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Snauaarjr 
If new heavy charged and/or neutral gauge boaou exist with 

m u » below $ to 10 TeV, they can ba observed at the SSC. In 
thia report, we oummarite the work of the Ne# W/Z Physics 
Subgroup. The expected prapettiea of new heavy gauge boson* 
(auch usewH/Vand/'torhtfiaootalffaugeboaoaaJareaum-
roarUed. We then diacuaa various signatures of these new gauge 
bosom and their implication* for detector designers. Sugges­
tion* for future work are indicated. 

1. Introduction 
A. Scope of this Report 

The plan of Ibis report is aa follows. Fust we present io Sec­
tion 1 a general introduction to the subject of new W» and Z'e 
- motivation, current maaa limita, and a brief survey of models. 
In Section 2, we review the Mali* known before the Snowman 
meeting which formed the basil for our group'* work. One place 
of work of particular value for our group waa a paper by Lan-
gacker, Robinett and Roaner1'' (benceforU lo b* called LER). 
Many o! their results are summarised in section SB aad IC. The 
remainder of the report summarises the collective effort* of our 
group members. In Section 3, we consider potential impact of 
the physics of new W't aad Z'* on the design of SSC detec­
tors. The main fben* is on fcptoak decays of new W» and Z\, 
It was fonnd that the requirement that electrons and uraon* of 
py 2 1 TeV be detected (with sign determination) in the aame 
apparatus leads to very large yet precise detector*. ID Section 4, 
theoretical aspects of new W and Z phytic* relevant lo (be SSC 
are discussed. Topic* include: (a) discovery limita of new rV'* 
and Z's in pp v*. t~p cotEdeni, (b) asymmetries, (c) the impor­
tance of seeing r kptono arista*, vam new W and Z decays, (d) 
boritoatal gauge baton*, and (•) Impucatbna of a new neutral 
heavy lepton. We end with a hit of tuggeation* for future work. 
B. Motivations for Searching far New Heavy Gauge Bonn* 

The Standard Model postulates that the appropriate etc;-
troweak gauge group if SU[l) x V(1). Combining thl* work with 
QCD based on color Sf(3), oa* arrive* at SU{3) x 8V(t) x C(l) 
aa the appropriate gauge theory Which at present describes ob­
served particle physic* phenomena. The crucial feature of thia 
theory is electroweak symmetry breaking which i* rtaponsible 
for giving mass lo the W* and 2* gauge boson* while leaving 
the photon nuariet*. The recent observation of the *V{83) and 
the *{« ) ' at the CBRN Collider* has been one father confir­
mation of the Standard Model approach. 

The large maa*of the W[B3) and *(M) reflect the large scale 
of electrowtak symmetry breaking. la the Standard Model, thit 
scale correspond! to the fact that an elementary scalar Higgt 
field acquires vacuum expectation value v = (VSG>)"1'1 * 850 
GeV. The Bigg* boson aeetor of Ih* theory is the least well 
understood part of the Standard Model; in particular, the rea­
son for the site of the eleclnnreak scale of 150 GeV is a mys­
tery. Many attempt* to gain insight into the mechanism of elec­
troweak lymmetry breaking have beta made, often resulting fa 
the prediction of new physical phenomena* at a scale on the 
order of (or not much larger than) SSO GeV. This is the malt 
theoretical motivation for building the SSC.* 

Attempt* have alio been mad* to incorporate the S(/(3) x 
SU(2) x 1/(1) theory into a larger framework. IV example, in 
the grand unification approach,7 SU{3) x SU{2) x 1/(1) is viewed 
aa a 1am energy* effective theory to bo replaced at a superheavy 
mass scale of order lO 1 1 GeV by a gauge theory based on a uni­
fying simple gauge group such aa SU(S). However, our goals are 
much mora modest at the SSC. Here, w* eas simply ask whether 
the .«/(3) x St/(2) x 0(1) theory need* to be embedded in a 
larger groge group to explain phenomena at the 1 TeV scale. 
For simplicity, w* auume that 51/(3) color will be unmodified 
by such aa extHiloa. It i* useful to review the theoretical moti­
vations for considering aa eteclroweak gauge group larger than 
SV(2) x 1/(1). 
1. The Empirical Approach. We do not know why the 
Irowcak gauge group which describe* present day phenomena 
sTT(2) x (?(!) aa opposed to some other gauge group. We have 
no physical principle which oDowa us to deduce the number of 
physical gauge boson*. 
2. Parity Invariance. The SV[2) x [/(I) model does not explain 
parity violation - it is put in by hand. One can construct models 
left-right symmetric theories*-" baaed on SV(t\t x SU[2)S x 
1/(1) in which parity invariaoce is respected by the Lagnngian 
but • spontaneously broken by some Bjggs field vacuum expec­
tation value. 

The fermionaof each generation transform under the SU{2)ix 
SU(2)K x 1/(1) group a* follow*: 
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Hate that we mutt aecessaruy add a new Geld, the Jv~a. This 
may or may not oe related to t h e c a l we shaU discuss shortly. 
As for the gauge bosons, we identify the W* gauge bosons with 
the usual rV(83) aad predict the existence of new W% bosons 
and an additiona.'. new neutral gauge boson. The suppression of 
right-handed charged currents in low energy phenomena is then 
explained by the smelbees of the parameter M^JM^M. The 
f/(l)syminetry to thb model corresponds to 0 - £ . 
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3. Neutrino Maaeee. lo the SV[2) X f/(l) model, acutrinoa a n 
exactly maadess. Tbia occur* tor two reason*, t i n t , no vg 
field ut introduced to the theory; tab forbid* a Wrac maaa for 
the neutrino. Second, there eaiaU DO B i f p l e l d i which coepka 
f t to itself. An 2 resort, no Majonae maaa tern fee- * i can 
develop." Cfcaiiy. thia coaatrttrtlon la arttBcSal B i s tana out 
that neutrino* do have very email but •on-aero maasts, it will 
be dUEcall to explain the origin of each a amaD number in the 
$V(t) x-U[l) framework, ft S f / ( l ) t x W ( J ) « X P ( l ) mod­
els, there i» a "natural" explanation for small aeutrino masse*. 
These models contain both • t>i and • vg Said. The general 
form for the neutrino mua matrix la: 

Cm... = mD{t>ivj, + h.c.) + mifJO-'Ki + mv%C-lvK (t.t) 

It ii natural to expect m^ to be of older a kptoa maaa (aay 
mt> = m, tot 1/,). By appropriate, ebelee of the Higgs boeon eec-
tor of the theory, one cart arrange tltc • 0 and m* to be large 
(of order the S(T(Z)B breahias tcab). b tbJa bmit. one finda" 
two Majorana neutrinaa of mat* m* and nt^/m*. The latter 
neutrino i» identified with the pitacnlly observed Beatrino. We 
aee that if mjy •c mB, one obtain* a vary light neutriBo which 
ia compatible with present obotrvation*. An important crcse-
qwence ia the existence of a nentral heavy Majorats neutrino 
which may be observable at the SSC Unfortunately, in the con­
text of model building, there k s o praclae prediction for the 
value of auch a heavy neutrino." It could be at tight aa a few 
GeV; alternatively, it may be much heavier. We shall have more 
to aay about this neutral heavy leptoa is Section 4E. 

4. CP - violation. There U no fufldsnwulel Understanding aa 
to the origins of CP-vioIation u observed la the neutral t o n 
lector. One can psrameterise the CP-vlol»tioa aa being due to 
a complex phase in the Cablbbe-KobayasLl-Maikawa (CKM) 
mass matrix.1 1 However, baaed on recent measurement* of the t 
and 4 parameter*1* and the o-quark UltUm*,'* there base been 
biota that the Standard Model stay be incapable i s explaining 
theobfen^d^ta.baomcMt-Tightnc4e]«,tlieinaiorGoiitri-
bulioo to the t parameter ia doe to the presence of right-handed 
current* (specifically, CP-violatioa ia arising in part doe <a a, 
relative pbaae between the left-handed and rifht-handed CKM 
matrices). One predku*-"1 < to be of aider Mgj/JMg.,; this 
allows cue to deduce (in principle) as upper limit to the acak 
of left-right aymmetry breaking! Recently, Haratj and Leur*r ,T 

have argued that the WR mua baaed on the above argument! 
should be about 10 TeV (within a factor of two). Such a mass 
rang1: is partly accessible to the SSC. 

t. (jrand Unification. The Stacdard Model may be embedded 
in 'i grand unification gauge group; the minimal model is based 
on $V(&). This model also baa parity violation and a maaslets 
neutrino for the same reasons as discussed above. In addition, 
this model predict* a ^desert,' La. no new physical phenom­
ena between the IV(B3) and 7(M) and tb» p u d oniEcalion 
maw (of o d s 10** GeV). The grand mmtatioB mass ia one 
of the prediction* of the model; it may be computed baaed on 
the knowledge of l o w energy* physic* (the values of the vari-
«ua coupling constant* and particle tMttes). Tbia toavs is then 
•ted to predict the rale for proton decay; it hi weD known that 
the proton lifetime aa measured to tlgnifleantly longer than the 
minimal 5(/(5) prediction." 

A reasonable Interpretation of thla result Is that the 'desert" 
hypothesis is wrong, and new physical pLenomua will appear 

beyond 100 GaV. In the context of grand unification, the aSm-
pleat possibility b to Consider a larger gstigje group neb wVi 
SO(t6). i t ia posatbfe to embed left-right ayirmietric modew 
eucb an SU[i) x S l / ( * ) t K SP(I)» X V{I) m SOfw), althengh 
H is not obvtooa where the SU[2)M breaking scale ahosld be. 
Many altempta to umstiuci each modela with tight Stt&ia 
breaking scale* have been made.'*' We dull not go into detail* 
of model bonding here. Eowever, H la eaefal to point out tost 
the algebraic structure of rack models' it intereating to study 
independent of the detail* of the dynamic*. Such a ftudy can 
yield Information on how sew heavy JT'-bceane can couple to 
quarks and rtpton*. Such Information i* needed in order lo pre­
dict production rates and decay properties of new hypothetical 
Z°-bo*oni which could be seen at the SSC. 
B. Current Man Limits en New fV>* u d ;", 

If new W't and Z't edit , they mint either be more mas­
sive than the "/(IS) and X(M) or else very weakly coupled to 
known quark* and ttpten*. One minor oompEcatios arise* doe 
to the poeatbility of mbung: e * . in S*7(Z)C x SU(t)M x f/(l) 
models, the phyakal charged gan*^ bosons < » be a mixture of 
IVj, sad R/n. In this regard. I^ot^ekrr^ ha. made the foBow-
ing observation. We already know that tberV(83) and2(M)as 
observed at the CERN Collider a n quite ckwe in mata to the 
eahtea predicted by the SV{t) x W(l) ckctnweak model. Aa a 
raanlt, Laagacker skoan M that under a few reasonable assump­
tions, the mixing of the tV(63) and 7(94) with hypothetical 
heavier Wt and Z't Is ropprcssed proportional to the Inverse 
mau squwed of the new vector bosons. For example, If the 
rV(ea) and f (S4) masses were found to be within 1 GeV of 
their predicted 5U[t) x V[i) values, then the mixing angles to 
any sew vector bona with mast of 200,590, or 1000 GeV would 
be bounded by 0.07, 0.03 and 0.01 respectively. Henceforth, we 
^.all ignore the possibility of such mixing. 

in order to be D o n precise about maaa Smite for new rV'» 
amtZyoMha*toe*etb*framcwwktfaoiiiedectroweahgattge 
group beyond SV[t) x 17(1). Let ea consider the limit* on* 
obtarnt in the context of an SVll)L x 5 ir (2) D x (7(1) model 
Even within this context, one get* different bound* depending 
on various model assomptiou* made- We give a aample of the 
bounda"*'-** obtained in Table 1 tor the nuaa of a *Vft which 
ha* right-handed couplings to all termiona. fbr an experimental-
ist designing new W aearches, the relevant bound ia «»•„ i 300 
GeV. The theeriil'i favorite bonnd b Mw, i 1 - i TeV which 
arises in two popular versions of SD[2)L x 5C(2)o x (S(l), la 
one version {'maalfesl left-right symmetry'), the left and right 
handed CKM angles are assumed to be equal. In a second ver­
sion (*psetidetuutlfeit left-right symmetry* or 'charge conju­
gation conserving*^ the Lagnngian conserves separately C, P 
and T; these discrete symmetries are spontaneously broken. In 
the latter cane, the magnitude of CP-violatiort Is related to the 
scale of SV{l)n bteakfng a* mentioned in the test sub-section. 

