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1. INTRODUCTION 

In recent years considet~ble efforts have been made to find 
possible ways of going beyond the standard SUc(3) x SUL(2) x Uy(l) 
modelo One of the most successful approaches is associated with 
the unification of alI interactions based on supersymmetry/l/. 
In supersymmetric models heavy Majorana fermions appear inevi­
tably. Thus, in the minimal supersyrrnnetric model Majorana partic­
les arise as superpartners of the photon, Zo and the two neutral 
Higgs bosoni 2/. So, an observa t ion of heavy Maj orana fermions would 
be of a particular importance for unified theories. 

In this paper we consider the production of twq different 
Majorana fermions in a co1lision of polarized e+ and e-o We 8ha11 
assume that the process is identified by observing a 1epton pair 
(from the decay of the sl10rt-1ived Majorana partic1e) and a lar­
ge amaunt of "missing f1 momentum (taken away by the stab1e Majo­
rana particles). The main question which we shal1 examine here 
is the fol10wing: how, using only the general principIes of in­
variance and unitarity of the S-rnatrix, can one test the nature 
(Dirac or Majorana) of the produced particles? For unpolarized 
initia1 beams this question has becn considered in ref.!3/. 
Here we sha1l show that investigations af the process, when the 
initia1 e+e-beams are polarized,considerably enlarge our possibi-­
1ities to get inf~rmation about the oature of the produced par­
t i c l es . In the minimal supersyrrnnetric model the cross section 
of the process considered has been calculatcd for unpolarized 
e+e- n i t i a l beams in refs.!4·7! and for po l a r i zed heams iní 

ref/ 8 / . 

In Sec.lI an expression for the cross section for the sequen­
tia1 process of production and snbsequent decay of a short-
I i v e d Pa r r i c 1e in t he geue r a 1 ca s e o f a r h i t r a r i.I y po1a r i ze d e + 
a nd C--hl~ams i.s obtained. In Seco TIl we s11a11 show t ha t even 
whcn 0+ and c - are po1arized, rneasurements o f t hc cross section 
and t he rel cv a n t as yrmnet r i e s do not a l l Dto} one to d i s t i.ngu i sh 
betwcen Majorana and Dirac pair production. Different relations 
between the asymmetries are obtained. Their experimental chec.k 
would make it possible to examine CP and CPT invariance of the 
new (s upe rnyrnmet r í c z) interaction. In Seco TV relations between 
the energy distributions of the final leptons are obtained. It 
is shown that measurements óf the energy distributions would 
a110\.,7 one to answer whether the partic1es prbduc ed in e+e- an­
nihilatíon are of a Majo!,ana or a Dirac type.·Ot»J.eAi....'.~... ;.zwIIHCmyr·1 

U'fitBidI BCC~lDBlUIIII hlJ~ m~·jr"""...,..c:'U A. 
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2. GENERAL FüRMALISM 

Here general expressions for the cross sections and the spin­
density matrix to be used further on will be derived. 

Let us consider the production of two electrically neutral 
fermions (X and X') in the collision of polarized electrons and 
positrons: 

e++e- -. X +X'.	 ( 1) 

We shall assume that X' is heavier than X and that process (1) 
will be identified by an observation of a f+e--pair from the 
decay: 

+ ­
X' -. X	 + e + e . (2) 

Thus, a signature for process (1) would be the lepton pai r from 
decay (2) and a "miss ing" four-momentum (taken away by )(-partic­
les). 

First we shall calculate the cross section for process (1) 
with a subsequent decay of X' in the general case of polarized 
initial e+ and e- .No assumptions specifying the interaction 
will be made. 

