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This report reflects the collective efforts of the New W/Z
Physics Subgroup. The astive members of the group included
Car] Albright, Sam Aronson, Nlendra Deshipands, Fred Gilzan,
Jack Gunion, Boward Haber, Boris Kayser, Tom O'Halloran,
Bernard Pope and George Taanakes.

Summary

1f uew heavy charged and/or nsutral gauge bosons exist with
masses below § to 10 TeV, 1hey can be observed at the 55C. In
thin repori, we summarise the work of the New W/E Pliyscs
Subgroup. The expected propettics of new bheavy gauge bosons
(such as new W' and Z'% or herisontal gauge boscns) are sum-
marized. We then discuss various signatures of these gew gauge
bosons and their implications for detector designers. Sugges-

tions for future work are indicated,
1. Introductian

A. Scope of this Report
The plan of this repert is a3 foliows. First we presest o Sec-
tion 1 a general introduction o the subject of 2ew R’ and 27
~ motivation, current mass limits, aud a brief survey of models.
In Section 2, we review the results known before the Spowmass
meeting which formed the basis for our group's work. Oz plece
of work of particular value for our group was & paper by Lan-
gacker, Robinett and Roaner!? (benceforts o be called LRR).
Many of their results are summarised in sectiop 3B and 3C. The
semainder of the report summarises the collective efforts of our
group members. In Section 3, we consider potential impact of
the physica of new W' and Z% on the design of SSC detec-
tors. The maip focns is on leptonic decays of new W' and 2.
It was fonnd that the requirement that electrons and muons of
Pr R 1 TEV be detected {with sign delermination) in the same
apparatus leads to very large yet precise detectors. In Bection 4,
theoretizal aspects of new W sad Z physics refevant lo the §5C
are discuesed. Topics include: (a) discovery limits of cew W
and 2" in pp vs. £~ p colliders, (b) saymmetries, (c) the lmpor-
tance of seeing r leptons arising from new W and £ decays, (d)
borisontal gange bosons, and (e) implicaticns of a new peatral
heavy leplon. We end with a list of yuggestions for fature work.
B. Motivations for Searching for New Heavy Gauge Bosons

The Standard Model pestulates that the appropriste ele:-
trowenk gauge group is SU(2)x U(1). Combining thls work with
QCD based on color SU(3), nae arrives at SU(3) x SU(2) x U(1)
a3 the appropriate gauge theory which ot present describes ob-
served particle physica phenomens. The crucial feature of this
theory is electroweak symmeiry broaking which is responsible
for giving mass to the W+ and 29 gange bosons while braviog
the photon masmless. The recent observation of the W(83) and
the Z(94)° at the CERN Collider® hia been one futriber coufir-
mation of the Standard Model approach.

* Work supported in part by the National Scjence Foundation,
grant PEHYB115541 and by the Department of Energy, contract
DE-ACO3-765F00515.

The large tmass of the W(83) and £(94) refiect the large scale
of electroweak symmetry breaking. In the Standard Mode), this
scale correspnads to the fact that an alementary scalar Higpe
Geld acquires vacuum expectation value v = (VIGF)~*/? w 250
GeV. The Eigge beson sector of (ke theery is the least well
understood part of ihe Standard Model; in particular, the rea-
son for the sise of the electroweak scale of 250 GeV is 2 mys-
tery. Maoy attempts lo gain insight lnto the mechanizm of elec-
troweak symmetry breaking have been made, often resnlting in
the prediction of pew physical phenomens® at = scale on the
order of {or not much laxger than) 250 GeV. This is the maic
theoretical motivation for building the 55C.°

Attempts have also been made to ipcorporate the SU(3) x
SU(2} x U(1) theory into a Larger framework. For example, in
the grazd unification approach,” SU(3) x SU(2)x U(1) is viewed
ana “low energy® effective theory to bo veplaced at a superheavy
mass scale of order 10'* GeV by » gauge $kvory based on a uni-
fying simple gauge group such as SU(S). However, our goals are
mach more modest at the SSC. Here, we can zimply ask whether
the SU(3) x SU{2) x U(1) theory needs $0 be embedded in &
larger gauge group to explain phenomena at the 1 TeV ocale.

For simplicity, we assume that SU(3) color will be unrzodified
by such ap exteoslon. It is useful $o review the theoretical moti-
vations for consideriag an electrowsak gauge group larger than
sugz) « U(1).

1. The Empirical Approsch. We do not know why ‘he
troweak gauge group which describes pres:ot day phenomena
SU(2) x U(1) an opposed to some okber gauge group. We have
no physical principle which ollows us to deduce the number of
physical gauge bosona,

2. Parily Invariance. The SU(2) x U(1) mode] does not explaia
parity viclation - 1§ ia put in by bavd. Oge can construct models
left-right symmetric theoriea®= 1" based e SU(2)y x SU(2)p x
U(1) in which parity invariance is respected by the Lagrangian
but is spoataneously broken by some Higgs Beld vacuum expec-
tation value.
The fermions of each generction $ransform under the ST7{2)g x

SU(2)r x U(1} group a2 follows:

() (3)
=) (3)

Note that we must necessarily add & new Geld, the Ng. This
may or may uot be related to the 3 a3 we shall discuss shortly.
As for the gauge bosops, we ideatify the W gauge bosons with
the asual W(E3) and predict the mxistence of new W3 bosona
and an additiona! new nentral gauge boson. The suppression of
right-bagded charged currents in low egergy phencmena is then
exphained by the smallcess of the parameter M3, /M3, The
F'(1) symmetry in this model corresponds to B-1

L=l k=0 (1.1a)

Lm0, Ip= ;. (1.18)
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8. Neutrino Masses. Iu the SU(2) x U(1) model, neutrinos are
exactly mamless. This occurs for two remsons. First, no vy
Geld is introduced to the theory; this forbids & Dirac mass for
the peutrino. Becond, there exiets no Higge Selde which couples
vy to flaelf. As 2 result, np Majorans mass term for 3y, can
develop.” Clearly, this construction is artificisl. E it tums out
that neutrinos do have very mmnall but son-sero masees, it will
be difficalt to explin the atigin of auch a emall sumber in the
SU(2) xT(1) framnewark. Ja SU(3)e x SU(2)a x U(1) mod-
«ls, there is a "natural” explavation for amall acutrino maases.
These models contain bolh 8 sz and & »g %eid. The general
form for the neutrino mass matrix ls:

Lemers = Mp(PLug +Ae) + mev] O Vv + mpvEC g (1.2)

It is patural to expect mp to be of order 3 leptcn mase (say
mp = m, for v,). By appropriate cholee of the Higge boson sec-
tor of the theory, one can arrange mg = O xad mp to be large
(of order the SU{2)p breaking scale). In this Emit, one finds'?
mudmmtﬁnudmm.mnﬁflz. The latter
peytrino is identified with the presently obeerved neutrine. We
eee that if mp € mp, one oblaits & very light beutrino which
s compatible with present observations. As important corse-
quence j» the existence of a neutral heavy Majorana wentrino
which may be observable at the SSC. Unfortumately, ju the con-
text of model building, there I8 ao precise prediction for the
value of such a heavy ueutrino.!® It cculd be se tight as s few
GeV; alternatively, it may be much heavier. We shall have more
to say about this neutral heavy lepton io Section 4E.

4. CP - violation. There is 5o fundamental undermstanding as
1o the origins of CP-violation as observed In the neutral kmon
secior. One can parameterise tha CP-violation as being due to
8 complex phase in the Cablbbo-Kobaysshi-Maakawa (CKM}
nass matriz.!* Bowever, based on recent measurements of L €

. apd ¢ parameters™ and the bquark Kistime,?® shere bave been

hiots that the Standard Mode) may be incapable v explaining
the observed data. In some lefi-right models, the major contri-
bution to the ¢ parameter ia due to the presense of right-ha. ded
curvents (specifically, CP-violation Is arising in part due to o
relative phase between the lefi-handed and sight-banded CKM
matricer). One predica™!? ¢ to be of order MG, /MG ; this
allows coe to deduce (in principle) an upper limit Lo the scale
of teft-right symmetry breaking! Recently, Harati and Leurer'”
have argued that the Wp muss based on tha above arguments
should be about 10 TeV (within a factor ef two). Such a mass
ratig: is partly accessible to the 88C.
§. (irand Unification. The Standard Model may be embedded
in u grand unification gauge group; the minimal model is based
on SU(S). This mode! also has parity violatlon and & massless
peutrion for the same reasons as discussed above. In addition,
this mode) predicts 2 “desest,® L.e. BO new physica) phenom-
a23 betrcen the W(63) and Z(04) und the grand vnibication
mass (of ardar 10" GeV). The grand wniication mass i one
of the predictions of the model; it may be computed based on
the kuowledge of “low encrgy® physice ((he values of the vari-
ous coupling constants and particle masses). Thie waw is then
weed Lo predict the rale for proson decay;  la well imown that
the proton lifetime a» messured is significantly longer Shap the
mivimal SU(5) prediction. !

A reasonable Interpretation of this result la that the *degert”
hypothesis is wrong, and new pbyslcal plenomena will appear

beyond 100 GoV. In the eontext of grand unification, the sim-
plest posaibility is 16 ccnsider a larger gange group such
50(18). B s possible to embed left-gight symmetsic models
such a0 SU3) x SU(2) x SU(2)x x U(1) in SO(16), although
it is not obvious where the SU(2)g breaking scale shon)d be.
Many attempls fo constroct such models with light SU(3)5
breaking scales have been mmade.'® We shall not go into detalls
of model building bere. However, i Is waeful to poiot ont that
the algebrake structure of suck modeks® is interesting to siudy
independent of the detalls of the dynamics. Such a study can
yield information on how pew Leavy Z%-boscns can cougle to
quarks aad leptons. Buch Information is needed in order to pre
dict production rates and decay properties of new hypothetioal
Z°-bosons which could be seen at the SSC.

B. Currest Mass Limits ea New W and i's

1f zew W's and 2's exist, they must either be mote mas-
sive than the W/(83) and Z(94) or elee very weakly coupled to
known quarks and lepiens. One minar comphication arises due
to the poasidility of mixivg: eg- in SU(2); x SU(2)s x U(1)
models, the physical charged gauge bosons can be a mixiure of
Wi and Wp. In this vegurd, Langacker®® has made the follow-
ing observation. We already koow that the W(g3) and 2(04) as
obeerved 4t the CERN Collider are quite close in mass to the
valoen predicted by dbe SU(2) x U(1) eleciroweak model. As s
rescit, Langacker shows® that under a few reasonable assutnp-
tiozs, the mixing of the #/(63) and Z(94) with hypothetical
beavier W' and 's ls muppressed proportional to the joverse
mazs squared of the oew vector bosons. For example, if the
W(83) and Z(04) masses were found to be withiz 1 GeV of
their predizted SU{2) x U(1) values, then the mixing angles to
any aew veutor boson with caam of 200, 506, or 1000 GeV woyld
be bounded by 0.07, 0,03 and 0.91 respectively. Henceforth, we
+hall ignore the possibillty of such mixing.