Boundaforacw Z* masses are even more modd-dependent. 
OnEke in the cane of a Wg, the fjf interaction » a model-
dependent mixtim of V - 4 and K + A Fuithermore, the 
int«TTiretationotelnI«V an e^-nruoed from the neutral current 
data may he changed.*' It i* probably aafe to conclude that for 
a new * , Afe 2 1 ( 0 CeV. A more precise estimate can only be 
made in the context of a particnlar model. 

1 



Inble l 
W r . ) - , Fwcew Assumption Bets 
300 GeV Kj - Kg nun difference aoae 31 

and s-quark decay 
300 GeV aonfeptonic decay* manifest £ - ax 

Asymmetry 

380GeV p and 0 decay light Dine* 33,24 

1-2 TeV K?t - Jt| n u i difference manifest I - IS, 26, 
rod o-quark deny it lymmetry 17 

or charge con­
jugation con­
serving 

2 TeV W—tJi-R light 27.28 
Majoranai/ 

Table i : lower bound on the Wm mans in SV(t)L x SV(Z)a x 
0(1) under the assumptions Mated above. 
C. Bask Properties of New W» and Z\ 

We have >rgu*d that a new If would probably exhibit negli­
gible mixing with the rV(83). Thui, in SV{2)t x 5(/(2)j) x P(l) 
models, a heavier W would bave port V + A couplings to quarks 
and leptons. It ii also natural to assume that the gauge cou­
plings of tbe SUffli and SU(l)n groups are equal. Tbe only 
remaining question is the nature of tbe Wg couplings to charged 
leplons. We have two cbejees - (a) we can take tbe neutrino 
to he a Dirac fermion er (b) we can assume that there are two 
Majorua neutrinot: v and N. In the former ease, WJ -> e*v 
where v it tbe rigbt-handed component of the ordinary neutrino. 
In the latter case, rVjf -* c*N where N is a new neutral lep-
ton. Toi lignature of new W'§ in the latter case then depends 
on whether the decays of the IV are observable, Tic WK decay 
widths and branching ratio* are easily obtained: 

BR{W;~t+N,) = ~ (l.3o) 

iTOO-j^iTO (we) 
where M» and T(W) art lb* man and width of tbe rV(83) and 
NQ is the number of generation! of fermion*. Occasionally, we 
mxf with to be tea Vied to particular electroweah gauge model. 
i. will then be of interest to explore the consequence of a new 
W with pure V - A or pure V interactions. 

A new Z would decay into fermion pain with model-dependent 
couplings. Consider the following three models: 

«) A new heavy Z with coup&ngs to fcrmlon* which are Iden­
tical to those of the 2(04), This mode) i* artificial but 
useful in making comparison* with 2(M) production rates. 
See Table 2. 

t) In 5O(I0) grand uniSed model*, each fermion belongs to 
a single 16 dimensional representation which decomposes 
under 5(/(S) into a ((a*, *, f), a 10 (<*. a, «f, f\ and 
a 1 (JV). AO particle* listed tie left-handed; charge con­
jugates are indicted by a e. Such model* contain a new 

Z which couple* to a new hypertbarge x which depend* 
eolely on which SV[i) multiplet the fermion Eve* io. The 
(mwornulised) vahmcJtbeb^rperchargexaral, -Sand 
E for tbe 10, E and I rttpectivsly. The relative branching 
ratios are easily obtained. lor example, the coupling of Z 
tcrJisyz, where* 

>"Bi»tT'«-i_8d>Tf»d£ 
= «Vj»fc + 3*Vr,<&i (14) 
= »V(rV + *Vr»)«" 

where ev = 2 and ju • 1- Thus, BJt{Z -* i3) is propor­
tional to S(fff- + oj) where the factor of 3 is required for 
the color triplet oVquark, We denote tbh* Z by Zt; it* rel­
ative coupling* to fenmon* obtained in a similar manner 
a* above are displayed in Table 2. 

c) The new Z could couple uniformly to *D tensions in the 16 
dimensional representation. We denote this neutral boson 
by*,.. »conphsto>' = / t T r A + / i T * / E = - / r i » / 
{if. eq. 1.4), i.e. it* coupbog* are purely axial. The 
relative decay rate* are diiplayad in Table Z. 

Table 2 

Relative coupling* to / / 
Fermion pair Z" 2 j _ _ Z% 

<:*(- U\ ~ *&. + } 10 2 
i/P } 9 1 

NS 0 25 1 
«o ! * n - , s " + ! 6 6 

Normalisation (y »»•-««&•+') Afc 80*5 16,Va 

Table 2: The branching ratio for Z* -• / / is obtained by di­
viding the relative couplings by the Normalisation factor listed 
above. The number of generations is denoted by Vc and «iv = 
oinfliy. For more details, see ref. 1. 

Note that we have assumed that the Z% and Z* do not mix** 
with the 7(M); hence their coupling* to fermion* are indepen­
dent of *mzfn-. The total width of the new Z depends on the 
coupling constant which correspond* to the new hypercbarge. 
In a particular grand unification model, this coupling would be 
determined by the unification condition. Typically, it is of order 
the weak coupling constant pjy. TbuSi tbe total width of a new 
2 would be expected to he given by a formula analogous to eq. 
1.3(c). 
D. Other New Gauge Bosons 

Up until now, we have restricted' our discussion to gauge 
bosons which arise from a simple enlargement of the eleclroweak 
gauge group. The resulting gauge bono* bad universal cou-
pling* to each generation (up to tame possible new unknown 
CKM-type mixing angles). On* can disco** gauge boson* which 
do distinguish among generation*. This can occur for example 
in models which posset* • horitontal gauge tymmetry.SI,n In 
inch cases, fondant cany a horisontal quantum number which 
distinguishes the different generations. 

The moat interesting kind of gauge boson of this type is one 
that mediates flavor changing neutral currents (FCNC's). For 
example, a gauge boson which coupled to rff and e V would 
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mediate tbe process J $ - • **lT and * V -» »*«*«i~ at tree 
level. These two processes ban* sot been observed (the Par­
ticle Data Group" fitting In BJ»(Ki — «p) < 6 x HOT* and 
BR(K+ - * + « J I ) < (S - 7) X 10-') which indicate that the 
mora of the mediating gauge boaoa mini lie to tbe multi-TeV 
range. Tbe precise lower mat* limit to such bowse depends on 
an nnhnown gauge coupling constant and unknown mixing an­
gles. However, these same factor* appear in the computation 
of production cross sections so that one can get useful bounds 
on their observability at the SSC. In addition, FCNC't involv­
ing third generation fermions an not severely constrained. So, 
in principle, it it possible for gauge bosons which mediate such 
FCNC'i to be light enough to be accessible at the SSC. 

Other scheme* exists which lead to new gauge botons which 
do not couple universally to the various generations offcnnnni. 
One such example is an extended technicolor9* (ETC) scheme 
discussed by Holdom.M In his model, there are two types of ETC 
gauge bosons. The first type of ETC gauge boson* i* the 'usual' 
technicolor son-singlet bcsoo wbfcb couple* quark* to tecbni-
o/iarks. The exchange of these boson* lead* to tbe generation 
of quark masses; which in turn impCes tbat these ETC gauge 
bosons must have masses of order 10 - 100 TcV. The second 
type of ETC gauge boson is a technicolor singlet boson which 
couples quarks lo themselves and lechniquarks to themselves. 
The masses o! these bosons arc not *o restricted; in fact, one 
can imagine the existence of a technicolor singlet gauge boson 
with mass of order a TeV. In Holdom's model, the lightest tech­
nicolor singlet gauge boson couple* only to the heavy fermioit 
generations. This is another example of a gauge boson which 
can distinguish among generations. In this particular case, the 
dominant decays of Such a boson would be into If, et, r+r~ and 
pairs of techniquarka which presumably manifest themselves as 
pairs of W't and Z'». Such a decay pattern is very similar to 
that of » heavy Biggs boson, so It Is worth considering how the 
two could be distinguished. 

In summary, the origin of generations remains one of the 
major mysteries of the Standard Model. It is quite possible tbat 
tbe solution to the generation mystery involve* physics on the 
TeV scale which could be accessible *t tbe SSC. The detection 
of new gauge boson* which are sensitive to the generation quan­
tum numben could provide a crucial piece in the eolut ion of tnc 
generation pustle, 

3 . New W't and Z'a - The Bade* 
A. Formalism for Calculation of Cross Sections 

The parton model may be need to estimate the slse of pro­
duction cross sections of new Wa and 2'* at the SSC. Tbe cal­
culation involves a number of simplifying assumptions. First, 
we compute only the tree level process: c j -• W m Z. Second, 
initial state gluon radiation by tbe quarks and intrinsic trans­
verse momentum of the annihilating quarks relative to proton 
beams are neglected. In this approximation, the tV or £ is pro­
duced moving longitudinally to tbe beam. Third, higher order 
<JCD contributions are neglected. In particular, the *K-factor* 
which nnonaalltes the parton model result by an overall factor 
{roughly, K « t at the CERN Collider) has bees set equal to 
one. Fourth, the effects of spectator* (higher-twist effects) a n 
neglected. We can expect the*e approximation* to yield remits 
which are accurate roughly to within a factor of three. 

Underthe 
dttctioa cms* section 

where 

.; 'ion* stated above, it follow* that the pro-
iforit + fl-rV + Xi*: 1 * 

nsjir = cis>a 

(2.2c) 

(J-2d) 

r, , is the partial width of the decay of the W into cartons i + 
j . In our numerical work, we shall employ EHUJ structure 
functions* foe the / j . The rapidity of the rV is obtained from 
.En- = ma-cosh •% •bleb hi equivalent to: 

( En-
mpy 

J±\ (2.3) 

where we have assumed that the IV Is emitted longitudinally 
along tbe beam direction. The choice of sign in eq. 2.3 depends 
on whether the IV is emitted along A or B. 

