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Abstract

A basic introduction to the physics of the Standard Model Higgs boson
is given. We discuss Higgs boson production in e*e™ and hadronic collisions
and survey search techniques at future accelerators. The Higgs bosons of the
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arguments, vacuum stability and precision measurements at LEP are also pre-
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The search for the Higgs boson has become the holy grail of all particle accel-
erators. 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 will introduce the Higgs boson
of the Standard Model of electroweak interactions.[1] We discuss the production of
the Higgs boson in both etTe™ collisions and hadronic interactions and survey search
techniques in the various Higgs mass ranges.[2]

Section 1 contains a derivation of the Higgs mechanism, with particular emphasis
on the choice of gauge. In Section 2 we discuss Higgs production in ete™ collisions
and describe the current LEP bounds on the Higgs mass. Hadronic production of
the Higgs boson through gluon fusion and potential discovery channels at the LHC
are the subjects of Section 3. Section 4 contains a derivation of the effective W
approximation and a discussion of Higgs production through vector boson fusion at
the LHC.

Suppose the Higgs boson is not discovered in an e*e™ collider or at the LHC? Does
this mean the Standard Model with a Higgs boson must be abandoned? In Section
5, we discuss the implications of a very heavy Higgs boson, (Mg >> 700 GeV).
Finally, in Section 6, we present indirect limits on the Higgs boson mass from triviality
arguments, vacuum stability and precision ete™ measurements. Section 7 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 theory supersymmetric, which is discussed in Section
8. We present a lightning review of those aspects of supersymmetric theories which

are relevant for Higgs boson phenomenology. We end with some conclusions in Section
9.

1 The Higgs Mechanism
1.1 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 My = 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 simply|3] X
L= —ZFWF“”, (1)

where

F,=0A4,-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. Suppose we now add a mass



term to the Lagrangian,
1 1
£ = —ZF'UJ,FHV + §m2AHA“. (3)

It is easy to see that the mass term violates the local gauge invariance. Hence it is
gauge invariance that requires the photon to be massless.
We can extend the model by adding a single complex scalar field,

f(¢1 + ig). (4)

The Lagrangian is now,
1 v
L= JEuF"+ | Dyo [P ~V(9), (5)

where
D, = 0,—ieA,
V(g) = 1o +Ml¢ ") (6)
V(¢) is the most general renormalizable potential allowed by the U(1) invariance.

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

A(z) — A,{(:z:) — Oun(z)
= e g(z). (7)
(8)
There are two possibilities for the theory.! If u? > 0 then the potential has the
shape shown in Fig. 1 and preserves the symmetry 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 scenario is more interesting. In this case p? < 0 and the potential
can be written as

V(e)=—1ullol +A(l¢ ") (9)
which has the Mexican hat shape shown in Fig. 2. In this case the minimum energy
state is not at ¢ = 0 but rather at

(¢) = /£ (10)

(@) 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 ¢ as shown in Fig. 2. It is convenient to write ¢ as

—76v<v+H>, (11)

'We assume A > 0.



where y and H are real fields which have no VEVs. If we substitute Eq. 11 back into
the original Lagrangian we find the interactions in terms of the fields with no VEVs,

e%v?

1
L == —ZF#VFHV - €UAHaHX -+ TA#A#
1 1
+§ (QLH@“H + 2,u2H2> + 58@(8“)(
+(H, x interactions). (12)

Eq. 12 describes a theory with a photon of mass M, = ev, a scalar field H with
mass-squared —2u% > 0, and a massless scalar field y. The mixed Y — A propagator
is confusing however. This term can be removed by making a gauge transformation:

, 1
A, = Ay =~ (13)

After making the gauge transformation of Eq. 13 the x field disappears from the
theory and we say that it has been “eaten” to give the photon mass. The y field is
often called a Goldstone boson.[4] In the gauge of Eq. 13 the particle content of the
theory is apparent; a massive photon and a scalar field H. The field H is called 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 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 freedom.? After the spontaneous symmetry breaking
there is a massive photon (3 dof) and a real scalar, H, (1 dof) for the same total
degrees of freedom.

At this point let us make an aside about the gauge dependance of these results.
The gauge choice above with the transformation A, = A, — i@ux is called the
unitary gauge. This gauge has the advantage that the particle spectrum is obvious
and there is no x field. The unitary gauge however has the disadvantage that the
vector propagator, A, (k), has bad high energy behaviour,

1 kHEY

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 conventional mass,
coupling constant, and wavefunction renormalizations. More convenient gauges are
the so-called R, gauges which are obtained by adding the gauge fixing term to the
Lagrangian, 5]

1
2€

2Massless gauge fields have 2 transverse degrees of freedom, while a massive gauge field has an
additional longitudinal degree of freedom.

Lop = — (@Nﬂf%@% (15)




Different choices for £ correspond to different gauges. In the limit & — oo the unitary
gauge is recovered. Note that the cross term in Eq. 15 cancels the mixed xd,A"
term of Eq. 12. The gauge boson propagator in R gauge is given by

' 1—-&)k,k,
Al =~ 3z o — St 10)

In the R gauges the x field is part of the spectrum and has mass Mi = EM3.
Feynman gauge corresponds to the choice £ = 1 and has massive Goldstone bosons,
while Landau gauge has £ = 0 and massless Goldstone bosons 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 y field.

1.2 Weinberg-Salam Model

It is now straightforward to obtain the usual Weinberg-Salam model of electroweak
interactions.[6] Here we present a quick overview of the model with emphasis on
those aspects relevant for Higgs physics. Further details can be found in the lectures
of Peccei at this school.[7] The Weinberg- Salam model is an SU(2), x U(1)y gauge
theory containing 3 SU(2) gauge bosons, W;i’ and one U(1) gauge boson, B,,, with a
kinetic energy term,

]‘ 7 vi ]‘ v
Lxg = —1 WWW” — ZBWB“ (17)
where

Wi, = O,W,—0,W.+ ge*WIW}

B, = 0,B,-0,B, . (18)

Coupled to the gauge fields is a complex scalar doublet

L [ ¢1+igy
d=— . , 19
\/§ ( H +ig ( )
with a scalar potential is given by
2

V(®)=p?| 20 | +)\<| o' |) : (20)

(A > 0). This is the most general renormalizable and SU(2) invariant potential
allowed.

Just as in the Abelian model of Section 1.1, the state of minimum energy for
p? < 0is 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 ®T® = 2(¢% +
®3 + H? + ¢3) and we choose

<¢>:%<2) | (21)



With this choice the scalar doublet has U(1)y charge (hypercharge) Y = 1 and the
electromagnetic charge is Q) = T3 + % Therefore,

Q(®) =0 (22)

and electromagnetism is unbroken by the scalar VEV. The VEV of Eq. 21 hence
yields the desired symmetry breaking scheme, SU(2)r x U(1)y — U(1)gn-

It is now straightforward to see how the Higgs mechanism generates mass for the
W and Z gauge bosons. The contribution of the scalar fields to the Lagrangian is,

L, = (D"®)"(D,®) — V(®) (23)

where3
D, =8, +iZ 9 p 24
W= #+227'-W#+22 - (24)

In unitary gauge the scalar field can be written as

(D:%(fo) (25)

which gives the contribution to the gauge boson masses from the scalar kinetic energy
term,

1 1 1, 200
5(0 U)(§gT-W#+§g Bu) ( ; ) . (26)
Hence the gauge fields obtain a mass from the Higgs mechanism:
1 .
W, = E(W; TFiW;)
Z'u, — _g,B# + gW‘S
B, +gW;
A = T2 I u (27)

The coupling constants satisfy the usual relations,

e = gsinfy
e = g cosby (28)
and the masses are given by
M2 — 1 720’
W 4
1
Mz = (g +g ")
M, = 0. (29)

3The 7; are the Pauli matrices with Tr(1iTj) = 20;;. Different choices for the gauge kinetic energy
and the covariant derivative depend on whether g and ¢’ are chosen positive or negative. There is
no physical consequence of this choice.



It is again instructive to count the degrees of freedom after the spontaneous symmetry
breaking has occurred. We began with a complex scalar field ® with four degrees of
freedom, a massless SU(2) gauge field, W;, with six degrees of freedom and a massless
U(1) 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,
e 0
d=— .
V2 ( v+ H ) (30)

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 an important
role in our understanding of the physics of a very heavy Higgs boson, My > 1 TeV,
as we will discuss in Section 5.1.

