgs boson becomes heavier twice the W
boson mass, its width becomes extremely large (see Eq. 122). Below around
Mp, ~ 150 GeV, the Higgs boson is quite narrow with I'y, < 10 MeV. As the
WW* and ZZ* channels become accessible, the width increases rapidly with
'y, ~1GeV at My, ~ 200 GeV. Below the WTW ™~ threshold, the Higgs boson
width is too narrow to be resolved experimentally. The total width for the
lightest neutral Higgs boson in the minimal supersymmetric model is typically
much smaller than the Standard Model width for the same Higgs boson mass
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Higgs Boson Decay Width
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Figure 8: Total Higgs boson decay width in the Standard Model, including QCD radiative
corrections. The turn-on of the W+ W~ threshold at Mj; ~ 160 GeV is obvious.

and so a measurement of the total width could serve to discriminate between
the two models.

5 Higgs Production at LEP and LEP2

Since the Higgs boson coupling to the electron is very small, ~ m./v, the
s—channel production mechanism, eTe™ — h, is minute and the dominant
Higgs boson production mechanism at LEP and LEP2 is the associated pro-
duction with a Z, eTe™ — Z* — Zh, as shown in Fig. E At LEP2, a physical
Z boson can be produced and the cross section is@

702 AY2 Agn + 128211 4 (1 — 4sin? yy)?)
1925 sin® Oy cos? Oy (1 — M2 /s)2

olete” — Zh) = (83)
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Figure 9: Higgs production through ete™ — Zh.

where
B 4M,%M%
2

_M}%+M%)2

S S

Azn = (1 (84)
The center of mass momentum of the produced Z is )xlz/}f V/5/2 and the cross
section is shown in Fig. E as a function of /s for different values of the Higgs
boson mass. The cross section peaks at /s ~ My + 2M},. From Fig. E, it is
apparent that the cross section increases rapidly with increasing energy and so
the best limits on the Higgs boson mass will be obtained at the highest ener
The electroweak radiative corrections are quite small at LEP2 energiesgé
Photon bremsstrahlung can be important, however, since it is enhanced by
a large logarithm, log(s/m?). The photon radiation can be accounted for by
integrating the Born cross section of Eq. @ with a radiator function F' which
includes virtual and soft photon effects, along with hard photon radiation

o= é/ds’F(:z:, 5)o(s") (85)

where r = 1 — s'/s and the radiator function F(x, s) is known to O(a?), along
with the exponentiation of the infrared contribution,

F(z,s) = twt_1{1+%t}+{g—l}t+(’)(t2)

2?0‘ {log(é) - 1] . (86)

Photon radiation significantly reduces the Zh production rate from the Born
cross section as shown in Fig. @

~
Il
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Figure 10: Born cross section for ete™ — Zh as a function of center of mass energy.

A Higgs boson which can be produced at LEP or LEP2 will decay mostly
to bb pairs, so the final state from ete™ — Zh will have four fermions. The
dominant background is Zbb production, which can be efficiently eliminated
by b-tagging almost up to the kinematic limit for producing the Higgs boson.
LEP2 studies estimate that with /s = 200 GeV and £ = 100 pb~! per ex-
periment, a Higgs boson mass of 107 GeV could be observed at the 5o level
A higher energy eTe™ machine (such as an NLC with /s ~ 500 GeV') could
push the Higgs mass limit to around My ~ .7+/s.

Currently the highest energy data at LEP2 is /s = 183 GeV. The com-
bined limit from the four LEP2 detectors i

M), >898 GeV  at 95% c.l. (87)

This limit includes both hadronic and leptonic decay modes of the Z. Note
how close the result is to the kinematic boundary.

The cross section for eTe™ — Zh is s-wave and so has a very steep depen-
dence on energy and on the Higgs boson mass at threshold, as is clear from
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Figure 11: Effects of initial state radiation(ISR) on the process eTe™ — Zh. The curves
labelled “Born only” are the results of Eq. B3, while those labelled “with ISR” include the
photon radiation as in Eq. Bj.

Fig. E This makes possible a precision measurement of the Higgs mass. By
measuring the cross section at threshold and normalizing to a second mea-
surement above threshold in order to minimize systematic uncertainties a high
energy etg* collider with /s = 500 GeV could obtain a 1o measurement of

the mass
/100 b1
AM,;, ~ 60 MeV + for My =100 GeV (88)

where L is the total integrated luminosity. The precision becomes worse for
larger M}, because of the decrease in the signal cross section. (Note that the
luminosity at LEP2 will not be high enough to perform this measurement.)
The angular distribution of the Higgs boson from the eTe™ — Zh process
i
i 1 do
o dcost

8M?2
~ A%, sin? 0 + TZ (89)
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Figure 12: Higgs boson production through gluon fusion with a quark loop.

so that at high energy the distribution is that of a scalar particle,

l do
o dcost

~sin?f . (90)

If the Higgs boson were CP odd, on the other hand, the angular distribu-
tion would be 1 + cos?f. Hence the angular distribution is sensitive to the
spin-parity assignments of the Higgs bosonEd The angular distribution of this
process is also quite sensitive to non-Standard Model ZZh couplingsog

6 Higgs Production in Hadronic Collisions

We turn now to the production of the Higgs boson in pp and pp collisions.

6.1 Gluon Fusion

Since the coupling of a Higgs boson to an up quark or a down quark is propor-
tional to the quark mass, this coupling is very small. The primary production
mechanism for a Higgs boson in ronic collisions is through gluon fusion,
g9 — h, which is shown in Fig. @ The loop contains all quarks in the the-
ory and is the dominant contribution to Higgs boson production at the LHC
for all My, < 1TeV. (In extensions of the standard model, all massive colored
particles run in the loop.)
The lowest order cross section for gg — h isﬂ@

2 ~
. B a? 9 B
a9 =) = gy | Fisal)| i(1-57)
S
= 60(gg—>h)5<1——) , (91)
M
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where § is the gluon-gluon sub-process center of mass energy, v = 246 GeV,
and F} /5(7,) is defined in Eq. {4 In the heavy quark limit, (M;/M); — o),
the cross section becomes a constant,

2

~ aS
60(99 — h) ~ el (92)

Just like the decay process, h — gg, this rate counts the number of heavy
quarks and so could be a window into a possible fourth generation of quarks.

The Higgs boson production cross section at a hadron collider can be found
by integrating the parton cross section, o¢(pp — h), with the gluon structure
functions, g(z),

1
salpn = 1) = dor [ Latara ) (93)
. T x

where g is given in Eq. @, 7= M}2/S, and S is the hadronic center of mass
energy.

We show the rate obtained using the lowest order parton cross section of
Eq. in Fig. E for the LHC. When computing the lowest order result from
Eq. p1l, it is ambiguous whether to use the one- or two- loop result for a ()
and which structure functions to use; a set fit to data using only the lowest
order in «; predictions or a set which includes some higher order effects. The
difference between the equations for as and the different structure functions
is O(a?) and hence higher order in a, when one is computing the “lowest
order” result. In Fig. E, we show two different definitions of the lowest order
result and see that they differ significantly from each other. We will see in the
next section that the result obtained using the 2-loop as and NLO structure
functions, but the lowest order parton cross section, is a poor approximation
to the radiatively corrected rate. Fig. takes the scale factor u = M} and
the results are quite sensitive to this choice.

6.2 QCD Corrections to gg — h

In order to obtain reliable predictions for the production rate, it is important
to compute the 2—loop QCD radiative corrections to gg — h. The complete
O(a?) calculation is available in Ref 39. The analytic result is quite compli-
cated, but the computer code including all QCD radiative corrections is readily
available.

The result in the My /M; — 0 limit turns out to be an excellent approx-
imation to the exact result for the 2-loop corrected rate for gg — h and can

be used in most cases. The heavy quark limit can be obtained from the gauge
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Figure 13: Cross section for_gluon fusion, gg — h, at the LHC using the lowest order

parton cross section of Eq. ﬁ The solid (dot-dashed) line uses the one-loop (two-loop)

expression for as(p), along with structure functions fitted to lowest order (next to lowest
order) expressions for the data. The renormalization scale is p = Mjy,.

invariant effective LagrangianE>E

o 1 20, h| a4 Apv M -

L= 4{1 gs(l—f—é)v]G‘“’G ” tth (94)
where § = 2a;/7 is the anomalous mass dimension arising from the renormal-
ization of the tth Yukawa coupling constant, g, is the QCD coupling constant,
and Gf,/ is the color SU(3) field. This Lagrangian can be derived using low
energy theorems which are valid in the limit M} << M; and yields momentum
dependent ggh, gggh, anhggggh vertices which can be used to compute the
rate for gg — h to O(a?)

Since the hgg coupling in the M; — oo limit results from heavy fermion
loops, it is only the heavy fermions which contribute to G5 in Eq. @ To
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O(a?), the heavy fermion contribution to the QCD 3 function is,

19a
4 )

Bs | heavy fermions = NH% {1 +

, = (95)

where Ny is the number of heavy fermions.

The parton level cross section for gg — h is found by computing the O(a?)
virtual graphs for gg — h and combining them with th msstrahlung process
gg — gh. The answer in the heavy top quark limit isEH

1(gg — hX) = o () {5(1 4 &) {h(z) () 1og<]\j—§)] } (96)

T 576w T
where

h(z) = 5(1—z)<7r2+12—1)—1—21(1—2)3

+6 (1 + 244+ (1 - z)4> (ML — h(2)log(z)

1-=2
(=) 6( B RS )> (97)
z) = _— —z)+2°(1—=2
(1-2)+
and z = M? /3. The answer is written in terms of “+” distributions, which are
defined by the integrals,

Uf@) ) - fQ)
/ou—a:)f/o e (98)

The factor y is an arbitrary renormalization point. To a2, the physical hadronic
cross section is independent of j. There are also O(a?) contributions from ¢g,
qg and qg initial states, but these are numerically small.

We can define a K factor as

_ oi(pp — hX)
il ey )

where o1 (pp — hX) is the O(a?) radiatively corrected rate for Higgs produc-
tion and o is the lowest order rate found from Eq. @ From Eq. @, it is
apparent that a significant portion of the corrections result from the rescaling
of the lowest order result,

\ 11
K~1+—a(u>{w2+7+~-} : (100)
™
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Of course K is not a constant, but depends on the renormalization scale u as
well as M}. The radiatively corrected cross section 61 should be convoluted
with next-to-leading order structure functions, while it is ambiguous which
structure functions and definition of as to use in defining the lowest order
result, ¢, as discussed above.

