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I. INTRODUCTION

Since the first accelerator neutrino experiment (Danby et al
1962),séarches for the vector bosons hypothesized(Fe;mi]933;YukaWal935)
as mediatoré of the weak interactions have been uniformly unsucessful.
Nevertheless most theorists fully expect forthcéming experiments to
uhcover these partiéies, andhgélievé that ghey'can accurately predict
their masses, decéy properties and pfoduction rates. The reason for
this confidence is thevasténiéhing sﬁcéessﬂbf the now "standard"
model (Glashow 1961, Weinberg 1§6f, Salam 1938) of electromagnetic
and weak interactions.v (

The model was constructed presuming that elementary particle
interéctions should be describablé_by a'"renofmalizable" field theory -
that is, one in which'éil'oBServables afe caléulablé {n terms of a
finite number of measured parametefs;‘ Qﬁantum electrodynémics is thé
protbtype: once the electron's mass and charge are specified, bhoton
and electron scattering amplitudés may be calculated to any desired
accuracy. Years of effort to formulate a Simiiarly calculable weak
interaction theéry finally bore fruit with the work of Gerhard 't Hooft
(1971) whé demonstrated the renormalizability (see also Lee & Zinn
~Justiﬁ 1972) of a class of theories with massive, electrically éharged
vector bosons as required to reproduce the observed structure of Fermi weak
interaction couplings. A simple 6xaﬁple of such a theory had been
written down (Giashow 1961;»Wéinberg71967, Salam 1968) several years
earlier, but it predicted the existance of a type of:weak interaction

- neutral currents - which had not been observed. Renewed interest
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in the model spurredvdédicated experimental searches which uncovered
(Hasert et al 1973) the predicted phenomena, and, when the dust
settled all the data appeared consis;aﬁtvwith the first simple model
which we describe below.

Within the present state of téchnology renormalizablehtheories
must satisfy a tight set of contraints.

1) They includeionly:fields with intrinsic angular moﬁeﬁtum
(spin) S <1.

2) They include only couplings of dimension* 4 or iess. Bose
fields have intrinsic dimension 1 and fermions 3/2, so eleﬁentary
couplings are at most trilinear in fermions and quadrilinear in bosons.

3) 1If spin-one (vecton) fields are included, the theory must
be invariant ﬁndef local "gauge" transformétions..

We illustrate this property of gauge invariance with aAsimple

model, namely quantum electrodynamics,with the Lagrangian

T S m
£QED 4 Fqu 1 E by Duwa + g'mawawa’ : (1.1)

where Au is the electromagnetic field (photon) and

F =3 A -3A . - (1.2)
uv H v vu : o .

is the field strength; wa is a'fermion'field (quark or lepton) of mass
m_ and chargé q,- The "covariant derivative" Dﬁ is related to the

ordinary derivative 98 = 2 by
H axu

%
In mass units. Throughout we-set'hv= c=1.



D =5 -ie AQ T o (1.3)
oo M

where @ ié the elgétric cﬁarge Qpérator‘in‘dnitS‘of thé‘pésitron
charge e: | h h |
W, = a.¥,- | S as
It is easy to see that fhe Lagrangian kl.li ig invariant undé:
local (space-time depgndent) . phasertransformatiéns on fermion
fields

At T S as

if they are accompanied by a corresponding shift (change of: "gauge")
in thé photon fi‘eld‘

_ 3 AMx) . . e o 1.
Au > Au' + o (x) .- - : R (1.6)

This invariance reflects the fact that‘"Au is‘not an observable: the’
observable field'strength'Fuv is invéiiant'ﬁndet‘(l.6). Moreover
gauge invariance insures the cahcellation'of infinities which would
otherwise arise in thekcalculatiqn of multiple photon‘exchaﬁge :
contributipns to scatéering amplitudesi

.While the photon kinetic energy (- %gFquuv) is gauge invariant,-
a photon mass (%- AuAu) would not be. This was one of the stumbling
blocké to the construction of a theory involving fhe ne;essarily

massive vectors of the weak interactions. A second stumbling block

was that they carry electric charge and therefore couple to the photon.

The generalization of gauge invariance to the case of self-interacting
vectors was worked out by Yang and Mills (19545, but the proof

that such theories are renormalizable was complete only with the work
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of 't Hooft (1971).
The Lagrangian for a general Yang-Mills theory, including
fermions, can be written in the form

=_l i 1Y) - - i . .
£YMV 3 GWGi + yBy, P Duy . (1.7)

where 3 is a column matrix with elements wa and the covariant
derivative is now a matrix:
b _ b A b
=893 - . o '
Dua atu ~ V84, : : .(1'8)
. . -a_ U i .,

the fermionic current Y'Y wb couples to the vector Vu with strength
gi:. The generalized field strength is

i i i ok
G, = aqu -.viu +c.,.. VWV

Y ijkn'y ° . (1.9)

The Lagrangian (1.7) will be invariant under an infinitesinial gauge

transformation (A(x) << 1):

8y = iAl(x)giw .
i i, 1, .0k | '
é = J A - A :
OV =y (x). ik =)V - (110
if the cijk are totally antisymmetfic and we impose
[gi,gj] = 1ei51 8y (1.11)
(1.12)

15k kem - SikmCkie t C12kCkim’

These conditions mean that the 84 represent the infinitesimal

generators of a group g with structure constants cijk' "The field

: i . s . .
strength Guv transforms according to the adjoint representation of g:

Gy = = ey G- | : (1.13)



The rules that emerge for constructing a renormalizable theory with

vectors are thus:
1) The Lagrangian must be invariant under a group of local

gauge transformations.

[

2) The spin-1 fields must transform according to the adjoint

representation of g, determining uniquely their multipliéity.

| 3) Fermions must transform according to some (reducible) repre-
sentation bf'g'with'their couplings to vectors given by répresentation
matrices for the generators.
We did not include a fermion mass term in (1.7)«because we will
consider gauge transformations which depend on helicity (the spin
conponent aiong the.direction of momentumi,-and which are nbt
respected by mass terms. In such theories férmioné; like vectors,
acquire their maéseS'from symmetry breaking effects.

Let us recall the status of weak interactions before thg discovery
of neutral currents (Hasertvet al 1973). Their two di;tinctive
features where that.§n1y "left-handed" (negative helicity)vfermions
participated in.weak couplings and that.one unit of electric charge
was exchanged. The observed weak intefactionsvcoﬁld be described in
lowest order by the Lagrangian |

£w =g g@aYU1+waw; f g%&aypl;wéw: | . (1.14) “

where the coupling constant g is related to the Fermi constant GF

S

through thé mass m, of Wi:

G 2 - '
£ _ o : (1.15)

___F_=
/2'811{'1
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and wa are doublets of fermion fields, for example

v v :
), v = (uB )7 etc. (1?16)
The operators'Ii are represented by the direct product of a Pau1i
matrix It with the Dirac matrix L =*%(1 ; Ys) which projecté out
negative helicity:_

+
=1 (1, + 11,
V2

. . ' - 0
For a gauge invariant theory we must add a neutral gauge boson W

), I, =L <L, i=1, 2, 3. (1.17)
i 2 . ,

- coupled to the neutral current constructed using the commutator I3

of the opérators Ii:
Lo=gTWyew. | C.a18)
w0 a’a’ "3'awu v . |
The matrices,Ii generate two dimensional unitary transformations on
left handed fermions and the gauge groﬁp is(called:SU(Z)L. 'In‘a

realistic theory we must also include electromagnetic couplings, but

" they cannot be added directly to (1.14) and (1.18) because the chargé

3" We énlargé'the

gauge group to include the full electromagnetic charge by defining a

matrix Q already contains a piece proportionial to I

"hyperéharge" operator

Y=q- I, ' -’ (1.19)

which commutes with theAIi., We then add a coupling

g -8 % wav YwaBu | . (1.20)

so that the gauge group becomes SU(Z)L %X U(1), where the generator Y



of U(1), represented by

T3 . , | o
Y=Q+ (Q--3)L, R=73 1 +»y5),_ o (1.21)

generates helicity dependent local phase transformations. The electro-

Lo

matnetic current is therefore split into two components Y and I3  coupled,

respectively, to B and W Defining two orthornormal fields,

3

N

o
1]

B cosg + W3 sind
M w u w
(1.22)

A
H

W3cose - B?sine
U LA w
the sum of the interactions (1.18) and (1.20) can be rewritten as

AT oM — 1 6 - g sin-
Ly *+ L= AY v [g'Qecose 13(57 ccvsvf:".W g sin )]y

v‘]J - + ' "; v-
+ Zuw ? [13(g fosewv g sinew? - Qg 51newhb. (1.23)
Indehtifying Au with the photbni which couples only to. charge Q with
strength e, gives
= o'~ = . . .
e = g'cosd = g sinb , : ,(1'24)
and thé'Z—coupling reduces to the simple form

-8 - U . 2 S
z " cosg_ VY [I; - Q sin”6_ly. (1.25)

The neutral current interaction (1.30) was obtained by the
minimal extension of the known éouplings (1.1) and (1;14) to a gauge
. g/
invariant theory. At the time when the now "standard'" model was first

proposed, neutral currents had not been observed, and alternative models

were proposed which used the introduction of additional leptons and



quarksvto eliminate Z-coup]ings to neutriﬁos'(Lee 1972, Prentki &
Zumino 1972) or to eliminaté the Z ehtirely (Gebrgiw & ‘Glashow 1972).
These models were less appealing on other grounds énd were rendered
obsolete by the discovery of neutral currents.

Returning to. (1.25), the weak neutral couplings of férmiohs are
seen to be completely specified by their charge and (helicity dependent)
weakbisospin in terms of a singie pafametef,)the'heak angle" ew which
characterizes the singlet-triplet mixing of the neutral vectors.‘ At
low energies'transitions envolving méssive boson ekéhange appear
point-like with strength given by a Fermi cdnStanf G. Comparing (1.25)
with (1.14), the relative strength of neutral and charged current
effects is seen to be | |

GZ/GF = mé coszew/mé. SR - (1.26)

At this point we must éonsidef how V¢ctors_may acquire masses in
a gauge invariant theory. One aséumes that particle interactioné are
governed by a gauge invariant Lagrangian but_that the lowest energy
("vacuum") state is not gauge inva?iant. Then the physical spectrum
will not appear to Safisfy the requirements~pf the gauge symmetry.
According to a general theorem, (Goldstone 1961) this situation,
known as "'spontaneous symmetr& bre;king", impiiés the existence of
massleés scalarsﬁcalled "Goldstone bosoﬂé"; uIﬁ the case of a local gauge
symmetry, the Goldstone sca1ars can bé removed from\thé Lagrangian by
a gauge transformation aﬁd their degreesvof.freedom reappear as the
1ongitudinél components of‘those vectors which becdme massive. This

phenomenon is known as the Higgstibb1e<mechanism (Higgs 1964, Kibble 1967).