In addition to giving the W and Z bosons their masses, the Higgs boson is also
used to give the fermions mass. The gauge invariant Yukawa coupling of the Higgs
boson to fermions is

[,f = _)\dan)dR + h.c. s (31)
where the left handed SU(2) fermion doublet is

o= (1) 3

This gives the effective coupling

Ad%(m, ) ( i ) dp + h.c. (33)

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

Ay = MaV2 (34)

(%

In order to generate a mass term for the up quark we use the fact that ®¢ = —i7,®*
is an SU(2) doublet and we can write the SU(2) invariant coupling

M@ Pur + h.c. (35)

which generates a mass term for the up quark. Similar couplings can be used to
generate mass terms for the charged leptons. For the multi-family case, the Yukawa
couplings, Ay and \,, become N x N matrices (where N is the number of families).
Since the mass matrices and Yukawa matrices are proportional, the interactions of

9



the Higgs boson with the fermion mass eigenstates are flavor diagonal. That is, the
Higgs boson does not mediate flavor changing interactions.

By expressing the fermion kinetic energy in terms of the gauge boson mass eigen-
states, the charged and neutral weak current interactions can be found. The param-
eter v can be determined from the charged current for p decay, u — ev.v,, as shown
in Fig. 3. 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

Gr_ ¢ _ 1
V2 8ME 202

(36)

which gives the result v? = (v2Gr)™! = (246 GeV ).

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. 20 had two
free parameters, ; and \. We can trade these for

2

2 _ _H
YT T
ME = 202 (37)

There are no free adjustable parameters and so Higgs production and decay processes
can be computed unambiguously in terms of the Higgs mass. In Fig. 4 we give a
complete set of Feynman rules for the couplings of the Higgs boson. Note that for
My >> v, the self couplings of the Higgs boson become strong.

2 Higgs Production in e"e~ Colliders

Since the Higgs boson coupling to the electron is very small, ~ m,/v, its dominant
production mechanism in e*e~ collisions is the so called “Bjorken Mechanism” shown
in Fig. 5.[8] An estimate of the size of Higgs production can be found from the decay
7 — Hff for a massless Higgs boson:

BR(Z — HfY) B g° Y | I + M2
BR(Z — ff) laan=o = 19272 cos 02, oMZ) Iz
12, (Mz\ 23
t = -
* My o ( |7 ) 2 ]
~ 1072 (38)

where 'z is the total Z boson decay width. We can see from Eq. 38 that Higgs boson
production in Z decays can never be more than a few percent effect.

The Higgs boson has been searched for in eTe™ collisions at the LEP collider,
which has /s = M. The Higgs is produced through the mechanism of Fig. 5, but
with the final Z off-shell and decaying to a lepton pair. The primary decay mechanism

10



used is Z* — HI'l~ whose branching ratio is shown in Fig. 6. The decay Z* — Hvv
is also useful since the branching ratio is 6 times larger than that of Z — He'te™.
The strategy is to search for each range of Higgs mass separately by looking for the
relevant Higgs decays. For example, a light Higgs boson, My < 2m, , necessarily
decays to 2 photons. For My ~ 1 MeV, the Higgs lifetime gives ¢t ~ 103 cm
and so the Higgs boson is long lived and escapes the detector without interacting.
In this case the relevant reaction is ete™ — Z — [Tl H and the signal is [T]™
plus missing energy from the undetected Higgs boson. For each mass region, the
appropriate Higgs decay channels are searched for. When the Higgs becomes heavier
than twice the b quark mass it decays primarily to bb pairs and the signal is then
ete” = Z — 171" H — ITl~ + jets. By a systematic study of all Higgs boson masses
and decay channels, the LEP experiments have found the limit[9]*

My > 58 GeV. (39)

Since the LEP experiments have on the order of one million Z’s we see from Fig. 6
that the number of Higgs events expected for higher masses is quite small and this
limit is not expected to be significantly improved by future running.[10]

In the future, LEPII will run at an energy somewhere above /s ~ 175 GeV and
so will look for the process ete™ — ZH shown in Fig. 5. The only difference between
this process and the searches at LEP is that now the final state Z can be on-shell.
The cross section for this process at a center- of- mass energy s is,[11]

VAN + 125 M2)[1 + (1 — 4sin? Oy)?]
19252 sin* Oy cos* Oy (s — M2)?

where A = (s — M% — M2)? —4M% M?Z. (In the center of mass, the momentum of the

outgoing Z is 2—‘/\/2) From this we can see that the cross section peaks at an energy

Vs~ My + V2Mpy. This is a very clean production channel with little background
and LEPII is expected to be able to explore the Higgs mass region up to the kinematic
limit, My < /s — Mz ~ O(80 GeV).

In Fig. 7, we show the total cross section for ete”™ — ZH as a function of /s
for fixed My. If we demand 40 ZH events with Z — ete™ + utp~ in 1000 pb—1
to discover the Higgs in this channel, then we require o > .7 pb which implies that
LEPII will be sensitive to My < 80 GeV', which is consistent with our estimate that
LEPII will reach the kinematic limit.

olete” > HZ) = (40)

3 Higgs Production in Hadronic Collisions

3.1 Gluon Fusion

We turn now to the production of the Higgs boson in pp or pp collisions. Since the
coupling of a Higgs boson to an up quark or a down quark is proportional to the

4Note that there is no region where light Higgs boson masses are allowed. The LEP limits thus
obviate early studies of mechanisms such as K — 7H or B — wH.

11



quark mass, this coupling is very small. The primary production mechanism for a
Higgs boson in hadronic collisions is through gluon fusion, gg — H, which is shown
in Fig. 8. The loop contains all quarks with mass m. (In extensions of the standard
model, all massive colored particles run in the loop.) To evaluate the diagram of Fig.
8, we use dimensional regularization in n = 4 — 2e dimensions. For a fermion of mass
m in the loop the amplitude given by the diagram of Fig. 8. is

sy aald @

iA = —(—ig,)*Tr(TaTs) (_im> /

where the overall minus sign is due to the closed fermion loop.> The denominator
is D = (k* — m?)[(k + p)? — m?][(k — ¢)*> — m?]. The usual method of Feynman
parameterization can be used to combine the denominators,

Lol i (42)
ABC ‘L ™)y Az +rBy+rC(—z—y)
and so the denominator becomes,

1 1
- 2/d d -
D~ TR 2k (pr — qu) P

(43)

Shifting the integration momenta, &' = k + pxr — qy, the denominator takes the form

1 1
LR / dz d . 44
D . y[kJ’Q—m2+MI2_Imy]3 (44)
The numerator of Eq. 41 is also easily evaluated
T = Tr|(k e+ m)y (k4 p m)(k — g+ m)y”)]
M2
= 4m {g’“’(m2 —k* — TH) + 4Kk +p”q”] (45)

where we have used the fact that for transverse gluons, ¢(p) - p = 0 and so terms
proportional to p, or g, can be dropped. We now shift momenta, drop terms linear
in £’ from the numerator and use the relation

) 1 k}l2
Ak ———— == ’“’/dnkli 46
/ &z—C)m  n? (&2 —C)m (46)
to write the amplitude in the form
. 2¢°m? d k! 4 1
= T, | /dd{#"{ : k:’2(——1) M2 (zy — =
1A ,0an (2n) rayq g |m” + - + Mpy(zy 2)

2dxdy
€
(&7 —m? + M)

+p"g"(1 — 4:vy)} (p)eu(q)- (47)

%€, (p) are the transverse gluon polarizations.