In order ¥o be more precise about mass Ximits for pew W
and Z's, ons has to vee 1he framework of some electroweak gauge
groap beyend SU(2) x U(1). Let ws consider the limits ope
obtaina it the context of an SU(2); x SU(2), x F(1) model
Even within this coutext, one gets different bounds
on vations mode] assumptions wmade. We give a sample of the
bounds*?4~3 cbualned in Table 1 for the mass of 2 Wy which
has right-banded couplinga to all fermions. For an
ist desiguing 2ew I searches, the relevant bound i My, 2 300
GeV. The theeriat’s favorite boned i= My, 21 -2 TeV which
arises in two popular verslons of SU(2); x SU(2)p % V(1). la
oze version (“manlfest left-right symmetry®), tbe left and right
handed CKM angles are assumed to be equal. In 2 second ver-
sion (“peeadomunlfest lefi-right symmetry® or “charge conju-
gation conmerving®), the Lagrangian conserves separately C, P
and T these discrete symmetries are spontaneously brokan. In
the latter case, the magnitude of CP-violation [s related 1o $he
wcale of SU(3)s breaking as mentioned in the lust sub-section.

Bounda for sew 2° masses are evcn more model-dependent.
Unlike in the case of » Wy, the 2257 interaction Is & mode}-
dependent mixture of V — A and ¥ + 4, Purthermore, the
interpretation of slu® ¢ 39 dtr ~miined from the peutral current
data may be changed ¥ [t is protably safe to conclude that for
avew 2, Mz & 180 G¢V. A Mot precise estimate can only be
made in the context of & pariicular model.




Table 1
(M, Jonin Process Assumption Refs
300 GeV  Kf — K mass difference  acae 2
and b-quark decay
300 GeV  nonleptonic decays manifest L~ 22
R symmeiry
380 GeV  pand f decay light Dirac » 23,24
1-2TeV K] - K mus difference manifest L- 25,26,
and b-quark decay R symmetry 17
or charge con-
jugation con-
serving
2 TevV "~ egvp light 27,28
Majorana »
Toble ) : Lower bound op tbe Wy mas in SU(2); x SU(2)x x
U(1) upder the assumpticas stated above.

C. Basic Properties of New W and 2

We bave argued that a new W would probably exhibit negli-
gible mixing with the W(83). Thus, in SU(2); x SU(2)a xU(1)
models, a beavier W would bave pure ¥ + A couplings to quarks
and leptous. It is aleo patural to assume that the gavge cou-
plings of she SU[2), and SV (2)a groupw are equal. The only
remainiog questicn 1o the asture of the Wy couplings to charged
leptons. We have two choices = (a) we can take the neutrino
10 be a Dirac fermion or (b) we can assume that there are two
Majorana peutrinos: v and N. In the former case, W — '
where i is the right-handed component of the ordinary peutrino.
In the latter case, W3 — J* N where N is a new neutral lep-
ton. The signature of new W ja the latter case thea depends
on whether the decays of the N are observable, The Wy decay
widths and branching ratics are easily cbtained:

BRWS — t*Np) = 4%: {1.30)

BRW¥; = od)= i )
rWa) = Jrer(w) (139

where My and T'{W) are the mase and width of the W(83) and
Ng 18 the number of generations of fermions. Qccasionally, we
may wish to be lem tied Vo particular electroweak gauge mode).
1. 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 fermlon pairs with mode)-dependent
conplings. Consider Lhe following three models:

a) A vew heavy ¥ with couplings to fermions which are iden-
tical to those of the 2(04). This model is artificial but
useful in making comparisons with 2(94) production rates.
See Table 2.

8} In SO(10) grand uniSed models, each fermion belongs to
a single 16 dimensional representation which decompones
under SU(S) intoa 8 (&, ¢, 1), 3 10 {4, », #°, &) and
a 1 (N°). Al particles listed ase left-handed; charge con-
jugates are indicted by 8 ¢&. Sucd models contain a pew

Z which couples to & nsw hypercharge x which depends
sclcly on which SU(6} multiplet the fermion Eves lo. The
(unnormalised) values of tbe bypercharge xy ara 1, =3 and
E for the 10, b and ) respectively. The relative branching
ratios are easily obtalned. For example, the coupling of 2
to 22 s 42, where®®

§r = divd; - 38 d;
=174, + $nT"dn (1.4)
d{ev + gams)d

where ' = 2 and g4 = 1. Thus, BR(Z — dd) is propor-
tional to 3{gf. + g) where tbe factor of 3 is required for
tbe color sriple} dquark. We deaote this Z by Z,; 82 re)
ative couplings to fermiops obtaived ip a similar manoer
as above are displayed in Teble 2.

) The new Z could couple uniformly to all fermiops in the 16
dimensicua) representaticn. We denote 1his pentral boson
W2, . Reouwplaw =LY i+l fi=-17ss
{<l. eq. 14), ix. its couplings are purely axial. The
relative decay rates are displayed in Table 2.

Table 3 _
Relative couplings to fF
Fermion pair F o l: E:._
ete” 2 ~ ol + 1} 10 2
74 9 1
NR (] 15 1
ud fo4 ~ 200+ % 6 6
ad o -2) + l 0 6

Normalisation (4's§, ~ 4o}, +3) Ng BON; 16N¢

Table 2 ; The branching ratio for ° = f7 is obtained by di-
viding the relative couplings by the Normalisation factor listed
above. The pumber of generations is denoted by ¥, 20d sy =
sinfp-. For more details, see ref. 1.

Note that we bave assumed that the Z, and 2, do pot mix®
with the Z(04); hence their couplings to fermions are indepen-
dent of sin® 6. The total width of the new Z depends on the
coupling constant which corresponds to the new bypercharge.
In a particular grand wnification model, this coupling would be
deiermined by the unification condition. Typically, it is of order
the weak eoupling constant gy. Thbus, the total width of a new
Z would he expected ta be given by @ formula analogous to eq.
1.3c).

D. Other New Gange Bosons

Up untll now, we have restricted our diacussion to gauge
bosone which arise from a simple evlargemeat of the eleckroweak
gange group. The resulting gauge booors bad universal cou-
plings $0 each generation {up to eome pomible new unknown
CEM-type mixing angies). One can discuss gauge bosons which
do distinguish among geazrations. This can occur for eample
in models which possees & borisontal gange symmetry. 33 In
wuch cases, fermians carry s horisontal quantum nomber which
distingunishes the different generations.

The most interesting kind of gauge boson of thiv type is one
that mediates Savor changing neutral curzents (FCNC's). For
example, & gauge boson which coupled to d¥ and ¢*p~ would
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mediate the process K§ — £y~ and K* — a%a*p" at tree
Jevel These two processes have not been observed (the Par-
ticle Data Group® Bsting is BR(Ky — ex) < 8 x 107% and
BR(K* — xtep) < (5~ T) x 10"%) which indicate that the
masa of the mediating gauge boscn musi lie i the multi-TeV
range. The precise Jower muss Uit $0 such bosons depends on
an unknown gauge covpling constant and unknown mixing an-
gles. Bowever, thess same faciors sppear in the computation
of production cross sections so tha$ ope can get useful bounds
on their observability at the 550, In addition, FCNC's involv-
ing third generation fermiota are not severely contrained. So,
in principle, i§ is pomible for gauge bosone which mediate such
FCNC's to be light enough to be acomsible at the SSC.

Other schemes exists which lead to new gauge bosons which
do not couple universally to the various of fermiona.
One such example is an extended technicolor™ (ETC) acheme
discuesed by Holdom.* In his mode), there are two types of ETC
gauge bosons. ‘The first type of ETC gauge bosons is the "usval”
technicolor noa-singlet boson which couples quarks to techni-
quarks. The exchange of these boscns leads to the generation
of quark masses; which in turn imples that these ETC gauge
bosons must have masses of crder 10 - 100 TeV. The second
type of ETC gauge boson iz a techuicolor singlet boson which
couples quarka 1o themselves and techgiquarks to themselves.
The masees of these botons are ot eo restricted; in fact, ane
can imagine the existence of 3 fechnicolor singlet gange boson
with mass of order a TeV. Iu Holdom's model, the lightest tech-
nicolor singlet gauge bason couples otly to the beavy fermion
geperations. This is another example of a gauge boson which
can distinguish among geperations. In this particular case, the
dominant decays ¢f suck a boson would be into ¢, BJ, £+~ and
paire of techniquarks which presumably manifest themselves as
pairs of Ws and 2'. Such a decay pattern is very similar to
that of a beavy Higgs boson, so It ls worth considering bow the
two could be distinguished.

In summary, the origin of generations remains one of the
major mysteries of the Standard Mode). It is quite possible that
the solution to the generation mystery involves physics on the
TeV scale which could be accessible at the SSC. The detection
of pew gange bosons which are sepsitive to the generation quan-
tum numbers could provide a cracial plece in the eolution of the
generation pussle,

2. New W' and 2% - The Dackes

A. Formalism for Caleulation of Cross Sections

The parton model may be used to estimate the sixe of pro-
duction crosa sections of new W's and 2% at the SSC, The cal-
culation involves a number of simplilying assumptions, First,
we compute only the tree level process: gf — W or 2. Becoud,
initial atate gluon radiation by the quarks and iptrinsic trans-
verse momentum of the annsbilating quarks relative to proton
beams zre neglecied, In this approximation, the W or 2 is pro-
duced moving longliudinally to the beam. Third, higher order
QCD contributions are neglected. In particular, the “K-factor®
which renormalises 1he parion model result by an ovenall factor
{roughly, X s 2 ai the CERN Colllder} hax been set equal to
one. Fourth, the effects of apectators {bigher-twist effzcts) are
neglected. We can expect these appraximations io yield results
which are accurate roughly to within a factor of three.

Under the asauc.; <008 stated above, it follows that the pro-
duction cross secticn for A+ B—W+ X o™

do _ dxd
o ﬁﬂgt}"(sh k) /PN, mr;  (2)

where
m!y = gyt {2.20)
5= % (228
ne -—:'-e"' {2.2)
Fij=T(W — 4j) (124

T';; in the partial width of the decay of the W into partons § +
J. Io our numetical work, we shall employ EHLQ structure
functions® for the f;. The rapidity of the W is obtained from
Ey = myycosh gy which is equivalent to:

Ew - \/ -m}
yw v klog (_M) (23)
My
where we have assumed that the W is emitied longitudioally
along the beam direction. The cholce of sign in eq. 2.3 depends
ot. whetber the W is emitted along A or B.