The K factor varies between 2 and 3 at the LHC and so the QCD correc-
tions significantly increase the rate from the lowest order result. The heavy
top quark limit is an excellent approximation to the K factor. The easiest way
to compute the radiatively corrected cross section is therefore to calculate the
lowest order cross section including the complete mass dependence of Eq.
and then to multiply by the K factor computed in the M; — oo limit. This
result will be extremely accurate.

The other potentially important correction to the hgg coupling is the two-
loop electroweak contribution involving the top quark, which is of O(asGrM?).
In th@heavy quark limit, the function F 5(7,) of Eq. @ receives a contribu-
tion,

GrMy ) (101)

F F 14—
1/2(7'q)—> 1/2(7'q)< 16\/5#2

When the total rate for Higgs production is computed, the O(asGrM?) con-
tribution is < .2% and so can be neglected. The O(a;GrM?) contributions
therefore do not spoil the usefulness of the gg — h mechanism as a means of
counting heavy quarks.

At lowest order the gluon fusion process yields a Higgs boson with no
transverse momentum. At the next order in perturbation theory, gluon fusion
produces a Higgs boson with finite pp, primarily thrth the process gg — gh.
At low pp, the parton cross section diverges as 1/p%!

dé Sa. (1 M2\* M2\*
ad B = ot LMy 2
dt(ggqg) UO?W{p?rK S) * +(8>]
4 M2\?  2p2
(-2 2 (102)
S S S

The hadronic cross section can be found by integrating Eq. @ with the gluon
structure functions. In Fig. @, we show the pr spectrum of the Higgs boson
at O(a2). At the LHC, the event rate even at large pr is significant. This
figure clearly demonstrates the singularity at pr — 0.

6.3 Finding the Higgs Boson at the LHC

We turn now to a discussion of search techniques for the Higgs boson at the
LHC. For My < 1 TeV, gluon fusion is the primary production mechanism.
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Figure 14: Higgs boson transverse momentum distribution from Eq. @

Fig. shows the Higgs boson production rates from various processes at the
LHC. At the presen@ime, there are two large detectors planned for the LHC;
the ATLAS detectod and the CMS detectoitd. A more detailed discussion of
the experimental issues involved in searching for the Higgs boson at the LHC
can be found in the 1997 TASI lectures of F. Paige

The production rate for the Higgs boson at the LHC is significant, oj ~
10 pb for M ~ 200 GeV. However, in order to see the Higgs boson it must
decay into some channel where it is not overwhelmed by the background. For
M}, < 2Myy the Higgs boson decays predominantly to bb pairs. Unfortunately,
the QCD production of b quarks is many orders of magpitude larger than Higgs
production and so this channel is thought to be uselessF One is led to consider
rare decay modes of the Higgs boson where the backgrounds may be smaller.
The decay—channels which have received the most attention are h — ~vy and
h — ZZ *a The branching ratios for these decays are shown in Fig. ﬁ and

‘References to the many studies of the decays h — ~y and h — ZZ* at the LHC can be
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Figure 15: Processes contributing to Higgs production at the LHC.

can be seen to be quite small. (The rates for off-shell gauge bosons, h — VV*,
V = W¥, Z must be multiplied by the relevant branching ratios, V — f’f.)
The h — ZZ* decay mode can lead to a final state with 4 leptons, 2 of
whose mass reconstructs to Mz while the invariant mass of the 4 lepton system
reconstructs to My,. The largest background to this decay is ¢ production with
t — Wb — (Iv)(clv). There are also backgrounds from Zbb production, ZZ*
production, etc. For M), = 150 GeV, the ATLAS collaboration estimates that
there will be 184 signal events and 840 background events in their detector in
one year from h — ZZ* — (41) with the 4-lepton invariant mass in a mass bin
within £20 of M, The leptons from Higgs decay tend to be more isolated
from other particles than those coming from the backgrounds and a series of
isolation cuts can be used to reduce the rate to 92 signal and 38 background
events. The ATLAS collaboration claims that they will be able to discover the
Higgs boson in the h — ZZ* — [TI~1*]~ mode for 130 GeV < Mj, < 180 GeV

found in Ref. 45.

34



with an integrated luminosity of 10° pb~! (one year of running at the LHC
with design luminosity) and using both the electron and muon signatures. For
M}, < 130 GeV, there are not enough events since the branching ratio is too
small (see Fig. [), while for Mj, > 180 GeV the Higgs search can proceed via
the h — ZZ channel, which we discuss in Section 7.2.

For Mj < 130 GeV, the Higgs boson can be searched for through its
decay to two photons. The branching ratio in this region is about 1072, so for
a Higgs boson with M} ~ 100 GeV there will be about 3000 events per year.
The Higgs boson decay into the v~ channel is an extremely narrow resonance
in this region with a width around 1 KeV. From Fig. ﬂ we see that the
branching ratio for h — v+ falls rapidly with increasing M}, and so this decay
mode is probably only useful in the region 80 GeV < M), < 130 GeV.

The irreducible background to h — 7 comes from qg — v and gg — 7.
Extracting the narrow signal from the immense background poses a formidable
experimental challenge. The detector must have a mass resolution on the order
of dm/m ~ 1.5% in order to be able to hope to observe this signal. For
My, = 110 GeV the ATLAS collaboration estimates that there will be 1430
signal events and 25,000 background events in a mass bin equal to the Higgs
width. This leads to a ratio ,

Signal

e e o
v Background

A ratio greater than 5 is usually defined as a discovery. ATLAS claims that
they will be able to discover the Higgs boson in this channel for 100 GeV <
My, < 130 GeV. (Below 100 GeV the background is too large and above
130 GeV the event rate is too small.) Because of its @ely grained calorimeter,
the CMS collaboration expects to do slightly better

There are many additional difficult experimental problems associated with
the decay channel h — vy. The most significant of these is the confusion of
a photon with a jet. Since the cross section for producing jets is so much
larger than that of h — =~ the experiment must not mistake a photon for a
jet more than one time in 10*. It has not yet been demonstrated that this is
experimentally feasible.

One might think that the decay h — 777~ could be measured since as
shown in Fig. E its branching ratio is considerably larger than h — ZZ*
and h — ~vy; BR(h — 7t77) ~ 3.5% for M}, in the 100 GeV region. The
problem is that for the dominant production mechanism, gg — h, the Higgs
boson has no transverse momentum and so the 717~ invariant mass cannot be
reconstructed. If we use the production mechanism gg — hg, then the Higgs
is produced at large transverse momentum and it is possible to reconstruct

(103)
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the 777~ invariant mass. Unfortunately, the backeround from qg — 77~
and from tf decays is much larger than the signalld Recent studies, however,
have shown that the h — 77~ decay channel may be useful at the LHC for
My, ~ 110 — 150 GeV with 30 fb=! of dataﬁ

6.4 Associated Higgs Boson Production

At the Tevatron and the LHC the process qg — Wh offers the_hope of being
able to tag the Higgs boson by the W boson decay productsEd This process
has the rate:

GEMyy [ Vi 2 a2
6m82(1 — M2, /3)2 Wh

6(q:iq; = W*h) = (104)

i)

12M2,

where Awp, = 1 —2(ME, + M?)/3+ (M3, — M?)?/5? and Vj; is the Kobayashi-
Maskawa angle associated with the ¢;q;IW vertex. This process is sensitive to
the WTW~h coupling and so will be different in extensions of the Standard
Model.
Since this mechanism produces a relatively small number of signal events,
(as can be seen clearly in Figs. @ and ), it is important to compute the rate
as accurately as possible by including the QCD radiative corrections. This has
been done in Ref. 51, where it is shown that the cross section can be written
as
do

d—qg(pp — W*h) = a(pp — W**)

VEr Mg P\,

to all orders in ays. In Eq. @, W* is a virtual W with momentum ¢ and
| D= \/E/\‘l,éiﬂ is the momentum of the outgoing W+ and h. From Eq. [[05,
it is clear that the radiative corrections to W*h production are identical to
those for the Drell-Yan process which have been known for some time. Using
the DIS factorization scheme, the cross section at the LHC is increased by
roughly 17% over the lowest order rate. The QCD corrected cross section is
relatively insensitive to the choice of renormalization and factorization scales.
It is, however, quite sensitive to the choice of structure functions. The rate
for pp — W=h at the LHC is shown in Fig. [Lj (the long-dashed curve) and
is more than an order of magnitude smaller than the rate from gluon fusion.
The rate for pp — Zh is smaller still.

The Wh events can be tagged by identifying the charged lepton from
the W decay. Imposing isolation cuts on the lepton significantly reduces the
background. At the LHC, there are sufficient events that the Higgs producﬁ
in association with a W boson can be identified through the vy decay mode
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Higgs Production at the Tevatron
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Figure 16: Next to leading order QCD predictions for Higgs boson production at the Teva-
tron. The dot-dashed line is the W*h production rate (summed over W charges), while
the solid line is the rate for Higgs production from gluon fusion.

ATLAS claims a 40 signal in this channel for 80 GeV < M}, < 120 GeV with
100 fb~1, (this corresponds to about 15 signal events), while CMS hopes to
find a 6 — 7o effect in this channel. There are a large number of Wh events
with W — Iv and h — bb, but unfortunately the backgrounds to this decay
chain are difficult tp reject and observation of this signal will probably require
a high 1urninosity§O

Associated production of a Higgs boson with a W boson can also poten-
tially be observed at the Tevatronkd For a 100 GeV Higgs boson, the lowest
order cross section is roughly .2 pb. Including the next-to-leading order correc-
tions increases this to .3 pb, v@ile summing over the soft gluon effects increases
the NLO result by 2 — 3%. The next to leading order rate for pp — Wh
is shown in Fig. E and is much smaller that that from gluon fusion. At
the Tevatron, the Higgs boson from W*h production must be searched for
in the bb decay mode since the vy decay mode produces too few events to
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Figure 17: Luminosity required to obtain a 50 signal in the process, pp — Wh, W — lv,h —
bb at \/s =2 TeV. From Ref. 54.

be observable. The largest backgrounds are Wbb and WZ, along with top
quark production. The background from top quark production is consider-
ably smaller at the Tevatron than at the LHC, however. The Tevatron with
2 —4 fb~! will be sensitive to M), < M, a region already probed by LEP2.