12



The integral of Eq. 47 can easily be done using the well known formulas of
dimensional regularization[12]

dark’! L2 . F(l n 6) .
/ (27‘()" (k’Q — 0)3 - 327.‘,2 (47) c (2 — E)C
/ (;iW];” (k' i C)3 - 32 755 (4m) T (1 +€)C™ e (48)

We find the well known result[13]

2 2
Algg — H) = —aj:: 4B (g"”]\g - g > / dwdy(%‘l_—;gxy)eu(p)eu(q)- (49)
(Note that we have multiplied by 2 in Eq. 49 to include the diagram where the gluon
legs are crossed.) The Feynman integral of Eq. 49 can easily be performed to find an
analytic result if desired.
It is particularly interesting to consider the case when the fermion in the loop is
much more massive than the Higgs boson, m >> Mpy. In this case we find,
Qg 2

30048 (9 Aﬁ —r'q > w(P)es(q)- (50)

We see that the production process gg — H is independent of the mass of the heavy
fermion in the loop in the limit m >> Mpy. Hence it counts the number of heavy
generations and is a window into new physics at scales much above the energy being
probed. This is a contradiction of our intuition that heavy particles should decouple
and not affect the physics at lower energy. The reason the heavy fermions do not
decouple is, of course, because the Higgs boson couples to the fermion mass.[15]
Resonant production of a heavy Higgs can be found from the standard formula:[14]

Algg = H) —mssmy —

2 2

sag D~ 99301 = =), (51)

o(g9g — H) =

It is straightforward to obtain our parton level result:

M3 2 5 2
blog > H) = grs M | 1(1) 265 - M3) (52)
where v/§ is the energy in the gluon -gluon center of mass and the integral I is defined
by
1 l=z 1 —Adzy
= (4 / d . 53
/o v 0 yl — azy (53)

In Fig. 9 we plot I(a) and see that it goes quickly to its large a value. Numerically,
the heavy fermion mass limit is an extremely good approximation even for m ~ M.
From this plot we can also see that the contribution of light quarks to gluon fusion
of the Higgs boson is irrelevant. In fact we have,

(6) e — 5 log%(a). (54)

13



Therefore, for the Standard Model, only the top quark is numerically important when
computing Higgs boson production from gluon fusion.

To find the physical cross section we must integrate with the distribution of gluons
in a proton,[22]

o(pp — H) = [ dudesg(w)g(22)5 (g9 — H), (55)

where g(z) is the distribution of gluons in the proton. Better numerical convergence
is obtained if we make the transformation of variables, 1 = \/7€¥, 25 = /7€ Y, and
7 = M%/5. The result is then,

2
a;

64mv?

M%) 2 1dL

o(pp — H) = gy

A4§|I< (56)

sdr

where the gluon- gluon luminosity is defined

TdL 1/—10g(ﬁ
log(+/7)

= )dy g(ﬁé‘)g(ﬁey). (57)
sdr s

The gluon-gluon luminosity is shown in Fig. 10 for Tevatron and LHC energies. We
see that the luminosity increases rapidly with energy.

It is straightforward to use the results given above to find the cross section for
Higgs production at the LHC (Large Hadron Collider), a planned pp collider at CERN
with an energy of 14 T'eV. We show in Fig. 11 the cross section for producing a Higgs
boson at the LHC. The resonant structure in the figure occurs at My ~ 2Mr and is
due to the fact that the amplitude for g9 — H gets an imaginary part for My > 2Mr,
as can be seen from the integral of Eq. 53. The planned luminosity at the LHC is
L = 10%*/em?/sec. Hence a cross section of 1 pb corresponds to roughly 10° events
per year, (a theorists year is typically taken to be 10"sec/year). In Section 3.3 we
will investigate whether these 10° events are actually observable.

3.2 Low Energy Theorem

A striking feature of our result for Higgs boson production from gluon fusion is that
it is independent of the heavy quark mass for a light Higgs boson. In fact Eq. 50 can
be derived from the effective vertex,[16, 23, 25]

— Qs ~A ~A pv (E)
Lot 127TG’“’G v

_ /BF A A ,u,V(H>

= et () -9,

where 5
_ 9sNu
iy

(58)
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is the contribution of heavy fermion loops to the SU(3) beta function and § = 2, /7.%
(Np is the number of heavy fermions with m >> Mpy.) The effective Lagrangian
of Eq. 58 gives ggH and gggH vertices and can be used to compute the radiative
corrections of O(a?) to gluon production.[16] The correction in principle involve 2-loop
diagrams. However, using the effective vertices from Eq. 58, the O(a?) corrections
can be found from a 1-loop calculation.

In Fig.13 we show the radiatively corrected result for Higgs production from gluon
fusion. Several important facts can be seen from this figure. The first is that there is
very little dependance on the top quark mass and hence the heavy fermion mass limit
(where all terms of O(M%/M?2) are neglected) is quite accurate. When computing
the lowest order result from the triangle diagram of Fig. 8, such as that shown in
Fig. 11, it is ambiguous whether to use the one or two loop equation for a, and
which structure functions to use, a set fit to data using only the lowest order (in
a;) predictions or a set which includes some higher order effects.[26] The difference
between the equations for a;, and the different structure functions is O(a?) and hence
higher order in a;; when one is computing the “lowest order” result. In Fig.13 we show
2 different definitions of the lowest order result and see that they differ significantly
from each other. It is interesting that the consistent O(a?) result (that with one loop
as and lowest order structure functions) is closest to the radiatively corrected result.
We see that the radiative corrections are large and increase the production rate by
about a factor of 1.5 from the lowest order result.

3.3 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 < 800 GeV, gluon fusion is the primary production mechanism, (for My ~
170 GeV). At the present time, there are two large detectors planned for the LHC; the
ATLAS detector[18] and the CMS detector[19]. We will present several results from
preliminary studies of these collaborations on the capabilities of the LHC to discover
the Higgs boson in various decay channels. Detailed discussions of the experimental
problems involved can be found in the collaborations reports.

We have seen that the production rate for the Higgs boson at the LHC is sig-
nificant, oy ~ .1 — 10 pb for 200 GeV < My < 1 TeV. However, in order to
see the Higgs boson it must decay into some channel where it is not overwhelmed
by the background. For My < 2My the Higgs boson decays predominantly to bb
pairs, (remember that the Higgs coupling to fermions is proportional to the fermion
mass). Unfortunately, the QCD production of b quarks is many orders of magnitude
larger than Higgs production and so this channel is thought to be useless.[17] One is
led to consider rare decay modes of the Higgs boson where the background may be

6The (1 — §) term arises from a subtlety in the use of the low energy theorem. Since the Higgs
coupling to the heavy fermions is My (1 + %)7 f, the counterterm for the Higgs Yukawa coupling is
fixed in terms of the renormalization of the fermion mass and wavefunction. The beta function, on
the other hand, is evaluated at ¢> = 0. The 1 — § term corrects for this mismatch.[24]
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smaller. The decay channels which have received the most attention are H — v and
H — ZZ*.[20]" The branching ratios for these decays are shown in Fig. 14 and can be
seen to be quite small. (The rate for off-shell gauge bosons, H — VV* (V = W*, Z)
must be multiplied by the relevant branching ratio, V — f'f.)

The H — ZZ* decay mode can lead to a final state with 4 leptons, 2 of whose
mass reconstructs to My while the invariant mass of the 4 lepton system reconstructs
to My. The largest background to this decay is ¢t production with ¢ — Wb —
(Iv)(clv). There are also backgrounds from Zbb production, ZZ* production, etc.
For My = 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* — (4l)
with the 4-lepton invariant mass in a mass bin within +2¢ of My.[18] 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* — [TI71"]~ mode for
130 GeV < My < 180 GeV with an integrated luminosity of 10°pb~! (one year of
running at the LHC at design luminosity) and using both the electron and muon
signatures. For My < 130 GeV, there are not enough events since the branching
ratio is too small (see Fig. 14), while for My > 180 GeV the Higgs search will
proceed via the H — ZZ channel, which we discuss in Section 4.3.

For My < 130 GeV, the Higgs boson can be searched for through its decay to 2
photons. The branching ratio in this region is about 1072, so for a Higgs boson with
My ~ 100 GeV there will be about 3000 events per year, (o ~ 30 pb and the LHC
design luminosity is 103*/cm?/sec.) The Higgs boson decay into the v~y channel is an
extremely narrow resonance in this region with a width around 1 KeV'. From Fig. 14
we see that the branching ratio for H — ~~ falls off rapidly with increasing My and
so this decay mode is probably only useful in the region 80 GeV < My < 130 GeV' .3

The irreducible background to H — ~~ comes from gG — v and gg — v and
is shown in Fig. 15. In Fig. 16 we show the signal and the background for a Higgs
boson of mass My = 110 GeV at the LHC using the ATLAS detector. Extracting
such a 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 there are 1430
signal events and 25,000 background events in a mass bin equal to the Higgs width.

