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STRONG WW SCATTERING AT THE SSC AND LHC

MICHAEL S. CHANOWITZ
THEORETICAL PHYSICS GROUP, LAWRENCE BERKELEY LABORATORY
BERKELEY, CALIFORNIA 94720

Abstract

Signals and backgrounds for strong WW scattering at the SSC and LHC are
considered. The Higgs mechanism without Higgs bosons is reviewed from the per-
spective of what it implies about the possibility of strong WW scattering. Com-
plementarity of resonant signals in the ] = 1 WZ channel and nonresonant signals
in the I = 2 W*+W+ channel is illustrated using a chiral lagrangian with a J =1
WW “p” resonance. Results are presented for purely leptonic final states in the WZ,
WW+ | and ZZ channels. With a few exceptions, the signals are cleanly observable
at the SSC with 10 fb~! | and each model provides an observable signal in at least one
.gauge boson pair channel. Luminosity requirements are given for the LHC signals to
meet the minimum significance criterion.

1. Introduction

This is an extraordinary moment for high energy physics. The successes of the
previous decades have enabled us to construct a precise formulation of a fundamental
problem — the origin of the weak gauge boson masses — so that without knowing
the answer we are able to see quite clearly the nature of the experimental program
that will lead us to it. In particular we know that with the necessary experimental
facilities we will be able to discover a fifth force of nature and an associated set of new
quanta that generate the W and Z boson masses. While we know neither the strength
of the new force nor the mass of the associated quanta we do know the relationship
between them and the energy domain within which their effects must become visible.
This information is sufficient to guide the search.

The strategy of the search is based on the fact that the longitudinal polarization
modes of the weak gauge bosons W and Z should really be counted among the new
quanta associated with the fifth, electroweak symmetry breaking force. The Higgs



Figure 1.1 WW fusion via the interactions of the symmetry breaking sector.

mechanism implies that the longitudinal modes interact by means of the fifth force.
If the fifth force is strong the contribution of the longitudinal modes causes WW
scattering to become strong at energies above a TeV. It can then be studied at hadron
or electron colliders with sufficient energy and luminosity, by means of the WW fusion
process, figure 1.1. The ability to observe strong WW scattering is an essential
component of a comprehensive search for the symmetry breaking mechanism, and it
places the greatest demands on the collider energy and luminosity. The ability to
observe strong WW scattering is essential to a “no-lose” search strategy, since other
possible manifestations of the fifth force would appear at lower energy scales and be
more readily observable.!. The absence of strong WW scattering above a TeV would
unambiguously signal some form of new physics below a TeV.

The successes of the Standard Model are the basis for this extraordinary situa-
tion. The Standard Model is extremely reliable but is at the same time incomplete.
It predicts the existence of the electroweak symmetry breaking (fifth) force for its con- *
sistent completion and implies the general framework that will guide the search. Like
any prediction, this one may prove to be incorrect, though today it seems an unlikely
possibility. However, its failure would constitute an arguably greater discovery than
the discovery of the fifth force, since it would signify the failure of the Standard Model
and would imply a deeper theory hidden until now behind the Standard Model, which
would then require reinterpretation as an effective theory. This in effect generalizes
the “no-lose” strategy, since any such breakdown of the standard model would be-

come visible within the same energy region and by means of the same experimental
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program that will lead us to the fifth force if the Standard Model is correct. I will
focus here not on this possibility but on the more clearly defined scenario that follows
if the Standard Model remains valid into the TeV domain.

In particular, I assume in this paper that the fifth force is strong and that it
has no associated quanta below the TeV scale.* The guiding principle is the Higgs
mechanism in its most general formulation, which does not require the existence of
Higgs bosons. Section 2 is a review of the general features of the Higgs mechanism
and especially the features that guide the search for a strong fifth force.

Assuming the fifth force is strong and has no associated light quanta, the most
dramatic consequence would be WW resonance formation in the attractive channels
at energies where the interaction is strong, probably between 1 and 3 TeV. The
archetypical example is the techni-rho, pr¢ , of technicolor models. The pr¢ signals
are estimated with a chiral lagrangian that incorporates the “p” in a chiral invariant

25,26 consistent with the general symmetry properties required by the Higgs

manner,
mechanism. The prc can be observed in the WZ channel in leptonic final states at
the SSC with E = 40 TeV for 10 fb™! integrated luminosity, vorresponding to one
experimental year at the design luminosity £ = 103 cm~2 sec™!. For the LHC with 16
TeV the most difficult case (Nr¢ = 2) requires about 160 fb~! to obtain a minimally
significant signal. As an example of a vector meson resonance outside the technicolor
framework (or if the large Nr¢ estimates fail) I also consider a 4 TeV “p” meson with
width scaled from that of p(770), that could not be detected at the SSC with 10 fb—?!
but could be with 17 fb~! and would require 570 fb—! for observation at the LHC.

These signals are presented in Section 4.

Though it seems unlikely, the lightest strong WW resonances could be much
heavier than the 1 to 3 TeV that we naively expect, as in the example of the 4TeV
“p” . In that case the best window on the fifth force is structureless strong WW
scattering.! The most favorable channel is then likely to be like-charge WW pairs,
W+W+ and W-W~ , since they do not suffer from the gg annihilation background
that dominates the other WW channels. The net branching ratio to like-charge
electrons and/or muons is relatively large for a leptonic final state, about 5%, and
the signature is striking — two isolated, like-sign, high pr leptons in an otherwise
“quiet” event.

There is a complementary relationship between the resonant and nonresonant

*If the fifth force is strong and does have associated quanta below 1 TeV, e.g., pseudo Goldstone
bosons, the discussion of strong scattering given here may or may not be modified depending on the
nature of the light quanta. See reference 2 for studies of this possibility.



signals in models with a two-body isovector “p” resonance resembling the p meson of
QCD. For W, W], scattering in the ] = 0 and I = 2 channels the ¢- and u-channel
“p” exchanges interfere destructively with the low energy amplitudes predicted by
low energy theorems!® (which are a general consequence of the Higgs mechanism ).
Therefore W+W+ scattering (and I = 0 scattering also) is biggest precisely when the
“p” production signal is smallest (because it is heavy and/or less strongly coupled).
Models with big signals for W+W scattering are then most relevant when the “p”
signal is most difficult to observe. Conversely, when t- and u-channel “p” exchange
strongly suppresses the W*W+ signal, it is itself most easily observed directly in
the I = 1 channel. This complementarity of the I = 1 and I = 0,2 channels is
demonstrated in Section 3.2 in the chiral lagrangian framework.

Signals for strong W¥W+ scattering are reviewed in Section 5. A powerful set of
cuts®5® is used that are very effective in separating the signal from the backgrounds.
The cuts favor the longitudinal polarization of the signal over the transverse polar-
ization of the background, even though the W boson polarizations are not direétly
measurable in the relevant decay channel with two neutrinos, W¥W+ — [*ulty,
With one exception each model provides a very clear at the SSC with 10 fb~! . The
exception is the chiral lagrangian model for the SU(4)r¢c prc , which may or may
not be observable (depending on the effect of higher order corrections on the signal
efficiency for the “central jet veto”) but is readily observable in the direct W Z reso-
nance channel — illustrating the complementarity of the W+W* and WZ channels.
At the LHC about 100 fb~! would be required to be assured of an observable signal
for each model in at least one of the two channels.

Strong scattering in the ZZ channel is more difficult to observe because of the
larger backgrounds. The ZZ channel is of special interest because it receives con-
tributions from both W+W~ and gluon-gluon fusion.” WW fusion probes W boson
mass generation while gg fusion via a virtual ¢t pair probes the scale of the conden-
sate that generates the top quark mass. It is commonly assumed in dynamical models
of electroweak symmetry breaking that a single condensate generates both W and ¢
masses, but it is possible, as is familiar in Higgs boson models, that the condensate
responsible for m; makes only a small contribution to My . It would be possible to
probe for multiple condensates at the SSC with enhanced luminosity, & 50 fb~!, but
probably not at the LHC. The conventional strong scattering signal — assuming a
single condensate for Mw and m, — just meets the minimum significance criterion
at the SSC with 10 fb~! , while 350 fb~? are required at the LHC. These results are

reviewed in Section 6.



The paper is organized as follows: the general framework — the Higgs mechanism
without Higgs bosons — is reviewed in Section 2. Section 3 discusses the complemen-
tarity of resonant and nonresonant strong scattering signals, presents some specific
models, and defines criteria for a minimally significant signal. Sections 4 - 6 review
signals and backgrounds for the SSC and LHC: rho meson-like resonances in the W2
channel in Section 4 and nonresonant signals for W+W+ in Section 5 and ZZ in
Section 6. Section 7 concludes with a brief overview of the the signals discussed in

the previous Sections.

2. The Higgs Mechanism and its Implications

The Higgs mechanism does not require the existence of Higgs bosons. If the fifth
force is strong we do not expect Higgs bosons to exist but do expect strong WW
scattering to occur. Since it is the basis of our insight into strong WW scattering, 1
will sketch a general description of the Higgs mechanism in Section 2.1 that applies
whether Higgs bosons exist or not. The implications for strong. WW scattering are
reviewed in the subsequent subsections: the Equivalence Theorem in 2.2, the WW low
energy theorems in 2.3, and unitarity and the energy scale of strong WW scattering
in 2.4.

2.1 The Generic Higgs Mechanism®~10

The basic ingredients of the Higgs mechanism are a gauge sector and a symmetry
breaking sector,
ﬁ = Lga,uge + Ls . (2.1)

Lgauge is an unbroken locally symmetric = gauge invariant theory, describing massless
gauge bosons that are transversely polarized, just like the photon. For instance, for
SU(2)L x U(1)y gauge symmetry the gauge bosons are a triplet W = W;, W,, Ws
corresponding to the generators Ty, and a singlet gauge boson X corresponding to the
hypercharge generator Y. L5 is the symmetry breaking Lagrangian that describes
the dynamics of the fifth force and the associated quanta. If £s did not exist, the
unbroken SU(2)., nonabelian symmetry would give rise to a force that would confine
quanta of nonvanishing T, charge, such as left-handed electrons and neutrinos.

In the generic Higgs mechanism L5 breaks the local (or gauge) symmetry of
Lgauge. To do so L5 must possess a global symmetry G that breaks spontaneously

to a subgroup H,
G- H. (2.2)
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In the electroweak theory we do not yet know either of the groups G or H,
G=7 (2.3a)

H=7? (2.3)

We want to discover what they are and beyond that we want to discover the symmetry
breaking sector
Ls =7 (2.4)

including the mass scale of its spectrum
Ms=7 ' (2.5)

and the interaction strength
As=7 (2.6)

We do already know one fact about G and H: G must be at least as big as
SU(2)r x U(l)y or Ls would ezplicitly (as opposed to spontaneously) break the
SU(2)L x U(1)y gauge symmetry. Similarly H must be at least as big as U(1)gp or
the theory after spontaneous breakdown will not accommodate the unbroken gauge
symmetry of QED. That is, in order to be consistent with the desired pattern of
breaking for the local symmetry

SU(Z)L X U(l)y — U(l)EM (27)

the spontaneous breaking of the global symmetry of Ls

G- H (2.8)

is constrained by
GO SUQ@2)xU(l)y (2.9)
H>UQ)em (2.10)

There are two steps in the Higgs mechanism. The first has nothing to do with
gauge symmetry—it is just the spontaneous breaking of a global symmetry as ex-
plained by the Goldstone theorem. By spontaneous symmetry breaking G — H we
mean that

G = global symmetry of interactions of Ls (2.11a)

while
H = global symmetry of the ground-state of L5 . (2.11b)
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That is, the dynamics of Ls are such that the state of lowest energy (the vacuum in
quantum field theory) has a smaller symmetry group than the symmetry of the force
laws of the lagrangian. Goldstone’s theorem tells us that for each broken generator
of G the spectrum of Ls contains a massless spin zero particle or Goldstone boson,

# of massless scalars
= # of broken symmetry axes
= dimension G — dimension H

= # of energetically flat directions in field space. (2.12)

The last line is the clue to the proof of the theorem: masses arise from terms that

are quadratic in the fields,

1
Lmass = —§m2¢2, (2.13)

so a field direction that is locally flat in energy (i.e., goes like ¢™ with n > 3) corre-
sponds to a massless mode.

