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Pair production and correlated decay of heavy Majorana neutrinos ine*e™ collisions
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We consider the process e —N;N,, whereN; andN, are heavy Majorana particles, with relatiGP
given by ncp=+1 or —1, decaying subsequently vid; ,N,—W=e*. We derive the energy and angle
correlation of the dilepton final state, both for like-siger @) and unlike-sign ¢ e*) configurations. Inter-
esting differences are found between the cagges=+1 and —1. The characteristics of unlike-sigr e™
dileptons_originating from a Majorana paM;N, are contrasted with those arising from the reaction
efe"—=NN—W'e W~ e*, whereNN is a Dirac particle-antiparticle pairS0556-282196)04015-5

PACS numbegps): 13.35.Hb, 11.30.Er, 14.60.St

I. INTRODUCTION
Li(x)=

g
- 20039W[e(x) Yu(Cy—Cays)€(X)
In an interesting papdn], Kogo and Tsai have analyzed — N
the reactiore™e™ —N;N,, whereN; , are heavy Majorana +anN1(X) 7, 7 (1= ¥5)Na(X)
neutrinos, and compared the cases where the rel@tvef — 14 u
N; andN, is 7cp=+1 and—1. It was found that the two +anN2(X) v, 7 (1= y)Ni(X)]Z#(x), (2.1

cases differ in threshold behavior, in angular distribution,wherecvy ca, anday may be regarded as real phenomeno-
and in the dependence on the spin directionp&ndN,. A |ogical parameters. (For the standardZ boson, cy
comparison was also made between the Majorana process— 1/2+ 2sirfé,, ca= — 1/2) The matrix element for Ma-
and the Dirac procese”e”—NN, where NN is a Dirac  jorana neutrinogwith momenta and spins as indicated in
particle-antiparticle pair. A related analysis was carried ouFig. 1) is

in Ref. [2]. [The contrast between Majorana neutrinos and
Dirac neutrinos has been the subject of several other papers
(e.g.[3-6]), and monographk?,8].]

In the present paper, we examine how the differences be- _ L
tween the casegcp=+1 and —1 propagate to the decay X, (d2) A 2= U, (A2) ¥ 2 (1= ¥5)ve, (Au)A],
products ofN; andN, assuming the decays to take place via 2.2
N;,—W=e*. We focus on the like-sign lepton pair created
in the reaction chaie*e™ —N;N,—W*e " W*e™, whichis  where
a characteristic signature of Majorana pair production. We o —
derive, in particular, the correlation in the energies of the Ju=0s,(P2) ¥,(Cv—CaY5)Us (P1) 2.3
e e~ pair, and in their angles relative to thefe” axis.

Interesting  differences are found between the case@nd

ncp=11 and —1. We also examine the behavior of the

unlike-sign dileptonse*e™, comparing the Majorana cases ALY
with dileptons created in the production and decay of a Dirac

NN pair, i.e.,ete”"—=NN—-W'e "W e".

2
. g . —
M= —IaN<m) J,iA% [Utl(ch) 71/% (1—1ys)

MV _ M V/m2
S (2.4
g°—mz+imzl';
AssumingCP invariance, the factorsq, N\, in Eq.(2.2) are
such that\ ;A3 =+1(—1) whenN; andN, have the same

. (opposite CP parity [9]. Rewriting the second term in Eq.
IIl. CHARACTERISTICS OF THE REACTION e"e™—N;N, (2.2) as

The analysis of Refl1] was carried out in the context of
the simple production mechanism fe¥ e~ — N;N,, shown
in Fig. 1, and we begin by recapitulating the essential results.
The interaction Lagrangian is taken to be

e:Z(P2) N, (ar)

€,(p1) N, (92)

*Electronic address: hoefer@physik.rwth-aachen.de
Electronic address: sehgal@physik.rwth-aachen.de FIG. 1. Feynman diagram for the reactiehe™ —N;N,.
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U, (02) 7, 5 (1= ¥8)v (40 = U (A1) ¥, 3 (14 y5)vy,(02),
(2.5

we observe that the current of the Majorana neutrinos is pure

axial vector whenN; and N, have the sameCP parity
(7cp=AN1A\5=+1), and pure vector when they have oppo-
site CP (n7cp=M1\5 =—1). In comparison, the matrix ele-
ment for the Dirac process'e” —NN is