This leads to a ratio ,
Signal

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'.

~9. (59)

"References to the many studies of the decays H — vy and H — ZZ* can be found in Refs.
[18, 19].

8The H — ~~ branching ratio is sensitive to the top quark mass. However, unlike the case
gg — H, there are Feynman diagrams with W bosons in the loop which dominate over the top
quark contribution.
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(Below 100 GeV the background is too large and above 130 GeV the event rate is
too small.)

There are many additional difficult experimental problems associated with the
decay channel H — 7. 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 — ~v 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~ would be useful since as shown in
Fig. 14 its branching ratio is considerably larger than H — ZZ* and H — 77,
BR(H — 7777) ~ 3.5% for My = 110 GeV. The problem is that for the dominant
production mechanism, gg — H, the Higgs boson has no transverse momentum
and so the 777~ 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 the 77 invariant mass. Unfortunately, however, the
background from ¢g — 777~ and from ¢t decays overwhelms the signal.[23]

3.4 Higgs Boson Production at the Tevatron

Since it will be some years before the LHC comes into operation it is worth considering
whether any relevant limits on the Higgs boson can be obtained from the existing
hadron collider, the Tevatron, which is a pp collider with an energy /s = 1.8 TeV.
For a Higgs boson mass of 60 GeV the production cross section at the Tevatron is
roughly 4 pb. At a luminosity of £ ~ 103! /em?/sec this yields 400 Higgs events per
year. To look at these events in the vy decay mode we must multiply by a branching
ratio of 1072 which leaves .4 Higgs events per year. Even with the main injector,
which will increase the luminosity by about a factor of 10, finding the Higgs boson
through this decay channel is clearly hopeless at the Tevatron.

Recently it has been suggested that it may be fruitful to look for the Higgs boson at
the Tevatron through the production mechanism qg¢° — W H, shown in Fig. 17.[27, 28]
The various production mechanisms which are relevant for producing a Higgs boson
at the Tevatron are shown in Fig. 18. The cross section for ¢qg¢ — W H is about 1 pb
which gives on the order of 20 events/year if we look at the decays W — ev and
W — upw. Unfortunately, the cuts to eliminate backgrounds make this mechanism
not viable. Potential upgrades to increase either the luminosity or the energy at the
Tevatron may make this a viable option.[27, 28] The W H production mechanism may
also be useful at the LHC to look for a Higgs boson in the My ~ 100 GeV region.

4 Higgs Boson Production from Vector Bosons

4.1 The Effective W Approximation

We turn now to the study of the couplings of the Higgs bosons to gauge bosons.
We begin by studying the diagram in Fig. 19. Naively, one expects this diagram
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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. 19 can be interpreted in parton model
language as the resonant scattering of two W bosons to form a Higgs boson[31] 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 electron.[30] By considering
the W and Z gauge bosons as partons, calculations involving gauge bosons in the
intermediate states can be considerably simplified.

We deijme orthogonal polarization tensors for a W boson with momentum k& =
(ko,0,0,| k |):

1
Transverse : €4 = E(O, 1, +i,0)
1 -

Longitudinal : ¢, = ——(| k|,0,0,ko). (60)

My

For large momentum, ky >> My, we have
k My,

~— 4+ —(—1 1). 1
o~ i+ g (-1,0,0.1) (61)

The first term in €, gives zero for the coupling of longitudinal W’s to massless fermions
and so the longitudinal coupling is suppressed by My, /ko relative to the transverse
coupling to massless fermions. It is instructive to begin by computing the coupling
of a Higgs boson to two longitudinal W bosons, (Fig. 20). The amplitude is given by

A(H = WFWE) = gMwer(ps) - e1(p-). (62)
Using Eq. 60 we have for Mg >> My,

M2
A(H — Wiwg) =2 e (63)

The longitudinal coupling of the Higgs boson to W bosons is enhanced for heavy
Higgs bosons! It is this fact which makes the process of Fig. 19 relevant.

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
relation ship:

1
oo+ d+X) = [, dofyw(@)o(W +a - X). (64)

The function fyw () is called the distribution of W’s in a quark and it is defined by
Eq. 64.
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The amplitude for a W with polarization vector ¢; to scatter from a quark g¢s to
the final state X (see Fig. 21) is:

iAW+ ¢ — X) =¢ - My/E,, (65)

where E, is the quark energy and we have replaced the W — g, — X vertex by an effec-
tive coupling M,,,/E,. Averaging over the quark spin and dropping terms suppressed
by ME,/E?, we find

do(Wi+q — X) = 8k: | € - M |? dlx, (66)
0

where the Lorentz invariant phase space of the final state X is dI'x.
We now consider the two body scattering process of Fig. 22 which gives the
amplitude,

. qg _ \V Eq
i —q +X 1— —_—. 67
A+ — ¢+ X) = 2\/5() F(1—s)u(p)e MkQ_MVQV (67)
Because of the factor 1/(k? — M3,), the cross section is dominated by small angles
since

k* ~ E*(1 — x)6, (68)

where 6 is the angle between the W and the outgoing quark, ¢;.
The spin averaged total cross section is then

d?’p’ | Ailgi + g2 > g1 + X) |2

X | G
(ql + Q2 — ql + ) 32EE El

dly.  (69)

The effective W approximation consists of replacing the current, | ¢; - M |, and the
phase space, dI'y, by their values when k* — M3, and the W is emitted in the forward
direction, § — 0. Using the definition of Eq. 64 and the polarizations of Eq. 60 we
find the W distributions in a quark from Eq. 69,[31]

L _ 9 M, 1
aw(®) = 82 E2 x / (02 + )
B ¢ 11—z
1672 2
2 2
T g AE )[ 2}
Iwl@) = i loa( 3 )1+ (- 02) (70)

where we have averaged over the 2 transverse polarizations. The logarithm in Eq. 70
is the same logarithm which appears in the effective photon approximation.[30] The
result of Eq. 70 violates our intuition that longitudinal gauge bosons don’t couple
to massless fermions. However, the integral over df picks out the 8§ — 0 region and
hence the subleading term in the polarization tensor of Eq. 61.
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It is now straightforward to compute the rates for processes involving WW scat-
tering. The hadronic cross section can be written in terms of a luminosity of W’s in

the proton,
1 dc
Tppww—x(s) = | AT |ppww oOwwx(75) (71)

where the luminosities are defined:

acl Ldr" ldx '\ dL
ar lppww = Z/T 7/7, ?fz(ili)f] (—>d_C %4 /WW
ij

X

d Ldx T

E o = [ @ (Z). (72)
(fi(x) are the quark distribution functions in the proton and ¢ = 7/7"). Of course this
entire derivation can also be performed for Z bosons. In addition, the luminosities
of Eq. 72 can be trivially adapted to find the distribution of gauge bosons in the
electron.[33]

In Fig. 23 we show the luminosity of transverse and longitudinal gauge bosons
in the proton at the LHC. It is interesting to note that the transverse luminosity
is several orders of magnitude larger than the longitudinal luminosity due to the
enhancement from the logarithm in qu/W, as can be seen from Eq. 70 . However,
because the coupling of longitudinal gauge bosons to a heavy Higgs boson and to
heavy fermions® is enhanced the dominant contribution to a physical process is often
from longitudinal gauge boson scattering.

The effective W approximation is particularly useful in models where the elec-
troweak symmetry breaking is due not to the Higgs mechanism, but rather to some
strong interaction dynamics (such as technicolor models). In these models one typ-
ically estimates the strengths of the 3 and 4 gauge boson couplings due to the new
physics. These interactions can then be folded into the luminosity of gauge bosons in
the proton (or the electron) to get estimates of the size of the new physics effects.

