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ABSTRACT

Searches for leptons heavier than the muon may be conducted
in hadron-hadron collisions: P+ P~ L+ + L~ + hadrons. We apply
the parton model to this process and calculate the correlations

“n,

between the decay products of the heavy leptons.

e

I. INTRODUCTION
The electron and muon are the only two massive leptons which
have been observed in nature. Since the properties of the two par-
ticles are identical except for their masses, physicists have long

wondered at this apparently needless duplication. And given duplica-

tion, why not multiplication? Are there any other, nore massive

leptons?

The recent development of the unified gauge theories of the
weak and electromagnetic interactionsl has lent a new immediacy to the
question of heavy leptons. It appears that in theories of this type,
renormalizability is tied to the postulated existéhce of either -
neutral currents, or heavy leptons, or both. In the context of the
gauge theories, the possible heavy leptons are E+ and Eo (M+ and
MO), J = % fermions, with the same lepton number as the e~ (u ).

Segrches for heavy leptons may be made in:

(a) electron-positron colliding beams (et +e =+t +17 or
et e” 1%+ vLL

(b) photoproduction experiments (y + N - Lt L_ + hadrons) »

(¢) neutrino beams (ve'+ N - L+ + hadrﬁns),

(d) charged lepton beams (e  + N - 1° + nadrons) and

(e) proton-proton collisions (p + p - LY + v + hadrons or

L
+ -
p+p~L.+L + hadrons).

In this paper, we shall concern ourselves with the final

pbssibility: the production of charged heavy leptons in pairs from

.

proton-proton collisions where substantial advantages in beam intensity
may make detection more tractable. We shall assume that the lépton

pair is produced via the two step process involving a single virtual

photon:



P+ P 7 + hadrons

R A

This paper is divided into five sections. Section I is‘the
introducﬁipn which the reader is preéehtly.being subjected to.
Section II‘concerns itself with a short review of the detectlon
.problems peculiar to_heavy leptons. In pérticular, the;léptoné
probably have too short a lifetime fo be observed directly, and.
therefore must be identified by their decay products. Section III
deals with kinematics and the application of the parton model to
leptbn pair produétion. Sect;9n IV describes how one may obtain the
correlations and angular distriﬁutidns of the heavy lepton decay

products, Section V is the conclusion..

II, HOW TO DETECT HEAVY LEPTONS

The lifetime of a heavy lepton is expeéted to be far too short

for it to be directly observed in the laboratory. Colliding beam
experiments at Frascati ha#e established a lower limit on the mass of
1 GeV.2 In fact, neutrino experimenfs at NAL5 have improved the lower
limit to 8.4 GeVﬁfor heavy muon-;ike leptons Mf (with the same_lepton
number as the ). It has been estimated that the lifetime of the.
heavy lepton must be less than 10-ll sec, if its mass is greater than
1 GeV. b5

Therefore, any observatiqn'bf heavy ieptéﬁs must bg made
indirectly via their decay products. For charged heavy ieptons,

typically important decay modes are,

e

S ' - (I1.1)

;i-+ hadrons.

Estimates for the ﬁranching ratios as a function of Mi are given by

Tsaih and by Bjorken and Lleweliyn-Smith.5 In p-p collisions, where
the heavy leptons are expected to be produced in pairs, it would be

feasible to identify them by detecting oppositely charged decay prod-

+ - + - + -

ucts in coincidence: e.g., pe, W, or mwe

The flux of such ;airs‘may be estimated by using the branching
ratios of Refs. 4 and 5 and noting that the production of heavy lepton

pairs is simply related to p-pair production,

» / 2 \2 » 2
d0/aqQ” (pp - L'L” + hadrons) - i1 3 1. M
2 + - - -2 ; 2
do/aQ“(pp + w'u” + hadrons) S R Q" !
A
(11.2)
where Q2 is the mass squared of the lepton pair, and we have
neglected the muon mass.
One may'calculate the decay of the heavy leptons by assuming Y