In the above discussion, "W™ bas been used ¢~ dencte any
vector bogon. Firet, suppose that “W® ls & neutrai vector boson,
Z, which decays into a palr of leptons e*s™ or x*u. Then by
measur’ng the vutgoing leplon energies and their angles with
respect to the beam, one can reconstruct uniquely the Z mass
and energy thereby obialning its rapidity gyy. However, if *W*
is a charged vactor boson W<, the situation is more complicated.
UW s eN (ot W = pN) where N s a nentral beavy lepten
which decays with no missing energy, then one can reconstruct
the W four-momentum o before. Ob the other band, if the N
escapes detection, one does wot have a uaique determination of
the W kinematics. One can obtain ueefisl information assuming
1hat the lotal transverse momentum in the event can be reliably
measured, Let E, and &, be the electron energy and angle with
respect 10 the beam respectively, as measured in the laboratory.
Then by momentum and epergy cotsetvation, we can compute
the N momentum and epergy:

of = —E.siné, @4

7 = mysinh . = E, con, (2.5)

B" = mycoab yy - B, (26)

I we now impose the condition that N hos mass my, we find:
cuhw-llnhgwmh-m—}ﬁ (2.7)

Assuming that my & wyy, we can peghoct the effect of the
N mass. Then, nsing cooh g = (I + siah® §)12, we chtaln 2
quadratic equation for siob gy, Thus, we bave a two-fold am-
bigulty in determining . (In ceitoln instagces, one of the
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sclutiens corresponds (o an vaphysical value of pf’ thereby re-
sc'ving the ambiguity.) This ambiguity can be pnbkmuinl i
cue wants 16 compare experitaental dain o theoretical yy, dis-
tributions. A straightfarward way to overcome this diffculty is
to define a new variable fi. which is equal to the y, correspand-
ing to the sclution 40 eq. 2.7 which minimises | | given by eq.
2.5.57 Ope can then obtain theoretical diltribnlim io §y: (using
Monte Cirlo technigues} which can be directly compared to the
data.

Tu the case of charged W production, it would be more useful
to study directly she distributions of the obeerved electron (or
mm) The relevant parton model formuls is eaaily generalined:

LRl —2 [ eestsas!®imumy) 1Mo, mb)

1 b'b—“'—a +X

E dE.d conf,

where ®unhatted® variables are those measured in the laboratory
(i-c., the A+ B center of mass frame) and the "batied” variables
are defined in the parton center of mase frame: the electron
eaergy £, and the angle 6, between partod & and tbe electron.
These variables are easily expressed in terms of $be womentum
fracticus £, £3 and the Laboratory variables as follow.:

£, = proceh (y ~ yp! (29)

2.8)

(2.10)

where v = ,log (=1/%2) and y and pp reler to the electron as
measured in the latontory:

pr = Essin b,

cos fi, = tanh (y - w)

(2.11)

y——hﬂm(?) (2.42)

We have set the electron mass to sero In tbe discumion above.
Henceforth, we will akso set my = 0 for simplicity. If the parton
subprocess is a 2 — 2 scatlering process, eqs. 2.9 and 2.10
simplify. If § is the aquared center-of-mass energy, tben B, =
v/, which implies that:

¢:on3.=:!:"l—‘—-';i

Vi

cosh (y —yw) = —

%y

When the W is on mass shell, 3 = m},. Thep eq. 2.14 can be

sbown to be identical fo eq. 2.7 (with my = 0 sssumed). We

ae¢ that tbe aigu ambiguity in eq. 2,13 Is » direct consequence of

the two-fold swbiguily in determining y; (see discussion below
*q. 2.7).

Let us copivast the production of 3 new heavy Wy and Wy

Computing the vlementury cross section for @d = Wi p — ¢ N,

we find:
raVi[) + conlg)® 5, (l _ ?ﬁ
di:deo- G Ermi G [(m}, = )7 + Tmy]
(z.xs)

where 8y is the angle between the electron and the d-quark and
B, = T{W — eN)/Tg. The factor of (1 +cosd.g)? iu eq. (2.15)

(213)

(2.14)

T e | e L

can be understood using simple helicity arguzrents as shown in
Fig- 1. The W7 couples 1o & lefi-handed d-quark and electren
and right-handed B-quark and P, Apgular momentum conser-
vation favony 5.; near 0° and disfavore fy near 180°. Similar ar.
guments can be used for the Wy conpling resuiting ia the same
angular distribution. Thus, Wy, and Wg production cannot be
distinguished by only studying the distribution of electrons re-
nlting from W — eN decay. If a gauge boson existed which bad
aV - A coupling to §d and & V + A coupling to ¢~ N (or vice
versa), then one would find a (1~ ec-l..)’ distribution. (The
helicity argument analegous to Fig. 1 is straightforward.) Thia
situation could easily be distinguished experimentally from the
Wi ot Wy case; although theoretically, there is 20 motivation
for such bosons.

o W e WG ot
d?‘é- C?‘Lu
ﬁ' ﬁ'

L] LA

Fig. ). Schematic view of the procesms

&d -+ Wi = ¢ B, The arrows above

the fermion lines dencte helicity. Note

that the 0, lo always right-banded, whereas
the N, i3 alwaye lefi-handed. Angular

momentum conservation implies that the

configurations shown abave are the ones

favored, Hence, the eleciron angular dis-

tribution is the same for both Wp and Wg

decay.

The electron distributions in the laboratory are cutained by
incerting eq. 2,15 into eq. 2.8 (using egs. 2.9 - 2.12} and per-
forming the integration. It Ia astandard practice to replace the
W-boson propagator with w§(m3. — #)/(Parmew ) in the parrow
resanance approximation. However, by doing this one can misy
interesting and possibly important effects on the tails of distri-
butions due to virtual 5" exchange.

B. Discovery Limits of New W/Z

The basic signatures of new W's and Z are W~ — N
and 2° — ¢*e~ (or the aame teactions with ¢ replaced by u).
These processes are rematiably background free. This fact haa
been already evident at the CERN Collider where the W(83)
and Z(04) were discovered with only a handful of events.!

Coneider first W= ws ¢~ N, The discovery of the W{83) was
made by isolating events with the following features:

{a) the electron was isalated; (b) the electron had substantial
pr {the pr-distribution showed the expected peaking at pr ~
my {2); (¢) the evept tended to be quiet with no appreciable
badronic activity at large pr; (d) the event has a large missing
tracaverse momentum due to the undetected geutrine.

In discovering & new heavy charged W, features (a) and (b)
will persiat. Festures (c) snd (d) will depend on the proper-
ties of the peutral lepton N. Ideally, properties (a) aad (b)
are sufficient to ldentify a new W. However, one must keep in
wind that eleciron ldentification is not 100% efficient. Forther-
n.ore, an important property of the W(83) identification by the
U A1 detector was the ability to match momentum and energy
of a bypothetical electron track.?® At the SSC, for extremely
energetic electrons, the momentumn measurement becomen in-
creasingly difficult (see Section 3). Nevertheless, we belicve that
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isolated large py leptons ave sufficiently rare that such problems
can be overcome.

In the cass of 8% — ¢*¢=, p*p~, the eltvation is easier
to analyze. Here, one looks for events with: (a) two inolated
electrons (or wuone); (b) no appreciable hadronic activity at
large pr; and (c} Nitle misring transverse momentum. Enetgy
measurem=its of the lepton tracks alone allow the invariant mas
of the phrent 2° to be recovstrucied, Agaln, as evidenced by
the discovery of the Z9(94) at the CERN Collider, the signature
of a new £? ia extremely cloan and devold of background.

The conclusion we draw from the above discuslon Is that a
new W and Z can be discovered on the basis of 2 amall number
of evenis which we ghall chocse arbitrarily to be ten events per
year. Based on this criterion, it is casy to use eq. 2.1 to obtain
the *discovery limits” of pew W's and 2% al the SSC, ic. the
maximum mass of such bosons which would result in ten Jeptenic
{esther ¢ ar p] events per year. This analysis was performed by
EHLQ and by LBRR in the approximation that the produced
gauge boson was an-shell {narrow width approximation). The
regults, using the eriterion for discovery described above, are
summarized in Table 3. Further discussion on discovery limits
a4 the S5C will be given in Sectico 4A.

Table 3
L 4
Wi, wg 86 @5
W, Wy 73 65
2 65 50
g 66 38

Table 3 : The dissavery limite of new beavy gauge bosons at the
SSC. We assume thet /7 = 40 TeV and £ = 10° em? yec—-
for pp or £ = 10%%em~2s2e~! for fp. The discovery limits are
obtained by requiring that 10 leptonic tvents per year (107 sec)
be observed. The masses sbove are given in units of TeV. The
above nnmbers were oblained from vel. 1, except for the 29
entrier which were obtained from ref. & The properties of 2°
and 22 are given in Table 2.

One forther feature of new W ard £ production is worth
noting here. Let us assume that the new gange bosen produced
s rather beavy (say, of arder 1 TéV). Then, 3 Large fraction
of the cross section is produced in the central region. Thin is
illustrated in Fig. 2 {faken from LRR) where we piol the rapidity
distribution of & new 2° with » wam of 1 TeV. We remind the
reader ibat Jy] = 3 ccrresponds to ap angle 5° with reapect to
the beam axis.

C. Asymmetries

We have azgued o the previous section that If vew B's and
2' exist with masses Jess thap those listed in Table 8, then it
should be pogaible to verify thelr existence at the 5SC. ln order
to understand the theoretical implications of new gange bosons,
It is necessary to explore the properties of such bosons — specifi-
cally, their couplings to guazks sbd Jeptons. ‘This s by no means
a trivial task. Whereas ten events per year i sufficient to iden-
tify the existence of a new gavgs boson, coe will veed nndreds
(or rmore) eventa to determine aspects of its couplings. Further-
more, observation of electrons from $he decays W — <N and
Z — a*¢™ alone will leave many ambiguities as to some of the
gauge boson properties. As an example, as we saw at the end of

Section JA, one cannot distlaguish Wy, from Wy on the hasis of
the electrua distributions. Nevertbelom, partial information can
be obtained by studying varicus asymmetsies which we define
below. Here we follow closely the papers of LRR.

L . R L) T
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Fig. 2 The rapidity {yz) diatribution

for a new 2 of mass 1 TeV in pp scatter-

ing a1 /% = 40 TeV. B Is the branching

rakio into u*g™. The couplings of the

22 to fermicne to those of

£, listed in Thdle 2. This graph was

taken from LRR.
1. Forward - Backward etries. Consider the process A+
B—Wyp+ X, Wi = a"N. Lt us assume ihat the rapid-
ity of the W= ¢an be determined. Then, the kinematica of the
parten subprocess 0d — W~ ure enlirely Gixed. Given yy, wo
can ebialn r;, and 29 by eq. 2.3 and the parion center-of-masa
scattering angle §, by eq. 2.10 We may choose y and coad, to
be the independent varlables. Thea, wiing eqs. 2.8 and 2.15,

de _
o el [442100% (ea)(1 + cond)? -~
+ 8(s1)e¥ (e )1 ~ cou 7]
where Nisana ;propriala normdlllnufactnr Note that we have

idencified 6, = 8, a0d A, = w—8,; o the wo terms respeciively.
For fixed g, define the forward-backward asymmetry by

Arp = ;;;% (217)

[}
do
FiB= [nj*!.‘] dec. 5, dmdeord, {2.18)

Then, for example, for A+ B W+ X, Wpp— e N

= 3 ¢4(21)08(22) = 04(21)d% (=)
Arsliw) =3 37(=,)8F (£2) + UA(21)d5(52) @19)

We remind the seader that 2y, £ = (M //8)e*0™.