The matrix element for the proces'S
 
+ - ,


e +e --.x +x 
L x+f++e­

(3) 

can be written in the form 

,.,
 
- q1 + iM ­<f I S _. 1\ i > == NM ~---..A.. __-~--U (-p ) M u(p ) x 

2 "M r 2 1 12 M 2 
q 1 +	 - 1 (4) 

x (277) 4	 «5 (q 1+ q - Pl' - P 2) • 

Here Pl and P2 are the momenta of the initial particles, q is 
the momentum of X produced in process (1), p~,p; and q2 are 
the momenta of the X' decay products e-,e+ and X,ql=·pí+p~+q2 

is the moment.um of X', M 1(q l ' q; Pl' P2) and M2 (p í , p~,ql?; ql) 
are matrix elements of processes (1) and (2), M andr are the 
mass and total width of X', N == N N N Nq N ' N p' is 

Pl P2 q2 P 1 2 

a normalization factor (N == _1__ --!_-). 
P (277 )3/2 vi 2p O 

The Dirac s p i nor s u(p ) and u(;> ) are normalized as follows: 
-	 - 1 2.
u(Pl)u(Pl) == 2m, u(-P2) u(-p ) ==-2m, m i s the mass of the 
electron. Note that in eq.(31 only the spinors of the initial 
electron and positron are written explicitly and the instabili ­

2 

ty of X' is taken into account in a standard way adding -iMr to 
M2 in the denominator of the propagator of X'. 

As soon as r «M, the "narrow-width'" approximation takes 
place: 

1 - 77
Mr «5(qi +·M 2). (5)
 

(qI + M2 ) 2 + M2.r 2
 

Alsq, the following .relations hold: 

8(ql +q -P 1-P 2) 8(qi+ M2 ) 

= J ô (p i + P~ + q 2 - q 1 ) 8(q 1 + q - P 1 - P2 ) s (q r+ M2) dq 1 == (6) 

, ,	 dq 1 
= J 8(p 1 + P2 + q2 - q 1 ) ô(ql + q - P 1 - P 2) -' ­

2ql0 

where q 10= vi M 2 + qi. Using eqs •.(4)- (6) we obtain the follo­
wing expression .for the ·differential cross section of process 
(3): 

2 1	 - ­
da == N	 T Tr (M 2 A(q1) M 1 P(p1 ) M 1P(;> 2) A(q1 ) M 2) x 

dq (7) 
) 4 77 ~(" )ô( ) 1 d-t -t d-t, ..,

x (277	 -u P 1 + P 2 + q 2 - q 1 q + q 1 - P 1- P2 -- q dq2 P 1dP2 .
 
Mr 2q 10
 

Here A(q ) ::: L u r (q )ür (q ) is the proj ection operator,
1 r 1 1 

vi	 2 41 (Pl P 2) - m -- -------- is the incident flux and
 
(277)6 PIO P 20
 

r -r' (1)	 r -r' (2)p(P
l 

) ::: I. u (p l) u (Pl) P , , P(-p ) :o: L u (-p ) u (;» P , . 
,	 rr 2 , 2 2 rr 

r, r	 r ,r 
(8) 

are the spin-density matrices of the initial particles (p(l) 
is the probability that the helicity of the electron is r:r ect.). 
Eq.(7) may be written in the form: 

QlO
dq- == da , dr , -- .	 (9) 

X X Mr 
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-------------------------

Here 

da ~ ___1 __::_ Tr(M 1 P(Pl) M1 p(-p 2) A(q 1») x 
X 

4-J(Pj P 2 ) 2 _ m4 ~ dq 
(10)1 dql _1 _ 

x (2")4 Ii(qj+ q -Pj- P 2 ) (2:)3- ~;- (2")3 2Qo 

is the dLfferential cross section for process (I) for polarized 
e+ and e- and 

4
dr ~ ee _1- Tr (M2 P(q 1) M 2 ) (2" ) Ô(p ~ + P ~ + q 2 - q l) x 

X 2Ql0 
~. ->~ d'"	 (11) 

1 dp; 1 dp2 1 Q2 
x	 ---- ----- ----- ---- ---.- _ 

(2")3 2p~o (217)3 2P20 (217)3 2q20 

In the last expresRLon 

l\(q1) M 1p(p 1)M1 P(-p i i\(ql) 
p (q 1) ( 12)-

Tr(M lP(P 1)M1P(-r>2)i\(ql» 

i s t he de ns Lt y ma t r i x o f X ~ Pr ocl uced in p r oc es s (I) f or po1a r i ­
zed e+e- be ams . Eq , (I I) i mp l i es that dr ~ LS the pa r t i.a l width 
o f X~-decélY (2) with t he dens i t y matri.x lf X~ g i ven by eq.(12). 