‘eul. universality. In the case of the purely leptonic decay mode,

tha v v et . or L~ Ve
L e L e

the energy and angular distribution of the electron from a lepton of

e

polarization g can be written in the rest frame of 1L .as,



b

v
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!I/ Lt —L Ve e’ \ G2 ML5 /’ {l o -
r i _ »ff = —-——-2—7—';,1 i dﬂej ax x [3-2x i(‘s'pe)(E‘X-l)]
Lo 143 Ve © / 5 J o
‘ (11.3)
) S e .
where G = 1.02 X 10 /Mp s X = E/Emax of the electron, with
1 . ~ ; '
Eﬁax = § ML , and P, is the unit vector of the electron mumentum.
Tsai uses pion decay to calculate the decay mode into a single
pidn,
o+ =+ )
{! L - VL n i G2 fﬂ2 C082 ec 5 Mne t f‘dﬂ
T - ' - i - 2.0
: _ ) _ 161 ML 1 2 i T . + 8 Pn)
L - vL T ML J
\ /

(11.4)

where ec ~ 150 is the Cabibbo anglé and the pion decay constant

£,= 0137 M . . o

ITI. XINEMATICS AND APPLICATION OF THE PARTON MODEL
The invariant cross section for the production of a heavy
lepton pair (Fig. 1) may be written as,
1 (hna)ét th ;v d3p+ d5p_
W Sy T G ¢ R '
eix(s,Ml M, ) ST :

-

!
J

“ 1, (,p) (@) 8(p, + - Q)

(111.1)

‘Where pl and p2 are the initial proton momenta, p+ and ©p are
the final lepton momenta, and Q is the momentum of the lepton pair.

For leptons of a given spin,

(2n)52E+ (2n)32E_

-6~

-

g 4)
2

| @ +7g A,) ]
L

b+ M)y, (-, +m )y, .

-

Luv(p+,p_) = Tr
(111.2)

The operator (1 + 7s #)/2 1is the spin projection of a lepton with
spin g in its rest frame. The structure function W contains the
dynamics of the process and is written in terms of the electromagnetic

current as,

. 6 b -iQex . .
W(p, D) = (2x) 28 2E2‘/Pd x oM (57, 13%(x) 3°(0) pyp,) .

(111.3)

Before any prediction for the decay correlation of the heavy
leptons can be made, there must be some wvay of determining the
hadronic strﬁcturé function va. Experimental evidence‘from p-pair
prodhction experiments can, in principle, provide all the needed
information. But practical froblems arising from aperature limitations
and other experimental uncertainties canvmake such an analysis
difficult, if not impossible. Therefore, we shall use the parton
model as a tool for predicting the decay correlations. Our analysis
will not be compietely'dépendent on the success of the model for its
validity. To the extent that we can demonstrate that the model; in
some form, can explain the published up-pair production d;ta, we would
expecf it to be -a useful means of predicting heavy lepton production.

We assume with Drell and Yan7

that the heavy photon is
produced via parton-antiparton annihilation (Fig. 2). 'Thus, we have

the usuval expression,



uv

W e (pH Y WV .
Wo(pspy@) = (p) B, + P Py g p°Bp)

mr\“fﬁ
o7

x ‘dxldxg dgﬁil deiél fa(xl,ﬁil)fg(xé,;él)(En)h Bk, + X, _'g)

(1I1.4)
where kq and k2 are the parton momentg. The summation is over all
species a of partons and-antipartons, and'the index & refers to
the antiparticle of a. The parton charge is Aae. § We have shown
in an earlier paper8 that this expression for the structuré function
is valid to O(s%) in an appropriately chosen frame. The parton

a 1L

distribution function f (xi,f ) is.related to the structure function

in electroproduction by,

- Is —
_'i _ S' 2 i 2 EhaEY - \ 2
vW2(x =< ) = /. A xﬂj dk, fa(x’kL) = é:J N fa(x) .
a : a )

Substituting into Eq. (III.1), the differential cross section is, for

asymptotic energies,

o - AN S

; . : 2. . d“p d’p
do 1 hrr) - P -
a0 = _ - TW(T) a(p +p - Q) —_— —
- | 2 (on )2 QES + B °E, 2E_

! TR nov uv :
X + . - .
(0" my 3" py - e ey R (psp )
(111.6)

where T = Qz/s "is the usual scaling variasble, and has the fange

s 1 (f' 1
w(t) = j> NS Goaxg ; dx,, 6(x1x2 - T)'fa(xl) fg(xe) .