4.2 Does the Effective W approximation Work?

It is interesting to ask if QCD effects spoil the effective W approximation.[34] Di-
agrams of the sort shown in Fig. 24 for example cannot be calculated within the
context of the effective W approximation. The diagram of Fig. 24a gives a contri-
bution to the cross section of O(ay) which is proportional to Tr(T4) = 0. Most of
the remaining contributions to the QCD corrections (Figs. 24b and c) can be ab-
sorbed in the definition of the structure functions to next to leading order. It has
been demonstrated by explicit calculation that the QCD corrections to the effective
W approximation are small, of order 10%.[35]

We turn now to a discussion of Higgs boson production from vector boson fusion
and compare results obtained with and without the effective W approximation. In

9For heavy fermions, the 1)9)W;, coupling is proportional to M ¢/ My
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the effective W approximation,

1672 dr

H) = "

A heavy Higgs boson will quickly decay into W+ W~ pairs with a width

GrM
821

As the Higgs mass approaches a TeV, its mass becomes comparable to its width. A
useful form to remember is that summed over W+, Z,

T(H—WW™) ~20(H = ZZ) ~

(74)

M3
INH—=VV)~ TH (TeV units). (75)

Therefore we cannot consider simply Higgs production for a heavy Higgs boson, but
must consider the W+W ™~ or ZZ final state where the Higgs boson contributes to an
s- channel resonance. All of the diagrams contributing to VV' — V'V scattering must
be included in order to obtain a gauge invariant result.

There is an extensive literature demonstrating the validity of the effective W
approximation at the SSC and we discuss the relevant physics points here.! In
Fig. 25, we show the contribution of WTW ™ and ZZ scattering to the final state
Z 7 for both longitudinal and transverse gauge boson intermediate states through
the mechanism of Fig. 19 . The Feynman diagrams contributing to the process
W+W ™ — ZZ are shown in Fig. 26. A similar set of diagrams contributes to ZZ —
ZZ. 1t is clear that except for Mz near the Higgs pole, it is a poor approximation
to keep only the longitudinal modes. Both transverse and longitudinal gauge bosons
contribute to the physical amplitude.

We can also investigate whether it makes sense to include only the s-channel Higgs
exchange diagram. From Fig. 27 we can see that this is a poor approximation except
for My w near the Higgs boson mass. This figure also includes the contribution to
W*W~ production from the direct scattering gg — WTW . This process is often
called the background to Higgs production and is much larger than the contribution
from W~ scattering. As the Higgs boson becomes increasingly massive, its width
becomes wider and the tiny Higgs bump shown in Fig. 27 becomes impossible to
observe.

Higgs boson production through vector boson fusion can of course be computed
numerically without the use of the effective W approximation. In Fig. 28 we show
a comparison of the exact numerical calculation for the process pp — WW — ZZ
compared with that derived from the effective W approximation. The agreement is
excellent and the effective W approximation is accurate to within a factor of two even
far from the Higgs pole.[37, 38] This did not have to be the case since the effective W

100nce the validity of the effective W approximation was established for the SSC, theorists didn’t
bother to redo the calculations for the LHC!
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approximation does not contain diagrams where the W is radiated off the incoming or
outgoing quark lines (see Fig. 29). We conclude from this series of plots, (Figs. 25, 27
and 28), that the effective W approximation can be used with confidence even away
from the Higgs pole if both transverse and longitudinal gauge boson contributions and
if all scattering diagrams (not just s— channel Higgs exchange) are included. The
most important use of the effective W approximation is the study of very massive,
strongly interacting Higgs bosons, which we consider in Section 5.

4.3 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 various production mechanisms contributing to Higgs production at the LHC are
shown in Fig. 30. For My < 800 GeV the dominant production mechanism at the
LHC is gluon fusion, as discussed in Section 3.1. For heavier Higgs masses, the WW
fusion mechanism becomes important. Other mechanisms, such as gg — ttH, are
quite small at the LHC.[39] It is obvious from Fig. 30 that searching for a Higgs
boson on the TeV mass scale will be extremely difficult. 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—Z7Z =1 (76)

The lepton pairs will reconstruct to the Z mass and the 4 lepton invariant mass will
give the Higgs mass. Since the branching ratio, Z — ete™ + u"p~ is ~ .06 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 heavier.[21]

In Fig. 31, we show a Monte Carlo simulation of the capabilities of the ATLAS
detector at the LHC to observe a Higgs boson with mass My = 800 GeV through
the 4 lepton decay channel.[18] The upper curve shows all of the events including the
background from ZZ continuum production. A series of kinematic cuts is applied
until the lower curve is reached, where the Higgs bump can be seen. The ATLAS
collaboration claims that they will be able to discover the Higgs boson in the mass
region 130 < My < 800 GeV in the 4 lepton channel. (Similar results are found by
the CMS collaboration.[19]).

In order to look for still heavier Higgs bosons, one can look in the decay channel,

H—ZZ — 1"l v, (77)

Since the branching ratio, Z — vv ~ 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. An example of this signal is shown in Fig.
32. This channel extends the Higgs mass reach of the LHC slightly.
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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 gg — WTW™ does not have such jets.[41] Additional sources of back-
ground to Higgs detection such as W+ jet production have jets at all angles. It is
not yet clear whether this idea will be useful in the search for a heavy Higgs.

In this section and in Section 3.3, we have seen that the LHC will have the
capability to observe the Higgs boson in the mass region from 100 < My < 800 GeV'.
We now return to the Goldstone boson sector of the theory in an attempt to learn
something about the Higgs boson in the regime where it is too heavy to be observed
at the LHC.

5 Strongly Interacting Higgs Bosons

We can see from the Feynman rules of Fig. 4 that as the Higgs boson becomes
heavy, its self interactions become large and it becomes strongly interacting. For
My > 1.4 TeV, the total Higgs boson decay width is larger than its mass and it no
longer makes sense to think of the Higgs boson as a particle. This regime can most
easily be studied by going to the Goldstone boson sector of the theory. In Feynman
gauge, the three Goldstone bosons, w*,z, have mass M, ., = My and have the
interactions,[42]

M? M2 2
V= —HH(H2 + 22 4 2w w) 28 <H2 2y 2w+w> . (78)
2v 8v?
The Feynman rules corresponding to Eq. 78 are given in Fig. 33.

Calculations involving only the Higgs boson and the Goldstone bosons are easy
since they involve only scalars. For example the amplitude for wtw™ — wtw™[43]
can be found from the Feynman diagrams of Fig. 34:

M? s t
+, - +o,-) H
AwTw —>ww)——v2 (s—M%+t—MI2{)J (79)

where s,t,u are the Mandelstam variables in the wtw™ center of mass frame. It is
instructive to compare Eq. 79 with what is obtained by computing W, W, — W,/ W,
using real longitudinally polarized gauge bosons and extracting the leading power of
s from each diagram[44]:

1 2t 2M?2
AWIW, - WiW,) = —?{—s —t+2M2 + g(Mg — 4M5V> + = ij;
A
M2s s t2
st ) }~
SsiOwMw G = amy) Tsmam Tio
(80)
From Egs. 79 and 80 we find an amazing result,
M2
AWW, = Wiw,) = Awtw™ »whw™) + (’)(—W) (81)
s
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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
M3 (The interactions of the transverse gauge bosons are O(g?) and have no M%
enhancement.) This is a general result and has been given the name of the electroweak
equivalence theorem.[45]

The formal statement of the electroweak equivalence theorem is that

(82)
where w; is the Goldstone boson corresponding to the longitudinal gauge boson, V7.
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. [45].

The electroweak equivalence theorem is extremely useful in a number of appli-
cations. For example, to compute the radiative corrections to H — WHTW~[46]
or to W W, — W/W;[29], the dominant contributions which are enhanced by
M3 /M, can be found by computing the one loop corrections to H — ww™ and
to wTw™ — wTw™ which involve only scalar particles. 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.