The essential features are the symmetries of the lagrangian (G) and the ground
state (H). Elementary scalars are not essential: if necessary Nature will make com-
posite massless scalars. She has (almost) already done so on at least one occasion: we
believe on the basis of strong theoretical and experimental evidence that QCD with
two (a.lmost)' massless quarks is an example, with the pion isotriplet the (almost)
Goldstone bosons. The initial global (flavor) symmetry of two flavor QCD in the
m, = mg = 0 limit is

G = SU(2)L x SU(2)r (2.14)

since we could perform separate isospin rotations on the right and left chirality v and
d quarks. The ground state has a nonvanishing expectation value for the bilinear
operator

(HLuR + ELdR + h.c.)o 7& 0 ) (2.15)

where h.c. = hermitian conjugate. The condensate (2.15) breaks the global symmetry
spontaneously, G — H, where ‘

H=SU(@2)L+r (2.16)

is the ordinary isospin group of nuclear and hadron physics. That is, (2.15) is not
invariant under independent rotations of left and right helicity quarks but only under
rotations that act equally on left and right helicities. In this example dim G = 6 and
dim H = 3 so we expect 6 — 3 = 3 Goldstone bosons. In nature we believe they are
the pion triplet, 7%, 7~, 7%, which are much lighter than typical hadrons because the

7



u and d quark masses are very small, of order 10 MeV. (I refer to the “current” quark
masses, the parameters that appear in the QCD Lagrangian.)

In the first step we considered only the global symmetry breakdown induced
by L£s — Goldstone’s theorem. Now we come to the second step, which involves
the interplay of £5 with Lgauge. The essential point of the Higgs mechanism is
that when a spontaneously broken generator of L5 coincides with a generator of
a gauge invariance of Lgauge, the associate Goldstone boson w and massless gauge
boson W mix to form a massive gauge boson. The number of degrees of freedom are
preserved, since the Goldstone boson disappears from the physical spectrum while
the gauge boson acquires a third (longitudinal) polarization state. Like the first step
this is a general phenomenon that depends only on the nature of the global and local
symmetries, regardless of whether there are elementary scalar particles in the theory.

Suppose the Goldstone boson w couples to one of the gauge currents, with a
coupling strength f with the dimension of a mass,

(Ol £augelu(p)) = 57" (217)

Jf is analogous to F;, the pion decay constant, that specifies the coupling of the pion
to the axial isospin current,

(0|J¢'|m (p)) = iFap* (2.18)

Equation (2.17) means that the current contains a term linear in w,
1 .
Jé‘auge(:z:) = Efa“w(:c) +--- (2.18)
In the lagrangian Jé‘auge is by definition oohpled to the gauge boson W*,
ﬁgauge = gWyJé‘auge + .. (219)

where g is the dimensionless gauge coupling constant. Substituting Eq. (2.17) we
find )
ﬁgauge = §gf Wu(0*w)... (2.20)
which shows that W, mixes in the longitudinal (parallel to p) direction with the
would-be Goldstone boson w. _
We can use (2.20) to compute the W mass.®1° In the absence of symmetry
breaking the W is massless and transversely polarized. Therefore as in QED we can
write its propagator in Landau gauge,

kek
)

v —i 1]
Dy = (g™ - (2:21)

8



In higher orders the propagator is the sum of the geometric series due to “vacuum po-
larization”, i.e., all states that mix with the gauge current. The vacuum polarization
tensor is defined as

(k) =— / dike= %= (T J%(2) J*(0))o

9 KRR
=1’—4—(g“ - k2 ):*-' (2‘22)

In Eq. (2.22) I have indicated explicitly the contribution from the Goldstone boson
pole: the factor 1/k? is just the massless propagator and the factor (gf/2)? can be
recognized from Eq. (2.20). The g term is present since gauge invariance requires
current conservation, k,II** = 0. Since it is a constant term with no absorptive part,
its presence does not change the spectrum of the theory. (In theories with elementary
scalars it arises automatically from the “seagull” interaction given by the Feynman
rules.)

Finally we compute the W propagator from the geometric. series

D#V = (Do + DoHDo +.. .)y.u

___1._ “u_kuku g2f2 L
= kﬁ(g e )\t t

I A
= g k2 k21_92f2

4k?
g FR
= —j— (2.23)
27 _ .
k2 — 4
4

The massless Goldstone boson pole then induces a pole in the gauge boson propaga-
tor(!),

1
My = §gf (2.24)
From the measured value of the Fermi constant,
2
g 1
Gr = = .
FTaaMg, T s (225)
we learn that
[ =~ 250GeV. (2.26)

Customarily instead of f we refer to v = f, the so—called vacuum expectation
value. This custom, which I will also follow (though in general it is not really correct)

9



derives from theories with elementary scalar fields where v = f is both the coupling
strength of the Goldstone boson w to Jgauge, as in (2.17), and is also the value of
the Higgs boson field in the ground state (i.e., the Higgs boson vacuum condensate).
However the derivation just reviewed shows that there is no need for a Higgs boson to
exist. The condensate that breaks the symmetry may be that of a composite operator,
e.g., Eq. (2.15), which in general has no simple relationship to the parameter f = v
defined in (2.17). For instance, in QCD there is no trivial relationship between F
and (Tu + dd)o (although there is a nontrivial relation involving also the quark and

pion masses).

2.2 The Equivalence Theorem

The equivalence theorem is very useful for analyzing the implications of the Higgs
mechanism for strong WW scattering. In the U (unitary) gauge the Goldstone boson
fields 0 are absent from the Lagrangian. In R (renormalizable) gauges they do appear
in L5 and in the Feynman rules, though gauge invariance ensures that are not in the
physical spectrum. Since they engender the longitudinal gauge boson modes, W,
and Zr, it is plausible that W, and Zp interactions reflect the dynamics of w. The
equivalence theorem is the precise statement of this proposition,

MWi(p1), WL(P2), - ..) = M(w(p1), w(p2),-..)r + O (ME'E : (2.27)

As indicated the equality holds up to corrections of order Mw /E;.

We will see that the equivalence theorem is useful in the derivation of the W, W[,
low energy theorems and that it is also a useful source of intuition for the possible
dynamics of strong WW scattering. In addition, it greatly simplifies perturbative
computations. For instance, the evaluation of heavy Higgs boson production via
WW fusion in unitary gauge requires evaluation of many diagrams with “bad” high
energy behavior that cancel to give the final result. But to leading order in the strong
coupling A = m% /202 it suffices using the equivalence theorem to compute just a few
simple diagrams. The result embodies the cancellations of many diagrams in unitary
gauge and trivially has the correct high energy behavior. It is very accurate for
energies above 1 TeV (of order 1 % or better).

A simple example may be instructive. Consider the decay of a heavy higgs boson
to a pair of longitudinally polarized gauge bosons WW; . In unitary gauge the
HW; W[ amplitude is

M(H = WFW) = gMwer(p1) - eL(p2)- (2:28)

10



For my > Mw we neglect terms of order Mw /mpy, so that €f(p;) = pi/Mw and
similarly from m% = (p; + p2)? = 2p; - p; we find

2 M
FWi) = gl (—-W-) . 2.29
M(H - WL W) 92Mw+o — (2:29)
In a renormalizable gauge the corresponding amplitude can be read off (taking care
with factors of 2) from the Hww vertex in the Higgs potential, with the result

M(H = wtw™) =2)v. (2.30)

Using the relations Mw = jgv and A = m};/2v? we see that Eqs. (2.29) and (2.30)
are indeed equal up to O(Mw /my) corrections.

The theorem was first proved in tree approximation!! and used in a variety of
calculations.1>~14 Reference 13 contains a proof to all orders which does not however
apply to matrix elements with more than one external Wy. A proof to all orders in
both L5 and Lgauge Was given in reference 1 and alternative treatments of a portion
of that proof have been given in references 15 - 17. The fact that the theorem holds to
all orders 1 the strong interactions of Ls is crucial for its applicability to strong WW
scattering. Bagger and Schmidt!? have questioned whether the theorem holds to all
orders in the electroweak gauge interactions. For an Abelian gauge theory Kilgore'®
has recently demonstrated a simple renormalization prescription that insures the va-
lidity of the theorem to all orders in both the gauge and symmetry breaking interac-
tions. His treatment clarifies the gauge and renormalization-prescription dependence
of the theorem. Similar conclusions have also been reached by He, Kuang, and Li'®
in the nonabelian case.

2.8 Low Energy Theorems

Using the equivalence theorem and the general properties of the Higgs mechanism
described in Section 2.1 we can derive the low energy theorems for W, W, scattering
that in turn set the scale for the onset of strong WW scattering. The symmetry
breaking pattern of L5 , G — H, implies low energy theorems for the Goldstone
bosons, which imply W W[, low energy theorems by means of the equivalence the-
orem. In general the low energy theorems are determined by the groups G and
H and by two parameters, the vacuum expectation value v and the p parameter,
p = M, /(M2 cos? 8w). Recall that we assume that there are no light quanta in Ls
other than w and 2. If there are other light quanta in £s they may or may not

modify the low energy theorems.3
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Low energy theorems for the 2 — 2 scattering of Goldstone bosons were first
derived by Weinberg?® for pion-pion scattering. Identifying the pion isotriplet with
the almost-Goldstone bosons of spontaneous flavor symmetry breaking SU(2)r x
SU(2)r = SU(2)L+r in hadron physics, Weinberg showed for example that

M(xtr™ — %% = % (2.31)
where F,, = 93 MeV is the pion decay constant defined in Eq. (2.18). Equation (2.31)
neglects O(m2) corrections (which are in fact calculable to leading order and were

computed by Weinberg) and is valid at low energy, defined as
s « minimum{m?, (4rF;)?}. (2.32)

The low energy theorems can be derived by current algebra or effective lagrangian
methods. The proof has two important features:

o it is valid to all orders in the Goldstone boson self-interactions. This is crucial
since those interactions may be strong (as they are for the pion example) so
that perturbation theory is a non-starter,

o we needn’t be able to solve the dynamics or even to know the lagrangian of the
theory. In fact the 77 low energy theorems were derived in 1966 before QCD
was discovered. (And we still don’t know today how to compute 7 scattering

directly in QCD.)

The current algebra/symmetry method was important in the path followed in the
1960’s that led in the early 1970’s to the discovery that Lmapron = Logcp. It is
similarly useful today in our search for Cs .

IfG=SU(2)LxSU(2)r and H = SU(2)L+r as in QCD, then we can immediately
conclude, just as in Eq. (2.31) that!

S

Mwtw™ — 2z) = = (2.33)

at low energy,
s € minimum{MZ2, (47v)?}, (2.34)
as in eq. (2.32). Here Ms is the typical mass scale of L5 and v ~ 1 TeV. More

generally, electroweak gauge invariance requires Eqs. (2.9) and (2.10) from which we
can deduce the more general result®

Mwtw™ — 2z) = %% (2.35)

12



Equation (2.35) is arguably more soundly based than (2.31) was in 1966, since (2.35)
is a general consequence of gauge invariance and the Higgs mechanism while (2.31)
was based on inspired guesswork as to the symmetries underlying hadron physics.
The low energy theorems are proved by three different methods®: perturbatively,
by a current algebra derivation similar to Weinberg’s, and by the chiral lagrangian
method.

