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_. ABSTRACT 
This article surveys the physics issues to be studied at future e+e- colliders, espe- 

cially in the energy region below 500 GeV. Particular emphasis is given to exotic standard 
model studies-precision measurements of the dynamical properties of W bosons and top 
quarks-as well as to the search for evidence of the Higgs sector. 

1. Introduction . 

Why should we continue the study of e+e- annihilation at higher energies? The 
experience of the past twent,y years, from SPEAR to LEP, has made clear that the 
experimental environment of e+e- annihilation provides an ideal hunting-ground for 
new particles beyond the standard model. The event structure is relatively simple, 
the standard model ba.ckgrounds are small, and the particle production rates, though 
low, are democratic between hadrons and leptons, and between familiar and novel 
particles. As we contemplate the next step in energy, however, there is another moti- 
vation: the opportunity to conduct deta.iled studies of the last and most mysterious 
objects within the standa.rd model-the W, the top quark, and the Higgs boson. 
For the study of these particles, all of the previously mentioned advantages of e’e- 
annihilation come into play, along with two more, the availability of precise theo- 
retical predictions for the properties of these particles and the ease of experimental 
reconstruction of 14’ and 2 bosons. 

In this article, I will survey the physics issues to be addressed at this next- 
generation machine, a linear collider with center-of-mass energy 500 GeV. My em- 
phasis will be on the theoretical basis for the various experiments that this collider 
will carry out ,and the conceptual questions tha.t these experiments should answer. 

_ _~ This discussion will provide an introduction to the later articles of this volume, which 
wilI&lescribe these experiments more carefully a.nd estimate, by detailed simulations, 
the accuracies which can be obtained. Earlier reviews of the physics of e+e- linear 
colliders, which mainly emphasize the physics topics at TeV energies, may be found 
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in  R e fs. 1-8.  

In  th e  r ema inde r  o f th is  sect ion,  I wi l l  set  th e  s tage  fo r  th is  d iscuss ion,  by  o u t l in ing 
th e  e x p e r i m e n ta l  faci l i t ies th a t a  n e x t -genera t ion  l inear  co l l ider  ( h e n c e forth, ‘N L C ’) 
shou ld  m a k e  ava i lab le .  I wi l l  a l so  o ffe r  s o m e  q u e s tio n s  th a t m a c h i n e  a n d  d e tector  
des igne rs  shou ld  k e e p  in  m ind  th r o u g h  th e  m o r e  th e o r e tical d iscuss ion.  In  S e c tio n s  
2 -5  I wi l l  d iscuss  th e  fe a tu res  o f H iggs  b o s o n , W , a n d  to p  qua rk  p r o d u c tio n  a t th e  
N L C  a n d  desc r ibe  h o w  e x p e r i m e n ts c a n  p r o b e  th e s e  systems.  In  S e c tio n  6 , I wi l l  
br ief ly desc r ibe  s o m e  a s p e c ts o f sea rches  fo r  n e w  par t ic les a n d  in teract ions a t th e  
N L C  wh ich  a re  a lso  re levant  to  th e  p l a n n i n g  fo r  th is  m a c h i n e . 

r 
. 

1  .l A  W ish-List o f Faci l i t ies 

A  bas ic  d e fin i t ion o f th e  N L C  is a n  e + e -  co l l ider  wh ich  wi l l  o p e r a te  a t a  c e n ter -  
o f-m a s s  e n e r g y  o f 5 0 0  G e V , wi th a  luminos i ty  o f o rde r  1 O 3 3  cm-2sec-1 .  In  e + e -  
ann ih i la t ion,  th e  s ize o f c ross sect ions is no rma l l y  s o m e  m u l tip le  o f th e  Q E D  cross 
sect ion fo r  e + e -  +  p + p - : . 

4 7 r a 2  a 7  fb  
e  -  lR= -= -  

3s  G M  ’ 
(1 )  _  

with th e  c e n ter -o f -mass e n e r g y  in  T e V . Thus,  it is c o n v e n i e n t to  conver t  th e  luminos i ty  
to  th e  uni ts  o f ann ih i la t ion  e v e n ts fo r  a  p rocess  wi th a  cross sect ion 
h y p o th e tical yea r  o f l o7  sec.  Th is  g ives  

1 O 3 3  cm-2sec -1  . ( J% M  
5 0 0  G e V  

)” =  3 0 0 0  e v e n ts/R. yr. 

o f 1  R  ove r  a  

(2)  

Th is  luminos i ty  is w h a t is requ i red  to  p rov ide  a n  e v e n t s a m p l e  c o m p a r a b l e  in  s ize to  
th a t o f th e  P E P  a n d  P E T R A  e x p e r i m e n ts. 

T o  ta k e  fu l l  a d v a n ta .g e  o f th e  e n e r g y  o f th e  N L C  severa l  o the r  fe a tu res  a re  des i r -  
a b l e . First, th e  e n e r g y  shou ld  b e  ad jus t ib le  d o w n w a r d , to  exp lo re  th e  th resho ld  reg ion  
o f tt p r o d u c tio n  a n d , possib ly ,  to  o p tim ize th e  sea rch  fo r  th e  H iggs  b o s o n . A t th e  

- e n d  o f th e  art icle, I wi l l  d iscuss  th e  possib i l i t ies o p e n e d  by  p r o b e s  to  h ighe r  energ ies ,  
u p  to  a b o u t 2  T e V . S e c o n d , th e  acce lera tor  shou ld  a l low th e  u s e  o f a  po la r i zed  e lec-  
t ron b e a m . I wi l l  desc r ibe  severa l  e x p e r i m e n ts wh ich  m a k e  e s s e n tia l  u s e  o f e lec t ron  
polar izat ion.  (Po la r iz ing  th e  pos i t ron  b e a .m  as  wel l  g ives  n o  ext ra a d v a n ta g e s .) 

Thi rd,  th e  faci l i ty shou ld  a l low e x p e r i m e n ters  to  co l l ide  th e  e lec t ron  b u n c h e s  . .~  
wit& -a  v is ib le- l ight  laser,  just b e fo re  in teract ion p o i n t. Th is  co l l is ion c a n  conver t  th e  
e lec t ron  b e a m  to  a  converg ing ,  h i gh -ene rgy  p h o to n  b e a .m , wi th e s s e n tia l ly  n o  loss 
o f luminosi ty .  T h e  possibi l i ty  o f c rea t ing  a  p h o to n  co l l ider  in  th is  w a y  w a s  ra ised  
te n  years  a g o  in  a  b e a u tifu l  ser ies  o f p a .pe rs  by  G inzburg ,  K o tkin, P a n fil, S e r b o , a n d  
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Figure 1. Compa.rison of photon spectra from bremmstrahlung (Weizsacker-Williams 
distribution), beamstrahlung (computed for the Palmer G 500 GeV e+e- collider’l), and 
the backscattered laser technique, from Ref. 12. 

Telnov.g*‘o This group made a detailed analysis of the polarization-dependence of the 
scattering process and emphasized that one ca.n use the polarization of the laser and 
the electron beam both to polarize the final photon beam and to sharpen its energy 
dependence. Even without polarization, the photon spectrum from the backscat- 

- tered laser technique is remarkably weighted towa.rd high energies. Conventional 
two-photon physics uses a photon beam created as a byproduct of eSe- reactions; 
the typical photon energy is’much lower tha.n that of the electron beam. In contrast, 
even without the use of the polariza,tion effect, the backscattered laser technique pro- . 

duces a spectrum of photons comparable in energy to that of the original electron 
’ -~ bear+ this comparison is shown in Fig. 1. The backscattered laser technique thus 

‘Tc 
. 

ma k&t interesting to contemplate high-energy ey and yy experiments in addition to 
e+e- (and e-e-) 11 co ision processes. Of these new reactions, the yy collision process 
is- the most interesting and will play a role at several points in my discussion. 

3 
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1.2 Questions for Experimenters and Machine Designers 

At the same time that we plan the experimental facilities which the NLC will 
make available, it is important also to consider the requirements that the physics 
goals impose on the experimental environment, both in the accelerator and in the 
detector design. These issues are still being explored and, in any event, cannot be 
dealt with in the space of this review. However, I would like to highlight the most 
important issues of this type, so that these might be kept in mind as we discuss 
spscific experiments. 

The designer of an e+e- collider begins with a machine which naturally provides 
a very clean experimental environment and, at the same time, a very low event rate. 
To increase the event rate, one must contempla.te extremely tightly focussed and 
dense electron and positron bunches. This affects the cleanliness of experiments, 
in several stages. First, there may be backgrounds from production of electrons, 
photons, and muons upstream of the collision point. Second, during the collision 
process, the electrons may emit synchrotron ra.diation in the electromagnetic field 
of the positron bunch; and vice versa. For realistic designs, this radiation, called 
‘beamstrahlung’, a.pproaches the quantum regime where a single photon carries off 
a .+gnficant fraction of its parent electron’s energy.r3 Third, the photons may then 
convert -to e+e- pairs, raising the possibility that one member of each pair may be 
ejected from the bunch into the detector. I4 Finally, the beamstrahlung photons may 
interact to produce hadrons, which appears as extra tracks in some fraction of the 
e+e- annihilation events.r5 

For e+e- collisions energies up to 500 GeV, there exist reasonable designs for 
which only a few percent of events contain significant beamstrahlung radiation, with 
the machine luminosity still kept above 1O33 cm-2sec-1.11 At higher energies, though, 
it appears that one must accept significant beamstrahlung and the associated back- 
grounds. These processes affect experimentation in several ways: They smear out 
the precisely defined center-of-mass energy of annihilation. They make it difficult to 
detect particles at small angles, typically, within 10’ of the beam direction. They also 
may create ba,ckgrounds for precision vertex detectors, which one would ideally like 

- to place within millimeters of the intera.ction point. In the worst scenarios envisioned 
in Ref. 15, they provide an underlying hadronic event reminiscent of the proton 
fragments in hadron colliders. None of these phenomena compromise the most es- 
sential features of e+e- experimentation, the simplicity of events and the democracy 
among produced species. But these and similar ba.ckground may nevertheless limit 

. .- the..lurninosity of a linear collider. 
Studies of these backgrounds are necessarily tied to the physics goals of the ex- 

periments; precision studies of specific rea.ctions should be more sensitive to energy 
smearing, for example, than broad-band sea.rches for new pa.rticles. It is fortunate, in 
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Figure 2. Distribution of the calorimetrica.lly reconst,ructed mass in a hemisphere cut 
perpendicular to the thrust axis, for e+e- annihikion events at fi = 1 TeV, from Ref. 
6. 

fact, that those experiments which are most sensitive to backgrounds are also those at 
the lowest energies, where the beamstrahlung problem is easiest to control. However, 
much more work needs to be done on the detailed effects of these backgrounds. In 
my discussion of the specific experiments, I will try to indicate directions for further 
analysis by pointing out places in which definition of the center-of-mass energy, tag- 
ging of small-angle pa.rticles, and b-ta.gging with a vertex detector play a crucial role. 
I will also note one experiment for which the intrinsic energy spread of the machine 
is a crucial parameter. 

