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We study the process e —3%3%3 with the subsequent dec&p— %3l "I~ taking into account the com-
plete spin correlations. We give the analytical formulas for the differential cross section and present numerical
results for the lepton angular distribution and the distribution of the opening angle between the outgoing
leptons for the CERN LEP2 energy 6= 193 GeV and for/s=500 GeV. We examine three representative
mixing scenarios in the MSSM and also study the influence of the common scalar mass panayretdhe

shape of the distributions. For the lepton angular distribution, the effect of the spin correlations amounts to up
to 20% for lower energies. We find that the opening angle distribution is suitable for distinguishing between
Higgsino-like and gaugino-like neutralinos. The shape of the lepton angular distribution is very sensitive to the
mixing in the gaugino sector and to the valuenaf. For higher energies, it is also suitable for distinguishing
between Higgsino-like and gaugino-like neutralip80556-282(99)02601-9

PACS numbeps): 12.60.Jv, 13.16:q, 13.88+¢, 14.80.Ly

I. INTRODUCTION favored by larger cross sections, in certain regions of the
parameter space, sizeable cross sections for the neutralino
Although the standard modéBM) is extraordinarily suc- process can be expectg8]. Moreover, it might be possible
cessful for describing the electroweak phenomena, it has sets discover SUSY by neutralino production if charginos are
eral theoretical shortcomings. The most severe of these defitot accessible.
ciencies, the hierarchy problem, can satisfactorily be solved If new particles are discovered which are possible neu-
by the concept of supersymmetf$USY) broken at the TeV tralino candidates, for a clear identification, the complete in-
scale. This concept received a fresh impetus by the result thaestigation of their decay characteristics is indispensable.
in a SUSY grand unified theo@GUT) model, the measured Neutralino decay widths and branching ratios have been
coupling constants evolved to high energies meet at a singlé@oroughly studied4]. Angular distributions and angular
point. correlations of the decay products can give valuable addi-
The most economical candidate for a realistic susytional information on their composition from photino, zino
model with minimal gauge grouU(3)xSU(2)xU(1)  and Higgsino components. , o
and with minimal content of particles is the minimal super- . Another interesting question is to see if angular distribu-
symmetric extension of the standard mo(dSSM). In this t|on§ of decay products allow'separatlon of neutralino pro-
paper, we consider its simplest version with the conservegumIon from chargino production. C .
guantum numberR parity. Its implications include that Moreover, from decay angular _d|str|bu_t|ons with com-
. . . . _plete spin correlations of the decaying particle, one can infer
SUSY particles can only be produced in pairs and the Ilght-the spin of :
: . ) pin of the new particles.
est supersymmetric particl&SP) is stable and escapes de-

; . L X Finally, the identification of neutralinos would be com-
tection. As usual, we assume that this particle is the “ghtesﬁleted by ascertaining their Majorana character. In Refs.

neutralinoys. [5, 6], it is demonstrated that this is possible by means of the
Among the new particles, the chargin@be supersym- energy distributions of the decay leptons if the neutralinos
metric partners of the charged gauge and Higgs bosam$  are produced in collisions of polarizesl'e~ beams. The
the neutralinogthe partners of the neutral gauge and Higgsangular distributions of the decay products might, however,
bosons are of particular interest. As they are expected to beyffer the possibility to prove the Majorana character if polar-
lighter than the gluino and in most scenarios lighter than thgzed beams are not available. Furthermore, the angular dis-
squarks and sleptori4,2], the next-to-lightest neutralin}  tributions of the final leptons are suitable observables for
and the lightest chargino could be first observed in futurestudying CP-violation in supersymmetric modgs7).
experiments ae“e™ colliders. In particular, the production ~ The above mentioned reasons motivate a study of angular
of X3%J pairs allows us to study a wide region of the SUSY distributions in associated production of neutralinos and the
parameter space. Although in general, chargino production isubsequent decay of the next-to-lightest neutralino. Since an-
gular distributions depend on the polarization of the parent
particles, one has to take into account spin correlations be-
*Email address: gudi@physik.uni-wuerzburg.de tween production and decay.
TEmail address: fraas@physik.uni-wuerzburg.de In general, quantum mechanical interference effects be-
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FIG. 1. Feynman graphs for production and leptonic decay.

tween various polarization states of the parent particles pre;ﬁggl+ I”. We give the analytical formulas of the differential
clude simple factorization of the differential cross sectioncross section with complete spin correlations of the decaying
into a production factor and a decay fac{@] unless the neutralino. We study numerically the influence of these spin
production amplitude is dominated by a single spin compo<correlations on energy and angular distributions. The energy
nent[2]. However, in Ref[9] it is shown that the factoriza- distributions are independent of spin correlations. However,
tion property holds for particles with spin provided that suit- for the lepton angular distributions for lower energies, the
able Lorentz invariant variables are used. But this is not theffect of the spin correlations amounts to up to 20%. The
case for angular distributions of the neutrali@ chargind  shape of the lepton angular distribution is very sensitive to
decay products in the laboratory frame. For energy distributhe mixing character in the gaugino sector and to the value of
tions of the final particles in the laboratory frame, the spinm,. For higher energies, it is suitable for distinguishing be-
correlations are, nevertheless, usually ignored. tween Higgsino- and gaugino-like neutralino. We also ana-
Heavy fermion production with subsequent decay wadyze the opening angle distributions and show that at lower
considered in Ref{10]. Recently, a Monte-Carlo generator energies they are suitable for distinguishing between
for chargino production and decay including spin correla-Higgsino- and gaugino-like neutralinos. This will allow one
tions was developed in Rdfl1]. to constrain the parameter space of the MSSM. We also con-
In this paper, we calculate the cross section of the processider the influence of the scalar mass parametgon the

e"e”—%2%2 and the subsequent direct leptonic decgy, shape of distributions.
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In Sec. Il the general formalism is shown. In Sec. Il A the
Lagrangian, couplings and Feynman diagrams are given, in
Sec. Il B the spin-density formalism is presented, and in Sec. .
Il C the kinematics is given. In Sec. lll we present the for- hj=1-4, ©)
mulas for the differential cross section with complete spinye optain the couplings
correlations. Numerical results for the LEP2 energy
=193 GeV and for/s=500 GeV and a discussion are pre- Li=Ts—e si’ 6y, R=—¢ sit 6y,
sented in Sec. IV.