We can next use the equivalence theorem, Eq. (2.27), to turn Eq. (2.35) into a
physical statement about longitudinal gauge boson scattering. In particular we have

1
MWEWL — Z1.71) = ;% (2.36)

for an energy domain circumscribed by Eqgs. (2.34) and (2.27) as
M, < s < minimum{M2, (47v)?}. (2.37)

The window (2.37) ﬁlay or may not exist in nature, depending on whether Mg > My .

In addition to Eq. (2.36) there are two other independent amplitudes which may
be chosen to be W+*W = and ZZ elastic scattering. Their low energy theorems are:

MWW, - WFWL) = — ( - g) % (2.38)
M(ZLZL — Z1Z1) = 0. (2.39)
There are in addition four others that follow by crossing symmetry:
MWEZL - WEZL) = %;t; (2.40)
MWW — WHWY)
= MWy Wi — WyW) = —(4— % = (2.41)

2.4 Unitarity and the Scale of Strong WW Scattering

The threshold energy dependence predicted by the low energy theorems would
eventually violate unitarity unless damped. In fact, the low energy theorems are
identical with the famous “bad” high energy behavior that the Higgs mechanism was
invented to cure — this emerges most clearly in the perturbative derivation.® Within
the Higgs mechanism it is the task of L5 to cut off the growing amplitudes Eqs. (2.36-
2.41). Unitarity implies a rigorous upper bound on the energy at which this must
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occur. The use of unitarity here is identical to that of Lee and Yang®! and of Ioffe,
Okun, and Rudik?? who used the growing behavior of fermion-fermion scattering in
Fermi’s four-fermion weak interaction lagrangian (also proportional to Grs « s/v? !)
to bound the scale at which Fermi’s theory must break down — essentially a bound
on the mass of the W boson. In fact that bound is precisely half the value of the
bound given below for the scale of the symmetry breaking physics.

In particular we use partial wave unitarity. The partial wave amplitudes for the
Goldstone scalars (or for the zero helicity, longitudinal gauge bosons) are

as(s) = 3—;; [ dcos 0)Ps(cos ) M(s, ) , (2.42)
where 8 is the center of mass scattering angle. Partial wave unitarity then requires
las(s)] < 1. (2.43)

Putting p = 1 we then find

s
167v2 —

a(WiWo — Z17;) = (2.44)

so that the interactions of £5 must intervene to damp the absolute value of the

amplitude at a scale Ag bounded by

As < 4v/mv ~ 1.75 TeV. (2.45)

At the cutoff, s = O(As), the J = 0 wave is

A3
167v?

ao(As) =

(2.46)

which relates the strength of the interaction and the energy scale of the new physics.
If As £ % TeV then ao(As) S 1/4w, well below the unitarity limit. Then L5 has
a weak coupling and can be analyzed perturbatively. For As & 1 TeV, we have
ao(As) R 1/3, which is close to saturation. Then L5 is a strong interaction theory .
requiring nonperturbative methods of analysis. -

Though not rigorously demonstrable, the most likely possibility is that As is of
the order of the typical mass scale M;s of the quanta of Ls ,

As & Ms. (2.47)

We can illustrate this with two significant examples. The first is the Weinberg-
Salam model, in which s—channel Higgs exchange provides the cutoff. Assume that
my > My but that my is small enough that perturbation theory is not too bad —
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say my =~ 700 GeV so that \/4n? = m% /8nv? ~ 1/10. To leading order the J = 0

partial wave is
s s s

1672 16mv? s — m%
where the first term arises from Lgauge and the second from the s-channel Higgs
boson exchange due to L5 now assumed to be the Weinberg-Salam Higgs sector. For
s < m% the first term dominates, giving the low energy theorem, Eq. (2.44), as it
must. But for s > m¥ the two terms combine to give

ao(s) = (2.48)

2
my

= —. 2.49
s> mil 167v? ( )

ao

Comparing Eq. (2.49) with (2.46) we see that (2.47) is indeed verified, i.e., As = mpy.
Consider next a strongly-coupled example. In this case we expect to approxi-
mately saturate the unitarity bound,

As & 4/7v = O(2)TeV. . (2.50)

We cannot actually compute M; in this case but we can relate the problem to one
that has been studied experimentally. In hadron physics the analogous saturation
scale from the 7n low energy theorems is

AHadron ~ 4\/7_l'f,r > 650MeV (2.51)

which indeed coincides with the mass scale of the lightest (non-Goldstone boson)
hadrons, e.g., m, = 770 MeV. The coincidence is not surprising: we expect resonances
to form when scattering amplitudes become strong, as they do at the energy scale of
the unitarity bound.

The general lesson can be extracted from the Higgs boson example: the cutoff
occurs at a scale s ~ M? characteristic of L5 , and at energies /s > Ms the magnitude
of the amplitude is of order

aa(o) = 0 s ) 2.52)

More precisely, Ms is the mass scale of the quanta that make the condensate that
generates Mw and Mz.

For M; « 1.8 TeV, the Lagrangian Ls is weak, WW scattering is never strong,
and the amplitudes are cut off by the exchange of narrow J = 0 bosons, i.e., Higgs
bosons. In that case M; is an appropriately weighted (by vev) average of the Higgs

Ms = \/im2). (2.53)
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If Ms > 1 TeV then Ls is strong and Eq. (2.52) shows that there will be
strong WW scattering above 1 TeV. We do not then necessarily expect a Higgs
boson but do expect a complex strongly interacting spectrum. We expect resonances
to appear at the mass scale Ms at which the partial wave amplitudes become strong,
|ag(M2)| ~ O(1), which implies M5 ~1 — 3 TeV. As discussed in Section 4 strong
two body resonances in that mass region would be observable with 10 fb~! at the
SSC, and signals meeting minium significance criteria could be obtained at the LHC
with an order of magnitude greater luminosity. If the resonances are unexpectedly
heavier we can still probe £s by means of nonresonant strong WW scattering at
Vs > 1 TeV, the subject of Sections 5 and 6.

3. Strong WW Scattering Models and Complementarity

The ET-EWA approximation® is the basis of most studies of strong WW scat-
tering in pp colliders. “ET-EWA” refers to the combined -use of the Equiva.lehce
Theorem and the effective W approximation. As discussed in Section 2.2, the equiv-
alence theorem allows us to model the basic W W, subprocess by models of ww
Goldstone boson scattering, provided we are not too close to the WW threshold
where O(Mw /FE) corrections are large. To obtain predictions for WW scattering in
pp or ete™ collisions the models for W W[, scattering are then convoluted with the
Wi W, effective luminosity as given by the effective W approximation. This intro-
duces two additional sources of O(Mw /F) corrections: first, the EWA intrinsically
neglects O(Mw /E) corrections and second, the “initial state” W, W[ pair is off mass
shell of order O(Mw /E).

3.1 Effective W Approzimation

The effective W approximation is analogous to the effective photon approxima-
tion of Weiszacker and Williams. It provides an effective luminosity distribution
for the probability to find colliding “beams” of longitudinally polarized gauge bosons
within the colliding quark “beams” produced at a pp collider or within the ete~ beams
at an e*e™ collider. For incident fermions f; and f, the effective luminosity for lon-
gitudinally polarized gauge bosons V; and V; is

%é = _wii)fﬁwé 1+ 2)in (%) ~2+2) (3.1)

wVa/fif2
where z = syv/ssy and the x; are the f; - V; couplings, e.g., xw = 1/4 for all fermions,
xzwa = (1 + (1 — &sin® 0w)?)/16 cos? O, etc .... Equation (3.1) must be convoluted
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with the desired ViV, subprocess cross section and also with the quark distribution

b=

The effective W approximation has been compared with analytical and numeri-
cal evaluations of Higgs boson production. The analytical calculations?* show good
agreement for WW — H for my > 500 GeV, with errors < O(10%) and decreasing
with my and /s, while for the relatively less important process ZZ — H the errors

functions in the case of pp collisions,

oL

olpp—---) = /T B co(VLVp — --+) (3.2)

ViVi/aq

qq/pp

are roughly twice as large. Above 1 TeV the errors are very small.

8.2 Strong Scattering Models, mn Scattering Data and Complementarity

The possibility that strong WW resonances may be heavier than the expected
1-3 TeV domain motivates a class of models in which the threshold amplitudes are
unitarized in a gradual, gentle fashion. The most naive example is the linear model,!
that takes the threshold amplitudes, Eqs. (2.36 - 2.41), which are purely real, as a
model of the absolute value of the partial wave amplitudes below the unitarity limit
and sets the -absolute value of the partial wave amplitudes equal to one at higher
energies. For instance, for the I,J = 0,0 partial wave the model is

s

16702

The discontinuity in the derivative is unphysical but the model is nonetheless a poten-

laco] = 6(167v? — s) + 0(s — 167v3?). (3.3)

tially useful guide to the magnitude of certain partial waves. It gives a surprisingly
good description of the pion scattering data in the I = J = 0 channel, as shown
below.

The standard K-matrix unitarization is another smooth extrapolation of the low
energy theorems.! In the K-matrix method a partial wave amplitude is specified in
terms of its reciprocal, 1/az. Partial wave unitarity is equivalent to the statement
that

Im(a3') = -1 (3.4)

so that a unitary as can be completely specified by specifying the real part of a3’.
For instance, for the isoscalar channel we choose

_ 167v?

S

TK-matrix models of W W scattering were first considered in reference 4.
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Figure 3.1 Modulus of the IJ = 00 partial wave, |ago|, in the linear and

K-matrix models.

which is the inverse of the threshold amplitude given by the low energy theorem (for
p = 1). The K-matrix amplitude is then

=2 (1 i )—1 3.6
90 = J6rv? T ) (3.6)
The linear and K-matrix models for the 00 channel of W, W}, scattering are shown in
figure 3.1.
For the like-charge I,J = 2,0 channel the analogous model amplitudes are
__s 2 _ 2
lazo| = 327w29(327rv s) + 6(s — 327v?) (3.7
and X
s . s \~
020 = T 3omve (1 + Z327r'v2) ) - 38)

A variety of other strong scattering models have also been considered. The N/D
method has been applied to interpret the theory of the ultraheavy Higgs boson.3°
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Figure 3.2 Compilation of n7 scattering data from reference 28.

The resulting isoscalar partial wave amplitude resembles but is considerably larger
than that of the linear model. Chiral lagrangians®'—® including higher dimension

operators and loop contributions to maintain unitarity? are an interesting way to

$The latter without the former were studied by Cheyette and Gaillard3!® while the former without
the latter were studied by Golden3!®.
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parameterize the model amplitudes. However the significance of the O(s?) corrections
is circumscribed by the fact that when they become very important they also become
untrustworthy, since their importance signals the breakdown of the chiral expansion.

It is instructive to compare the linear model with pion scattering data in the three
leading partial waves, IJ = 00, 11, 20. In Figure 3.2 from reference 28 the solid line
labeled a represents the linear model (with leading pion mass corrections included).
It is a surprisingly good fit to the 00 channel, including even the “discontinuity” in
the slope at saturation and the continuing saturation at 1 for higher energy. The scale
at which saturation occurs, 4,/7F, = 650 MeV, is the analogue of the 4\/mv = 1.75
TeV scale identified with As in Eq. (2.45). _

The wx scattering data for the I = 1 and I = 2 amplitudes illustrates the
complementarity of the resonant and nonresonant channels. In the I = 1 channel the
linear model drastically underestimates the magnitude of the amplitude because of
the p resonance. In the I = 2 channel it tracks the data fairly well until about ~ 600
MeV (analogous to ~ 1.6 TeV in W W[, scattering) where it 'begihs to overestimate
the data for the magnitude of the amplitude. This is also-a consequence of the
p resonance, in this case the force due to the ¢- and u-channel p exchange, which
interferes destructively with the threshold amplitude as discussed in Section 3.2. If
p(770) were heavier and/or less strongly coupled to n7, the linear model would be a
better fit to the data in both the isovector and isotensor channels. The a;; amplitude
would then be smaller while the ayy amplitude would be bigger!