In addition to the capabilities of the accelerator, we must also give some thought 
_ . to the required capabilities of a detector. One of the main points of my theoretical 

dis@&on ;will be that weak vector bosons play a crucial role in most important 
physicaprocesses at the NLC. It is therefore crucial that the NLC detector be able 
to reconstruct W  bosons as systems of two hadronic jets. The basic advantages of the 
e+e- environment make this a much easier task than at hadron colliders: W  bosons 
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are produced at a rate comparable to that of quark pair production, and the effect of 
gluon radiation producing high mass jets is quite modest. To give a simple illustration 
of this point, I reproduce in Fig. 2 a plot from the 1988 SLAC study of the physics 
of a 1 TeV linear collider.6 For historical reasons, the authors of this study included 
a large beamstrahlung energy smearing and performed their analysis with relatively 
loose cuts on thrust angle and total visible energy. Nevertheless, they found, for the 
reconstructed invariant mass distribution in a hemisphere, the spectrum of Fig. 2, 
which shows a clear and quite narrow W  mass peak. This analysis demonstrates the 
promise that. one can identify, mea.sure, and track W  bosons from the final states of 
e+e- annihilation at the NLC. I will now explain what we expect to learn from this _. 
investigation. 

: 
..- 

2. W and 2 Bosons at the NLC 

.The most successful e+e- colliders have been those optimized for the study of a 
particular-particle, for example, c, b, or 2 ‘. In the same spirit, the NLC is expected 
toke-a factory for top quarks, and may also produce great numbers of some other, _ 
as yet undiscovered, species. More generally, though, the NLC will be a factory for 
producing relativistic W  and 2 bosons. The direct pair-production cross sections for 
these particles are large, and they are also produced indirectly in top quarks decays. 
If exotic particles are present, these are also likely to decay to weak bosons. Before 
discussing the specific NLC experiments, then, it is useful to review some properties 
of the W  and 2. I would also like to explain why it is particularly interesting that 
these bosons will be relativistic, that is, why high-energy vector bosons are more 
interesting than t,he quiescent variety that we can already study at LEP and LEP II. 

2.1 Golstone Boson Equivalence 

For a W  boson at rest, all polariza.tions are equivalent. However, for a W  boson in 
relativistic motion, the longitudinal polarization state takes on a special signficance. 
One might suspect that this state would be particularly interesting, because photons 
and other massless gauge bosons cannot have a longitudinal polarization. Thus, the 

. 

_ .- properties of this state should be bound up in some way with the mechanism of mass 
ge%&atioa for the W  boson. - 

To pose the question more explicitly, consider a. 14’ boson at rest, with polarization 
vector cc1 = (O,O, 0,l). If this b oson is boosted along the 3 axis to energy E and 

6 
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_. Figure 3. A Feynman diagram contributing to e+e- + W+W-. 

momentum k, the polarization vector boosts to 

(3) 

The-components of the longitudinal polarization vector grow proportionally to the 
enpgY* 

-These large components can actually show up in the evaluation of Feynman 
diagrams. For example, the diagram shown in Fig. 3 contains (among other terms) 
the amplitude for scalar pair-production in eSe- annihilation times the dot product 
of the IV+ and IV- polarization vectors. When both W ’s are longitudinally polarized, 
this latter factor is 

2E2 s 
e(k+) - E(k) z - - 

4v M 2m.2,’ (4) 

When the amplitude is squared, the s-wave cross section is predicted to rise faster 
than would be allowed by unitarity by a factor of (s/mh)2. 

Such a rapid growth of the cross section is unphysical unless it is halted by some 
cancelling mechanism. There are two possible sources for this cancellation. Most 

_ directly, the growth of the cross section could be cut off by a W  boson form factor. 
In this case, the W  bosons would be composite, rather than elementary particles, and 
their interactions would begin to deviate from those of an elementary vector particle 
when the factor (4) b ecame large. However, if IV bosons are not only elementary but 
also gauge bosons which receive their mass through the Higgs mechanism, there is 

_ .~ another, much more elegant cure: The Ward identity implies a. series of cancellations 
beeen diagrams which remove all of the da.ngerous terms. In fact, the Ward identity 
even predicts the result of this cancellation, a bea,utiful relation shown in Fig. 4 called 
the Goldstone Boson Equivalence Theorem. “-” This Equivalence Theorem states 
that a longitudinal W  boson emitted a.t high energy has precisely the interactions of 

7 
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Figure  4. T h e  Go lds tone  B o s o n  Equ iva lence  T h e o r e m  

th e  (unphys ica l )  H iggs  b o s o n  wh ich  th e  W  a b s o r b e d  to  b e c o m e  mass ive .  In  a d d i tio n , 
Cornwal l ,  Lev in ,  a n d  T ik topou los  s h o w e d  th a t th e r e  is n o  m idd le  g r o u n d  b e tween  
th e s e  two possibi l i t ies:  A n  e l e m e n tary  vector  b o s o n  w h o s e  coup l i ngs  dif fer f rom th a t 
imp l ied  by  g a u g e  invar iance  h a s  in teract ions wh ich  v io la te  unitar i ty.  

Thus,  as  s o o n  as  w e  e n te r  a  r e g i m e  in  wh ich  w e  p r o d u c e  relat ivist ic W  b o s o n s , 
th e ,:sim p l e s t e x p e r i m e n ta l  observa t ions  o f th e  W  proper t ies  wi l l  d e m o n s trate o n e  
o f two remarkab le  possibi l i t ies.  E ithe r  th e  W  b o s o n s  wi l l  b e  m a n i fest ly compos i te  
pa&ic les ,  wi th a  d e ta i led  p a tte rn  o f d isc repanc ies  f rom th e  s tandard  m o d e l , o r  th e y  
wi l l  b e  a  w i n d o w  into th e  myster ious  H iggs  sector.  E ithe r  o p tio n  w o u l d  b e  wel l  wor th  
exp lor ing .  

2 .2  A  P r ime r  o f W  Physics 

L e t us  n o ti rev iew s o m e  proper t ies  o f th e  IV  a a d  2  b o s o n s  wh ich  wi l l  p lay  a  ro le  
in  th e  N L C  e x p e r i m e n ts. I b e g i n  wi th th e  T V . 

In  th e  s tandard  m o d e l , th e  W  b o s o n  is e x p e c te d  to  d e c a y  6 7 %  o f th e  tim e  to  
h a d r o n s , a n d  1 1 %  o f th e  tim e  to  e a c h  lep ton  a n d  its assoc ia ted  n e u tr ino. T h e  had ron i c  
decays  a re  e s s e n tia l ly  equa l l y  d i v ided  b e tween  th e  Z L ~  a n d  cz m o d e s , wi th C a b i b b o  

- m ixing.  B o tto m  qua rks  shou ld  a p p e a r  on ly  th r o u g h  th e  m o d e  W  +  ~ 8 , wh ich  h a s  a  
b ranch ing  rat io o f O .l% , d u e  to  a  smal l  C K M  m a trix e l e m e n t. For  e v e n ts wi th two 
W  b o s o n s , th is  imp l ies  th e  fo l l ow ing  b ra .nch ing  ra.t ios: 

W +  --f h a d r o n s  W -  --f h a d r o n s  4 5 %  
W  --f h a d r o n s  W  +  (e  o r  p )  u  2 9 %  

. .- W +  - +  ( e  or  p ) V  W - -+  (e  o r  cl) I/ 5 %  .-- 
If-? ? & to n s  c a n  a lso  b e  u s e d  e ffect ively to  reconst ruct  W ’s, th e  u s e fu l  semi lep ton ic  
a n d  pure ly  lep ton ic  f ract ions g o  u p  to  4 4 %  a n d  ll% , respect ively.  

T h e  s tandard  m o d e l  a lso  m a k e s  p rec ise  pred ic t ions  fo r  th e  W  d e c a y  distr ibut ion.  
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I *- Figure  5. Def in i t ion of the W  b o s o n  decay  ang le  x. 

C O B  x 

Figure  6. Distr ibut ions in  x for the th ree poss ib le  va lues  of W  helicity. 

A t severa l  p o i n ts in  th is  art icle, I wi l l  m a k e  re fe rence  to  par t ic le  pa i r -p roduc t ion  
a n d  d e c a y  ang les .  I wi l l  try to  consistent ly  refer  to  th e  p r o d u c tio n  a n g l e  as  8 ; th is  is 
d e fin e d  as  th e  a n g l e  b e tween  th e  par t ic le  m o m e n tu m  a n d  th e  e lec t ron  b e a m  di rect ion,  
m e a s u r e d  in  th e  e + e -  c e n ter -o f -mass f rame.  A  d e c a y  a n g l e  x  wi l l  b e  d e fin e d  as  
th e  a n g l e  b e tween  th e  m o m e n tu m  o f th e  d e c a y  p r o d u c t a n d  th e  m o m e n tu m  o f th e  
decay ing  part ic le,  m e a s u r e d  a fte r  th e  decay ing  par t ic le  h a s  b e e n  b o o s te d  to  rest. For  

- _ _ ~  th e  case  o f th e  W  + , I d e fin e  x as  th e  a n g l e  b e tween  th e  es  m o m e n tu m  a n d  th e  
(ori, j@ na l ) -~s  m o m e n tu m , m e a s u r e d  in  th e  1 /T/+  rest f rame.  Th is  a n g l e  is ind ica ted  
in  Fig.-5. B e c a u s e  th e  v a n d  !? +  e m i tte d  in  a  W +  d e c a y  a re  a lways,  respect ively,  
left- a n d  r igh t -handed,  th e  d e c a y  p r o d u c ts fo r m  a  sp in- l  sys tem w h o s e  or ienta t ion is 
cor re la ted  wi th th e  W +  sp in  o r  hel ici ty. M o r e  expl ici t ly,  th e  s tandard  m o d e l  predicts,  

. 
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for the various possible values of the W+ helicity, the following distributions: 

;(l + cos x,)~ hw = +I 

1 dI’ --= $ sin2 x hw = 0 
rdcosx 

;(I - COSX)~ hw = -1. 

(5) ,: 

Tt?_ three distributions are shown in Fig. 6. 

Events in which one W decays hadronically and the other decays leptonically pro- 
vide-a particularly powerful setting for the measurement of the production and decay 
angles. The hadronic W may be constrained to the W mass to define the kinematics 
of the reaction. The charge of the lepton gives the charge of the leptonic W and thus 
the sign of the production angle cos0; the lepton also indicates the sign of cosx. In 
events for which both W’s decay hadronically, the absolute values of both cosines 
can still be reconstructed. This allows one to determ ine the most interesting part of 
the-W  helicity information, the relative production of longitudinally to transversely 
polarized W ’s. 

E  - - 
. 

2.3 A Primer of Z  Physics 

The main difficulty with studying 2 physics at the NLC is not that the 2 is 
particularly difficult to detect but rather that it is difficult to separate from  the 
large background of W’s. As an illustra,tion, the ratio of 2 to W couplings to the 
left-handed electron is: 

- 
‘. e 

( 1 - sin” 6 
sin Bu, cos 4, 2 w 12/~&sYnOw/2 N Oe2’ 

) (6) 

Thus, it is difficult to separa.te 2 bosons from  W ’s on the basis of their mass alone, 
_ even if the peaks of their mass distributions can be separa.ted by several O. 

It is therefore importa.nt to make use of the chara.cteristic decay modes of the 2 
which cannot be confused with W  decays. The most important of these are: 

z” + e+e- or /L+P- 7% 
20 + 7+7- 3% 

. .- 
-c-- - 

‘z-0 + vi7 20% 
- z-0 -4 bZ 15% 

The leptonic decay modes of the 2 are the most well-known of these characteristic 
modes, but they are relatively rare. The vi? decay mode is most effective in events of 
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Figure 7. Differential cross sections for two gauge boson production processes in e+e- 
annihilation at 6 = 500 GeV. 1 

very simple topology in which the 2 can be reconstructed from  m issing momentum. 
This.. mode has been used effectively in the Higgs boson sea.rch at LEP and should 
also be useful at the NLC. The most effective mode, however, should be the b8 mode, 
which can be identified with high efficiency in a precision vertex detector. Since W 
bosons hardly ever decay to b qua.rks, the b vertex is a powerful marker of a 2. In 
2 pair production (for example, eSe- + Z”Zo), 44% of the events have a 2 which 
decays either to leptons or to bb. This fraction goes up to 70% if the neutrino modes 
are included. .- .. 