(111.7)

(111.5)‘

. -8—

We note here, that integration over the lepton variables yields the

familiar result for the differential cross section

1
' 232 2>
do hna? hML \> 2 j)
= = 1 - —= 1+ w(t) . (111.8)
e 3 & s

At subasymptotic energies, the expression for W(T) im (III.T)

, : o
must be modified to account for the kinematic limitations. on T (or,
equivalently, on QE). In particular, Qiax = (g2 - 2M)2; and at
Brookhaven energies such limitations become important. The accom-
modation of these effects is discussed in Ref. 8.

We may express (III.4) in terms of the variables T = Qg/s,
@l’ and y, the fractional longitudinal momentum of the lepton pair
relative to Py in the center of mass of the colliding hadrons.
- . N
+y o+ (y2 + b7 4 hQ_Le/s)2
X, = : 5 ,
. (111.9)
3o+ (F ¢ b 4g,7/s)?
X T 2
with. -1 - 7)<y < (1 -71), and 0O < x,x, <1
Substituting (III.4) into (III.1) then gives,
- 8
ST o
dag _ ho? 1 1 \ A
2 2 IR o) 2 % / a
ddeLdQ s Q (y +)+'r+l;Q.L/s) b N
.
'x-’rdzk £ (x,k) £(x,, @ - X,)
| Lo ta R g e T R
7 3 43
d P, 4"p

< r = BV |93 V_ uv .
< 5(p,+ p_- Q) 5E, 5% (py"2," +pypy -8 ppepp)L(pyp )

(II1.10)
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This determines the full distribution of the heavy photon
momentum Q, and will be the fundamental equation for calculating the
decay correlations of the heavy leptons. The dynamics is contained in
the parton distribution functions fa(x,kl). The subsequent calculatim
of the correlations of the decay products is essentially kinematic in
nature. ‘

We have shéwn8 that reasonable choiceé for the parton distribu-
tion functions cannot fit the Brookhaven experimedtal data f&r'p-pair

9

production,” once constraints from electroproduction, deep inelastic
neutrino scattering, and large angle scattering are imposed. However,
the §§§gg of the experimental longitudinal momentum distribution in
the lab, dc/dp" , 1is dccﬁrately reproduced, and if the partoné are
given a form factor and magnetic moment, as suggested by Westlo to
explain the e+e- annihilation data, then the shape of the exper-
imental invariant mass distribution, do/ng, may be approximately
reproduced as well. Therefore, if we renormalize the distributioﬁ
functions by a constant.factor and include a factor arising from
parton structure, then we will have a reliable fool for estimating

lepton pair production, at least at Brookhaven energies.
Thus, one may use theé quark distribution functions of Ref. 8
= 4x)+r + X
up (%) a0 ) p(X) s(x)
cug ()= up(x) +r () +s(x)
uﬁ(X) = ug(x) = u(x) = s(x)

(111.11)

with the particular choices,

‘fit the data at E L = 295 CeV.

-10-

s(x) = 01501 - x)/x + Tox(1 - %)

rp(X)

[

1
2.420(1 - x)7/x?

r_(x) 1.555(1 - x)7/x% (111.12)

and where Gp(x) and ﬁn(x) are shown in Fig. 7 of Ref. 8. The
transverse momentum dependences for fa(x,ki) ~may be taken to be those

suggested in Ref. 8. The usual quark charge assignments are,

2 b 2 2 1
Y = = = - =
o 5’ N A 5 (I11.1%)
and we make the modification, as calculated in Ref. §,
\2 s 2
2 2 / 1 \ )
)\.a - )\.a R ,—__'—2—2_ ! (1 + T) (III.lLI»)
{1- Q /A K
\ J

which accounts for the form factor and magnetic moment, and the overall

renormzlization R necessary to fit to the Brookhaven data. The

parameters are

R = 5.k
A = 8 cev
: -1 '
po= 0.2 GeV (111.15)

where f and u are determined by fitting the electroproduction and

10

annihilation data, and where R is the renormalization required to

8
la

The choice of distribution functions and parameters in
Equations (III.11) through (III.15) yield an excellent fit to the
u-pair production data at Elab = 29.5 GeV. Comparisons to the exper-