The remarkable agreement of the linear model with the data in the I = 0 channel
is surely not fundamental but probably reflects broad resonant enhancements or some
other form of attractive dynamics in the isoscalar channel. If there were not additional
attractive dynamics in the I = 0 channel then the suppressing effect of the ¢- and
u-channel p exchanges would be as evident in the I = 0 amplitude as they are in the
I = 2 amplitude.

3.8 The p Chiral Lagrangian and Complementarity

The chiral lagrangian is a useful tool for illustrating the complementarity of
resonant and nonresonant scattering signals. In particular we consider the chiral
lagrangian with the p meson incorporated in a chiral invariant fashion. Weinberg?®
showed that chiral invariance requires the conventional pr7 interaction,

1 -
'2'fm €ijk P; 50 uTk, (3.9

to be accompanied by a four pion contact interaction that induces a linear term in
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Figure 3.3 The p chiral Lagrangian model compared with w7 scattering data
for |ay;| (W. Kilgore).

s in the nr scattering amplitude. This term cancels the linear terms induced by the
p exchanges, so that the low energy theorems are guaranteed. $

This chiral lagrangian gives a remarkably good fit of the a;; and aj partial
waves as shown in figures 3.3 and 3.4 compiled by Kilgore. The quality of the fit
at 1.2 GeV is probably fortuitous since the linear terms contributed by the chiral
lagrangian should be irrelevant at that scale. The fits show that the chiral lagrangian .
gives a good parameterization of the QCD data which we can now use to explore the
consequences of varying the p mass and width. For massless Goldstone bosons w; the
p width is given by

§It is sometimes argued that the KSRF?7 relation can be obtained by requiring consistency of
the s-channel p threshold contribution with the low energy theorems. In fact the cross-channel
p exchanges modify the putative consistency condition to be 3/2 of KSRF. Weinberg’s analysis
shows that these considerations are spurious and that chiral invariant prr interactions ensure the
low energy theorems regardless of the relationship between mg,, fonn, and F.
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Figure 3.4 The p chiral Lagrangian model compared with 77 scattering data
for 620 (W.Kilgore).

= F=m,. (3.10)

The lagrangian is completely specified by the Goldstone boson — gauge current cou-
pling v, and the p mass and width.

I will consider two examples of “p” mesons from minimal, one doublet techni-

color, Ny¢c = 2 and 4. With the conventional large Nr¢ scaling the mass and width
are given in terms of the parameters of the p(770) by

3 v
More = \| Npo Fo (3.11)

and
= 3le (3.12)



where f, is the pion velocity in the p(770) decay. For Npc = 4 the mass and width
are 1.78 and 0.326 TeV. For Nr¢c = 2 they are 2.52 and 0.92 TeV. For larger values
of Nrc and with the addition of more techniquark doublets the prc becomes lighter
and more easily observable. To represent the possibility that the resonances of Ls
may be heavier than the naively anticipated 1 - 3 TeV region I also consider a 4 TeV
“p” meson with a width of 0.98 TeV determined from the f .~ coupling of the p(770).

To ensure unitarity the amplitudes are unitarized by the K-matrix method de-
scribed above. The width is omitted in the real part of the s-channel pole contributions
and the imaginary part (i.e., the width) is then determined from the K-matrix pre-
scription. This K-matrix resonance prescription is essentially equivalent (i.e., precisely
equivalent in the s-channel pole approximation) to the conventional broad resonance
Breit-Wigner parameterization in which the fixed imaginary part of the denominator,
mT, is replaced by +/sI'(1/s). (I thank W. Kilgore for explaining this to me.)

p(1.78), p(2.52), p(4.0), K—matrix
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Figure 3.5 |a;1| for the “p” chiral Lagrangian model with m, = 1.78 (dashes),

m, = 2.52 (long dashes) and m, = 4.0 (dot-dash). The nonresonant K-matrix
model is represented by the solid line.
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Figure 3.6 |azo| for the “p” chiral Lagrangian models and for the nonresonant
K-matrix model. Lines are labeled as in Figure 3.5.

The results for the a;; and azy amplitudes are shown in figures 3.5 and 3.6
along with the amplitude of the nonresonant K-matrix model discussed in Section
3.2. As expected the amplitudes resemble the nonresonant K-matrix model when the
“p” mass becomes large. In particular the 4 Tev “p” amplitude is véry nearly equal
to that of the K-matrix model. This is a very genéral feature, independent of the
specific properties of vector meson exchange. It explains the sense in which gradual
unitarization models, such as the linear and K-matrix models, are “conservative”:
they represent the “fail-safe” nonresonant scattering signals that are anticipated if
the resonances are unexpectedly heavy. This is the most general meaning of comple-
mentarity. A more specific meaning, special to vector meson exchange, is the inverse
relationship of the I = 1 and I = 2 channels that is evident in the figures. The 11
channel provides the largest signal for the lightest resonances while the 20 amplitude
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has its largest signal when the resonances are heaviest and therefore exert the least

‘suppression on the amplitude.

8.4 WW Scattering Models from m Scattering Data

The 7 scattering data scaled by v/F, = 2700 can be used as model of strong
WL WL scattering, that is relevant to the extent that £s resembles Locp , €.g., as we
would expect in a technicolor theory with N7¢ = 3. However there are important pion
mass corrections to the simple scaling prescription in the W+ W™ channel because the
pion is actually much heavier than the W boson! That is,

(3> (%) o9

Eq. (3.13) implies that the pion mass corrections to the low energy theorems for 7r
scattering are much more important (by a factor 20) than the W mass corrections
to the W W, low energy theorems. Fortunately the leading pion mass corrections
are known and can be included ir the scaling prescription. The W mass corrections,
O(Mw /[FE), arising for example as corrections to the ET-EWA approximation, are

not known but are small in the energy region we consider.
In the limit m, = 0 the ] =2, J = 0 w7 low energy theorem is

s
327 F2

axp(rtat — ntrt) =

(3.14)

The leading O(m2 /s) correction is determined in QCD by the chiral SU(3) transfor-
mation properties of the quark mass terms in Locp 2°

s--2m

T (3.15)

axp(rtrt - ¥t = B, ———=
The replacement of s by s — 2m2 implies a factor 4 suppression in the cross section
at threshold relative to the uncorrected amplitude. The kinematical factor S, is also
important in the near threshold region. To account for the suppression near threshold
in equation (3.15) we define the scaling model by the prescription?®

az,ww(sww) = az0,xn(Srr) (3.16)
where sww is specified by
v \? 2
,BWSWW = ﬂ‘rr (F) (31r1r - 2m1|-)- (317)
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The scaled 77 model is then based on the scattering amplitude that chiral sym-
metry tells us the pion would have had if it were a true Goldstone boson. This
prescription collapses to naive scaling by v/F, far above threshold, sxr > 4mZ, but
near threshold the effect on the signal is large because the Wy Wy luminosity is a
steeply falling function of T7ww = sww/s. The kinematical factors fw and (3. ensure
that the WW and 77 thresholds map into one another but the By factor has negligi-
ble effect on the magnitude of the signal because the cuts used in Section 5 guarantee
the model is only applied far above the WW threshold, at least /sww > 0.5 TeV.

3.5 Criterion for Observability

If there are no prominent resonances or if they are unexpectedly heavier than
1-3 TeV, we will have to rely on structureless continuum signals of strong WW scat-
tering for evidence of the dynamics of L5 . The signals are then excesses of events
with no discernible structure. To detect the excess.reliably we must understand the
background to 30%, a goal consistent with the level at which we can expect to
understand the nucleon structure functions and perturbative QCD.3* Realization of
this goal requires an extensive program of “calibration” studies at the SSC and LHC,
to measure a variety of jet, lepton, and gauge boson final states in order to tune the
structure functions and confirm our understanding of the backgrounds.

The criterion for observability then requires both statistical significance and at-
tention to the “systematic error” due to our imperfect knowledge of the background.
Anticipating eventual understanding of the backgrounds to +30% I will conserva-
tively require that the number of signal events S be at least as large as the number
of background events B, / |

S > B. (3.18)

After some years of experience at the SSC and LHC it may be possible to relax this
condition somewhat. For statistical significance I consider both ¢! and ¢!, defined as

ol =S/VB - (3.19)
o' =S/V/S+B, (3.20)

the standard deviations respectively that the background could fluctuate up to give
a false signal or that the signal plus background could fluctuate down to the level of
the background alone. Minimal criteria for an observable signal are

o'25 (3.21)
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and
ol 2 3. (3.22)

The criterion for o' is stricter than for o! since the population of potentially false
signals is much greater than the population of true signals.

4. Strong Resonances: the “p” Meson

Though there is no theorem forbidding surprises, it seems likely based on our
limited experience with strong interaction physics that a strong L5 would give rise
to a prominent two body resonance in the 1 - 3 TeV region, perhaps analogous to
the isovector p(770). We will deal with the possibility of unpleasant surprises in the
subsequent sections when we discuss the continuum strong scattering signals. In this
section we will consider the signal for a p - like two body resonance in WW scattering.
We will model the signals with the chiral lagrangian®*?°
Applied to QCD we saw that it gives a very good fit to both the a;; and ago partial

introduced in Section 3.3.

wave amplitudes (figures 3.3 and 3.4).
There are two important prc broduction mechanisms: @q annihilation34® via a
-virtual W boson and WW fusion.! The former is estimated using vector meson dom-
inance of the weak current. The latter in the WZ channel considered below has con-
tributions from both the a;; and ay partial waves. The pr¢ decays predominantly
to ww, i.e., W WL, | just as the p(770) decays to 77, so that f,u., is determined from
the prc width. The large Nr¢ estimates for the mass and width are given in equa-
tions (3.11-3.12). I will also consider the signal from the 4 TeV “p” resonance with
a width of 0.98 TeV introduced in Section 3.3. As in Section 3.3 the amplitudes for
both gq annihilation and W Z fusion are unitarized by the K-matrix method. The
WZ fusion amplitude includes the linear terms from the chiral lagrangian, including
the contact interaction induced by the chiral invariant p coupling, and the s- and
u-channel p exchange contributions.

In this and the subsequent sections I consider just the purely leptonic decay
modes since the experimental ability to detect the “mixed” decays in which one gauge
boson decays hadronically is uncertain — see the study of jet tagging reported in the
SDC technical design report.3% For prc the channel of choice is therefore W2 , which
can be cleanly detected in the leptonic final state [*v + 1~ where [ is an electron or
muon. The net branching ratio is then 1.4%.

The dominant background, and the only one included in the results given below,
is continuum gq annihilation to W Z pairs. The calculations use the HMRS structure
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Figure 4.1 N = 4 (solid lines) and N = 2 (dashed lines) prc signals at
the SSC and LHC with branching ratios and cuts specified in the text. The
dot-dashed lines indicate the background.

functions. The W Z fusion contribution is computed using the EWA. I have not at-
tempted to fine-tune the cuts for these prc signals since a simple cut in the invariant
mass is sufficient to demonstrate the dominance and observability of the signal at
the SSC. A more careful treatment of the cuts and the smaller background contri-
butions would be needed to refine the estimates given below of the LHC lum1n031ty
requirements and would also improve the SSC signals.