10
The Higgs mechani;m is most easily implemented by the introduction
of scalar fields which transform under the gauge group. Let us add to
the above model twq coupled scala; fields (¢+,¢9)'which transfo;m”as ,

a doublet under SU(2)L with hypercharge Y = 1 They couple to gauge

¢  2°
vectors through the covariant derivative ‘
> : +
2 X gl m el oo (¢
|puq>| = [(au._ ig'y Wo-1g's B“)<I>| , ¢ = (_0). (1.27)

, )
In addition we add a "scalar potential' with SU(2)L x U(1) invériant

mass and interaction terms: ‘

v = - £¢ = — u2<_p+q>_+ A(q{'.'@)z, A>0. (1.28)

1f uz < 0, the bilinear term is an ordinary mass term and V has its

minimum at ¢ = 0. For u2>>0, the minimum occurs for a value ¢ = <¢>

with
= = — . B
|<e>| LZA =5 | (1.29)

In this case we must redefine the séalafzfield so that séalaf
excitations correspohd' to pérturbations“aroun& theiioﬁést energy state.
Since & is characterized by four'réal fuﬁctioﬁs we may write it as
YA - | |
¢ = exp(?r -jzg) <§£§21V> , E v (1.30)"
' V2 ,_
where éi and H are real and By definition <H®E) > = <§(x?:> = 0.

This choice defines the difectionlof eiectromagngtic charée in the
internél symmetry sbace: vit is by definieion the operator ﬁhich
leaﬁes <% > invariant. Tﬁe potential (1.28) is independgnt of 6;
excitation oflthésé dégrees of freedom corresponds to a rotation of

® in isospin space and costs no energy. In the absence of gauge



> . ' : :
interactions 6 would emerge as a massless Goldstone field with
derivative couplings.as determined by expanding the kinetic energy
term lafﬂz. Using instead the covariant derivative, gauge invariance

ensures that
L(e,w,B,y) = L(o",W',B",¥') (1.31)

where the primed fields are obtained from the unprimed ones by a
gauge t;ansformapion. Choqsing as parameters_:l.i = - Gi, AO =0
removes the fields ei from the iagrangiap as expressed in terms of
@',B' and - |

2o 4. ' (1.32)
v pi -

W! =W, +
1 1
which now has a longitudinal component. The covariant derivative.
(1.27) now becomes (dropping primes on gauge fields)
o e f? = 2o (0 )I2 - 5la m[® + @y, £ g2
u 2 H+v ARST] 2 2 ' 4 *
. _ cos 9§
(1.33)
The photon field A does not appear in (1.33) since it decouples from
the neutral scalar; the squared coupling for the Z is taken from

(1.25) with I, = —-%,;Q = 0, The last term in (1.33) determines the

3
coﬁplings of W and Z to the physical scalar field H and also their

masses:

mo = BY = cos’oms. - (1.34)

Using this result in (1.26), we find equal effective Fermi constants.
for charged and neutral current couplings. This result follows from

the SU(Z)L doublet structure of ®; a different transformation property

11
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would have resulted in a different mass ratio and unequal coupling
eonstants. Fermion masses may be generated by introducing Yukawa
couplings of fermions to &; redefining the scalar field as in (1;3Qf
gives rise to a ferﬁion mass matrix proportional to v.

The electroweak gauge model withAthe speeifie,symmetry}mechanism
described here is known as the standard model. It predicts the
strength and etructure of ;11 neutral cuéreﬁflphenomeoa in ferms of ;
single parameter'ew;  Althoqgﬁ‘it:ﬁasmefiwifﬁ”feﬁarkable exoeri;
mental success, meﬁy theooists be1ieve”the£‘the'symﬁetry Bfeakiﬁg‘
mechanism may be more eomplicated. These possibiiities are mentionea
in section 6, but have littleebearing on the physicstof vectors
which will be our mein concern.

Before proéeeding to the discussion of,vector phenomenology, we
must specify more completely the fermion confent of the theory. At
the time the electroweak tﬁemry was formulated, theeoata requifed
three sU(Z)L doublets of‘fermionsz the two lepton doublets of (1.16)

~and one quafkvdoublet'(Gell—Maﬁo & Levy 1960, Cabibbo 1963)

b= () T (1.38)

u h
- C

where u is the "up" quark of'chargelée and‘dé’is a superposition of:

the "down" and "strange'" quarks

d =d cos6 + s sinb - o (1.36)
c c c _ -

of charge —-%

. by comparing rates for semi-leptonic decays with strangenesS change

e. The "Cabibbo angle" ec is determined experimentally

|AS| = 1 and 0. ‘The doublet (1.35) presented a difficulty for the



13
theory since its contribution to the neutral current (1.18) should be

RN z(uy F? dcy ch) | | - (1.36)

which implied a strangeness.changing neutral current coupling

ikS#O é‘g.sinec;cosec(ayuLs + EyuLd)Wi. o ‘(1.38)
fhe coupling (1.37) wduld induce»tﬁe decay K£,+‘up at é'rate comparable
to that for K+ > 14‘+’vu, while experimentally the‘ﬁ+u— mode is |
suppressed relative to the yv mode by a factor 4 x 1077 in rate.

Before the work of 't Hooft (1971), dlashow, Iliopoulos and Maiani
(1970) had sﬁggested that such stréﬁg'sﬁppréssibn of strangeness
changing neutral currents, which should occur at higher orders even

in a theory with only chargéd weak currents, could be understood if

there were a fourth '"charmed" quark c of‘charge'g-e which forms a weak

* isospin doublet with the superposition s; of s and d orthogonal to dc:

12

c (SC), Se .s cosec d sinec . 7 (1.39)

then the strangeness changing component of the neutral coupling
g YTy W | " (1.40)
c 3% u ' , .
exactly cancels (1.38). Although there was no evidence for charmed

hadrons, the development of renormalizable theories made a mechanism of

the GIM type seem imperative. Studies of higher order contributions

to neutral strangeness changing currents led to estimates (Vainéhtein’
& Kﬁripiovich 1973 , Gaillard & Lee 1974) oflthe masses of
charmed hadrons and intensive experimental searches eventually

established (Aubertetal 1974, Augustin et al 1974; Goldhabér'ef al
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1976, Perruzzi et al 1977) their existence and confirmed their
predicted properties. This discovery togethér with the discovery of
neutral currents cemente& the belief in gauge theoriés for.many
theorists. Indeed, it is generélly believed that the strong nuclear
interactions are also described by a gauge theory. 1In order to under-
stand baryon spectroscopy and othef low energy properties of hadron
interactions, it haélong:seeﬁed necessary to postulate that each of the
fflayors" (u,d,s,c,...) of quark exi;t_in three different varieties
called colors.. This new degree of f;eedom is believedtobggaugaiwith
massless vector bosons called gluonsvrepresentiqg anvS_U(3)C color
group. The resulfing gauge theroy, cailed QuantmeGhromodynamics
(QCp) has.had.considerable qdalitative success in describing how the
strong interactions get weaker at high energieé SO thﬁt the quark
constituents of hadrons appear essentially free. Oneparticularly'.
convincing manifestation of this property of asymptotic freedom
was in the spectroscopy and decayrpfoperties gf hadrons containing the
relatively massive chéfm quark.

Along with the discéVery of charm, the existance of an unéxpected
new lepton, the T, was also revealed (Perl et al 1975). -‘Data
suggest that the T couﬁies weakly to a third neutrino forming a lepfon
doublet -

Y .
b= (D) S S @

T

with the same ¢ouplings as we and wv. This discovery led to the'postu—

late of yet another quark doublet

v, = (b)’ , (1.42)
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again on the grounds of fenorhalizability. In spite of gauge‘invariance,
helicity dependent fermion—Vectér couplings ipduce infinities in higher
order correctioné'to the three?vector vertek which can be removed only
by cancellations among different fermiéns. The condition for this
cancellation in the standard.quel is that the sum over fermion charges
vanish, .SinCe each quark doublet reaily represents three (mass and
chargeidegenerate) déublets, c&riespohding to thethreecolor degrees
~of freedom of the st;ong.interaction gauge group SU(3)C, the charge sum
rule is satisfied if there are equal numbers of quark and 1e§ton
doublets which one tends to‘#ssociate as "generations" of fundamental
fermions. HadrOns'appareﬁtly composed of b and b have been identified
v (Herb et ai . 1977), while evidence for the t quark is still being
sought, and its non-observation to date means that its mass must be at
least 18 GeV. The extension to six quarks hédvin fact already been
proposed by Kobayashi and Maskawa (1973) because the Cabibbo mixing of
b with d and s provides a»possible éource for the CP violating effects
obsérved in K-decays.

 To summarize, there is a large body of data (Hung & Sakurai
1981)-whiéh supports the belief that weak and electrq@agnetie intef—‘
actions cén be described together by a renormaiizablé gauge theory;
‘However direct confirmation is still lacking. " Aside from verifying
.the existence of the heavy vectors, many theorists beliéve the crucial
test of the gauge théory postulate is the'strﬁcture of their self
couplings. In the standard model these arise uniquely from the.Yang;

s

Mills interaction
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1 1 v
..,c = - = =
™ " A Gpv Gi sy i=1,2,3
(1.43)
i i i ik
=3 - ‘1
Gy = AWy - W+ gfiJ_kaJ\)
which contains tri-linear and quartic coupliﬁgs.of the charged
+_ 1 . | | | ey
W= (Wt W) e (;.-41';')
and neutral
Wy = cosf Z - sin® A = D : (1.45)

intermediate bosons. Even accepting a gauge ‘theory description,
there are uncertainties which persist. = For example, there is a
class of models which mimic the minimal model at low energy.but
- would show ﬁp'as dramaticaily different in the spectrum bf'massive‘
vectors.

This article will describe the physics of weakly coupled
. vectors. Section 2 covers their "static" prépe:ties: mass, decay
widths and branching ratios. Subsequent sections treat pfodUction
mechanisms: e+e-‘annihilation,v1ept0n induced reactions on nucleons,
pp and pp collisions. In Section 6 we briefly review the phenomenology
of scalar partiéleé' associated with the clouded issue of symmetry
breaking; the best laborﬁtory for their study may in fact be in
associated ﬁroduction with vectors or in their decay. Section 7

summarizes our conclusions.
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II. GENERAL PROPERTIES OF THE VECTOR BOSONS

The previous section has described the arguments that led to
the férmulation of the "standard" model of weak and electromagnetic
interactions, and has develobed much of its structure. 1In ;his
section we will start to focus on fhe phjsics of the as yet unseen
vector bosons by listing some of their expected properties. Although
experiments to date have been made in restricted kinematic ranges far
from those where the vector bosons should appear, the manifold
successes of the standard model and its tightly constrained nature
témpt us to make the extrapolation énd enable us to make relatively

detailed predictions for their masses and decay modes.