. . . 2
imental points in do/dQ and dc/dp” can be seen in Figs. 3 and 4.
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Iv. DEQAY CORRELATIONS

It'is:now possible to calculate the angular distribution-of
the decay products of the heavy leptons.. The expression fér the
differential cross section (III.lO) togéther With‘our chdices fgf the
parton distributions and chafges‘(III,ll thfough III,lS)_gives the
spin and momentum distributions of.thé outgoing leptons. Then, the
appropriate Lofentz transformations and the equations for the sub- .-
sequent leptonvdecay (I1.3 and II.L4) mey be used to determine the
distributions for ﬁn, ne,‘ or pe coincidental detection. Such a
calculation may be performed by a Monte Carlo computer program,
although we sha;l not attempt any such project in this ﬁaper.

It may prove useful, however, to write down an approximéte
analytical expression for the decay correlations. It is convenient to
choose a coordinafe system in the center of mass of the two leptons,
where the z-axis is defined by the lepton momeﬁtﬁm ;; . (See Pig. 5,)
We shall make the usual parton model approximation that 612 << Q2. |
In any reasonable model, one would expect & sharp peaking at low
values of the transverse momentum; in fact, a distribution of

-2.5Q .
‘e L has been reported for p-pair production at Brookhaven

9

energies. The lbngitudinal momentum fraction -y of the leptbn_pair
will be unréstric&ed, éf course. -

Thé lepton peir is created with momentun fraction y, and
invariant mass squared Q2. Define g and_ E’ to be.the spin
polarizations of I~ and- L+_ in their respective rest frames. In

our chosen frame of reference, the covariant spins may be obtained

by a Lorentz transformation,

212-
s. = (Brs,, s, 5, 7s,)
. v ) 1
s, = (Brsy, s, s, 78,) (Iv.1)
where B = (1 - 2-/Qz)% and 7 = = (Q?/ 2)% We use th
. . hML _ 5 M)E. s e
‘ uv : . .
~metric gu = (1, -1, -1, -1), giving s4*sy = =-1. The lepton and

proton momenta are,

.= (@2 o o 8@2R)
i ES
Peo= (@, o o @)
p, = <?(1 +B), 51 +B)Psine, 0 F(1+B)P cos 6)
B, = (a-Fr Fa-Freme o Fa-F)Pcos )
' ‘ (1v.2)
wherev
3 ~ 2.3 ~ 2/
. P ® 3/ B = -y/(st+357)°, 7 = (1+ y/41)2,

and © is the angle between the negative lepton and the incident

bhadron (1). -

The angular distribution of the lepton pair may be calculated
by integrating (II1.10), where we have made the usual parton model
assumption that the transverse momentum of the lepton pair is small

compared to Q2.

2 )
2 s T —% P —— E{: )é? £, (%) £50x;)
dﬁi dy 4Q 25Q (y + b1)° .
' , - .2 L2
x B [l + cos2 9 + E}EE_Q- + s, s;(l + cos2 6 - 532—12‘)
t 7 4
' 1 2 v 2 .2 ' ' 1
+ 5.5 (1 + 72 Ysin® @ - 5,8, g sin” & + (sxsZ + s sz) > sin 26

(1v.3)
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where

-

L2 2 '
o T+ b1 and x -y + (y° + L)
1 - A 2 2

ne

X

It is worth noting that we have obtained a result identical in form to
that obtained by Tsai for e+e- i L+L_. ’ The reason is guite simple.
Both pfpton momeﬁta, pl and PE’ occur linearly in phe cross
section (III.10). Thus, the Lorentz transformation (;, £) must

cancel out of the calculation in our particular choice of reference

frame since

Y1 +8) x 5(1-8) = 1.

‘We are then left with a calculation exactly like that of Eq. (4.20) in
Tsai's paber, Ref. 4., Therefore, the }emarks made by Tsai regarding
the spin correlations iﬁ e+e- i L+L- apply equally well to
P L+L' + anything. We therefore refer the reader to Ref. h.for a
complete discussion.