The production cross sections for gauge boson pairs at the NLC are of order units 
of R, comparable to the cross section for e+e- t yy at more fam iliar energies. The 
production cross sections are shown as a function of cos 8 in Fig. 7. 
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Figure 8. Processes which produce the Higgs boson: (a) e+e- ---) h”Zo; (b) gluon- 
iluon fusion; (c) W+ W- fusion. 

3. Low-Mass Higgs Bosons 

With this introduction, we can begin our discussion of the experiments to be 
carried out at the NLC. I will mainly emphasize precision measurements within the 
standard model. However, it will be instructive to begin with an experiment which 
is just, slightly speculative: the search for a low-mass Higgs boson. In this section, I 
will concentrate on the sea.rch for the single Higgs scalar h of the minimal standard 
model. More general models are possible, and even likely. In fact, if a Higgs scalar 
is found, it will be important to probe its couplings in a.s many ways as possible to 
see if it fits the predictions of the minimal model. We will see that, once the Higgs 
boson is found, it can be studied in a variety of wa.ys at the NLC. 

3.1 Prospects for Discovery of the Higgs Boson 

Searches for the Higgs boson have been discussed by many authors in the past 
few years, both because the search for the Higgs has been an important topic in the 
LEP experimental program and because this search ha.s been an important moti- 
vation for the construction of the high-energy proton colliders SSC and LHC. The 
theoretical analysis is usefully summarized in the book of Gunion, Haber, Kane, and 
Dawson.20 Here, I will review a few features of their discussion which are relevant for 
understanding the role of the NLC. 

As of the summer of 1991, the standard model Higgs boson had been searched for 
in @):decays and excluded up to a ma.ss of 57 GeV.2’ Some further progress can be 
made by increasing the 2’ event sample at LEP. When the energy of LEP is raised to 
180 GeV, it will be possible to search for the Higgs boson in a larger mass region, up 
to about 85 GeV, using the process e+e- --f h”Zo, shown in Fig. 8(a).22 The precise 
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range available depends upon the eventual maximum energy of LEP II, but probably 
it will be difficult to extend this search to Higgs masses above the 2’ mass. 

One of the main attractions of the proton supercolliders is that they will be able 
to search for the Higgs boson up to very high energies. The standard Higgs boson is 
produced copiously in proton colliders by the reactions of gluon and W boson fusion 
(Fig. 8(b) and (c)). If the Higgs boson is sufficiently heavy, it decays dominantly to 
weak boson pairs W+W- and 2 ’ ’ The 2’2’ decay is readily observed even in 2 . 
the environment of hadron colliders, and methods have been proposed to observed 
the W+W- channel also.23 This search is very powerful for Higgs bosons in the mass ; -- 
range 160-700 GeV, but it is less effective outside this range. If the mass of the 
Higgs boson is below 2mz, one of these vector bosons must be virtual, and the rate 
for producing the Z”Zo final states decreases, dropping to tens of events per SSC 
year for Higgs masses below 130 GeV. As explained in R.ef. 20, a lower-mass Higgs 
boson can be discovered by reconstructing its decay ho t yy. In either case, the 
hadron collider gives only a narrow window onto the properties of this new state. At 
the other extreme, if the Higgs boson is very heavy, it becomes a broad resonance 
which is increasingly difficult to recognize above background. 

~.IJnfortunately, these two cases, in which the ma.ss of the Higgs boson is either 
extremely low or extremely high, are the cases which are most likely from theoretical 
considerations. If the Higgs boson is weakly coupled, its mass is also small compared 
to the mass scale set by the Higgs va.cuum expectation value 

v s (4) = 250 GeV. (7) 

Renormalization effects cause the Higgs self-coupling to increase at high energies. 
Thus, if there-is a grand unification, and if the Higgs boson has any moderate value 

- of its-self-coupling at this scale, it will be weakly coupled and light at weak-interaction 
‘. energies. Fig. 9, taken from Ref. 20, shows the effect of this restriction. In grand 

unified models with a larger Higgs structure, it is generally true that at least one 
Higgs boson obeys a similar bound. The specific case of supersymmetry will be 
discussed in Section 6.1. On the other hand, if there is no grand unification, it is 

- most likely that the Higgs boson is a composite state, with strong interactions. In 
that case, its mass will be pushed to the upper end of its allowed ‘range, to 1 TeV 
and above. 

Thus, the two extreme cases of a. light and a heavy Higgs boson have a special 
interest. In the rest of this section, I will concentra.te on the ca.se of the light Higgs 

’ .- boson. I will discuss the question of Higgs boson strong interactions in Section 6.2. -kc . 

. 
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Figure 9. Limits on the mass of the Higgs boson in the minimal standard model, based 
on the compatibility with grand unification at a scale above 1016 GeV. The figure is taken 
from Ref. 20, whose analysis is in turn based on the work of Cabibbo, Maiani, Parisi, and 
Petronzio.24 

.3.2 The Higgs Boson in e+e- Annihilation 

To produce a light Higgs boson in eSe- annhila.tion, one might make use of the 
reaction of Fig. S(a) or the leptonic analogues of the reactions in Fig. 8(b) and (c): 

- yy fusion or W+W- fusion with the bosons radia.ted from the initial electron and 
positron. For an e+e- collider with center-of-mass energy below 500 GeV, the small 
phase space for W  radiation and the soft spectrum of y radiation make these last 
two reactions less suitable. In addition, one must worry about backgrounds from the 
two-photon process for reactions whose visible products have a mass much less than 

’ .~ th+ll energy of the eSe- collision. Thus, I will concentrate my attention on the 
pro&ss_e$c- + 2’ ho. 

The process of Higgs production associa.ted with a 2’ has a relatively small cross 
section, roughly 0.1 R. However, its detailed distributions have several features which 
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Figure 10. Differential cross section for e+e- -+ h”Zo at fi = 500 GeV, compared 
to the cross sections for two gauge boson production displayed in Fig. 7. 
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-c - - Figure 11. The process e+e- --) hero which determines the properties of e+e- --) 
h”Zo at high energies through Goldstone b&on equivalence. 
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are characteristic of its Higgs origin. The differential cross section is plotted in Fig. 
10 and compared to the cross section for e+e- + 2’2’. If p is the final-state 
momentum and y = 2p/Js, we can write the explicit form of this distribution as 

da 1 -=- (a - sin2 8,)2 + (sin2 6,)2 
dcos0 16 2 sin4 8, cos4 9, I 

in units of R. The angular factor sin2 0 in the last term is the signal of e+e- anni- 
@ation into a pair of scalars, and indeed the cross section for s >> mz matches 
thai for the process shown in Fig. 11, in which the Higgs is produced in association 
with-a neutral Goldstone boson. This is just the prediction of the Equivalence Theo- 
rem. A corollary of this result is that the 2’ is dominantly longitudinally polarized, 
in contrast to the dominantly transverse polarization predicted for e+e- + 2’2’. 
Thus, the measurement of cos x (or even its absolute value) in the 2’ decay can aid 
in distinguishing this process from 2’ pair production. 

Once the Higgs boson has been found and its mass measured, it is important 
to test the couplings of the Higgs boson to fermions of each type by measuring the 
Higgs branching ratios. The minimal standard model makes definite predictions for 
thebranching ratios to the various fermion species, and these predictions are the 
first phenomena upset if the Higgs structure is generalized. From the event rates 
expected for the NLC, any branching ratios of the ho above 1% are interesting targets 
for verification. For a Higgs mass of 100 GeV, in the minimal standard model, the 
dominant branching ratios are: 

BR(h” + bb) M 90% 
BR(h” --f CZ) M 5% 
BR(h” --f r+r-) x 4% 
Who + 99) m 3% 

The first three of these modes should be straightforward to observe with a precision 
vertex detector. It would be wonderful to measure the branching ratio to two gluons 
(which gives the dominant decay of the ho to final states without heavy fermions), 
but I do not know a useful signature of this decay. 

3.3 The Higgs Boson in yy Annihilation 

The Higgs boson coupling to two photons ca.n also be measured at the NLC, by 
’ .~ using-the. inverse process yy + ho and the idea. presented in Section 1.1 that the 

NLt. . may be converted to use as a a photon-photon collider. The measurement is a 
particularly interesting one, since the coupling of the Higgs boson to two photons is 
a loop effect and thus depends on a sum rule over all heavy charged species.25 If the 
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mass of the photon-photon final state can be determined to within a resolution Am, 
the observable cross section for Higgs production is 

1 
- 

J 
dma(yy + ho) =e. r(h” + YY) 

Am rn$ Am 

“(3 x 10-2) * (lO,G,ev), 

(9) 

in units of R. This result is to be contrasted with the cross sections of 9 x low2 R for 
&&inuum 6 production and 150 x 10S2 R for continuum ci? production. However, 
these backgrounds can be controlled by varying the relative photon polarization. 
The Higgs is produced only when the photon spins are antiparallel, to form a spin- 
zero state. However, helicity conservation prohibits the pair-production of massless 
fermions from this polarization state. This polarization effect can give the factor of 
5 suppression of the b?; channel necessary to bring the Higgs signal into focus.1o 

4. W Couplings and Dynamics 

From the minor, but very interesting, reaction of Higgs boson production, we _ 
now turn to the most important single process in high-energy e+e- annihilation, W 
boson pair production. The ease of reconstructing IV bosons at the NLC allows this 
process to be studied in great detail, to reveal, for example, the correlation of W 
polarizations with the production angle. The standard model predictions for W pair 
production are already quite complex, and this complexity lends a certain richness 
to the search for anomalies in the W events. 

- 

4.1 The Question of W Anomalous Couplings 

Why is it important to verify the standard model prediction for W pair production 
in e+e- annihilation ? The question is a fundamental one which goes to the heart 
of the gauge-theory construction of the standard model. The central idea of Yang- 
Mills theory is that symmetry principles uniquely determine the interactions of vector 
bosons. The process e+e- --f W+W- is the idea.l place to make a precision test of 
this idea. 

_ .~ An important ingredient in the amplitude for e+e- + W+W- is the yW+W- 
ve-&x, for which the standard model makes a precise predition: If the vertex is 
defined-as in Fig. 12, and the W bosons are on shell, then we should find: 

iPpp(p, q, q) = -ie [gap(q - q)” + 2(gPPpa - gP”$)] . (10) 
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Figure 12. Kinematics of the W+W-7 vertex. 

The first term follows from the fact that the electric charge of the W  is 1; the second 
term implies that the magnetic moment  is given by g  = 2. 

In principle, one m ight find a  more general collection of terms. The most general 
CP-conserving W W y  vertex includes, in addition to the terms in (lo), arbitrary 
modifications of the magnetic dipole and electric quadrupole moments of the W , as 
well as a  parity-violating term: 

r. - _  
‘idlYpp(p, q,Q) = -ie [(n-l + X)(gpPpa - g’lQpp) 

Such modifications a.re expected in models in which the W  boson is composite and 
W(2) x U( 1) is not a  true gauge symmetry. They are also expected in gauge-invariant 

- models in which the vector bosons are dyna.mically generated or simply coupled to 
a  strongly interacting sector. 26-28 The coupling gg is omitted in most discussions in 
t.he literature, and I will follow that practice in this review. 