Firss conslder pp scattering. Thking A to be the proton, we
sce that in » regime where valance quarks dominate 44 69 3
a4 ¥ implying Arp » §. Ip fact, we can integrate over yw
as well without diluting the signal; the advantage being that
Tese data is required to see ag effact. In pp scatiering, there
is also an asymmetry. This Grst comen a8 a ourprise since one
apparently can argue that there i3 oo inherent direction defined

—mreg 4 4 e
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in pp scattering. However, by measuring yp, one determinsg the
direction of the W= in the Jaboratory on an event-by-event basis.
In addition, eq. 2.15 {or Fig. 1) implies that the electron tande
%o follow the direction of the d-quark. Thus, at a fixed non-sero
Yy, OD€ can determine oo a statistical basis which proton the d-
quark came from. Thue a2 non-sero asymmetry existe for y, ¥ 0
as shown in eq. 2.19. Of course at . = 0, there in Do preferred
direction femaining and hence no asymmetry.

The one loophole in the above arguments is the assumption
that yy- is kmown. As shown below eq. 2.7, there is usually a
two-fold ambiguity in the determination of yp. What is more
troublesome is that the ambiguity in gy leads to a sign ambi-
guity in cosf, as exhibited in eq. 2.13. This problem appeans
to ruin the computation of the asymmesiry. However, ws argued
previously, oie can often rule cut one of the two solutions for
yn- oh the basis of the event kinematics. Otherwise, one must
define an unambiguous vatiable on an event-by-event basis (such
as § - see discussion below eq. 2.7). At present, further analysis
is required to see whether App is a useful quantity in charged
W production (if the neutral lepton is not detected). Of course,
if the N decays and can be reconstructed, then ope will be able
to measure directly yy- unambiguously, and the above problems
disappear.

The asymmetry Arg in Z° production can be derived in
a similar manner. For example, for 2° — e*e~ one computes
Arp for one of the leptons. In thin case, the rapidity of the Z°
is directly measured in the laboratory by measuring the four-
momentum of the e*e~ system. Explicit formulas bave been
computed by LRR, and many graphs of App(y) for various
gauge bosons can be found there.

From the discuasion 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:

Arp(pp—~ W) + Arg(pp W) =0 (2.20)
o that without a sign measuremens, Arp would vanish in pf
scattering. [n pp scatiering, there would be an cbservable asym-
metry even if electiic charge was oot measured. Such an asym-
metry would test the relative strength of the W or Z to u and d
quarks, but would be ineensitive to the helicity atructure of the
gauge boson couplings.

2. Global Asymmetries. For completeness, we mention some
global asymmetries considered by LRR. These bave the virtue
that fewer events are reqguired in order to see an effect. The
average froat-back asymmetry (App) is obtained by integrating
the numerstor aud denominator of eq. 2.17 over 3. It is non-
gero in pp scattering but is exactly sero for pp scattering {as there
is o preferred directioz}. In pp seattering, s useful asymmetry
is
o A8 - (Er)
A8 = B+ (Be)
where (Ey) ia the average lepton energy measured io the labora-
tory. Graphs of {Eya)} for various new auge bosons have been
computed by LRR. Note that CP invariance implies that in pp
scatiering, Ap = 0.

(2.21)
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D. Polarised Beams

In the previous section, we premented the study of asymme-
tries as one method for gaining information on the nature of the
couplings of new W'a and Z's to fermions. However, this tech.
pique can only provide partial information; for example, it can-
not distinguish W and Wg. One method for obtaining a more
complete description of the underlying couplings is to atudy new
W and X prod.action from polztised beams.

The literature containg a pumber of studies on the power
of polatized bearms®® in analysing the properties of the W(83)
and Z(84).% These techniques can be geperalised in a straight-
forward manper o encompaas new W and Z production at the
SSC. Bowever, such work bas a0t yet been performed. 1 was
a deliberate decision of the New W/Z Physics Subgroup to re
frain from considering i detail implications of polarired beams
to new W and Z physics. It is clear that polarized beams pro-
vide a very useful tcol for investigating details of new W and 2
couplings to fermione. We believe that it is more appropriate
to perform a careful and complete analysis on the polarization
effecta for new W and Z production rather than to take the cur-
sory approach which would bave been necessary at Snowmanas.
Furthermore, it is clear that polaritation phenorena would be at
best a feature of second generation experiments at the SSC. At
present, we are aware of no real stic studies as to the feanibility
of polarired beams at the SSC, Hence, we felt that a theoretical
analysais of polarization phenomena cotild be pestponed in favor
of the topica discussed in Sections 3 and 4.

Before leaving this topic, 3 few commenis are apprupri-
ate. In the study of hard scattering with polarised beams, one
needa o know the spin—dependent structure functions.*!4? Here
our experimeatal knowledge is not as precise (28 compared to
the determination of the unpolarized etructure functions) since
the data cn polarized leptoproduction is limited.3® Neverthe-
lezs, there have been attempts to provide a reasonable set of
spin—dependent otructure functions. (A reccut analysis which
obtains apin—dependent structure functions by direct resolution
of the spin-dependent Altarelli-Parisi equations has beec given
by ~hiappetta and Soffer.4?)

It is expected that the helicity of a polarised proton is carried
primarily by the valence quarks. Let us define v (z)(u(z]) to
be the probability of fnding a positive (vegative} helicity valence
u-quark inside a pusitive helicity pmton. The simpiest model
would be to say that u5(z) = §/6 u™(z), v®(z} = 1/6 u°(z),
di(z) = 1/3 d*{z), and d¥ (z) = 2/3 d°(z) on the baais of ‘he
epin composition of the quark content of the SU{6) wavelune-
tion of a positive helicity proton. Carlitz and Kaur®! presented s
more sophisticated mode] based on the idea that valence quarks
carty the proton belicity only at large values of z. They pro-
posed;

uole) = Jela)l1 + fle)) - 2dlaMf(s)  (2:220)
d.(=) = 3le)lt - 310 @2.229)
u-(2) = u(x) — u.(2) (2.22¢)
d_{x) = d{z) - dy{2) (2.22d)

Sz} =1t + Bor™¥20 - 2)7)! (2.22¢)

and Hy = 0.052 has been adjusted o that she Bjorken sum rule
in satisfied. Note that a8 1 — 0, 64,4(z) = u_(z) = 1/2 u(2)
and 4,(2) = d_(x} = 1/2 d(z). As £ — 1, we approach the



SU(6) limit previously menticned, if In additlaa we lmpose the
SU(6) inspired relation, d* = /2 w’. One convenlett feature of
eqe. 2.22 ia that the EHLAQ structure functions may be Inserted
to obtain spin-tependent structure functions which are sensible
for SSC physice.

The above discussion suggests that polarised beams will be
of little interect for procesess which reswlt from the scatiering of
small-z ahd/ar non-valence partous. However, (his Is certainly
not the case in the production of (sufficlently heavy) new W'
and 2%. Let o44 denole the total cross section for peps — W
where the protons are polarised as Indicated. In pF scalter-
ing, gauge bosons are produced by the seatiering of bwo valence
quarks so polaritation effects (e.g. 0—u > T4s for W) can be
significant. Furthermore, in pp czattering, W# production cross
sections are equal, #o that obe need not measure the sign of the
outgoing lepton to see such effects. In pp scaticring, ove valence
quark is involved in the scattering and cffects due to polarixa-
tion are still visible. Here tLe situation is more complicated and
sign information can be important. For exatople, we find that
for W, ow.. > 544 but the reverse is true for Wy, (For Wp,
Teverse the sign of all inequalities above.) We emphasize that
effects can be large with ¢.. /0. of order Sve for 100% po-
larized beams. Carefn) comnputations are required in the case
of partial polarication. Otber interesting observables bave been
studied in the Lterature. 3% One needs 1o develop this further,
and detcrmine which observables are best in order to untangle
unknown new W and Z enuplings.

3. Experimental Issnes Related to the Phyaics
of New W's and Z's at the 880
[This section was writtan by 5. Aronsop and B, G, Pope|

A. Prelude

New W and Z gauge bosons were taken o be deteciable via
two geperic decays:

w*, 2% < jets, @1

avd
W#*, 2° < leptons , (3.2)

eg
WieN; 22w e (3.3)

where & is a (heavy) neutral lepton.

The experience 48 SppS with jet decays of heavy states ban
s0 far been less than encouraging for ihis line of sitack. Conse-
quently we left this topic for hardier sor.a and focussed on the
leptonic decaya. In this case, high-pr lepions (plus missing pr)
bave been apectacular successful dools at Spps.

In the present raee, however, where'one sxpects to look for
beavy gauge boscns at masses S )0 TeV, we considered the
preblem of identiying and measuring g's and ¢'s with pr in
excess «f 1 TeV, In the next sectlon we explicre the consequence
of using conventional techniques for studying these very stiff
leptons.

B. Detecting and Meusuring Leptons

1. Electyors, Electron idestification will rely primarily op fine-
grained calorimetry; magnetic sialysis will enhancs the jdenti-
fication (E va. p) and of course wlill provide the desired sign
determipation. Derlgn studies for the DO detectort® and similar

devices bave showa that the ealorimeler should iave good lon.
gitudinal ssgmentation (for e/hadron discrimination) and good
transverse segmentation (for rejection of y-badron overlape). As
an example, DO bas about 50,000 channels of calosimetsy sur-
rounding & very compact (0.7 m rading, no magnel) inner track-
Ing system. A similarly fine-grained calorimeter surmanding
an sdequate maguetic tracking aystem (ser below) might easily
have an order of magnitude more channels.

Other devices, such as éraasition radiation or syncheotron
nadiation deteciors might also enbance the electron identifica.
tlon; thewe could be intempersed among the tracking chambe; 4,

As for the magnetic tracking system, we relied on a PSSCH
eindy to guide our estimates. Figure 3, from the PSSC sum.
mary feport indicates the fleld integra) needed in conjunction
with a large bul conventional drift chamber. Assuming that a
reliable sige determination is equivalent to a 30% momentum
measurement, & 1.5 T, 3.5 m radius magnet Is scen to be re-
quired to resch the several - TeV range of interest. While
more sophisticated chamber might isprove on the assumed 200
pm resontica, it should be noted $3at using E va. p as an
electron identification tool probably regmires a better than 30 %
momenturn measurzment.