The results Tsai obtains for the combined angular distribution
of the decay products L~ = x and L' - x' for a fixed production

angle also hold. For completeness, we.transcribe the results for

p-p collisions. Define

- v '
oly, @°) = -2 = Z AP (%) £ilx.) (IV.L)
v 28 Q2 (y2 + Lvr)i = e

with 7 = Qz/s and X] 5 = (ty+ (y24-h1)%)/é. Then the combined
3

distribution may be written as

2- = = 24— 6(y,Q°) [A(QE,G) +B(Q2,9)} (1v.5)
aq, 4a dq' dy 49 TS ot i ‘

-1h-

+
where Ftot is the totel width of L°, dQ and d4Q' are solid
+

angles for the decay products of L~ and L' in their respective

rest frames, and the functions A and B depend on the decay products -

observed.
. . ~ _ _ b - +
For the decay channel, L - vy, + v}‘L + W, L - vl t Ve t @
with @~ and e  detected in coincidence,
I 2 sin® e (l o 12
A(Q, &) = F(L +cos 6+ == )l xfax(3-2x) | x"ax'(3 -2x')
. ¥ :
- “0 ¢

B(Qe,e) = -F | Lax x'edx‘(l - 2x)(1 - 2x")

2 -
1 ' 2 sin” © ' 1 2
x@[qzqz @+cos 0 - 72 )+q_x%((1+72> sin” .8

-aaq 52 sin2 8 + (qxq; + q;qz) % sin 29]

_ (1v.6)
where 5
2 45
./GML \ . __q/ |__|/' d
R R U

. - +
Uy = q;ax = % ML , and q and gq' are defined in the L and L

+ - - +
rest frames respectively. Similar results hold for = x and T W
coincidence. The reader is referred to Ref. 4 where the formulas for

A and B may be obtained and where a complete discussion of the

correlations occurs.
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V. SUMMARY AND CONCLUSIONS

Unlike the colliding beam process, e+e- - L+L', thé expecta-
ﬁibns for heavy lepton production in proton-proton collisions depend on
the parton model: 1.e., one must adopt the picture that the lepton
pair is created via parton-antiparton annihilation, and then embloy
explicit distributions for the partons.

In an earlier paper,_8 we hﬁvé shown that by including parton'
structure (one possible explanation for the behaviof of the cross
section for e+e— - hadrons) and renormalizing the parton charges, it
is possible to describe tﬁe Brookhaven data fqr Pp u+u- + anything
using an otherwise attractive pérton model. One may hope thét our
calculation of the hadronic, ;artoﬁ sensifive structure function,
describing pp - massivé photon{ is at least phenomenologically
satisf;ctory. Thus our predictions for pp — L+L- + anything shouid
be reasénably reliable and should serve as an adequate guide in the
search for heavy leptons at Brookhaveﬂ energies (s ~ 60 GeVE).
Hopefully the extrapolation to ISR energies (s ~ 2500 GeVe) would also
be valid. This could be directly checked by performing the u-pair
experiment, an important gosl in itself. v

“ of course, if one is able to completely determine the angular
distribution of the u-pair at any given energy, theﬁ the results could
be used directly tovpredigt the decay product correlations of the heavy
leptons.

For further infofmatioh'on the -expected properties of the heayy

leptons and other mechanisms for their production, the reader is urged

to consult the earlier works by Tsai,h and Bjorken and Lleweliyn-_-Smith,5

and the references contained therein.
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FIGURE CAPI'IONS

Kinematics for pp = L'L™ + anything.

Parton-antiparton aonihilation diagram.

Inveriant mass distribution of up-pairs. The dashed curve (a)
is the rénormalized pfediction for point-like partons; the
sglid curve (b) is the renormalized prediction for ;artogs
with structure, a form factor and an anomalous magﬁetic

moment. The kinematic boundary is defined by the requirement

1

that m < 2 -
M

calculated taking this limitation into account using the

2M, and the theoretical curves are

method described in Ref. 8.

Longitudinal momentum distribution of p-pairs in the laboratory.

The data is from the Brookhaven-Columbisa experiment,9 and the
curve is the prediction of the parton model with an overall
renormelization. The experimental apefature allowed the
detection only of g-pairs with longitudinal momentum in the
lab greater than 12 GeV/c.

Center-pf-mass frame of the lepton pair used to calculate decay

correlations.
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