2.1 Properties of the Charged Vector Bosons:
. . ! .
We start with the charged vector bosons W, whose masses can be

inferred from the known strength of tﬁe.chargéd weak interactions:

Cp 2 |
£ = _EE . : , : - (1.15)
V2 Smw :
and the magnithde of the SU(2) coupling constant g:
, - e o ' ‘ '
€ = Sine S (1.24)
. W

in the standard model. Combining these two results we find

== ilne z3;.zi.gev (2.1)
' V26 S0 W

The experimental value of the neutral weak mixing angle ew is such

that sinzew = 0.21 to 0.25, corresponding to

my = 75 to 82 GeV _ | o (2.2)
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if we use the formula (2.1). This value is calculated directly from the
Lagrangién’without taking into account radiative corrections. Since
the standard‘model is rénormalizable,,wé are able to compute reliably
to any desired o:der fhe-radiative corrections to the formula (2.1)
énd the résulting prediction«(2.2). The one-loop radiatife corrections
have recently been calculated (Bafdin l981, Veltman 1980; Sirlin
& . Marciamo 1981, Llewellyn Smith & Wheater 1981). When used in
the analysis of weak neutral current data they tend to redﬁce somewhat
the preferred range of sinzewﬁ

| radiative

sinze. = 0.215 + 0.012 <corrections)- | (2.3)
w .
: included :

and raise the prediction (2.2) for the Wi boson mass by a few percent:

TgE = 83.0 % .24 Gev (zz‘rlizzﬂjns) N R
included

The principal decay modes of the WY are also very easily deduced
from the standard model Lagrangian of section 1.  One finds for example

that the leptonic decay mode W e-Ge has the partial decay width
3 . ' - .
- G4
T(W~>ev )=—2H S (2.5)
€ 6 V2 '
The partial rates for other fenmﬂnfantifermipndecay modes are simply
related to (2.5) if one neglects the effects of finite fermion masses.
All such (mf/mw) effects are rather small when they.involve the as yet

unseen quark t, whose mass must be at least 18 GeV. One finds that

LW > ey ): T(W > uqu): TW™ TV ): T > qq”)

~ 1 1 1 3|u '12 (2.6)
' qq
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where the factdr-S in equation (2.6) is a counting factor arising
because each quark pair aq' can be produced in three different coiofs.
The quantify,qu, in equatién (2.6) parametrizes the;mixing (Kobayéshi
& Maskawa, 1973) of the charged:weék current between the quarks q
and q'. In ;he familiar'cases of ths up,.dowpvandistrange quarks qu.

is essentially given by the well-known Cabibbo éngle ec:

Vgl = cos0cs [Uy| = sine, e

with a natural extension to a world with more quarks and mixing angles.
The matrix of couplings qu; is unitary i? a space of diménsionalify
NG equai to the total number of fermion geﬁerations, Sinée each
doublet of colored quarks is accompanied in the standard model by a
doublet of'leptops, one éxpgcts on the basis of équation'(2.6) that
TO™>ev) T >wv)

1 1 '
Fw—> alD) - T~ > all) &N, ~13 (2.8)

¢

if all the fuﬁdamental fermions are much lightér than the Wi;- and

they have no other important decay modes.. Indeéd, fermion-antifermion

pairs are by far the most impéftant decay modeé of the Wi in the stan-
dard model, so that the rgsults (2.8) stand aé the predictions for the

leptonic branching rafios. .The total Wi ‘deéay'width cép be estimated

by substitutiﬁg‘the expectéd maés (2.4) into the antiéipated éecay‘

width for W -~ e“Ge:

r'(w » e'Ge) X 260 MeV N ‘ (2.9)

and then multiplying‘by 4NG, aé,suggested by equations (2.6) and (2.8).
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One finds

r(W > all) = N, Gev : _ (2.10)

which is significantly wider than the mass resolution which should be ' -
obtainable in some of the experimental searches discussed in subse-‘
quent sections. While comparétiVely large by hadrénic sténdards, the
width (2.10) is still oniy a few percent of the large mass (2.4) |
expected for'the Wi, SO that‘phe Wi Vcan still be regarded as a
"narrow'resonance.

2.2 Properties of the Z0

Turning now to the ZO, the expected mass can again be .Gerived

simply from the standard model as set out in Section I:

u fro 1 o374 GeV. (2.11)
51n9wcosew

0 cosh.’ p ..
Z . w {/EGF 81n9wcosew_

As in the case (2.2, 2.4) of the WY, this mass estimate istsubject
to significant radiative corrections. If one includes the radiative

corrections to equation'(Zgll) one finds that

m o= 93.8 + 2.0 GeV ‘ | ' (2.12)
Z . ' ' ' .

Also as in the case of the Wi, one expects the principal decay modes
to be fermion—antifermioﬁ pairs. We may parameterize the boupling of
the ZO to a fermion pair ff (f = e , u , u, d, etc.) by:

m, (CeN2E, (v - ayofzh. O (2.13)
Lor=-—(= 2 e T 30
V2 \/2 ' '
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In the standard model (2.13) is equivalent to (1.25). with m,

determined by (1.34) and (1.15), and the vector couplings v, and

f
axial couplings a. are

a = v =1 fof neutrinos

v .

a.=-1 v_= - 1-4q sinze for ¢q ‘< 0 ' (2.14)
f £ I W f , '
a_ =1 v_ = 1l-4q sin26 for q. > 0.

f Y £

f f
'The various partial decay widths can be expressed in terms of the

vector.and axiél couplingsof equation (2.13):

G m3

rz% > F£) = £2 (1 or 3) v +ad). (2.15)
6ﬂ/f‘ -

In view of the suppression of flavor-changing neutral currents, one

expects the décay products to have equal and opposite flavors. The
factor of 1 or 3 iﬁ (2.15) depends whether one is studying a

leptonic decay mode or a quark—antiﬁuark mode with its characteristic
factor for the number of coloré. Using the standard model néutral

current couplings of Section I one finds (' Camilleri et al 1976)

I'(Z0 - Geve): F(ZQ-+e+e-): F(ZO > uu): r(zO + dd)

2.2 8 .2 .2 4.2 2
=2: 1+ (1-4 sin ew) : 3(1 + (- 3 sin ew) ): 3(1 +(1—-551new))
(2.16)
and similarly for the second and third generation flavors if one
neglects corrections of order m?/mé. These are not actually

negligible (Marciano & Parsa 1981) for the top quark:



1/2

G m30 4m2 ‘ In2 L '
F(ZO—> tt) = F 2 1- t 1 - 8 x+§—2—x2—-—t(l+ 16 X _é_{&x_Z)
2 3709 2 3 9
4/2—11' mZ . . mw .
_ (2.17)

" (where x = sinzew) implies a reduction of 0(20)% by comparison with
the decay rate into uu if the top QuarkrhaS'a mass of 20 CeV, close
to the present experimental limit. If there wefe equal numbers of
light fermions of the different charges (neutrinos, charged leptons,
charge +-g quarks and charge - %-quarks,~we would expect on the basis

3
of equation (2.16) that

: 0 + - .
I‘(Z0 +_e+e—) - r(z f wou) ~ 1

~ < 3% | (2.18)
P(ZO > all) I‘(Z0 - all) 11%:

since ﬁe know there must be at least three generations. From the
expected Z0 mass (2.12) and the formula (2.15) for the partial decay
widthé, we deduce

rz® > ete?) = 90 Mev | (2.19)
and

G

r(z® > all) ~ N Gev ~ ‘ : (2.20)

which is again considerably wider than the experimental resolution ex-
pected in some of the experimental searchés. The total width (2.20) is
slightly reduced by thé finite mass correctionv(2.l7) for the tdp
quark, but this effect is compensated for by the QCD radiative correc=
tions to ﬁhe quark-antiquark decay modes, eacﬁ of which is multiplied

by a factor

%s

L+ =+ ... ~1.04 . ' ‘ @221

The end result is to retain the simple formula (2.20).
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A point of some phenomenclogical interestand uncertainty is the

_total decay rate into neutrinos:

rz® > Zw) = 0.18 cev x N . o (2.22)

Neutrinos are of course much lighter than the related charged leptons,
and we have very meager indicationS'how méﬂy there may be: presumably
they could ali be produced in Zo decays even if their partnervlepténs
were heavier than %im O The most direét.uppe_r limit on the number. of
neutrinos from parti:le physics experiménts probably comes from K+

decays. The limit (Asano et al 1981)

7

r > 7 E50) /K > all) <$1.4x10° (2.23)
corresponds (Ellis 1981) to an upper limit of
NS 0(10%) L (2.28)

A similar limit can be deduced from the success of simple QCD»

. . + - '
calculations of the total decay rate and e e branching ratio of

the lightest known meson containing a b quark and its antiquark.
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By way of contrast, cosmological nucleosynthesis calculations (Steigman

1980) suggest that

Nv§3 or 4 o _ C (2.25)
for neutrinos weighing less than an MeV or so. If the number of
light neutrinos is not excessive, a comparison of equations (2.20) and

(2.22) suggests that

AI‘(Z0 +> all)
I‘(Z0 -+ all)

~ 67 per neutrino o (2.26)
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so that a precision measurment of the Z0 width should be able to tell
us how many neutrinos -there' are. Provincial particle phy'sici'sts may
trust this mére than the npcleos&nthesis 1limit (2.25). However, if
the Zokis significantlywdderthan the expectation (2.20), we must be
sure to have excluded the possible existence of cher substantial
decay mddés of the Zo.._None have been found_in the standard model:
for example'it has been calcu;ated‘(Alles_et-al ‘ 1977;Albert et al
1980) that |

'F(Zo ;'Wi+ X) 7
r(z® 5 a11)

and even decays into the mythical Higgs boson are expected to have

~2 x 10° (2.27)

relatively small branéhing ratios:

rz® > 1% + 25" or whuD) < 10—4'(Bjofken 1977) (2.28)

%4+ <107t

rz® > “(Cahn et al 1979) (2.29)
The prOspecté for counting'the number of neufrinos theéefore éeem
qﬁite good in tﬁe context of’tbe.stand;rd.model;

What about de&iétions fromjthe stgn&ard model? Alternative
theories based on larger groups than the minimal SU(2) ? Uu(1) of
Sectién I.generally have more neutral éﬂ;rent inferactions and hence
more than one neutral vector boson. In éuite‘a large class of theories
the lightest of these is actually lighter than the single ZO of the
stén&ard model (Georgi & Weinberg 1978). Experimenté at e+e-_storage

rings in particular are gradually increasing the lower bound on the

mass of such a light ZO, and deéreasing the phéée space available to
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such models (Branson 1981). There is an alternative variation (Abbott |
& Farhi 1981) on the standard model which predicts that the ZO should
have a significantly'higher mass.  In this scenario the SU(2) group of
the weak interéctions’ié supposéd not to be spontaneously broken,
and_to be characterized by a strong coupling constant. The Z0
and Wi are then expected to be composite states with strong couplings
analogous to the familiar p ﬁesons of hadrqnic physics. The'rélation
(1.15)_between the masses and couplings of the W and the observed

* Fermi constant G_ still holds as a first approximation, so we see

F
that strbngly—interacting W and Zo'must be heavier than the con-
ventionai.expectations (2.4, 2.12) and then.the fofmulae (2.5)
and (2.15) tell us that the wt and'ZO must also bevconsiderably
wider than the standar& model expectations (2.1Q)Vénd (2.20).
This scenario is certainly very far-out, and has several unsolved
~technical problems (Abbott & . Farhi 1981), but it serves to
remind us that déspite the strong circumstantial'evidénce for

the standard model for the WS and 29, experiments may reveal to

,us‘something‘rather different.



ITT. VECTOR_BOSON PRODUCTIbN IN ELECTION POSITION ANNIHILATION.

Most of the next generation oftelécfron-positron. colliders
(see Tablel) are intended to be "'z° factories". .The'determination of
the Z0 mass will provide a precision measureﬁent of the neutral weak
mixing angle'eW and/or a check of the higher order corrections
discuésed'in Seé. 2, while the detérmination of its width counts
othérwise uhdeteCtab1e weakiy céﬁpled light'particiES such as
neutrinos. . The hoped for pro&uction.rate of about a“million Zo's per
fortnight will éllow searches for rare decay modes like those
involving the eluéivevscalar bosons. - All of these measurements can
provide indirect probes of a stillvhigher energy-seétor of the
theory;_just as precisiontmeaSUreménts'in:kabn'physics'contributed

important constraints on the conétruction of the electroweak theory

of Section 1. 1In addition, thé high rate of hadron-production on reso-

nance will provide a valuable laboratory for studies of both their
weak and strbng couplings.f Here we emphasize straightforward tests of
the electroweak theory at collision energies near the Zo'pole, which

will be described in Section III.1l."
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Production of charged intermediate bosons will not become significant

until energies can be reached which are above the threshold for

+ - + - :
e e >WW. The properties of this interaction, which directly probes
the structure of the Yang-Mills couplings (1.43), will be described in

‘Section III.2.