! !’ M2
A(VEVEV[{V — V£V5VL ) = (Z)N(—Z)N A(wlwg...wN — wlwg...wN/) —+ O(—V>,

5.1 My — 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 probed[49]. In fact, we will take the limit My —
oo and assume that the effective Lagrangian for electroweak symmetry breaking is
determined by new physics outside the reach of future accelerators such as the LHC.
Since we do not know the full theory, we must 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 renormalizable. 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 symmetry
breaking. We will assume that the global symmetry in the scalar sector of the model
is SU(2) x SU(2)g as in the minimal Standard Model, (see for example, Eq. 78).
In this case, the Goldstone bosons can be described in terms of the field[47]

iW-T

Y=ev . (83)
This is reminiscent of the Abelian Higgs model where we took,
1 ix
d=—ev (H+v). (84)

V2
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Under the global symmetry the ¥ field transforms as,
Y — L'SR. (85)

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. 85 and has no more than 2
derivatives acting on the X field,

2 1 - 1 S
£="D,5i DS - Ty (W’“’WW> — ST (BWB’“’>, (86)
where the covariant derivative is given by,
D, =29, syl gWir's — g'Bﬂzfg. (87)

29 2

The gauge field kinetic energies are now matrices:

1 ;
W = 5 (a,,wu — 0, = ZglW,. W,,])

A

B,ul/ = %(auBu - 8;LBI/>T3 (88)

with W, = W} -7;. We will also assume a custodial SU(2)¢ symmetry.[48] This is the
symmetry which forces p = M{,/(M% cosfy) = 1. The pattern of global symmetry
breaking is then SU(2), x SU(2)g — SU(2)¢. In unitary gauge, ¥ = 1 and it is
easy to see that Eq. 86 generates mass terms for the W and Z gauge bosons. The
Lagrangian of Eq. 86 is the Standard Model with My — oo.

Using the Lagrangian of Eq. 86 it is straightforward to compute Goldstone boson
scattering amplitudes such as[50]
s

Awrw™ = 22) = -

= A(s,t,u) (89)
v

which of course agree with those found in the Standard Model when we take M7 >> s.
Because of the custodial SU(2)¢ symmetry, the various scattering amplitudes are
related:

Alwrz s wh2) = A(t, s,u)
Alwtw™ s wtw™) = A(s,t,u) + A(t, s, u)
Awrwt wwtw®) = A(t,s,u) + A(u, t, s)
A(zz = zz) = A(s,t,u) + A(t, s,u) + A(u, s, t). (90)

Using the electroweak equivalence theorem, the Goldstone boson scattering ampli-
tudes can be related to the amplitudes for longitudinal gauge boson scattering. The
effective W approximation can then be used to find the physical scattering cross
sections for hadronic and e*e™ interactions.
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The relationships of Eq. 90 were discovered by Weinberg[50] over 20 years ago
for the case of m — 7 scattering.!! Amplitudes which grow with s are a disaster for
perturbation theory since eventually they will violate perturbative unitarity as we
will discuss in Sec. 6.1. Of course, this simply tells us that there must be some new
physics at high energy.

Eq. 86 is a non-renormalizable effective Lagrangian which must be interpreted as
an expansion in powers of s/A? where A can be taken to be the scale of new physics
(say My in a theory with a Higgs boson). At each order in the energy expansion
new terms will be generated which will cancel the singularities generated by the order
below. To O(s?), the infinities which arise at one loop can all be absorbed by defining
renormalized parameters, L;(u). The coefficients thus depend on the renormalization
scale . At O(s?/A*) we have the interaction terms,

Ll 2 L2 2
_ Tr(D*SiD 2)] [T (D“ETD,,EH
£ 16%2[ r( o Tl R

ingL ( -y T) ig’LQR ( oI 1 )

WLy (Vi p wp st) - WERp (B p sitp y
1672 LT (W DuDy 1672 we Py

99' Lo Aur i

22 TT(ZB” » WW>. (91)

This is the most general SU(2); xU(1)y gauge invariant set of interactions of O(1/A%)
which preserves the custodial SU(2)¢. The coefficients, L; 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.

The Lo interaction contributes to non-Standard Model 2- and 3-gauge boson
interactions. New physics at LEP is often parameterized in terms of the contributions
to the gauge boson 2-point functions, (the so-called “oblique corrections”). In a theory
without a custodial SU(2)c symmetry, there are three possible interactions, often
called S,T, and U.[55] Since we have assumed a custodial SU(2)c symmetry, there is
only one interaction contributing to non-Standard Model 2- gauge boson interactions
and we have

LlO(MZ) = —7S. (92)
The Ly interaction contributes to y—Z mixing and is limited by precision electroweak
measurements at LEP:[54, 57]

at the 90 % confidence level from measurements of the total Z width. The Lgr, Lor
and L, coefficients all contribute to 3 gauge boson interactions, while the Ly, Lo, Ly,
and Lgg interactions contribute to 4 gauge boson interactions. Within this framework

HThere is an exact analogy between 7 scattering and VVL+ W scattering with the replacement
fr— 0.
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the 2,3, and 4-point gauge boson interactions are related by the gauge invariance of
Eq. 91.

Effects of the new interactions can be looked for in ete™ interactions, as in Fig.
35. At high energy, there is a delicate cancellation between ¢- channel v exchange and
s- channel v and Z exchange in the process ee™ — WHW~.[51] If this cancellation
is spoiled there is a contribution to the cross section which grows with energy.[53]
The Lagrangian of Eq. 91 contributes terms which grow with s to the 3 gauge boson
vertices shown in Fig. 35 which is potentially measurable at LEPII. Unfortunately,
these effects tend to be rather small in all models which have been considered.

The effects of the non-standard model couplings of Eq. 91 can also be searched
for in hadron machines which are sensitive to both the three and four gauge boson
vertices.[56, 59, 60, 61] To study strong interactions with the Lagrangian of Eq. 91
one must use the effective W approximation to get results for pp scattering. This has
the result that the calculation has a rather limited region of validity,

M}, < 5 < A2 (94)

In Fig. 36, we show the effects at the LHC of turning on small values of the L; as
compared to the lowest order result and see that the effects are quite small.!? We
define a signal as “observable” if it induces a change in the integrated cross section
of greater than 50%, which implies that the LHC will be sensitive to | L; |> 1. (More
precise values can be found in Ref. [59, 60].)

5.2 Coefficients of New Interactions in a Strongly Interacting
Symmetry Breaking Sector

It is instructive to estimate the size of the L; coefficients in typical theories. Using the
effective Lagrangian approach this can be done in a consistent way. We first consider
a model in which we couple the Goldstone bosons to a scalar, isoscalar resonance like
the Higgs boson. We assume that the L; are dominated by tree-level exchange of the
scalar boson. By integrating out the scalar particle and matching coefficients at the
scale My, we find[58]

643 Dot 1 M%
L = L =L =—-L = il M—?{
o(u) = Lor(p) = Lor(p) = 10(p) = 12 0og w2 ) (95)

where 'y is the width of the scalar into Goldstone bosons. If we naively take

3M3,

- 32mv?

'y

(96)

12The WHW™ channel is advantageous in the search for strongly interacting symmetry breaking
effects since there is no ¢g background.
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as in the Standard Model, we find for My =2 TeV and p = 1.5 TeV, L; = .33 and
Ly = 01.

We can also consider a second model for the L; and assume that the coefficients
are dominated by tree-level exchange of a p-like particle with spin and isospin one.
Integrating out the p and matching coefficients at the scale M, we find[58]

1 [ 96m2f? M?
Liw) = o|- +log(=2 )]
241 M 2
1 (4872 f2 M?
Ly(p) = — - log(—p)]
120 M; 12
1 [9672fF M?
L .y S | <_ﬂ)]
1 [48m2F? M?
R L)
121 M2 2
(97)
where the constant f is related to the width I',,
1 f2
and F, is defined by ‘ ‘
01V ] p5p) = 6% e Fp M, (99)

We can use large N scaling arguments to estimate f and F,. For M, = 2 T'eV and
u=15TeV, we find Ly = —.31, Ly = .38, Ly = 1.4 and L,y = —1.5. Since we
estimated that the LHC will be sensitive to | L; |< 1, we see that the LHC will
indeed probe electroweak symmetry breaking in the TeV region.

One can estimate the amount of time it would take to see a signal of a strongly
interacting electroweak symmetry breaking sector at the LHC. The signal has no
resonance shape and will be a small excess of events over that predicted from the
lowest order Lagrangian of Eq. 86. For example, a model with the L; having values
corresponding to a 2.5 T'eV techni-rho would only be observable at the LHC with
five years of running! (and then there would be only 14 signal events in the optimal
W*Z channel!).[61] It is clear that this is an extremely difficult way in which to look
for evidence of the Higgs boson.

