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ABSTRACT

We discuss the motivation for TeV ete™ linear colliders, some
aspects of their design, and the experimental consequences that
follow from the design. After a brief discussion of the general
physics environment, we consider the discovery potential of theae
colliders by examining three sample processes: the detection of

new heavy leptons, standard Miggs bosons, and charged Higgs
bosons.

1, INTRODUCTION

About a year ago, Burton Richter established two committees at SLAC to
begin work on a proposs! for a high-cnergy linear «*e™ collider. One group,
the Collider Accele-ator Coordinating Committee, was charged with coordinat-
ing the study of accelerator issues and with coordinating the necessary acceleratar
research and development work. The other committee, the Collider Physics Co-
o:.dinating Committee, was charged with studying the physics potential of such
a collider and with making recormmendetions concerning the parameters that it
should have. The members of these committees are listed in Table 1. The Ac-

celerator Committee stayed sraall, acting as a true coordinating committee, The
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Table 1: Collider Committee Memberships

Collider Physica Collider Accelerator
Coordinating Committee  Coordinating Committee
Changrim Ahn Tom Himel

Charles Baltay {Physics Haison)

Tim Barklow Bob Palmer

Pat Burchat Ewan Paterson (¢hairman)
David Burke John Rees

Adrian Coaoper Ron Ruth

Claudio Dib Rae Stiening

Gary Feldman Perry Wilsen

Jack Gunion

Howard Haber

Tor Himel
Sachio Komamiya
Bryan Lynn
Michael Peskin (chairman)
Alfred Petersen
John fees
(Accelerator liataon)
Rick Van Kooten

Physics Committee, on the other hand, grew throughout the year by exercising
the option given to it by its charter to co-opt additiona! members,

This talk will report on some of the work that has been done by these we
committecs. 2 However, these reports should be considered unofficial and prelim-
inary since neither commiitee has yet issned a report, All the conclusions that I
draw in this talk are my own and may differ from the conclusions the committees
subsequently draw in their reports, Similarly, I have made numerous calculations

in this tatk; any errors | have made are entirely my own.

The next section will outiine the motivation for e*te™ linear colliders in the

TeV region. In Section 3, I will bMevAtSTERE on high-
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energy ete™ linear colliders, stressing those points that have consequences for
detector design and physics analyses. Section 4 will discuss the general physics
environment. Finally, sections 5 through 7 will discuss three examples of the
discovery potential of these colliders — heavy leptons, standard Higgs bosons,
and charged Higgs bosons.

2. PHYSICS MOTIVATION

The major question lacing particle physics in the next decade or two is the
question ef mass. In the standard model W and fermion masses are given by
_ 9
and
A
my = —21 <> : (2)

where g is the weak coupling parameter, A is an arbitrary parameter for each
fermion, and < ¢ > is the Higgs field vacuum expectation value. The value of
< ¢ > results fram the physics of a new sector.

The ¢ -1ality of cur knowledge about this sector ia

<¢>= 246 GeV (3
and
=1 (4)

The former relation sets the mase scale for the Higgs sector and the latter relation
tells us that thia sector has a global SU(2) symmetry.

There are many ways that Nature could have chosen to implement the Higgs
sector:

1. The minimal scheme has one doublet of Higgs fields and leads to one physical
neutral Higgs boson. This is not very satisfying, because the origin of the

Higgs self-coupling and the fermion mass terms is not rxplained.



2. The simplest non-minimal scheme has two doublets of Higgs fields leading
to five physical Higgs bosons, three neutral and one pair of charged bosons.
This scherne has the same problems as the first, but with more parameters.

3. Finally the symmetry breaking can be caused by dynamics. Two examples
aof this are supersymmetry, in which the Higgs fields are elementary and
arise out of their coupling to supermatter, and technicolor, in which the
Higgs fields are composite,

Regardless of the nature of the Higgs fields, the important point is that there
must be a new seclor below or around 1 TeV. In addition to neutral Higgs bosons,

this sector could generate

1. new quarks and leptons

2. new gauge bosons

3. supersymrmetric partners

4. exotic fermlons, and

5. technipions, or charged Higgs bosons,
all in the sub-TeV mass region.

Electron-positron colliders are complementary to hadron collidera in uncov-
ering and studying this physics. Hadrona eolliders may well make the initial dis-
coveries of new phyaica, but e*e™ colliders will be very useful in making detailed

investigations. There are three main reasons for this:

1. Strong peripheral processes, which cause large backgrounds in hadron col-
liders, are absent in ete™ colliders.

2. The partons in ete” collisions are the electron and positron themselves.
Since these are quite hard, familiar and new particles are produced at ap-

proximately the same rate.

3. Longitudinal polarizetion of the electron peam is feasible and usefu) for

studying couplings of new particles.
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The major physice drawback of e*¢~ collisions is the rather small cross sec-
tions. The basic unit of cross section is the cross section for the electromagnetic

production of an muan pair:

47ra? 87 fm
_dmal . 5
1B = = = BTV (5)

At 1 TeV center-of-mass energy, 1000 units of R corresponds to 107 seconds of
10%3¢m~2sec~1of luminosity, To obtain average luminosities of 10%¥cm~2sec?, it

may be necessary to design colliders for a peak luminosity of 10%%cm~3sec™1.