50, i f the width o f the uns t ab l e pa r t i c l e X' i s much l e s s 
than its ffiélSS in the general case of pnlarized Lnci.dent partic­
les the cross sectlon of the sequentLal process (3) lS the cross 
s e c t i on o f process e+e-~XX~ times the par t i a l decay rate 
of X' with polarization determined in the former processo Re­
call thdt by definition r is the total decay width of X' in its 
r es t f r ame , s o Mr/Qlo is the total decay w í d t h of x' in a frame, 
in which the momentum of »' equa l s q. dl" ~ is its I decay rate 
in the same f rame , X 

Note that eq.(9) is a direct consequence of the fact that 
the amplitude of process (3) is proportional to 

~(M2Ur (ql» (ur(Ql)~(-P2)Mlu(Pl»' A generalization of t h i s re­
r 
sult for an arbitrary process in WhLCh one or several unstable 
particles are produced is straightforwardo Equation (9) for un­
polarized and transversely polarized initial particles has been 
obtained in refs./ 9 , l O/ . However, the authors of these papers 
have us ed a complicated s pi rr-a Lg ebr a whi ch makes it difficult 
to understand the physical meaning of this equation. 

We shall fin~sh with the following remarks: 
1. Making use of eq. (10) the density rnat r i.x P(Ql) may be 

written in the standard form: 

4 

, 
r 

P(ql) = I., u (Ql ) Ü 
r 

(Q1)P ' 
r, r rr (13) 

where 

~r (Q 1) M 1P(p 1)M1 p (-p 2) tI'(q1 ) 
P	 , 

rr	 (14)-r - . r
I. u (Q1) M(p(p 1) M1 p(--qz ) u (ql) 
r " 

Evidently, P rr ~ O; I p rr = 1. The quanti ty P rr s the probabi­í 

lity for X' to be produced in a state with helicity r. Also, 
we have: 

Tr p(q 1) ::: 2M. 

.2. The density matrix of a spin 1/2 particle has the follo­
wing general form: 

P(ql) = ~(l + iY5-re)A(ql)' (15) 

where 

Tr i Y6Y P ae ::: a ------	 ( 16)Trp 

is the polarization vector (e· q = O) o Maki ng use of the iden­
tity	 1 

qla q lR 
A(q l)iy5yaA(ql) ::: 2M(8 a13 + -M-r-"1A(Ql) iY5Y 13	 (17) 

and eq sv f l O) , (14) and (15) we obtain the following expression
for the polarization e :	 . 

a 

Qla Q 113 Tri YI) Yf!':1 p(p 1)M 1 p(-p 2) A(Q 1) c = (8 f3 + ---) ­ o sa "a 2 _ (18) 
M Tr M1 P(p 1) M 1 P(-p 2) A(Q1) 

3. The density matrix P(-P2) i5' 

( T ) -1P	 -p 2 ) ::: - C P (p2 .C • (19) 

Here PW2) is the density matrix of the positron and C i5 the 
charge conjugation matrix for which: 

TC-1 
Cya =Y a • (20) 

Eq.(19) is readily obtained from eq.(8) u5ing the rela­
tions 

U r (-p 2 ) = C (ü r (p 2 » T • Ü
r 

(-'P2 ) _ (u r (p » T C -1 
2 
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where u
r (P2) is a spinor, which describes a positron with a mo­

mentum P2 and a helicity r. For the density matrix of the po­
sitron we have 

1 
P(p 2' t"2) = "2(1 + i y 5 ,ye2 ) A(p 2) , (21 ) 

where e2 is the positron polarization vector (Ç2' P
2 O). From 

eqs.(19)-(21) it follows that 

P(-P2' e2 ) = - i-(l + iY5ye2)A(-P2) o (22) 

In our case' PI0» rn , P20» m , where PI0 and P20 are the 
energies of the electron and positron in the cornos. We shall 
give now an approximate expression for the electron and posit ­
ron density matrices in this caseo Let us denote by lo the po­
larization vector of the electJon in its rest fraweo Tbe longi­
tudinal (a l ong its momentum) e 11 (1), transverse e..L(1) and time 
e0(1) component s of the polarization 4-vector in the lab osystem 
are respectively 