In the above discussion, "W* has been used t« denote any 
vector boson. First, suppose that *W* la a neutral vector boson, 
7 , which decays Into a pair of leptou e* e" or M~V~- Then by 
measuring tbe outgoing lepton energies and their angle* with 
respect to the beam, one can reconstruct uniquely tbe Z mass 
and energy thereby obtaining its rapidity pp . However, if *W 
is a charged vector boson IP*, the situation is mere complicated. 
VW — eff (otW — pN) where It is a neutral heavy lepton 
which decays with no missing energy, then one can reconstruct 
the IV four-momentum ae before. On the other hand, if the N 
escape* detection, one doe* not have a unique determination of 
the IV kinematics. On* can obtain useful information assuming 
that tbe total transverse momentum in the event can be reliably 
measured. Let B, and 9, be the electron energy and angle with 
respect to the beam respectively, as measured in the laboratory. 
Then by momentum and energy conservation, we can compute 
the JV momentum and energy: 

pff »-B.sinff, (2.4) 

pjv • mivslnh fe. - Bc u»6, (2.5) 

B" m ww-cosh Vsr-B. (2.6) 

If we now impose tbe condition that N has mass mN, we find: 

mi - i n * c o s h j ^ v - r t n h t w c o s S . - ^ ^ (2.7) 

Asmmhig that mj* «£ mw, we can neglect the effect of the 
N mass. Then, asms **** jr = (I +*iah* »)"*, we obtain a 
quadratic equation tor *inh fa, Thu*. we have a two-fold am­
biguity in determining Vrc (lu certain instances, one of the 



aotutlpaa corresponds to an unphyslca) value of pf thereby TC-
(o'-'iog I'm ambiguity.) This ambiguity «aa be problematical if 
one wanti to compare experimental data to theoretical y^ dis­
tributions. A straightforward way to overcome this difficulty ii 
to define a new variable yB- which I» *qual to the hy correspond­
ing to the solution to eq. 2.T which mlnimliej \pf\ given by eq. 
2.S.'7 One can then obtain theoretical distributions in pp (using 
Monte Carlo technique!) which can he directly compared to the 
data. 

In the caw of charged W production, it would be more metal 
to study directly the distribution* of the observed electron (or 
onion). The relevant partoa model formula hi easily generalised: 

' " (2.8) 

1£ d£tdco*0t 

where 'unbat ted* variablet are thoee measured in the laboratory 
(i.e., the A+ 0 center of rnaw frame) and the *batl*d* variables 
are defined in the parton center of maw frame; the electron 
energy t, and the angle «. between partoa i and tbe electron. 
These variables are easily expressed in terms of the momentum 
fracticDB n.xj and the laboratory variables as follow,: 

£, = Prcoah(y-ttvl (1.9) 

cos i, = tanh (y - yn>) (2.10] 
where yK = \ log (*I/*I) and y and pz refer to the electros as 
measured in the laboratory: 

p r = E, sin *• 

= - l og«an( ! ) 

(2.11) 

(2.12) 

We have set the electron mass to tern In the discussion above. 
Henceforth, we will also set m.y « 0 tor simplicity. If the parton 
subpracess it a 2 -* t scattering process, eqs. 2.9 and 2.10 
simplify. If i is the squared center-of-mus energy, then £r = 
y/i/i, which implies that: 

i. = ±f^ *£ 
cosh(y •»>'£ 

(2.13) 

(2.14) 

When tbe W is on mass shell, i • fl$r. Then eq. 2.14 can be 
shown to be identical to eq. 2.7 (with mjv m f> tMumed). We 
see that the aign ambiguity in eq. 2.131* a direct consequence of 
the two-fold ambiguity in determining jfr (tee discussion below 
*q. 2.7). 

Let us contrast the production of ft new heavy Wt, and Wg. 
Computing the elementary cross section for U -* Wfa -• t~f), 
we find: 

>aVi[l*cosfrf)»g, . / tH\ 

(2.15) 
where *«j i> the angle between the election and the rf-quark and 
B, s T[W -> *lt)/T». Tbe factor of (1 +cos»V.)9 in eq. (2.15) 

ib 
iki COS 0 ^ 4Bah'MHr-

can be understood using simple helicity argumeata as shown in 
Pig. 1. Tbe W£ couples to a left-handed d-quark sad electron 
and right-handed 9-qnark and P.. Angular momentum conser­
vation favors tt4 Mir 0* and disfavor* 9* near IW°. Simitar ar. 
gumeats can be wed for Urn Wg couplings resulting in tbe same 
angular distribution. Thus, Wj, and Wg production cannot be 
distinguished by only studying the distribution of electrons re­
sulting from W -* tit decay. If a gauge boson existed which bad 
a V - A coupling lo td and a V + A coupling to t'H (or vice 
vena), then one would find a [1 - coalj) 1 distribution. (The 
helicity argument analogous to Fig. I ia straightforward.) This 
situation could easily be distinguished experimentally from the 
N't, or WR case; although theoretically, there ia no motivation 
for such bosons. 

Fig. 1. Schematic view cd tbe process 
ltd -* rV£j, -> t~f),. The arrows above 
the tension lines denote hdkrty. Note 
that the P, is always right-banded, whereas 
the N, k always left-handed. Angular 
momentum conservation implies tbat the 
configurations shown above are the ones 
favored. Hence, tbe electron angular dis­
tribution is the same for both WL and Wg 
decay. 

The electron distributions in the laboratory are obtained by 
inserting eq. 2,IS Into eq. 2.8 (using eqs. 2.9 • 2.12} and per­
forming the integration. It li standard practice to replace the 
If-boson propagator with »$(»»n- - i)/(T^mn) in the narrow 
resonance approximation. However, by doing this one can miss 
interesting and pcealbly important effects on the tails of distri­
bution* due to virtual B' exchange. 
B. Discovery Limits of Hew WfZ 

The basic signatures of sew H"s and Z'a are W~ -> e~N 
and 2* -* t*t~ (or the same reactions with e replaced by si). 
These processes are remarkably background free. This fact has 
been already evident at the CERN Collider where the W(83) 
and 2(64) were discovered with only a handful of events.4 

Consider first W" -* e'N. The discovery of the W(83) was 
made by isolating events with the following features: 
(a) the electron w«e isolated; (b) the electron had substantia] 
pr (the p]~distrib»tien showed the expected peaking at pj- — 
mn72)» (c) the event tended to be quiet with no appreciable 
hadroaic activity at large pj-j (d) the event has a large missing 
transverse momentum due to the undetected neutrino. 

In discovering a sew heavy charged W, features (a) and (b) 
will pemUt. Features (e) and (d) will depend on the proper­
ties of the neutral kpton N. Ideally, properties (a) and (b) 
are sufficient to Identify a new W. However, one must keep in 
mind that electron identification is not 100% efficient. Furtfcer-
iLore, an important property of the W(83) identification by the 
VA\ detector was the ability to match momentum and energy 
of a hypothetical electron track." At the SSC, for extremely 
energetic electrons, the momentum measurement becomes in­
creasingly difficult (see Section 3). Nevertheless, we believe that 
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totaled Urge pt leptona are tuSctaitty tart that each problems 
can be overcome. 

Is the case of g* -» «*e", Ji**»~i *»* eKvaUoa. b easier 
to analyse. Here, one looka for events with: (a) two isolated 
electrons (or unions); (b) ao appreciable hadronic activity at 
large pyj and (e) little utfsriuf tramwersr momentum. Bhetgy 
meaturemtntt of the leptos tracks alone allow the invariant man 
oi the parent 2° to bt reconstructed. Again, as evidenced by 
the discovery of the *°(t t ) at the CERN Collider, the signature 
of a new g° la extremely clean and devoid of background. 

The conclusion w« draw fron> the above discussion It that a 
new W and Z can be discovered OB the basis of a small number 
of eventi which we ehall eheoae arbitrarily to be ten event* per 
yew. Based on this criterion, ft la easy to uteeq. 2.1 to obtain 
th«*diaco«ryli inlt»'ofBeK»"»aj(dr'»»ltbeSSC 1 ie. the 
maximum man of such bosons which would result in ten leptonic 
(eiiaereor ft) event* per year. Tliit aaarytis was perfumed by 
EHLQ and by LRR is the approximation that the produced 
gauge baton wae on-shetl (narrow width approximation). The 
reeulta, oaing the criterion for discovery described above, are 
summarised in Table 3. Further ditcouion on ditcovtiy limite 
at the SSC will be given is Section 4A. 

T a b l e * 

fP 

1 

1.6 6.5 
T.3 6.S 
6.S S.0 
B.6 3.8 

Table 3 : The discovery limits of new heavy gauge bosons at the 
SSC. We assume that y/J - *0 TeV and £ = 10 8 3 cm- 3 tec"1 

for pp or £ = 10"cm~'*K~ l lor pp. The discovery limits are 
obtained by requiring that 10 leptoalc events per year (10* tec) 
be observed. The maun above are given in unite of TeV. The 
above nomben were obtained from ref. t, except for the Z" 
entries which were obtained from ref. 6. The properties of Z° 
and 2 * are given to Table J. 

One further feature of new W and Z production it worth 
noting ben. Let us assume that the new gauge boson produced 
is rather heavy (say, of order 1 TeV). I a n , a huge fraction 
of the crass section te produced n the central region. This is 
illustrated in Fig. t ( t a t ^ from LRRJwhereweptol the rapidity 
distribution of a new X* with • ansa of 1 TeV. We nmind the 
reader that far] e 3 corresponds to an angle 5* with raspect to 
the beam axis. 
C. Asymmetries 

We have argued ID the previous section that If new W't and 
Z'% exit! with names leu than those tilted in Table 3, then it 
should be possible to verify their existence at the SSC. In order 
to understand the theoretical implications of new gauge bosons, 
it unectt tuy to explore the properties of sach bosons-specifi­
cally, their conr^s> to OjttarlM and lepton*. This b by no means 
a trivial task. Whereas ten events per yew is sufficient to iden­
tify the existence of a new gauge boson, one will need hundreds 
(or more) event! to determine aspects of its couplings. Further­
more, observation of electrons from the decays * / - • « • / and 
Z -* «+e" alose will leave many ambiguities as to some of the 
gauge boson properties. Ae an example, as we saw at the end of 

Section JA, one cannot distinguish Wi tram W* em the basis or 
the election distributions. Hevtrthstess, partial Information can 
be obtained by studying various asymmetries which we define 
below. Here we follow dowry the papers of LBB-

3 0.i 

5 

- I ! i 1 • 1 

/os-Z'X \ 
/ *»t-e* 

/ ^a.a.Mev 
• / m,«1 t|V 

1 1 

0 

Fig. S The rapidity («z) distribution 
for a new Z of mass 1 TeV in pp acatter-
ing at sfi m 40 TeV. B is the branching 
ratio into lt*p~. The couplings of the 
Z* to fermions correspond to those of 
gx listed in Table 3. This graph was 
taken from LRU. 

1. Forward - Backward Asymmetries. Consider the process A+ 
B — W £ f t + Jt~, W £ B -t t'tt. Let us assume that tbt rapid­
ity of the W" can be determined. Then, the kinematics of the 
partes lubprocesi Od - • rV~ are entirely Exed. Given Pur, we 
can obtain xi and xj by eq. 2,1 and the parton centcr-of-masa 
scattering angle i, by eq. t.10 We may choose Va- and cos 8, to 
be the independent variable!, Then, using eqi. 2.8 and 2.15, 

*r - r . j r f r 4 ( B | ) a « ( g t ) ( l + eaal >) 1 

+ tt'«(a,)<t»(ft)(l~eosSt)*] 
(2.16) 

where N ban appropriate normalising factor. Note that we have 
identified i t * »\c and $t «• ir - ia » tt» *wo terms respectively. 
For fixed life*, define the forward-backward asymmetry by 

where 

f * B « [HH^ 
(2.IT) 

(118) 
dlfe-dcosff. 