Most of the results presented in this section are taken from

unpublished LEP studies (Camilleri et al = 1976, and associated
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LEP/ECFA reports). Additional unpublished material is contained in
the Cornell ZO theory workshop (Peskin & Tye 1981).

III.lv Physics Around the Zo Pole.

In S‘ection‘ 2 we gave in equation (2.13) a geneial parameterization of
the Z0 couplings. Th‘e‘ paramat':Aers m,, Ve and a areri'n_ pr iné ipig completely determined
(upto anoverall sign commonto all the v's.-and a's) by measurven.lentsl of the total cross
section as a funct ior'_x of éente_r of_‘mass (c m ) enérgy, the angular asymmetry of thefinal
state momentum axis 'With respect to the beam axié, and poiarizaj: ion-dependent effects

in the process _ _ '
' ee - ff. ' ' : (3.1)

Let us first consider the case where the final state pair isnot e+e—. Then the process
(3.1) will be dominated by single photon and ZO exchange in the direct
channel. As is customary we shall normalize cross ‘sections with respect to

the lowest order one-photon exchange cross section:

) i 2 -
_ + - + -y _ bma” _ 87
oy = g(e'e ~ Y.* )= s S

Gev2 nb (3.2)

where s is the total c.m. energy, and study the ratio
+ - = :
R, =c(ee > ff)/o,. . . (3.3)
f : 7o . ) ,
Then-including both photon exchange and Z_0 exchange with the coupling
(2.13) we obtain

2, 2,2, 2,2,
R, = q0 - 29, v, ()x(s) + (v2 + 2 (v; + ap)p” () ()

£
(3.4)
where to simplify notation we have introduced the kinematic factors
. GF més ,
p(s) = 5 . (3.5)
8/2rq s-m ‘ ’ s

Z
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and
2

(s - m))

2
) +T

x(s) = (3.6)

N

(s - m m%

NN
N

The factor y(s) gives_the:Breit—Wigner smearing of fhe pole and can be‘
. set equal to‘unity in the narrow width.apprbximation. The third term
iﬁ (3;4) is the'éuré Z0 contributioﬁ: the position‘and shépe of the
 peak reflect the z° mass an& width, whilé the height of the peak
determines the pfoduct 6f Ze+e_ and Zff coﬁpling strengths. The
second term ariées from.Zo'aﬁd photon éxchange interfefence and is
sensitive only to the veéctor couplings of the Z0 and ité sign réflects
the rglative ve/v'f sign. The relative Contribution of vector and axial
coupiings can be read off from the value of Rf at the minimum which

in the narrow width approximation occurs at

eV Ve
p(s) = 5 -g 2 5 3.7
(ve + ae)(yf + af)
and takes the value
min veva :
R = q q -— N (3 .8)
f f\'f (v2 + az)(vz + a2)
e e’ " f f v
The ratio Ru (qf = - 1) is shown in fig. 1 for m, = 83 GeV and for
several values of v and a where u - e universality
v =v Zv,a =a =a '.‘ o (3.9

has been assumed. Note that universality alone predicts that

the interference termhasthe same sign as s -m In the case of

z°
the standard model, Eq. (2.14), v = 0 for sin26w = 0.25, 'so that the

presently favored value of sinzew suggests thaty - Z interference
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effects will be difficult to discern. For hadronic final stateé, their
identification in terms of a primary q - q pair will be difficult at
best,>and realistic measurements of Rq will require an average over
quark typés of the interferencé effects which_again are rather small
if the parameters of the standard model are used.

More striking effects are expected in angular asymmetries which
are more sensitive to axial couplings. Indeed, measurements at
PETRA and PEP have already found indications of an axial coupling for
the muon. which is compatible with the standard model (Branson 1981). -
Defining 6 as the angle betﬁeen the incident e and the outgoing f,
the differential cross secfion for (3.1) in the narrow width.apprpxi—
matioh is given by

‘ dcf C_ ﬂaz

d cosd . 2s

{qi(l + cosze)v— qup(s)[v vf(l + cosze) + Zaaféose]

4+ pz(s)[(v2 +'a2)(v§ +_a§)(l.+ cosze) + 8vavfafcose]}. (3.10)

The integrated asymmetry, defined by

0 d coge d coss 1 dcosed cosb
Af = 1 Fp - (3.11)
I d £
cosb
21 d cos8
" is given by the expression A
A= é—a ap(s)[-q. +2v v p(s)]/[q2 - 2q é(s)vv . (3.12)
o f 2 f f f f fv £

+ 2@+ aD)Wh + an)]

which vanishes if the axial coupling of either thé electron or final
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state fermion vanishes, and is bounded by |Af| <0.75. Ap is shown’

in Fig. 2, assuming universality (3.9), for mé = 83 GeV, az =1

and several values of vz. At low enefgies s K *mé, only the axial
coupling is relevant and the effect is e#pécted to be as large as 10%
for energies Vg = 40 GeV‘ghaféteristic of PEP and'PETRA. Near the
ZOApole, the shape of the asymmetry is sensitivevto v2/a2. vThe
asymmétry'reaches its minimum value |

.

2

N . - . (3.13)
H : 2v+a
for p = - ——%?—72 , and its maximum value
3v +a -
max ~_ 3 ‘ '
Au | =7 . _ . | (3.14)
for p =<—§l4§ . As seen from Fig. 2, the effects are very pronouncedl'

a“-v _
. and should yield precision measurements of a2 and vz."For hadronic

final,stéteé, ésymmetry measurements require some method of dis-
tinguishing jets of hadrons associated with a primafy.qpark from those
of an anti-quark. One method might be to measure the total cﬁarge of

a jet. Then the quantity (3.11), with 6 defined as Fhe angle of a posi-
‘tiéely charged.jet with respect td‘the incident e direction, would,
to the extent that the jet charge "remembers" its parent quark charge,

measure the weighted asymmetry

4 S | .
A =zZA 2-ZZA 1 :
Uee>0 %3 %3 - (3-15)

Another method is to assume that the fastest particle in a jet contains
the primary quark ; this again entails a weighted average over -quark

types. It seems plausible that at least consistency checks can be’



made with regard to the axial an& vector couplings predicted by the
sfandard.model. In the case where the_final state fermion pair is
e+é_, the process (3.1) recieves contributions from Y and ZQ exéhange
in the érossed channel as well. The corresponding cross section and
asymmetry fé;malae are conéiderably more complicated (see the above
cited references) and we shall not reproduée them here.

__With the assumption (3.9)‘of11¥ e universality, the absolute
magnitude and energy"dependeﬁce of the cross seétion,ratio R.p and
the asyﬁmetry Au depend oply on the three parameters v,zaz,and m,,
aﬁd tﬁeir measurement provides a check of uﬁiversality. However no
information on the éign of v/a can be obtained from these measurements;
this requires some ﬁolarization—depeﬁdent_information, which can be
obtained either by measuring the final state lepton polarization
(perhaps moét realistically T-polarization) or by comparing cross
‘sections from left- and right-handed polarized incident beams.

In general, for unpoiarized incident beams, the helicity of the
final state fermion (averaged over production angle) is given by

(again the narrow width approximation):

. _ ‘ , -
£ 3 20 (s)aclqev = els)ve(a_ + v )]
H (s) = - H(s) = 2, 2. 2.2, 2
9 - qup(s)vevf + p ‘s)(ae f ve)(af + vf)
(3.16)
. On resonance this becomes
2a_v,_
Hf(S) = - ”—§£"£‘§- (3.17)
(.af + vf)



32
providing a direct measurement of the sign as well as the magnitude
of a/v for the final state fermion. A similar determination of ae/ve

would be provided by measuring the dependence of the cross section
rate on resonancé asia funétionyof the 1qngitudinal4poiarization

of the incident beam. Complete expressions for the angular'depéndehce : .
of the final state hélicit& and of the cross section for pblarized"

beams have been given in the abq?e cite& references. Within the'gaﬁge

theory context, thevcase.for demanding polarized beams in the energy

range around the Z0 pole is in‘facﬁ not very strong. The assumption

of lepton universality allows thé determination of the common’ para-

meter v/a from polarization measurements on a final state muon' or T.

In this case the polarization is mékiﬁum in the fdrwérd'direCtioﬁ,

where for example, on resonance, the polarization attains the value

- ' ' 2, 2
Hx (mg,cose =1) = — gav(;.;rv )
\ (a™+ v7) + bav

even for v = -0.12 corresponding to sinzew = 0.22 in the standard -

= 0.32, (3.18)

v model, so measurements of Hg(s, cose) can providé a dramatic dis-
criminator. While various suggestions which have been proposed
(p-violating momentum correlations and polarization of leading
particles of non-zero spin) for proﬁing quark polarization do not
appear very convincing as true quérk péiarimeters, such measurements
are not actually necessary if the general form of the couplings
(2.13) is accepted, since the possibly more feésible measurements of
quark c?oss section ratibs Rq and asym@etries Aq'allow measurements

of the signs as well as magnitudes of'the.quantities_ziqae and que’ .
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while>universality (to be tested in A~ and RI_) together with the
measurement of HZ- provides the sign of ae/ve.

More interesting phehomena may occur if the standard model is
incorrect. Figure 3, taken from de Groot et al  (1979), shows the

»shépe of the cross section in a model whére a second ZO is intro-
duced whose couplings to fermions eﬁfer only';hrough mixing effects
with fhe standard Z0 - 1eaviﬁg ﬁhe low energy phenomenqlogy of the

standard model intact. In such a model similar exotic patterns

- would occur in the energy dependence of asymmetries and polarizations.

III.2 Production'of Chargéd Iptérmediate Bosons.
The obvious way to measure the YéngéMills couplings in e+e_
collisions'is thrbugh the:process
efe—-+ W+kr ‘ | (3.19)
arising from direct channel ZO or photon exchange as in (3.1). As
‘thisvrgquires a center of mass energy above the,W+W- threshold, it
is relevant_to consider means of probing these couplings at lower

energies. Their contribution to the cross section for the pfocesses

’ efe_ -> ét+ wi + v ‘ (3.20)

has been calculated and found to be small for energies below the 2W
threshold: For example

o(ete” > Wey) ~ 10 ab = 2 x 10'50 (3.21)

0
_in the standard model at Vs = 150 GeV, and the cross section falls
rapidly at lower energies. The trilinear boson coupling contribution

»

to
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.e e. >y +vv : ' (3.22)
o ) ee _ : : :

has not been calculated, but is expected to be similar to (3.20) in
order of magnitude. A possible probe. of the ZWW vertex is through
the deeay

Z W+ ff" - o (3.23)

where the fermion'anti-ferioﬁ pair (ff' = éGe, Gd,..;.l arises from
internal conversion of a virtual W produced ar the ZWW vertex. The
total branching ratio for processes of the.type.(3.23) is found ro be‘
only.about l0_7, giving a cross section (Alles'et al 1977, Albert.
et al  1980) | | | |
| ' 8 L1 =6

ole’e™ > W+ £E") ~ 107 nb ~ 10 .  (3.28)

at Vs = m, where it is maximal.