2
J',eLAlsz_tl(%) v,3(1— ¥5)ut,(d2).
(2.6)

Md:_ia’\'<2 coyy

The differential cross section f&*e™—N;N,, for general
massesn,; andm, and for arbitrary polarization§ andn’ of
the two neutrinos, is given in the Appendix. In Sec. V we
compare our formulas with those of R¢L], and with spe-

*
cial cases treated in other papers. Here, we specialize to th 7Nz Wheni\;

casem;=m,=my, for which the cross sectiord¢/d(}) in
the casesjcp=+1 and—1 is

|

do 1 3 / a2
m =2 O-Oﬁ {fl[(nyny_ anX)S
+(14n,n.)(1+C?]—f,2(n,+n.)C},
(2.7

do
dQ

|

) = 00B(f1{2— B2+ C?B2+n,n;[ B2+ CH(1y*+1)]

+n,n, SA(1/y*+1)—nyn; S?B?
+ (nxné—i_ n;(nz)ZSC/'yz}_ f2{2(nx+ n;)S/'yz
+2(n,+n;)C}). (2.9

For comparison, the differential cross section of the Dira
procese’e” —NN is

do 1 252 ' 2
(m =3 0oB{f1[(1+C?B%) —(n,+n;) B(1+C?)
d

—(ny+n})SCBIy+n,nL(C2+ B?)
+(nyn,+n,n,) ST y+n,n, S y?]
+f,[2CB—(n,+n,)C(1+ B%) —(n,+n,)S/y
+2n,n;CB+(n,n,+n,n,)SB/y1}. (2.9

The symbols in Eqs(2.7)—(2.9) are defined as

2 2

Géaﬁ mz
= (1 —Am2 /)12
70~ 51277 | smmrimyr,| > P4 Amy/S)™
y= (1_ﬂ2)*1/2’ C=co9), S= sinﬁ,

f1=2(c{+cp),

(2.10

0 being the scattering angle bF, (or N) with respect to the

f2:4CVCA,
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the momentum and spin vectors N andN, in thee*e™
c.m. frame have the components

qf: ( ym,0,0,yﬁm), tf: (yBn,,ny Ny, ')’nz)a

B

t

a5=(ym,0,0,— yBm), (= yBnz,ng,ng, yny).

(2.11

Inspection of Eqs(2.7)—(2.9) reveals several interesting fea-
tures.

(@ The Majorana cases+" and “ —" have different
dependences on the spin vectarandn’, and different an-
gular distributions, even after the spiﬁnsandﬁ’ are summed
over. These differences stem from the fact that the matrix
elementM,, in Eq. (2.2) effectively involves an axial-vector
currentN;y, ysN, when\; A5 =+1 and a vector current
—1.

(b) The Majorana cases+" and “ —" differ from the
Dirac case ‘tl,” in which the current of theNN pair has a
V—A structure NyM%(l— vs)N. This difference persists
even if the spins of the heavy neutrinos are summed over, in
which case

(da B 3¢ )
ao +—200/3 [f1(1+C9)],

do
S [Ga] =aosttaa-prrczpl @12

n,n’

>

n’

do 202
T d:2g-0,3[f1(l+c B +12(2CP)].

3

Whereas the spin-averaged Majorana cross sections are

%orward-backward symmetric, the Dirac process has a term

linear in co9, with a coefficient proportional to
f,=4cyca. Equation(2.12 also shows that the threshold
behavior isB%, B, and B for the cases *,” “ —,” and
“d,” respectively. In the asymptotic limiB—1, the Majo-
rana cases +"” and “ —" have the same angular distribu-
tion (1+ C?), distinct from that of the Dirac process.