Then, for example, for A + B - . rV£;fi + X, W£R - » f K 

We remind the reader that x ) f « j = (m«'/%/s)<±*'-
First consider pp scattering. Taking A to he the proton, we 

see that in a regime where valance quarks dominate dA ft' » 
w* df implying Are s» {. u fact, we can integrate over yir 
as well without diluting the signal; the advantage being that 
less data is required to see an effect. In pp scattering, there 
is also an asymmetry. This Erst comes aa a surprise since one 
apparently can argue that there is no inherent direction defined 
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in pp (uttering. However, by measuring Vw, one determine* the 
direction of the W~ in the laboratory on an event-by-event basis. 
In addition, eq. 2.1S (or Fig. 1) implies that the electron tends 
to follow the direction of the d-quark. Thai, at a fixed oon-sero 
p^, one can determine on a itatiitical baiii which proton the i-
quark came from. Thut a non-iero asymmetry exists lor yw j* 0 
as shown in eq. 2.19. Of course at y--,. = 0, there it no preferred 
direction remaining and hence no asymmetry. 

The one loophole is the above arguments is the assumption 
that y n is known. As shown below eq. 2.7, there ii usually a 
two-fold ambiguity in the determination of yn. What is more 
troublesome is that the ambiguity in yw leads to a lign ambi­
guity in cosS, as exhibited in eq. 2.13. This problem appears 
to ruin the computation of (be asymmetry. However, as argued 
previously, one can often rule out one of the two solutions for 
y,, on the basis of the event kinematics. Otherwise, one must 
define an unambiguous variable on an event-by-event basis (such 
as $ - see discussion below eq. 2.7). At present, further analysis 
is required to see whether Are is a useful quantity in charged 
W production (if the neutral lepton is not detected). Of course, 
if tbe N decays and can be reconstructed, then one will be able 
to measure directly ya unambiguously, and the above problems 
disappear. 

The asymmetry ATE >n Z" production can be derived in 
a similar manner. For example, for Z° —> e +e~ one computes 
Arn for one of the leptons. In this eaae, the rapidity of the -7° 
is directly measured in tbe laboratory by measuring the four* 
momentum of the t*t~ system. Explicit formula* have been 
computed by LRR, and many graphs of AFBIV) for various 
gauge bosons can be found there. 

From the discussion above, it is clear that the measurement 
of the electric charge of the lepton is of extreme importance to 
the program of measuring asymmetries. For example, it is easy 
to show that: 

ArB(pp^W) + AFB[pp^W-)^0 (2.20) 

so that without a sign measurement, AFB would vanish in pff 
Bc-ittering. [n pp scattering, there would be an observable asym­
metry even if elect/ic charge was not measured. Such an asym­
metry would test the relative strength of the W or Z to u and d 
quarks, but would be insensitive to the helicity structure of the 
gauge boson couplings. 

2. Global Asymmetries. For completeness, we mention some 
global asymmetries considered by LRR. These have the virtue 
that fewer events are required in order to see an effect. The 
average -Hut-back asymmetry [Ayg) is obtained by integrating 
the numerator aud denominator of eq. 2.17 over j ^ - . It is non­
zero in pp scattering but is exactly tero for pp scattering (as there 
is no preferred direction). In pp scattering, a useful asymmetry 

Ac. {£,>)-jEt-) 
(£„) + <£,-) (2.21) 

where (Et) is the average lepton energy measured in tbe labora­
tory. Graphs of (£,•! for various new gauge bosons have been 
computed by LRR. Note that CP invuiance implies that in pp~ 
scattering, AE = 0. 

D. Polarised Beams 
In the previous section, we presented the study of asymme­

tries as one method for gaining information on the nature of the 
couplings of new W't and Ft to fermioni. However, this tech­
nique can only provide partial information; for example, it can-
cot distinguish WL and WR. One method for obtaining a more 
complete description of the underlying couplings is to study new 
W and Z prod/ction from potarised beams. 

The literature contains a number of studies on the power 
of polarised beams 3' in analysing tbe properties of Che IV (83) 
and Z(M) . M These techniques can be generalised in a straight­
forward manner to encompass aew W and Z production at the 
SSC. However, such work has sot yet been performed. It was 
a deliberate decision of tbe New WjZ Physics Subgroup to re­
frain from considering in detail implications of polarised beams 
to new W and Z physics. It is dear that polarised beams pro­
vide a very useful tool for investigating details of new W and Z 
couplings to fermioni. We believe that it is more appropriate 
to perform a careful and complete analysis on the polarisation 
effects for new W and Z production rather than to take the cur­
sory approach which would have been necessary at Snowmaa*. 
Furthermore, it is clear that polarisation phenomena would be at 
best a feature of second generation experiments at the SSC. At 
present, we are aware of no real'itic studies as to the feasibility 
of polarised beams at the SSC. Hence, we felt that a theoretical 
analysis of polarisation phenomena could be postponed in favor 
of the topics discussed in Sections 3 and 4. 

Before leaving this topic, a few comments are appropri­
ate. In the study or hard scattering with polarised beams, one 
needs to know the spin-dependent structure functions."•*' Here 
our experimental knowledge is not as precise (as compared to 
the determination of the unpolarised structure functions) since 
the data on polarised leptoproduction is limited.3 9 Neverthe­
less, there have been attempts to provide a reasonable set of 
spin-dependent structure functions. (A recsut analysts which 
obtains spin-dependent structure functions by direct resolution 
of the spin-dependent Altarelli-Parisi equations has been given 
by Chiappetta and Soffer.*5) 

It is expected that the helicity of a polarised proton is carried 
primarily by the valence quarks. Let us define ui(*)(<-l(-0) to 
be the probability of finding a positive (negative) beUcity valence 
u-quark inside a positive helicity prnton. The simplest model 
would be to say that u;(x) = S/6 <?{*), B I ( I ) = 1/6 u*(r), 
4*+[x) = 1/3 iT(i), and di(x) = 2/3 (P(i) on the basis of 'he 
spin composition of the quark content of the $17(6) wavefuac-
tion of a positive helicity proton. Carlitt and Kaur4 1 presented a 
more sophisticated model based on tbe idea that valence quarks 
carry the proton belieity only at large values of z. They pro­
posed; 

••(«) = j-4-011 +/WI - |d(t)/(«) (2.22o) 

st+(*) = j d ( r ) | l - I / ( r ) | (2224) 
«_(*) = u(r) - u.?(») (2.22e) 
d_(x) = d ( x ) - d t ( i ) (2.22-f) 
/[t) = [l + B0z-,'\i-zf\-, (2.228) 

and /To = O.OS2 has been adjusted so that the Bjorken sum rule 
is satisfied. Note that as x —> 0, u+(x) = u-(r) = 1/2 u(z) 
and J+(x) =-= <f_(i) = 1/2 <f(i). As r — 1, we approach the 
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SV{6) limit previously mentioned, if la addition. • * Impose the 
£1/(6) inspired fetation, i* » J/2 «*- One convenient future oi 
eqa. JJ2i» that l i e EHL<Jitntclti»liihet!oB»B>»yl>*iii»eHtd 
to obtain spin-dependent structure Junctions which w e sensible 
forSSCphireic*. 

The above dlseuarioti suggests that pohrited beame win be 
of little interest far processes which result faun the tcattermg of 
smaU-c and/or non-valence partons. However, this ia certainly 
not tbe case in the production of (sufficiently heavy) sew Wt 
and Z'o- Let <•++ denote the total cross section far p+p+ - • If 
where the protons are polarised as Indicated, Is pp" scatter­
ing, gauge bosons are produced by the scattering of two valence 
quarks so polarisation effects (e.g. c > C++ for rVj) can be 
significant. Furthermore, in pp" scattering, W* production cross 
sections are equal, so tbat one need not meuure the sign of the 
outgoing lepton to see such effects. In pp scattering, one valence 
quark is involved in the scattering and effects due to polarisa­
tion are stilt visible. Here t ie situation tl more complicated and 
sign information can be important. Fbr example, we find that 
for W*, a > »++ but the reverse is true for W£. (Ibr WR, 
reverse the sign of all inequalities above.) We emphasise that 
effects can be large witn e>—/*++ of order 3ve for I00SS po­
larised beams. Careful computation* are required in the case 
of partial polarisation. Other interesting Observable* have been 
studied in the literature. J M e One needs to develop this further, 
and determine which observables are beet in order to untangle 
unknown new W and Z couplings. 

S. Experimental Issues Related t o the Physics 
or New W e and Z's at the SBO 

[This section was written by S. Aronson and B, G, Pope) 
A. Prelude 

New W and Z gauge bosons were taken to be detectable via 
two generic decays: 

IV*, 2 * - . j e t s , (3.1) 

and 

W*, 2 ° - » l e p t o u , (3.2) 

e.g 

IV* - • **/»; Z° - l*C (3.3) 

where AT is a (heavy) neutral leptun. 
The experience vt SppS with jet decays of heavy states has 

so far been less than encouraging for this line of attack. Conse­
quently we left this topic for hardier s o u and focussed on the 
leptonic decays. In this case, high-pr leptons (plus missing pr) 
have been spectacular successful tools at SppS. 

In the present esse, however, where'one expects to took for 
heavy gauge bosons at masses & 10 TeV, we considered the 
problem of identifying and measuring fifs and rt with pr in 
excess »f 1 l eV. In the next section we espter* the consequent* 
of utiug conventional techniques for studying these very stiff 
leptona. 
B. Detecting and Measuring Lepions 
1. Electrons, Electron identification will rely prhsarily on Bne-
gralned cslorimetry; magnetic aitalysis wlU enhance the identi­
fication ( £ vs. p) and of course will provide the desired sign 
determination. Deilgn studies for the DO detector4' and similar 

devices hive shown that the calorimeter should iiave good lon­
gitudinal segmentation (for e/hadron discrimination) and good 
traiiMe»es*gnM0iatK>n(foriejectic«M7-badroiiiwertaps). As 
u examplr, tto has about SO/MO chau^tfcalcf imetiysur-
rounding a very compaet (0.T m radios, no magnet) inner track­
ing system. A aSmOariy fine-frained calorimeter aamnodbg 
an adequate magnetic tracking system (see below) might easily 
have an order of magnitude mom channels. 

Other devices, such as transition radiation or synchrotron 
radiation detectors might also enhance the electron identifica­
tion; the** could be interspersed among the tracking chambeu. 

At for the magnetic tracking system, we relied on a PSSC" 
study to guide our estimates. Figure 3, from the PSSC 
tnary report indicates the field integral needed in conjunction 
with a large but conventional drift chamber. Assuming that a 
reliable tigs determination ia equivalent to a SMS momentum 
measurement, a l.» T, 3.S m radios magnet b seen to be re­
quired to reach the several - TeV range of interest. While a 
more sophisticated chamber might improve on the assumed 200 
ion resolution, it should be noted that using B va. p as an 
electmnideoOficatiot!tc^probabryi^TiiresaDettertlian3056 
momentum meswrsment. 

2. Maons. The conventional approach features a hadren mfe. 
torber /sffoved by magnetic analysis. Tracking before the ab­
sorber is also very important. At least, this front tracking can 
locate the event vertex which is very helpful in muon trigger­
ing if tbe source Is of finite extent. At best the ^-candidate 
can be seen In the frost tracker and its momentum matched to 
tbat in the rear. Muon backgrounds result from hadron punch 
through and from * or K decay. The tenser is addressed with 
a very thick absorber (CO baa £ 10A everywhere) and external 
magnetic analysis. Tbe latter can be bandied by having a eery 
compact apac* ahead of the absorber (in direct conflict with the 
good tracking reeded for electros!) and/or by teeing the decay 
kink (which would probably require a precision vertex chamber). 