An upgraded Tevatron with higher luminosity (say 25 — 30 fb~!) may
be able to probe a Hi éoson mass up to about 130 GeV through the Wh
production mechanismgg This result depends critically on the b tagging ca-
pabilities of the detectors, since it requires reconstructing the mass of both
b— jets. Fig. E shows the luminosity required to obtain a 5 ¢ signal at the
Tevatron as a function of Higgs mass. The 120 — 130 GeV mass region is
particularly important since it is above the kinematic threshold of LEP2 and
is the most challenging region to probe at the LHC.

7 Higgs Boson Production from Vector Bosons
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Figure 18: Contribution to heavy Higgs boson production from vector boson scattering.

7.1 The Effective W Approximation

We turn now to the study of the couplings of the Higgs boson to gauge bosons.
We begin by studying the diagram in Fig. 18. Naively, one expects this dia-
gram to give a negligible contribution to Higgs production because of the two
W boson propagators. However, it turns out that this production mechanism
can give an important contribution. The diagram of Fig. 18 can be interpreted
in parton model language as the resonant scattering of two W bosons to form
a Higgs bosoikd and we can compute the distribution of W bosons in a quark
in an analogous manner to the computation of the distribution of photons in
an electrontd By considering the W and Z gauge bosons as partons, calcu-
lations involving gauge bosons in the intermediate states can be considerably
simplified.

In order to treat the W and Z bosons as partons, we consider them as
on-shell physical bosons. We make the approximation that the partons have
zero transverse momentum, which ensures that the longitudinal and transverse
projections of the W and Z partons are uniquely specified. We want to be able
to write a parton level relationship:

1
o+ a2 = d+ X) = [, dofym(@oW 42— X). (106
E

The function fq/ﬁx) is called the distribution of W’s in a quark and it is
defined by Eq. [L0§. The longitudinal and transverse W distributions in a
quark can be found in a man directly analogous to the derivation of the
effective photon approximatiogg

2
I B g 1—x
@) = 167r2< x >
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2 52
T _ 9 4 2
gw() = i 10g< 5 > {1 +(1—-2) ] , (107)

where we have averaged over the two transverse polarizations and E is the
relevant energy scale of the WW subprocess. The logarithm in Eq. @ is
the same logarithm which appears in the effective photon approximation. The
result of Eq. @ violates our intuition that longitudinal gauge bosons don’t
couple to massless fermions. This is because the integral over the angle between
the outgoing quark and the emitted W boson picks out the small angle region
and hence the subleading term in the W polarization tensor.

It is straightforward to compute the rates for processes involving WW
scattering. The hadronic cross section can be written in terms of a luminosity
of W’s in the proton and a subprocess cross section for the WW scattering,

boodL
dTE lppyww oww—x (75) (108)

Opp—WW—X (5) = /

Tmin

where the luminosities are defined:
dl Yar: [Ydx '\ dL
E |pp/WW = Z/ 7/, ?fl(x)fj <E)d_§ |Qin/WW
ZJ T T

ac Ld ’
7 laaww = /Tffq/w(w)fq/w(g)- (109)

fi(x) are the quark distribution functions in the proton and ¢ = 7/7'. The
distributions of Z bosons are found in an identical manner and are roughly a
factor of three smaller than the W distributions due to the smaller couplings
of the Z to the fermions. The approximation of Eq. has been shown to be
extremely accurate for heavy Higgs boson production.

The effective W approximation is particularly useful in models where the
electroweak symmetry breaking is due not to the Higgs mechanism, but rather
to some strong interaction dynamics (such as in a technicolor model). In these
models one typically estimates the strengths of the three and four gauge boson
couplings due to the new physics. These interactions can then be folded into
the luminosity of gauge bosons to get estimates of the size of the new physics
effects.

7.2 Searching for a Heavy Higgs Boson at the LHC

We now have the tools necessary to discuss the search for a very massive
Higgs boson. The rates for the various production mechanisms contributing
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to Higgs production at the LHC are shown in Fig. . For M <1 TeV the
dominant production mechanism at the LHC is gluon fusion. For heavy Higgs
boson masses, the W+ W ~ fusion mechanism is also an important mechanism.
Searching for a Higgs boson on the TeV mass scale will be extremely difficult
due to the small rate. For example, a 700 GeV Higgs boson has a cross section
near 1 pb leading to around 10° events/LHC year. The cleanest way to see
these events is the so-called “gold-plated” decay channel,

h— 27 — (7)1 +1 7). (110)

The lepton pairs will reconstruct to the Z mass and the 4 lepton invariant mass
will give the Higgs boson mass. Since the branching ratio, Z — (41), l = e, u
is ~ .36% the number of events for a 700 GeV Higgs is reduced to around 360
four lepton events per year. Since this number will be further reduced by cuts
to separate the signal from the background, it is clear that this channel will
run out of events as the Higgs mass becomes heavierﬁ
In order to look for still heavier Higgs bosons, one can look in the decay
channel,
h— 27— (I717)(vp). (111)

Because the branching ratio, Z — v7, is approximately 20 %, this decay
channel has a larger rate than the four lepton channel. However, the price is
that because of the neutrinos, events of this type cannot be fully reconstructed.
This channel extends the Higgs mass reach of the LHC slightly.

Another idea which has been proposed is to use the fact that events coming
from WW scattering have outgoing jets at small angles, whereas the WW
background coming from ¢g — WFW ™ does not have such jetsPd Additional
sources of background to Higgs detection such as W plus jet production have
jets at all angles.

The LHC will have the capability to observe the Higgs boson between
around 100 GeV < M}, < 800 GeV. Since LEP2 will cover the region up to
around Mj, ~ 100 GeV there will be no holes in the experimental coverage of
the Higgs boson mass regions.

8 Higgs Production at a High Energy e¢te~ Collider

8.1 ete = 1lh

In ete™ collisions the Higgs boson can be produced by ete™ — Zh, as dis-
cussed in Sec. 5. This mechanism will probe close to the kinematic bound
at LEP2. At higher energies the WTW ™~ and ZZ fusion processes become
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important EEE

ete” — WTW v — hp,
ete™ — ZZete  — hete. (112)

The fusion cross sections are easily found,@

_ < G3.ME 1 1
olete™ = VV = 1lh) = T Juz da [ —<1+s<y_di’>/M5>z

- [( T a2 f(x,y) + de2ag(a, yﬂ (113)

where,

oy = (Z-1tE 240 1y

Y log(1+ w))

y3 Y2 2y 2)\1+w
z w*(l—y)
y? 14w
T 242 1 w
- (== o) (2 —10g1
g(z,y) ( 2ty 2><l—|—w og( +w))
y(sz — M)
= 2" 114
and v, = a. = V2forete™ — WHW o — voh and v, = —1+4sin’ Oy, a. =

—1forete™ — ZZeTe™ — eTe~h. The vector boson fusion cross sections are
shown in Figs. [l and RJ as a function of /3.

The ZZ fusion cross section, eTe™ — eTe™h, is an order of magnitude
smaller than the W+W~ fusion process due to the smaller neutral current
couplings. This suppression is partially compensated for experimentally by the
fact that the eTe™h final state permits a missing mass analysis to determine
the Higgs boson mass.

At an ete™ collider with /s ~ 350 GeV, the cross section for vector boson
fusion, ete™ — WHTW ~v¥ — hvw, and that for eTe™ — Zh are of similar size
for a 100 GeV Higgs boson. The fusion processes grow as (1/M2,) log(s/M?),
while the s— channel process, eTe™ — Zh, falls as 1/s and so at high enough
energy the fusion process will dominate, as can be seen in Figs. E and E

8.2 ete” —tth

Higgs boson production in association with a ¢ pair is small at an e*e™ collider.
At /s = 500 GeV, 20 fb~! of luminosity would produce only 20 events for
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Figure 19: Higgs boson production in ete™ collisions for Mj, = 100.

My, = 100 GeV. The signature for this final state is spectacular, however,
since the final state is predominantly W W ~bbbb, which has a very small
background.

The process eTe™ — tth provides a direct mechanism for measuring the
tth Yukawa coupling. Since this coupling can be significantly different in a su-
persymmetric model from that in the Standard Model, the measurement would
provide a means of discriminating between models. The #th Yukawa coupling
also enters into the rates for gg — h and h — 7y as these processes have
large contributions from top quark loops. However, in these cases it is possible
that there is unknown new physics which also enters into the calculation of the
rate and dilutes the interpretation of the signal as the measurement of the tth
coupling.

The rate for ete™ — bbh in the Standard Model is probably not large
enough to be measured due to the smallness of the bbh Yukawa coupling. In
supersymmetric models with large tan 3, however, the rate can be enhanced.
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Figure 20: Higgs boson production in ete™ collisions for Mj, = 200.

The cass section for eTe™ — tth occurs through the Feynman diagrams
of Fig. p1|

do(ete™ — tth?) B 0o 90 2Q:Q: VeV,

dxp, = N (4m)2 @l + 1—-MZ%/s

(V2 +AD) (VP + A7)
(1 - Mz/s)?

V2 A2 °
1=2

Qth‘/eV;S
1—M§/SG6} ’ (115)

_|_

=

where o¢ = 47a?/3s, « is the QED fine structure constant, N, = 3 is the
number of colors, x;, = 2E},/+/s with E}, the Higgs boson energy, and Q;, V;
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Figure 21: Feynman diagrams contributing to the lowest order process, eTe™ — tth.

and A; (i=e, t) denote the electromagnetic and weak couplings of the electron
and of the top quark respectively,

_ 203, —4Qis}y A 2Dy

Vi
4SWCW

;= 116
4SWCW ( )

with Ii, =+1/2 being the weak isospin of the left-handed fermions and s%;, =
1—c}, =0.23.

The coeflicients GG; and G2 describe the radiation of the Higgs boson from
the top quark. The other four coefficients, Gs, ..., Gg describe the emission of
a Higgs boson from the Z-boson. Analytic expressions for G; can be found in
the first paper of Ref. 62. The most relevant contributions are those in which
the Higgs boson is emitted from a top quark leg, i.e. those proportional to G
and Gy in Eq. ([15). The contribution from the Higgs boson coupling to the
Z boson is always less than a few per cent at /s = 500 GeV and 1 TeV and
can safely be neglected. In Fig. @, we show the complete cross section for
eTe~ — tth production and also the contribution from the photon exchange
contribution only. We see that at both /s = 500 GeV and 1 TeV, the cross
section is well approximated by the photon exchange only.