(¢) In the high energy limit3—1, the Dirac process
e"e”—NN has a spin dependence given by

|

The fact that only the longitudinal components, @ndn;)

of the N, N spins appear in this expression is consistent with
the expectation that relativistic Dirac neutrinos are eigen-
states of helicity. The fact that the cross secti@rl3d van-
ishes whem,=—1, n;=+1 confirms the expectation that
for aV—A current theN andN are produced in left-handed
and right-handed states, respectively. By comparison, the
Majorana processes'e” —N;N,, for pcp=+1 and—1,

do

d_Q) =1 0oB[L— (N +n})+ N[ fy(1+C)+2f,C].
d

(2.13

initial e~ direction. The coordinate axes are defined so thahave the high energy behavio8{ 1)
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; depends on the relativ@ P parity ncp of the two particles.

ey (ki) We wish to see how these differences manifest themselves in
the decay products dfl; and N,. To this end, we assume
that my>my,, and that the simplest decay mechanism is
N;,—~W7e*. In particular, the reaction sequence

N
ay N e"e"—N;N,—-W* W*e e” leads to the appearance of
Wi, (k) two like-sign leptons in the final state, an unmistakable sig-
& (+)(k2) nature of Majorana pair productioffor the purpose of this
2

paper we assume that th# bosons decay into quark jets,
thus avoiding the complications of final states with three or
four charged leptonk.
We have calculated the amplitude of the process
W(k,) e*e*—>N1N2—>V_\/+W,*e*e*,”dep_icted in Fig. 2, assuming
4 a decay interactiondy and ay, being real parameters

FIG. 2. Diagram showing the sequential process
ete”">N;N,—»eTe " W W™, g_ ,— _
n EZ(X):_E[aNe(X)'yM%(l_'}’S)Nl(X)WM (X)

(%) . =3 oo{ fal (1+CH(1+n,n})+S*(nyn)—nen,)] T N3 (X) 7, } (1= y5) () WA (%)

—2f,C(n,+n))}, (2.14 +aye(x)y, 3(1— v5)N2(X)WH™(x)

do| | , o +afN2(x) 7, (1= 75)eCOWH ()] (3.0
g0 =3 ool fal(L+CH(L+n,n})+ S nng—nyny)]
- This amplitude has the foritsee Appendix for details

—2f,C(n,+n))}. (2.15

. . . M=iAjSA7"— 2:L ; 2 2l ;
Contrary to the Dirac case, the Majorana reactions have an B2 gp—mi+im 'y gz—ms+im,l,
explicit dependence on,, n, andny, ny, reflecting the fact _ .
that a relativistic Majorana particle withny+0 is not nec- X[MaN Uy, (K1) Y0817, Y6 7 (1+ v5)ve,(Kp)
essarily an eigenstate of helicity, and can have a spin point- .
ing in an arbitrary direction. The Majorana cases ™ and — Mo\ iU, (K2) Yoy, 7, 2 (1F ¥5)uy (k)]
“ —» differ in the sign of the term proportional t§?, which
contains the transversg& andy) components of the neutrino X € p(k3)5 (k4)’ 3.2
spins. It is with the purpose of exposing the subtle differ-
ences in the spin state of thgN, andNN systems that we Where
investigate in the following sections the dilepton final state 4
created by the decays of the heavy neutrinos via A= anal o 3.3
N, ,—W*e" andN(N)—-W*e (W e*). NTNTNgCogay” '
lll. LIKE-SIGN DILEPTONS: THE REACTION Using the narrow-width approximation for thé, N, propa-
ete™ N N,—»W*rWre e™ gators, and specializing to the casg=m,=my, we obtain

the following expression for the squared matrix element
As seen in the preceding, the spin state and the anguldasummed over final and averaged over initial spitise sub-
distribution of the Majorana pair producedé@ie™—N;N,  script in M. denotingncp==1 (q=p1+ P2, | =p1—P,):

A2 1 a mg,

2=~ (S—m)zm I 8(ai— )m ™ 8(g5—mg) 4(f1{+<mN mgy)2(mg+2mg,) s+ 4(mg

—2mg) Y[ s(K1K2) (A1012) — S(K102) (K2G1) — (K1ko) (010) (020) + (KiKo) (A1) (a21) + (K105) (K20) (010)

= (K102) (K2l (qal) + (k10) (k201) (920) = (K1) (k2d1) (921) = (k10) (Ko@) (d102) + (K1l (Kol ) (d102)

=M ((keq) (koq) = (Kgl) (ka1)]+2(my—mi) (my— 2mg,) 2 (k1q) (d29) — (Kel) (d21) + (k20) (d29) — (kal)
X (1) ]+ 8mg,(mg—mE) %[ (d10) (d20) — (Al (a2l) 1} = 2f (Mg — mGy) (i — 4m) [ + (ky @) (asl)