6 Indirect Limits on the Higgs Boson Mass

In the first sections of this report we have systematically discussed how to search
experimentally for the Higgs boson in the various mass regimes. We now take a
different tack and ask what we can learn about the Higgs boson through indirect
measurements
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6.1 Unitarity

In the previous section we discussed looking for strongly interacting Higgs bosons
through effects which grow with the energy. However, models which have cross sec-
tions 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
— = . 100
dQ2  64m2s Al (100)
Using a partial wave decomposition the amplitude can be written as
A=167> (20 +1)P(cosb)a (101)

=0

where q; is the spin [ partial wave and P, are the Legendre polynomials. The cross
section can now be written as

8

S

|
—

= —i(QH )| a? (102)

where we have used the fact that the P,’s are orthogonal. The optical theorem gives,

o= Lim A0 =0 = 16{ S @ +1) a0 (103)

s
This immediately yields the unitarity requirement which is illustrated in Fig. 37.
| a; |*= Im(ay). (104)

From Fig. 37 we see that one statement of unitarity is the requirement that

1
| Re(a;) |< 3 (105)
As a demonstration of unitarity restrictions we consider the scattering of longitu-
dinal gauge bosons, W} W, — W} W, which can be found to O(M3,/s) from the
Goldstone boson scattering of Fig. 34. We begin by constructing the J = 0 partial
wave in the limit M2, << s from Eq. 79,

1 40
agwtw™ —w wtw™) = o5 /_8 | A|dt

GrM2 MM s
- 2 =P oe(14-2)]. (106
8v/2r { i T s Og( +M};ﬂ (106)
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If we go to very high energy, s >> M%, then Eq. 106 has the limit

GrM?
0( +,,— +, 4 F7H
apww”T 2 ww) — - 107
0( ) s>>M2, 47T\/§ ( )
Applying the unitarity condition, | Re(aj) |< % gives the restriction

Mpy < 860 GeV. (108)

It is important to understand that this does not mean that the Higgs boson cannot be
heavier that 860 GeV, it simply means that for heavier masses perturbation theory is
not valid. By considering coupled channels, a slightly tighter bound than Eq. 108 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 unitary.

We can apply the alternate limit to Eq. 106 and take the Higgs boson much heavier
than the energy scale. In this limit[62]

Grs
0(, +, ,— +,,- F
ap(ww” s wiw™) —, —. 109
O( ) <<M§I 167T\/§ ( )
Again applying the unitarity condition we find,

Vse <18 TeV (110)

We have used the notation s. to denote s(critical), the scale at which perturbative
unitarity is violated. Eq. 110 is the basis for the oft-repeated statement,“ There
must be new physics on the TeV scale”. Eq. 110 is telling us that without a Higgs
boson, there must be new physics which restores perturbative unitarity somewhere
below an energy scale of 1.8 TeV.

6.2 Triviality

Bounds on the Higgs boson mass have also been deduced on the grounds of triviality.[63]
The basic argument goes as follows: Consider a pure scalar theory in which the po-
tential is given by!'3

V(®) = 1 *®T® + \(dT)? (111)
where the quartic coupling is
M%
A= —-. 112
507 (112)

This is the scalar sector of the Standard Model with no gauge bosons or fermions.
The quartic coupling runs with renormalization scale :

d\  3X2

13,2 <0, A\ > 0.
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where ¢ = log(Q?/Q3) and Qo is some reference scale. (The reference scale is often
taken to be v in the Standard Model.) Eq. 113 is easily solvable,

113 QP
NQ) ~ MNQo)  an? lg(Qo)
Q) = M) (114)

1- 28 jog(&, )}

From Eq. 114 we see that A(Q) blows up as @ — oo (called the Landau pole).
Regardless of how small A(Qy) is, A(Q) will eventually become infinite at some large
Q. Alternatively, A\(Qg) — 0 as Q@ — 0 with A(Q) > 0. Without the A\®* interaction
of Eq.111 the theory becomes a non-interacting theory at low energy, termed a trivial
theory. Of course, this picture is valid only if the one loop evolution equation of Eq.
113 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 to
determine if triviality really is a problem for the Standard Model.

There are many variations on the triviality theme which attempt to place bounds
on the Higgs mass and we will describe several of them here. Suppose we consider
a theory with only scalars and assume that there is some new physics at a scale
A < M,. Then if we take A(A) to have its maximum value (co) and evolve the
coupling down to the weak scale (v) we will find the maximum allowed value of the
Higgs mass, , ,
Aw) = MHQ(;r;aX) _ 3147rA2 '

og(y7)
Scenarios like this tend to get bounds on the order of My < O(400 — 1000 GeV') as
illustrated in Fig. 38. Since this picture clearly only makes sense for My < A, we
have also shown the A = M7** curve in Fig. 38 and we see that for A < 1 TeV/, this
procedure for limiting the Higgs boson mass breaks down. However, this breakdown
leads to the exciting possibility of new physics in the TeV region which should be
experimentally accessible at the LHC. Note that as A — oo, Mjp* quickly reaches
its asymptotic value since the sensitivity of the limit to the cutoff is only logarithmic.
If we apply an arbitrary cutoff of (A./Mpg) > 27, we find a limit My < 930 GeV
from Eq. 115.

Lattice gauge theory calculations have used similar techniques to obtain a bound
on the Higgs mass.[64] One criticism of the previous bounds could be that it makes
no sense to use one loop perturbation theory in the limit A — oco. Non-perturbative
lattice gauge theory calculations overcome this deficit. As above, they consider a
purely scalar theory and require that the scalar self coupling A remain finite for all
scales less than 2w Mpy. This gives a limit[65]

My (lattice) < 640 GeV. (116)

The lattice results are relatively insensitive to the value of the cutoff chosen, as can
be seen in Fig. 39. It is interesting that all of the limits based on the running of the
pure scalar theory tend to be in the 1 T'eV range, as was the unitarity bound.

(115)
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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 only relevant fermion is the top quark. When we include the top quark and
the gauge bosons, Eq. 113 becomes[66]

d\ 1

Br=— =

3 3
= = o3 1202 +6AR; — 3hy — =A(3¢> +¢' %)+ —(2¢9" + (¢* +¢' *)%)| (117)

2 16

where h; = v/2Mry /v. The important physics point is the opposite signs between the
various terms. For a heavy Higgs boson , A > hy, g, ¢, and

dA A 3
— ~ 12X+ 6h7 — =(39* + ¢’ ?)|. 118
There is a critical value of A which depends on the top quark mass,
1 h?
A= S(30P4g %) - (119)

for which there is no evolution of the scalar coupling constant.[67] If My > M§ =
v/2)qv then the quartic coupling blows up 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 (~ 10*® GeV') then an upper bound on
the Higgs mass is obtained as a function of the top quark mass. For My = 170 GeV
this bound is My < 170 GeV. [67] 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. We see that the inclusion of the top quark into the evolution equations for the
scalar coupling has changed the bounds on the Higgs mass considerably. Of course
this analysis relies on the use of the one-loop evolution equations. As yet, there is no
lattice bound on the Higgs mass which incorporates a heavy top quark mass.

6.3 Vacuum Stability

A bound on the Higgs mass can also be derived by the requirement that spontaneous
symmetry breaking actually occurs;[68] that is,

V(v) < V(0). (120)
For small A\, Eq. 117 can be solved to find
2
M@:A@@+mbqga, (121)

where the small A\ limit of () can be found from Eq. 117. If we substitute this into
the potential, we find

V(®) ~ 2T + A(Qo)(DT®)2 + B, (T®)? log(g—z). (122)
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We can find the minimum of the potential by taking

ov
7% |g—p/va= 0. (123)

Taking the second derivative of the potential and substituting in the requirement of
Eq. 123 we find the Higgs mass

10%V
2
H= 3552 | g/ /3 - (124)

The requirement of Eq. 120 that spontaneous symmetry breaking occurs gives the
famous Coleman-Weinberg bound,[68]

3
2 2 _ 4 4 4
For My > 78 GeV, B\ < 0 and the potential turns over and is unbounded below. Of
course perturbation theory breaks down for ® — oo and the one loop results are not
valid.