2._Muogs, The conveniional approach features a hadren ab.
sorber folloved by magnetic analysis. Tracking before the ab-
sorber is also very important. At least, this front tracking esn
locate the event vertex which is very helpful in muon trigger-
ing if the source ln of finite eatent. A% besi the p-candidate
can be seen In the front tracker and its momentum matched to
that in the rear. Muon backgrounds result from badroz ponch
through and from » or X decay. The former is addressed with
a very thick sbsorber (DO has > 10) everywbere) and externa)
magnetic analysis. The latter can be handled by having a very
compact apace abead of the absorber (in direct conflict with the
good tracking reeded for electron!) and/or by secing the decay
kink (which would probably require a precision vertex chambet),

C. How Well Can One Measure the Width of a New 297

The foliowing analysis is presecied courtesy of Tom
O'Halloran. Suppose we measure the mass of the new Z9 from
ite c*¢™ decay. If we denote by ¢ the opening angle of the e*e~
pait, then we bave (appreximately, for small 8) MZ s By By,
Thus, only electron energies are required and thexe can be mea-
sured quite accurately at high encrgies, The expected measure-
ment errer In the mass is thea:

1) () ()] e

The error in the energy measurement fn the calorimeter takes
the form:

AE

- (3.5)
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Fig. 2. The momentum resolution for various
magnetic spectrometer paramsters. R is the
chamber radius, the magnetic Beld is taken to
be 1.5 T, the apacial resolution is 200 o and 150
samplea are assumed. The arrows represent the
range of maximum leptoa momenta possible at
/3 = 40 TeV from the decay cf a new ®. This
Bgure is taken from TMef. 44,

For sufficiently high energy electrons, the 3/VE term becomes
negligiole and the constant term dominates. With present tech-
niques, tha best we can imagiue is to have a & 0.01. Now, A8/#
depends og the geometry of the detector and is hasd to estimate.
Let us assume that (AE,/E))? + (AE;/E3)? w 4(A8/0)3, ie.
the detector is designed to match the energy and angular errors
(there is nok much sense in doing betier]. We conclude that:

AM>
2 oot (.6}

This is to be compared with the expected Z° width; typically
T'z/Mz -~ 0.03. This indicates that with & suffiziently large data
sample, it thould be possibie ta measurs the new Z° mass with
a resolution smaller than ite natural width at the SSC.

D. Schematic Detector for Both c and

Figure 4 shows a combined-funciion jepton detector; it is a
deep, fine grained calorimeter/absorber with magnetic tracking
fore and aft. Aliuough it is shown as a detector Sarm® of modest
solid angle, the reader may imagine a more hermetic device built
along the same Lincs. The gargantuan scope of the resulting
detector raises some immediate queaticns:

). Does one need thin capability over 4x7 The answer to this
question may have more fo do with the rest of the evert than
with the es and p's. For example, In the decay Wi — £¥N,
the N may bebave in a nentrino-like way (i.e. appear as mining
pr in o hermetic detector) or It may decsy to visible products
at the primary or a secondary vertex. More theoreticzl study of
N decays may heip establish the effect of unsiable N’a cu the
sigoatures, but it may be that microveriex detactors are more
important than 4x coverage.

i the answer to question | 1s yes, & “super L3® (20 m 3
20 m X 20 m) is the result of this conventional attack on the
problem.
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Fig. 4 A mhematic S5C detector
for detecting electrons and muens.

2. Does one peed full e and p capability? If, for example, ope
were to drop the requirement of sign determination on the elec-
trons, one might scrape by with astandard 3, instead of the Su-
per L3 mentioned above. Other such modest fall-back pesitions
might suggest themselves as other requirements are relaxed.

3. Cap one measure the decay asymmetry? Gollin® has recantly
considered the powsibility of measuring front-back asymmetries

for a new 2° decaying into u*w~. He performed a Monte Carlo

siinulation of a 2500 ton muon spectrometer. Bis conclusions

are that a reasonable measurement of App can be made for a

new Z° of maas 1 Te"/ in one year of data taking at the 5SC.

4. Cap one distinguish Wy from Wgr? The energy and angular

distributions expected from the ei.ctrop decay of a Wy are the

same as that expected from a Wy. However, there have been

suggestions that the two—atep process

W tlN, 5~ evp (3.7)

might distinguish Wy from Wy in the electron energy distribu-
tion. In order to identify 1’z a microvertex detecior would be
eaential, but even then the measurement would be extremely
dificult. Other decay modes of the 7 (eg. ¥ — K or p+ ¥)
may provide a better means of identifyig the r. Further work
is required to determine how high wn efficiency for r—detection
can be attained at the SSC.

5. What other physics can be done with this detector? Although
rotivated by mearches for heavy gauge bosons, the detectors
imagined here (surely all in the $ 100 M class) are likely to
have other physics potentialities. More communication with the
other physics groups would have helped answer this cuestion.
1t is clear that any real device {eapecially of this scope) would
Bave to attack a very broad range of questions in the multi-TeV
range to justify itaelf.
&. The Physics of New W' and 2%
at the BSC — Theoretical Isanea

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

The potential discovery limits for new W' and 2’ wers
considered both for the case of yp collisions {at +/a = 40 TeV)
and for two proposed vemsions of the ep option at the SSC. We
discuss the Jatter case first.

‘Two optiona for cp collisiona at the SSC were studied. ¥ The
firet was a low znergy option - 30 GeV electrons colliding with
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20 TeV protens. Luminosities greater than 107 em™> sec™" are
conceivable and alectron polarisation up to sbovt 80% seems
plausible. The ep option subgronp determined that such an ey

Tabls

4
(x) My, =18TeV Number of avents

collider at the SSC was feasible. The second option
was 140 GeV electrons colliding with 20 TeV protons. The e
option subgroup was unable to come up with 3 foasible design for
1his higher energy facility. The theorsiical nuee relevant for ep
colliders (including new W/2 physics) were considered in detail
by Guoion.%” Further analysis has also beea provided by Gunicn
and Kayser. 8! Beve, we briefly summarise their eonclusions.

%a ¢p collisions, one can hope to detect & new beavy Wp
bosop by cbeerving evidence of its virtual exchange as shows in
Fig. 5. There are three basic methods to ses evidence of a new
Wh: (s detect 2 rate enbancemen? beyond that expected by the
Standard Model process e—p — v + X via W(63) exchange; (b)
detect evidence of 3 right-handed curreat by studying the rate
for the charged cutrent process as a funetlon of electron polas-
jzation; and {c) detect the decay of » new neutral heavy leptan
N. The advantage of the low energy ep option Is that substantial
electron polarisaticn may be possible which can greatly enbance
the sigoal over the large backpronnd coming from vistual W (€3}
exchange.

" R4 48D 1AE

Fig. 5. Feyoman diagram for ¢lectro-
production of a neutral heavy lepton
via the exchange of a Wg gauge bo-
son.

In general, the rats for the charged cerrent process via W(63)
exchange will dominate the exchange cf some new heavy W
due to propagator effacty. ' This suggests that i will be pec-
exsary to make a strong §? cut (e.g. only sccept events with
Q° Z 1/2 M}, } in ondes 10 reduce the Jasge S An
exawple of the effects of the @9 cuts is provided 1o Table 4,
(¢aleuiations courtesy of J. F. Gunion gad B. Kayser). Nota in
particular that although the signal-io-nclse Is far better for the
higher energy eleciron beam, one obtaing substantial improve-
ment at tbe lower energy machine if a polarived elociron bear
i used, assuming that the aew heavy W is right-banded. The
conclusion bere is that for both ¢p options considered, a new
hesvy Wy with mass 1.6 TeV is near the detectionp Umit. This
Is substantially less shan the discovery limite of sew W's and
2' at hadruu-badron colliders with /7 2 10 TeV, Therefore, it
weeran clear that hadrua-badron collidery are ke meet suitable

v study aew W/Z physics.

E, Polarintion Q) ep~eX =vX o—NX
30 zons 0.50 200 250 10

0 W%G 06 80 2
140 aone 256 1] [ 4] 15

(&) Ay =10TeV Number of events

Eg Polatisation Q.’, ep-seX ep—suX e"-oﬁx

3 nuche 0.50 200 300 40
Mo nope 0464 1600 2300 550

Table 4 : Calculation of the number of charged and neutral cur-
e’ events at ap ¢~ p collider amuming an integrated luminosity
of 1099 ¢m=2, The energy of the electron beam is K, (in GeV
uniis) and the energy of the proton beam is 20 TeV. The pro-
cesses ¢p = ¢X and ep — v X occur via *he Standard Medal
mechaninm, whereas ep — N X involves the exchange of 2 Wp
boson {two postible mases ate considered). We apply 3 @?
cut; keeping only those events with Q7 > QF (QF is given in
units of TeV?), The number o/ eventa passing the cut are listed
abave. In one came above, we exhibit the effects of baving an
80% right-banded polarised eleciron beam on the charged ¢ur-
rent processes,
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Fig. 6. Integrated single Jeplon apec-
trum resultipg from new guuge hosons
W2 and 29 plotied vo. the new gauge
boson mass. The W2 s ejther Wi or
W2, The Z° couplings to fermions ave
Ideztical to those of the Z%(p4) (see Ta-
ble 2). We demand that the single lep-
ton wtisy pr > 58 GeV and Jy] < 8.

‘The discovery Brits of new W's and £'% at the 88C for both
p and pp collisions bave been given by EHLQ and LRR. A nur-
ber of refineinents o thuse calculations wete made by Gunion;
his results are presunted in a separate contribution.*® Only new
W production will be discussed here, the signat consists of 32
jeclated efectron arlsing from W — eN. The new features are
o follows. Previous calcalations made use of the narrow width
approximation for the ¥/, i.0. the produced W was on-shell. It ie
» simple matter to Include tne effects of the full W propagator.
‘This has an effect of aubstantially broadening the tail of the
pr~disiribution of the obrerved electron beyond the Jacobian
peak pr R Mip/2. In addition, w2 make cuts on the outgoing
eleciron rapidity and pr by taking only events with |y| < 3 and
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pr 2 50 GeV, The rasuliing total W anc £ croas sections (times
Jeptonic branching ratio) are shown ia Fig, 6. The dominant
background consists of electrons arising from virtual W(83) pro-
duction ss shown in Fige. 7 aud 8. This coufirms our previovs
cloim that, the produciion of a wew W [s pearly background free
and should be discoverable on the basls of » bandful of events.
‘The conclusion of the above analysis Is that the discovery Gmits
oblained by LRR (see Table ¥) shiould be quite rcasonable.
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Fig. 7. Single lepton pr-spectrum at
¥ = O resulling from the lepionic decay
of 3 new W/ or W with mass of § TeV.
The complete result (allowing for virtual
as well as re21 W's) and the pole appraxi-
mation are both depicted. Also shown are
slngle lepton backgrounds resulting from
virtual W*(83), virtual £°(94) and Drell-
Yan production.
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Fig. 8 Single lepton pr-spectn at y =
3. Bee caption to Fig. 7. Tbe pole ap-
proximation is 2ot sbown as it is nearly
identical to the complete result, in this
case,

B. Asyromstries Revisited .

Suppove 2 new W ar & is discovered at {be 5SC. One will
then sttempt to learn details of its couplings bofermions. Cleatly,
if the mase of the pew veclor boson le near ihe discovery limits
of Teble 3, ttou there will not be sufiicient statistics to deter-
miue the vector boson couplings. Thus, i Is ceefal to estimate
the maximum value of the mase of 3 new vector boson for which
delailed information regarding its properties can be extracted.