3. LINEAR COLLIDER PARAMETERS AND EXPERIMENTAL
CONSEQUENCES

3.1. Why Linear Colliders?

The first question we have to ask is why we want to consider linear colliders
as opposed to storage rings for high-energy e*e™ collisions. Richter studied the
scaling laws for storage rings in 1976.!} There are two factors in the cost of
a high-energy storage ring. Most of the costs scale as the size of the ring —
tunnels, magnets, vacuum systems, etc. The one cost that does not seale with
the size of the ring is the f system, which is required to make up the energy
lost to synchrotron radiation. The voltage required to restore the lost energy is
proportional to the fourth power of the energy and inversely proportional to the

radius of curvature. Thus, simplifying Richter's argument considerably, we can
write

7]
C:=aR+ 5%. (6)
where C is the cost. R is the radius, E is the energy, and a and § are constants.

Optimizing the cost by setting the derivative of Eq. (6) with respect to R to zero
vields the result that both the cost and size of a siorage ring scale with EZ,

We can thus estimate the cost of a 1 TeV storage ring by assuming that

LEP II is an optimized 200 GeV storage ring and using this scaling law. The



result is that such a ring would be 675 km in circumference and cost 17.5 billion
dollars. Even by our new sense of reasonableness set by the SSC scale, this seems
unreasonahle and suggests that we should pursue an alternate technelogy. Both
the cost and size of a linear collider, of course, scale with energy, making it appear

to be a more promising approach.
3.2. Lingar Collider Parameters

Figure 1 shows a generic linear collider. It has three main accelerators: an
clectron linac to produce positrons, and positron and electron linacs to accelerate
the beams to high energy. It also has two damping rings to reduce the emitlance
of the beams, although in some designs the electron damping ring may not be
necessary,

' Target
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Linag § Linac et _inpc g Linac Linac
- g i I
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Fig. 1. Schematic of a generic linear collider.

Figure 2 shows the only present example of a linear collider, the SLC. Please
note that this design is topologically equivalent to the generic linear collider with
the present SLAC linac serving as all three required linacs. A positron retutn
line and two arcs have been added to transport the particles to the required
locations; in principle, these transport lines do not affect the basic functioning of
the collider.

I will not say anything about the SLC in this talk except to use it as a

comparison to the designs for very high-energy colliders. There are two design
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exefcises we can look at: the Cern Linear Collider (CLIC), a 2 TeV collider heing
designed at CERN,” and the TeV Linear Collider (TLC).* Table 2 lists some
parameters of the SLC' and these two designs. All three use a conventional
travelling wave rf structure for the main zccelerator, but differ on the source of rf
power. SLC uses conventional klystrons; the CLIC design uses a superconducting
drive finac in which a low-energy, high-current electron beam transmits energy
to the main linac; and the TLC design envisions using a relativistic klystron in

which the low-energy beam is driven by magnetic induction.

The aceelerator gradients are considerably higher in the high-energy colliders
in order to keep the length reasonable. The TLC design at 196 MV/m is con-
siderably higher than the 80 MV /m envisioned in the CLIC design. Part of the
reason for this is to have a design for 2 1 TeV collider that would fit on Stanford
University land.

The repetition rate is mainly determined by power, or equivalently, money,
For & given design, one can pulse mare frequently at the cost of increased power

end, possibly, additional components.

Multibunch operation is certainly attractive in principle as a way of increasing
the luminosity, but there are technical problems ta be solved with wake-field
control and the requirement that each pulse have the same accelerating field.

The latter is required by the necessarily small momentum accentance of the final

focus.

The number of electzons or positrons per bunch ia primarily limited by wake
field effects. Transverse wake fields are caused by a beam traveling off center
through the accelerating structure. The tail of the beam sees the fields excited

by the head, leading to an apparent emittaace growth.

To keep the design luminosity as high as possible one likes to make the trans-

verse beam sizes, 02 and gy, as small as possible. The technical challenge is to

« The SLAC collider design does not have an official namne, but we have to call it something.
Mike Peskin gets credit for coming vp with TLC.

{ In this talk the design parameters ef the SLC will be used although some of the derign
parameters such as the 180 Hz repetition rate may never be achieved due to fiscal constraints




Table 2: Summary of Collider Parameters

SLC CLIC TLC
Location SLAC CERN () SLAC (D)
Status Conunissioning Early design studies
e, (TeV) 0.1 2 1
Power source Klystron Supeteanduct| Relativistic

drive linac klystron

Accelerator type Conventional travelling wave rf structure
Accelerator gradient (MV /m) 17 80 196
Accelerator length (km) 3 2x12.5 2x%2.5
Rf wavelength (cm) 10 1 2.5
Repetition rate (Hz) 180 5800 90
Particles per bunch 7x101° 5.4x10° 1.8x10%0
Beam power (MW) 2x06.10 2x%5 2x0,13
Horiz. emittance ¢x (rad m) 4.2x10°5 2.8x10~¢ 5x10~8
Vert. emittance ¢ (rad m) 4.2x1075 2.8x107¢ 5x10-8
By” (mm) 5 3 15
3y~ {mm) 5 3 0.05
Bunch width ¢,* (um} 1.7 0.065 0.270
Bunch height ¢,” (sm) 1.7 1 0.065 D.DD1G
Bunch length o, (rom) 1 0.5 0.04
Disruption Q.76 0.4 10
Pinch enhancement 2.2 3.5 2.3
Quantum radiation param. T 6x103 0.28 1.6
Beamstrahlung & %1073 0.19 0.27
Max. disruption angle {mrad) 1.2 ! Q.12 0.38
Luminosity (¢em~2sec™?) 6= 10%° 1.1x10% 1.2x10%




do 50. The beam size at the interaction point is given by

Cry = (-‘%) , (7)