..., (1) P10 ..., -+ -+ IP1'e~
 
e (1) = ---- k l' e..L (1) = e~(l), eO( 1) := e° (1)--, ( 23)


11 m 11 m 

-+ 
..., P 

wher e k 1 = -+ o From eq o(23) we obtain 
IP 1\ 

-) 

1 PlO m2 eu (1) - e° (1) P (1 + ~ ), e (1) - eo (1) -(1 - ---L
O11 m 2-+ 2 11 m 2 2 

p 1 PlO 

(24) 

Using ~qo (24) up to. terms linear in m/pl ' w~ find t~e following 
approx1mate expreSS10n for the electron gens1ty matr1x/11/ . 

1 -+ ...,
p(P1, eO(1) = 2(1-e~('l)Y5 + iY5yoe~(l»A(Pl)0 (25) 

Analogously, for the positron spin-density matrix we have:' 
1 -+ ~ 

p(-P2, eO(2» ::. - A(-P2) , (26)2(~ + e~(2) Y'6 + iY5'Y°e1(2» 
where e~(2) and e~(2) are the longitudinal and t ransveps a po­
larizations of the. positron in the rest frameo 

3 o "POLARIZATION CHARACTERISTICS OF THE PROCESS e++ e --+ X+ X' 
AND POSSIBLE TESTS OF CP AND CPT - INVARIANCE 

Consider the production of· two Hajorana particles )( and x' 
in a collision between polarized electrons and positroriso The 

6 

matrix element for the process may be written as 

<x' (ql'S1)x(Q,s)IS-11 e-(P1,f1) e+(p2,r 2) > = 
(27)_r2 r1 4
 

=!Nu (-P2)M 1 (Ql,sl,q,s;Pl'P2) u . (P1)(211') ô(ql+ q -P 1- P
2),
 
where q 1 and S 1 specify the momentum and he I ici ty of »', etc o
 
From CPT-invariance and unitari ty of the S -matrix (up to terms
 
of an order of the fine structure constant a) we obtain:
 

M1(Ql,sl' q,s; P1,P2) = 7JCPT y 6 M 1(ql,-s1' q,-s; P2,P 1)Y 5 ' (28) 

where 7JCPT is a phase factor o Note that in the right-hand side
 
of this equation P2 is the momentum of the electron and P1 is
 
that of the positrono From eqo(28) one finds:
 

~ TrM 1 .(Ql'Sl' q, s; Pl'P2)P(Pl'~1' ~) M1 (Q.l,Bl'Q,S; Pl,P2) P(-P2' À , ê:) c
s1 s 2


, (29)
 
'""..L - "".L .
 

= I Tr M1 (ql,B1,q,B;P2'P~ p(p 2r À2 ' -e2 ) M1(Qr S l ' Q,s;P2' P1) P(-Pl,-\,e1 ),

91,8 . 

h deris i . ~.L ) ~.L ) •w ere the ens 1ty mat r í.ces P(p,À"s , p(-p,À,~ are g i ven 
by equations (25) and (26), r e s pec t í ve l y , ánd Àlce,?(i), 
i = 102. Frorn eqs. (10) and (29) the following relation for the 
differential cross section of process (1) in the cornos o is ob­
tained: 

..., ..., ..., ... 
a ..., ..L ""..L (k ", k) = a ~ ""..L (k ", - k ) (30)À e ,À e _À _e ,_À _ç

1122 22 11 
~ ~ 

P1 -o, Qlwh~re k k -_-o--- = Note that in both sides of this 
11>1 I ' I<l1 I 

equation the first (second) argument is a unit vector in the 
djrection of rnomentum of X' (of the electron), and the first 
(second) subindex is the polarization of the electron (positron)o 
Relation (30) is illustrated in figs.(Ia) and (Ib)o 

~t ~'LCPT
 

e-
 e+ e+ /: e­- --l. - -1
P1 "1 -~ ~2!2 P1 -t. 1 ;xl. -p -~ -ll.. • - Si 1 2.5 2 

.Y -<li~A 
a b 

Fig.l. 

7. 