The O(ay) corrections to the rate for eTe— — tth increase the rate signif-
icantly at /s = 500 and are shown in Fig. @E The factor K is defined to be
the ratio of the O(a;) corrected rate to the lowest order rate. At /s =1TeV,
the corrections are small. Note that the only p dependence occurs in ag(u).
If 4 = /s, then K (M}, = 100 GeV) is reduced to 1.4 from the value K = 1.5
obtained with u = M; for \/s = 500 GeV. Further study is needed of the
viability of this process as a means of measuring the tth Yukawa coupling.
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Figure 22: Lowest order cross section for eTe™ — tth at /s = 500 GeV and /s = 1 TeV.
The curve labelled complete includes v, Z exchange, along with bremsstrahlung from the Z
boson. We take My = 175 GeV'.

9 Strongly Interacting Higgs Bosons

We can see from the scalar potential of Eq. 43 that as the Higgs boson grows
heavy, its self interactions become large and it becomes strongly interacting.
The study of this regime will therefore require new techniques. For Mj >
1.4 TeV, the total Higgs boson decay width is larger than itgmass and it no
longer makes sense to think of the Higgs boson as a particlePd A handy rule
of thumb for the heavy Higgs boson is

B M, \?
I'(h + Z7) ~ : 11
(h—WYW~ + ZZ) 500Gev<1TeV> (117)

The TeV Higgs boson regime can most easily be studied by going to the
Goldstone boson sector of the theory. In Feynman gauge, the three Goldstone
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Figure 23: Ratio of the O(as) corrected rate to the lowest order cross section for ete™ — tth
at /s = 500 GeV. We take M; = 175 GeV and as(M?2) = .1116.

bosons, wT, z, have mass M, . = Mw,z and have the interactions,

M2 M2 ?
V= —hh<h2+z2+2w+w> +—h<h2+z2+2w+w> . (118)
2v 82
Calculations involving only the Higgs boson and the Goldstone bosons are
easy since the scalar contribution is enhanced by M7 /v?, while contributions
involving the gauge bosons are proportional to g% and so can be neglect@d for
heavy Higgs bosons. For example the amplitude for wtw™ — wTw™ is,

M? s t
AwTw™ s wtw™) = ——h< + ) (119)
S—M}% t—M,%

02

where s,t,u are the Mandelstam variables in the wTw™ center of mass frame.
It is instructive to compare Eq. with what is obtained by computing
WEL W, — WEL W using longitudinally polarized gauge bosons and extracting
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Figure 24: Goldstone boson scattering, wtw™ — wtw™.

the leading power of s from each diagram@

1 52 t?
A(W+W——>W+W—)~——{—s—t+ + } . (120)
LL LL v2 s—M?  t—M?

From Egs. and we find an amazing result,

2

AWFW, - Wiw,) = Awtw™ - whw™) + (’)(JWSW) (121)
This result means that instead of doing the complicated calculation with real
gauge bosons, we can instead do the easy calculation with only scalars if we
are at an energy far above the W mass and are interested only in those effects
which are enhanced by M, ,% /v?. This is a general result and has been given the
name of the electroweak equivalence theoremPd The electroweak equivalence
theorem holds for S— matrix elements; it is not true for individual Feynman
diagrams.

The formal statement of the electroweak equivalence theorem is that

A(VI}VI?VI{V HVI}VI?VI{VI) = (i)N(—i)N/A(wlwg...wN —>(AJ1LU2...wN/)

+ O(M—a) (122)

S

where w; is the Goldstone boson corresponding to the longitudinal gauge boson,
Vi. In other words, when calculating scattering amplitudes of longitudinal
gauge bosons at high energy, we can replace the external longitudinal gauge
bosons by Goldstone bosons. A formal proof of this theorem can be found in
Ref. 66.

The electroweak equivalence theorem is extremely useful in a number of ap-
plications. For example, to compute the radiative corrections to h — WHW—
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or to WZF W, — WZF W, the dominant contributions which are enhanced by
M?2/v? can be found by computing the one loop corr t@ns to h — wTw™ and
to wTw™ — wTw™ considering only scalar particlesgv . Probably the most
powerful application of the electroweak equivalence theorem is, however, in the
search for the physical effects of strongly interacting gauge bosons which we
turn to now.

9.1  Unitarity

In the previous section we saw that the Goldstone bosons have interactions
which grow with energy. However, models which have cross sections rising
with s will eventually violate perturbative unitarity. To see this we consider
2 — 2 elastic scattering. The differential cross section is

do 1 9
— = 123
dQ)  64r3s [ Al (123)
Using a partial wave decomposition, the amplitude can be written as
A=167) (204 1)P(cosO)a; (124)

=0

where q; is the spin [ partial wave and P;(cos ) are the Legendre polynomials.
The cross section becomes,

87T o0 o0
= — 20+ 1)(21' +1 3
o 5 Z Z( +1)2U + Daq;

1=01'=0

1
. / d cos O P;(cos 0) Py (cos 6)
-1

16
= =Y e+l , (125)

1=0
where we have used the fact that the P;’s are orthogonal. The optical theorem
gives,
1 167
oc=—-Im [.A(H = O)} — U+1)]a ). (126)
s s
1=0

This immediately yields the unitarity requirement which is illustrated in Fig.

5|

| a; = Im(ay). (127)
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Figure 25: Argand diagram showing unitarity condition on scattering amplitudes.

From Fig. @ we see that one statement of unitarity is the requirement that
1
| Re(a;) |< 5 (128)

As a demonstration of unitarity restrictions, we consider the scattering
of longitudinal gauge bosons, W;‘ w, — W; W, which can be found to
O(M3,/s) from the Goldstone boson scattering of Fig. P4. We begin by
constructing the J = 0 partial wave, af, in the limit M3, << s from Eq. ,

1 0
adwrw™ —wtw™) = T6ms / | Al dt
M} M} M} s
— 2 - —=1 1+ — ) (129
167rv2{ +S—M}% s 08 +M,§ )

If we go to very high energy, s >> M,%, then Eq. has the limit

M2
0/ + ,— +,- h
(™ = ) sy (130)
Applying the unitarity condition, | Re(a§) |< 3 gives the restrictior@
My, < 870 GeV. (131)
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It is important to understand that this does not mean that the Higgs boson
cannot be heavier than 870 GeV, it simply means that for heavier masses
perturbation theory is not valid. By considering coupled channels, a slightly
tighter bound than Eq. can be obtained. The Higgs boson therefore plays
a fundamental role in the theory since it cuts off the growth of the partial wave
amplitudes and makes the theory obey perturbative unitarity.

We can apply the alternate limit to Eq. and take the Higgs boson
much heavier than the energy scale. In this limi

_ _ s
ag(wrw™ = ww™) — T (132)

Again applying the unitarity condition we find,
Vse < 1.7TTeV . (133)

We have used the notation s, to denote s(critical), the scale at which perturba-
tive unitarity is violated. Eq. is the basis for the oft-repeated statement,
There must be new physics on the TeV scale. Eq. tells us that without a
Higgs boson, there must be new physics which restores perturbative unitarity
somewhere below an energy scale of 1.7 TeV.

9.2 M; — oo, The Non-Linear Theory

So far we have considered searching for the Higgs boson in various mass
regimes. In this section we will consider the consequences of taking the Higgs
boson mass much heavier than the energy scale being probedt In fact, we
will take the limit M}, — oo and assume that the effective Lagrangian for elec-
troweak symmetry breaking is determined by new physics outside the reach of
future accelerators such as the LHC. It is an important question as to whether
we can learn something about the nature of the electroweak symmetry breaking
in this scenario.

Since we do not know the full theory, we build the effective Lagrangian
out of all operators consistent with the unbroken symmetries. In particular,
we must include operators of all dimensions, whether or not they are renor-
malizable. In this way we construct the most general effective Lagrangian that
describes electroweak symmetry breaking.

To specify the effective Lagrangian, we must first fix the pattern of sym-
metry breaking. We will assume that the global symmetry in the scalar sector
of the model is SU(2)r x SU(2)r as in the minimal Standard Model. We
will also assume a custodial SU(2)¢ symmetryPd This is the symmetry which
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forces p = ME, /(M2 cos ) = 1. The pattern of global symmetry breaking is
then
SU(2), x SU(2)r — SU(2)c. (134)

In this case, the %Mstone bosons can be described in terms of the unitary

unimodular field
iwi(x) -7
U= e . 135
exp ( 50 > (135)

This is analogous to the Abelian Higgs model where we took the Higgs field to

be,
b= e (hto) (136)
= ——e¢e> v).
V2

Under the global SU(2)r, x SU(2)g symmetry the U field transforms as,
U — L'UR. (137)

It is straightforward to write down the most general SU(2), x U(1)y
gauge invariant Lagrangian which respects the global symmetry of Eq. [134.
The Lagrangian can be written in terms of a derivative expansion, where each
additional set of derivatives corresponds to an additional power of s/A%, with
A some high scale corresponding to unknown new physics. The lowest or-
der effective Lagrangian (with two derivatives acting on the U field) for the
symmetry breaking sector of the theory is then

02

1 1
Lol = il {D#UT D“U] —5Tr <WWWW) -1 <BWB‘“’>, (138)
where the covariant derivative is given by,
i

g
D,U=0,U+ igW#T U- 2g'B#Urg. (139)

We use the superscript ‘nlr’ to denote ‘nonlinear realization’, since this expan-
sion contains derivative interactions.
The gauge field kinetic energies are matrices in SU(2) space:

1 )
Wi D) (&,WH — 0w, — §Q[Wuv Wu])

B,

3(0.8.- 0,8 )m (140)

with W, = W - ;. In unitary gauge, U = 1 and it is easy to see that Eq.
generates mass terms for the W and Z gauge bosons. The Lagrangian of
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Eq. is exactly the Standard Model Lagrangian with M} — oco. Since no
physical Higgs boson is included, £%Y, is non-renormalizable.

Using the Lagrangian of Eq. it ig straightforward to compute Gold-
stone boson scattering amplitudes such aE

AlwTw™ — 22) = v% = A(s,t,u) (141)

which of course agree with those found in the Standard Model when we take
M? >> s. Amplitudes which grow with s are a disaster for perturbation
theory since eventually they will violate perturbative unitarity as discussed in
Sec. 9.2. Of course, this simply tells us that there must be some new physics
at high energy.

Because of the custodial SU(2)¢ symmetry, the various scattering ampli-
tudes are related:

Alwtz — w+z) = A(t,s,u)
Alwrw™ mwhw™) = A(s,t,u) + A(t, s,u)
Awtwt mwtwt) = At s,u) + A(u,t, s)
Alzz = zz) = A(s,t,u) + A(t, s,u) + A(u, s, t). (142)

The relationships of Eq. [149 were discovered by Weinber@ over 30 years ago
for the case of 7w scattering, which has the same global SU)2), x SU(2)r
global symmetry?