:ly

where ., is the normalized emittance, i.e., €y, the quantity that is conserved

during acceleration, and 8~ is the A function, or focal length, at the interaction

point.

Both of the high-energy colliders have emittances about an order of mag-
nitude smaller than the SLC, except that the vertical emittance of the TLC is
two orders of magnitude smaller still. The vertical emittance of a storage ring is
limited mainly by the coupling into the vertical from the horizontal. The tech-
nical question is whether this factor of 100 reduction can be both produced and

maintained through the acceleration and focusing processes.

Why is the TLC proposing flat beams rather than the standard round beams?

{Note that the standard is set by a single example.) There are a number of
reasons: ‘

1. The emittance of damping rings is much smaller in the vertical than in the

horizontal,

2. Magnetic quadrupoles focus in one plane while defocusing in the orthogonal

plane. Thus an asymmetric focus is natural.

3. A finite crossing angle is needed for high luminosity., This is because in a
high-luminosity system the beam disruption will cause the outguing heam
to be larger than the aperture of the final quadrupole. For example, at the

TLC the maximum disruption angle is approximately given by

. 2Nr,
O«

== 0.4 mrad. (8}

d-ll

This translates into a circle of 220 gm at the face of the first quadrupole,

which is located longitudinally 55 cm from the interaction point; however,

10




the inner diameter of these quadrupoles is only 180 ym. A fnite crnss.
ing angle solves this problem, but creates another one. To avoid losing

luminosity,
Gz 2 0.04, (9}

where 8, is the crossing angle. This condition can be best met by Aat beams,
as illusirated in Fig. 3. The TLC crossing angle is 6 mrad, which, when

combined with the designed beam sizes, meets the above requirement.

)
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Fig. 3. The effective overlap of different shaped crossing beams.

The fourth reason {or having flat beams is the effect on beamstrahlung, which
we treat here in its own right. Figure 4 shows how particles from one beam see the
other beam as a focusing lens. This focusing field producea synchrotron radiation

known as “beamstrahlung.”” The average energy loss by beamstrahlung, 6, is
given b)‘”

5 o O022riN?y ] 1 :
B o.of PR L £/ (10)
o (1+}+) JNY - 1337
where
_0.43riNy/ 2 (11)
agso, \1- %4 '

= J. R Rees claims responsibility for this unfortunate coinage.




The primes on the ¢'s in the above equations indicate that the pinched values are
to be used.

-—
2.8 598aAe

Fig. 4. Focusing of an electron by the charge of the oppoesite beam.

It is clear from the above that flat beams give lower average energy loss.
This is because for the areas involved, on the average, the charge is further away.
Another way of seeing the same thing is to note that the electric field above and
below a flat beam does not change as the thickness of the beam shrinks.

T is a measure of the gquantum versus classical nature of the beamstrahlung.
The last term in Eg. (11) gives the suppression due to quantum affects, Thisisa
lactor of eight in the TLC design.

The solid line in Fig. 5 shows the spectrum of center-of-mass energy after
beamstrahlong versus the integrated luminosity for parameters similar to those
of the TLC. The average energy loss § is 0.26. Note that 32% of the spectrum is
in the last bin, r.e., there is no beamstrahlung. The dashe ! line in Fig. 5 shows
the effect of multiplying this spectrum by E~% to simulate the effect of the E-2
dependence of the cross section for annihilation processes. The tesulting rate of
production versus energy is approximately flat except for the rise at the maximum

€nergy.

An immediate consequence of the spectrum of Fig. 5 is shown in Fig. 6. This
figure, prepared by Tom Himel, shows the event rate as a function of enesgy il a

Z’ resonance exists at a mass of 400 GeV/c?, The couplings of a 2’ to e*e™ are
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Fig. 5. A typical beamstrahlung spectrum for the TLC design. § =
0.26. The dashed curve represents the spectrum multiplied by E-2

to approximate the cross section for annihilation processes.

model dependent.s) but an enhancement of several hundred over the continuum,
as shown in Fig. 6, is typical. It is clear from this graph that beamstrahlung
makes high-energy linear colliders self-scanning.
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Fig. 6. The eventrate for e*e™ — hadrons in the TLC if a Z’ resonance
with mass of 400 GeV/c? exists.

I will not discuss Z' resonances further in this talk because they are clearly

very easy to find, and the physical measurements that one would make are quite
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similar to those that will be made on the Z by the SLC and LEP. If we were
Lo discover a 2’ resonance at the Tevatron or the $SC, then we could consider
building u dedicated ete™ linear collider to study it. This collider could have lower

lumninosity than the luminosities we are considering here and would, consequently,

be much simpler to build and operate.