It should be empha.sized, though, that even if the W  vertex is modif ied as in (ll), 
these modifications need not be large. Claudson, Farhi, and Jaffe2’ have argued in 

- models with composite W  bosons that the corrections to the W  vertex are naturally 
of order 

(12) 
where M  is the mass of the first excited state with the quantum numbers of the , .~ 
WQh is means that the natural size of the parameters of anomalous W  interactions 
m ight be as small as a  few percent. A similar order-of-magnitude estimate follows 
from the consideration that the anomalous W  interactions not produce corrections 
to- the observables measured with precision at LEP. 
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Figure 13. (a) Leading-order diagrams for e+e- ---, W+W-; (b) the process e+e- + 
~+a-, related to the pair-production of longitudinal W bosons by Goldstone boson equiv- 
alence. 

In principle, the W  anomalous couplings can be bounded by direct measurements 
at hadron or lepton colliders. The CDF measurement of the Wy production cross- 
section in pjj collisions already implies (in a one-parameter analysis) a limit IIC - 1) < 
12.30 The SSC should eventually improve this limit to a constraint on X at the 2% 
level, with less sensitivity to K. 31 The direct constraints on K and X from eSe- 
experiments will begin with the measurement at LEP II of the cross section for 

- e+e- ---) W+W- nea.r threshold. Through this mea.surement, the LEP experiments 
will be able to set limits on 6 and X of order 0.1-0.2. In view of the argument in the 
previous paragraph, this would still be a rela.tively weak limit. To improve on this 
limit, we must ask whether one might find improved sensitivity to K and X in e+e- 
measurements at higher energies. . .~ 

-G-- - 
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4.2 e+e- + W+W-: Standard Model 

In fact, one expects a dramatic improvement in one’s sensitivity to anomalies in 
the W vertex functions with even modest increase in the eSe- center-of-mass energy. 
To understand this statement, we should recall some details of the calculation of 
e+e- + W+W- in th e standard model. At tree level, the calculation involves the 
first diagrams of Fig. 13(a). If the W bosons are transversely polarized, each diagram 
becomes independent of s at high energy, leading to a differential cross section which 
+&es as l/s, i.e., one which is constant in units of R. If the W bosons are longitudi- 
nally polarized, we argued in Section 2.1 that the individual Feynman diagrams grow 
as (s/m&). The Ward identities of the standard model imply that these growing 
terms cancel between the s- and t-channel diagrams, producing an amplitude which 
is independent of s. According to the Goldstone Boson Equivalence Theorem, this 
amplitude should equal that for e+e- annihilation into charged Goldstone bosons, as 
shown in Fig. 13(b). H owever, the anomalous terms in the WW-y and WWZ ver- 
tices do not respect this Ward identity. Thus, these anomalous terms are enhanced 
relative to-the standard model by a factor (s/n-&). The enhancement with energy is ..- - 
in fact somewhat larger, since the cross section for producing longitudinal W bosons 
hacan .extra factor of p2 near threshold compared to the cross section for producing 
transversely polarized W’s. In all, the effect of anomalous W couplings on the dif- 
ferential cross section for e+e- + W+W- is expected to be larger at the NLC than 
at LEP II by the ratio of factors 

iRz---&. (13) 

This corresponds to an increase in sensitivity of a factor 10 from & = 200 GeV to 
fi = 400 and of a, factor 15 if one goes up to 500 GeV. 

To understand the effect of these anomalous terms, it is useful to first understand 
the structure of the standard model differential cross section for e+e- + WsW-. 
The shape of this cross section is plotted in Fig. 14 for the individual polarization 
components and for the tota. rate. Notice that the shape of the cross section for 
pair-production of longitudinal W bosons is approximately sin2 8, as one would ex- 
pect from the Equivalence Theorem. The variation of the W polarization with the .- 
production angle 8 is made manifest in the x distributions shown in Fig. 15. At 

I _- forward angles, the first diagram in Fig. 13(a) d ominates; this diagram dominantly 
pro&ces -a right-handed W+ and a left-handed TV-, leading to a decay angle distri- 
bution-f the form (1 + cos x) 2. At central and backward angles, the longitudinal W 
production becomes more import,ant and the component of the decay angle distribu- 
tion proportional to sin’ x increases. 
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- F&ire 14. Differential cross section for e+e- + W+W-, in the standard model, 

SC at fi = 500 GeV, as a function of the production angle 8. The figure shows also the 
cohtribution from transverse and longitudinal W boson pairs. 

. 

1.25 

1.00 

. 

-Figure 15 Distributions of e+e- ---* Wt W- events in the decay angle x, for three 
values of the production angle: cos0 = 0.5, 0.0, -0.5. 
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4.3 e+e- + W+W-: Anomalies 

. 

It is now easy to imagine how to look for signs of anomalous W interactions. 
One looks for distortions of the differential cross section in e+e- + W’W- espe- 
cially those associated with an increase in the cross section for pair-production of 
longitudinally polarized W bosons. The signatures of this effect are easily visual- 
ized from Figs. 14 and 15; it induces an increase in the differential cross section at 
large angles-proportional to sin2 6, correlated with an increase in the decay angle 
distribution at small values of cos x. Each available experimental observable gives a ” - 
complementary piece of information useful in characterizing the anomalous effect. 

-To understand more quantitatively what constraints the NLC will make avail- 
able, one must study the detailed form of the cross section as a function of K, A, 
and other anomalous parameters. For the reaction e+e- + W+W-, this depen- 
dence has been worked out in a very useful way by Hagawara, Hikasa, Peccei, and 
Zeppenfeld.32Most recently, several authors have analyzed these formulae from the 
viewpoint of NLC experimentation. 33j34 In particular, Yehudai has given a simplified 
but-very clear picture of the various complementary constraints.r21n his analysis, he 
chose the most characteristic observables which can be extracted from the experimen- 
tal+istributions, assigned each a 3% systematic error (assuming that the standard 
model gives the central value), and plotted the corresponding 20 confidence region in 
the K, X plane. For the process e+e- --f W+W-, he considered the effect of measur- 
ing the magnitude of the total cross section, the forward-backward asymmetry (FB), 
the ratio of longitudinal to transverse W production (L/T), and the ‘in-out’ ratio IO, 
defined as 

IO = 
J 

da/d cos 0 

1 cos e1<0.4 /J 
da/d cos 6. (14) 

- (cose(<o.8 

The results of this a.nalysis are shown in Fig. 16. The many independent probes of 
the process e+e- + W+W- available from the NLC complement one another in a 
most attractive way. The combination of all of these constraints is expected to bound 
the parameters K and X individually at the level of about f0.02, up to a two-fold 

- ambiguity. This ambiguity can be resolved by studying the dependence on beam 
polarization, or, as we will see, by considering other W production processes. 

Though a plot such as Fig. 16 is useful for visualization, the various comple- 
mentary constraints on K and X can be taken into account more systematically by a 
global likelihood analsys. This technique and a discussion of the many experimental _ .~ 
isues involved in the measurement of W cross sections are presented in Barklow’s 
ar!&in this volume.35 

We can obtain an interesting complement to this process by operating the NLC as 
a-77 collider, to study the process yy --f lV+CI/-. The tree level diagrams are shown 
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Figure 16. Expected bounds on the parameters n, X of the W anomalous couplings 
expected from the measurement of various features of the cross section for e+e- + W+W- 
at fi = 500 GeV, from Ref. 12. 

in Fig. 17; these can involve anomalous vertices both in the 3- and 4-weak boson 
interaction. The sensitivity of the various observable parameters of this cross section 
to K and X has also been studied in Refs. 12, 33, 34. Yehudai’s presentation of the 
determination of K and X from this process from the composition of complementary 
observables is shown in in Fig. 18. In this case, the most sensitive observables, after 
the total cross section, involve polariza.tion of the photon beam. In the figure, the 
constraints (O/2) is the ratio of yields for antiparallel as opposed to parallel photon 
polarization, and XFB is the x forward-backward asymmetry, that is, the ratio of 
right- to left-handed IV+ bosons emerging from the production process. Notice that 

. .~ the study of the two-photon reaction can provide a completely independent constraint 
on &and Xwhich is of almost the same power a.t that from e+e- ---f W+W-. Among 
other information, this constraint would resolve the two-fold ambiguity in Fig. 16. 
Some additional information can be obtained by studying the single W production 
process e-7 + W-V, either in e-y or in e+e- mode. 
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Figure 17. Lea.ding-order diagrams contributing to 77 + W+ W-. 
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. .~ Figure 18. Expected bounds on the parameters K, X of the W anomalous couplings 
-<Fecteg from the measurement of various features of the cross section for 77 + Wt W- 

at 4 = 500 GeV, from Ref. 12. 
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Figure 19. Determination of the weak isospin of the left- and right-handed components 
of the b quark. The three constraints overlap in a small region which contains the standard 
model result (marked with a circle). 

5. The Top Quark 

The third element of the standard model which can be studied at the NLC, and 
possibly the most interesting of all, is the top qua.rk. 

5.1 Issues for the Study of the Top Quark 

Though the top quark has not yet been discovered, particle physicists generally 
consider it to be an established part of the standard model. In my opinion, this 

. .~ cor$‘t$lence. in the existence of the top quark is justified. The reasoning is presented 
in Fig.-16. I assume the correctness of the SU(2) x U( 1) model of the W  and 2 
couplings to fermions; this model has now been amply tested in low-energy weak 
interactions and at LEP. According to this model, the couplings of the b quark to 
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th e  w e a k  in teract ions a re  c o m p l e te ly  charac te r ized  by  its SU(2 )  x U(1)  q u a n tu m  
n u m b e r s . Converse ly ,  w e  c a n  u s e  th e  th e  weak- in te rac t ion  proper t ies  o f th e  b  qua rk  
to  d e te r m i n e  th e  c h a r g e  a s s i g n m e n ts o f its r ight-  a n d  le f t -handed c o m p o n e n ts u n d e r  
th e  weak- in te rac t ion  S U ( 2 ) . E  v e n  if w e  b e g i n  wi th arb i t rary w e a k  isosp in  ass ign-  
m e n ts 1 :, 1 :, th e s  e  va lues  a re  s t rongly  cons t ra ined  by  th e  L E P  m e a s u r e m e n ts o f 
th e  2 ’ b ranch ing  rat io to  b &  a n d  th e  b $  fo rwa rd -backward  a s y m m e try,36 as  s h o w n  
in  Fig.  1 9 . T h e s e  m e a s u r e m e n ts l eave  a  two- fo ld a m b i g u i ty wh ich  is reso lved  by  
a  l ower -ene rgy  m e a s u r e m e n ts o f th e  fo rwa rd -backward  a s y m m e try, wh ich  d e p e n d s  
o n  th e  in ter fe rence o f y  a n d  2 ’ c o n tr ibut ions. 3 7  T h e  d a ta  s ing le  o u t th e  a s s i g n m e n t 
( fg I;) =  (-$, 0),  th  e  c o n v e n tio n a l  s tandard  m o d e l  e x p e c ta tio n .3 8  

In  a d d i tio n  to  th e  c lear  s ta tement  th a t th e  to p  qua rk  exists, th e  p rec is ion  e lec-  
t roweak  e x p e r i m e n ts g ive  s o m e  constra int  o n  its m a s s . T h e  e ffect  o f v i r tual  to p  qua rk  
l oops  o n  obse rvab les  g ives  a  const ra int  wh ich  is m o s t c lear ly  wr i t ten 

( 1 0 0  G e V ) 2  <  [m f +  M ] <  ( 1 8 0  G e V ) 2 , (15)  

w h e r e  th e  q u a n tity M  is very  smal l  in  th e  m in ima l  s tandard  m o d e l  a n d  is posi t ive 
in  m o s t genera l i za t ions  o f th e  s tandard  m o d e l . 3 g  T h e  in f luence o f th e  vi r tual  to p  
qua rk  o n  B B  m ix ing g ives  a  w e a k e r  const ra int  wh ich  a lso  p u ts th e  to p  qua rk  in  th is  
gene ra l  m a s s  reg ion .  Thus,  w e  a l ready  h a v e  s o m e  c o n fid e n c e  th a t th e  th resho ld  fo r  
t? p r o d u c tio n  is b e l o w  4 0 0  G e V . In  fact, th e s e  b o u n d s  imp ly  a  r e a s o n a b l e  probabi l i ty  
th a t th e  to p  qua rk  wi l l  b e  d iscove red  a t th e  Fe rmi lab  co l l ider  in  its c o m i n g  run.  