Using the electroweak equivalence theorem, the Goldstone boson scatter-
ing amplitudes can be related to the amplitudes for longitudinal gauge boson
scattering. The effective W approximation can then be used to find the physi-
cal scattering cross sections for hadronic and eTe™ interactions in the scenario
where there is an infinitely massive (or no) Higgs boson.

Eq. is a non-renormalizable effective Lagrangian which must be in-
terpreted as an expansion in powers of s/A% where A can be taken to be the
scale of new physics which restores unitarity (say M} in a theory with a Higgs
boson). The effective Lagrangian can be written as,

Lo = L3N + Zaz(’) +- (143)

To O(s?) we have the non-Standard Model operators with four or fewer ﬁriva—
tives which conserve CP and preserve the custodial SU(2)¢ symmetry,

1
L1 = §ozlgg’T7"<BWTW‘“’),

JIn the limit M} >> /s there is an exact analogy between 77 scattering and WZFWE
scattering with the replacement fr — wv.
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L, = %a2g’BWTr<T[V“,V”]),
Ly = ia3gTT(WW[V“,V”]>,

2
Ly = 044{TT(V#VU)] ,

2
Ls = 045{TT(V#V“)] : (144)
where
T = 207T°U",
V., = (D U)UT, (145)

and T; = 7;/2 with the normalization Tr(T;T;) = %5”-. This is the most general
SU(2)r, xU(1)y gauge invariant set of interactions of O(s?) which preserves the
custodial SU(2)¢. The coeflicients, «;, have information about the underlying
dynamics of the theory. By measuring the various coefficients one might hope
to learn something about the mechanism of electroweak symmetry breaking
even if the energy of an experiment is below the scale at which the new physics
occurs.

If the assumption that there is a custodial SU(2)¢ is relaxed then there
is an additional term with two derivatives and six additional terms with four
derivatives,

Bi s

2
£y = 2 |:T’I’(TV#):| ,

Lo = agTr ,

( Jre(rv)
Lo - a7Tr(VHV“)Tr<TV,,)Tr(TV”),

V#VL,>TT TV* | Tr (TV”

1 2
Ls = ZaggQ{TT(TW‘W)} ,
Lo = %aggTr<TWW)Tr(T[V“,V”]>,
1 2
LIO = 50&10|:T7’(TV#)T7’(TVV):| 5
L1 = allge“”pUTr(TV#>TT<Vl,ng). (146)
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The first term £’ corresponds to a non-Standard Model contribution to the p
parameter.

Since the theory contains no Higgs boson, it is non-renormalizable and
so loop corrections will generate singularities. At each order in the energy
expansion new effective operators arise whose effects will cancel the singular-
ities generated by loops computed using the Lagrangian corresponding to the
order below in s/A?. To O(s?), the infinities which arise at one loop can all
be absorbed by defining renormalized parameters, a; (). The coefficients thus
depend on the renormalization scale p.

As an example, we calculate the loop corrections to the gange boson two
point functions from the new operators of Egs. and We compute
only the divergent contributions and make the identification

1 A2

—(4Am)T(1+¢€) — 10g<—2) (147)
€ 0

and drop all nonlogarithmic terms. Furthermore, we chose pu? = M%. This
gives an estimate of the size of the new physics corrections.

The contributions of the two point functions to four fermion amplitudes is
generally summarized by a set of parameters such as the S, T"and U parameters
of Ref. 75. Three of the operators, £], £1 and Lg, contribute at the tree-level
to the gauge-boson two-point-functions. Both £} and Lg violate the custodial
SU(2)c symmetry and so are expected to be small. The two point functions
arising from the La@rangian of Egs. and give contributions to S, T,
and U to one-loop,

@ A2
aAS = —log(—) —4e2ay
127\ M2
g*e? [1+30c%, 1-—22¢%, 1+ 6c}, A2
- 2 5 P} a3 P Qg IOg 9 )
167 3¢y 3¢y 3¢y my
3a A2 g* 3s, (3¢, — 1)
AT = ——1 — 203, — W—W
“ 167c3, °g<M§) +25 167r2c%V[ 22, 2
1552, (c? 1 3s2,(c? 1
+352,a3 + SW(C;/V + )a n SW(CV2V + )a5
dey, 2cyy,
3(2¢y, + 11 6(chy +1 3s3 9 A?
: sz )0‘6+ (Wz )a7+ -0 + ——ao| log ( — ),
Cw Cw 2 Cw z
QAU = —4e’ag+ 942 @ {— st (2¢8, + 3) s
1672 3c2,
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2

A
+ 253y (255 + ey )as + (2¢y — 15¢qy + 1)049] log <m—2) ;o (148)
Z

where s, = sin? 6y = .23 and ¢, = cos63,. Even when all the a; are zero,
the expressions for AS and AT are nonzero. This is because the nonlinear La-
grangian contains singularities which in the Standard Model would be cancelled
by the contributions of the Higgs boson. In these terms the renormalization
scale, i, is appropriately taken to be the same Higgs-boson mass we use to
evaluate the Standard Model contributions.

Due to the extraordinary precision of electroweak data at low energy and
on the Z pole, it is possible to place constraints on models for physics beyond
the Standard Model by studying these loop-level contributions of new physics
to electroweak observablesld First we analyze the numerical constraints on o,
(1 and ag (which arise from AS,; AT and AU, respectively), and we present
the best-fit central values with one-sigma errors,

a1 = (474+2.6)x1073,
B = (0.30+0.57) x 1073, (149)
ag = (—0.94+7.6)x 1073,

We use A = 2 TeV everywhere in this section. These constraints are sufficiently
strong that there is no sensitivity to these three parameters at LEP 29 Observe
that a positive value for «; is favored.

Two of the operators, £1 and Lg, contribute at the tree-level to the gauge-
boson two-point-functions and also to nonstandard WW~y and WW Z cou-
plings. These are sufficiently constrained by the limits on the two-point func-
tions that we will not consider their contributions to the three point func-
tions. Three operators, Lo, L3 and Lg, contribute to WW~ and WW Z cou-
plings without making a tree-level contribution to the gauge-boson propaga-
tors. Much of the literature describes nonstaﬁrd WW~ and WW Z vertices
via the phenomenological effective Lagrangian,

Lwwv =
_’ngwv{gY (VNV:;W_ ryv W:VVW_ MU)
- Ay o~ ~ ~
+ - v + —v
Ry WEW, VR 4 %W#UW pr”} : (150)

where V' = Z,, the overall coupling constants are gww~, = e and gwwz =
g cos Byy. The field-strength tensors include only the Abelian parts, i.e. WH =
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Table 2: 95% confidence level constraints for A = 2 T'eV. In the first row, all
other coefficients are set to zero. In the second row, a; = 5.5 x 1073 is chosen
according to Eq. 154.

I | o | a3 | a |
a; =0 0.214+0.15 | -0.174+0.11 | 0.16+0.67
a; =5.5x 1073 || 0.054+0.15 | -0.04+0.11 | -0.02£0.67

WY — §*WH and VI = VY — §*VH. The coefficients of the electroweak
chiral Lagrangian to O(s?) in the energy expansion can be matched to the pa-
ramet%iﬁtion of Eq. , demonstrating that the two approaches are equiv-
alent: 2

2

22 = 1+ 2L 151
91 (4%) T os 07,8 (151)
ky(q?) = 144 (ag + a3+ 049) , (152)

g2
kz(@®) = 1+ 052 By ( — sin? Oy g + cos® Oy (az + ag)) ,  (153)
M(@®) = Az(d®) =0. (154)

If we impose the custodial SU(2)¢ symmetry on the new physics, then we may
neglect the ag terms. Eqn. (ﬁ) reflects our prejudice that the Ay couplings,
being generated by O(s?) operators while the other couplings are generated by
O(s?) operators, should be relatively small.

We place constraints on the operators contributing to the 3-point function
by considering the effects of only one operators at a time. Note that in the
first row of Table 2, when o3 = 0, only ag is consistent with the Standard
Model at the 95% confidence level. However, in the second row where we have
chosen the central value of a; according to the best-fit value of Eqn. ([149),
all of the central values are easily consistent with the Standard Model. While
the central values easily move around as we include additional operators in the
analysis, the errors are much more robust.

The effects of the non-Standard Model gauge boson couplings can also be
searched for in e*e™ and hadron machines which are sensitiveﬁéoth the three
and four gauge boson vertices through vector boson scatteringl'ta Since the ef-
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fects grow with energy, the LHC will be much more sensitive than the Tevatron
to non-Standard Model gauge boson couplings. To study strong interactions
with the Lagrangian of Egs. and , the effective W approximation can
be used to get results for hadronic interactions or eTe™ scattering.

9.8  Coefficients of New Interactions in a Strongly Interacting Symmetry Break-
ing Sector

It is instructive to estimate the size of the «; coeflicients in typical theories.
Using the effective Lagrangian approach this can be done in a consistent way.
In any realistic scenario there will be a set of nonzero «;, and it is possible
(indeed likely) that there will be large interferences between the effects of the
various coeflicients. In order to see the types of limits which might arise in
various scenarios of spontaneous symmetry breaking, we consider a strongly
interacting scalar in order to obtain an indication of the sensitivity of our
results to the underlying dynamics. Using the effective-Lagrangian approach,
we can estimate the coefficients in a consistent way.

We first consider a model with three Goldstone bosons corresponding to the
longitudinal components of the W+ and Z bosons coupled to a scalar isoscalar
resonance like the Higgs boson. We assume that the a;(u?) are dominated by
tree-level exchange of the scalar boson. Integrating out@he scalar and matching
the coefficients at the scale M), gives the predictions,

1 1 m?
as(p?) = mﬁlog<u—§> (155)
= 205(p?) = 205(4%) = —an (1) (156)
1 1 m2 6473 Ty vt
) = —|=log (£ 157
s (1) 16772[24 o ("22) + % L (157)

where I';, is the width of the scalar into Goldstone bosons. All of the other «;
are zero in this scenario. It is important to note that only the logarithmic terms
are uniquely specified. The constant terms depend on the renormalization
scheme.