— (ka@)(d2l) + (K1) (a10) + (k1) (929) £ (k2@) (g2l) = (K20) (dal) + (K1) (920) + (K2l ) (929)]). (3.4

| M.
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e~ e~ Final State: Energy Correlation

1/0oxdo/de,de,

Majorana (+)

FIG. 3. Energy correlation of the” e~ lepton
pair in the reaction e*e”—N;N,
—e W'e W, for the case$a) ncp=+1, (b)
ncp=—1. (Parameters for this and succeeding
figures: s=1.2 TeV,my=500 GeV)

1/oxdo/dede,

Majorana (—)

If the final state ise*e* instead ofe e, we replace A. Energy correlation

fa— —f in the above equation. _ The normalized spectrum in the energies of the dilepton
The expression fof M. |? can be integrated over the paire”e” is (£, ,=E;,/my)
phase space of the twdV*’'s (i.e., over the momenta ' '

ks(=q;—k;) andk,s(=0q,—ky), in order to obtain the spec- 1 do 5 5
tra in the lepton variablek; and k. Defining the four- | g dé, =Matb(&+ &) +e(&rtE) (&~ &),
vectorsk; andk, in theete™ c.m. frame by (3.9
ki'=E,(1,sind,c0sp4,Sind1Sing,,cod,), where N is a normalization factor,
k&= E,(1,SinM,C08p,,Sind,sing, ,cosd,), (3.5 N=[W?B*(a+bW+ch?)] 1, (3.7

we have been able to derive the correlated distribution of thavith W= \/s(m&—ma)/2m3, B=(1—4m?3/s)Y2 The coef-
energie€; andE,, as well as the correlation of the variables ficientsa, b, ¢ depend on the relativ€ P of the N;N, sys-

cost; and co®, measured relative to the” beam direction. tem, and take the values
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b*/c*=b~/c”. Thus, the energy correlation of the two

; electrons in the final state is different for the cases
nce=* 1. This is illustrated in Fig. 3 for the hypothetical

(my+2mg)?
a* =mymg,(m3—m)?| 25— —— ———
2my,

bt = Jgnﬁ,(mﬁ— stv)z(mﬁ_ msv)’ (3.9 parametersny =500 GeV,/s=1200 GeV. It_ may be noted
that the factorf,=4c,c, does not appear in the spectrum
ct=—md(md—2md)? (da/d&,dE,), so that the energy correlation ef e™ dilep-
tons is the same as thatefe . In the limit 8—1, the term
mﬁ a~ dominates and the +” and * —" cases are no more
a” =2my(my—mi)?| s(s=2mY) = — (Y +2my)? |, distinguishable.
W
b™ = Jsmy(mg—2m{) 2(mg—m{) (s—2mY) (3.9 B. Angular correlation
¢ =—my(m3—2m3)?(s—2m3). Equation(3.4) also allows a calculation of the correlated

angular distribution of the final stats e~ system. Defining
Notice that the ratiob™/a* andb~/a~ are unequallike-  the anglesd; , as in Eq.(3.5), and integrating over all other
wise the ratios c*/a* and c7/a”), although variables, we find

f1{F (M +2m3,) 2K 71K 12+ (Mg — 2m3,) 28] + K552 (cosyB— cosfy ) (Coy B

do - f 4
dcost;dcoss, B | deosdy

+009,) + KUCI2(1+ Beostycosd;) + Ko KCH2(1— Beosiycosd,) ]+ 2ma sy i2(1+ coS 6y B2)
— 4m3(mé— 2m3,) 2K CH2 (1~ cosf,Cosh,) }

coF BKPK 22— KK+ +

01402 01402 .
Ky K 2cosh + KK °cost, -

} , (3.10

with 1 do ! . (M2 —2m2)? - cow
o~ | dcosd;dcoss, BHONZ (M2t 2mz2,)2°0F 102
2 2
Ko~ 2A1<22> K= 2?1<2>+5’1<2>/ +f_z(mﬁ—2m\2/v)
! (A1(2)_Bl(2))32 2 (Al(z)_Bl(Z))52 fq (mﬁ-ﬁ- 2m\2,\,)
(3.11
X (cosf,+cosy) |. (3.13

A1(2): 1— ( + )ﬂCOS?NCOSt91(2) y Bl(2): BSinHNSinal(z) .