We are therefore forced to consider- the process (3. l9) as the only
feasible probe of the Yang-Mllls couplings. The total cross sectlon'
and angular dlstrlbutlons for thls process have been calculated by
Alles et al - (1977) (see,also Soshkov et al 1975) using the staddard
model, and detailed formulae are givenAin their paoer. -Figure 4 shows
the cross section as a function of energy for several values of sinzew;

+ -
with decreasing values of_sinz_ew the W W threshold increases (e.g.

/s

th = 170 GeV for sinze ='0.20) but the cross section_peaks at a

higher value. The angular distributions have also been. given and show
a strong asymmetry in cos 6(8 is defined as the W angle with respect
to the e direction) which becomes increasingly pronounced with

increasing cm. energy. ‘This effect is due to crossed channel Ve
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exchange, which is "uninteresting" compared to direct channel}y and 2
exchange contributions because i£ involves only couplings that are
already known from low eﬁefgy data. Unfortunatel'y.ve exchange gives
the dominant contribution for energies not far above thfeshold, és can
be seen from Fig. 5 (Alles »et‘al 1977),vwhere different contributions
to the cross section for (3.19)‘are plbtted separately. However
Fig. 5. also illustrates the sensitivity of the total cross section
té the delicate cancellation reqﬁired by a gauge theoryf} each éf the
iﬁtefference terms gives a negative cbntribﬁtion comparable in.magnitude
to the square of eaéh single exchaﬁgé céntribﬁtion.

In view of the impértance of probing the Yang-Mills coupiings, we
must consider ways inlﬁhich the different contributions may be separated.
- One useful tool in this réspect is the use dflongtudinally polarized
beams. Sinéé the v-exchange contribution involves éﬁly left (right)
handed eléctrons (positrons),.the Y and Z0 exchangebcontributions can
be selected by colliding right-handed electrons with left handed
positrons, for example, provid;d there is no contribution from tight
handed v-exchange. 1In addition, the polarization of the‘finél state
W's, which can be analyzed using lepfon anguléf distributions with
respect toﬁthe W produétion axis, is also_én éffective probé. In
particular, the coupiing of longitudinally polarized W's would grow
rapidly with c.m. energy in the absenée of the cancellations assured
by the Yang-Mills éoupiing of (1.43). Thesé‘effects have been
analyséd in detail by Gaemers and Gédnaris (1979) who give angular

distributions for the different helicity amplitudes and show their
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dependence on the trilinear coupling parameters. Should polarized
beams not be feasible, oﬁe must rely on angular distributions to
separate the different contribﬁtions. At fixed energy, the angular
dependence of the lowest ordef Yang-Mills coupling is uniquely
determined by the.requiréments pf fenormalizability,4independently
of'the gauge group Or symmetry breaking. If the oniy other contri-
ﬁution is tﬁe t-channel exchange of light (m2 <3:m§, s) neutrinos
there are<6n1y two independent amplitudes at fixed s; so that con-
Vtribpfions to the cross séétioh from s-channel gauge boson exchange,
t-channel neutino exchange and their interference can be séparated by
weighted averaging of the data with suitably Aefinéd.angular functions
at each S. The sfdependeqce(of tﬁe resulting functions will‘pfose the
Astructure 6£ the géﬁge‘interactions. ,It turns'ou; that the interference
term, shown in Fié. 6 for three ,models,.is the most sensitive
probe. (An analysis of this t&pe éould bé cémplicated by aﬁ additional
contribution from cross éhannei exchange of doubly.chafge leptons and/
or the‘exchaﬁge of appréciaﬁly magsive fermions.) The error bars in
Fig. 6 are based on 100 events per energy, which corfgsponds to about
250 running hrs. per energy for a be;mvlumiousity of 0.5 %l1032/cm s
in an experiment which triggers on one leptonic decay mode of the W.
Since the-dominant decay modés are expected to be hadronic, rates
would be dramatically improved if hadronic decays of the W exhibit a
clear enough two jet structure to permit detection above the annihi-
lation background. Perrottet (1978) has discussed this p;ssibility

in detail and calculated jet angular distributions. Oﬁce the thres-

hold for e+e— > ZOZ0 is also passed, comparison of this reaction
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(Browﬁ et al  1979), which in the standard model proceeds oﬁiy via
" Cross chaﬁnei 1éptoh exchange, with reaction (3.19) should allow a
further probe.of the Yang Mills couplings con;ributing to the latter.

The higher order process

e+e_ > W+W;y : f (3.25)‘

receives contributions from quadrilinearAvécfo£_boson couplings. Their
detection might.be feasible if c.m. enérgi;s well above 260 GeV can Ee
attained. 'Contribdtions from electroﬁ bremsstrahlﬁng,can be suppressed
byvexcluding small angle photons, and contributions invblving v-exchange
~ with a tri-linear boson vertex could bé'eliminéted if longitudinally
Ipolarized‘beams were available Qt the relevant energy. ﬁo&éve; the-

maximum value of the quadilinear coupling contribution to the cross

section for (3.25) occurs at an energy

/s = bm -m> /bm =m 4 - —L V=300 Gev (3.26)
W Z W Z : 2
v o ‘ 4 cos ew
in the standard model if sin26w = 0.22; and is only
o (quadrilinear) = 2 x 10_7nb = 2 x 10"40 . (3.27)
max ‘ 0

' While experiments of the‘type'envisibned in this subsection will be
difficult, it is clear that energies'sufficiently high to allow
multiple vector boson production can provide a unique and invaluable

probe of the underlying electroweak theory.
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Tabel 1 .Comparison of efe_ colliding beam projects
Maximum Expected 2 1
Name' Location center-of-mass Luminosity (cm “sec ) Status
: energy (GeV)
LEP CERN, 140(260) GeV 10 - Approved
: Switz. 30
SLC 'SLAC, USA- 100 GeV 6 x 10 Proposed
CESR II Cornmell, 100 GeV 1032

UsA

Proposed




39

IV. LEPTON-HADRON COLLISONS

We now turn to the manifestations of the weak vector bosons in
very high energy leéton—hadron collisions. One can imagine experi-
mentsvusing ahy of three diffgrent types of leptons, either neutrinos,
muons or electrons. High energy neutrino-hadron collisidﬁs‘could.be
studied uéing cosmic ray neutrino interactions in a very lafge under-
water detector such as DUMAND (1982). Very high energy ﬁuon—hadron
collisions could be studied using secondary muon beams obtained from
a very high energy proton synélirotro'n such as the proposed VBA (Amaldi
1980). However, thébéstprospects for studying Very high energy
lepton-hadron interaétionS'seem to be'withveiectron-proton colliding
beém'machines, of which several are now'being_brdposed‘(see Table 2).
Weak vector bosons may manifest themselves in these reactions either
indirectly through tﬁeif Propagatorveffects.on cross-sections and -on
the interferences betweeﬁ neutrai weak and electfoﬁagnetic_interactions,
or directly through pfoduction of the weak vector bosons in tﬁe final
state. Since the cross-sections for the productioﬁ of the ﬁiand Z0
are not very high, much of the interest in their signaturés in lepton-
hadron collisions centers on their indirect propagator éffects, to
which we now turn.

Low energy weak interaction amplitqdes are proportional.td the
Fermi constant,GF, whose rélation to the masses and coupliﬁgs qf the

weak vector bosons we have already seen:

G 2 2 2 ' : '
V2 8m§ 8m§
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At high energies tﬁefourqmomentum_ q“ transferredbetween.the incoming
and outgoing leptons may no longer be negligible compared with the
vector boson mass. In this case the weak interaction amplitudes are

proportional to

m2++ Q* m20 + Q
W z

5 _(4.2)
2 _ 2, - :

where Q© = - q° is the modulus . of the space-like four-momentum

transfer squared. This means that charged current weak interaction

cross-sections will no ioﬁger rise like theISquafé of the center-of-

mass energy s = (p2+ ph)z, as they:do at low energies:

(2 + h 2; + x)<iG§s | ' . : ©(4.3)
wheﬁ s <K m2+if onébassumes'that strong interaction effécts are
‘negiigible a? 1afge moméntﬁm transfers. One &oes not in faét'expect
ﬁhese effects to be entirély absent, and thetstanaaéd asymptdtiCally
free gauge theory of the strong iﬁteréctions, naméiy QCb, leadé one to
expect logarithmic cofreéfions to-(4.3) ét‘high momentum transfers QZ.
These are to be contrasted with the4power—léw Q2 dependences to 5e
expected (4.2) from the;vector boson proéagators. Furthermore, fhe
probagatdr effects (4.2) are independent of parameters of the hadronic
kinematics, whereas the QCD scaling Qiolétions are not universal
fﬁﬁctions of QZ. For these reasons, it is in principle possible to
disentangle vector boson propagatorveffects from convehtional QCD

effects.
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Attempts have been made using present-day accelerator data
either to establish a lower limit on the'méss of the-wi; or even to
determine that it is finite. These experiments are very difficult
since the values of Qz (£ 400 GeVz) presently'avaiiable are much lower
than the expected W' boson mass squared, and so far they have not
yielded any positive results. The best ﬁublished~limit (ﬁariéhl978)
on the W Bpson‘maés is |

m , > 36 GeV, ' S - (4.4)
W ' -

while a preliminary.éhalysisbof (Wah1-1981) CERN-Dor tmand-Heidelberg-

Saclay (CDHS) collaboration data suggests

m N > 100 GeV tsystematic effects. (4.5)
wE - 4
This result should not yet be construed as conflicting with the
expected mass of order 80 GeV, since so far the énalysis only takes
into account statistical errors‘in the data, but does not yet take into
account systematic errors. One can expect thét the lower bound (4.5)
will be decreased when these are‘inciudéd.. It is poséible that W
propagator effects may bevdetected in neutrino-hadron scattering data
to-be obtained at the FNAL tevatron in a few years time., However, the
main hope for detecting these effects rests with ultra-high eﬁergy
cosmic-ray neutrinos and electron-proton colliding ring machines.
Figﬁre 7, taken from an analysis made for the DUMAND (1982)
project, indicates how one may be able to detect ﬁi propagator

effects in ultra-high energy (0(10)TeV) cosmic ray neutrino inter-

actions.
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The up coming muons originatevfrom neutrinos which have passed
through the Earth. Their number is diminished By absorption, which is
less significant if the neutrino cross-section rises more slowly than
linearly (4.3) at high,energies, as would be thé case if Wy =~ 80 GeV.
Stronger absorption effects occur if there are no ﬁ propagatof effects
(4.2), as would Be the case if m, >>>80 GeV. 1In principle, measure-
mentsbof the reaction e’ + p > (G)+ X with a high;energy colliding
beam machiﬁe can provide better determined kinematical conditions in a
comparable range of cenggr—of—mass energies; As an exémple, colliding
30 GeV electrons with 820 GeV prtons as propoéed with'HERA (ECFA &
DESY 1979) provides a center-of-mass energy Vs = 314 GeV which
corfesponds to a lepton beam of 52 TeV stfiking a fixed target. .Figure
8 sﬁows the number of events expeéted per day at HERA of the reaction

e +p > Va + X, binned in different ranges of Qz.‘ The event rates

for -a conventional Wi mass of about 80 GeV and for an infinite wt
massaredleafly Very different, and it is believed that one could
measure indirectly the Wt'mass»to an accuracy of a few percent. It
is also possible to.iookrbeyond,the conventional wt to see if there

. -+ +
are any more charged weak bosons W~ . For example, if the simple W™

propagator (4.2) were replaced by

2
m [ ]
1 1 Wt 1
2 2*2[42 2*( 2 )(2 2)] (4.6)
m + Q m + Q m 'm , +Q
+ + + +
wt wt owt o w

- + ' :
so that one half of the low Q2 amplitude were  due to W exchange,

then experiments with a machine such as HERA could (ECFA & DESY

1979) tell the difference between mwi, = 500 GeV and infinity.
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One can also look for Z propagator effects in high energy neutral

current reactions. Here meaéurements are simplest in high energy

electron and muon-hadron scéttéring, where one can éasily know the
kinematics of both the incoming énd outgoing iéptons.‘ The pictﬁre
is however complicated by the dominance of photon exchanges at. low

Q2 and by important interference effects:

: ‘A ' 2
. . A g -
oy + ZO) o [AIZ Y C weak | . (4.7)
2 2 2
: Q m .+ Q
z0

2
Z

and hence very small. They have been measured in two experiments:

"At low Q2 < 'm, the interference effects are of order lO-SQZ(GeVZ)

the classic SLAC experiment (Prescott et al 1978) demonétrating
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parity violation in deep inelastic>ep sdattering at Q2 =‘0(1)GeV2,andnore

‘recently a CERN experiment (Bollini et al 1982‘) which gives indications of a

chargeasymmetry in deep inelastlc u"N scatterlng at Q = O(lOZ)GeV.