First we shall consider longitudinally polqrized electrons 
and positrons*. From eq.(3ü) we get: 

a À 1 ' À 2 UI) ::: 0'_ À 2 ,_ À 1 (" - 8). ( 3 1) 

Here O is the angle between the momenta of the electron and X' 
in the c.m.s., the first (second) subindex denotes the longitu­
dinal polarization of the electron (positron). 

The differential cross section a 
À 

À (8) has the following 
l' 2 

general form: )~ 
aÀ À (8)::: 0'0(8) + À 1a _ (0) + À2 17 + (0) + À 1À 2 a _ + (0) . (32) 

l' 2 
Evidently, the terms linear in À 1 and À 2 appear only when parity 
in p r oc.es s. (1) is violated. Substituting eq. (32) i nto eq. (31) we 
find: 

.' 

a O (O) ::: aO (17 - O) , (33) 

0'+ (8) ::: -0'_("- (J), (34) (42) 

0_+(8) :: 0'_ +(17 ­ O). (35) 

Relations (33)-(35) are a direct consequence of the assumption 
that X' and X are Majorana particles. The first one has been ob­
tained and discussed in detail in reF. /3/. We see t ha t in the 
case of polarized incident particles additional relations arise. 

To de termi ne 0+(0) anel 0_ ((J). i t is enough to measure the 
cross section of process (I) when either of the beams is polari­
zed. I~deed, let us define the asyrnmetries: We 

aF,B+aF,B 
O,À o,-À 

have: 

(43) 

J 

a O À (O) - aO _ À (O) 1 
--'~---~----~ . (36) 
"o ,À (8) + 170 , _ À (O) À 

we obtain: 

(37) 

To determine 0'_+(0), it is necessary to measure the cross-sec­
tion of process (1) when both initial beams are polarized. Let 
tlS difine the asymmetry: 

(38) 

a À O (O) - o -À O (8) 1A (O) ::: __ .1 , --­ - A UJ) 
- aÀ, O (O) + Ó'-À, O (O) À' + 

With the help of eqs.(J2) and (3fi) 

a _ (O) o + (O) 
A (O) ::: ---­ A (8) ::: ----- . 

- a O (8) , + o O (8) 

From eqs. (33), (34) and (37) one gets: 

A + (O) ::: - A _ (17 - O ). 

'I • 

Il
j 

., 
n. 

(. 

F.B a ~,B a.:,B F B a' F.BF,B 
A+ = ----, A_ =---, A ' = --=2-_- . 

oF.B a F,B -+ . F,B 
O O ao 

From eq.(41) it follows that 

A F• B ::: _AB,F ; A 
F ::: A B 

- + -+ -+ 

Finally, for the total cross section of process 
eq.(32) we obtain 

a À 1 ,À 2 ::: a O + À 1a _ + À 2 a + + À 1 À 2 a _+ ' 

where according to eq.(34): 

a ::-0 
+ 

From eq.(47) one has 

A ::: -A 
+ - ' 

(1) 

( 4tf) 

(45) 

from 

(47) 

(46) 

(48) 

li­
*Longitudinally polarized 

tained a t SLC /12/ • 

e+e- beams are expected to be ob­
where the 
milar way 

integral asyrnmetries 
as eq. (36). 

A + and A_ are defined in a si­
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The main relation (31) and alI relation~ between the measu­
rable asymmetries (eqs.(38), (40) and (48» which follow from 
(31) are a direct consequence of the assumption that X and X' 
are Majorana particles. WOüld it be possible to check this as­
sumption by investigating these relations experimentally? To an­
swer this question, consider the processes: 

e+ + e- -+ N' + N, e + + e- -+ N' + N , 1 
(4'9,50) 

where N' and N are electrically neutral Dirac particles*. Suppo­ lr 
se the processes (49) and (50) are identified by a~ ob2erv~tioQ. 
of a lepton pai r from the de caysN" -+ N + f++ e- and N' -+ N + e + f . 
The number of events with a lepton pair and "missing" momentum 
in this case would define the sum of the cross-sections of pro­
cesses (49) and (50): 

N' +N' N' N' 
U À À (8) = U À À (8) f U À À (8), (51 ) 

l' 2 l' 2 l' 2 

where 8 is the angle between the momenta of the electron and N' 
or N'. CPT:" invariance and uni tari ty of S -matrix imply 