Notice that the distributions in the variables épsand
The COfrelatiOf{S.lq haS been eVaIUated me:E)OO GeV CO$2 become f|at in the CaSeCP: +1 Whenlefl iS ne-
and \s=1200 GeV (using f;=1+4sirfoy+8sifoy,  glected. By contrast, there remains a nontrivial correlation
f,=1—4sirfgy) and is plotted in Fig. 4. There is a clear for 5.p=—1, even in the absence df. As before, the

difference between the casggp=+1. The angular corre- ahove results fore"e~ hold for e*e* if one replaces
lation in Eq.(3.10 becomes particularly transparent near thef,—, —f,.

thresholdB—0, where we obtain the analytic results

+ 2 2

1 do 1 14 1 f, my—2my IV. UNLIKE-SIGN DILEPTONS: THE REACTION

o | dcosd;dcoss, so 4 2 f1 mi+2ms, ete"—N;N,—»W*W-ete~

Proceeding as in Sec. lll, the matrix element for the reac-

X (codf;+cosd,)|, (3.12 tione"e —=N;N,—-W W e*e” (Fig. 2 is
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e~ e~ Final State: Angular Correlation

o 1/0*do/de,de,

.35

T NS

Majorana (+)

02 04 95 45

Ci

FIG. 4. Angle correlation ok~ e™ dileptons

5 in ete"—=N;N,—e " We W', for (a
E' ’,:’,t,,:,:,-:,':.::.:;:,'-:' ncp=+1, (b) ncp=—1.
) LR
o s n e
5 LI
>O.3 7
0.25
0.2
o T e
0.1 j .
(b) 1 Majorana (—)
0.05 'E
ol
~1
02 04 g6 g
¢
M =iAjEALY ! ! My=iAjEALY ! !
=1 . . =1 ; .
m= A WA 2 T i Ty 2= m2+im,l, a2 T i T, 2= M+ im,l,
X[ NoUy, (K1) Y817, 8270 3 (1= 5)ve (K2) — 1
g prL s o2 2 XUy, (Ka) 7817282705 (1= v5)v1,(d2)
+N1mMimaU; (K1) ¥, 70 Y0 7 (1= ¥5)v(Ka) ]
! 2 X fisp(ks)fff(kzl)- 4.2

X €8 P(ka) € 7 (k). (4.0

The same final state, produced via a Dirac particle-Summing(averaging over final (initial) polarizations, and

antiparticl
plitude

using the narrow-width approximation for tiNg, N, propa-
gators, we obain the squared matrix elements

e pair €"'e"—=NN—-W"W~e*e™), has the am-
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1/o+do/de,de,
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ete” Final State: Energy Correlation

Majorana (+) Majorana (—)

1/c*do/de,de,

FIG. 5. Energy correlation of

e e’ dileptons in e'e”
—N;N,—e " W'e"W™: (a) Ma-
jorana pair,7cp=+1, (b) Majo-

(b) 2
rana pair, ncp=—1, (c) Dirac
Di N N-pair.
1rac
g
(c)
. |A? 1 T T mﬁ,
M. |2=m ———s ——8(q2—m3)——8(q5— m2)—7 (F{ F (M —m32)2(m3+2m2,)%s+ 4(m?
| M| 2 (S_m§)2 Ml (a1 N)mNFN (a3 N Cv 11+ (My—mg) “(my W) (my

—2m) 4 s(K1K2) (A102) — S(K102) (K201) = (K1k2) (010) (020) + (KiK2) (A1) (021) + (K102) (K20) (010) — (K402)
X (kah) (a1 + (Kq @) (Ka0l1) (20) = (Kal) (Ka0lz) (1) = (kg @) (Ko@) (02) + (Kyl ) (Kol (9102) = MR ((kyq) (ko)
= (kqh) (kgl))]=2(m§ = m) (Mg — 2m&) [ (k1) (A20) — (K1) (a2l) + (Ko@) (A29) = (Kol ) () ]+ 2(m

+4m/mY) (MY — M) °L(A10) (d20) — (a2 (1) I} = 2f o (MY — M) (M — 4mi) [ = (ky@) (da]) — (ky9) (d2l)