I consider the Nr¢c = 2 and 4 prc mesons since they bracket scaled QCD, Ny¢ =
3, and because larger values of Nr¢ correspond to smaller masses and bigger signals.
The results are summarized in figure 4.1 and table 4.1.
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Table 4.1: Yields of p, signal and background events per 10 fb™! at the
SSC. Contributions to the signal from WW fusion and gq annihilation are
shown separately. Statistical significance 01! is defined in Eqgs. (3.19-3.20).
Cuts are |yw| < 1.5, lyz| < 1.5, and Mwz as indicated.

Vs | M, | Mwz Signal BKGD | ¢, o

Wz 0Q TOT
40TeV | 178 >10] 19 11 30 | 93 |10,48
>14| 15 77 23 33 | 12,45
252] >1.0 | 13 43 17 93 |57,34
>12( 12 31 15 53 |6.3,3.3
40 | >10[ 99 29 13 93 |4.2,27
>12 |81 20 10 53 |4.4,26

16Tev|178 >10] 1.9 35 55 | 32 |3.0,19
>14| 14 22 36 | 09 |38,17
252 >12]09 08 17 | 16 [14,09
>14 |07 06 13| 09 |14,09
40 [>16] 03 02 05| 05 |0.7,05

A rapidity cut |y| < 1.5 has been applied to the gauge bosons. The tables give
the numbers of events per 10 fb~! for various cuts on the diboson invariant mass.
The figures plot the signals and backgrounds separately, i.e., the signal is not plotted
incrementally above the background. The results for the 4 TeV p resonance are
included in the tables but are not shown in the figure.

Assuming detection efficiencies® of 95% for Z — I+~ and 85% for the isolated
lepton from W — lv, the detection efficiency is 80%. To meet the statistical criterion

of Section 3 we must then increase by 10 % the requirements on our theoretical

estimates, which are not corrected for detection efficiency, from the values given in
Eqgs. (3.21 - 3.22) to

ol > 55 (4.1)
and

ot >33, (4.2)

Table 4.1 shows that this criterion is satisfied for both (and indeed all) prc
resonances with 10 fb=? at the SSC. with signal:background ratios comfortably greafer
than 1 as required by Eq. (3.18). For Nyc =4 (M = 1.78 TeV and T = 0.33 TeV)

figure 4.1 shows that the resonance has recognizable structure. For diboson masses
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above 1.4 TeV the 23 signal events would be unmistakable above a 3 event background.
The N7c = 2 signal is more demanding, because of the larger mass, 2.5 TeV, and the
much greater width, 0.92 TeV. The signal in this case is nonetheless significant, with
. 18 signal events over 9 background events for Mwz > 1 TeV. The 4 TeV “p” does
not meet the minimum criterion but comes surprisingly close. With 16 fb~! it would
provide a minimally significant signal.

At the LHC the signals are of course smaller and the signal:background ratios
are also smaller than at the SSC. The cuts for the LHC signals in table 4.1 have
been chosen to ensure Eq. (3.18) and to provide statistical significance as near as
possible to Egs. (4.1-4.2). With 160 fb™! the prc(2.52) would just meet the minimum
significance criterion, while 33 fb~! would be required to meet the minimum criterion
for prc(1.78). For the 4 TeV “p” 570 fb~! would be needed for a minimal signal.

Notice that the WW fusion component of the signal depends much more sensi-
tively on the beam energy than the gg annihilation contribution to both the signal
and the background. This explains most of the larger signal:background ratio at the
SSC and causes the gq induced fraction of the signal to be larger at the LHC. The
gq fraction increases the LHC:SSC signal ratio relative to what it would be if the
signal were due only to W Z scattering.

Since Ny¢c = 2 is the most demanding prc signal these results show that the
SSC with 10 fb~! and the LHC with 160 fb~! will be able to discover any techni-rho
assuming the conventional large Nr¢ estimates are not badly violated. The luminosity
that would be required at the LHC to obtain not just minimally significant signals
but equivalent signals to those at the SSC with 10 fb~! are 110, 180, and 330 fb—!

for the 1.78, 2.52, and 4.0 TeV “p” resonances respectively.

While the 4 TeV “p” signal does not quite meet the criterion at the SSC with 10
fb=! , it provides a more than minimal signal in the W+W+ scattering channel as ex-
pected by complementarity. We could of course imagine even heavier “p” resonances
with even smaller signals in the WZ channel, but all these would provide robust

signals in the W+W* channel as shown in the next section.

5. Strong W*W* Scattering Signals

The W*W+ and W~W~ channels are especially interesting for three reasons:

o They do not have the g¢g = WW or gg - WW backgrounds, respectively
of order aw and awas in amplitude, that are the dominant backgrounds to
the strong scattering signals in other gauge boson pair channels. The leading
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background to strong W+W+ scattering is the order o, amplitude discussed

below.

o The branching ratio for W+W+ — Ity + I*v with | = e or u is relatively large,
~ 5%, and has a striking experimental signature: two isolated, high pr, like-
sign leptons in an event with no other significant activity (jet or leptonic) in

the central region.

o Strong WHW+ + W~W~ scattering complements the strong scattering signals
in the other gauge boson pair channels, in that the WtW+ 4+ W~=W~ signal is
likely to be largest if the resonance signals expected in the other channels are
smallest — see Section 3.2.

The W+W+ strong scattering signal was first estimated in reference 1 but with no
estimate of the backgrounds. There have subsequently been several more detailed
4-6,29

studies of signals and backgrounds,
enhances the signals with respect to the background. In this section we will consider

resulting in a powerful set of cuts that greatly

the signals from the strong scattering models introduced in Section 3: the linear and
K-matrix models, scaled 7r scattering data, and the “p” chiral lagrangian with the

“p” parameters considered in the previous section.

5.1 Backgrounds

One would expect the O(asaw) gluon exchange amplitude for gg — qgW W+
to be the dominant background. It was computed and compared to strong scattering
signals in reference 29. With correction of a programming error (see erratum?) the
gluon-exchange cross section of reference 29 is consistent with results reported by Di-
cus and Vega,*® who subsequently made the surprising discovery that the electroweak
O(o?,) background is a few times larger than the contribution of gluon exchange.>”
This conclusion has been confirmed in references 4 - 6.

These order o¥, and awas amplitudes are “irreducible” backgrounds in the
sense that they correspond to precisely the same parton scattering procéss as the
strong scattering signal, i.e., gq¢ = gqW¥W™. In the results presented below 1 do
not consider another set of backgrounds which are more detector dependent and are
not irreducible. These are first, gg — W*W~ — [*vl~7 where the I~ charge is
mismeasured and second, &t — W*W~ where the W+ decays leptonically to I* and
the W~ decays to tb with the b quark decaying semileptonically to a second I*.

Both of these “non-irreducible” backgrounds have been simulated in the SDC
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detector with encouraging results®®, and with the detection capabilities of the SDC
both will probably be smaller than the irreducible backgrounds, though a full detector
simulation has yet to be done. I am not aware of any similar study for the LHC where
the top quark backgrounds are potentially more dangerous. The key to the first
background is the tracking capability in a magnetic field to measure the curvature of
the lepton track. The key to the second is the isolation of the leptons, since the lepton
from b decay will tend to have nearby hadronic fragments from the associated ¢ quark.
The isolation cut will be especially powerful for the larger values of pM!V considered
below. Topological cuts will also be helpful against the £t backgrounds. See also

references 4,5, and 38 for other studies of the top quark related background.

The O(a?,) background to strong WW scattering is the complete tree approx-
imation amplitude for gg — ggWW in the standard model with a light Higgs bo-
son, say myg < 100 GeV. For cuts appropriate to strong WW scattering the O(ady)
background amplitude for gg — ggW+W™ is independent to a very good approx-
imation of the value of my within the range my<100 GeV It consists of WrWr
(transverse-transverse) and WrWy, (transverse-longitudinal) pairs with only a negli-
gible quantity of W W}, pairs. With the cuts given below the cross section to produce
WrWr 4+ WrW,, pairs is essentially independent of my even for large values of my
in the strong scattering domain, my = O(1) TeV. That o(WrWr + WrW) does
not depend on my is easily understood, since it is the component of gg — qgWW
scattering that occurs via gauge sector interactions rather than by the interactions of
Ls and that would occur at the same level in the unbroken phase of the theory. It is
in this sense that it is a “background” to strong W W[, scattering.

All WW polarizations, WrWr, Wy Wy, and Wy W, are included in the back-
ground calculations reported below. While the W Wy, contribution to the background
is truly negligible, the W Wr contribution is not. In particular with cuts like those in-
troduced below that discriminate very effectively against transversely polarized W's,
the fraction of W Wt events passing the cuts tends to increase relative to WyWr and
a larger error is committed by neglecting them.

5.2 The Nucleon Q? scale

The effective W approximation® is an essential ingredient of the strong scattering
models. Its validity at large sww has been verified in many studies. Like the effective -
photon approximation it is a small angle approximation that neglects the transverse
‘momentum of the recoiling quark that emits the (slightly) virtual W. It is a good
approximation at high energy because the neglected transverse momentum (and also
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the virtuality of the gauge boson) are of a fized order of magnitude, independent of
the scattering energy, given for instance by m. in the case of the effective photon
approximation applied to ete™ scattering or by Mw for the EWA applied to gq
scattering. Insofar as the EWA is applicable, the quarks in WW fusion are probed by
the virtual W’s at a Q2 scale of order M, and we therefore choose My as the scale
of the quark distribution functions in the calculations of the ET-EWA model signals,

Q% = MZ,. (5.1)

The W is then only “slightly” virtual since in the domain of validity we enforce
Ew > Mw. .

For the order o?, and awas amplitude backgrounds a different Q@? choice is
needed because not all the contributions to the background are characterized by
a fixed scale of order M. The contribution of §g annihilation amplitudes, gg —
ggWW is negligible, and for the remaining ¢- and u-channel exchange amplitudes we

follow the prescription3%2%:6

1
Q* =5 (PFy, +Prs) + Miy | (5:2)

where pr;j, , are the transverse momenta of the final state quark jets. Equation (5.2)
has the virtue that for the domain of interest, pZy > M%, it becomes Q? = p2.,, =
p¥; if the W acquires large pr by recoiling against the emitting quark, while collapsing
to @2 = O(M3%), equation (5.1), if the two W’s recoil against one another as occurs
when WW fusion dominates. It therefore interpolates between the two possible scales
at which the nucleons are probed by the virtual W’s. (We also use equation (5.2) for
the scale of as in the gluon exchange amplitude.)

A consistency check of Egs. (5.1) and (5.2) was performed in reference 39, in
which different scale choices were compared for the consistency of the ET-EWA com-
putation of the heavy Higgs boson (my = 1 TeV) with the full order %, amplitude
calculation of the same signal. Due to a programming error, the results that were at-
tributed to Eq. (5.2) actually corresponded to the choice Q? = § (pFw, +Piw,) + M.
The error does not affect the evidence in support of Eq. (5.1) for the ET-EWA cal-
culations of the signal but may affect the choice of scale for the backgrounds. The
question needs more study. In this paper I will use Egs. (5.1) and (5.2).

The Q? scale choice has a significant effect on the signal. For instance, choosing
Q? = sy, for the ET-EWA signal, as was done in reference 4, results in an order 30%
reduction in the signal magnitude.
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5.8 Experimeﬁtal Cuts

In references 1 and 29 the signals were computed using a “theorist’s” cut on
Mww, the WW invariant mass, that cannot be implemented in the W*W+ channel
with two neutrinos in the final state. It was supposed that the results would be an
upper limit on what could be achieved using measurable variables such as the dilepton
mass, my, or the transverse dilepton mass, /mf + p%,. Drawing on the efforts of
three groups*—® we now have experimentally implementable cuts that are actually -
much more powerful than the “theorist’s” cuts.