3.3, Experimental Consequences

There are two main experimental consequences of the TLC design that we
have hiad to incorporate into cur simulations of TLC physics. First, we have used
beamstrahlung spectra with 0.22 < § < 0.26. We have used two approaches to
des] with beamstrahlung. In most analyses, we have given up on the constraints
on E. m. 2nd (pr)e.m. Bnd have just used the conservation of transverse momenta,
as is done in hadron colliders. In one analysis I will discuss (charged Higgs
bosons), all of the constraints were retsined in 2 mild way by only using events

in which the visible energy was approximately equal to the total energy.

The second consequence has to do with the forward direction. Since the final
quadrupoles in the TLC design are only 55 cm from the interaction point, since
these quadrupoles have to be supported on actively vibration-damped supports,
and since the design has crossing beams, we have assumed that no particles are
delected within 10° of the incident beams, It is probable that we will be able to
do some particle detection in this region, but we wanted to be conservative and

see whether this condition prevented us from doing any physics.

4. GENERAL PHYSICS ENVIRONMENT

4.1. Detector Requirements

Much of the physics of the TLC will require the detection of W's and 2.
These particles will be the “pions” of lower-energy colliders. We will want to be

able to detect them in their hadronic decays for two reasons:

1. The rate is higher, Seventy-five per cent of W decays and 85% of visible 2
decays go into hadrons.
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2. The W leptonic decay, W —+ v, has undetected nevtrino energy. Thus, we

lose & usually required constraint and we cannot reconstruct masses.

The key to reconstructing W and Z masses is a well-segmented hadronic
calorimeter. A study of how much segmentation is needed indicated that a
calorimeter with 4% by 4° cells gives adequate segmenta.tton.ﬁ) This ie approxi-
mately the segmentation of the SLD detector.

An energy resolution of 0.5/+/E is quite adecuate. However, an important
point about calerimeters at high energy should be noted. In general, one can

approximate the energy of a calorimeter by

'S—E‘? = % +b. (12)
If @ = 0.50, then at an energy of 1 TeV, b must be less than 0.015 so as not to
dominate the a/+/E term, Wigmans has shown than an e/x response that differs
from unity will set a lower limit on b.”) For example, the lead-liquid argon SLD
calorimeters have an e/x response of 1.24, which implies that & > 0.045. To get
& < 0.DL5, the o/ response must lie between 0.9 and 1.1. It is now known how
to build & variety of calorizueters that meet thir. condition.”

4.2. Charged Particle Tracking

Another requirement we will have is to measure 500 GeV leptons relatively
well. A charged particle momentum resolution of Ap/p = 3 x 1074, (p in GeV/c)
yields an rms resolution of 15% at 500 GeV/c, which is quite adequate. Scaling
from the Mark II design and using a tight vertex constraint, ane can achieve this

with a drift chamber with the {ollowing parameters:
1. aradius of 1.8 m,
2. aBfield of 1.0 T, and
3. 72 layers with 200 um resolution on each layer.

These parametets are relatively casy to achieve,

15



Table 3: First-order and Actual Cross Sections for the Major Annihi-

lation Processes

Process Ro | R |Events/2fb~!
ete” — qf B9 | 46.2 8000
ete” — WTW=- 266 | 41.1 7100
ete” — ZF 15 | 2.4 400

4.3. Basic Procegses

To understand the general physics environment we will face at the TLC, we

will Jook at the two major annijkilation processes:

ete” — q (13)
and
ete”™ — WHW~ (14).

Pat Burchat has prepared some plots of these processes at a center-of-mass energy
of 1 TeV with detecior smearing, beamstrahlung, and bremsstrahlung for 2 fm™?
of data (Figs. 7-10). For arientation, this amount of data would be accumulated

in 2 months of running at an average luminosity of 4x10% cm~%sec™!.

Table 3 gives the first-order cross sections and the actual observed cross sec-
tions for these processes and the smaller Z pair production process. As usual,
the crogs sections are given in terms of R, the ratio between the cross section
and the first-order electromagnetic p-pair production eress section. There is a
large difference between the first-order cross section (Rq) and the observed cross
section (R). This is partially due to the effect of beamstrahlung, which eflectively
reduces the center-of-mass energy and thus increases the cross s.ction. In the
case of quark-pair production, the bulk of the observed cross section is due sim-
ply to the production of the Z and a hard photon. We will see that it is easy to

discrimninate this relatively uninteresting pracess.
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Figures 7, 8, and 10 show quantities for reactions (13} and {14), the former
on the top half of the figure and the latter on the bottorn half. Figure 7 shows
the visible energy, the invariant mass of the visible particles, and the cosine of the
trust axis. The quark-pair (i.e., hadron) production is dominated by the before-
mentioned process of radiating to the Z. This process gives a stropg forward
peaking and invariant masses of at most the Z mass. The W pair production is
also strongly forward peaked because it is dominated by the diagram in which a
neutrino 1s exchanged. Most of the new physics that we will be searching for will
occur in the central region. To see this region more clearly, in Figures 8 through

10 we apply two culs, as indicated on Figure 7:

cos athrml <08, (15)

and

m 2 03Ecm., (16)

where m is the invariant mass of all of the visible particles.