F (k) (919) + (K1) (G29) F (ko0) (21) + (ko@) (a1]) = (Kol )(020) — (ol ) (91.9) T+ 2(mE + 4md/mZ) (m3

—m&) [ (a:19) (a2l) = (d20) (A1) 1D, 4.3
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1 2 my 2 2
| Mql?=|A? —mz)—m Ty S(ar— mN) 5(qz mN)(fl(m(mN_me)z[(qu)(kzq)_(kll)(kzl)]

m_ﬁ 2 2 2 5 2 _ _ 2 _m2)?2
+2m2 (my—mi) (My—2mi) [(K19) (920) — (K1) (a2l) + (k20) (919) — (ko) (gl ]+ 4(mg—my,) [ (d,9)(d29)

W
4 2
My 242 MN 5 2 2 2
—(qiD)(azl) ]|+ 1 m_4(mN_2mw) [(Q1Q)(k2|)_(kZQ)(kll)]+2m_2(mN_mw)(mN_zmw)[(k1Q)(Q2|)
W W
—<k2q><q1|>+<q1q><kzl>—<q2q><kll)]+4<mﬁ—m@)zuqlq)(qzn—<q2q><q1|>])]. 4.9
|
In complete analogy with the discussion of like-sign leptons m"’
(Sec. ), we derive from the above equations the correlation a'= (m mW) (4(5 mN)(s 4mN)——(mN 2mW)
in the energies and angles of the fimdle™ state. M
) A2y 2 2 (2 o2
A. Energy correlation X[2(s—4mg) my,— my(my ZmW)])'
The distribution in the scaled energi€gs &, has the qua-
dratic form given in Eq(3.6), where the coefficients in the d_ 2 _om2 2 24ra 2
Majorana cases 4" and “—" and the Dirac case " bft= Sy (m — 2m{) (m— mi) [4snty— (M
now have the values +14m3)m2],
s
a*z%mﬁ(m,%,—m\z,v)2<m—ﬁ(mﬁ+4m\‘}v)—2(mﬁ,+2m\2,v)2), cd=mpy(m3—2m3)%(s—3m3).
_ \/Enﬁ(mz—Zmz )2(m2—m2) The corresponding three distributions are plotted in Fig. 5.
N W. N 'W.

As in the case of like-sign dileptons, tleg e~ pairs have

distinct correlations fomcp=*+1. A comparison of the Ma-

jorana cases with the Dirac case reveals an interesting differ-
4) ence. In the Majorana cases the totale~ energy

¢t =md(m3—2m3)?,

m o . o 27
1+4m_\‘/‘v Y=¢&;+&, is distributed symmetrically around the midpoint

s(s—2m?)
N of this variable Yo=1/2(Y mip+ Yma)- By contrast,e”e”

e 1,.2,.2 2.2
a~ =3 my(mg—mg)

pairs resulting from DiradNN primary state have a total
—4(m2+2ma)? energy distribution that is unsymmetric around the midpoint.
b~ =— \/gnN(m’%I_Zm\zN)z(mrz\l_ m\z,\,)(s—Zmﬁ), B. Angle correlation
(4.5 In analogy to the distributionlo/dcoss,dcosd, obtained
o, - 5 for e”e” pairs[Eq. (3.10], the result for unlike-sign dilep-
¢ =my(my—2my)*(s—2my), tonse*e” is

do -
( m) ~ ﬂf dcosﬂN( f1{F 2m3(m?+2m3)2sKC] T2 — 2mE (m2 — 2md,) 28] + Ky CH2(cosfyB— cosdy)

X (coshyB+ cosd,) + IClesz( 1+ Bcos\cosh,) + Kfllcgz( 1— Bcosd\cosd,) ]
+ (M + 4miy) SPCIUCI2( 1+ co 6,82) + 8miy (M2 — 2md,) 25K 52(1— cosf; cosfy)

COBUCIKR+ K)o +

— K 1cl2scosy B+ 2mi
e § N KK 2cos, - KUCcos0, 1 —

+ f,2(my— 4my,)s , (4.6

l
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ete” Final State: Angular Correlation

Majorana (—)

Majorana (+)

FIG. 6. Angle correlation of
e e’ dileptons ine"e”—N;N,
—e Wfe"W™: (@ Majorana
pair, ncp=+1, (b) Majorana
pair, 7ncp=—1, (c) Dirac
Dirac N N-pair.