In Fig. P6 we plot as(u?) vs. ai(p?) with the pattern typical of a the-
ory dominated by a heavy scalar given in Eqn. [[57, —a;(u?) = 2aq(p?) =
2a3(11?) = au(p?). First of all, notice that the contour obtained depends
rather strongly upon our choice of the renormalization scale, u, especially with
regard to the as axis. Everything to the right of @y = 0 corresponds to
mpy < p. Furthermore, since we require that I';, be non-negative, we may
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Figure 26: 95% confidence level contours for A = 2 TeV and M; = 175 GeV for two values
of 1 in a model with a strongly interacting scalar, (c¢f Egs. 160-162 ).

approximately exclude everything below the as = 0 axis. The allowed region
to the upper right of the figure corresponds to a Higgs-boson with a mass in
the MeV range and an extremely narrow width; this portion of the figure is al-
ready excluded by experiment. The positive central value of a7 indicates that
a heavy scalar resonance is disfavored, in agreement with the indirect limits
from LEP2 discussed in Section 3.3.

10 Problems with the Higgs Mechanism

In the preceeding sections we have discussed many features of the Higgs mecha-
nism. However, most theorists firmly believe that the Higgs mechanism cannot
be the entire story behind electroweak symmetry breaking. The primary rea-
sons are:

e The Higgs sector of the theory is trivial (A — 0 as the energy scale — 00)
unless the Higgs mass is in a very restricted range.

e The Higgs mechanism doesn’t explain why v = 246 GeV'.

e The Higgs mechanism doesn’t explain why fermions have the masses they
do.
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Figure 27: Scalar contribution to fermion mass renormalization.

e Loop corrections involving the Higgs boson are quadratically divergent
and counterterms must be adjusted order by order in perturbation the-
ory to cancel these divergences. This fine tuning is considered by most
theorists to be unnatural.

10.1 Quadratic Divergences

The most compelling argument against the simplest version of the Standard
Model is the quadratically divergent contributions to the Higgs boson mass
which arise when loop corrections are computed. At one loop, the quartic self-
interactions of the Higgs boson generate a quadratically divergent contribution
to the Higgs boson mass which must be cancelled by a mass counterterm. This
counterterm must be fine tuned at each order in perturbation theory. We begin
by considering a theory with a single fermion, 1, coupled to a massive Higgs
scalar,

L= D(iO)+ | 040 —m%|¢|2—(AFw<z>+h.c.) L)

We will assume that this Lagrangian leads to spontaneous symmetry breaking
and so take ¢ = (h—i—v)/ﬁ, with h the physical Higgs boson. After spontaneous
symmetry breaking, the fermion acquires a mass, mp = Apv/v/2. First, let us
consider the fermion self-energy arising from the scalar loop corresponding to

Fig. 7
—iSe(p) = (LAF)?@')? / o e 159
mE\ @m k2 —m3(k—p)? —mg]

The renormalized fermion mass is myp = mp + dmp, with

omp = Xp(P) lp=mr
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A2t mp(l+ z)

= 3 de | d*K . (160

3274 /0 I/ (k"2 — m%22 — m%(1 — x)]? (160)
The integral can be performed in Euclidean space, which amounts to mak-

ing the following transformations,
ko — ik4
'k — id'kp
e (161)

Since the integral of Eq. @ depends only on k%, it can easily be performed
using the result (valid for symmetric integrands),

A2
Lﬂﬁm@@=ﬁ£ ydyf(y) (162

In Eq. 7 A is a high energy cut-off, presumably of the order of the Planck
scale or a grand unified scale. The renormalization of the fermion mass is then,

Nmp [ A7 ydy
5 = L / dz(1+ /
mr Rl NI N sy e (o)
3)\%771}7 A2
- log( = ) + ... 1
64n2 08 m2 + (163)

where the .... indicates terms independent of the cutoff or which vanish when
A — oo. This correction clearly corresponds to a well-defined expansion for
mp. The corrections to fermion masses are said to be natural. In the limit
in which the fermion mass vanishes, Eq. is invariant under the chiral
transformations,

v — Pty

Yr — €9yp, (164)

and so setting the fermion mass to zero increases the symmetry of the the-
ory. Since the Yukawa coupling (proportional to the mass term) breaks this
symmetry, the corrections to the mass must be proportional to mp.

The situation is quite different, however, when we consider the renor-
malization of the scalar mass from a fermion loop (Fig. @) using the same

Lagrangian (Eq. [159),

— AL Ty m _ -
~imsty?) = (0 () [ T () )

V2 2m)t (k2 —m3)[(k — p)? — m%]
(165)
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Figure 28: Fermion contribution to the renormalization of a scalar mass.

The minus sign is the consequence of Fermi statistics and will be quite impor-
tant later. Integrating with a momentum space cutoff as above we find the
contribution to the Higgs mass,

A2 A
(OM2), = Sg(m2) = —8—752[A2+(m?9—6m%)10g(m—F)
2 2
) md m
+emd =2 (10 (72))

4 0(%) (166)

where I (a) = fol dzlog(l—axz(1—=x)). The Higgs boson mass diverlﬁ quadrat-
ically! The Higgs boson thus does not obey the decoupling theore and this
quadratic divergence appears independent of the mass of the Higgs boson. Note
that the correction is not proportional to My. This is because setting the Higgs
mass equal to zero does not increase the symmetry of the Lagrangian. There
is nothing that protects the Higgs mass from these large corrections and, in
fact, the Higgs mass wants to be close to the largest mass scale in the theory.

Since we know that the physical Higgs boson mass, M}, must be less than
around 1 T'eV (in order to keep the W scattering cross section from violating
unitarity), we have the unpleasant result,

M} = M o+ 6M} + counterterm, (167)

where the counterterm must be adjusted to a precision of roughly 1 part in 10'°
in order to cancel the quadratically divergent contributions to d M}. This is
known as the “hierarchy problem”. Of course, the quadratic divergence can be
renormalized away in exactly the same manner as for logarithmic divergences
by adjusting the cut-off. There is nothing formally wrong with this fine tuning.
Most theorists, however, regard this solution as unattractive.

The effects of scalar particles on the Higgs mass renormalization are quite
different from those of fermions. We introduce two complex scalar fields, ¢,
and ¢o, interacting with the Standard Model Higgs boson, h, (the reason for
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Figure 29: Scalar contributions to Higgs mass renormalization.

introducing 2 scalars is that with foresight we know that a supersymmetric
theory associates 2 complex scalars with each massive fermion — we could just
as easily make the argument given below with one additional scalar and slightly
different couplings),

L o= 0401 P+ |0ug2 P —m2 | 1 P —m2, | 62 |7

+ /\S¢< | ¢1 | + | ¢1 |2) +Ly . (168)

From the diagrams of Fig. @, we find the contribution to the Higgs mass

renormalization,
) / d*k i N i
s (2m)* k2 —m2 k%2 —m?

As

A A
— 2 _ 9,2 9,2
= 162 {2A 2mg, log (mSI ) 2mg, log (m52 ) }
1
+ O<F) (169)
From Egs. [16d and [L6d, we see that if

(6M5)s

Ag = A2, (170)

the quadratic divergences coming from these two terms exactly cancel each
other. Notice that the cancellation occurs independent of the masses, mpr and
ms,, and of the magnitude of the couplings A\g and Af.

In the Standard Model, one could attempt to cancel the quadratic di-
vergences in the Higgs boson mass by balancing the contribution from the
Standard Model Higgs quartic coupling with that from the top quark loop in
exactly the same manner as above. This approach gives a prediction for the
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Figure 30: Scalar contributions to Higgs mass renormalization.

Higgs boson mass in terms of the top quark mass. However, since there is
no symmetry to enforce this relationship, this cancellation of quadratic diver-
gences fails at 2— loops.

After the spontaneous symmetry breaking, Eq. also leads to a cubic
interaction shown in Fig. B(. These graphs also give a contribution to the
Higgs mass renormalization, although they are not quadratically divergent.

A2 02 A M?
(6M;f)c = 1g7r2{—1+210g(m51> —Il(m—z’t)}+(msl—>m52)

co( L), Sl an

Combining the three contributions to the Higgs mass and assuming Ag = A%
and ms, = mg, we find no quadratic divergences,

2 A A 1
2 F 2 2
(5Mh)tot = —471'2 {msl 10g<m81> — Mg log(m—F)} +O(F> (172)

If the mass splitting between the fermion and scalar is small, dm? = m3, —m2 ,

then we have the approximate result,

2

(5M}%)tot ~ ;TF;(STI'IP . (173)
Therefore, as long as the mass splitting between scalars and fermions is “small”,
no unnatural cancellations will be required and the theory can be considered
“natural”.

One alternative to the Standard Model Higgs mechanism is that the Stan-
dard Model becomes supersymmetric. In these theories, there is a scalar asso-
ciated with each fermion and the couplings are just those of Eq. . The elec-
troweak symmetry is still broken by the Higgs mechanism, but the quadratic
divergences in the scalar sector are cancelled automatically because of the ex-
panded spectrum of the theory and so the model is no longer considered to
be unnatural. In the next section, we will briefly discuss the phenomenol-
ogy of the Higgs bosons occurring in supersymmetric models and emphasize
the si@igity of much of the phenomenology to that of the Standard Model
Higgska
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11 Higgs Bosons in Supersymmetric Models

Supersymmetry is a symmetry which relates particles of differing spin, (in
the above example, fermions and scalars). The particles are combined into
superfields, which contain fields differing by one-half unit of spinF4 The sim-
plest example, the scalar superfield, contains a complex scalar, S, and a two-
component Majorana fermion, ¥. The supersymmetry then completely speci-
fies the allowed interactions.

In a supersymmetric theory the scalars and fermions in a superfield have
the same couplings to gauge bosons and so the cancellation of quadratic di-
vergences occurs automatically as in the previous section. This is one of the
primary motivations for introducing supersymmetric models. The supersym-
metric Lagrangian contains scalar and fermion pairs of equal mass and so the
supersymmetry connects particles of different spin, but with all other charac-
teristics the same. It is clear, then, that supersymmetry must be a bro-
ken symmetry. There is no scalar particle, for example, with the mass and
quantum numbers of the electron. In fact, there are no candidate supersym-
metric scalar partners for any of the fermions in the experimentally observed
spectrum. We will take a non-zero mass splitting between the particles of a
superfield as a signal for supersymmetry breaking.

Supersymmetric theories are easily constructed according to the rules of
supersymmetry. There are two types of superfields relevant for our purposesﬂ

1. Chiral Superfields: These consist of a complex scalar field, S, and a 2-
component Majorana fermion field, .

2. MasslessVector Superfields: These consist of a massless gauge field with
field strength F/ ﬁ, and a 2-component Majorana fermion field, A\ 4, termed
a gaugino. The index A is the gauge index.