As an example of the kind of agalysis w2 envisioned, Desh-
pande, et al3 considered the frant-back (y dependent) ssym-
meiry Introduced by LRR which we have discussed in Section
2C. We focussed on the productios of & new peutral 22 boson,

whers ite rapidity can bu directly determined by measuring the
20 — ¢*e™ decay. Ia this case, the formulas for the front back
asy=umelry can be ¢conseniently written aa follows. Firet define
three fonctions [i(p), v = 1,2,3:

_ A (2,)00(23) — 0z )vP (2a)
W)= GG oG Y

o o $(=))8(=3) - JA(2,)4%(=y)
Al = ud t:]ﬂ “(53) + ﬂ‘(:ll]u (22} L))

.y _ 8(2)d8(23) + dA(z,)d° (x1)
hiv) = -‘(-:lﬂ’(tz) + ﬂ‘(s:]ﬂ’(szl 3

where

2 = Mze* (4.90)
3= Mze™? {4.40)

and ¢*(x) is the probability of finding quark g in hadron 4 at
momestum fraction £ 3nd &t &0 eneigy scale @ = Mz, Thae
functions can be determined ualag EHLQ structure functions;
we depict the fonctions for Mz = 0.5 and 1.5 TeV in Figu. 9
and 10. The front-back asymmetry, Ay p(y) is then determined
in terms of the functions f; (§ = 1,2,3) and paramelers which
depend on the couplings of the £ to fermions:

Arply) = al'fi(:)";:;)h(ﬂ]l (4.5)
where
c=3ul-5 (4.80)
asIl-R (4.65)
f=L}~B; (9.6c)
Gu {46)

o =

[«] Lo 20 - V4] 4.6

< Y -

Fig. 2. Graphs of the functions €(yj, ¢ =
1,2,3 (defined by eqe. 4.1 - 4.3) which are
zelevant 1o the calculation of asymmetries
in 2% = e*«~ (pee oq. 4.5). We take
Mz = 500 GeV.
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Fig. 10. Graphs of the functions fi(y), § =
1,2,3for My = 1.5 TeV. See caption to Fig.
9.

The eouplings above are normalieed, Z¥ + R? I, where L;
is the coupling of 2 to firv*f;1 (with 3 simliar definition for
E;); and 7 measures the relative strength of the Zud and Zdd
sguared couplings. Thus, in principle, the quantitiss Co, €8,
and 7 can be independently measured. We see that this mettnd
can oply obtain partial information on the 2°fF couplings. For
example if the L and R iype coupling are univemally inter-
changed, Cr and Cf temain uncharged so that no difference
would be seen in the measured value of App(y).

With a sufficient data sample, it is straightforward to iso-
late ihe three parameters Ca, OF and 4 because $he fugctions
k& (i = 1,2,3) are sufficlently different as shown in Figs. 9 and
10. Note that although we have obtained Figs. © and 10 ua-
ing EHLQ structure functicns, which is an extrapolation from
present day data, one ¢cap presumably tocasure the atructwre
fanctions directly at the SSC thereby obtainlng mare relable
predictions for the f;. The bast way to proceed then is to mea-
sure the y distribution of 2° production jo bios of say, 0.5 units
of rapidity. Since f), is quite different from f; and fy at larger
rapidities, the parameter 7 can be determined by careful mea-
surements in the region 2 € g € 3, The quantities Ca and Cp
are then oblained by comparing Arp(y) at other valves of the
rapidity. Detailn of some anmerically worlked out examples for
different masn values of & new hecvy Z which have different con-
plings 1o the fermiona are presented by Deshpande, et al., in a
separate coptribution.’?

Our conclurions are that for masses below §1-2 TeV, it should
be possible to determine certaln combinations of 2°f couplinga
{Ca, Cf aud v; eqe ¢q. 4.6) with reasonable accuracy by mea-
suring the y-dependent front-back asymmetry. The precise up-
per Limit for the 29 mass which sllowa for such a reascpable
measurement will depend on the values of the 29¢ ] couplings.

C. Decay of New W /Z's Izto Tau Leptons

In the last section, we saw that only a limited amount of
Information on the coupling of new W' and 2's to fermiona
can be deduced from the study of asymmetzies. A mont glaring

example of this Is the inabllity of differentiating W), from We
tw studyiog mnpolarized pp = W 4 X, W — e~ N where the
signal consists of 2u isolated electron an-* the N in undetected.
Fusther information could be deduced by detecting an explicit
decay mode of the N, although tbis depends on knowing the
mechasism of N decay (see Sectiop 4E). Here, we shall focus
on another method - the pomsibility of observing r-leptoas aris-
ing from new W or Z decays.$'** The key obeervation here is
that the r—decay is self-analysing, That is, by measuring the
spectrum of r—decay products, one obtains infarmation op the
emitted r polarisation. This Is because the r decay mechanism
is known, i.e. it decays by emimion of a virtual W(83) (Wy-
type) gauge boson. This in turn can clarify the properties of the
new W and/or Z which decays into the observed ».

The major decay viodes of the r are: pu; (BR = 22%), w,
(BR = 10%), ever, (BR = 1TX), 30d pruy, (BR = 18%).%
The sigoal for W -» sN, ¢ = &r in similar to that of W — &N,
ie. an isolated dapton £ = ¢ or g is observed. However the pr-
apectrum of the observed lepton arising from r decay (ie. the
indirect lepton) is quite differens from the direct Jopton. Firet,
the indirect lepton tends to come out at smaller py substantially
below the Jacobian peak. Second, the pr—distribution of the in-
direct leptons can uistingulsh between W and Wg. But, there
are major problems witd sn attempt to detect r-leptons through
its leptonic decay. As shown by Guuion and Haber,? the spec-
trum of indirect leptons (froma r~Jecays) in buried underncath
the spectrum of direct leptons for pr R 0.2 My as showa in
Fig. 11. For tbe distributions at y = 0, this occurs 25 a result
of the prominent Jacoblan peak In the direct lepton spectrum.
Such 3 feature persiats for non-s¢ro y. Furthermore, for smatler
values of pp, the cross sections for both direct and indirect lep-
tons from a pew heavy W lie below the distribution of elecirons
which resulis from the decay of a virtual W(83). Precision ver-
tex detection is unlikely to improve the situation, For highly
energetic r's, it wil) be extremely dificult to identify the kink in
the obiserved track which would indicate a one—charged-prong
decay.

Hence, we consider the non-leptonic decays of the v, fo-
cussing on # — ¥ and ¥ — py. These are also one-charged-
proog decays and so are unlikely to be found via vertex detec-
tion. However, the signal of » bighly energetic isolatsd x or p
in an otherwise quiet event makes such a signature viable. The
# would be differentiated from the x by detecting the photons
from the dezay gt — wta, &% — yy. We shall proceed as if
the detection of isolated &% and p's is 100% efiicient. Cleasly
this will nc§ be ibe case; further study is required to determine
how feasible this approach can be.

In order to derive the speetrum of cutgoing ’s and p’s arie-
ing from the sequential decay W = N, ¢ — (r or p) + v, we
use ab equation analogous to eq. 2.8. We therefore meed to
compute® do/dEdcosd for the procers ¢;g; — Way — o+ X
(in the ¢F center—of-mass frame) where a = £ or p arises from
Wgyt — tN, r —a +v. Ii furas out that this quantity is pro-
portional to the differential decay rate for helicity & = £1/2 r's,
dI'/dE,, computed in the same coordinate frame (j.e. the W
rest frame where the v i» moving). We preseut here 3 derivation
of this decay rate;’ the render who wishes to akip the details
may immediately proceed to the fival result given in eq. 4.34.




10 11 T
2 |3
E Sadill § sewas X ]
$0 R S5 140 Tev 1
e o s 3 =
z 5 ‘\-\"-.b |
gt p e
-3 :"'J\\ ----- !
S |6 \ ™
N
T3 ?i L SSs )
0 300 1000 1500 2000
o Py fGevl ans

Fig. 11. Bingle ¢* pr-spectrant V5 =40
‘TeV from the decay of a charged vector bo-
son. We ahow disiributions of ¢* from di-
rect decays W — eN and from the sequen-
tial decay W+ = t* — ¢*. The curves cor-
respond to {a) W+(1000) -+ e*; (8) W*(83) —
e*; (¢) W {1000) — ¢t — e*; (d) Wp(1000) —
¥ = e*;and () WH(83) — 5* ~ ¢*. The
mass of the pew W is taken to be 1 TeV.

We begzin by zoticg that in the rest frame of the v, the four—
momentum of particle ¢ is given by:

e (e (35 . () )

imy im, )

where 0§ is the angle of particle a with respect to tbe I.ucommg
quark. We now coneider tbe decay v — g+ In the gf rest frame,
whete the r is moving with velocnty v which ls nearly the speed
of light (i.e. /3 > m,, where a i the squared center—of-mass
encrgy for the scattering process). Denoting 7 (1 =093 3
1, the energy B, of particlel a, in the g7 rest frame Jo:

E.u—- mfeu"-l-m,ﬁn") (4.8)
In the same frame, the energy of the  is £, = 4m, 80 that the
energy fraction is given by

S B m m2Y ot ¢
==Eﬁ%+(l—m-—?)ﬂ’i

Thaus, if we compute the decay angular distribution of pasticle a
in the rest frame of the r, we will know using ¢q. 4.9 the energy
distribution dT [d B, of particle a in the g center-of-maos frame.

To compute the decay rate for v = py, we may take the 7ov
coupling to be given by (Grgs/v3)1"(1 = m) a8 suggested by
vector meson dominance, A straightforward computation leads
to:

(49)

Gis
m ‘(lﬂa -2 *' + m;)

x[(m.’-mf.)(m? +2m3) — way(md - 2}, i:'l]ﬂl
where £, and 3, are the four-moimenta of the ¢ und 7 and o,

is the spin fonp-vector of the . In tbz Imit where my « mp-,
the ¥ emitted from 2 Wy (Wg) will be purely Jeft {right) banded

E’E F_'

with Delicity A = =1/8 (A = +1/2). In either case,

Mm] - m]) cosd
""""—m,—

(a1

where ¢ ia the angle between the splo vector and the ;~momentum.
{Note that by boosiizg the v along the direction of its spin, we
can relate the anglo # to the g energy fraction = as given by eq.
4.9.) Plugging vq. 4.11 Into ¢q. 4.10 and integrating over the
enesgy of the p, uslog up the 5-function, we obtain

dr B,T, micos*§ +2miain®y, A=+}
deosb ~ il +omy * {m’-m ,+2m;nu’i . A==}

{¢12)
where B, = BR(r -+ pv} and
A3 3
o (8) R

{Note that g, has unite of mass squared; its value can be deduced
from the experimental value of B,I',.) Finally, using eq. 4.9 we
may conver? the dT'/dcosd given in eq. 4.12 into the differential
¥ decay rate dT'/dE, In the ¢f center—of-roass frame. The resalt
| 4

dr

o) oo miBT,
d.l';" qt veel frame Wr’"f

= V(T ¥ ]

mi[md + g(m] - 2md)] , A=+}
2m(m? ~ m2) + (1 — 2)m?(m? - 2m3) ,

where, in the gjf rest frame, z = 2E,/\/5, In the approximation
that m, « 2. From eq. 4.8, we see that mi/m; < ¢ <
L. Equation 4.14 illusirates the genera) sesnlt that the evergy
distribution of the fina) state p reflects the polavization of the 5
which in tum teveals the nature of the W Ny conpling.