1/o*do/dc,de,
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do d 24 01,0, 2 2 2 2 2 0102

m ~B | dcosy(f1{s My M 2(1+ coshyB7) + mymiy,(my— 2my,) S[ K, C,%(1+ Bcoshycosd; )
014-02,4 4 2 2\21-014-02/14 24 101102

+ K 21— Beosiycosd,) |+ my(my — 2myy,) S, HC,2(1— cos,Cosh;) § + fo{ 25“miy KO 1 *costy B

+m2ma,(mg — 2ma)) S[ K KC52(costy B+ Cosh; ) + KM o2 (coy B— coH) ]
4.7

+my(m3 — 2ma) 25 CS2(cosf; — cosf)}).

As usual, the indices *+,” * —,” and “ d” differentiate between the Majorana casggp=+1, —1 and the Dirac case. The
angle correlations expressed by E¢E6) and (4.7) are plotted in Fig. 6, where the differences between the three cases are
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obvious. Close to thresholg3(-0), the correlation between
cos; and co#, can be presented in analytic form

(C) Distinct Majorana particles with opposit@P parity.
(D) Dirac particle-antiparticle pair.
(E) Identical Majorana particles.

1 do " _ 1 1f, mf,—Zm\zN Choosing theN, direction in thee® e~ c.m. system to be
o | dcos9;dcoss, T4 2f, m2+2mz, the z axis, and thee™-beam direction to be at an angtk
p—0 (= scattering angle the momenta d;, q,) and spins
(t1, ty) of Ny andN, have components
X (cosh,—cod,) |, (4.9
d Nl: q/iL:(')’ml,O,O,'yﬂml),
1 ( do )
S|
o\ dcosh,dcosd, 50 th=(yBn,,Ne,ny,¥Ny),
1 do - (A1)
~ o | dcosd,dcoss, 4o N2 g5 =(y'my,0,0,—y'B'my),
l (mﬁl_zm\zfv)z ! ’ ! ! ! ! ’
%Z[l— WCOS91COS92 ty=(-v'B Nz,Ny,Ny, Y NZ).
f, (My—2mg,) The differential cross sections afeith 8= (1—4m?/s)?2
= —————(cosh;—cosb,) |. (4.9 , = , N
T, (miromg) (COFTCO)| A9 p_ i amig y=(1-9) 2y =(1-p) 2
NX,Y,2) =[x2+y2+ 22— 2(xy+yz+zx)]Y?

In this limit, the cases *"” and “ —" remain distinct, but
the casenpcp=—1 converges to the Dirac case.

do) G,zzaﬁ
~| =z152 /RSP [1— (mi—m})%s*I\(s,mE,m3)
V. COMMENTS (dQ A ol2m ' '
We comment briefly on some other papers which have a x{f[(1+C2B'B)—(Bn.+B'n,)(1+C?)
partial overlap with the considerations presented above. . o Vo )
(i) Our discussion of the production reaction —(B'nyly+ Byl y")SCH+nn, (C°+BB")
e"e"—N;N, follows very closely that given in Ref.1]. i n! , L non’ S2/ vy
Our results fordo/dQ given in Appendix A[Egs. (Al)— (el y .y ) SCHn STy
(AB)] essentially coincide with those in that paper, with two +f,[C(B+B")—(n,+n,)C(1+BB")—(nyy
minor differences: The angular distributions for the case of
two distinct Majorana particles with the sar@é parity, as +n,ly")S+nn,C(B+B")+S(B' nynyly
well as for the case of two distinct Dirac particldsqs.(4E) , ,
and (4D) in Ref.[1]], are slightly different from our distri- + BN/ v, (A2)
butions, presented in Appendix [&£qg. (A2) and (A3)].
(i) The cross section for the Majorana process 2,2
ete”—N;N,, with m;=m, and ncp=+1 calculated in (_) —_F h;|R(s)|2[1—(mf—mg)Z/SZ])\(s,mf,mg)
Ref.[2] agrees with that obtained in this paper. However, the dQ/; 256
Dirac casee”e” —NN [Eq. (2) of Ref.[2]] differs from our ' o2 ' 1e2ppr , /
result[Eqg. (A5)], as also noted in Ref1]. (ol S*(Uyy' = 1)+ nyny S°BE" +nan, [ B
(iii) The spin-Slim[ned differential cross section for the —C%(1lyy' —1)]+(nn.—nin,)SA(1/y—1/y")
Majorana procese™e” —N;N, (with m;=m,, ncp=+1)
calculated in the present paper, as well as in REfs2], +C2B8B' —1lyy' + 1} +f{(n,—n))S(1ly' —1ly)
differs from that given in Refl4], but agrees with the results , , ,
given in Refs_[3,6,1q_ +(n+ nz)C(llyy —BB _1)}), (A3)
(iv) Our analysis of heavy Majorana production and decay
has been essentially model independent. Discussions in the do 2,2
context of specific gauge models, based on (B3 (_) :L“‘2|R(S)|2[1_(m2_m2)2/52])\(5'm2’m2)
X SU(2)gX U(1) or E(6) symmetries, may be found in Refs. dQ c 256m v v