The minimal supersymmetric model (MSSM) respects the same SU(3) x
SU(2)r x U(1)y gauge symmetries as does the Standard Model. The particles
necessary to construct the minimal supersymmetric version of the Standard
Model are shown in Tables 3 and 4 in terms of the superfields, (which are de-
noted by the superscript “hat”). Since there are no candidates for supersym-
metric partners of the observed particles, we must double the entire spectrum,
placing the observed particles in superfields with new postulated superpart-
ners. There are, of course, quark and lepton superfields for all 3 generations
and we have listed in Table 3 only the members of the first generation. The

k The superfields alsg—ontain “auxiliary fields”, which are fields with no kinetic energy
terms in the LagrangianEd These fields are not important for our purposes.
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superfield Q thus consists of an SU(2);, doublet of quarks:

a-(4) (174)

and their scalar partners which are also in an SU(2), doublet,
QL= ( ZL ) : (175)
L

Similarly, the superfield U¢ (f)c) contains the right-handed up (down) anti-
quark, Tg (dg), and its scalar partner, @% (dj). The scalar partners of the
quarks are fancifully called squarks. We see that each quark has 2 scalar
partners, one corresponding to each quark chirality. The leptons are contained
in the SU(2) doublet superfield L which contains the left-handed fermions,

L, = ( ’; )L (176)

L= < YL ) . (177)

er

and their scalar partners,

Finally, the right-handed anti-electron, €g, is contained in the superfield E¢
and has a scalar partner €. The scalar partners of the leptons are termed
sleptons.

The SU(3) x SU(2);, x U(1) gauge fields all obtain Majorana fermion
partners in a supersymmetric model. The Ge superfield contains the gluons,
g%, and their partners the gluinos, g%; W, contains the SU (2)1. gauge bosons,
W; and their fermion partners, @; (winos); and B contains the U (1) gauge
field, B, and its fermion partner, b (bino). The usual notation is to denote the
supersymmetric partner of a fermion or gauge field with the same letter, but
with a tilde over it.

In the standard (non-supersymmetric) model of electroweak interactions,
the fermion masses are generated by the Yukawa terms in the Lagrangian

L=-XQ;®dr — \,QPUR + h.c. (178)

In a supersymmetric theory, however, a term proportional to ®¢ is not allowed
and so another scalar doublet must be added in order to give the 73 = 1 com-
ponents of the SU(2), fermion doublets mass. The minimal supersymmetric
model (MSSM) therefore has two Higgs doublet, ®; and ®,.
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Table 3: Chiral Superfields of the MSSM

Superfield SU(3) SU(2)r U(l)y Particle Content
Q 3 2 L (ug.dp), (@g.dr)
Ue 3 1 —3 Up, U
De 3 1 2 dr, di
L 1 2 —1  (vp,er), (7r,é1)
E© 1 1 2 er, €
o, 1 2 -1 (®1,hy)
by 1 2 1 (®2, hy)

Table 4: Vector Superfields of the MSSM

Superfield SU(3) SU(2)r U(l)y Particle Content
Ge 8 1 0 g, §

Wi 1 3 0 Wi, &

B 1 1 0 B, b

The Higgs sector of the MSSM is very similar to that of a general 2 Higgs
doublet modelBd The first contribution to the Higgs potential, Vp,
Vb= >, %D“D“
D= —g®iT P, (179)
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is called the “D”-term. The D-terms corresponding to the U(1)y and SU(2)L
gauge groups are given by,

v D= g (je - )
SU(2): D= —g<q>§*rgjq>{+<bg*73j<bg>, (180)

(where T = %a) The D terms then contribute to the scalar potential:

’ 2 2 . . ) A\ 2
Vp = %(l P, |2 _ | o, |2> + %((I)zl*q_qu){ + @E*Tqu’%) . (181)
Using the SU(2) identity,
T{;-Tgl = 25il6jk - 517-6“ (182)
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we find,
. 2

2
+%(| Ba 2~ | B |2) . (183)

The remainder of the scalar potential is given in terms of a function, W (the
superpotential), which can be at most cubic in the scalar superfields. The
SU(2)r, x U(l)y gauge invariance allows only one interaction involving only
the Higgs scalar fields,

W = /L‘i)l(i)g . (184)

The supersymmetry algebra requires that W give a contribution to the scalar
potential

ow
Vz’:Z|a—Zi|2 ; (185)

where z; is a superfield. To obtain the interactions, we take the derivative of W
with respect to z and then evaluate the result in terms of the scalar component
of z. The supersymmetric scalar potential is then,

2 /2 2 2
+ "
T (1ep -l ) 50w
(186)
This potential has its minimum at (®9) = (®9) = 0, giving (V) = 0 and so
represents a model with no electroweak symmetry breaking.

V=l pl? (|<1>1|2+|<1>2|2)+

It is difficult to break supersymmetry (and we know that it must be broken
since there are no scalars degenerate in mass with the known fermions). The
simplest solution is simply to add all possible soft supersymmetry breaking
mass terms. In the Higgs sector, this amounts to adding masses for each
doublet, along with an arbitrary mixing term.l The scalar potential involving
the Higgs bosons becomes,

Ve = (| w2 +m§> | & |2 +(| w? +m§) | 5 |2 —uBe;; (@i@; +h.c.)
2 12 2
+ 1 .
ST (00 P[22 ) 4302 070 (187

!These soft supersymmetry breaking terms do not generate quadratic divergences.
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The Higgs potential of the SUSY model can be seen to depend on 3 independent
combinations of parameters,

| [? +m3,
| [? +m3,
uB (188)

where B is a new mass parameter. This is in contrast to the general 2 Higgs
doublet model where there are 6 arbitrary coupling constants (and a phase)
in the potential. From Eq. , it is clear that the quartic couplings are fixed
in terms of the gauge couplings and so they are not free parameters. Note
that Vg automatically conserves CP since any complex phase in uB can be
absorbed into the definitions of the Higgs fields.

Clearly, if uB = 0 then all the terms in the potential are positive and the
minimum of the potential occurs with V' = 0 and (®?) = (®9) = 0. Hence all
3 parameters must be non-zero in order for the electroweak symmetry to be
broken. ﬂ The symmetry is broken when the neutral components of the Higgs
doublets get vacuum expectation values,

(@) = wu
(@) = wy . (189)

By redefining the Higgs fields, we can always choose v; and vy positive.

In the MSSM, the Higgs mechanism works in the same manner as in the
Standard Model. When the electroweak symmetry is broken, the W gauge
boson gets a mass which is fixed by v; and vy,

2

Miy =T +03) (190)
Before the symmetry was broken, the 2 complex SU(2),, Higgs doublets had 8
degrees of freedom. Three of these were absorbed to give the W and Z gauge
bosons their masses, leaving 5 physical degrees of freedom. There is now a
charged Higgs boson, H*, a CP -odd neutral Higgs boson, A°, and 2 CP-even
neutral Higgs bosons, h and H. It is a general prediction of supersymmetric
models that there will be an expanded sector of physical Higgs bosons. After
fixing v} 4+ v3 such that the W boson gets the correct mass, the Higgs sector
is then described by 2 additional parameters. The usual choice is

U2
tan f = — (191)
U1
" We assume that the parameters are arranged in such a way that the scalar partners of
the quarks and leptons do not obtain vacuum expectation values. Such vacuum expectation
values would spontaneously break the SU(3) color gauge symmetry or lepton number.
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Figure 31: Mass of the neutral Higgs bosons as a function of the pseudoscalar mass, M 4,
and tan 8. This figure assumes a common scalar mass of 1 T'eV, and neglects mixing effects,
(A; = p=0).

and M 4, the mass of the pseudoscalar Higgs boson. Once these two parameters
are given, then the masses of the remaining Higgs bosons can be calculated
in terms of M4 and tan 3. Note that we can chose 0 < 3 < % since we have
chosen vy, ve > 0.

In the MSSM, the p parameter is a source of concern. It cannot be set to
zero because then there would be no symmetry breaking. The Z-boson mass
can be written in terms of the radiatively corrected neutral Higgs boson masses
and u:

M? — M3 tan? 3
tan? 3 — 1

This requires a delicate cancellation between the Higgs masses and p. This
is unattractive, since much of the motivation for supersymmetric theories is
the desire to avoid unnatural cancellations. The p parameter can, however, be
generated naturally in theories with additional Higgs singlets.

Mz =2 — 24 (192)
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Figure 32: Maximum value of the lightest Higgs boson mass as a function of the squark mass.
This figure includes 2-loop radiative corrections and renormalization group improvements.
(We have assumed degenerate squarks and set the mixing parameters A; = u = 0.)

It is straightforward to find the physical Higgs bosons and their masses
in terms of the parameters of Eq. . Details can be found in Ref. 1. The
neutral Higgs masses are found by diagonalizing the 2 x 2 Higgs mass matrix
and by convention, h is taken to be the lighter of the neutral Higgs. At tree
level, the masses of the neutral Higgs bosons are given by,

1/2
1
ME = §{M}Z, + M2 F ((M}Z, + M2)? — AMZM? cos? 25) } (193)

The pseudoscalar mass is given by,

2| pB |
2 __
Mi="55 (194)

and the charged scalar mass is,
ME. = MZ + M3 . (195)
We see that at tree level, Eq. gives important predictions about the relative
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masses of the Higgs bosons,

Mpg+ > My

My > Mg

M, < My

M, < Mgz|cos2B6| . (196)

These relations yield the attractive prediction that the lightest neutral Higgs
boson is lighter than the Z boson. However, loop corrections to the relations
of Eq. are large. In fact the corrections to M7 grow like GpM;' and
receive contributions from loops with both top quarks and squarks. In a model
with unbroken supersymmetry, these contributions would cancel. Since the
supersymmetry has been broken by splitting the masses of the fermions and
their scalar partners, the neutral Higgs boson masses become at one- loop

1 2
My = —{M}Z, + ML+ — KM}Z, — M%) cos28 + —n >
’ 2 sin“ 3 sin“ 3
2 1/2

+ <M}Z, + M§> sin? 25} } (197)

where €y, is the contribution of the one-loop corrections,

3G m?