C. How Well Can One Measure the Width of a New £<>? 

The following analysis is presented courtesy of Tern 
O'Halloran. Suppose we measure the mass of the new 1° from 
its e + e~ decay. If we denote by 9 the opening angle of the t*t~ 
pair, then we bsve (approximately, for small S) JHf * EiBrf*. 
Thus, only electron energies are required and these can be mea­
sured quite accurately at high energies. The expected measure­
ment error in the mats it then: 

*-ii(«v(#) ,«(r)r«-' 
The error in the energy measurement in the calorimeter takes 
the formi 

A £ ft 
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Fig. 3. The momentum resolution for various 
magnetic spectrometer parameters. R is the 
chamber radius, the magnetic field is taken to 
be 1.5 T, the spaciil resolution is ZOO o and 150 
samples are assumed. The arrows represent the 
range of maximum lepton momenta possible at 
i/S - 40 TeV from the decay cf a new W. This 
figure is taken from Iltf. 44. 

For sufficiently high energy electrons, tbe b/t/E term becomes 
negligible and tbe constant term dominates. With present tech­
niques, thj best we can imagine is to have a a 0.01. Now, A6/6 
depends on the geometry of the detector and is ha.d to estimate. 
Let us assume that ( £ £ , / £ , ) > + ( A £ j / £ i ) 3 « 4(Afl/0)», i.e. 
the detector is designed to match the energy and angular errors 
(there is sot much tense in doing better). We conclude that: 

Mz a 0.01 (3.6) 

This is to be compared with the expected Z° width; typically 
Tg/Mz " 0.03. This indicates that with a sufficiently large data 
•ample, It ihould be possible ta measure the new Z° mass with 
a resolution smaller than its natural width at the SSC. 

D. Schematic Detector for Both e and p 
Figure 4 shows a combined-function iepton detector, it is a 

deep, fine grained calorimeter/absorber with magnetic tracking 
fore and aft. AKuoogh it is shown a* a detector 'arm* of modest 
solid angle, tbe reader may imagine a more hermetic device built 
along tbe tame line*. The gargantuan scope of tbe resulting 
detector raises some immediate questions: 
I. Does one need laic capability over 4r7 The answer to this 
question may have more to do with the rest ol tbe evert than 
with the e's and *i*». For example, In the decay tv£ — t+N, 
tbe N may behave in a neutrino-like way (i.e. appear at missing 
pr in a hermetic detector) or it nay decay to visible products 
at tbe primary or a secondary vertex. More theoretics] study of 
S decays may help establish the effect of unstable S't cu the 
signatures, but it may be that microvertex detectors are more 
important than 4c coverage. 

If the answer to question 1 Is yes, a Super L3* (20 m x 
20 m x 10 m) is the result or this conventional attack on t ie 
problem. 

C1L./AB5. 

0 5 10 
* •• m e w * luut 

Fig. 4 A schematic SSC detector 
for detecting electrons and mucus. 

1, Does one need full t and ji capability? If, for example, one 
were to drop the requirement of sign determination on the elec­
trons, one might scrape by with a standard £3, instead ot the Su­
per L3 mentioned above. Other such modest fall-back positions 
might suggest themselves u other requirements are relaxed. 
3. Can one measure the decay asymmetry? Gollin" has recently 
considered the possibility of measuring front-back asymmetries 
for a new Z° decaying into n*n~. Be performed a Monte Carlo 
simulation of a 2500 ton muon spectrometer. Bis conclusions 
are that a reasonable measurement of Apg can be made for a 
new Z" of mass 1 Te*' in one year of data taking at the SSC. 
4. Can one distinguish Wj, from vVj? The energy and angular 
distributions expected from the electron decay of a WR are tbe 
same as that expected from a WL. However, there have been 
suggestions that the two-step process 

IV _ ,{it , _ e t-p (3.7) 

might distinguish WL from Wj} in the electron energy distribu­
tion. In order to identify t't a microvertex detector would be 
essential, but even then the measurement would be extremely 
difficult. OLbsr decay modes of the r (e.g. r —* w or p + v) 
may provide a better means of identifying the r. Further work 
is required to determine how high an efficiency for '-detection 
can be attained at the SSC. 

5. What other physics can be done with this detector? Although 
motivated by searches for heavy gauge bosons, tbe detectors 
imagined here (surely all in the S 100 M class) are likely to 
have other physics potentialities. More communication with the 
other physics groups would have helped answer this question. 
It is clear that any real device (especially of thu scope) would 
have to attack a very broad range of questions in tbe multi-TeV 
range to justify itself. 

A. The Physics of New W'» and Z't 
at the SSC - Theoretical Israel 

In this section, we summarise the theoretical work of the 
New. W/Z Physics Subgroup. 
A. Discovery Limits Revisited 

Tbe potential discovery limits for new K"s and Z't were 
considered both for the case of pp collisions (at \/i = 40 TeV) 
and for two proposed versions of the cp option at the SSC. We 
discuss the latter case first. 

Two options for ep collisions at the SSC were studied.4* The 
first was a low energy option - 30 GeV electrons colliding with 
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SO TeV protons. Lumioositlei greater than. 1 0 " a n " ' see"* are 
conceivable and electron polarisation o p to about HW aeema 
plausible. Tbe ep option subgroup determined that audi an tyi 
collider at tbe SSC was feasible. The ascend optica considered 
W Ml«GeVefcctro iuco lI id iBKir i th»T«Vpro«o>i» . T h e e * 
option mbgroap WMunable t o t o n » u p wKb afeailMe design for 
tbii higher energy facility. The theoretical laroee relevant for ep 
colliders (including sew W/2 phyatca) were eoaildered in detail 
by Gunfen. 4 7 Further analysis baa alas been provided by Gunion 
and Kayier.** Here, we briefly summariie their conclusions. 

ID ep collisions, one ca» hope to detect a new heavy WR 

boson by observing evidence of ita virtual exchange aa shown in 
Fig. 5. There are three tnaic methods to ate evident* of a new 
WR: (a% detect a rate enhancement beyond that expected by the 
Standard Model process e"p - • v + X via tr*(M) exchange; (b) 
detect evidence of a right-handed current by ttudyisg the rate 
for Ihe charged current process aa a function rf electron polar­
isation; and (c) detect tbe decay of a new neutral heavy lepton 
JV. The advantage of the low energy ep option la that aubatantial 
electron polarisation n a y be possible which can greatly enhance 
tbe signal over tbe huge background coming from virtual tV(83) 
exchange. 

N 

Fig. S. feyoman diagram for efectro-
production of a neutral heavy lepton 
via the exchange of a WR gauge bo-
eon. 

In general, tbe rata for the charged current process vis W(S3) 
exchange will dominate the exchange of aome new heavy W 
due to propagator effrcte.' Tola suggests that H will be nec­
essary to make a atrong <f cut (e.g. only accept events with 
tfi. I ft W B - „ ) In order to reduce the large background.*1 An 
example of the effects of the Q 1 cute ia provided In Table 4 , 
(calculation! courtesy of J. F. Cunion and B. Kayser). Note in 
particular that although tbe sjgnaMo-noise i* far better for the 
higher energy electron beam, one obta in tnbttaatlal Improve­
ment at tbe tower energy machine if a polaliied electron beam 
!s used, assuming that the new heavy rV ia right-banded. The 
coschieion here ia that for both ep option* cotntidered, » new 
heavy W R with mass 1.6 TeV is sear the detection limit. This 
is substantially tea than tbe discovery Bmlte of sew rV'a and 
Z't at hadrtw-badroo collider* with v f ^ U TeV. Therefore, it 
aeema clear that hadrun-harfron collider* are the meet suitable 
fc, study new WjZ physics. 

3SaMe* 
(a) Miv, =>1.6TaV Number of events 

B, Foleriiatlon Q% tp — tS tp-n>X *p-*HX 

» BOB* CkSO 100 ISO 10 
SO * 0 X s £ 0.50 SO 20 
140 Bone 3.56 CO SO IS 

(b) M r s - 1 * TeV Number of events 

B, Polarisation «jj «p-»eJF tp-*t>X ep-*tiX 

30 Bene 0.50 200 S00 40 
M0 none AW 1000 MOO 550 

T a b l e * : Calculation of the number of charged and neutral car-
rent event! at an e~p collider assuming aa integrated luminosity 
of 10'° cm*'. The energy of the electron beam it E, (in GeV 
units) sad the energy ol the proton beam Is 20 TeV. Tbe pro­
teases ep -• tX and ep -• vX occur via 'he Standard Modal 
mechanism, whereat ep -» NX involves the exchange of a Wg 
boson (two postSbJe masses a n considered). We apply a <f* 
cut; keeping only those events with tj* > < $ (Gj ia given in 
units of TeV 1 ) , Tbe n u m b e r s events passing the cut are listed 
above. In one ease above, we exhibit the effect! of having an 
80% right-handed polarised electron beam on tbe charged cur­
rent processes. 

o 2 •» 6 e io 
ICM m |TeV> «,.>-

Fig. 6. Integrated single lepton spec­
trum resulting from new gauge bosons 
W * and Z° plotted vs. tbe sew gauge 
boeon maaa. The IV* is either rV£ or 
Wg. The Z° couplings t o fermione are 
Identical to those of the Z*{fH) (see Ta­
ble 2). We demand that the tingle lep-
ton satisfy p x > 50 GeV and | y | < 3. 

The discovery Emits of sew Wis and Z't at the SSC for both 
pp and pB collisions have been given by EHLQ and M R . A num­
ber of refinements to thjse calculations were made by Gunionj 
hit results a n presented in a teparata contribution.** Only new 
i f production wilt be dtottteed here, the signal consists ot an 
isolated electron arising ftam IF -» eJT. Tbe new features are 
as follow*. Frevloue cakiiiatioiu made use of the narrow width 
approximation for the W, i.e. tbe produced W wwos-ehell. It is 
a simple natter to include tne effects of the full W propagator. 
This hat an effect of substantially broadening tbe tail of Ihe 
pi-distribution of the observed electron beyond the Jaeobian 
peak pt fe Mn-jl. In addition, a s make cult on Ihe outgoing 
electron rapidity and p T by taking only events with |y| < 3 and 
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j>r £ SO GeV. Tbe rsultisg total Wat, Z croea aecliou (timet 
leptonic branching ratio) are »bowo ia Fig. *• The dominant 
background contUtt of electron* aritlng Iron virtual V (83) pro­
duction a> abown in Pica. 7 and 9> Tbl» confirm* our picvion* 
chitm that, tb» production of a new bV t* nearly background free 
and aboaM be diteevenble on the baalt of a budful of •rata. 
TbaccaclutionoftbeabonanalytbbthatlbedhKxivetyl 
obtained* by LBR (aee Table s) abouM be quite i 

where itt rapidity can bo directly detenaioed by meararing tbe 
Z° — <•*" decay. In tbif cue, tbe formula* for the frost back 
uy<-imetry can be conveniently written aa follow*. Fint define 
three function* /,(»)• I = 1,2,3 s 

,.., V(«iH*(«i>-t < f«j»*(«i ) (4.1) 

Fig. 7. Single ieptoa pr-tpectrum at 
y m 4 reauKing from tbe leptonic decay 
of a new W£ or *V̂  with maw of S TeV. 
Tbe complete reault (allowiDg for virtual 
a* well aa ml V/'a) and tbe pole appraxi-
mattos are both depicted. Alao ibown are 
•logle lepten background* Faulting from 
virtual W+(63), virtual ±T»{fl4) and Drell-
Yan production. 
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Pig. B Single leptoa pi-epectn at v = 
3. See caption to Fig. 7. Tbe pole ap­
proximation ia not abown a* it ia nearly 
Identical to tbe complete remit, is thia 

B. Afymmetrie* Rerouted 
Suppont a new W at Z H discovered at Ibe 5SC. One win 

thm attempt to baradetaflaofitacoupttagatclcnriiooa. Clearly, 
if an* mat* of tbe aew vector bewon h near tbe discovery limit* 
of Table a, Itea there will not be tnOdent etatiatict to deter­
mine tbe vector boaea coapunge. Than, it to useful to eatimate 
tbe maxtmam value of tbe man of a new vector taeon for which 
detailed information regarding it* propertie* can be extracted. 