It is th u s  l ikely th a t th e  to p  qua rk  wi l l  b e  d iscove red  b e fo re  th e  b e g i n n i n g  o f 
th e  phys ics  p r o g r a m  a t th e  N L C , a t a  m a .ss wh ich  p u ts it we l l  wi th in  th e  e n e r g y  
reach  o f th is  m a c h i n e . T h a .t o p e n s  a n  o p p o r tuni ty  fo r  N L C  e x p e r i m e n ts, b e c a u s e  th e  
d iscovery  o f th e  to p  qua rk  wi l l  o p e n  a  n u m b e r  o f n e w  a n d  in terest ing issues.  A m o n g  
th e s e  are:  

1 : T h e  to p  q u a .rk m a s s : H a d r o n  co l l iders  wi l l  b e  a b l e  to  m e a s u r e  th e  to p  qua rk  
m a s s  to  a b o u t 5  G e V . 4 o  B u t B londe l ,  R e n a .rd, a n d  Ve rzegnass i  4 1  h a v e  a r g u e d  
th a t o n e  m u s t k n o w  th e  to p  qua rk  m a s s  to  1  G e V  to  ta k e  fu l l  a d v a n ta g e  o f th e  
const ra ints  th a t p rec is ion  e lec t roweak  m e a s u r e m e n ts p u t o n  th e  H iggs  b o s o n  
a n d  o the r  mass ive  par t ic les wh ich  m ight  c o n tr ibute to  e lec t roweak  loops.  B e -  
y o n d  this, it w o u l d  b e  w o n d e r fu l  to  m a k e  a  p rec is ion  m e a s u r e m e n t o f th e  bas ic  
p a r a m e ter  m t, to  3 0 0  M e V  or  b e tter.  

2 . T h e  to p  qua rk  Y u k a w a  coup l ing :  In  th e  m in ima l  s tanda. rd  m o d e l , th e  to p  qua rk  
is n o t h e a v y  e n o u g h  to  b e  s t rongly  c o u p l e d  to  th e  H iggs  sector,  s ince  th e  to p  
qua rk -H iggs  Y u k a w a  coup l i ng  X t o b e y s  th e  re la t ion _ _ - .._ - + & : - ; xi -  zi=  (16 )  
us ing  m t =  1 5 0  G e V  a n d  2 , f rom (7). Tl  r is is c o m p a r a b l e  to  th e  va lue  o f th e  
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; .+- Figure 20. (a) The major top quark decay process t -P W+b; (b) the process t + a+b, 
which determines the properties of top decay through Goldstone boson equivalence. 

. . 
weak-interaction coupling crw = g2/(47r) = l/30. In models with more general 
Higgs sectors, this value could well be quite different, and it is interesting to 
speculate that it could become la.rge enough to give the top quark strong Higgs 
interactions. Ideally, we should understand their relation experimentally, by 
measuring At independently of m t. 

--3; The-top quark width: It can be smaller than the standard model prediction if 
. ~ -Vtb is substantially less than 1, due to m ixing of the top with new high-mass 

-_ ferm ions, or it can be larger than the standard model value if the top quark 
has exotic decays. 

4. The top quark form  factors: Either through m ixing with heavy species or 
though strong interactions, the top quark m ight acquire exotic form  factors- 
for example, an anomalous magnetic moment larger than the 3% shift of (g-2) 
expected from  QCD-whose appearance would signal new physics. 

I will now argue that the NLC allows a variety of top quark experiments which can 
- address this set of questions. 

5.2 General Properties of the Top Quark 

To introduce these experiments, I will first discuss some general properties of the 
top quark. The distinguishing property of the top quark is, of course, its large mass. 
Since the top quark is heavier than the W , this large mass leads to an especially 
rapid decay, via t -r W+b, shown in Fig. 20(a). If we can ignore the b quark mass, 
the rate of this deca.y is:42 . .- 

-CL - - I’(t + W+b) = 

with /? = (1 - m & /m:). For m t = 150 GeV, It is about 1 GeV. 
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A striking feature of (17) is its strong increase with the top quark mass: The 
expression is proportional to m!. This feature is actually easy to understand by 
invoking Goldstone Boson Equivalence. The expression in brackets in (17) is the 
value of the decay width which would be obtained from the process shown in Fig. 

20(b), the decay of the top quark to a b plus a massless Goldstone boson: In this 
calculation, two of the fa’ctors of mt arise from Xf, the square of the top quark Yukawa 
coupling. 

7 
. . . .: 

The top quark is thus short-lived. In fact, it decays so rapidly that the top quark 
has no conventional meson spectroscopy: Not only are there no T meson tracks, 
t&ye are no T mesons, or even toponium states near threshold.43 However, as the 
convention mesons disappear, new principles of quark dynamics come into play. This 
point has been especially emphasized by Fadin and Khoze,44 who have pointed out 
that the propagator of the unstable top quark is off-shell by an amount (mJl). 
Thus, this quantity, equal to (30 GeV)2 f or rnt = 150 GeV, acts as an infrared 
cutoff which justifies the use of QCD )erturbation theory. Thus, nonperturbative 
physics is unimportant from the start of a top quark’s life until its end, giving us an 
unprecedented opportunity to understand the couplings of this quark by comparing 
experiments to high-precision theoretical calculations. 

fl - - 

5.3 L?he-tt Threshold 

I will first discuss the properties of t? production just at the quark-antiquark 
threshold, in the region normally occupied by the quarkonium resonances. Because 
of the rapid deca.y of the top quark, there are no na.rrow t? resonances; the individual 
t and t lifetimes set an upper limit to the lifetime of the bound state. However, 

- the t? cross section in this region is still sensitive to the quark-antiquark binding 
potential. In fact, as Fadin and Khoze first pointed out,44the situation is the best 
one for extracting a detailed understanding of this interaction: The top or antitop 
decays at a separation Ar = (mtI’t)-‘l” where the QCD binding is strong but is 
determined entirely by perturbation theory. 

The most important observable is the energy-dependence of the total cross section 
for tf production, over an energy interval of a.bout 10 GeV near the threshold. In 
Fig. 21, I have plotted the behavior of the cross section expected from QCD for the 
top mass values 120 GeV, 150 GeV, and 180 GeV. 45 The cross sections are given in 
units of R and are plotted a.ga.inst E = ,,L - 2m 2. They are corrected for initial-state 

. .~ rad$t$on, but not for machine-dependent effects. Over this mass range, the 1s t? 
res&an& becomes smeared by the top qua.rk width and spreads out to merge with 
the tT continuum. The very fact that the threshold has the shape of a sharp rise from 
zero to almost a unit of R implies that, by locating this rise, we can obtain a very 
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Comparison of the forms of the IZ production threshold for rnt = 120, 
Note tha.t the total cross section for ti production is plotted against the 

center-of-mass energy displacement (ECM - 27~). 

accurate determination of the top quark mass. In addition, the detailed shape of the 
cross section depends on properties of the top quark and its interactions through QCD 
-and possible heavier exchanges. In Fig. 22, I show the variation of the prediction for 
mt = 150 GeV with cu,; the three curves correspond to cr,,~&mb) = 0.11, 0.12, 0.13; 
the separation is the current experimental error. Equally striking effects are produced 

- by more exotic varia,tions of the top quark physics: In Fig. 23, we can see effect of 
varying the top quark width. Adding the Higgs boson of the minima.1 standard model, 
with rnH = 100 GeV, has the effect shown in Fig. 24; this figure also shows the effect 
of nonstandard modification of the magnitude of the top-Higgs coupling Xt. (The .- 
Higgs mass should not be taken as a parameter, since any Higgs boson mass in the 

. .~ releyant range will already have been measured in the NLC experiments discussed in 
SeRio_n 3:) 

It should be noted that the threshold structure varies significantly when the 
energy is changed by a few GeV-that is, by less than a percent of the total center- 

29 



-  

-  . -  I_ -  .  

Y -  
--  

L  
.  

0.8 

0 .8  

a ,(d)  =  0.13  

0  

-6  -4  -2  0  2  
E C U  - 2  m , ( G e V )  

F igure  22.  Compar i son  of the forms of the cross sect ion for t? p roduc t ion  n e a r  thresh-  
old,  for m t =  1 5 0  G e V , for (Y,  =  0.11,  0.12,  0.13.  

o f-m a s s  e n e r g y . T o  a l low e x p e r i m e n ts to  fu l ly  obse rve  th is  th resho ld  structure, ac-  
- .celerator  des igne rs  shou ld  str ive to  p r o d u c e  a  m a .ch ine which,  a t least  a t its lowest  

energ ies ,  h a s  a n  intr insic e n e r g y  s p r e a d  a t th e  co l l is ion p o i n t o f less th a n  0 .1  % . Th is  
is s t ra ight forward,  4 6  b u t it h a .s n o t b e e n  inco rpora ted  in to m o s t cur rent  des igns .  E n -  
e rgy  smea r i ng  by  b e a m s t rah lung  is e x p e c te d  to  b e  less impor tant .  Fur ther  d e tai ls  
o f th e  e x p e r i m e n ta l  s tudy o f th e  t? th resho ld  a re  p r e s e n te d  in  Fuj i i’s art ic le in  th is  

- v o l u m e .4 7  

5 .4  T o p  Q u a r k  P a ir P r o d u c tio n  

. .- 
- + $  di f ferent a n d  equa l l y  in terest ing set  o f observa t ions  is ava i lab le  wel l  a b o v e  

th r e s h c A d , in  th e  reg ion  o f o p e n  tt p r o d u c tio n . T h e  o p tim a l  p lace  to  obse rve  tt e v e n ts 
is a t a n  e n e r g y  w h e r e  th e  to p  qua rks  a re  fast  b u t n o t c o m p l e te ly  relativist ic, rough ly  
1 0 0  G e V  a b o v e  th resho ld .  E v e n  a t th e s e  energ ies ,  th e  fu l l  s t ructure o f a  t? e v e n t is 
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Figure 23. Comparison of the forms of the cross section for t? production near thresh- 
old, for mt = 150 GeV and oS = 0.12, as the width of the top quark is taken to be 0.5, 
0.75, 1.0, and 1.25 times its standard model value. 

1.25 

1.00 

0.75 

0.25 

rather complicated: Each top quark decays to I/T/b, which results eventually in either 
three jets or a jet, a lepton, and a neutrino, on each side of the event. However, sim- 
ulations of this process show tha.t, in the uncluttered environment of e+e- collisions, 
these events can be easily separated from backgrounds and the full structure of the 
final state can be reconstructed.47An essential element of this reconstruction is the 
fact that the six-jet system obeys a large number of mass constraints: Two pairs of 
jets each sum to the mass of the W, and for each of these the addition of a third jet 
produces a system with the mass of the t. Further, if we ignore the relatively small 
effects of initial state radiation, beamstrahlung, and gluon radiation, each of these 
reconstructed top quarks has just the energy of the electron beam. 