N" N' 
U À À (8) "'" u':'À À (" - (]) • (52)l' 2 2'- 1 

So, the following relation for N' + N' should hold:
U À 1 ,À 

2 . N'+N" N'+N' 
(J À À (8) = (J À À (" - (]). (53)l' 2 - 2 ,- 1 

Comparing eqs.(31) and (53) we come to the conclusion that the 
cross.section for a production of a pair of Dirac particles in 
a collision of polarized e + and e - obeys the same symmetry re­
lation as the corresponding cross section for a production of a 
pair of Majorana particles**. 

Thus if the production of two neutral Eermions in e+e- anni­
hilation is detected by an observation of f+f- pair and "mis­
sing" momenturn, by rneasuring the cross section of the process 
in_~~e general case of polarized inítial beams it is impossible 
to distirtgu~sh the production of a pair of Majorana particles 

*A possible example is, N and N' being a heavy and a light 
ne~trino in a theory with lepton mixing. 

** . ."r Note that th~s conclus~on refers to the general case of 10n­
gitudinally as well as transversely polarized beams. 
10 
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from the production of a pair of Dirac particles*. Suppose now 
that the interaction responsible for process (1) is CP-invariant. 
In this case the following .relation for matrix M1 , defined by 
eq.(27), holds: 

M 1(Q1;31'Q,s;P1' P2) := ~CPY4CM~(qí~Sl'q',-s; p;,'p~) C-i y 4' (54) 

where p' = (-i, ipo) and 7Jcp is a phase factor. Equation (54) 
leads to the following relation 

a -+ -+ = (I' -+ -+ ...
À1tt,À2{~ (k ", k ) 

CP ;<e­
-1 -P-À 

~fi~-À2fi~ 1 1 1 

~q1 

Fig. Lc, 

-À l".1. À t.1. (-k' k) (55)
2s 2 ,- 1s 1 ' • 

This is illustrated in Figs. la and 
Ic. From eq.(55) for 10ngitudinally 
polarized e+ and e- eq.(3I) follows. 
Let us emphasize that 'if CP-invarian­
ce holds, eq.(3I) is an exact one. 
This is true both for Majorana and 
Dirac final particles. If it would 
be established that relations bet­
ween the measurable asyrnmetries 
(such as eqs , (38), (40), (45) and 
(48» that follow from eq.(31) do 

not take place,this would mean that the new (supersymmetric?) 
interaction is not CP-invariant. What can one say about CPT-i~­
variance under these circumstances? From the above discussions 
it is clear that íf deviations from the relations obtained ap­
pear to be small « O (a», no conclusions about CPT-invariance 
can be made. If a -considerable (> O (a) violation of these re­
lations would be observed this would mean that CPT-invariance 
ís violated. 

Suppose CPT-invariance holds. To check CP-invariance in ihis 
case it is necessary to investigate process (I) with transverse+ 
~ polari-l"ed e+ and/or e -. For example, consider À 1 = À 2 = 0,
ei = O, et i: O. In this case the cross section has the 'follow­
ing general form: 

-+.1. -+ -+.1. -+ 

(J';tJ. o :: a O (O) + (J lk' «(J) ç1 • k' + U ln «(]) e1 • n , (56) 
ç l' 

*If the produced neutral particles may decay into a pair of 
different leptons (for e xampl.e , e+p.- or e-p.+) then identification 
of the process by observing such a pair would, in p~inciple, 

allow one to distinguish between a Majorana pair production and 
a Dirac pair production. This follows from the fact that, for 
example, t he decay rates of N' -+ N + e + + 11: - are not equal in 
the general case to the decay rates of N' -+ N + e+ + J1. - (We 
thank Dr. F.Niedermayer, who draw our attention to this possibi­
lity). • 
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...	 .... 
k x k'

where	 íi 
.... .... is a vector perpendicular to the produc-

Ik x k' I 
tion plane. It is easy to see that CP-invariance implies
 
alo (O) :: O.
 