The single most effective variable is the lepton transverse momentum, pry. The
cut pr; > p¥IN is effective for two reasons. First, large pr; implies large Mww and
therefore enhances the signal — which has subprocess amplitude growing with Mww
— over the background with subprocess amplitude decreasing as Mww increases. In
this respect the pr; cut replicates the “theorist” cut on Mww. Second, the pr; variable
enhances the longitudinally polarized W bosons of the signal over the predominantly
transversely polarized W bosons of the background, and in this respect it surpasses
the My w variable. In fact the pr; variable is “twice” as good as Mww. For instance,
in the case of the linear model signal if we choose pM/N and MMIN to pass equal
numbers of signal events we find that the pr; cut passes only half as many background
events as the Myww cut.

The explanation lies in the decay angular distributions of the W bosons for
transversely and longitudinally polarized W’. Defining 6* as the angle in the W+
rest frame between the lepton {* and the boost axis to the laboratory frame, the -
distribution for longitudinal W’s is

dN 3

Tl — 1 sin® 6* (5.3)
while for transverse W's it is
dN 3 .
Tt =38 (1 4 cos?6*). (5.4)

The distribution peaks at 90° for W while for Wy it peaks in the forward and
backward directions.

Since we always impose “hard” cuts that ensure Ew > My (essential for the
validity of the ET-EWA based models and also useful against the backgrounds), most
of the leptons born of W, will be “hard” and move in the same direction as the parent
WL in the laboratory, while only half the leptons born of Wr will have these properties.
The other half, that decay opposite to the W line of flight, will be “soft”, i.e., have
only a small fraction of the parent Wr’s energy, and their direction of motion will be
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Table 5.1: Cumulative effect of cuts on linear model signal and background for
W+W+ only at the SSC. Entries are events per 10 fb™1.

Signal (++) Background (++)
Cut Linear Model | O(a2) O(awas) Total
lvel < 2 71 389 171 560
pre > 0.1 TeV 44 38 11 49
cos pp < —0.975 32 6.7 2.4 9.1
CJv 27 2.3 0.18 2.4

weakly correlated with the parent boson’s. This makes the pr; > pMV cut highly
effective against the WrWr background and, to a lesser extent, against the WrWp,
background.

A second useful variable, introduced in reference 5, favors longitudinal over trans-

verse gauge bosons for essentially the same reason. It is

cos ¢u = P, - PTi; (5.5)

the cosine of the angle between the two charged leptons in the transverse momen-
tum plane. For the W W, events the dN/dcos ¢; distribution is strongly peaked
at cos ¢y = —1, since the hard leptons “remember” the nearly back-to-back trans-
verse momenta of their parent bosons. For the WrWr background events there is
a backward peak corresponding to the roughly 25% of the events that contain two
hard charged leptons, while the remaining ~ 75% are distributed fairly uniformly.
We favor a harder cut on cos ¢y than was used in reference 5. The difference may
reflect the different signals considered: strong scattering models here versus Higgs

boson exchange in reference 5.

The power of these cuts is evident in table 5.1, which shows just the posi-
tive W*W+ signal and irreducible O(o%,) and O(awas) backgrounds for the linear
model (with HMRS structure functions). With only the lepton rapidity cut, |y| < 2,
the background dominates the signal by an order of magnitude, with 71 signal events
and 560 background events for 10 fb~! .Y The lepton transverse momentum cut
P11 > 100 GeV then reduces the background by an order of magnitude, to 49 events,

TLittle is gained by increasing the lepton rapidity cut beyond 2, since the background tends to
be more forward peaked than the signal. The choice |y;| < 2 is not an experimentally dictated
compromise but is consistent with our overall strategy of signal optimization.
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while reducing the signal by only 16% to 44 events, already larger than the back-
ground. The cut on cos ¢; then reduces the background by another factor of 5 to
9 events while retaining 32 signal events, already an extremely clean and significant
signal.

The final entry in table 5.1 shows the additional effect of the central jet veto
(CJIV) proposed by Barger et al., which rejects events with a jet in the central re-
gion, ly;| < 2.5, with transverse momentum pr; > 60 GeV. It reduces the background
by another factor of 4 and is especially effective against the gluon exchange compo-
nent of the background which it reduces to insignificance, while diminishing the signal
by only about 15%. Unlike forward jet tagging which may be experimentally difficult
and has an uncertain and possibly low efficiency,3® the central jet veto is easy to
implement. Like the other cuts the CJV exploits the polarization of signal and back-
ground: the longitudinal virtual W’s associated with the signal tend to be emitted
colinearly at high energy so that the recoil jets are at larger rapidity with smaller
pr;- But the transverse W’s cannot be emitted in the forward direction because of
angular momentum and (approximate) chirality conservation, therefore the jets recoil
at smaller rapidity and larger pr;.

It is not possible to evaluate the signal efficiency for the CJV using the ET-EWA,
since the latter is a small angle approximation that neglects the transverse momentum
of the quarks. I have computed the signal efficiency by considering the my — oo
limit of the O(c?,) standard model amplitude. With a cutoff at v/327v? = 2.5 TeV,
it is equivalent to the linear model Eq. (3.11). While the results vary slightly with
prt and cos @y , the signal and background efficiencies are approximately 85% and
25% respectively at the SSC and 80% and 18% at the LHC. (In the results reported
below 1 have included the slight variation of the CJV efficiency as a function of
pri and cos¢y .) This calculation of the CJV signal efficiency is reliable to lowest
order in QCD but may overestimate the actual signal efficiency because of high order
corrections including gluon radiation.

With the central jet veto the net effect of the cuts is to reduce the background
by a factor of 230 while the signal is reduced by only a factor of 2! Without the CJV
the result is still very impressive: a factor 60 reduction of the background and less
than a factor 2 signal reduction. Since the real CJV signal efficiency may be lower
because of gluon radiation, the real net efficiencies lie somewhere between the results
with and without the CJV. I will therefore present the results for the various models
with and without the CJV.
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Figure 5.1 7+ n* scattering data with the fit of reference 4.
5.4 Results

In this section I will present the results from the linear and K-matrix models,
Egs. (3.11- 3.12), and from scaled n*#+ scattering data using the scaling prescription
Egs. (3.16 - 3.17). Signals for “p” chiral Lagrangian will be presented in Section 5.5.
A compilation of the nr scattering data (by M.Berger) is shown in figure 5.1. We
consider two fits. Model B, taken from Barger et al.,* is represented by the solid line
in the figure. Since it underestimates the magnitude of the amplitude at low energy
relative to the highest statistics data points, from the experiment of Prukop et al.,
40 we consider another fit, model A, based directly on the Prukop et al. data below
600 MeV and matching smoothly to the Barger et al, fit above. The four models
presented in this section were studied previously by M. Berger and me,® though with
EHLQ rather than HMRSB structure functions, without applying the CJV, and only
for 40 TeV.

The detection efficiency for an isolated central lepton is assumed to be 85% for the
SDC detector,® based in part on CDF experience. Therefore the detection efficiency
for W+W+ pairs decaying to electrons and/or muons is =~ 70%. To achieve the
minimum significance criterion of Egs. (3.21 - 3.22) for the detected events we scale
the minimum criterion for the uncorrected cross sections upward by 1/0.85 = 1.18,
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Table 5.2: Linear model signal and background for W¥W+* + W-W~ at
SSC and LHC with and without central jet veto. Yields are in events per 10
fb—1. Cuts are |ye] < 2, cospg < —0.975, and pr¢ as shown.

Without CJV With CJV
V5 | pre | Bked Linear Bkgd Linear
Model Model
TeV | TeV | events | events ol o! || events | events ol o!

>0.1 14 44 12 5.8 3.8 36 19 5.7
40 [ >02] 35 30 16 5.2 0.8 -26 29 5.0
>03| 1.2 19 17 4.2 0.3 16 29 4.0

>0.1| 2.9 4.4 26 161 055 3.6 49 18
16 | >021 05 25 35 141 0.09 2.1 69 14
>0.3| 0.13 1.3 36 1.1 0.03 1.1 6.7 1.0

o' 26 . (5.6)

and
ol 2 3.5. (5.7)
The results for the linear, K-matrix, and #nn scattering models are shown in
tables 5.2 - 5.5. The cuts have been chosen to maximize o' before application of the
CJV. The tables give the numbers of signal and background events per 10 fb~! and

the values of o1l at both the SSC and LHC. For the linear and K-matrix models
harder cuts on pr; and cos ¢y are used than for the n* 7+ scattering

Table 5.3: K-matrix model signal and background as in Table 5.2.

Without CJV With CJV
Vs | pre | Bked K-matrix || Bkgd K-matrix
TeV | TeV | events | events ol ol | events | events ol o!
>0.1 14 35 94 5.0 3.8 29 15 5.1
40 | >0.2 3.5 23 12 4.4 08 | 20 23 44
>0.3 1.2 13 12 3.5 0.3 12 22 34
>0.1 2.9 3.9 2.3 1.5 0.55 3.2 4.3 1.7
16 | >0.2 0.5 2.0 2.8 1.3 0.09 1.7 5.5 13
>0.3] 0.13 1.0 2.7 09| 0.03 0.85 4.9 0.9
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Table 5.4: Pion scattering model A as in Table 5.2 except cos g < —0.90.

Without CJV With CJV
Vs | pre | Bked (rm)a Bkgd (7m)a
TeV | TeV | events | events o o! || events | events ¢! ol

>0.1 26 63 12 6.7 6.5 52 21 68
40 | >0.15 12 38 11 54 3.0 33 19 5.5
>0.2 6 23 9 4.2 1.5 20 16 43

>0.1 5.4 10.5 45 2.6 1.0 8.2 82 2.7
16 | >0.15} 2.0 5.7 41 21| 034 4.6 7.8 21
>0.2 | 0.85 2.9 3.1 154 0.12 2.3 6.8 1.5

scaled models, since the latter have proportionately more signal at low energy. The
SSC signals easily satisfy Egs. (5.6 -5.7) and in some cases are.quite spectacular in
the dominance of the signal over the background. The largest SSC signals occur for
the linear model, table 5.2, where for instance with the CJV and pr; > 0.3 TeV the
signal is two orders of magnitude large than the signal. At such large values of pr; the
top quark associated background will also be extremely small, since the efficacy of
the lepton isolation cut increases with increasing pr; while do(#t)/dpr; decreases. The
most challenging model is the #7 data model B, table 5.5. At the SSC the 10 fb~!
signal for model B also passes the minimum criterion with or without the central jet
veto.

The LHC signals are of course smaller and have smaller signal:background ratios
than the SSC. However the difference in the signal:background ratio is less dramatic

Table 5.5: Pion scattering model B as in Table 5.2 except cos g < —0.90.

Vs | pre | Bkgd (mm)B Bkgd (mm)B
TeV | TeV |events|events ¢! o! || events |events o7 !
>0.1 26 33 6.5 4.3 6.5 27 11 4.7
40 | >0.15 12 21 63 3.7 3 18 10 3.9
>0.2 6 14 5.7 3.1 1.5 12 10 3.3

>0.1 5.4 5.0 22 1.6 1.0 3.9 39 18
16 | >0.15| 2.0 2.7 20 13| 0.34 2.2 3.7 14
>0.2 { 0.85 1.5 1.6 1.0 0.12 1.2 3.5 1.0
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than in other channels, such as the ZZ channel considered in the Section 6. The
reason is easy to understand. In the ZZ channel the dominant backgrounds are from
Gq — ZZ and gg — ZZ, with two body phase space which decreases more slowly with
energy than does the WW scattering process, gqq — gqWW - qqZ Z , with four body
phase space. In the W+W channel both the signal and the background have four
body final states, gg — qgW W, and therefore the signal and background scale more
nearly alike with beam energy. It should be noted however that the top quark related
backgrounds, that are not included in the tables, may be a bigger problem propor-
tionately at the LHC because the additional particles from overlapping events might
obscure the isolation of the W decay leptons. Indeed, all aspects of the W*W+ signal

2

will have to be examined in the 103* cm™2 sec™! luminosity environment.