Aa aa example of Ibe kind of asalyalt w« envlaioaedi Deah-
pasde, et al.M eojnidered the front-back (y dependent) aaym-
metry Introduced by VSR which we bave diacuued in Section 
IC. We focuued on the production o( a new neutral 2 D boeon, 

Mil' 
^(«i)J g («l l-« M t».U < ' t«, | 

where 

M n ~ . » | r 1 ) t ' ! i , ) 4 « « ( i , K ( f l ] 

«l = Afe*» 
*, = Afe«-» 

(«) 

(4.3) 

(4.4«) 

and q*[*\ a the probability of Hading quark q in hadron A at 
momentum fnction a and at an eaeigy acale Q « Mi- Thate 
function* can be determined uilng EHLQ itructur* function*; 
we depict the function* for Mz = 0.S and 1.5 TeV in Fig*, 0 
and 10. Tbe front-back aeymmetry, Afg\y) I* then determined 
in term* of the function* /, (i = 1,2,3) and paramelen which 
depend on the coupling* of the Z to fermisn*: 

ArS[y) i C\afiW+PlMv)\ 
* + *l/-(k) (4.Q 

where 

C =j(£?-J»*> (4.6a) 

(4*0 

0.6 
— _ - 1 * 1 ^ • M C Ge-, 

a t 1 

0.4 
^S*2— 

S^ : 

c ) 1.0 2.0 
y 

i c i.o 

Fig. 6. Graph* of the function* ',(yj, i > 
1,2,3 (denned by eqa. 4.1 - 4.3) which are 
relevant to the calculation of asymmetriet 
in Z° - t*(~ (tee eq. 4.5). We take 
Mz = 500 GeV. 
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Fig. 10. Graphs of the function* £(y) , » = 
1,2,3 for M/ « Vi TeV. See caption to Fig. 
9. 

The couplings above are normalised, i j + JJf = 1, when X, 
is the coupling of Z to fit"ffti (with a similar definition for 
£•); and t measures the relative strength of the £uB and Zdd 
squared couplings- Thus, is principle, the quantities Co, Cfi, 
and 7 can be independently measured. We « e that this method 
can only obtain partial information on the Z*ff couplings. For 
example if the L and R type coupling are universally inter­
changed, Cor and C0 remain Uncharged to that no difference 
would be seen in the measured value of Afsiv)-

With a sufficient data sample, it ia straightforward to iso­
late the three parameters Ca, Cff and n because the functions 
ft (t = 1,2,3) are sufficiently different as shown in Figs. 0 and 
10. Note that although we have obtained Figs. 0 and 10 us­
ing EHLQ structure functions, which is an extrapolation bom 
present day data, one can presumably measure the structure 
junctions directly at the SSC thereby obtaining more reliable 
predictions for the /;. The but way to proceed then is to mea­
sure the y distribution of Z" production in bins of say, 0.5 units 
of rapidity. Since / i , is quite different from ft and / j at larger 
rapidities, the parameter t can be determined by careful mea­
surements in the region 2 < y < 3. The quantities Co and CB 
are then obtained by comparing 4?r/(y) at other values of the 
rapidity. Details of some numerically worked out examples for 
different mass values of a new hecvy Z which have different cou­
plings to the fenniosa are presented by Deshpande, ei a!., in a 
separate contribution.60 

Our conclusions are that for muses below l - i TeV, it should 
be possible to determine certain combinations of £*//couplings 
(Ca, Ofi and 1; sap eq. 4,6) with reasonable accuracy by mea­
suring the y-dependent front-back asymmetry. The precise up­
per limit for the Z" mast which allows for such » reasonable 
measurement will depend on the values oi the Zfff couplings. 
C. Decay of New WjZ't Into Tau Leptons 

In the last section, ws saw that only a limited amount of 
information on the coupling of new H"t and Z't to fermions 
can be deduced fram lb« study c^asjrronielne*. A most gluing 

example of Ibk Is the inability of diAaentiatmg tV .̂ from H^ 
by studying unpobiised p f - . IV + JT, W -» t~K where the 
signal consist* of an isolated electron v£ toe JV n undetected, 
further information could be deduced by detecting an explicit 
decay toad* of the N, although this depeads on knowing the 
mechanism of N decay (see Section 4E). Here, we shall focus 
es another method - the possibility of observing r-teptons aris­
ing from new W or Z decays."1** The key observation here ts 
that the T-decay is self-analysing. That is, by measuring the 
spectrum of r-decay products, one obtains information on the 
emitted r polarisation. This la because the r decay mechanism 
is known, I.e. it decays by emission of a virtual W(SZ) (Wi­
ry pe) giiuge boson. This in turn can clarify the properties of the 
new IV and/or Z which decays Into the observed r. 

The major decay modes of the r are: pv, {Bit = 22%), nv, 
{BR = 10%), tvtv, {BR = i n ) , and p a w {BR = »»)-*» 
The signal for W - . i JV, r -tt/v'w similar to that of W -»lNt 

ijt. an isolated (spton t = e or fi is observed. Bowever the pr~ 
spectrum of the observed lepton arising from r decay (i.e. the 
indirect lepton) is quite different from the direct lepton. Fust, 
the indirect lepton tends to come out at smaller py substantially 
below the Jacobian peak. Second, the pj—distribution of the in­
direct leptons can uiatiugulsn between Wi and Wg. But, there 
are major problems with aa attempt to detect r-leptoaa through 
its leptonk decay. As shown by Guoion and Haher,5 1 the spec­
trum of indirect leptons (f»m r-decays) is buried underneath 
the spectrum of direct leptons for n * 0.2 Mw as shown in 
Fig. Jl. For the distributions at y m 0, this occurs as a result 
of the prominent Jacoblu peak la the direct lepton spectrum. 
Such a feature persists far oon-ttro y. Furthermore, for smaller 
values of PJ>, the cress sections for both direct and indirect lep­
tons from a new heavy W lie below the distribution of electrons 
which results from the decay of a virtual iC(83). Precision ver­
tex detection is unlikely to Improve the situation. For highly 
energetic r's, It wtU be extremely difficult to identify the kink in 
the observed track which would Indicate a ane-cnarged-prcng 
decay. 

Hence, we consider the non-leptonic decays of the r, fo­
cussing on t -» Wir and t -» pp. These are also one-charged-
prang decays and so are unlikely to be found via vertex detec­
tion. However, the signal of * highly energetic isolated r or p 
in an otherwise qttiet event makes such a signature viable. The 
t would be differentiated from the r by detecting the photons 
from the decay f* -* #***, *• -» 77. We shall proceed as if 
the detection of isolated *'e and p't w 100% efficient. Clearly 
this will nc t he the case; further study is required to determine 
how feasible this approach can be. 

In order to derive the spectrum of outgoing **s and p'e aris­
ing from the sequential decay W -> TJV, T - » ( « or p) + c, we 
use an equation analogous to eq. 2.B. We therefore need to 
compute" dejdEdmti for the process «fy - • Wgj, ~* a + X 
(in the qq center-of-mass frame) where a = * or p arises from 
W/j j , -< rJV, T -* a + v. It tuns out that this quantity is pro­
portional to the differential decay rate for helicity A = ±1/2 r's, 
dC/dSf, computed in the same coordinate frame (i.e. the tV 
net frame where the r is moving). We present here a derivation 
of this decay rate,-" the reader who wishes to skip the details 
may immediately proceed to the final result given in eq. 4.14. 
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Fig. 11. Single e + pi-apectre, it y/i m 40 
TeVfrom the decay of a charged vector bo-
«oo. We ahow distribution* of «* from di­
rect decays IV -* <JV and from tbe sequtn-
tial decay W* — t*-> t*. Tbe curve* cor­
respond to (a) »/+(1000) -* e+; (6) rV+(8S) -
e+j (e) Wi(lOOO) - r + -> e+; (<*) tr>(IO0O) -
r+ -» e+; and {*) » + ( » ) - • r+ -• e*. Tbe 
man of the new sV is taken H be 1 T«V. 

We begin by noting that in the rest frame of the r, tbe four-
momentum of particle e is given by: 

(4.7) 

where 9 is tbe angle of particle a with respect to tbe incoming 
quart. We now consider the decay T -• a+v in the of rest frame, 
where tbe r is moving with velocity v which ii nearly the speed 
of light (i.e. •/> > m t > where t ia the squared eenter-of-jnass 
energy for tbe scattering process). Denoting 7 •» (I - v , ) _ , ' a > 
1, the energy B, of partielel a, in tbe 4? rest frame i»: 

^ , o ; i ^ c o e ? j + m ; » » t 0 (4.8) 

In the same frame, the energy of the f ia JF,» Km, to that tbe 
energy fraction is given by 

with befidty X « - l / » (A • +1/X). ID either case. 

where (? ia the angle between tbe npin vector and the p-momentum. 
(Note tbal by boosting the r along the direction of its spin, we 
can relate the angle t to tbe p energy fraction x as given by eq. 
4.9) Plugging eq, 4.11 Into eq. 4.10 and Integrating over tbe 
energy of lie f, using up tbe 6-fanetion, we obtain 

4T B,T, |m;cor'J + 2m*iia , j , A = +§ 
dcosff = m> + !mj * |m;ain*\ + fcnjees* { , A = -J 

where Bt 3 BR(t -»pvj and 

V . ' " is* t̂i»,y 
»(m»-m;)v;+»tii;) 

(4.K) 

(4-13) 

(Note that gf has units of mass squared; its value can be deduced 
from the experimental value of BJTr) Finally, using eq. 4.9 we 
may convert the dT/dcoft given in eq. 4.12 into the differential 
t decay rate aT/d£, in tbe f$ center-of-mats frame. The result 

(S). rwl / M A M 'Vs(rt.J-iaj)'(mf + 2m») 

,|mf|inj + «(mj-2m»)|, 
\2n»»(fnJ-m*) + ( l - j K '(mj-jmj), A = -J 

(4.14) 
where, in tbe oj rest frame, z = tBf/y/i, in the approximation 
that m, « <ji. From oq. 4.8, we see that TOJ/BC < * < 
1. Equation 4.14 illustrates the general result that tbe energy 
distribution of the final state p reflects the polarisation of (he r 
which ia turn reveals the nature of the WNt coupling. 

The precise formula for dv,dEdcm9 (in the tf ceuter-of-
ma« frame) for t£w process o,-?j-— (f^j, — T_ff, t~ —p~ + v 
is derived in a separate contribution to these proceedings.51 We 
quote the final result (valid for m, «-/ i): 

B, ml V " ? / 2 dVcosff, 4ft.|(m*r - . ) ' + r^m*,) T, ^ J „ . 