[6,10,11.

APPENDIX A: DIFFERENTIAL CROSS SECTION
FOR e+e_—>N1N2

Following Ref.[1], we consider the following five cases,
whereN; andN, are

(A) Distinct Dirac particles.

(B) Distinct Majorana particles with the san@P parity.

X (f1{nanyS*(1yy' +1)—nyn; S? BB’
+n,n,[ BB +C41lyy +1)]+(nyn,
+n.n,)SQ1/y+1ly' )+ C2B8B" + 1lyy' +1}
—fo{(ny+n)S(Ly+1ly")

+(n4n,)C(Lyy'+BB'+1)}), (A4)
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do do Zay —d+m
Ja/ ~\ga =152 2 ?,m? X3(1=Ys) 72—
(dQ)D dQ)A]m 5122 RO (s m’,m?) 2 (1Y) i,

X{f1[(1+C?B?) —(n,+n;) B(1+C?)
— (Nt ng)SCBI y+n,ny (C*+ B?)
+(nyns+n,n) ST y+n,n, S y?]
+f,[2CB—(n,+n,)C(1+ B —(ne+n,)S/y
+2n,n,CB+(nyn,+n;n,)SEIyl},

(da) 1
dQ £ 2
2 2

Gray A
= £15.2|R(9)| 2\ (s,m? m?) B2{fa[ (nyny —n,n) &7

(A5)

do

dQ

>B,mlm2

+(1+n,n.)(1+C?)]—f,2(n,+n.)C}. (AB)

APPENDIX B: MATRIX ELEMENTS
FOR ete”—N;N,—e*e"WFW*
1. Like-sign dileptons
The matrix element for the reactidfig. 2)

e (p2.Sy)+e (p1,S1)
—e (ky,ty)e (Kot )W (kg , N3) W' (kg ,Ng)
(B1)
is
. N - g +my
M=iAj5 AL Kzutl(kl)Yp%(l—Vs)m%

—@,+m, 1

Xi(1- - Vs 3 (1+ k
2 ( 75)q2—m2+|m2r27”2( ¥s)ut,(Ka)

— go+m;
_ 11— L
)\lutz( kZ) Yo 2 (1 75)q§ mg imzl—\z Yy

X3 (14 ys)ug, (ko) | € (ka)€r 7 (Ky). (82)

Upon rearrangement, this gives the matrix element of Eq.
(3.2.

2. Unlike-sign dileptons
The matrix element for the Majorana-mediated process
(Fig. 2
e (p2,Sy)+e (p1,S1)
—e (ky,t1)e (Kot )W' (kg Ng) W™ (Kg,\y)
(B3)

Mp=—iAjAL" )\ZU_tl(kl) Yoz (1= ¥s)

G, +my 1

X 7,3 (1—
ql_ml+|mlr17 2 ( ¥s)

— @+ my 1
q%—m§+im21“2 Yoz (1 75)Ut2(k2)

-\ u_(k) 1(1_ )&
U, (K1) Yy 2 Vs qi_m%ﬂmlrl?’u

— g+ m,
x i1+ .
2 ( 75)q2_m2+|m2F270

X3 (1= ysug, (k) | €Lk €r (k). (BY)

Upon rearrangement, this gives the matrix element of Eq.
4.2.
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