Both these exper1ments are at Q muckltoo small to offer a hope of
seeing Z0 propagator effects which would cause a deviation from
linearity with Q2 in the interference effects; At high energy
electron-proton colliding beam machines thg electromagnetic and
weak contributions (4.7) to the deep inelastic scattering cross-
.sections are comparablej dramatic inte:ference’effects should be
seen and the ZO propagator_qlearly identifiable. Figure 9 shows"
(Ellis et al  1978) fhebratios between the cross sections for

different electron polarization states, both with and without the *

+
finite-mass Z0 propagator (4.2). As in the case of the W, measurements

with high energy ep colliding beams should be able to determine
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indirectly the maSs'oflthe.Z0 to_within a few per cent, andblook for
the indirect effects of further Zo's with mésses of a fe& hundred GeV.

Looking‘for indirect éffects of the W énd Z0 throqgh their
propagators (4.2) is all very well, Bpt it would be much more
.satisfying to see them p;oducéd directiy. Unfdrtuﬁately thé cross-
sectioﬁs expected in high energy ep coilisioﬁs‘are discouragingly
small, although the cieanliness ofﬁaqyof fheifinal states relative
toj;hose éncountered in hadronic collisions alleviate some of the
detection problems. The most impoftght Feyﬁman diagrams for the
' production of W and Z0 are shown in Figure 10. The diagrams of
classes (a) and (b) where the Wi or Zo'are emitted from the leptonic
vertex are expectéd to be-accompanied by'a relatively simple
hadronic system which will often be justva p%otoﬁ or a nucleon
resonance. This eﬁabiés one to plan searches for all decay modes
of the W' and ZO, and not just their ;e;atively'disfavofed (2.8, 2.18)
leptonic dgcay modes.‘ On the other handfthe "Hadronic" diagréms of
class (c) : can be ‘expected to yiéld quite a complicatedg
hadronic system, among which only leptonic dec3Ys‘of the wi and Z0
may be discefnible; A

The cross-sections fof leptoﬁrbduction of‘ W and Z0 do not
have simple analytic forms, and complete calculations of their
production with ep colliding beams have not inifact been'perfofmed.
The production cross—gections'have been estimated (LleWéllyh Smith
& Wiik 1977) by scaling up old calculations for producing light
wi and ZO at lower ehergy accéleratdrs, or alternatively (Kamal et al

1981) using the Weizsidcker-Williams approximation to treat the phkoton
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éxchanged.in figure 10. This latter method gives somewhat larger
‘cross-sections than the previousvone, but it isTKH:cléa:»whether

the Weizs#ckerWilliams approximation is appnmriatefoi this

" calculation, so we prefer to be-conservati&e and quote . tﬁe old
rescaled calculations. The cross—séctions for the relatively clean
events correséoﬁding to emission from the leptonic vertices of Figs. 10
 a, b are plotted in figure 11 as a function of’s/mz+ and S/mzo.

Taking the values of s/m2¥ = 15 and s/mz0 = 12 apz;opriate io

) W Z
HERA we estimate (Llewellyn Smith & Wiik 1977, Ellis et al 1978)

ole” +p> v+ W + P} o= 2 ><10_38<=mz
eptonic ) (4.8)
o(e” + p> v+ W + X # p%eptonic x 4><10—38cm2
while
ole +p> e + 204;ﬁﬁeptonic ~ 3 x 1(_)_37cm2
ole” + p e + ZO + X # ﬁhwtoniéz 2 x 10_37cm2 v (4.9)

It would probably be possible to detéct the Z0 with thé cross-
sectionsA(4.9), but detecting the W with the cross—sections

(4.8) seems a rather more doubtful proposition. However, perhaps

it is worth noting that the W cross—éectioné are sensitive to

the magnetic moment: k of the Wi. Changing the caﬁonical.gauge
‘theory value of k = - 1, derived from (1.43), to ¥ = 0 decreases
the.expected cross—section by 10%, while changing to +1 increases

the cross;secfion by 30%. In principle, observations df the reaction
e+e—‘+ W+W— have a greater sensitivity to the mégnétic moment of the
Wi, but it is only with a second higher energy phase of LEP that this

reaction will become accessible.



We close this seétion by returning to Table 2 which lists
different high energy electron-proton colliding beam projects that
are known to us, together with some, of. their Cruial<§arameters¢*.
The highest center-of-mass énergy and luminosity‘are_expected for
HERA, which is not surprising since itiis a device dedicated toiep
physics, ﬁnlike all the other projects except TRISTAN which are
secondary adjuncté to accelerators primarily intended for e+e- or
ﬁadron—hadron collisions. On the ofher hand, these parasitic projects
are all much cheaper than HERA. At present neither HERA nor any of
the othér projects has been approved, and their prospects are

somewhat uncertain.

46



Table 2 Comparison of ep. Colliding Beam Projects

. ) ‘ Maximum Expected B -1
Name - Location " center-of-mass Luminosity(cm sec )
energy (GeV)

TﬁISTAN KEK, Japan | 173 , 1.8 % 1031,'
HERA. - DESY, Germany 314 6 x 10°1
Proposal 659 FNAL, USA - 200 4 x 101
CHEER FNAL, USA : 200 (1.7 to 2.7) x 10°1
SPS/LEP CERN, Switz. 249 1.3 x 102
31

ISABELLE Brookhaven, USA - 126 2 x 10
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V. HADRON-HADRON COLLISIONS
Hadronic collisions are‘notvas clean as e+e_ or even ep collisions

B fof“makiﬂg a thorough study df”the"prediéﬁéd'weak‘BOSOné;“however they
will provide higher energies at which these heaﬁy objects should be
prdduéed more easily. Unlike e+e- collisions, the initial state
interaction is not simplé, since hadrqns are made of quarks and gluons
which interact’strdngiy, presumably according to today's orthodoxy of
QCD. Therefore all the calculations of wéa} boson production will call
-upon a model of the hadrons in terms of its constituents, which play 
the role of the incoming e+e—.to create the weak bosons. Once these
are produced, they.will decay in the usual way as dictated by the
electroweak theofy. Uﬁfortunatély, these decays are just a Very‘tiny
part qf the poéSible fiﬁal states in hadronic collisiqﬁé. In the
haystack of all produced states we have to look fof the characteristic
"needle" signatures which are evidence for weak EOSOn production. In
recent years é large amount of literature has been devéted to‘this
subject in connection with the various high energy pp and PP collider
vprojects listed in Table 3. At BNL, ISABELLE, a proton-proton collider
Qith center of mass energy /s = 400-800 GeV, is under coﬁstruction,
while at FERMILAB a proton-antiproton machine wiph /s = 2000 GeV is
planned, using the Tevatron. In Europe, the SPS pp collider

(/E = 540 GeV) is now under opéfgtiou and the first collisions have
been observed, which may.make the discovery of the weék bosons, if

they exist, very imminent. In this section we give an‘overview of

the physics of the weak bosons in pp and pﬁ'collisioné5without going



into more technical details which can be found in the literature by

the interested reader.

5.1 Total Cross Sections forhthe'Pfodﬁcﬁion of Weak Bosons.

The stafting point for weak Eoson pfoduction ié'the Dreil-Yan
model (Drell'& Yan 1971) which'was originaiiy intended to describe
leptonfpair‘produétion in hédrbnic collisions. A quark from one
coliiding'hadfén and an antiquéfk from the-dthéf fuse into a virtual
photon which in turn deéays‘into a 1eptoﬁlpéir’(see Figﬁre 12). 1In
the naive ﬁeréion Sf the modél (Feynmaﬁn, 1972) qﬁarks and anti-
quarks are supposed to be essentially free objects inside the hadrons.
 However one knows that strong interaction corrections estimates using
QCD are to be included in the calculations. - NevertheleSs;:we shall
use'the naive model to present ballpark estimaﬁes and cdmmént on
the iﬁflﬁence of QCﬁ'éorrectionsvon this Bdrn approximatioﬁ.when
neceésary. In our case of intérest'ﬁe can follow the same physical
picture as in iepton—pair prqductioﬁ.via a;§i££uél phéton; tﬁévonly
change is that we consider different eiementary.fus@on subprocesses.
At thevconstituent level tﬁe relévant subreéétions arethe following
(Peierls et al 1977, Quigg 1577){ | |

uu,dd,ss e 23 ua,uE.,-+W+;.;d,ﬁs .,:5w_>} - (5.1)

if we neglect the smali contributions of-heavier:quérks in the proton
and the aﬁtiproton, which are expected to be'relatively rare. The
hadronic cross—éection is obtaingdlaS»anxincoherent sum of all
possible fermion~subptdceSsesWeight@iby the‘reépéctive probability

distributions of the incoming constituents (see Fig. 13 for the
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kinematics):

1 1
do
E§~(A+B > W4X) = a§b £ dx I dbe(x X, S— s)f /A(x )fb/B(xb)o(a+b+ﬂb
' ‘ (5.2)

where careted varisbles refer to ths subprpcess and fa/A(xa) is the
probablility of finding the consitu?nt -s insi@e the hadron A carrying
a fraction X, of the parent hadron’s_longitud%hal momentum. Ffom (S.é)
we can study snyvkin& of distribution fo; a'definite final state
provided Qe replace g(a + b > (#7) by the relsvant subprocess
distribution. For instance, ths to;alvcross-section forlproducing a

W ois easily calculated, knowing that
. + - A2 .
§(a + b>W') = V2 GFWTSG(S - Mw) ' : o (5.3)

which when substituted into equation (5.2)‘yiélds

¢ : 1 : ~

(A + BW + X) = vZn GF‘_['L %£+(X,T/x) - (5.4)
where |

£+(X,1i/x\) - % { [_uA(x) EB(T/XI, + aA(x)u B(T/x) ]COS‘ZGIC

+ [u (x)s (t/x) + s (x)u (T/X)]Sinze c} (5.55
In equation (5.5) we have denoted the distrlbution function of a glven
quark by its own symbol. We remark that tBe total cross—section only
depends on the dimensionless variab1e1:='—g. For the W case we
intérchange quark and.ansiquark densities, wﬁetéas for Z0 production,
the corresponding function £o(x; t/x) is slightly more complicated

" because of the weak-electromagnetic mixing



£Gx, /%) = 2Ulu, (03,0 + 8, (@up (/01 - 5 sin’0 + T sin’e ] +

[4, ()3 (/%) + 3, (x)dp(t/x) + 5, 5p(t/x) + 5, (Nsg(t/x)]
sin"0 ' :
x[%—~T¥+%sm%J}  ' (5.6)

The factorsof“%iilequations (5.5) and (5.6) account for the color

degree of:freedom. Charge invariance tells as thaﬁ quark (éntiquark)
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densities in a proton are the same as antiquark (quark) densities in an

antiproton. Inthis simple picture pp collisions generally of fer more constituent

luminosity than pp collisions because the three '"valence" quarks -

(anti;quarks) which carry the p(E) quantum numbers aléo carry most of its

its momentum; but this enhancement does not apply at very low values
" of T where the "sea" of 4-5 pairs (and gluons) is important. For
 the ﬁlanned coiliders the 1afger luminosity available in proton-
proton collisions ma& overcome this drawback and provide-é larger
‘absolute evenﬁ rate than the prbton—antiproton COIiiders.