Thin, if we compute the decay angular distribution of particle a 
in the rest frame of tbe r, we will know using eq. 4.9 tbe energy 
distribution dT/dB, of particle a in the 4J ctnter-of-mass frame-

To compute the decay rate for T -» p*>, we may take tbe ipv 
coupling to be given by (Of t>A^)V(l - T») »• suggested by 
vector meson dominance. A straightforward computation leads 
to: 

**n,-3Sl**-*-*+'# 

(41S) 
when «, is the angle between the p and the incident quark di­
rection. We have assumed that both tbe fP«ty and tbe WNT 
vertical are either both pure V—A or pure V+JL The; angular 
distribution cannot distinguish between these two cases. 

The above computation can be repeated for r -• «v. Using a 
r*v vertex of (Of/</5)/ f ^{l-ls)*?, we find that all the results 
derived above are Identical witi\ the replacement m, -» m, and 
t,/riif -» /,. It Li a good sppnacimation to lake m, = 0; then 
eq. 4.14 reads 

(4.10) 

where A, and p, are tbe four-tnomenU of the p and 1 and «, 
isthespinfonr-vectorof tbe r. In U>£ limit where rn, < Tn»-, 
the v emitted from atfx(Wjt) win be purely left (light) banded 

(-«;)„. 4B.T. { . : ; . A = + i 
A = - J (4.16) 

This result bat a simple physical interpretation. The v - is 
either left or right-handed depending on whether it came font 
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* i or f « - But to* v, it always (eft-handed. Tbst, because the 
«• ia spiniest, conservation of angular momentum imfSes thai 
* is emitted preferentially "iforward" in the ess* of Wg decay 
and 'backward* in the case of !*£ decay. Tab if illustrated is 
Pig. 12. ID the fld ceat«r-of-mia* frame, thlf corresponds to 
an energy spectrum of the * which ia harder (peaked at i = 
1) in Wg decay and lofter (peaked »t t = 0) In rV4 decay. 
Toe arguments above bave been made {or a r" emitted from a 
negatively charged W. Wt can repeat the argument! for the can 
of the sequential decay W* -* f * — «* (or * • ) , T i e resulting 
energy distributions (eq. 4.14 and 4.16) are exactly the aame. 
This can be checked by applying helidty arguments aimi'ar to 
the ones we have jmt made. Therefore, ene need not measure 
the cAtuge of the final ttott T or p in order to fee a difference 
bttuetn WL and WR. 

* i -e- t i ^ 
SfW 

i ^ 
ir* >*»T 

(Si tw 4'Ml.AI 

Fig. 12. SchematieviewoftaeiequeutialdecaylTiji-tr.fr', r-» 
*i/ f . The arrows above the f and v, denote belieity. The f, is 
always left-handed] the r aettcity depends cm the nature of the 
If as shows. Angular momentum conservation demands that 
the configurations shows above are the ones favored. 

Before using these results, it la interesting to apply the phys­
ical interpretation just discussed to the case of sequential W -> 
T — p decay. We have noted the dole relation between the T and 
f formulas (eqs. 4.14 and 4.16). In particular, setting mf = 0 in 
eq. 4.14 leads to a result identical in structure to the * formula 
(eq. 4.16). Based on the analysis just discussed, this must imply 
thai in the limit of m, — 0, longitudinal p's dominate. This is 
correct as can be observed from eq, 4.12. Using 

r ( r - (± l /2 ) - p-W + •*) « H ^ i + 1 / 8 ( # ) | * (4.17) 

(since the v, necessarily hat helicity -1/2), tee immediately see 
from eq. 4.12 that the dV-y rate for heUciry -1 <•"» » propor­
tional to in*. Thus, in the limit m, -» 0, only the teBcity s e n 
p't survive as claimed above (we cannot produce A =e +1 *•» doe 
to angular momentum conservation). This may appear peculiar 
since we are used to thinking that maselese vector particles are 
purely tranaveroe. However, one must recall that a theory of 
massive vector bosons does not necessarily have a smooth limit 
to the nassless theory. The longitudinal polarisation vector for 
the p is approximately t* w Af/m; ( M m, -»0) . The matrix 
element for r" —• p~v, la ittf where jp = tVr"[(l - 7»)/2H-
The vAf -t 0 limit is not smooth as long as Kgj,, # 0 which is 
the case here." Thus, instead of decoupling, the longitudinal p't 
dominate In this limit at we have observed above, 

We may insert eq. 4,15 Into eq, 2.8 to obtain the predicted 
spectrum of p*» (and **») from sequential W -*iN decay. A 
number of distributions have been given by Gunion and Haberin 
a separate contribution to the proceedings.1* 1MB provide tome 
additional results here in Figs. 13 and 14. 

ftr-
1.IO- 1 0 

% 
tier" 
•8 

ZH 
—i • i 

^jfl, vJ>40TeV 
3 \ nv'SSTeV -

^ -

2 4 6 
411 >Vt 

Fig. 13. Single t * py-epectra at , /» = 
40 TeV from the sequential decay W* — 
t* -« » + . The W mass I* taken to be 
3.S TeV. We show Attributions far Wt 

and V/c for two fixed values of rapidity, 
y s O a n d 2. 
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Fig. 14. Single »* pr-»peetra at -y/i = 40 
TeV bom the sequential decay W* — r* -» 
ir + . We have nptotted Pig. 13 on a linear 
scale in order to focns on the pr-region below 
2 TeV. 

Aa in the case of asymmetries discussed ia the previous sec­
tion, the minimum amount of data needed to discover a new W 
or Z is not sufficient to obtain Information regarding its cou­
plings. One could then ask-what is the heaviest charged If for 
which the observation of the sequential decay W — i — m can 
distinguish between Wt and Wgt Gunion and Haber made an 
initial estimate and concluded that, assuming 100% efficiency 
for detection of pione, new W masses up to about 3.S TeV allow 
for separation of W& from Wg. A more realUitic number awaits 
'urther experimental input as te the f detection efficiency. 

One can imagine looking for three prong decays of the r. In 
this ease, precision vertex detection could be of use if the three 
charged tracks can be individually 3denti6ed. Finally, we note 
that the discussion above can also be applied to Z decays. Here, 
because the process of interest Is 2 * -» f + T ~ followed by two 
T-decays, the formalism ia more Involved and needs to be more 
fully developed. 
0 . Horisontal Gauge Bosons at the SSC 

One can consider gauge bosons which are not simply clones 
of the W{63) and the Z(94). in this section, we will examine 
thefwssibiUtyofc4>Krvinghc4isonta]gaugebc«(>nsattheSSC. 
Unlike the rV(S3), Z(S4) and the new F/'s and Jf"* considered 
thus far, horitontal gauge bosons do not couple universally to 
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Ibe different generation! of tensions. For example, one can con­
struct a model of boritontal symmetries, i.e, aymmetriss which 
relate fermions of different generations. 3 1 , M By paging lucb a 
symmetry,, one obtain! horiiontal gauge boioni. Such a theory 
represents one attempt to explain the replication of feneration!. 

If such a scenario actually OCCUR, then a crucial parameter 
of the model is the man Kale which characterises the horizontal 
symmetry breaking. A lower bound to luch a mass scale can be 
obtained by considering current experimental limits on flavor-
changing neutral current! (FCNC'i). If horisontal gauge boaoni, 
Vjj, existed one would expect auch bosons to mediate flavor-
changing transition!. The nonobiervation of certain FCNCs is 
then interpreted at a lower bound on the mate of Vg. Two strin­
gent examples mentioned in Section ID are the Booobservation 
of Ki —» pt and if* — »*fie. Such processes conld occur if 
VgdS and VgiH vertices existed in the theory. One typically 
Ends" that MB £ S - 100 TeV depending oo which FCNC re­
action is used. This limit, however, depends on setting unknown 
mixing angles to unity and taking the borisoatal and weak gauge 
couplings to be equal. Clearly, there is room to maneuver here -
the horizontal bosons could be fairly light if appropriate mixing 
angles are small. 

We may then consider the possibility of actual production 
and detection of Vg at the SSC. Roughly, one might expect to 
be sensitive to such boons up to 10 TeV (similar to the case 
of a new IV). Suppose a horizontal boson exists which cou­
ples both to dS and «(i. Then, one could produce such bosons 
by the Drell-Yin process - annihilating 43 to produce a physi­
cal Vg which subsequeatially can decay into tfi, The production 
cross sections arc similar to that oi new W production (since the 
probability of Ending J" or fl in the proton is similar). Albright, 
et.al. have obtained some predictions for Vg production cross 
section! baaed en various assumptions on the Vg mass and cou­
plings. Details are presented in a separate contribution to these 
proceedings.4* The process dS -t eft would be quite spectacular: 
a very quiet event except for a highly energetic back-to-back 
eu pair. Clearly, such a signal would be nearly background free 
and one could claim evidence of new physics based on a handful 
of events. 

However, the example we have chosen (rff -• fie) is not the 
appropriate one. Given that the rare X-decays previously men­
tioned have not been observed, we know that a Vg which couples 
to both <fJ and lit must either be extremely heavy (it 20 TeV) or 
very weakly coupled. In the former case, the SSC energy is not 
large enough to produce such a Vg. In the latter case, the VB 

can be produced, but due to the weak couplings, the production 
cross-section for Vg it too small. Either way, such a Vg cannot 
be seen at the SSC. These dismal conclusion! have been reached 
solely because the FCNC constraints in JT-decay are so severe. 
This is no longer the case in other systems. For example, very 
few restrictions are known regarding the transitions: 

Cfl - • fie, re, *ft (4.1Ba) 
di - • fir, er (4.18s) 

If one takes the attitude that the non-existence of dl — eyi need 
not affect all other possible FCNC's, then one has the possibility 
ol finding much lighter horizontal gauge bosons than previously 
envisioned. It Is not entirely unreasonable that the third gener­
ation may be special (compared to the first two) in some way, 
allowing for the possibility that FCNC's involving at least one 

third generation fermion could be substantially less suppressed 
than other FCNC's. Looking over the list in eq. 4.18, the r-
kpton prominently stands out. Thus, efficient detection of i-
leplons is highly desirable. In tbe previous section, we saw that 
one advantage of r-lepton detection is that it can provide infor­
mation on the vector boson couplings. In the present context, a 
further advantage is revealed. Tht r-lesion may provide a am-
• W to new f>Ayiict tcyor.4 the Standard Moid. Once again, the 
signature ol Vg production via the processes listed in eq. 4.1S 
is quite clean, and only a few events are needed to signal same-
thing new. Discovery limits for borisontal gauge boson* found 
by Albright, et al., a n presented to Table 5. In obtaining these 
numbers, all unknown mixing angles have been set to unity. The 
unknown horizontal gauge boson coupling ag = fg/4w has been 
set to either 1,0.1 or ojy = S»/4»- These assumptions are quite 
arbitrary so the results in Table 5 should be considered only as 
illustrative. 

T a b l e * 
Process Discovery Limit 

ag =s 1.0 ag = 0.1 ag -= au­
di"+ti f - .e- f< + 33 IS tl 
do + i * r - . e - r + 25 12 0 
s6 + e f - » f r r + 16 7 5 
tt3 + tl + ut + cT 30 17 12 

-> e~ft+ + fi"r + 

TMile 5 : Discovery Limits of Horisootal Gauge Boson masses 
at the SSC with y/i = 40 TeV and £ = 10** em"' ntr1. 
All muses are given in TeV. The horixontal gauge boson cou­
pling is chosen to have one of three poesible values, where an- = 
a/ sin 1 Sw w 0.03). Unknown mixing angles have been set equal 
to unity. The criterion for discovery is the observation of five 
events in one year (10 7 sec) of running. 