.- 

-<The full reconstruction of t? events produces a wealth of information: The process 
depends on a production angle 8 and polar and azimuthal decay angles for the t, 3, W+ 
and W-. In the process e+e- + W+W-, we found that some of the most interesting 
information is contained in the correlations among these parameters; these measure 
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Figure 24. Comparison of the forms of the cross section for t? production near thresh- 
old, for mt = 150 GeV, ay, = 0.12, and a Higgs boson mass of 100 GeV, as the coupling of 
the Higgs boson is taken to be 0, 0.5, 1.0, and 1.5 times its standard model value. 

quantities such as the fraction of longitudinally polarized W’s produced at backwards 
angles which are highly sensitive to perturbations of the standard model. In the top 
system, these correlations are more complex. As in W pair production, howver, they 
are best untangled and understood by analyzing the process of tf production and 
decay in terms of intermediate-state helicities. 

For lighter quarks, helicity is not a useful tool because the quark spin direction 
is randomized during hadronization. For example, a polarized b created in a high- 
energy collision evolves into a coherent mixture of B and B’ mesons. At times of 
order (mgq - rnB)-’ x (50 MeV)-‘, th ese components become incoherent, and at 

. .~ this point the original spin orientation is lost. Even later, the B*‘s decay to B’s, 
con&eting the randomization of the b qua.rk spin. We have already noted that, for 
heavy top quarks, there is no hadronization process; the evolution from the initial 
t quark to the decay products WSb is governed by QCD perturbation theory. The 
point applies even more strongly to the spin excha.nge time, since its inverse, the spin 
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Figure 25. Distribution of top quark decay events in the decay angle x, computed for 
left-handed polarized top quarks. The distributions are shown both for the total decay 
rate and for the individual decay channels to longitudinally polarized W bosons. 

exchange energy, varies as mt -’ as the top becomes hea.vy. For a 150 GeV top quark, 
..- scaling from the b, we would expect a spin exchange energy of (50 MeV) . (mb/mt)); 

this gives a spin exchanges rate of (2 MeV), orders of ma.gnitude less than the t 
decay rate. Thus, for top, the quark spin is a useful parameter. We will see in a 
moment that both the production and decay distributions of top have an essential 

_ spin dependence which can be measured experimentally. 

To explain the properties of open top events, I will first present the predictions of 
the tree level standard model for the various components of this process, expressed 
in a basis of states of definite helicity. Once we ha.ve this foundation, we can combine 
these helicity amplitudes to see the full structure of the event.48j4g 

-@ haye already discussed the process of W decay, and the dependence of the 
distribution in the W+ decay angle x on the Ws helicity. For the purposes of this 
study, it is most convenient to measure the l/T/+ direction and thus the W+ helicity 
in the frame of the t quark. Then the same helicity basis can be used to describe 
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th e  t d e c a y . D e fin e  th e  d e c a y  a n g l e  xt as  th e  a n g l e  b e tween  th e  t d i rec t ion a n d  
th e  W  di rect ion,  m e a s u r e d  a fte r  b o o s tin g  th e  to p  qua rk  to  rest. A t t ree level ,  a n d  
igno r ing  th e  m a s s  o f th e  b , th e  s tandard  m o d e l  m a k e s  very  s imp le  pred ic t ions  fo r  
th e  d e p e n d e n c e  o f th e  t d e c a y  amp l i t udes  o n  xt. T h e  b  is a lways  le f t -handed,  a n d  
so  by  angu la r  m o m e n tu m  conserva t ion  it c a n  recoi l  on ly  aga ins t  a  le f t -handed o r  
long i tud ina l  W  + . For  a  le f t -handed to p  quark ,  th e  d e c a y  amp l i t udes  a re  

; - -  

_ . 

M ( tL  +  b W $ )  =  -  i& - n ; -  m 2 W ) 1 ’2  cos F  

M ( tL  - -+  b W L n ,) =  -  ig(mf  -  v& ,)1/2 [ Jt ] s in F, 
( 18 )  

m w  

w h e r e  xt is th e  t d e c a y  a n g l e . T h e  two amp l i t udes  l e a d  to  angu la r  d is t r ibut ions 
p ropor t iona l  to  (1  +  cosxt)  a n d  (1  - cos  x/t), respect ively.  T h e  q u a n tity in  brackets  
in  th e  s e c o n d  l ine  o f (18)  is a n  e n h a n c e m e n t wh ich  ra ises th e  s t rength o f th e  tb W  
coup l i ng  f rom g  to  X t fo r  th e  long i tud ina .1  W ; th is  is just w h a t w e  shou ld  e x p e c t f rom 
Fig. 2 0  a n d  th e  G o lds tone  B o s o n  E q u i v a l e n c e  T h e o r e m . For  m t =  1 5 0  G e V , 6 5 %  o f 
t decays  h a v e  a  long i tud ina l  W  in  th e  fina l  state. Th is  p roduces  th e  xt d is t r ibut ion 
s h o w n  in  Fig.  2 5 ; th e  d e c a y  d is t r ibut ion o f th e  to p  is qu i te  a n  e ffect ive po lar iza t ion  
ana lyzer .  

T h e . p r o d u c tio n  p rocess  e + e -  +  tt d e p e n d s  o n  8  a n d  o n  th e  e lec t ron  a n d  to p  
qua rk  po lar izat ions.  A s  usua l  in  e + e -  ann ih i la t ion  to  fe rmions ,  th e  hel ic i ty conserv ing  
react ions  l ead ing  to  tL?R a n d  tR?L h a v e  di f ferent ia l  c ross sect ions p ropor t iona l  to : 

t L Z R  t R Z L  

eief; (1  +  co@  (1  - c o & ) 2  (19)  
eze i  (1  - cos  S )2  (1  $  cos  P )2  

.However ,  th e  s izes o f th e s e  cross sect ions a re  very  dif ferent,  b e c a u s e  th e  coup l i ngs  
o f th e  2 ’ d e p e n d  s t rongly  o n  th e  hel ic i t ies a n d  b e c a u s e , in  th is  e n e r g y  reg ion  wel l  
a b o v e  m z , p h o ton -Z’ in ter fe rence is very  impor tant .  For  s  > >  rni,  e a c h  hel ic i ty 
c ross sect ion is m u l tip l i ed  by  a  fa .ctor 

(I,” -+  s in” fl,)(.Zd - (2/3)  s in’ 0 ,) 2  

s in2  0 , cos2  8 , ( 20 )  

For  th e  fou r  c h a .nne ls  in  (19) ,  th e  fou r  fa .ctors lf[’ a re  

tLtR t&  

_  .~  eieft 1 .4  0 .2  
-G- -  -; 

(21 )  
- e :e i  0 .0 5  0 .7 5  

Th is  m e a n s  th a t th e  ann ih i la t ion  o f e ie  +  to  tT h a s  a  very  l a rge  fo rwa rd -backward  
a s y m m e try. Fur ther ,  th is  a s y m m e try is cor re la ted  wi th to p  polar izat ion;  e s s e n tia l ly  
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Figure 26. Distribution of e+e- + 25 events in the production angle 0, computed for 
left-handed polarized electrons. The distributions are shown both for the total rate and 
for the contributions of the individual t and t polarization states. 

- all t ..quarks produced at cos 19 > 0.5 are left-handed. The ti? angular distribution for 
.eie+ annihilation, and its decomposition into helicity states, is shown in Fig. 26. For 

- eRe + annihilation, the cross sections have roughly the same shape, after interchange 
of tL, 5~ with tR, ZL, but they are about a factor of two smaller. Thus, the large 
forward-backward and pola.rization asymmetries should persist even for unpolarized 

- beams. 

The many distinctive features of the standa,rd model process of tT production and 
decay make it possible to design experimental tests for individual top quark form 
factors which might appear from physics beyond the standard model. To illustrate 

.- 

this point, I will discuss the measurement of the decay form factors of an individual 
. .- to&quark: 5o Let us assume that we have a sample of left-handed polarized top quarks; 

I ha&already explained how this can be obtained using a polarized e- beam and 
a cut which selects forward production angles. Each of the processes of (18) has a 
characteristic dependence on cos xt, which follows from this equation, and on cos x, 

35 



ST - -1 -0.5 0 0.5 1 - 
_ cos Xt 

Figure 27. Scatter plot of the decays of a left-handed top quark in the t decay angle 
xt and the W+ decay angle x. Events with longitudinal W  bosons are marked +; events 
with left-handed W  bosons are marked x. This distribution is an appropriate starting 
point for the analysis of anomalous couplings in top decay. 

- 

according to the Ws pola.riza.tion. A scatter plot of these events on the plane of 
cos xt vs. cos x is shown in Fig. 27. Anomalous form factors at the t decay vertex 
show up as changes in the event distribution in this pla.ne. For example, a  magnetic- 
moment  coupling at the decay vertex enhances the production of W i relative to 

- Y&g, enhancing the density of events in the bottom right-hand corner of the plot. 
Another possible modification is the presence of a  decay of the top quark to a  right- 
handed b (t + W+bR) as the result of the m ixing of the t with a  heavy ‘m irror’ 
fermion. The events from this process would appear in the upper right-hand corner 
of the plot and so would be easy to identify or rule out. The principal background 

-. .~ to-.thjs effect is the higher-order QCD process t -+ W ibg; however, its rate is only 
10W of the tree-level decay rate. 

Form factors at the production vertex can be identified by similar analyses which 
make use of the cos0 distributions and the correlations between the t and t decays. 
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For  e x a m p l e , a n  a n o m a l o u s  m a g n e tic m o m e n t fo r m  factor  select ively  e n h a n c e s  th e  
hel ic i ty f l ip p rocesses  e + e -  +  tL z L , i !RzR. Th is  reac t ion  d e p e n d s  o n  e n e r g y  a n d  
p r o d u c tio n  a n g l e  acco rd ing  to  

d a  
dcos8  +  F IR)+  3 F 2 )  

_. 
2  - s in2  8 , ( 22 )  .- 

w h e r e  F ~ L ,R a re  th e  ( h a n d e d )  c h a r g e  fo r m  factors a n d  F 2  is th e  m a g n e tic fo r m  factor,  
a n d l e a d s  to  its o w n  character is t ic  p a tte rn  in  th e  s p a c e  o f p r o d u c tio n  a n d  d e c a y  ang les .  

In  pr inc ip le ,  it shou ld  b e  poss ib le  to  s e p a r a te ly  m e a s u r e  al l  o f th e  var ious  p ro -  
d u c tio n  a n d  d e c a y  fo r m  factors o f th e  to p  quark ,  a t th e  leve l  o f a  fe w  p e r c e n t. Th is  
s tudy cou ld  p rov ide  th e  b e s t d e te r m i n a tio n  ava i la .b le  o f th e  fu n d a m e n ta l  p o i n t l ike 
coup l i ngs  o f a  quark .  A lte r n a tively, it m ight  we l l  s h o w  a n o m a l o u s  ver t ices o f th e  to p  
qua rk  wh ich  s igna l  its coup l i ng  to  a  s t rongly  in teract ing sector  assoc ia ted  wi th m a s s  
g e n e r a tio n . 