Figures B(a) and (b) show the charged multiplicity. For quark-pair produc-
tion, the average charged multiplicity is 41, about twice as large as it is on the Z.
For W-pair production, the average charged multiplicity is 29, but this is made
up of three distinct cases: Six per cent of the evenis have both W's decay lepton-
icly and have Jow multiplicity, typically 2; about 40% of the events have one W
decay leptonicly and the other hadronicly, giving & charged multiplicity of slightly
more than 20; and the remainder of the events have both W's decay hadronicly,

vielding a charged multiplicity of about 40, similar to the quark-pair case.

Figures 8(c) and (d) show the invariant mass of each hemisphere defined by
the plane normal to the thrust axis. The bump at the Z mass in quark-pair
production is due to the fundamental process ete~ — 29 at large angles, so
that it satisfies conditions (15) and {16). This process can be easily separated
from normal quark-pair production, as will be seen in Figure 5. The quark-pair

production jet masses peak around 40 GeV/c? with a long tail due to gluon
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Fig. 7(a-b).  The visible energy for {a) quark-pair production and
{b} W-pair production.

production. In contrast, the invariant masses in eack hemisphere fram W.pair
production peak sharply at the W mass with small tails due to confusion from

backward-gaing particles.

Tigure 9 shows scatter plots of the masses in each hemisphere for each of the
three processes listed in Table 3. It is clear that W-pair events can be separated
from quark-pair production rather cleanly by this technique alone. The Z-pair
production appears to be lost in the tails of the more copious processes, but we
will see shortly that there is even a possibility of separsting it in its hadronic
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decay modes.

Figure 10 shows various measures of transversemomentum. In ¥igs, 10{a) 2nd
(bj the sum of the transverse momentum of visible pasticles ia plotted. Thereisa
substantial tail beyond 40 GeV /c from neutrino production. Figures 10(c) and (d}
differ in plotting the momenturn transverse to both the incident beamws and the
thrust axis, Here there is no tail beyond 40 Gev/¢, because neutrinos are emitted
preferentially in the thrust direction. A somewhat equivalent variable is plotted
in Figs. 10{¢) and (f), ihe acoplanarity angle of the sum of the momentum in each
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Fig. T(e-f). The cosine of the thrust axis for (e} quark-pair produc-
tion and (f) W-pair production.

hemisphere. There are relatively few events beyond 10° for quark-pair production
and 20° for W-pair production. The moral of Fig. 10 Is that when searching
for new processes for which non-zezo transverse momentum is a signature, it is
generally better to use either the iransverse momentum normal to the thrust
axis or the acoplanarity anglz as a dlscriminant rather than just the transverse

momentum.
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Fig. 8{2-b}. The charged multiplicity for (a) quark-pair production
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4.4. Two-Photon Processts

Figure 11 shows diagrams for two-photen or “yy-fusion” production of quark
and W pairs. The cross section for hadron production is enormous, but the mass
of the system is small. This will not be any more of a problem at the TLC than
it has ever been in e*e™ annihilaticons.

The production of W pairs by vy fusion received a grest deal of attention at
the La Thuile \Norkshop.s] but it will be unimportant for our purposes because
the electrons have no transverse momenta and go forward. Thus this process
locks exactly likeete™ — W+ W= in the presence of beamstrahlung, except that
it is softer and has a smaller cross section. Figura 12 shows the invariart mass
spectrum of W pairs from 4+ fusion. It is to be compared with Figure 7(e). Note
that the W*W= invariant mass spectrum is much flatter, varying from 200 to 100
events per 20 GeV/c? bin from threshold to 1 TeV/c?. Table 4 gives a comparison
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Fig. 8{c-d). The jet r~ass in each hemisphere defined by the nor-
mal to the thrust axis for (¢} quark-pair production and (d) W-pair
production.

of the cross sections.

Based on these results, we can safely ignore the yvy-fusion production of W
pairs,

5. HEAVY CHARGED LEPTONS

We will now turn to the detection of a heavy charged lepton. This problem is
useful, not only in its own right, by, because it will lead us directly to the search
for neutral Higgs bosons. It is also a process thet is difficult to detect in a hadron
coltider.” For this exercise we have assumed a lepton mass of 250 GeV/c?. After
accotiting for beamatrahtung and radiative effects, the effective R value is 2.3

at 1 TeV center-of-mass energy. The lepton, which we will Jabel L, has oniy one
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200 i " T T I
- 18G - : .o -1
Y
3’ 120 ;— 1
e [ -
] [ :
=
49 k- “
I .
. . . . ; R
C a0 80 120 180 200
. MASS  {Gewrc?) I

Fig. 8(b}. Scatter plot of the jet mass in each hemisphere defined
by the normal to the thrust axis for W-pair production.

decay mode:
L™ — Wi (17)
Thus, the production of a L+~ pair will yield the final state of two W's and
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Fig.9(c). Scattor plot of the jet mass in each hemisphere defined by
the normal to the thrust axis for Z-pair production.

21’3, One of the main backgrounds te L*L™ production will thus be WHW-
production, which differs only by the absence cf the extra neutrinos.