Therefore, tbe SSC will significantly extend the lower limits 
for tbe masses of hypothesised horizontal gauge bosons, or equiv-
alently will be able to set more stringent limits on FCNC transi­
tions such as those listed in eq. (4.18). Such limits can comple­
ment other techniques which may be used at tbe SSC to study 
the possible existence of FCNC. Fot example, due to large num­
ber of 6-quarks expected at the SSC*" (approximately 10 1 3 per 
year will be produced for a machine with £ = 10" e m _ 3 « c _ 1 ) , 
one can search for rare decays of the B°-mesoD. Thus, the tran­
sition Id -< fit might be detected either by a rare BP decay 
or by the production of a horisootal gauge boson. To compare 
tbe sensitivity of both processes, we may make tbe following 
estimate: 

B B t B 0 - ^ ) - ^ - ^ (4.19) 
9KMVm mpr„ 

where the ratio of lifetimes is *h/*w is 5 x I0~ T . In the formula 
above, we have set the unknown borisontal gauge boson mixing 
angle to unity. As an example, if we choose f g = Jw, we would 
find from Table 5 that borisontal gauge bosons with Mi-„ & 9 
TeV can be detected directly; the corresponding sensitivity given 
fay eq. 4.10 is x?Jt(£° - fie) % HT». Whether such branching 
ratios could be detected at the SSC remains to be seen. 

As we mentioned In Section ID, other schemes exist which 
predict gauge bosons which do not couple universally to the 
generations. A model of Holdom u has inspired us to consider 
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the possibility of a gauge boion Y which prefer* to decay into 
heavy quark* or leptooa, ra into IP-pain. Aa thin I* ibo what 
one c x p ^ from a heavy Higgs scalar, tt is of interest to ccusidW 
ism a vector and a scalar particle with web propertiei could be 
distinguished. Kayatr baa considered thia problem la detail and 
I present here hit analysis verbatim. 

H the Y li produced in j>p or pp collisions via gluon fusion 
and heavy quark loops, it will tend to bave belicity A = ±1, 
rather than X a 0. Now, •uppoee Y — ff, where / It a quark 
or lepton, with a coupling of the form 

«»0/T"(«+ »'»)•'/. (4.20) 

Here «, ia tbe Y polarisation vector. Assume tbat |A(f*)| = 1, 
and that tbe Y may bave a polarisation 

_ ff(A = + l ) - f f ( A - - l ) 

Then, the angular distribution of / In the Y real frame with 
respect to the Y direction of motion in tbe lab ia 

3 j | L j *2|a|»mJ +(|.|» + |.ftf'O +cor») ( 4 K l 

- J ^ ' + a'6)int-|p Icons* . 

Here my and my are the / and Y musses, and |c"| ia the / 
momentum in the Y* T «t frame. Note that aa long a* P 1 /" 1 } 
i> not amall, tbii angular distribution it vtty different from tbe 
isotropy that would characterise a Higgs decay, 

Now suppose r*-• WW~. In principle, there an 7 possible 
couplings among three J = 1 particles. To illustrate the decay 
angular distributions which one may expect, we take the YWW 
coupling to have the tame fonn aa the Z°WW at iWW gauge 
coupling in the standard model. Assuming again that |A(!r*)| = 
1, we find for the W* distribution in the Y rest frame 

where r = mj./mjj., The coefficient of sin's* grows monoton-
ically from 3/16 at r = 4 (threshold) to infinity at r = oo. 
For, say, my = SIRS', it is already 1,34, Thus, aa In tbe decay 
to fermions, the angular distribution differs substantially from 
isotropy. 

Note that the angular distribution, eq, (4£3), does not de­
pend on the polarisation P (eq. (4.21)) of the Y. Thus, thia 
distribution should be the same aa that for t*t~ -» W*W~ via 
an s-channel 2° pole, since the unpoIarUed beams produce an 
intermediate Z" with equal amounts of J, = +1 and Jj = - l , 
and no J, = 0 (a axis m beam axis). Tbit claim is indeed correct 
an can be easily checked.*7 

E. Implications of a Right-Banded Neutrino. 
We bave indicated is Section 1A that In SU(l)i * M*(*)« x 

"7(1) models, one necessarily baa to introduce a rtgbl-banded 
neutrino field AT into tbe theory. Tbe properties of the K field 
are not well constrained; a recent discussion of tbe relevant con­
straints baa been given by Gronau, Leung and Sosner.14 b par­
ticular, these authors point out that tbe experimental Dmitt on 
the N mass and its mixing with ordinary neutrinos ai< rather 
ponr for m/t *» 1 OeV. 

Our main interest regarding the N It bow it may affect the 
observation of a new Wg whose let-took decaya ate expected to 
be WM — UT. (Of course, the K ia intererting in ita own right; 
although this would take ca beyond the aeope of this report.) If 
one amines that the S escapes all detectors aa missing energy, 
then the signature of a WK will be similar to that of the W(83). 
On the other hand, the N might decay inside tbe detector. In 
this case, there ale two possibilities depending on whether a 
separate decay vertex for the N can be detected. In either cace, 
one may no longer have a missing energy trigger to help select 
out events corresponding to new W production- Gunion and 
Kayeer" have carefully considered in a separate contribution 
various scenario* for the production of new W bosons which 
decay Into Jf in tbe cases of pp and *p coDisioot. We simply 
summarise come of tbe salient features here. 

One can estimate tbe lifetime of the IV which depends on 
a number of assumptions. For example, the IV can decay via 
virtual Ws emission or through its mixing with the ordinary 
neutrinos. Assuming that the former It the dominant mecha­
nism, we find: 

TAI a 4 x 10~"*« esw «-
This formula illustrates clearly that by adjustment of the rel­
evant parameters, a lifetime consistent with each one of three 
possible scenarios mentioned above k passible. If we again ne­
glect mixing effects, the N will decay via: 

-V, - e 1 * * jets (4.2S) 

and similarly for the N associated with other lepton flavors. 
Thee* modes have two noteworthy properties. Since N u likely 
to be a Majorana leptoc, it will decaf equally into e* and e~. 
This could be extremely distinctive, bat requires the detector 
to be able lo measure the electron charge (or the muon charge 
in Np -• ji*+ j«tt). Furthermore, the electrons themselves may 
be hard to locate if they are buried inside one of tbe hadronk 
jets (however, this is not a problem for moon*}. Second, tbe 
process given In eq. 4.25 baa the feature tbat there is no missing 
energy (aa long at the jets do not consist of heavy quarks which 
semi-IeptonicaUy decay). Thus, one will *ave to trigger on a 
class of events consisting of one isolated lepton, a second lepton, 
badroD jet* and very little missing transverse energy. Such a 
trigger t* likely to make the new tV search more complicated 
than the search for *V(83). However, tbe Isolated kpton exhibits 
a prominent Jacobian peak, and the remaining particles should 
reconstruct (roughly) to a unique mass. 

tor completeness, it is worthwhile to mention certain changes 
it the mixing of it* with ordinary neutrinos dominates its decay. 
First, tbe JV lifetime tends to be shorter, to probably no sepa­
rated vertex will be observable. Second, In addition to the decay 
modes discussed above (eq. 4.2$), there are completely leptonic 
modes which always involve at least one neutrino. Thus, In Ibis 
case, the missing transverse energy trigger may be useful to iso­
late tome of tbe W — eff events. 

*>. Dinetfona for Ftatnte bneattgaitloas 
We end this report with a Est of unanswered questions which 

we believe should be addressed in future studies of new W/Z-
physics; 
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a} Bow clean are new W/Z lignal* undtr reiliitic mperimen-
i i l conditions? For example, In the discovery of the VC(83), 
an Important feature is the detection of Isolated electrons 
« • checking that the e" energy and momentum meaaurt-
meat matched. At the 8SC, a momentum measurement 
become* increasingly difficult aa the electros momentum 
increases. Thus, it if likely that the above technique need 
to etean up tbe fF(83) •ample will sot be available tor new 
heavier W'». Tbtw, an important question, Co answer ia -
with what efficiency can one identify itohted electron* at 
the SSC (Some of these anuet ban* been conaidered by 
Cait and Bfcbten in tbete proceeding*.**) 

t) What ate tbe background* to W* — dt should tbe N 
decay be observable? We have (peculated that the aignal 
of Wjt production ia likely to remain dean even if the N 
decay products are observed. But tbi> needa to be carefully 
checked. What are the other possible aourcea for €*tr+ 
hadron Jet* plus negligible missing pr? Can one trigger 
effectively on such events at the SSC? 

c) Bow efficiently can one detect f-lepton*? b it realistic 
to detect r'a by observing isolated **• and/or pV. What 
about tbe possibility of seeing a separated vertex and iden­
tifying it as a three-prong r-decay. Could audi a signal 
be separated from charm production? 

i) Calculations of distributions in Z" -» T+T ~ need to be 
worked out. A formalism should be developed by which 
one can us* information from the distribution of r decay 
products to reconstruct the Z" couplings to fennions. 

t) The coupling of a new W to fermions can be partially ob­
tained from asymmetry studies. If in W -* eJV, the JV is 
not seen, then incomplete information exist* on the kine­
matics of each event. More work la needed to determine 
whether one can still make nse of tbe asymmetry in this 
cast, Furthermore, the analysis given in this report has 
assumed that the missing S is mantlets. One needs to in­
vestigate possible effects that may arise if the if has non-
negligible mass. How accurately can one inter the mass 
of the N if it escapes detection? V the N m seen, then 
the H decay products can provide additional dues to the 
nature of the tV coupling* (similar to the r-decay from 
W - rJV). 

/ ) In this report, we have fbcussed exclusively on leptonic 
decay* of new tV'e and Z'e. Can new gauge bosons be 
detected via their hadronic decay? Initial estimates indi­
cate that this will be very difficult (perhaps Impossible). 
Some progress, however, was mad* by tbe tV ID poup 8 ' 
which Investigated the poatibffity of detecting the IV(83) 
via Us hadrvnk jet*. Thus, the case for hadronk decay* 
of sew H"* and Z'* should be reopened ami studied more 
carefully as progress is made on tV(63) detection. 

g) All crow section estimates fur new W/Z production were 
based on the usual assumptions of the naive parton model. 
We have segiected primordial tranevene momentum of ini­
tial state parton* as well at tracftvtrte momentum due to 
QCD gluoo radiation. In addition, JT-facter* and higher 
order QCD correction* have been neglected. It is worth­
while to Investigate the effect* of some of thaw neglected 
piece*. Is particular, the transvtnt momentum spectrum 

of new W'§ and Z't need* to be carefully liken Into ac­
count, Apart from being an interesting exercise la QCD, e o 

•ueh effect* will have observable consequence* for the Iip-
lon spectra we hive computed. 

A) The implication* of polarised bedim beam* for new W/Z 
physic* need* to be fully worked out. One would Uke to 
know bow fuuy one can reconstruct W u d JTee-nplSBftto 
ferouon*byom«rvmgtbedfcKtleptc^cdeeiy*a*afunc-
tioB of tbe beam potarSsatioo. A side iatue lathe question 
of polarised «trnctnrefuntttoB». How nSabtt are the cur­
rent method* tor obtaining tbe polarised structure func­
tion* retevTSt for SSC energies? 

I would hope that these questions could serve u a darting 
point for future work on Lew W/S physic* at the SSC, at well 
as providing an agenda for a Mew W/Z working group at tbe 
next SSC workshop. 
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