. 
6 . Physics B e y o n d  th e  S ta n d a r d  M o d e l 

S T  -  _  

S o  far,  I h a v e  d iscussed  on ly  th o s e  a s p e c ts o f th e  N L C  phys ics  p r o g r a m  wh ich  
a re  c o n ta i n e d  wi th in  th e  m in ima l  s tandard  m o d e l . T h e  s tudy o f W + W -  a n d  t? 
p r o d u c tio n  a n d  th e  d e fin i t ive s e a .rch fo r  H iggs  b o s o n s  b e l o w  2 0 0  G e V  p rov ide  in  
themse l ves  a  r ich e x p e r i m e n ta l  p r o g r a m  fo r  a  4 0 0 - 5 0 0  G e V  e + e -  col l ider ,  w h a teve r  
th e  sca le  o f truly n e w  p h e n o m e n a  tu rns  o u t to  b e . H o w e v e r , it w o u l d  b e  si l ly to  i gno re  
th e  fact  th a t th e  N L C  h a s  p o w e r fu l  ca.pa.bi l i t ies fo r  s tudy ing  a n y  n e w  p h e n o m e n a  th a t 
a p p e a r  in  its m a s s  r a n g e . 

Th is  sub jec t  o f sea rch ing  fo r  n e w  par t ic les a .t e S e -  co l l iders  is, paradox ica l ly ,  
m o r e  fami l ia r  th a n  th e  sub jects  o f th e  p rev ious  fe w  sect ions,  s ince  th e s e  sea rches  
h a v e  b e e n  a  ma jo r  par t  o f th e  e x p e r i m e n ta l  p r o g r a m  a t P E P , P E T R A , T R I S T A N , 
a n d  L E P . P a r t icular ly u s e fu l  summar i es  o f th e s e  lower -ene rgy  s tud ies  h a v e  b e e n  g i ven  

_  by  K o m a m iya5r  a n d  Dav ie r .21  

In  th is  sect ion,  I wi l l  c o n c e n trate o n  two speci f ic  s c h e m e s  fo r  phys ics  b e y o n d  th e  
s tandard  m o d e l : s u p e r s y m m e try a n d  th e  s t rongly  in teract ing H iggs  b o s o n . I cons ide r  
th e s e  par t icu lar ly  impor tan t  m o d e l s , b e c a u s e  th e y  a re  th e  two m a i n  c o m p e tito rs  fo r  
th e  e x p l a n a tio n  o f th e  m e c h a n i s m  o f SU(2 )  x  U(1)  s  y  m m e try b reak ing .  In  d e fe r e n c e  

-. .~  to  $ h e  e n o r m o u s  l i terature o n  e a c h  o f th e s e  subjects,  I wi l l  on ly  d iscuss  a s p e c ts o f 
th e %  m o o d ’els  wh ich  h a v e  par t icu lar  re levance  fo r  l inear  co l l ider  e x p e r i m e n ts. 

B e fo re  d iscuss ing  speci f ic  ite m s , th o u g h , I shou ld  n o te  o n e  ma jo r  d i f fe rence be -  
tween  par t ic le  sea rches  a t th e  N L C  a n d  sea rches  a t p rev ious  e + e -  col l iders.  T h e  bas ic  
mystery  wh ich  l eads  to  a n  e x p e c ta tio n  o f n e w  phys ics  b e y o n d  th e  s tandard  m o d e l  

. 
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is th e  n a tu re  o f th e  s y m m e try-break ing sector,  th e  H iggs  sector.  T h e  m a s s  sca le  o f 
th is  sector  is p r e s u m a b l e  re la ted  to  th e  o n e  d i m e n s i o n fu l  q u a n tity in  th e  sector  th a t 
w e  h a v e  m e a s u r e d , th e  p a r a m e ter  (7): u  =  2 5 0  G e V . U p  to  n o w , par t ic le  sea rches  
a t e lec t ron  (or, fo r  th a t m a tter,  p ro ton)  co l l iders  h a v e  exc luded  m a s s e s  on ly  u p  to  a  
smal l  f ract ion o f th is  e n e r g y . T h e  S S C  a n d  L H C  wil l  w i d e n  th is  sea rch  in  had ron i c  
p h e n o m e n a . B u t a m o n g  e lec t ron  col l iders,  th e  N L C  wil l  b e  th e  first to  e n te r  th e  
gene r i c  r eg ion  o f p a r a m e ter  s p a c e  in  wh ich  th e r e  is a  substant ia l  p robabi l i ty  o f a  
e n c o u n te r ing  th e  n e x t sca le  o f physics.  

6 .1  S u p e r s y m m e tric P a r ticles a t th e  N L C  

In  th is  sect ion,  I wi l l  d iscuss  a  fe w  o f th e  par t ic les o f th e  s u p e r s y m m e tric ex tens ion  
o f th e  s tandard  m o d e l  wh ich  m ight  b e  fo u n d  a t th e  N L C . T h e s e  inc lude  speci f ical ly  
s u p e r s y m m e tric states b u t a lso  th e  in terest ing H iggs  b o s o n  sector  o f th e  m o d e l . A ll 
speci f ic  p red ic t ions  wi l l  refer  to  th e  m in ima l  s u p e r s y m m e tric s tandard  m o d e 1 .5 2 T 5 3  

S u p e r s y m m e try requ i res  th e  a d d i tio n  o f a  s e c o n d  H iggs  d o u b l e t to  th e  SU(2 )  x 

u( l )mode i ,  a n d  th is  smal l  m o d i f icat ion b r ings  in  a  n u m b e r  o f n e w  phys ica l  states: 
In  a d d i tio n  to  th e  s ing le  H iggs  sca lar  h o  o f th e  m in ima l  s tandard  m o d e l , w e  n o w  
h a v e  a  s e c o n d  n e u tral sca lar  H o , a  pseudosca la r  A ’, a n d  a  pa i r  o f c h a r g e d  sca lars  h f. 
S u c h  n e w  states a p p e a r  w h e n e v e r  th e r e  a re  ext ra H iggs  d o u b l e ts, b u t in  th e  gene ra l  
case  the i r  p roper t ies  a re  qu i te  m o d e l - d e p e n d e n t. M in ima l  s u p e r s y m m e try m a k e s  
d e fin i te  p red ic t ions  fo r  th e s e  part ic les,  wh ich  m ight  b e  r e g a r d e d  e i ther  as  in terest ing 
pred ic t ions  in  the i r  o w n  r ight  o r  as  p roper t ies  o f a n  in terest ing speci f ic  e x a m p l e  f rom 
th e  gene ra l  c lass o f m o d e l s  wi th ex tended  H iggs  sectors .20 j54 

In  m in ima l  s u p e r s y m m e try, th e  l ighter  sca lar  h o  is usua l ly  m o r e  s t rongly  c o u p l e d  
to  ZgZ”; its p r o d u c tio n  cross sect ion in  e + e -  +  h ”Z o  is a l m o s t as  la rge  as  th a t o f 
th e  H iggs  b o s o n  in  th e  m in ima l  s tandard  m o d e l  d i scussed  in  S e c tio n  2 .2 . T h e  m a s s  
o f th e  h o  h a s  a n  u p p e r  lim it wh ich  is sensi t ive to  rad ia t ive cor rect ions f rom a  h e a v y  
to p  qua rk  b u t wh ich  is o f o rde r  1 2 0  G e V  fo r  m t =  1 5 0  G e V . Th is  m a y  b e  to o  h e a v y  
to  b e  access ib le  a t L E P  II, b u t, fo r  a n y  r e a s o n a b l e  va lue  o f m t, l ies wi th in  th e  r a n g e  
o f th e  N L C . T h e  heav ie r  sca lar  H o  h a s  n o  d e fin i te  u p p e r  lim it to  its m a s s , a n d  th e  
heav ie r  it is, th e  m o r e  it d e c o u p l e s  f rom 2  ’ ’ H o w e v e r , in  th is  lim it th e  p rocess  2  . 
e + e -  +  A o H o  in  u n s u p p r e s s e d , e x c e p t by  th e  H o  a n d  A 0  m a s s e s  (wi th m A 0  <  M a o ) . 
W h e n  th e  m a s s e s  o f H o  a n d  h o  b e c o m e  a l m o s t e q u a l , th e  H o  m a y  p r e d o m i n a te  in  
th e  assoc ia ted  p r o d u c tio n  wi th Z”, b u t th e n  th e  h o  is p r o d u c e d  equa l l y  s t rongly  wi th 
A ’-... Thus,  if th e  H o  is in  th e  N L C  m a s s  r a n g e , a l l  th r e e  states h o , H o , a n d  A 0  a re  
p r o a ‘uczd  a t r e a s o n a b l e  rates. In  a n y  e v e n t, th e  h o  c a n  a lways  b e  fo u n d . A  d e ta i led  
ana lys is  o f th e  sea rch  fo r  th e s e  states is g i ven  in  th e  art ic le o f G rivaz.” 

N o w  I wi l l  tu rn  to  speci f ical ly  s u p e r s y m m e tric states. H e r e  I w o u l d  l ike to  m a k e  
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Figure 28. Limits on the masses of various species in the minimal supersymmetric 
standard model, according to the naturalness criterion of Barbieri, from Ref. 56. 

three comments. First, though it is worth searching experimentally for all supersym- 
.metric states, in most models the lightest states are the charginos x+ and neutralinos 
x0, the supersymmetric partners of W, 2, y, and the Higgs bosons. Within the con- 
text of minimal supersymmetry and its embedding in grand unified models, Barbieri 
has proposed a naturalness condition that no parameter of the model should need 
to be fine-tuned by more than a factor of 10 to maintain the the Higgs vacuum ex- 

- pectation value u at its measured value well below 1 TeV.56Tlle results of applying 
Barbieri’s condition are shown in Fig. 28. The masses of the supersymmetric part- 
ners of quarks and leptons are constrained to lie below 1 TeV, but they can easily be 
in the range of 400-800 GeV. On the other hand, the masses of the x+ and x0 are 
strongly constrained to lie below 200 GeV. These are precisely the states which are 

. .~ diQult to find in hadron colliders but which are readily produced with distinctive . 
signatures at e+e- colliders. If Nature is indeed supersymmetric, the NLC will carry 
out interesting experiments on charginos and neutralinos at the same time that the 
SSC explores the properties of squarks a.nd gluinos. 

. 
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The second point concerns the signatures of supersymmetric particles. In the 
search experiments which have been carried out to date, the desired signature of 
supersymmetric states is missing transverse momentum carried off by the lightest 
neutral superparticle. However, superparticles in the NLC mass range can decay by 
emitting W  and 2 bosons or Higgs bosons 

X+ + w+x” , x0’ + h”xo 

and the reconstruction of these states can form an important part of the experi- 
mental analysis. It is possible that W  reconstruction may be more important than 
calorimetry for discovering supersymmetry at the NLC. 

Third, once supersymmetry is discovered, this will be only the beginning of a 
long and fascinating story. The spectrum of supersymmetric particles is complex 
and its details are sensitive to the pattern of supersymmetry breaking. The NLC 
and higher energy e+e- colliders have an important role to play in the program of 
determining the fine details of the superspectrum, since they allow many incisive 
experimental probes of the superparticles and their decays. For example, the process 
of-e+e- annihilation to squarks and sleptons has a large polarization asymmetry, of 
oplfosite sign for the superpartners of left- and right-handed fermions. Thus, the 
mass and branching fraction differences of ci and Ei, for example, can be studied in 
a controlled way. 

In the minimal scheme of supersymmetry, the supersymmetry breaking terms, like 
the Higgs Yukawa couplings, come down from the scale of grand unification. They 
provide a new window through which we ca.n glimpse physical processes at the deepest 
length scales. I would like to put on record my belief that, if a superstring model of 
Nature is correct, this model will be confirmed by its successful prediction of these 

-soft supersymmetry breaking terms. In any case, the discovery of supersymmetry 
will open a new era of elementary particle physics, and it will be one in which ese- 
linear colliders play an essential role. 