At the LHC the most significant signal occurs for 77 model A, because that
model has a particularly large cross section at low WW energy, reflecting the Prukop
et al.*® “bulge.” As for the SSC the 77 model B provides the smallest signal, though
at the LHC it is not much smaller than the K-matrix model. The. p chiral Lagrangian
fit, figure 3.4, suggests that model B is probably more plausible than model A.

We may ask what integrated luminosity would enable the LHC signals to meet
the minimum criterion Egs. (5.6 - 5.7). Excluding 77 scattering model A (for which
20 fb~1 suffices) the required luminosity varies between 75 fb~! (for model B without
CJV) to 40 fb~! (for the linear model with CJV). | These minimal LHC signals are
of course less significant than the SSC signals obtained with 10 fb=! . We may ask at
what luminosity the LHC would yield a comparable signal, say for the linear model,
to the SSC signal with 10 fb™! . The answer to that question for strong scattering
into the ZZ final state is 350 fb~! as presented in Section 6. For the W+W+ signal
a smaller increase is needed, since the energy dependence of the four body final state
background more nearly resembles that of the signal. The SSC signal for the linear
model with pr; > 0.2 TeV is 30 signal events over 3.5 background events with 10
fb=1 . To achieve the same signal:background ratio at the LHC we must raise the
pr1i cut to pry > 0.275 TeV, yielding 1.5 signal and 0.18 background events. A factor
20 increase in luminosity to 200 fb=! then yields 30 signal and 3.6 background events,
virtually identical to the 10 fb=! SSC signal.

5.5 Complementarity and the “p” Chiral Lagrangian

We have seen in figure 3.4 that the p chiral Lagrangian fits the n7 scattering

Hin reaching this conclusion we do not allow pr; < 100 GeV lest we include a significant number
of events with Mww < 500 GeV for which the ET-EWA breaks down.
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Table 5.6: Signals and backgrounds in events per 10 fb~! at the SSC for the
“p” chiral Lagrangian model. The cuts are specified by the minimum allowed
value of pr¢ and the maximum allowed value of cos g

M, CUT Without CJV With CJV
pre } SIG BKGD of, 0! || SIG BKGD ol,o!

COS Pge

1.78 0.1 22 23 46,33 | 18 5.7 7.6, 3.7
-0.925 .

2.52 0.1 31 23 64,421 25 5.7 11, 4.5
—0.925

0.15 23 12 68,39 20 29 1241
—0.90 : |

4.0 0.1 40 19 9.1,5.2 | 33 4.8 15, 5.3
- =095

—0.975

0.2 } 22 3.5 11,43 || 20 0.9 21,4.4

data in the I = 2 channel to the surprisingly large energy scale of 1.2 GeV. In
this section we present the predictions of the model for W+W+ scattering using the
“p” parameters considered in section 4 for the W Z resonance production channel.
From figures 4.5 and 4.6 we anticipate that the parameters that gave the smallest
signals in the WZ channel will give the largest signals in W*W scattering. We
also expect that the 4 TeV “p” model will give a very similar result to that of the
nonresonant K-matrix model presented in Section 5.4. As in Sections 3 and 4 we
unitarize the amplitudes by the K-matrix prescription.

The results are presented in tables 5.6 and 5.7 for the SSC and LHC respectively.
In table 5.6 we see that for the SSC with 10 fb~! the 4 TeV “p” model provides a very
striking signal that is indeed similar to the K-matrix model signals in table 5.3. The
signal for the Nr¢c = 2 prc(2.52) is significant even without the central jet veto. The
most difficult signal, corresponding to the Nrc = 4 prc(1.78), meets the minimum
criterion with the CJV but without the CJV would require 17 fb~?! integrated
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Table 5.7: Signals and backgrounds in events per 10 fb~! at the LHC for
the “p” chiral Lagrangian model. Cuts are specified as in Table 5.6. Lmv and

Lgq are defined in the text and are given in fb71.

M, CUT Without CJV With CJV
pre } SIG BKGD o', 0! ||SIG BKGD of,o!
COS Pee
178 | OB } 18 15 1510 27 10 27,14
—0.95 NoCJV
0.1 } Ly = 170 Ly = 60
—09 [, | Lea=100 Lq =80
2.52 same 24 15 20,120 33 10 34,16
Lvmn = 95 Ly = .50
Lrq = 110 Leq = 110
4.0 same 33 15 27,15] 43 10 43,19
Lvm = 55 Ly = 35
Lpq =120 Lgq = 200

luminosity. It of course provides the biggest signal in the WZ channel, far in excess

of the minimum criterion.

The analogous signals for 10 fb~! at the LHC are shown in table 5.7. Also shown
in each case are Lps;n, the integrated luminosity that would be required to meet
the minimum significance criterion, and Lgg, the luminosity to obtain an equivalent

signal to that of the SSC with 10 fb~?! .

The complementarity of the SSC signals is summarized in table 5.8 which shows
that for each “p” mass there is an observable signal at the SSC with 10 fb™! even if

Table 5.8: Summary of the complementary signals in the W*Z and WtW++
W-=W~ channels (without CJV) at the SSC in events per 10 fb1.

M, Wtz WHW+* + W-w-

SIG BKGD ol,o! [|SIG BKGD of, ot
1.78 || 30 9 10, 4.8 || 22 23 4.6, 3.3
252 | 18 9 5.7,34 | 23 12 6.8,3.9
40 | 13 9 42,27 40 19 91,52
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Table 5.9: Summary of luminosity requirement at the LHC (Lmin) to meet
the minimum significance criterion for the W*Z and W+W+ + W~W~ chan-
nels (without CJV).

M, Ly (F571)

(TeV) | WEZ WHW* 4+ W-W-
1.78 | 33 170

2.52 | 160 95

40 | 570 55

we conservatively do not use the central jet veto. The pr¢c(2.52) provides an observ-
able signal in both channels as does the prc(1.78) if we do use the CJV. Without
using the CJV all three models would be observable in both channels if the SSC
luminosity is increased to only 17 fb~? .

The analogous LHC luminosity requirements are summarized in table 5.9, which
gives the luminosity for a minimal signal for each “p” mass in both the WZ and
WHW+ channels. We see that 100 fb~! would guarantee for  each model a signal
that would be observable above the irreducible backgrounds in one (but never both)
of the two channels. However “non-irreducible” backgrounds that are known to be

! may pose problems at higher luminosity. No firm

manageable at 103 cm~2 sec™
conclusion can be drawn until these issues have been carefully studied in the relevant

channels.

6. Strong Scattering in the ZZ Final State

If £5 is strongly interacting and if a single symmetry breaking condensate gives
mass to both the weak gauge bosons and to the top quark, then there will in general
be two strong scattering mechanisms for ZZ pair production. They are WW fusion,
W+W~ — ZZ, as discussed in Section 2.4, and gluon-gluon fusion, gg — ZZ, via a
top quark loop.” As reviewed in Section 2, the WW fusion process probes the mass
scale of the quanta which generate the condensate that gives mass to W and Z. The
gg fusion process via a virtual ¢t loop probes in a similar way the mass scale of the
quanta which make the condensate that generates the t quark mass. If only one
condensate does both jobs and if L5 is strong so that the mass scale of the associated
quanta is above 1 TeV, the gg fusion contribution significantly enhances the strong
scattering signal in the ZZ final state.*® In effect we are generalizing the two

**Here as elsewhere we are assuming Ls has no light quanta. If there are light PGB’s they can
induce an additional large contribution to gg — ZZ.4!
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Figure 6.1 Box and triangle diagrams for gg — ZZ.

principal Higgs boson production mechanisms, gg — H,%> and WW — H,* to the
case of dynamical symmetry breaking by a strong Cs .

It is possible to use the WW and gg induced processes to probe separately the
mechanisms of gauge boson and matter field mass generation, that do not necessarily
arise from the same symmetry breaking condensates. Condensates that contribute to
the W and Z masses need not contribute at all to fermion masses, while any conden-
sate that generates quark and lepton masses must contribute to but not necessarily
dominate the W and Z masses. Model builders have rarely exercised the option but
that is no assurance that nature has not. It will be possible to probe for multiple
condensates in second generation experiments with the SSC operating above its initial

design luminosity.

6.1 The “Linear Model” for g9 — ZZ

In analogy to the enforcement of unitarity in strong WW scattering by the
Higgs mechanism, the contribution of gg fusion to the strong scattering signal is
best understood by first considering the process tt — Z; Z;, that contributes to the
imaginary part of the gg — Z;Z; amplitude by the unitarity relation

1
Im M(g9 — Z1Z1) = s S M (n— gg)M(n — Z.Z1). (6.1)
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The contribution to equation 6.1 from the n = tt intermediate state can be visualized
by cutting through the top quark loops in figure 6.1, which shows the leading dia-
grams for gg — ZZ in the Weinberg-Salam Higgs boson model. Omitting symmetry
breaking sector interactions, the chirality-flip (equal helicity) amplitude t4ty — Z1Z;,
also has bad high energy behavior (¢, denotes a top quark with positive helicity),

\/‘;:nt . (6.2)

v

M@ty > Zp2Z1) =

Compared to equation (2.-36) for WW — ZZ, this bad high energy behavior is less
evil by a factor /s, a result of the factor m; needed to flip the chirality.*! In analogy
to equation (2.48) good high energy behavior is restored in the minimal Higgs boson
model by adding the s-channel Higgs boson exchange amplitude to equation (6.2),

N
M6+t+ — H — ZLZL) = - 0?2 s — m%{. (63)
More generally the /s growth is cut off by s-channel exchange of whatever the quanta
are in the symmetry breaking sector which form the vacuum condensate that generates
the top quark mass. If those quanta are very heavy the tt — Z; Z; amplitude grows
to a larger value before being cut off.

The simplicity of the analogy is complicated by the fact that in gg fusion the
top quarks are virtual. In particular the /s bad high energy behavior of equation
(6.2). does not induce bad high energy behavior in M(gg — Z1Z1) because the factor
M(gg — tt) in the unitarity relation equation (6.1) is proportional to m;//s in the
chirality-flip channel. Glover and van der Bij** find by explicit calculation of the
box diagrams a contribution to M(gg — Z1,ZL) proportional to m? - log? s, which is
engendered by equation (6.2) and is cancelled for s > m#% by an opposite contribution
from the triangle amplitude figure 6.1b, just as equation (6.3) cancels equation (6.2).
In general then o(gg — ZZ) is sensitive to the masses of the quanta that form the m;
generating vacuum condensate, with a larger high energy cross section if the masses
of the m, generating quanta are very heavy.

Suppose a single condensate generates gauge boson and matter field masses. For
the WW — ZZ strong scattering amplitude we will adopt the linear model, Eq.
(3.7). To represent gg — Z1Z;, we similarly cut off the /s growth of equation (6.2)
at so = 16mv? = (1.75TeV)?, beyond which the factor /s is replaced by a constant
factor /so. The effect on gg — ZZ is to retain only the box graphs with the termt!
engendered by equation (6.2) multiplied by a factor M for s > so. If My and m,

M The relevant term, with both real and imaginary parts, is C(s) in Eq. (3.24) of ref. 45.
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Figure 6.2 Signal and background components for ZZ final state at SSC
with cuts and branching ratio as specified in the text.

were induced by condensates at different scales we would introduce correspondingly

different cutoffs for WW and gg fusion.

6.2 Results for the “ Linear Model”

We consider the decay channel®4?” ZZ — e*e~/utu~ + vy, defined experi-
mentally by an observed central Z with large transverse momentum recoiling against
large missing transverse energy. The branching ratio is BR = 0.025, about 6 times
larger than the four charged lepton decay mode to e’s or u’s. (These results and those
of the following section are from reference 7; they were computed with the EHLQ3%®

structure functions.)