(57) 

Let the vector l~ be perpendicular to the production -+.l
plane	 t = 

bL-+ .... 1
 
'? Çl nO' where no is a unit fixed vector perpendicular to k<+ and

t'. For the left-right asymmetry we have 

aL - a R 1 
ALR == -- -,	 (58) 

a L + aR ~.l 
1 

where aL is the cross section for production of X· to the left
(o = no) and a R í-s the c ros s sec tion for production of X'" to the 
right (o=-no) ' From eqs.(.56) and (58) we get: 

ALR = a l n '	 (59) 

So, i f the asynnnetry A LR does not turn out to vanish, this would 
signify CP-violation. 

4.	 ENERGY DISTRIBUTIONS OF THE FINAL LEPTONS AND POSSIBLE 
TE 5T5 FOR MAJORANA NATURE OF X AND x:'" 

Now we shall show that the study of the energy distributions
 
of the final leptons makes it possible to distingish the case
 
of Majorana pair production from Dirac pair production (process
 
(1) f tom processes (49) and (50».In accordance with eqs.(9)-(1 I) 
the probability to observe, at an angle O in the c.m.s., f-
with energy E and f+ with energy E' is given by the following
expression: 

d aÀ À (O; E. E "') ... a À À (O)d fi W ... (E. E"') dE dE'" • ( 6O)
 
l' 2 l' 2 X,
 

Here WX,(E, E')' ... er Ir ois the partial decay width of process (2) 

for an unpo larized Majorana part ic le X'"* ([,oi s the tot a l decay 
width of x' in its rest frame). Hereafter the first (second) 
argument of ~he function W ,~,E') will denote thc energy of 
f-Cf +).	 X 

*Evedently the energy distributions of f+ and f- do not de­
pend on the polarization vector of X'. 
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CPT- i nva r i ance and unitarity of the S -rna t r í x implies that 

W , (E, E') "" W , (E' , E) .	 ( 6 1) 
X X 

From eqs.(60) anu (61) it Eollows thatI 
( 

da 
À 

À ((); E,E') =da 
À 

À (O; E"',E). (62) 
l' 2 l' 2 

! ~	 On the other hand Erom eqs.(31) and (60) we obtain:

,I da, À (8; E, E"') :::; da À À (11-0; E,E"'). (63) 
1\ l' 2 - 2'- 1 

[t	 is easy to prove that relations (62) anu (63) are not true.l' 
Eor processes (49) anu (50). Indeed t when Dirac particles are 
prouuceu, we have: 

N'+N'" ,
da	 À À (O; E, E ) = 

l'	 2 (64) 
N'" ,

[OÀ À (O) W ... (E, E ) + a: ... À (o)WN-... (E, E')\ dUdE"'dE, 
l'	 2 N l' 2 

where, according to CPT-invariance,
l
 
11 

W , (E , E') :::; W -, (E'" , E) • ( 65 )
 
N N N' fI'
 

In the ge ne r a I vca s e a>. À (O) #. "» À (O) and WN,(E,E')= 
'1' 2 l' 2 ,-,

J W_ (E. E') and the measurable quantity a~ +~ (O;E,E') does not 
N'	 1\1,1\2 

/,	 obey relations (62). Thus, experimental verification of relati-· 
I>	 OrlS (62) and (6J) would allow one to check whether t.he lepton 

e+e-pair originates from the decay oE a Majorana or a Dirac 
particle. From eqs.(62) anu (63) one can easily obtain a number 
of relations speciEic Eor production oE Majorana particles for 
the integral quantities. We have 

(+) (-) 
d a À À (E) :::; d a À À (E) , (66) 

l' 2 l' 2 

(±), ü)
d a À À (E) = d a -À À (E) (67) 

l' 2 2' 1 , 
where	 the Eunction

I da (-) (E) == [ r a À (() dD J W(E, E;) dE '] dE 
'l

I. 
Àl'À 2 À 1, 2 

i describes the energy distribution of e- from the decay of X .... 
II" Let us deEine the asymrnetry 

N - -N+
 
À l' À 2 À l' À 2
 

_..------------------ ,	 (68)A À	 ,À
1	 2 N - + N+ 

À1 ,À 2 À 1 ,À 2 
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where N; À (N; À ) is the nurnber of events in which the ener­
_ l' ·2 l' 2 + 

gy of e is higher (lower) than the energy of f • For example, 
we have: 