=———Mog(1+— ] . 198
o= Jamiton(1+ 57 1

We have assumed that all of the squarks have equal masses, m, and have
neglected the smaller effects from the mixing parameters, A; and p. In Fig.
@, we show the masses of the neutral Higgs bosons as a function of the pseu-
doscalar mass and for three values of tan 8. For tan 8 > 1, the mass eigenvalues
increase monotonically with increasing M4 and give an upper bound to the
mass of the lightest Higgs boson,

M? < M%cos? 26 +¢p, . (199)

The corrections from €j, are always positive and increase the mass of the lightest
neutral Higgs boson with increasing top quark mass. From Fig. @, we see
that M}, obtains its maximal value for rather modest values of the pseudoscalar
mass, M4 > 300 GeV. The radiative corrections to the charged Higgs mass-
squared are proportional to M? and so are much smaller than the corrections
to the neutral masses.
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Higgs Couplings to b in SUSY
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Figure 33: Coupling of the lightest Higgs boson to charge —1/3 quarks. The value Cppp, = 1
corresponds to the Standard Model coupling of the Higgs boson to charge —1/3 quarks.

There are many analyse@ which include a variety of two-loop effects,
renormalization group effects, etc., but the important point is that for given
values of tan @ and the squark masses, there is an upper bound on the lightest
neutral Higgs boson mass. For large values of tan 3 the limit is relatively
insensitive to the value of tan 8 and with a squark mass less than about 1 TeV,
the upper limit on the Higgs mass is about 110 GeV if mixing in the top squark
sector is negligible (A7 ~ 0). For large mixing, this limit is raised to around
130 GeV'.

e The minimal supersymmetric model predicts a neutral Higgs boson with
a mass less than around 130 GeV.

Such a mass scale may be accessible at LEP2, an upgraded Tevatron or the
LHC and provides a definitive test of the MSSM.

In a more complicated supersymmetric model with a richer Higgs structure,
the upper bound on the lightest Higgs boson mass will be changed. However,
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the requirement that the Higgs self coupling remain perturbative up to the
Planck scale gives an upper bound on the lightest supersymmetric Higgs boson
of aroynd 150 GeV in all models with only singlets and doublets of Higgs
bosonsEd This is a very strong statement. It implies that either there is a
relatively light Higgs boson or else there is some new physics between the
weak scale and the Planck scale which causes the Higgs couplings to become
non-perturbative.

Another feature of the MSSM is that the fermion- Higgs couplings are no
longer strictly proportional to mass. From the superpotential can be found
both the scalar potential and the Yukawa interactions of the fermions with the

scalars: P 92
1 _
Lw = — E | o |? —5 E [%Lm% +he.|, (200)

i @

where z; is a chiral superfield. This form of the Lagrangian is dictated by the
supersymmetry and by the requirement that it be renormalizable. To obtain
the interactions, we take the derivatives of W with respect to the superfields,
zi, and then evaluate the result in terms of the scalar component of z;.

The usual approach is to write the most general SU(3) x SU(2)r, x U(1)y
invariant superpotential with arbitrary coefficients for the interactions,

tei; [AlﬁiﬁjEc + Agmam] L UEDeDe, (201)

(where 4, j are SU(2) indices). We have written the superpotential in terms
of the fields of the first generation. In principle, the A; could all be matrices
which mix the interactions of the 3 generations.

The terms in the square brackets proportional to A, Ap, and Ay give the
usual Yukawa interactions of the fermions with the Higgs bosons from the term

— [ O*W
W, (m)% (202)

Hence these coefficients are determined in terms of the fermion masses and the
vacuum expectation values of the neutral members of the scalar components
of the Higgs doublets and are not free parameters at all.

It is convenient to write the couplings for the neutral Higgs bosons to the
fermions in terms of the Standard Model Higgs couplings,

L= oMy

Crpnfifih+ CrpufifiH + CrpafvsfiA|, (203)
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Table 5: Higgs Boson Couplings to fermions

I Cirmn Crra Cyga

cos o sin

u sin B sin B cot 6
sin o cos «

d cos 3 cos 3 tan 6

where Cy g, is 1 for a Standard Model Higgs boson. The C'ys; are given in Table
5 and plotted in Figs. 33 and 34 as a function of M 4. We see that for small M4
and large tan 3, the couplings of the neutral Higgs boson to fermions can be
significantly different from the Standard Model couplings; the b-quark coupling
becomes enhanced, while the t-quark coupling to the lightest Higgs boson is
suppressed. When M, becomes large the Higgs-fermion couplings approach
their standard model values, Cy¢p — 1. In fact even for M4 ~ 300 GeV, the
Higgs-fermion couplings are very close to their Standard Model values.

The Higgs boson couplings to gauge bosons are fixed by the SU(2), x U (1)
gauge invariance. Some of the phenomenologically important couplings are:

g M

VAVAS % Wz sin(8 — a)g"”
cos Oy
g M

ZMZVH - bt cos(fB — a)g"”
cos Oy

WHW?Yh igMy sin(8 — a)g"”
WHWYH : igMyw cos(B — a)g"”

Z"n(p)A(p') : %ﬁe_j‘)(mmu
2 HEAR): D gy (201

We see that the couplings of the Higgs bosons to the gauge bosons all depend
on the same angular factor, 3 — a. The pseudoscalar, A%, has no tree level
coupling to pairs of gauge bosons. The angle ( is a free parameter while the
neutral Higgs mixing angle, o, which enters into many of the couplings, can
be found at leading logarithm in terms of M4 and 3:

(M3 + M3)sin 23

tan2a = —
(M3% — M2)cos2p3 + €,/ sin”

(205)

With our conventions, —

0. It is clear that the couplings of the neutral
scalars to vector bosons +

us
2
( , Z) are suppressed relative to those of the
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Higgs Couplings to u,c,t in SUSY
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Figure 34: Coupling of the lightest Higgs boson to charge 2/3 quarks. The value Cyyp, = 1
yields the Standard Model coupling of the Higgs boson to charge 2/3 quarks.

standard model
91%11 vv + g?ngV = ghrvv (SM), (206)

where grvy is the coupling of the Higgs boson to vector bosons. Because of
this sum rule, the WW scattering production mechanism tends not to be as
important in supersymmetric models as in the Standard Model.

A complete set of couplings for the Higgs bosons (including the charged
and pseudoscalar Higgs) at tree level can be found in Ref. 1. These couplings
completely determine the decay modes of the supersymmetric Higgs bosons and
their experimental signatures. The important point is that (at lowest order) all
of the couplings are completely determined in terms of M4 and tan 5. When
radiative corrections are included there is a dependence on the squark masses

76



and the mixing parameters in the mass matrices. This dependence is explored
in detail in Ref. 34.

It is an important feature of the MSSM that for large M 4, the Higgs sector
looks exactly like that of the Standard Model. As M4 — oo, the masses of the
charged Higgs bosons, HT, and the heavier neutral Higgs, H, become large
leaving only the lighter Higgs boson, h, in the spectrum. In this limit, the
couplings of the lighter Higgs boson, h, to fermions and gauge bosons take on
their Standard Model values. We have,

sin(8 — ) — 1 for My — o0
cos( — a) -0 . (207)

From Eq. , we see that the heavier Higgs boson, H, decouples from the
gauge bosons in the heavy M 4 limit, while the lighter Higgs boson, h, has Stan-
dard Model couplings. The Standard Model limit is also rapidly approached
in the fermion-Higgs couplings for M4 > 300 GeV'. In the limit of large M 4, it
will thus be exceedingly difficult to differentiate a supersymmetric Higgs sector
from the Standard Model Higgs boson.

e The supersymmetric Higgs sector with large M4 looks like the Standard
Model Higgs sector.

In this case, it will be difficult to discover supersymmetry through the Higgs
sector. Instead, it will be necessary to find some of the other supersymmetric
partners of the observed particles.

At a hadron collider, the neutral Higgs bosons of a supersymmetric model
can beggrched for using many of the same techniques as in the Standard
ModelEdEd For most choices of the parameter space, gluon fusion is the domi-
nant production mechanism. In the Standard Model, it was only the top quark
contribution to gluon fusion which was important. In a supersymmetric model,
however, the coupling to the b quark can be important for small values of cos 3,
as can be seen from Table 5.

Supersymmetric models have a rich particle spectrum in which to search
for evidence of the Higgs mechanism. The various decays such as h, H —
vy, HY — 1Ty, A® — 7F77, etc, are sensitive to different regions in the
M4 —tan @ parameter space. It takes the combination of many decay channels
in order to be able to cover the parameter space completely with out any
holes. Discussions of the capabilities of the LHC detectors to experimentally
observe evidence for the Higgs bosons of supersymmetric models can be found
in the ATLAS™ and CM3 studies. An upgraded Tevatron will also have the
capability to obtain ningful limits on the symmetry breaking sector of a
supersymmetric model
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Table 6: Higgs Mass Reach of Future Accelerators

Accelerator Luminosity =~ Higgs Mass Reach
LEP2 (192 GeV) 150 pb~1 95 GeV
Tevatron 5—10 fb=! 80— 100 GeV
TEV-33 25 —30 fb=1 120 GeV
LHC 100 fb~1 800 GeV
NLC (500 GeV) 50 b1 350 GeV

Both the Tevatron and the LEP and LEP2 colliders have searched for the
Higgs bosons and other new particles occuring in a SU model and have
ruled out large portions of the tanB- M4 parameter space

12 Conclusions

Our current experimental knowledge of the Standard Model Higgs boson gives
only the limits M}, > 90 GeV and M;, < 280 GeV from direct search experi-
ments and precision measurements at the LEP and LEP2 experiments. From
here, we must wait until the advent of an upgraded Tevatron and the LHC for
further limits. Through the decay h — 7+ and the production process pp —
ZI*1~, the LHC will probe the mass region between 100 < M) < 180 GeV,
while the Tevatron is sensitive to M, < 130 GeV with 30 fb~! through the
Wh production process. For the higher mass region, 180 < M, < 800 GeV/,
the LHC will be able to see the Higgs boson through the gold plated decay
mode, h — ZZ — ITIZI"]~. The expected sensitivity of future colliders is
summarized in Table 6@

One of the important yardsticks for all current and future accelerators is
their ability to discover (or to definitively exclude) the Higgs boson of the
Standard Model. We hope that at the time of the LHC, we will be able to
probe all mass scales up to My ~ 800 GeV. Having found the Higgs boson,
the next goal will be to determine if it is a Standard Model Higgs boson, or a
Higgs boson of some more complicated theory such as the MSSM.

If the Higgs boson is not found below this mass scale then we are in the
regime where perturbative unitarity has broken down and we are led to the
exciting conclusion that there must be new physics beyond the Standard Model
waiting to be discovered.
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