As In the case of heavy quark production, there are two methods by which
we could consider detecting the L*L~ pair: the case in which both W's decay
hadronicly or the case in which one W decays hadrenlely and the other leptonicly.
These crses are illustzated in Fig, 13,

With E. . and py, . unknown, case (d} in Fig. 13, W*W™ pair production
in which one W decays leptonicly, is & 0-C fit, Therefore, in general, case (b) in
Flg. 13, LYL™ pair production in which one L decays lepltenicly will also fit it.
This makes background suppression very difficult in the ¢ase in which there is a
leptonic decay. Rick Van Kooten has analyzed this case and it turns out not to
be completely hopeleas. However the case in which both W's deeay to hadrons is
much superior and we will only consider that case here.

There are two additional backgrounds, {llustrated in Fig. 14, which we have to
consider. The first is WW-fusion production of W pairs |Fig. 14(a)]. This process,
which has been czlculated by Gunicn and Toﬁghi-Nia.ki.m) _ is an irreducible

background because it leads to the identical final state as L*L~ production.
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Fig. 10{a-b).  The event transverse momentum for (a) quark-pair

production and (b) Wepair production.

Fortynately its ¢ross section is small, about 6% of the L*L™ production cross

section, and it peaks at Jower WW invariant mass,

The second background [Fig. 14(b)] is the production of 2 WZ pair from 4W
fusion. This background was discussed at the La Thuile workshop.8) This is an

insidious background for the following reasons:

1. Since one lepton couples to a -, it develops no appreciable transverse mo-

mentum and escapes undetected down the beam pipe.

2. Since the other lepton couples to a W, the resulting neutrino carries away
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(d) W-pair production.

transverse momentum of order the W mass,

3. The cross section is large, of order the point cross section, perhaps hall of

the L-pair production cross section.

In other words, the «y4y-fusion and WW-fusion processes are relatively benign,
the former because it does not develop missing transverse momentum and the
_latter because the cross section is small. The 4yW-fusion process has the worst

..

fentures of both — it is relatively large and it does develop missing transverse

-
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momentum. This background also suggests another class of backgrounds that
need investigation: e*e~ — e*uqy,

There are, however, three mitigating factors to consider concerning the 1 W-
fusion production of WZ background:

1. The mass of the W is not equal to the mass of the 2. Out normal mass culs
will reduce the background by & factor of two.

2. The WZ system has an odd rather than even number of charged tracks.

27



(b}
m

AT
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The shaded area in {b) represents the sum of all gauge-invariant con-
plings.
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Fig. 12. The invarisnt mass spectrum of W paira from 7vy-fusion

production of W pairs. The figure represents 2 fb~! of data at 1 TeV
center-of-mass energy.

The process is completely calculable (and measurable with lower statistics)
and ¢an be subtracted with high precision.
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Table 4: Cross Sections for Wt W~ Preduction from the Annihilation

and the ¥4 Processer Including the Effects of Beamstrahlung

Process R [R (my, > 0.3)
ete” — WHw- 4] 28
ete” —= WHW—ete— 7 1.8 it

hadrons

hadrons

@ k!

- - v exchange graphs S

Fig. 13. Diagrams for an L*L~ pair {a) in which both W’s decay
hadronicly and (b) in which one W decays hadrenicly »nd the other
decays leptonicly, and {c) and (d) for similar cases for W+W~ pair
production.

We will not consider the W-fusion background further here, but it is clear that

it will have to be included in future, more detailed studies.

The analysis of L*L~ detection is relatively straight-forward:
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Fig. 14. (a} WW [usion and (b) yW fusion diagrams. The scatiered
et in (b) in general goes forward and is not detected. The shaded
areas represent the sum of all gauge-invariant couplinga.

1. Lorentz transform the event along the direction of the incident beams (z-
axis) so that ¥~ 7, = 0, where the sum is over the visible charged and neutral
particles.

2. Divide the event into two hemispheres using the thrust axis and require

that {cos feprus| < 0.8.

3. Require that the invariant mass in each hemisphere is within 10 GeV/c? of
the W mass,

4, Reguire that the acovlanarity angle between the sum of the momenta in

each hemisphere to be greater than 10°.

The resulis of this analysis are shown in Table 5. The largest background
comes from irreducible WW fusion process. The other backgrounds are negligible,
The invariant mass spectrum of the W pairs is shown in Fig. 15 along with that

from WW fusion.
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Table 5: Results for Heavy Lepton Analysis

Events Overall Signal/
Efficiency | Background
Backgrounds
qQi 2 2x10°%
WHW- 13 13 x 10~5
Zz 1 16 x 105
A 41 0.11
Total
Background 57
Signal
L+L- 680 0.11 11.8
o
2
>
[ ]
g
[~
o
@
=
[+
>
w

0
200 400 600 BOD 1000
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Fig. 15. The invariant mass spectrum of detected W+W~ paire from
L*L~ production (data points). The solid curve represents the spec-
trum from W~ W™ production by WW fusion.

6. STANDARD HIGGS

6.1. Introduction

The outstanding missing piece of the standard model is the origin of the

spontaneous breaking of gauge symmetry. The search for this missing piece should
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be the primary concern of all high-energy colliders.