E max E . 
N À- À = r O"À À en .r dE r W(E,E')dE' • (69) 

l'	 2 l' 2 me me 

It	 is easy to show using eq.'(62) that for Majorana particles 
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l' 2 ~ 1
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6111lCHbK11H c .M.' XpHCTOBa E .X.' . HeAen4eBa H. n. 
PomAeH11e TRmen~x Hei:ITpanbH~x ~epM110HOB a CTOilKHOBeH1111 
nOilRPI130BaHH~X B + 11 B- 11 B03MOmHbte TCCTiol HX Mai:\opaHOBCKOH 
nPI1POAbt 

E2-86-353 

PaccMOTpeH npo~ecc pomACHHR ABYX pa3Hb!X TRmen~x MaiiopaHOBCK11X /cynepCHM­
MCTP114H~X7/ ~epMI10HOB B CTOilKHOBCHI111 nOilRPI130BaHH~X e+ 11 e-. npeAnOnaraeTCR~ 
4TO npo~ecc·-Ha6n10AaeTCR no per11cTpa~1111 t+t--nap~ 11 11 HeAOCTaiOUiero" HMnynbca. 
nony4eHo o6~ee s~pameHHe AllR ce4eH11R npo~eccos TaKoro Tl1na a cny4ae npoHa­
sonbHO nonRpi130BaHHb!X Ha4allbHb!X 4aCTH~. 0CHOBHOH sonpoc, KOTOploiH 11CCileAyeTC71, 
COCTOHT B ClleAyiOUieM: 113MepeHHC KaK11X Bell11411H n03BOill11l0 6~ 0Tili1411Tb npO~eCC 
pOmAeH11R napbt Mai:\opaHOBCK11X ~CPM110HOB OT npo~ecca pOmAeHHR nap~ AHPaKOBCKHX 
~CPMI10HOB7 noKa3aH0 0 4TO nyTeM 113MepeHI1R Ce4eHHR pOmAeHHR 0Tili1411Tb 3TI1 npo­
~eCCbt Heso3MOmHo Aame a cny4ae nonRpHaosaHH~x Ha4anbHb!X 4aCTI1~. CpasHeH11e 
CnCKTpOB f+ 11 f- Morno 6~ n03BOili1Tb OTBeTHTb Ha Bonpoc 0 npHPOAe POAHBW11XCR 
~ePM110HOB, PacCMOTp~H11e OCHOBaHO Ha o6~11X npHH~Hnax 11HBapHaHTHOCTI1 11 YHHTap­
HOCTI1. npeAflaraiOTCR B03MOmHbte cnoco6bt nposepKH CP 11 CPT-HHsapHaHTHOCTH, ocHo­
saHH~e Ha cpasHeHH11 nonRpH3a~I10HH~x xapaKTepi1CTHK npo~ecca. 

Pa6oTa BbtnOnHeHa B na6opaTOPI111 TeopeTH4eCKOH ~11311K11 OH~H. 

fipenpHHT 06J.eJI,IIIIeHHOTO IDICTHTYTa liACpllbiX HCCRC,li,OBIHHii. J]y6Ha 1986 

Bilenky S.M., Christova E. C., Nedelcheva N.P. E2-86-353 
Possible Tests for Majorana Nature of Heavy Neutral 
Fermions Produced in Polarized e+e--Coll isions 

Production of two different heavy Majorana {supersy~netric7) fermions 
in collisions of polarized e+ande-beams is considered on the basis of 
general invariance prjnciples. It is assumed that the- process is identified 
by an observation of a lepton t+c pal r and a large amount of "missing" ener 
gy. A general expression for the c~oss section of processes of this type is 
obtained for arbitrarily polarized initial beams.lt is shown that c~parison 
of the energy distributions of the final t+ and t- would allow one to gain 
information about the nature {Dirac or Majorana) of the produced fermions. 
Possible tests for CP and CPT-invariance based on measurements of the spin 
asymmetries-are suggested. 

The inves-tigation has been performed at the Laboratory of Theoretical 
Physics, JINR. 
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