A convenientvariablefqr paraméﬁriéiné tﬁé final state
distribution is the rapidity which measures the longitudinal

momentum of the produced weak boson

E,tP1

x -x, =271 sinhy, i.e. y = %-gn (5.7)

a b Ew_pll

Distributions in ‘this variable reflect the longitudinal distribution
of the constituents, and for instance in pp collisions one expects a
maximum away from y = 0, since the valence quarks carry more momentum

than the sea anti—qﬁarks and the W moves in the direction of the

valence quarks. So far we have neglected strong interaction effects,
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But in fact qﬁarks can fadiate gluoﬁs and hadrons coﬁtain glﬁons, and
therefore there are additional diagrams to be considered (Reya 1981)

as in Figure 14, . The main effect of gluon radiation is to softén the
quark distributioh; that is, the low x region is more populated and the .
large x region is depressed. This evolﬁtioﬁ of the distribution is
énergy—momeﬁtum dependent,_ so that constituent distributions have a
logarifhmic dependence on the energy scale associated with the procéss

as shown in Figure 15.

£ , x) » fa/A(x’ QZ)

a/A

To leading order in 12, the momentum scale Q2 is specified only up
» 2nQ ' : ,

to a scale factor of order 1, but it seems physically reasonable to

take Q2 = 8, the.energy of the constitutent reaction.. Another effect
. of gluon emission 1is to_giverthe W a transverse kick much larger than
that expected from the Fermi motion ofvthe constitutgnts ingide tﬁe
hadrons. These strong interaction refinements have been included in
the caluclation of the tétal cross sections shown in Figure 16 (Paige
1979).

Ldgarithmic,correcti§ns are not important for /E:” 500 - 1000
GeV since there the average»fraction of energy carried by the con-
stifuents is <bC>"_/;"'0.l or 0.2, a region in which the cohs£ituent
distribution functions are not greatly affected. However, for
larger values of./g, as at the FNAL Tevatron, one expects a substantial
increase of the cross-sectibns.v

As a final reﬁark let us point out that it haé been realized that

virtual gluon exchange induces a multiplicative correction factor to



the Drell fan cross section which is of order 0(2) (Altarelli et al
1979). An gnhancement of this ﬁagnitude“has:ﬁrfact been seen in
hadrénic lepfon—bair productiOn. We have not taken this factor into
account in the estimation;its.effect would Be to increase subétantially
the preseht esﬁimates but not to modify the shape of the calculated.
distributions (Humpert & van Neerven 1980).

5.2 Leptonic Final States

Among all possibie decays of the weak bosons, their leptonic modes
are the easiest to select for a final state analysis. As indicated
- in section 2 the branching ratios into charged leptons in a three

generation model are

. - | e . _
B(ZO -> e+e ) " 3% B(W+ -> 2"(v; ) ~-8% - (5.8)
o+ -
or , |
. . . 36 -2 L. 0 + -
For an intergrated luminosity of 10” "cm this gives for Z -—>% &
J(Wi-+ Zt) at the pp collider (Vs = 540 GeV)'aBoutv23 evénts (60
events): a seeable signal even in ;his rather ‘disfavored case. TFor
lepton-pair production by the'Z0 the comﬁeting mechanisms are the
usual Drell-Yan one via a virtual photon and the leptonic decajs'of
heavy quarks like ¢ and b(t?). Fortunately these backgrounds are
‘much below the nice expected peak in the.lépton—pair mass spectrum
at the‘ZO mass (Figure 17) (Pakvasa et al 1979). The situation is less
N .
favorable for the leptonic modes of the charged weak bosons W™
because of the emitted (anti)neutrino which escapes detection.
However, if we consider the single charged spectrum, kinematics

conspires in our favor. Denotihg the momentum of the charged lepton
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by g, we look at the following distribution

3

3 . .
0do _ : : 0d4d7¢8 + +
e’ ;i?-— a?b deadxb fa/A(xa)fb/B(xb)z ;:— (a+b>W » lfx)
. ] L
d3 fa/A("a)fﬁ/B("b) noo
o fbj s B | (5-9)

S A4 T/z_,,é_

(where |M|2 is thé squared matrix element of the subprocess which

contains the W propagator, £,

T is the momentum component perpendicular

to the incident beam) and expect that the largest'éontfibutidn will
come from the region_§ o Mé. The denominator in equation (5.9) should lead

to a sharp peaking of the cross-section at 2 ~ 50 which is known

T
as the Jacobian peak and is a very»distinctive feature of a heavy
object decaying into two light fermions.(Figure 18). In the limit
of zero widﬁh fér the Wi the RT spectrum would be cut off at 5
but there are some smearing effects. Firét the finite width of the
Wi, and secondly the intrinsic transverse momentum'of:the constituents
and the QCD corrections which can givé a rather significant traﬁsverse
kick to the weak boson (Pakvasa et al‘1979, Aurenche & Lindfors 1981).

"This latter contribution enlarges.fhe ayailable phase épace for the
lepton and we'expect‘a smearing of the peak with eveﬁts'au »QT:>2¥'
Fortunately, the Jacobian'peak should still emerge from the above-
mentioneq backgrounds, but it will be difficult to infer'the W mass
ffom the position of the maximum.

Once one has observed peaks in some distributions one would like

to pin-point the specific characteristics of the weak bosons which
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include the vector and axial pieces of their couplings introduced in
sectionl. In pE collisions a cleaf signal of the axial-vector
interference is the forward-backward asymmetry of the lepton spectrum,
the forward hemisphere being defined by the proton beaﬁ direction. More

precisely, the asymmetry can be defined as:

do ' - do - o
: - d cose(cos 0) - d cosé6 (—cose)
A _(s, cosf) = . (5.10)
F-B . do (cosd) + do (- 0)
d cos® S5 .d cos8 | §os

In the W case one expects'this asymmetry to be large because of the
pure (V-4) éoupling and the qualitative effect can be visualized
éasiiy on the basis of helicity arguments. For7inétance we know
thatﬁﬂ-is mainly produced by the collisions Ul (from: the ﬁroton)aL
(frém tﬁe antiproton) which fixes the.helicity of W+. Since the
outgoing neutrino islleft—handed one clearly sees that the £+ will
tend to be eﬁitted along the direction §f the antiproton beam (into
backward hemisphere)(FigurevIQ). .The asymmetry of 2+ is therefore
negative, whereas for the 9 coming from'W; the situation is just
the reverse. Sea quarks and QCD contributions can slightly modify
the results for this observable buf‘its qualitative features are’
still preserved. Iﬁ Figure 20 we present the forward-backward
asymmetry (Perrottet 1978, Finjord et al 1981) for the W case as a
functipn of cos@ for various values of 1 = s/ﬁé.

For the Z0 this asymmetry will be more difficult to measure
bécause the vector coupling to the lepton is proportional to

(l/4—sin26w) and is rather suppressed for today's value of
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sinzew ~0.215. The predicted value of AFB is about 7% and detecting
such a low value calls for rather large statistics which will be
difficult to achieve in the near future.

5.3. Hadronic Final States

As described in section 2, the weak bbsons‘ﬁill dec;y most of the
time into hadronic modes, and we therefore expectpairsofkmdroniéjets at
large transverse momentum with a weak origiq,»to be distinguished
from the formidable QCD backgrouﬁd arising for quark and gluon
scattering reactions characterized by the strong coupling constant
aS(ME) ~ 0.1 to 0.2, to be compared with weak one a, =" 3x 1072,

We expect that the strong interaction two-jét'cross section will domi-~
nate the weak one (Figure 21) bf a large factor. The situation looké
desperate unless we can devise a clever criterion to disentangle . |
the two type; of cross-sections. An interesting possibility is to
.look for heavy quark jets, since the weak bosons are heavy enough to
decay in essentially fhe same way into light or heavy quarks (provided
the unseen top qﬁark is not too heavy). This would reduce the QCD
background to the extent that we are able to distinguish a heavy
quark jet from a light quark jet. In particular for the W~ decaying
into bt the only competing QCb mechanism comes from tt and bb

pairs. If we further require the observation of two energetic
leptons of the same sign, the W signal can emerge from the back-

ground (Abud et al. 1978, 1979). The decay chains.are the following
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W - bt L (5.11)
.L’Cl—;n |
by v
7 tt r L
QCD - me‘cz (5.12)

I.)B—>E—.>§.Q.—; 2

: chﬂ_Gk'
The QCD mech&nish involvés'c35cade decays énd therefore lesé energetic
like sign léptonsthan‘those from the difect decays in the W case.
A;éo the W+ is more often prodﬁced»forwards than the W-,.and_we
thefefore expect an excess of positive dileptohs over negative ones
- in the proton direction. ' The anglysis of this type of signal
requires a very careful study of the final state but may provide
information on ghe decay modes of the weak bosons which is not

obtainable otherwise.

5.4. Pair Production of Weak Bosons

One of the fundamental properties of the gauge model of electro-
weak interactions is the presence of bilinéar couplings among gaﬁge
" bosons like WWZ and WWY, as shown in section I; These couplings
allow oné to prod;ce (Brown & Mikaelian 1979, Brown et al 1979)
pairs of wéak bosons W+W;, WiZO, Wiy. "As in the case of e+e_
annihillation pair production of weak bosons can tgll us about the
gauge structure and the relevance of therrenbrmalizability.of physical
theories. It would be particularly interesting to?compare the W+W-,

+ 0 ‘ . . » . ;
W‘Z0 and Z Z0 cross- sections and their dependences on the invariant
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masses of the boson‘pairé; At energy colliders with Vs ~500-2000 GeV
the expected cross-—sections are at the picobarﬁ leQel (10—36cm 2);
and in addition the final state analysié can be compiiéated because of
tﬁeleptonsorhadronic,jets.' A final state with a higher cross-section
is Wiy, which directly.probes the WWy cbupling énd,can éive a measure
of the anomalous moment k of the W, whose gauge theory value is —1l-
This process méy be seen earlier‘becauseofalargér rate and the
relatiQely easy indentification of a large transverse momentum

photon.