The simplest way the standard model can be made consistent is by the ad-
dition of a single neutral Higgs boson. There are two major ways of producing
this minimal Higge boson in e*e™ collisions, by annihilation into ZH and by WW
fusion. Diagrams for these processes are shown in Fig. 16,

SISATE (a) {b) XY

Fig. 16. Diagrams for Higgs boson production in ete™ collisions: {(a)
ZK production by annihilation and (b) H preduction by WW fusion.

The ZH mode will be used on the Z at the SLC and LEP {with the first Z real
and the second Z virtual) and at LEP II (with the first Z virtual and the second
Z real). Pat Burchat has anelyzed this mede for the TLC, It can be used as a
verification, but the WW-fusion process is always superior at high energy. The
cross section dependence, taken from a paper by Altarelli, Mele, and Pitolli™"! is
shown in Fig. 17. At 1 TeV, the cross section for the WW-fusion process is 20

times larger than the annihilation process.
Higgs detection via WW fusion can be divided into two cases:

1. mp > 2mw. In this case H — WYW~or ZZ, with the bosons well sepa-

rated.

2. my £ 2mw. In this case H — W*W= with the W’s not well separated or
H — i or bb, depending on what i kinematically aliowed.

We will consider these two cases separately.

32



109

3
F .

1 ta)

0T E M1 100 Gev/c?
8

-2

6" F
3

Lo o oz gl I I T}

05 1 5

{pb)

® 02 -
‘a\\
e
\‘1 1
- I | I . 1
0 07 1t 2 4 1
950429 Eem. (Tev) 3-a8

Fig. 17. Cross sections for (2} 100 GeV/c? ard (b) 400 GeV/c? Higas
boson production in e*e™ collisions. The solid curve represents the

WW.-fusion process, ete™ — W+W-uf, and the dashed curve rep-

resents the annihilation process, ete~ — 2ZH.

6.2. High-Mass Higgs Boson

The final state is either WYW=15 o7 2Zvo. Note that this is the analysis
we have just done for the case of L*L~ production. The only thing we have to
change is to expand the mass cut to have the hemisphere masses be either within
10 GeV/c? of the W mass or the Z mass. Looking forward to this analysis, I took
the liberty of making this expansion already in Fig. 15. (1t made no difference

because there was essentially no background.)
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To make this problem a little more challenging, we will show the results for
various mass Higgs bosons on top of & background from & heavy lepton, Fig, 18
shows the results for 300, 400, and 500 GeV/c? Higgs bosons. In the 300 and 400
GeV/c? cases, the Higgs stands out easily over the heavy lepton background, It
gets fost in this background when its mass reaches 500 GeV/c?, but stands out well
if there s no heavy lepton background {Fig. 18{d)]. The W+W~uv0 production
shown by the solid line in Fig. 18 can he thought of as the non-resonant WW

scattering, or alternatively, as the mass spectrum of a Higgs boson with infinite
mass.
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Fig. 18,  The invariant mass of detected W+W~ pairs from the
sum of a 250 GeV/c? heavy lepton and a {a) 300 GeV/c?, (b} 400
GeV/c?, or (&) 500 GeV/c? neutral Higgs boson. {d) shows just the
contribution of the 500 GeV/c? Higgs. The solid line represents the
non-resonant W+¥W— production by WW fusion.

The upper limit of detectability of a minimal Higgs with our assurned 30 fb~!

34



of data is probably about 500 or 600 GeV/e?. Figure 10 shows the gumber of
detected events and 4he width of the Higgs. The width increases as the cube of
the mass, making the detection of masses above 600 GeV/c? rather difficult.
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Fig. 18. {a) Number of detected Higgs bosons in 30 fb™) at 1 TeV
center-of-mass energy as a function of the mass of the Higgs. (b) The
width of the minimal Higgs boson as a function of its mass.

6.3. Intermediate-Maas Higgs Boson

This case is particularly interesting because It is a rather diffleult, and in
some cages imnpoasible, problem in hadron colliders. We will see that it causes no
difficulty in & ete collider.

The analysis can proceed in much the same way as in the high-mass case,
except that the requirement that m;,; = mw tan no longer be made. There are

also some additional backgrounds that must be considered in some mass ranges.
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The process of Z production by WW fusion, e*s~ — ZuD, which is shown in
Fig. 20, has been calculated by Mike Peskin. The cross section for this process
is three times larger than that for Higge production at the same mass. Thus for
my = my, the best way to find the Higgs is to measure that these “Z's" have bb

branching {ractions twice normal or t branching fractions several times normal.

26 EEMIAYD

Fig. 20. Diagram for Z production by WW fusion.

There are also additional insidious yW-fusion processes, as shown in Fig. 21.
The single W production diagram has an enormous croas section, 136 units of
M As we have mentioned previously, these backgrounds can be suppressed
experimentally by noting that an odd pumber of chatged particles have been
detected.

The analysis for intermediate-mass Higgs bosons was done by Dave Burke. It
has the same spirit of the analyses we have looked at so far, but varies in some

details. The ste;s of the analysis are
1. Force the cluster finder to find two jets.