- 6.2 The Strongly Interacting Higgs Sector 

An alternative scheme for SU(2) x U( 1) s mmetry breaking involves the presence y 
of a Higgs sector with strong interactions. This possibility a.ppears in the minimal 

. .~ standard model for very large values of the Higgs boson mass, and also in technicolor 
o&her models in which the Higgs boson is composite. The experimental manifes- 
tationgof Higgs boson strong intera.ctions occur mainly in the energy region above 
1 TeV and so are inaccessible to a 500 GeV NLC. The discovery of these strong 
interactions is a ma.jor goal of the SSC, and much effort has been spent in analyzing 
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Figure 29. Higgs boson production by W+W- fusion. 

the capabilities of the SSC for uncovering this physics, particularly through the W 
fusion reaction (Fig. g(c) or Fig. 29). Unfortuna.tely, the signals of Higgs strong 
interactions at hadron colliders are model-dependent and, for some models, may be 
difficult to extract.57 Thus, it is worth considering what additional information eSe- 
colliders-not the NLC, but the TeV-energy machines of the future-will bring to 
this- study. 

-.The background for this discussion comes again from the Goldstone Boson Equiv- 
alence Theorem. In a theory in which the Higgs bosons have strong interactions, the 
strongly interacting states will include the massless Goldstone bosons associated with 
SU(2) x U(1) breaking. When this Higgs sector is coupled to the SU(2) x U(1) gauge 
bosons, these Goldstone bosons are a.bsorbed into the longitudinal polarization states 
of W and 2 bosons, which inherit their interactions. Among the backgrounds to the 
study of these strong interactions are the transversely polarized W and 2 bosons, 
whose interactions remain those of conventional perturbation theory. 

In this context, the W fusion process is interesting because it can proceed through 
a strong interaction a.mplitude. The contribution from longitudinally polarized W 
bosons measures the Goldstone boson scattering cross section 

do 
- 7r+7T- ---f 7r+7r-) 
dcos8 ( (23) 

- I have denoted the Goldstone bosons by r* to emphasize the analogy to the familiar 
strong interactions. This analogy is strong and very useful: Like the usual strong 
interactions, the Higgs sector must have a broken SU(2) symmetry group and an 
additional unbroken SU(2), the ‘custodial symmetry’ which assures that Veltman’s 
p parameter is naturally close to 1. ” The three Goldstone bosons form a iso-triplet 

-.- un-&Jr this. unbroken global symmetry, just as the pions do under isospin. Thus, 
assuming always that the weak intera.ctions are indeed described by an SU(2) x U(1) 
gauge theory, all relations following from the symmetries of the problem are identical 
between pion physics and the physics of strongly-interacting Higgs Goldstone bosons. 
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As I noted in Section 3.1, the W fusion reaction can also be studied in high 
energy e+e- reactions. However, detailed studies of this reaction show that there are 
formidable experimental problems. 815g-61 Above 1 TeV in the WW center of mass, 
the rate of the W fusion process is quite low, requiring an the e+e- energy almost 
double the WW energy to be studied. This makes the task more difficult not only 
in the accelerator design but also in the data analysis: While reactions at the full 
e+e- energy are relatively free of background, reactions at half this energy or below 
receive large backgrounds from two-photon and photon-electron processes. Both of 
thf;se reactions easily produce pairs of weak bosons, and one must use more detailed 
kinematic and polarization information to distinguish these from WW scattering. 

IIowever, there is another way that e+e- colliders can give new information 
about Higgs strong interactions, information which is, in fact, complementary to 
that coming from the proton colliders. To explain this point, I will first discuss the 
set of parameters which characterize a strongly interacting Higgs sector and then 
explain how these parameters can be measured. 

The goal of studying WW scattering is to determine the 7~ scattering amplitudes 
of. the Higgs sector, in as many channels as possible. As in the familiar strong 
interactions, pion scattering channels are labeled by spin J and isospin (or custodial 
SL@J) I. A simple but convenient representation of the XX phase shifts is given by 
the effective range formula: 

cot SIJ = - AZJ 1- 
s ( 

s - fq) (24) 

For each partial wave, this formula has two pa.ra.meters, AIJ and A4rj. The values of 
AIJ follow from current algebra and so are identical in the familiar and new strong 
-interactions: 

Aoo = 167rF2 ; Al1 = 9GrF2 ; (25) 

where F = fx in hadron physics and F = u in Higgs physics. The parameter A4yj 
can be either positive or negative; the notation in meant to suggest that, if the partial 

- wave is resonant, MIJ is the resonance mass. 

This parametrization provides a useful semiquantitative description of a variety 
of models for the strongly interacting Higgs sector.63 The values of AIJ are universal 
predictions of SU(2) x U(1). Th e values of A4Fj distinguish specific models of the 

. .~ strongly interacting Higgs sector. In the familiar strong interactions, the channels 
wit&he -strongest WK scattering are I = J = 0 and I = J = 1, and it is likely 
that this is true in the most general models of pion physics. Then it is interesting to 
consider the predictions of any given model for Mo:2 and A4ry2 In Fig. 30, I show the 
predictions for these parameters from technicolor models, with a prominent techni-p 
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-Figure 30. The parameter space of the models of the strongly interacting Higgs sector: 
Mo;2 vs. A41;2. 

resonance, and from models in which the Higgs sector is built of strongly interacting 
scalars. To test these predictions, we must determine the true point in this plane 
experimentally. 

I have already noted that this can be done in ha.dron colliders by measuring the 
strengths of W W  and WZ scattering processes. But there is an alternative method, 
one which is well suited to the experimental advantages and constraints of e+e- 
colliders. We can measure the correction to electroweak production of vector boson 
pairs due to their final-sta.te interactions. Even when this correction is small, they 
can be observed as well-normalized deviations from a precisely computed theoretical 
expectation. For transversely polarized vector bosons, the effect is quite small, but 
for longitudinally polarized bosons, the effect can be large a.nd is directly associated 
with Goldstone boson strong interactions. In addition, different electroweak reactions 
project onto different TX partial waves, sampling the functions (24) individually. 

. .- 
-<Jl?he largest effect arise in the reaction e+e- --f liI/+W-. When this process 

produms longitudinally polarized W  pairs, these appear in the I = J = 1 partial 
wave and rescatter through the corresponding phase shift. The final state interaction 
can be described by an Omnes function3T63 

. 
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F igure  31.  E ffects of W +  W -  f inal state interact ion o n  the di f ferent ial  cross sect ion 
for e + e -  +  W + W -  at cos0  =  0.0, us ing  a  p h a s e  shift 6  1 1  with a  resonance  at masses  of 
1  TeV,  1 .5  TeV,  c o m p a r e d  to the case  of n o  rescatter ing. 

In  th is  fo r m u l a , M O  is th e  lowest  o rde r  e lec t roweak  amp l i t ude  a n d  th e  e x p o n e n tia l  
- g ives  a  form-factor  e n h a n c e m e n t. For  m o d e l s  wi th low- ly ing  I =  J =  1  (‘techn i -  

p ’) resonances ,  th is  e n h a n c e m e n t c a n  b e  a  ma jo r  e ffect, e v e n  if n o  a tte m p t is m a d e  
to  s e p a r a te  t ransverse a n d  long i tud ina l  W ’s. Th is  is s h o w n  in  Fig.  3 1 ; in  th is  
fig u r e , p red ic t ions  fo r  s t rongly  r e s o n a n t p h a s e  shifts a re  c o m p a r e d  to  th e  case  o f 
n o  rescat ter ing,  wh ich  is e s s e n tia l ly  th e  pred ic t ion  o f th e  s tandard  m o d e l  wi th a  

. l igh ta iggs b o s o n . R e s o n a n c e s  th is  p r o m i n e n t c a n  a lso  b e  s e e n  eas i ly  a t h a d r o n  
col&ler ,s.  T h e  rea l  p o w e r  o f e + e -  ann ih i la t ion  is s h o w n  in  Fig.  3 2 , w h e r e  w e  s e e  th a t 
a  p rec is ion  s tudy o f th e  W  pa i r  p r o d u c tio n  cross sect ion c a n  revea l  r e s o n a n t st ructure 
a t severa l  tim e s  th e  e + e -  c e n ter -o f -mass e n e r g y . E v e n  th e  case  i M A 2  =  0 , wh ich  h a s  

. 
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Figure 32. Effects of I&‘+&‘- final state interaction on the differential cross section 
for e+e- - W+W- at cos0 = 0.0, using a phase shift 5 11 with a resonance at masses of 
2 TeV, 3 TeV, and co, compared to the case of no rescattering. 

no significant consequences at hadron colliders, lea.ds to a.n effect which differs from  
..- the prediction of weakly-coupled Higgs models by about 3% in the differential cross 

section and 5% in the corresponding x distribution. W ith sufficient lum inosity, even 
this small effect could be brought to light. 

It is more difficult for e+e- colliders to explore the I = J = 0 channel, but 
it is possible this this could be done through the reaction yy + Z”Zo. In models 
with a low mass or weakly coupled Higgs boson, this reaction proceeds only through 
ferm ion and W boson box diagrams. Its rate is very small, of order 10V3 units of . 
R. However, in models with Higgs strong interactions, the reaction can proceed by 

_ .~ rescattering from  yy + W+W-, just as one finds yy t 7r”no in the fam iliar strong 
int@xztioqs. The cross section for the latter process can be computed from  chiral 
pertur&tion theory. 64$5 The same calculation applies to yy + Z”Zo by Goldstone 
boson equivalence. Including the effects of final-state interactions, one finds that the 
foilowing expression for the 2’ pa,ir cross section:62 
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Figure 33. Total cross section for 77 - Z”Zo, computed using a phase shift 600 with 
a resonance at masses of 1 TeV, 1.5 TeV, 2 TeV, co. 

1 
o(yy -+ Z”Zo) = ssin2(600 - 602), (27) 

in units of R. Since chiral dynamics and explicit models predict relatively weak scat- 
tering in the 02 channel, this formula can be used to extract boo. The cross section 
for 2’ pair production predicted by (27) is shown in Fig. 33 for various choices of 
the resonance mass A4so. These cross sections are small but not unreasonable for a 

- dedicated yy collider operating at 2 TeV in the center-of-mass. 

These two experiments ,are not part of the program of the next linear collider, but 
they do belong to the program of a higher-energy machine that should evolve from 
it. On the other hand, the study of the strongly interacting Higgs sector is known to 

. .~ be one of the most difficult topics in the program of the SSC, requiring the highest 
l&inosities and longest running periods. My discussion thus indicates that, even 
over the long term, e + - e colliders can provide interesting and significant information 
which complements the results from proton colliders in exploring the most deeply 
hidden aspects of Nature. 
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7. Conclusions 

It is well known that an e+e- collider with center-of-mass energy 400-500 GeV 
will be able to carry out an exhaustive search for new particles and interactions in this 
energy region. In this article, I have explained that such a collider will also have an 
interesting program of physics within the standard model. The standard model makes 
detailed and subtle predictions for the dynamics of W and top quark pair production. 
I have explained how experiments at the NLC can test these predictions and use the 
r_ii_ch structure of the standard model amplitudes to search for anomalous terms in the 
ix&r-actions of these particles. In particular, the ability of experiments in the NLC 
enviroment to reconstruct and tra,ck W bosons and to analyze their polarization opens 
a powerful tool for exploring their interactions and their relation to the Higgs sector. 
If W and t-the last and most mysterioius pieces of the standard model-hold clues 
to what lies beyond, those clues can be uncovered at the Next Linear Collider. 
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