Table 3: Comparison of hadron-hadron colliding beam projects
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Name : Location

Maximum Expected
center-of-mass lumingsity
energy (GeV) (cim 2see”

Status

pp collider - CERN, Switz.
ISABELLE (pp) Brookhaven, USA

Tevatron I(pp) FNAL, USA

ss0 10
800 107
30

2000 10

In operation

Under con-
struction
Approved
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VI. HIGGS BOSONS

While the main subjects of this review are the intermediate vector
bosons Wib and Zo, for completeness we also add here at the end a few
remarks about Higgs bosons. We saw in seétion I how in the "standard"
SU(2) x U(1l) model the vector Bosons acquire their masses through the
vacuum expectation valuerbf complex iéodoublet,Higgs field, and how
one linear combination H (1;30).of electrically neutral components
sur&ives'ﬁhe'mass generation mechanism to remain as a physical Higgs
particle. 1In more complicated versioﬁs of the theory there are more.
. physical Higgs p#rticles, including chafged statés as well as ngqtrals.
Many physicists find Higgé fields inelegant, and would 1ikevto replace
- elementary spin—zéfo fields by.composites made out of elementary
fermions (Beg & Sirlin 1974, Farhi & Susskind 1981). ‘We do not
have space here to describe in detail the phenomenology of either the
minimal Higgs scenario or the'altefnatives, but limit ourselves to a
few descriptive remarks. |

The single physical Higgs.particle in the minimal model has an
unknown.mass: in the notation (1;28) of section 1:

2, radiative corrections - (6.1)

2 .
my =2
where u2 is unknown, only the Higgs vacuum expectation value
9 :
é?= %r-(1.29)b91ng phenomenologically dé;ermined:

v=(2 cF)'”2 (6.2)

The radiative corrections to the Higgs boson mass are significant

(Coleman & Weinberg 1973) for small values of uz, and give a lower



bound to mH‘corresponding to the case uz = 0:

2 2 + secéew . mf 4 .
- 02 b S (6.3)

2 ‘ 3a
. 4
v 2 GF Sln_Qw “ W,

The -experimental value of sinzdw 1ead§ to a lower bound on the Higgé'
boson mass of order 10 GeV. Largernmsses correspdnd to iérger values
of the Higgs self—éoupling (1.28), which becomes strong (Lee et al
1977, Veltman 1977) ﬁnless_mHv<:0(l)TeV. One may therefore expect
the Higgs boson mass to Be wiﬁhin an order of-magniﬁudé‘of the Wi‘and
Z0 masées;-

In contrast to its mass, the couplings of the minimal Higgs
particle are éompleteiy determined. The coupiings to the WJ_r and
Z0 are given in equation (1.33), while since the Higgs.vacuum

expectation value gives masses to all the fundamental fermions f,

. =n:,—f - (2 et | , (6.4
We see from equations (1.33) and (6.4) that the,HiggS particle likes
to couple to heavy particles such as the top‘quark, thevwi and the
ZO, and these provide the most favorable production mechanisms.:

If the Higgs boson weighs significantly-less than twice the mass
of the topsqﬁark, a goodrplace to 1oqk for the Higgs bosonAis iﬂ 331
toponium decay, where it. has been calculated (Wilczek 1977) that

3 ms | 2
r( §;(tt) »H+ v) N Ggm,

— — - ~ .
P(381(.tt) >y > e+e ) /2_11'_01,

(6.5)
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This ratio is > 10% for a top quark of mass 2;18 GeV, the lower limit
established by the non-observation of the top quark at PETRA. When
tbponium is found, the Higgs bosoﬁ sﬁould be‘ﬁne to the first'objécts
looked for in its decays. Other good mechanisms for producing the
Higgs boson involve the Zo. Figufe 22 showé the branching ratios
relative to Zq,decay info e+e_'or u+u—'of the'decaysZO§H+(e+é-bfp+@3.
(Bjorken 1977) and 'ZO -+ H+ y(Cahn etal 1979). The branchiqg ratiosfor both
decays are greaterythaﬁ.}0“6 if my, < 50 GeV, so fhaﬁ the Higgs boson
may be visible iﬂ e+e- experiments with the expected ten millioniZO
decays. . Another good way (Ellis et al 1976, Lee et al 1977) to
prqducevthe Higgs boson is in association with the»Z0 though the
reaction é+e_ > Z0 -> Z0 % H shown in figﬁre 23, This has a cross-
sectioﬁ ‘
o(e+e- > Z0

tH 5 o0 | | (6.6)
+ - + - .
o(ee >uwu)

for m, <100 GeV at a center-of-mass energy of 200 GeV. Thus a high
energy e+e— machine such as LEP should (Camilleri et al 1976) be
able to see a neutral Higgs boson with a mass dp to 0(100)GeV.

. The chargéd Higgs bosons expected in more complicated theéries can
be pairjproducedvin,e+e— annihilation, and may also be the dominant
decay productsfof heavier quérks énd leptons. Their couplingé to |
other particles are generally correlated with their maéses, but this
connection is not as clear-cut as it is in the minimal model with just
~one neutral'Higgs boson.‘ While theories of dynamical symmetry

breaking avoid the introduction of fundamental spin-zero fields,
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they nevertheless tend to prédict many light composife spin-

zero bosons with properties analogous to Higgs particles (Bég~

& Sirlin 1974, Farhi & Susskind 19815. Thus they can be searched
for in many of the reactions previously mentioned in connection
with Higgs bosons. However,; an important difference is that one
does not expéct (Ellis ét al 1981) large couplings to the w® and
- ZO, and so copious production of composite épin-zefo bosdﬁs in
assogiationAQith the intermediate vector bosons is not to be

expected.
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VII. CONCLUSIONS |

In this review we have shown how‘the_phenomenoiogical successes
of gauge theories of the weak and electromégnetic'interactions
motivate véry strongly the search.for charged and neutral vector
bosons with masses 0(80 to 90) GeV in thé standard Qodel. .We have
also seen how one can make quite precise predictions for thévmasses,
decay and préduction cross-sections for these'vector_bosons in
e+e-, 1epton—hadroﬁ 5nd-hadron-hadron.collisions;- Thesevthree
different types of éxperiment are largely complimentary in the
~information they may provi&e about the vector bosons and their
coupiings. Electroﬁ—positron collisions will not produée very
heavy vector bosons in the near future, but can provide‘ué with
very detailed inform;tion abqut the Z0 and provide the best
Prospects for searching for scalar bosons. Lepton-hadron collisions
can provide indirect evidence evén for gather heavj vector bdsons,
but are not the best typeé of collision to product them directly.
' Hadron-hadron collisions can produce even rather heavy vector bosons
vbecause of the very high center-of-mass energies they provide,
but the complicated hafure of the hadronic final states will make
it difficult to determine their detailed propertie;. Hadrbn-hadron
colliders which should be able to produce the‘wi and Z0 are in-
operation and under construction, while one e+e_ machine capablé
of producing the ZO haé been approved. Projects for detecting ultra
high eﬁergy cosmic ray neutrino collisions and ep éolliding rings are

being proposed. There is every reason to hope that in a few years



the phy51cs of the weak vector bosons will be thoroughly studled
ulmanyexperlments. We hope and trust they will prov1de us with

exciting surprises.
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FIGURE CAPTIONS

Fig. 1. Tﬁe;atiél%ofcie+e_-+ﬁﬂf+)relati§e to 0, [Eq. (3.2)], plotted
for different values of the vector and axial vector coup-

~lings of e and u (radiative éqrfecfions ﬁot inciuded).

Fig. 2. The forward backward asymmetry A# [Eq. (3.12)] for e+e— ->
u+u—, plotted for axial couplingsvae = au_= 1, and different
values of the e and u vector coupling:

Fig. 3. The cross section ratithas a function of c.m. energy in a model.
with two neutrél-vector bosons and in the standard model with mz=94
GeV and sinZQw=0.20(solid 1ine)(deGro§t et al 1979).

Fig. 4. Cross section (Alles et al 1977) for e+e_ +,W+w-:for
different values of the weak neutralvcurrent angle in the
standard model.

Fig. 5. COntribuﬁions_oaa from pure a exchange and Yab from a, b
.exchangé ihterference,to the cross section for e+e-:? W+W_v
calculated (Alles et al‘l977) in the standard modelvusing
sinzew = 3/8.

Fig. 6. Energy dependence of the_angular projection of the contribution
to.c(ét;->w+w~) from interference beﬁween direct-channel
vector exchange and cross channél neutrino exchange for (a) -
photon and v exchange only, (b) the standard model with

) sin26w = 0.25 and (c),the standard model inclqding an.
‘(eg, vR)dweak,doublet. Error bars.represent_a>typical LEP

experiment with a leptonic W-decay trigger.



Fig. 7.

Fig. 8.

Fig. 9.

Fig. 10.

Fig. 11.
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The ratio between up coming and down coming muons from
ultra high energy cosmic ray neutrino interactions is
sensitive to the amount of absorption of neutrinos passing
through the Earth. The répio would be unity in the absence
of absorption, while a linearly rising neutrino cross-
section (corresponding to mw:$>80 GeV) entails mére
absorption than the slower-rising cross-section found if
m, = 80 GeV. The error bars indicate the experimental
results.which would:be obtained from DUMAND (1982).
Réte of events.per day expected at HERA for e + p->v+ X’in
Q2 bins of 5000 GeVz. |
The ratios between the cross-sections for left-and right-
handéd electron—pfoton scattering at a center-of-mass
(energy)2-= 27,000 GeVZ, for different values of tﬁe ZO
mass:.'x and y are the standard kinematical variables (Barish
1978) for lepton-nucleon scattering.
Feynman diagrams fqr direct production of weak vector bosons
in lepton~hadron collisions: (a) for wt "production from
the 1eptonic vertex, (b) for Z0 production from the leptonic
vertex,>(c) for WlL or Zo production from the hadronic
vertex. |
The cross~section for Z0 aqd Wi production at the leptonic
vertex estimated by scaling up low energy results.  These

events are generally relatively clean, with either a

proton or a simple hadronic system accompanying the
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veétor boson. Events where the production- takes blace at
the hadronic vertek are likely to contain a much more
complicated hadronic system.

Fig. 12. The original Drell-Yan mechanism.

Fig. 13. Kinematics of wéék boson (W) production.

Fig. 14. First order QCD contributions to W production.

Fig. 15. Evolutidn of the valeﬁce quark (u,d) distributions with Qz.

Fig. 16. Pfgdicted production cross sections for W and ZO in pp
and pp collisiéns. The‘calculated cross-sections include
scale breaking effects (Paige 1979)..

Fig. 17. Lepton pair mass spectrum in pE'collisions.at /s = 540 GeV.

Fig. 18. The Jacobian peak of the single lepton spectrum from W+production
and decay. The calculation 1s indicated by''DY", while '.'Q('I.D" contains
the QCD corrections @urenche & Lindfors 1981 a,b).

Fig. 19. Schematic description of the Helici%y configuration in the
reaction pp - W+ > Q+Vz.. Single (double) arrows indicates
the momentum (helicity) direétion.

Fig. 20 The front back W~ asymmetry a) versus cosb for various values
of /E b) integrated version as a function of 1/V/t
(Perrottet 1978, Finjord'et él 1981).

Fig. 21 Invariant mass spectrum of héaVy quark pairs from W,Z and

gluon fusion. The mass of the top quark is chosen as

30 GeV/c.



Fig. 22. Branching ratios relative to Z0 > p+u- for Zo > H0u+.u-

and Z0 -~ H + v.

~ Fig. 23. Lowest order Feynman diagram for the process e+e— > ZO

+ H.
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