The precise foemula for do/2Edcond (in the ¢f center-of-
mass frame) for the process gi; = Wy p = 1™N, 17 — o~ ¢ v
is derived in & separate contribution to these proceedings.™! We
quote the final repult (valid for m, < /5):

do GLm (1 + cond,)? ( ar
dE,dcond, ~ BBn|(my, - o)t + Thyomg] T, \3F,

where §, is the angle between the p and the jocident quark di-
rection. We hava assumed that both the Wg;J; and the WN's
vertices are either both pure V — 4 cr pure V 4+ A, The ¢ angular
distribution cannol distingulsh beiween these fwo casen.

The above computation can be repeated for r — #o. Using a
rxv vertex of (GP/V3) fuy, {1 —1s)A%, we find that all the rexults
derived above are Identical withh the replacement m, — m, and
Go/™h, — [z, Ii lv a good appraximation to take m, = 0; then
eq. 4.14 reads

) 2 vzt frovac
(4.15)

(&) o= =22

This result has & simple physical ioterpretation. The v— i
either Jeft or right-handed depending on whether it came from

A= i
1
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W2 or Wy. But the &, is always beft-2anded. Thus, becauee the
« is spiniess, conservation of sngular mometitum imyYes that
« in emitied preferentially “forward® in the czoe of Wp decay
and "backward® in the case of Wy decay. This is llustrated in
Fig. 12. Jo the ad ceater-of-mass frame, this camesponds o
an epergy spectrum of ke & which is harder (peaked at = =
1) in Wga decay and softer (peaked at = = 0) jn W, decay.
The argumenta above bave been made for a ¢~ emitted from a
negatively charged W. We can repeai the arguments for the case
of the sequential decay W+ — 5% — «* (or s*), The resulting
energy distributions (eq. 4.14 and 4.16) are exaclly the same.
This can be checked by spplylog belicity arguments similar to
the ones we have just made. Therefore, one need not measure
ke charge of the final state x or p in order (0 see ¢ difference
between Wy and Wy,

. ry -
u---!e_‘y.“---!-:;,_,/f/
" "
bd o} L

AWLAl

Fig. 12. Schematic view of the sequential decay Wy g — N, 7 —
*v,. The arraws above the ¢ and v, denole helicity. The o in
always lefi-banded; the ¢ belicity depends on the natore of the
W ag shown. Angular momentum conservation demands that
the configurations shown above are the ones favored.

Before using these results, it ls lnteresting o apply the phys-
ical interpretation just discussed to the case of sequential ¥ —
7 -+ pdecay. We have noted the close relation between the r and
p formulas {eqs. 4.14 and 4.18). In particular, setbing m, =0 in
eq. 4.14 leads to a resul$ identical in structure {6 the £ formula
(eq. 4.36). Based on the analysis Just discuseed, thia must imply
tLat in the Jimit of m, — 0, longitudinal p's dominate. This is
correct a8 can be observed from eq. 4.12. Using

D (21/2) = 5~ N+ w) & 17 0l (017

(since the v, mecensarily bas helicity -1/2}, we itnmediately see
from aq. 4.12 that the der~y rate for belicity -1 p'» is prapor-
tional to m2. Thus, in the fimil m, — 0, oply the belicity sero
2’8 survive as claimed sbove {we canuol produce A = +1 p's due
to angular momentum codeervation). This may appear peculiar
since we are used to thinking that massless vector particles are
purely transverse. However, one muat recall that a theory of
massive vector bosons doss Bot necessarily have » smooth limit
to the massless theory. The longitudinal polarisation vector for
the p is approximately ¢ m £5/m; (~y m, - 0). The matsix
element for r™ ~ p™iy I8 ju® where ju = O, 7°[(1 — 75)/2]u,.
The m, — 0 Limit in not smooth as lorg as kpjy, 5 O which is
the case here.’¢ Thus, instead of decoupling, the longitudinal p's
dominate in thie limit 4 we have abserved above,

We may insert eq. 4.35 luto eq. 2.8 to obtain the predicted
specirom of p's (and x's) from soquential W = tN decay. A
number of distributions bave been given by Gunlon and Baber in
a separate coptribution to the procecdings.’? We provide some
additional resuite here in Figs. 18 and 4.
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Fig. 13. Single #* pr-spectra at a=
40 TeV from the sequential decay W+ —
t* = v, The W mass is takea to he

8.5 TeV. We show distyibutions for Wy
and Wy for two fiated values of rapidity,
g=0and 2.
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Fig. 14. Single »* pr-spectra at /# = 40
TeV from the sequentinl Jecay W+ — #* —
x*. We have replotied Fig. 13 on 2 linear
scale in order Lo focus on the pr-region below
2TeV.

As in the cax: of asyminetries discussed in the previous sec-
tion, the minimum amount of data needed to discover a new W
or £ i not sufficient fo obtain Information regarding its cou-
plings. One could then ask ~ what is the heaviest charged W for
which the observation of the saquential decay W ~ 1 — w can
distingnish between Wy, 20d Wil Guuion and Haber made an
initial estimate and concluded that, assuming 100% efficiency
for detection of pioms, new W masses up to about 3.5 TeV allow
for separation of W from Wp. A more realivtic aumber awaits
‘urthe: experimental inpus as to the ¢ detection efficiency.

One cad imagine looking for three prong decaye of the . In
thie case, precision vertex datection could be of use H the three
charged tracks can be individually identified. Fioally, we note
that the discusaion above can also be applied to Z decays. Here,
because the process of interest Is % — 15~ followed by two
r-decays, the formalism is more involved and needs to be more
fully developed.

D. Horizontal Gauge Bosons st the S5C

One can consider gauge bosons which are not simply clones
of the W(63) and the Z(24). In this eection, we will examine
the possibility of observing botisontal gauge bosons at the SSC.
Unlike the W(83), 2(94) and the new W's and 2’ conaidered
ihua far, horisontal gange bosons do not couple universally to
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the different generations of fermions. For example, on= can con-
struct & model of horisontal symmetriey, l.e, symmetriss which
relate fermions of different generations. 32 By ganging such a
symmetry, one obiains horisontal gauge bosons. Such a theory
represents one atiempt o explain the replication of generations.

M such 2 scenario actually occurs, then a cruclal parameter
of the mode] is the mass scale which characterizes the horisontal
symmetry breaking. A lower bound 1o such 2 mass scale can be
obtained by considering current experimental limits on flavor-
cbanging seutral currents (FCNC'). If horisontal gange basona,
Vi, existed ope would expect such bosons lo mediate Aavor—
¢banging transitions. The nonobservation of certain FCNC’s is
thep interpreted as a lower bound on the mass of V. Two strin-
gent examples mentioned in Section 1D are the nonobservation
of K1 — pe and K% — s¥ue. Such processes conld occur if
VgdF and Vg e vertices existed in the theory. One typically
Bnds™? that My X § ~ 100 TeV depending ou which FCNC re-
action is used. This limit, however, depeads on seiting unknown
mixing angles to unity and taking the borizcatal and weak gauge
couplings to be equal. Clearly, there is rooin 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 sepsitive 1o such besons up to 10 TeV (similar to the case
of a new W), Suppose a horipontal boson exists which cou-
ples both to d% and eu. Then, one could preduce such bosona
by the Drell-Yan process - annibilating d¥ to produce a phyai-
cal Vg which subsequentially cap decay into ey, The production
¢toss sections are similar Lo that of new W production (since the
probability of finding ¥ or @ in the protop is similar). Albright,
el.al. have obtained some predictions for Vg production cross
sections based on various assumptions on the Vg mass and cou-
plings. Details are presented in a separate contribution to these
proceedings.® The process d¥ — ey would be guite spectacular:
a very quieb event except for a highly eoergetic back-to-back
ep 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 (43 — pe) is not the
appropriate one. Given that the rare X~decays previously men-
tioned have not been chaerved, we know that a Vg which couples
to both d% and pe must either be extremely heavy (% 20 TeV) or
very weakly coupled. In the former cade, the SSC energy is not
large enough to produce such a Vg. In the latter case, the Vg
can be produced, but due to the weak coupling, the production
crosa-section for Vg is too small. Either way, such a ¥z cannot
be seen at the S5C. These dismal conclusions bave been reached
solely because the FCNC constraints in X-decay are so severe.
This is no longer the case in olher syatems. For example, very
{ew restrictions are known regarding the transitions:

(4.18a)
(4.185)

el — e, r¢, 1
a8 = pr, er

If one takes the attitude that the non-existence of 43 — e need
pot affect all other possible FONC's, then one bas the pomsibility
of finding much lighter horizontal gauge boscns thap previously
envisioned. It 1s not entirely unreasonable that the third gener-
ation may be special (compared to the firsl two) in some way,
allowing for the possibility that FCNC'a involving al least one

third generation fermion could be substantially less suppremed
than otker FCNC%. Looking over the List iu eq. 4.18, the r-
lepton prominently stands out. Thus, edficient detection of r-
leptons in highly desirable. In the previous section, we saw that
one advantage of 7~lepton detection is hat ib can provide infor.
mation on the vector beson couplings. In the presest context, a
further advautage is revealed. The reicpion map provide o win-
dow 1o ncw pAysics beyord the Stondard Model. Once again, the
siguature of Vg production via the processes listed in o). 4.18
is quite clean, and only 2 few events aze neaded to signal some-
thing wew. Discovery limita for horisontal gauge hosone fourd
by Albright, &t al., are presented iv Table 5. In obtaining these
numbers, all unknown mixing angles have been set to unity. The
unknown horirontal gauge boson eoupling ag = g /4w has been
set toeither 1, 0.1 or o = . /4w. These amumptioas are quite
atbitrary so the tesulis in Table 5 sbould be considered only as
illustrative.

Table &
Procesa Discovery Limit
ag=10 ag=01 ag~on
df¥+ul—e gt k& 15 11
db+uf —e~rt 1 12 9
b+l —pu 1t 16 7 [
d¥ + ab + u2 + e 80 17 12

— e~ pt et

Table 5 : Discovery Limits of Horisontal Gauge Boson masses
at the SSC with /8 = 40 TeV and £ = I0% em™? gec™!.
All masses are given in TeV. The horizontal gauge boson cou-
pling is chosen to have one of three pocsible values, where ag: =
a/sin? 6y e 0,03), Unknown mixing angles have been set equal
to unity. The criterion for discovery is the observation of five
evento in one year (107 sec) of running.