A more careful analysis[69] using the 2 loop renormalization group improved effec-

tive potential’* and the running of all couplings gives the requirement from vacuum
stability,[70]*°

— 117
My(GeV) > 132 + 2.2(My — 170) — 45(0‘W> (126)
We see that when A is small (a light Higgs boson) radiative corrections become
important and lead to a lower limit on the Higgs boson mass from the requirement
of vacuum stability. If A is large (a heavy Higgs boson) then unitarity and triviality
arguments lead to an upper bound on the Higgs mass.

6.4 Bounds from Electroweak Radiative Corrections

The Higgs boson enters into one loop radiative corrections in the standard model and
we might hope that precision electroweak measurements would give some bound on

the Higgs mass. For example the p parameter gets a contribution from the Higgs

boson|[71]1¢
2

l1g 2 My
=1- log( —— ).
p 06,2 tan® Oy og(MW)

In fact it is straightforward to demonstrate that at one loop all electroweak parameters
have at most a logarithmic dependance on My.[49] This fact has been glorified by

(127)

14The renormalization group improved effective potential sums all potentially large logarithms,
log(Q*/Q3)-

15This limit requires that the vacuum be stable up to very large scales, ~ 10'° GeV.

16This result is scheme dependent. Here p = M3, /M2 cos? 0w (Myw ), where cosfy is a running
parameter calculated at an energy scale of My .
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the name of the “screening theorem”.[72] In general, electroweak radiative corrections
involving the Higgs boson take the form,

2 My 2 M%I
g <logM—W~|—g M—%,) (128)
That is, effects quadratic in the Higgs 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 large.[73] We can demonstrate this in terms
of the non-linear model discussed in Section 5.1 where the Higgs boson was removed
from the theory. One loop corrections to this theory give divergences which can
correctly be interpreted as the log(Mpy) terms of the Standard Model loops.

From precision measurements at LEP of electroweak observables there is only the
very weak bound on the Higgs boson mass,[74]

My <780 GeV' (90% confidence level), (129)

although y? fits to the data tend to prefer light Higgs masses. From the LEP data
alone, the minimum of the x? fit to the top quark mass and the Higgs mass is at
My = 60 GeV, while if the CDF measurement of the top quark mass is included the
x? minimum occurs at My = 120 GeV'.

7 Problems with the Higgs Mechanism

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

e The Higgs sector of the theory is trivial.
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.

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

In light of the many objections to the simplest version of the Higgs mechanism
theorists have considered several alternatives to the Higgs mechanism for electroweak
symmetry breaking. One proposal, that the electroweak symmetry be broken dy-
namically by a mechanism such as technicolor has been discussed at this school by
Appelquist.[75] Another alternative to the standard model Higgs mechanism is that
the Standard Model becomes supersymmetric. The electroweak symmetry is still bro-
ken by the Higgs mechanism, but the quadratic divergences in the scalar sector are
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cancelled automatically because of the expanded spectrum of the theory and so the
model is no longer considered to be unnatural. In the next section, we will briefly
discuss the phenomenology of the Higgs bosons occurring in supersymmetric models
and emphasize the similarity of much of the phenomenology to that of the Stan-
dard Model Higgs. The theoretical underpinning of supersymmetric models has been
presented at this school by Ramond.[76]

8 Higgs Bosons in Supersymmetric Models

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

L= _)\dan)dR — )\UQLCI)CUR + h.c. (130)

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 components of
the SU(2) fermion doublets mass. The mechanism of the symmetry breaking is very
similar to that of the standard model except there are two Higgs doublets.[76, 77]
Before the symmetry breaking there are two complex scalar SU(2) doublets, ®; and
®,, for a total of 8 degrees of freedom. When the spontaneous symmetry breaking
occurs, each scalar obtains a VEV, v; and vs, and the theory is described in terms of
the ratio of VEVs,

tan § = %2 (131)

In order that the W mass have the observed value we have the restriction, v =
\/v? 4+ v2 = 246 GeV.

After the spontaneous symmetry breaking the W+ and Z get their longitudinal
components as in the Standard Model and there are 5 remaining degrees of freedom.
Supersymmetric models, therefore, have 5 physical Higgs bosons: 2 neutral scalars,
H, and H,, 2 charged scalars,H* , and a pseudoscalar, A°. Because of the super-
symmetry, the scalar potential has only one free parameter (unlike the case of the
general two Higgs doublet model where the scalar potential depends on 6 unknown
parameters[78]). The masses of the Higgs scalars can thus be expressed in terms of
two parameters which are conventionally taken to be the mass of the pseudoscalar,
M, and tan 3.18 This gives relationships between the masses of the SUSY Higgs par-
ticles. The tree level relationships between the SUSY scalar masses, however, receive
large radiative corrections at one-loop of O(M41/Mi,).[79] In Fig. 40, we show the
mass of the lightest neutral Higgs boson in terms of tan 5 and M4.[80] There is an
upper bound to the mass of the lightest Higgs boson which depends on the top quark
mass through the radiative corrections,

3G m?

17®¢ cannot be written as a chiral superfield.
18Remember that in the Standard Model, there was only one free parameter, My;.
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where m is the scale associated with the supersymmetry breaking, usually taken to
be ~ 1 TeV. For My ~ 170 GeV ,[79]

My, < 120 GeV. (133)

Hence in a SUSY model, the Higgs mechanism can be excluded experimentally if a
Higgs boson is not found below this mass scale. This is in direct contrast to the
Standard Model where there is no prediction for the Higgs boson mass.

There are several relevant features for SUSY phenomenology. The first is that the
couplings of the neutral scalars to vector bosons (V = W=, Z) are suppressed from
those of the standard model

gzlvv + g?fgvv = 9hyy (SM) (134)

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

The couplings of the lightest Higgs boson to the Z are shown in Fig. 41. The
processes ete™ — ZH; and ete” — AYH,; can be seen from Fig. 41 to be comple-
mentary in a SUSY model: they cannot be simultaneously suppressed. Using the 2
modes the eTe™ machines can cover the SUSY parameter space without holes. In Fig.
42 we show the range of parameter space which has been excluded by the ALEPH
experiment at LEP.[81] They find:

My, > 43 GeV
My > 21 GeV. (135)

Of course for a given value of My, or M4 there may be a stronger limit than Eq. 135.

The second important feature for the phenomenology of SUSY models is that
fermion couplings are no longer strictly proportional to mass. The neutral Higgs
boson couplings to fermions are:

—%&Z(Hg cos o — Hi sin a)
—%Hu([—h sin o + Hy cos a)

1gmgtan 3 0
—————dvy;dA
My 5 +

Luyy

tgm,, cot B3 _ 0
oM uysuA (136)

where « is a mixing angle in the neutral Higgs sector,
Hy, = ﬂ{(Re@? — vy) cosa + (Red) — vy) sin a]
H, = \/é{—(Refb(l) — 1) sina + (Re®) — vy) cos a] (137)

At a hadron collider, the neutral SUSY higgs bosons can be searched for using
the same techniques as in the standard model. For most choices of the parameter
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space, gluon fusion is the dominant production mechanism. In the Standard Model,
it was only the top quark contribution to gluon fusion which was important. In a
SUSY model, however, the coupling to the b quark can be important for small values
of cos 3, as can be seen from Eq. 136.

SUSY models have a rich particle spectrum in which to search for evidence of the
Higgs mechanism. The various decays such as H; — vy, HT — [Tv, 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 SUSY models can be found
in the ATLASI[18] and CMS[19] studies.

9 Conclusions

Our current experimental knowledge of the Higgs boson gives only the limits My >
58 GeV found from direct searches and My < 780 GeV from precision measurements
at the LEP experiments. The lower limit will be extended to a mass reach on the order
of 80 GeV at LEPII. From here, we must wait until the advent of the LHC for further
limits. Through the decay H — v and the production process pp — ZIt1~, the
LHC will probe the mass region between 100 < My < 180 GeV'. It is an important
question as to whether there will be a hole in the Higgs mass coverage between the
upper reach of LEPII and the lower reach of the LHC. Current ideas as to how to look
for a Higgs boson in this mass regime focus on the production mechanism, pp — WH,
with H — bb. The efficiency of this technique, however, depends sensitively on the
capabilities of the LHC to do b tagging at a high luminosity. For the higher mass
region, 180 < My < 800 GeV, the LHC will be able to see the Higgs boson through
the gold plated decay mode, H — ZZ — IT17171".

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. 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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