We include three contributions to the background. The first is quark-antiquark
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Table 6.1: Linear model signals and background in events per 10 fb~! at
SSC and LHC for various values of m;. The statistical significance, o1, defined
in Eqgs. (3.19-3.20), is also shown. Cuts are |y¢| < 2 and pr¢ > 75 GeV. For the
SSC Mtz > 700 GeV and for the LHC M7z > 600 GeV.

Vs | me Signal Bkgd | o7 o}
TeV | GeV | g9 WW
100 | 4.1 173 | 294 (4.0 3.0
40 | 150 {10.1 173 | 303 | 5.0 3.6
200 | 16.7 173 | 32.2 | 6.0 4.2
100 {0.75 1.83 | 898 |09 0.8
16 | 150 {1.72 183} 9.11 {12 1.0
200 {241 183 | 949 (14 12

annihilation, §g — ZZ. The second*® consists of the contributions to gg — ZZ that
do not depend on the symmetry breaking sector, including pro-duction of ZrZr and
ZrZ1, boson pairs as well as Z1,Z;, pairs produced via the chirality-nonflip it — Z,Z;
amplitude proportional to m2. Third is the O(a?,) amplitude*® for q¢ — ¢qZZ. It
and the g¢g — ZZ background are obtained from the standard model with a light
Higgs boson, my < 100 GeV, just as we evaluated the of, amplitude background to
the W+W+ signal in Section 5.1. The backgrounds were evaluated using the codes
for the matrix elements of Glover and van der Bij*® and of Baur and Glover.%®

The signal and background for the SSC are plotted incrementally by component
in figure 6.2 for m, = 150 GeV. The differential cross section is shown with respect
to the transverse ZZ mass, Mrzz = 2,/p%, + M%, where prz is the transverse mo-
mentum of the observed Z. The decay branching ratio BR = 0.025 is included. The
lepton rapidity and transverse momentum cuts are |y;| < 2 and pry > 75 GeV. The
gg fusion component of the signal is clearly substantial. |

Table 6.1 exhibits event yields per 10 fb~! at the SSC and LHC for m, = 100,
150, and 200 GeV with cuts to optimize the statistical significance defined in Egs.
(3.19 - 3.20). Neither the Z detection efficiency,® =~ 95%, nor the additional =~
15% contribution of the four-charged lepton decay mode are included. The table is
therefore a realistic representation of the acceptance corrected values when the four
charge lepton mode is included, and we shall not modify our significance criterion
Eqgs. (3.18 - 3.22) as we did in Sections 4 and 5. At the SSC we find o' ~ 4, 5, 6
for m, = 100, 150, 200 GeV, which would be diminished by 1, 2, and 3 respectively
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if the gg fusion component of the signal did not contribute. The signal:background
ratio is approximately 1:1, so that our “systematic error” criterion Eq. (3.18) is just
satisfied. Consequently a 30% systematic uncertainty in the background would not
overwhelm the signal.

The LHC signals for 10 fb~! are not statistically significant. For m; = 150 GeV
a luminosity increase by a factor (5.0/1.2)? = 17 would bring statistical parity with
the SSC for o'. But for th;;a cuts in Table 1 the LHC signal:background is between 1:4
and 1:2, so that Eq. (3.18) is violated. Raising the lepton transverse momentum cut
from 75 to 200 GeV increases the signal:background to nearly 1:1 but with a factor
4.5 loss in signal. The LHC would then achieve a value of o' equal to that of the SSC
if the luminosity were increased by a factor 35: for 350 fb=! the LHC has 27.7 signal
and 30.8 background events, very similar to the SSC values in Table 1 for 10 fb™.
The remaining question is whether the measurements are actually feasible with good
efficiency at such high luminosity. In addition to instrumental issues the background
from Z + jets requires attention (see Barnett et al.*”).

6.9 A Two Condensate Model

Though it has not been considered in the context of dynamical symmetry break-
ing with L5 strong, it is possible that two different condensates generate the W and
fermion masses. That is, one large condensate can contribute most of the W mass
while making no contribution to the fermion masses. A second smaller condensate
can generate all of the fermion masses while making only a small contribution to
the W mass. By isolating the WW and gg fusion components of the ZZ signal we
can separately probe the mass scales of the W boson and fermion mass generating
condensates, i.e., the mass scales of the quanta that form the respective condensates.
I will illustrate this possibility with a model in which the W mass is generated dy-
namically by a strong £s while the fermion masses are due to the smaller condensate
of a light Higgs boson. Unfortunately, since there are no really attractive models of
fermion mass generation, this model is not much more peculiar than any other.

Suppose for instance that Mw arises from minimal SU(2) technicolor with one
techniquark weak doublet, and that there is no Extended Technicolor sector to link
the technicolor condensate to the quark-lepton sector. Suppose also there is a light
Higgs boson, H’, with my <100 GeV and that the top quark mass is m, = 150 GeV.
Let us also suppose that the H'#t Yukawa coupling is as big as we can conscionably
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make it, say

2
Yt
— =1. 6.4

(The original Yukawa coupling constant, for pion-nucleon interactions, is actually five
times bigger.) The values of m; and y; then require the vacuum expectation value of
H' to be

v' =25 GeV (6.5)

from which we find the technicolor contribution _
vre = V2462 — 252 = 245 GeV. (6.6)
The H' production cross section at LEP is then reduced by a factor

2
v’ 1
(246 GeV> ~ 100’ (67)

so that there are no effective limits from LEP on the existence of H'. The complex H’

weak doublet must be coupled to the technicolor sector to give mass to what would
otherwise be a pair of charged Goldstone bosons. The H’ would not be an easy object
to find. It is amusing to think about how to search for it.

Suppose the WW — ZZ strong scattering due to the technicolor dynamics is

| represented by the linear model. In this model there is no gg fusion contribution to
the ZZ signal. Then from table 6.1 we see that the 10 fb~? signal at the SSC is just
17.3 events over a background of 30.3. The total 47.6 events is then only as big as
a 1.330 downward fluctuation of the 57.7 event total predicted by the conventional
one-condensate model, including the 10.1 gg fusion events. Furthermore, the two
condensate model yield has ¢! = 3.1 and o! = 2.5, so none of the significance criteria
Eqs. (3.18 - 3.22) are met.

However experiments at the SSC are also preparing for luminosity above the
initial 10® cm™2 sec™? design value.*® In addition to more robust discovery signals,
higher luminosity would allow more detailed analysis of the signal, as in the present
example. In order for the difference between the one and two condensate models to be
separated by a 3o fluctuation of the one condensate model prediction, the luminosity
must be increased by (3/1.33)2 = 5.1 to 50 fb~! . At that luminosity the statistical
significance of the two condensate model would be o' = 7.1 and o! = 5.7, well in
excess of the minimal criterion Eqgs. (3.21 -3.22), but with the specified cuts it would
not meet the “systematic error” criterion Eq. (3.18). By the time of high luminosity

- running we will have a better understanding of the background so that it should
be possible to relax Eq. (3.18). It may also be possible to use double®® or single®!
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jet tagging to separate the gg and WW components, since there are no quark jets
associated with gg fusion. The rapidity gaps associated with WW fusion but not

with gg fusion could provide another means to separate the two mechanisms.>?

It is unlikely that this measurement could be done at the LHC. A 3o separation
of the two-condensate model signal from the prediction of the one condensate model
would require 390 fb~1 . Even with that luminosity the two condensate model signal
— 71 signal events over a background of 350 implying o' = 3.8 and ¢! = 3.4 — would
not meet the statistical criterion Eq. (3.21). To achieve o' = 5 for the two-condensate
model at the LHC would in fact require 670 fb~! . Furthermore, that signal is only
20% as big as the background. Raising the cuts to increase the signal:background
ratio to resemble the SSC ratio would increase the required luminosity by about

another factor of two.

7. Conclusion

The results presented suggest that the prospects are excellent at the SSC with its
10* cm™2 sec™! design luminosity to see the manifestations of electroweak symmetry
breaking by a strong fifth force. In models with a prominent vector meson resonance
analogous to the p(770), the complementarity of resonant and nonresonant signals
in the WZ and W*W™ channels implies that a signal will be seen in at least one
channel if not both. More generally for any strong symmetry breaking dynamics
the absence of visible resonances implies weaker exchange forces in all channels and
in the W+W+ channel in particular. Then “gentle” unitarization models, that only
gradually modify the threshold behavior dictated by the low energy theorems, will
apply. These models provide bigsignals in the W+W+* channel which can be observed
at the SSC with 10 fb~? , far in excess of the minimum significance criterion, Eqs.
(3.18 - 3.22).

After the initial observations of the manifestations of L5 , the SSC will also have

the capability with increased luminosity in the 103 c¢cm™2

sec™! range to begin the’
program of detailed studies that will be needed regardless of what form the initial
discovery may take. Even if L5 contains nothing but light Higgs bosons we will not
be able to study it in sufficient detail with the 10 fb~! data sample. Higher luminosity
will be needed to study the production and decay properties in order to develop and
confirm our understanding of the underlying theory. Likewise the first manifestations
of a strong Ls , e.g.,in W*TW scattering, will provide little more than the knowledge
that we have discovered a new strong force. Experiments at 103 cm™2 sec™! at the

SSC will then begin the study of the dynamics and associated spectrum.
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At lower energy colliders both the signals and the signal:background ratios are
smaller. In principle high luminosity can compensate to some extent though care-
ful study is needed to determine what is actually possible in practice. The results
presented here are idealized in that they do not consider at all the real world con-
sequences of high luminosity such as the effect of event pile-up on the background
estimates. Backgrounds that are under control at 10 cm™2
atic at higher luminosity. Two examples are spurious missing energy backgrounds
to ZZ — Ul + v and the effect of particles arising from pile-up on the isolation of
the leptons from W decay that is crucial to reject the top quark background in the
W*W+ channel. There will be similar issues for second generation studies at the
SSC with high luminosity. '

At the idealized level of the calculations we saw in Section 6 that the LHC would
require 350 fb~! to obtain a minimally significant signal for the ZZ final state in
the linear model, compared to 10 fb~! at the SSC. It is unlikely that the LHC could
distinguish the two condensate model (X 1000 fb~! would be needed) that can be
resolved at the SSC with 50 fb~! . The least visible prc meson, at 2.52 TeV, required
160 fb~! for a minimal signal at the LHC, which could be obtained at the SSC with
10 fb~! . In the W¥W channel the largest (no-CJV) signal, from the linear model,
would meet the minimum criterion with ~ 55 fb~1 | while 200 fb~? are required for
a signal equivalent to the 10 fb! SSC signal. The study of complementarity in the
p chiral Lagrangian model provides one of the most encouraging results: with 100 fb™!

sec™! can be problem-

the LHC signals meet the minimum significance criterion in one of the two channels
(W£Z or WHW+ ) for each of the three values of M, considered.

Whether L5 describes a light Higgs boson or strong TeV-scale dynamics, the
initial discovery will only be the first step on a long road. The first observations will
not begin to provide the detailed information that will be required. A process lasting
many decades at least will be needed. If the new physics involves a strong interaction,
the enormous scale of the experimental facilities suggests the process will be far more
lengthy and arduous than the road to QCD. The LHC will be a significant facility for
the first step on that road. The SSC will enable the first step with a greater margin
of confidence, and is in addition a long term investment in the future program that
must follow. Unlike the classical physicists in the last years of the 19’th century who
thought that physics had come to an end, in the last years of the 20’th century we
can see that it is only just beginning.

Acknowledgements: I wish to thank Bill Kilgore for collaborating in the study of
the rho chiral Lagrangian.
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