Therefore, the SSC will significantly extend the lower limits
{or the masses of hypoihesized horisontal gavge bosons, or equiv-
alently will be able Lo set more stringent limits on FCNC transi-
tions such as those listed in ¢q. (4.18). Such limits can cample-
ment other techniques which may be used at the $SC to study
the possible existence of FONC. For example, due to large num-
ber of b-quarks expected at the SSC* (approximately 10'? per
year will be produced for a machine with £ = 10% em™%aec™!),
one can acarch for rare decays of the B%~meson. Thus, the tran-
sition §d — pe might be detected either by a rare B° decay
or by the production of a borisontal gauge boson. To compare
the sensitivity of both processes, we may make the following
estimate:
BR(B® = pie) ~ .‘_._,_’3”"" min
( # , ’l'MVl' ;"}TF
whese the ratio of lifetimes is f/1, = 5 x 10~7, In the formula
above, we have set the unknown horisontal gauge boson mixing
angle {0 unity. As an example, if we choose gy = gn, we would
find from Table 5 that borisontal gauge bosons with My, <9
‘TeV can be detected direcily; the corresponding sensitivity given
by eq. 4.10 iz BR(B® -+ uc) 2 10~*, Whether such branching
ratiop could be detected at the SSC remains to be seen.
As we mentioned in Sectlon 1D, other schemes exiat which
predict gange bosons which do mot couple wniversally to the
gencrations. A model of Holdom™ bhas inspired us to consider

(4.19)
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the possibility of a gauge boson Y which prefers to decay into
heavy quarks or Jeptons, or into W-palrs. As this |s also what
one expects from s beavy Higgsacalar, it is of interest to consider
how a vector and a scalar particle with such propertiss could be
distinguished. Kayser bas considered this problem iu detail and
I present bere his analysis verbatim.

It tha ¥ Is produced in pp or pp collisions via gluon fusion
and beavy quark loops, it will tend to have helicity & = 1,
rather than A = 0. Now, suppose Y = fJ, where f I 2 quark
or lepton, with a eoupling of the form

&GP la 4 by . (4.20)
Hezre ¢, ia the ¥ polarivation vector. Asseme that MY)| = 1,
and that the ¥ may bave a polarization

NQA=+1)- NQA=~1)

U TEFOEY IY R

Then, the angular dlgtribution of f in the ¥ rest frame with
respect 1o the ¥ directlon of motion in the Jab is

(21

 2jalm} + (jo)” + 18737 (1 + c0e° )
— Plab® + a*b)my| 7 |cond .

ar
Tewst) (4.2)

Here my and my are the f and ¥ mames, and |F] is the f
momentum in the ¥ rvest frame. Note that ae long ui’lm}
is mot small, this angular distribution is very different from the
isotropy that would characterize a Higge decuy.

Now suppose ¥ ~ W+ W~ In principle, ihere are 7 possible
couplings among thres J = 1 particles. To illusicate the decay
angular distributions which one may expect, we take the YWW
coupling to bave the same form as the Z°WW or 4WW gauge
<oupling in the standard model. Assuming again that |A(Y)] =
1, we find for the W* distribution in the ¥ rest frame

‘(ﬁ’) «l+ (#—%’ﬂ sin’d , {s.23)
where r = m}./mf.. Tbe coefficient of sin?@ grows monoton-
ically from 3/16 a$ £ = 4 (threshold) to infinity st r = 0.
For, say, my = 5mp, if is already 1,34, Thus, as In the decay
to fermions, the angular distribution differs substastially from
otropy.

Note that the angular distribution, eq. (4.23), does not de-
pend ou the polarization P (cq. {4.21)) of ihe ¥. Thus, this
distribution should be the same an that for e*e™ — WHW ™ via
an s-channel 20 pole, since the unpolatised beams produce an
intermediate Z° with equzl amounts of J, = +1 xud J; = -1,
avd no J; = O (¥ axle = beam axis). This claim ln indesd eozrect
a0 can be easlly checked .’

E. Implications of a Right-Handed Neutrino.

We bave indicated In Section 1A that In SU(2)g x SU(2)p x
U(1) models, ons necessarily has to introduce a right-banded
neutrizo field N inlo the theory. The properties of the N feld
are not well constrained; 3 recent discussion of the relevant evn-
straints bas been given by Gronau, Leang and Rosner.! In par-
ticular, these suthors pojnt out that the xperimental Bmits on
the N mass and its mixipg with erdinaty psutrivos ase rather
poor for my 2 1 GeV.

Qur malip interest regarding the N Is how it may affect the
obsetvation of & new Wy whose lepionie decays ate expected to
be Wy — £N. (Of course, the N is interesting in its own right;
although this would take ex beyoad the scope of this report.) i
one assumes that the N escapes all detectors as missing energy,
then ibe signature of a Wp will be slmilar to that of the W(83).
Ob the other band, the N might decay ipside the detector. In
this case, there afe two possibilities depending on whether a
separale decay vartex for the N can be detected. In either cace,
one msy oo longer have 3 missing epergy trigger to help select
out events corresponding $o new W production. Guaion and
Kayser® bave carefully considered jn 2 peparate contribution
various for the production of new W bosons which
decay luto N in the cases of pp and ¢p collisiops. We simply
sonmarize cone of the salient features hete.

Quc can estimate the Gfetime of the N which depends on
a gumber of assumptions. For example, the N can decay via
virtual Wp emission or through its misipg with she ordinary
neutvinos. Assuming that the forrusr 1o the deminant mecha-
nism, we find:

o5 rs 4 x 10 g (SGT:;). (TM% ‘

This formula illustrates clearly that by adjustment of the rel-
evant parameters, 3 lifetime consistept with cach ene of three
possible scenarios menlioned above is possible. If we again ne-
glect mixing effects, the N will decay via:

Ne— e+ 2 jein

(424

(4.25)

and slmilarly for the N associated with other lepton Bavors.
Thess modes have éwo noteworthy propariies. Since N is lfiely
to be o Majorana leptoc, it will decay equally futo e* and .
This could be extremely distinctive, but yequires the detector
to be able to measure the electron charge (or the muon charge
in N, — p*+ jets). Furthermore, the electrons themselves may
be bard to locate i they arc buried inside ome of the hadronic
jets (however, this is not a problem for mucns). Seeond, the
process given in eq. 4.25 bas the feature $hat there is no missing
energy (as long as the jets do not consist of beavy quarks which
semi-lepionically decay). Thus, one will ~ave to trigger on a
class of events consisting of one isolated lepion, a second lepton,
hadron jets and very Little mussing irabsverse encrgy. Such a
trigges le Gkely 1c make the new W pearch more complicated
than the pearsh for W({E3). However, the isalated kpton exhibits
a prominent Jacobian peak, and the remaining particles ehounld
reconstruct (roughly) to a unique mass,

For completeness, it is worthwhile {0 mention certain changes
if the mixing of N with cxdinary nevirines dominates its decay.
First, the N lifetime tends to be ahorter, wo probably no sepa-
rated variex will be observable. Second, in addition o the decay
modes discussed above {eq. 4.25), tlnn are completely leptonic
modes which always involve at least one neutrino. Thua, in this
case, the missing $rapsverse energy ttigger may be useful to iso-
fate some of the W — eN events.

5. Directiona for Future Investigations

We 4nd this report with a Est of unanswered questions which
we beliove should be addressed in future studies of new W/Z

physica:
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a} How clean are new W/Z signals under realisiic experimen-
tal conditions? Forexample, in the discovery of the W (83),
an Imporiant feature in the detection of isolated electrons
was cheching that the e~ energy and momenium measure.-
ment matched. At the S8C, a momentum measurement
becomes increasingly difficult as the electron momentum
increasen. Thus, it is likely that the above technique used
to clean up the W(83) sample will not be wvailable for new
heavier W's. Thus, ap important question to answer is -
with what efficiency can one idantify isolated electrons at
the S5C. (Some of these issues bave been considered by
Carr 30d Richten Ip these proceedings.3¥)

%) What are tbe backgrounds to Wp — N should the N
decay be observable? We bave speculated that the signal
of Wy production i» likely to semais clean even if the &
decay products are observed. But this peeds to be carefully
checked. What are the other possible sources for £1¢2 4+
hadren jets plus negligible miseing pr? Cau one trigaer
effectively ou such events at the 88C7

¢) How efficlently can one detect r~kiptons? b it realistic
to detect r's by obeerving isclated «'s nod/or p's? What
about the pozsibility of seeing a separated vertex and iden-
tifylog it as 3 three—prong r—decay. Could such a signal
be separsted from charm production?

d) Calculations of distributions in 2° —+ r#r~ peed to be
worked out. A formalism should be developed by which
one eap upe information from the distribution of r decay
producte 1o reconstruct the 2° couplings to fermions.

¢) The coupling of a new W ta fermlions can be partially ob-
tained from asymmeiry studies. If in W — ¢, the N is
not sees, then incomplete information exists on the kine-
matics of each event. Morc work s needed to determine
whether one can still make vee of the asymmetry in this
case, Furthermors, the analysis given in this report has
assumed thet the missing N is momless, Ope needs to in-
vestigate possible effects that may arisa i the N bas non-
negligible mass. How accurately can one jufer the mans
of the N i it escapes deiection? 1 the N is seep, then
the N decay products can provide additional clues to the
nature of the W couplings {similar to the r—decay from
W — +N).

£) 1o this report, we have focusssd exclurively on leptonic
decays of new W’ and Z%. Can new gauge bosons be
deteacted via their hadronic decay? Initial estimates Indi-
caie that this will be very difficolt (perbaps impossible).
Some progress, howaver, was made by the W ID gronp®®
which fovestigated the possibility of detecting the W(83)
via i1s badrogic jets. Thus, the case for badronic decays
of new W' aod 2% sbould be reopeaed and studied more
carefully as progress is made on W (83} detection.

9) All cross section estimates fur new W/2Z production were
based on the usual assumptions of the nalve parton model.
We have negiecied primordial traneverse momentum of ini-
tiu! state parions as well a2 iratoverse momentum due to
QCD gluon radiation. In addition, X-facters and bigher
order QCD corrections bave been neglecied. It In worth-
while i Javestigate the effacis of some of shese zeglected
pieces. 1z particular, the transvere momentum spectrum

of new W' and 2's needs to be carefully inken Into ace
count, Apart from being an interesiing exerclsa In QCD,*
such effects will have observable consequences for the lep-
fon specira we have computed.

A) Tbe implications of polarised badron beams for pew W) 2
physics needs to be fully worked oul. One would like to
koow how fully cne can reconstruct W and £ conplings to
fermions by obeerving the diract leptonic decays as a func-
tion of the beam polarisation. A side issue I the quastion
of polarised structure functions. How reliable are thve cur.
rent methods for obtalning the polarised siructure fune.
tions refevant for SSC edergio?

I would hope that these questions could serve as o starting
point for future work o new W /S phyaics at the SEC, as well
a3 providing sn agenda for & New W/Z working group at the
next §SC workshop,
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