2. For both jets reguire that |cosf;| < 0.7, where 0, is the angle between the
bearmn direction and the jet axis.

3. Require that the missing transverse momentum in the event lie between 50
and 150 GeV/c,

38




T (A o L)
Fig. 21. Diagrams for (a) q@’ and (b) single W production by 4 W fusion.

4. Require that there be no isolated leptons in the event.

5. Require each jet to satisfy a mass constraint appropriate to the Higgs mass
being searched for.

Figursa 22 shows the results for 200 and 150 GeV/c? Higgs bosona. In the
formmer case the Higgs decays primarily to W pairs, but the decay products of the
W's do not separate spatially because the W have little momentum. In this case
the appropriate mass constraint is that mj,; > 20 GeV/c’. In the latter case,
the Higge is assumed to decay into a tf po'- with the top quark mass set at 50
GeV/c2. In this case, the approptiate mass constraint is that rij, lie between 30
and 70 GeV/c?. In both cases, there is little background from other scurces.

Figure 23 shows the cases of 50 and 120 GeV/c? Higgs bosons, In these cas 4
the Higgs bosons are assumed to decay into bb pairs. The appropriate mass
constraint here is that mje < 40 GeV/c?. The third peak in Fig. 23 is from
WW-fusion production of a single Z.
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Fig. 23. The invariant mass of detected particles for the cases of 5C
and 120 GeV/c? Higgs bosons, which are assumed to decay into bb
pairs. Exch jet was required to have a mass less then 40 GeV/e3, The
histogram reprasenty backgrounds from sll sources except yW-fusion,
The peak st the Z masg is due to WW-fuslon production of a single
Z. between 30 and 70 GeV/c?,

7. CHARGED HIGGE BOSONS

Charged Higga bosons will be produced in any extension ¢; the minimal Higgs
sector. They, or somsthing very much like them, are required in any mode! that
tries to avold the unnaturalness of the minimal standard madel,

Charged Higgs bosons are pair produced with a cross gection
L)
ow sﬂ opt. {18)

They have the curious property of not coupling to vector bosons st the tree leve)
— an H*W~Z coupling does not occeur in the standard lageangian, Thus, the
normal decay of a high-mass Higga is to the highest mass quarka: H* — tb. It is
this property that makes the charged Higgs nndetectable at hadron colliders.™
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The analysis, which ia the most complicated one that we have had to discuss,
was done by Sachio Komamiya. The steps are 2s follows:

1. Require that the visible energy is greater than 70% of the center of mass
energy.

2. Force the cluster finder to find four jets,

3. Choose which of the three combinations of jet pairings to use by minimizing
2.
a x4

ip . E:\? - 2 - 2
7(2 - (2 t.mi E; E:) + % (mu mH) + (mkl mH) . {19)
EEc.m. my my

where E; are the jet energies that have been rescaled so that their sum

equals E.m, and my is a scanned parameter.
4. Require the following quality cuts:
{a} E;> 30 GoV for all 1,
(b) |mpre = my-| < 40 GeV/el,
(c) |Bu+ — Eg-| < 20 GeV, and
(d) ¢y; > 50°, where ty; is the angle between any two jets. This last
requirement s tuned slightly for different Higge mass ranges.

5. Require that there he at least three particlsa with p> 1 GeV/e and 0.2 <
& < 2 mm, whare & in the tTanaverse distance of closest approach to the
interaction ppint,

There are a couple of things to note about this analysis:

1. L alike all of the ather analyses, there ls an attempt here to use all four
energy-momentum consirainta by requiring that the visible anergy be ap-
proximately equal to the center-of-mass energy, Note however, that this is
only used to choose the correct pairing of jets.

2. The final requirement reduces the background substantially. The reason
is that there are four (Jong-lived} b quark decays in each signal event and
normally at most two b quark decays in each background event.
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Fig. 24 shows the resultiug signals and backgrounds for 120, 200, and 300
GeV/c’ charped Higgs bosens. In all cases, the rignal easily dominates the back-

ground.
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Fig. 24. Signal and background (shaded) for (a) 120, (b} 200, and
(c) 300 GeV/c? charged Higgs boeons. Case (a) was run for 10 b7 of
luminoeity at £,y = 600 GeV, which scales to 23 fb-! of luminosity
at E.m = 1 TeV; case (b) was run for 10 fb~! of luminesity at
E. m. =600 GeV, which sczles ta 15 fb~! of luminosity at E.pm. =}

TeV; and case (¢} was run for 10 fb~! of luminosity at E..;m, = 1 TeV.

Figure 25 shows the rate of detected charged Higgs pairs for our standard run

of 30 fb~? of luminosity at 1 TeV. The limit of sensitivity is at & mass of 2bout
400 GeV fc3,
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Fig. 25. Number of detected charged Higgs boson pairs in 30 fb~! at
1 TeV center-of-mass energy as a function of the mass of the Higgs.

8. PROSPECTS

We have seen thet the physica of eTe™ linear colliders s extremely atiractive,
These colliders will fill crucial holes in the physics capabilities of hadron colliders,
and they will allow a more detailed study of the effects that may be seen in hadror

colliders.

The technical design work is at a very early stage. We should see a great deal
of progress and a convergence of views ra research and development progresses

over the next few years,

Linear colliders clearly have an important role in the future of particle physics;

we should vigorously pursue planning, research, and development on them.
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