~ T ~07 T rd
fwl;f’:gfh' Pex‘l +gff I P XY Ig+H.C.,

1
fii= _ﬁ(—(Tsl_@ Sin? y)N;

Il. GENERAL FORMALISM COs by

A. The Feynman diagrams ]
. . . . +e sin Ny |,
In this section we show the Feynman diagrams and give

the Lagrangian for the production process,(k;)e*(k,) R ) . N
—%2(9,)%5(q,), and for the direct leptonic deca¥(q,) fii=—v2e sin Oy(tan OwNZ—N7y),
—X1(P1)! " (p2)1 " (ps). The argumentsk;,k,q;,q, and

L= — 1(N:aN*— N N*
P1,P2,P3 denote the momenta of the incoming electron, pos- Oij =~ 2(NisNj3~NiaNjy)cos 28

. . o~0 ~0 . .
|tro_n, trleo produced neufralmcﬁ,xz an~d0the outgoing neu- — %(Ni3NT4+ Ni4N,*3)S'” 28,
tralino y; and leptond ™,I~ from the’y; decay. Both the

production and the decay process contain contributions from Off: —OiLJ-* .

Z° exchange in the direct channei-¢hannel and from&_ _ _ R ALR
and@x exchange in the crossed channels (-channel. We  Inour casé =1, j=2 and we shall writ€1,"=0O">". Here

introduce the kinematic variables: PLr=3(1F7ys), g is the weak coupling constantg(
=e/sin 6y, €>0), ande; and T3 denote the charge and the
s=(kitkp)? 5=(po+p3)?, (1) third component of the weak isospin of the leptoRurther-
o more, tanB=v,/vy,v;, are the vacuum expectation values
t=(k,—qp)2% t=(0—p,)?, (20 of the two neutral Higgs fields anll;; is the unitary 4<4
, , matrix which diagonalizes the neutral gaugino-Higgsino
u=(k1=q2)% u=(q2—pa)”. 3 mass matrix in the bas,Z,F1%,A. Since we disregard in

Channels referring to the decay are marked by a dash. Tht§iS papngP vioIa}ing phenomena,. the elememty of the
Feynman diagrams are shown in Fig. 1. lagonalized matrix and the couplings can be chosen real.

From the interaction Lagrangian of the MSSfif our Then some of the neutralino mass eigenvalues may be nega-

: . tive and we shall write them in the formym; with m;
notation and conventions we follow clos , X , it i
d52) >0,7;=*1 [13]. The respective amplitudes for the Feyn-

man diagrams are taken from REL4].

Laon-== s Z, 1 ¥*(LiPL+RPg)l +H.c. (4
w B. Spin density matrix for production and decay
= - The differential cross section for the production
0=— ——> 730 L R 0
L2003 Gos gy 21X ¥ (OifPLF OifPRIX;+H.c. e (kpe" (k) —¥3(a)¥(d,) and the subsequent decay
(5 X3(a2)—X3(py)! " (p2)!~(ps) is given by
|
do= %|T)£I)\i)\+)\_|2(277)45(4)(k1+ Ko—d1—P1—P2—P3)dlips(ds,p1,P2,Pa), (7)
2\YN(s,m;,mg) e e’

wheres is the cms-energy squared of the incomgigand  licities N\¢-,Ao+ Of the initial particles are averaged because

et and\(x,y,z) =x?+y?+ 72— 2xy—2xz—2yzis the kine-  in this paper we consider the case of unpolarized beams.
matical triangle function. All lepton masses are neglectedSince the polarization of the outgoing particles will not be

In EQ. (7) Ne-,Ae+,A7 @and Aq,A; ,\_ label the helicities measured, the helicities of the final particles and

of the electron, positron andy) of the production Xi,\. ,\_ have to be summed over. Therefore we suppress

process and the helicities of thé‘(g, I*1~ of the these helicity indices in the following and only display the
decay  process, respectively. dlips(qy,p1,ps,ps)  Nelicity X, of X5.
=d3%q,/(27)%2q%---d®ps/(27)°%2p] is the Lorentz invari- The total widthI", of the decaying neutraling) is small

ant phase space element of the four final particles. The hesompared to its mass,. Therefore the amplitudé of the
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%sa:O 12

s?.gP=— 5P (13
P.Py

S Si= Gt (14)

A2Xp D
pp Bz P

A convenient choice for the explicit form &f is in a coor-
dinate system where the direction of the three-momentum is
p=(sin® cos®d,sin O sinP,cosO) [15]:

FIG. 2. The amplitude squared for the combined process includ-

ing spin correlations is composed by the spin density matrix for the sl4= (0,—sin®,cos®,0) (15
production and the decay matrix times the pseudopropaggfor

squared compare Eq(9)]. s2#=(0,cos® cos®d,cos® sin ®,—sin O) (16)
combined process is a coherent sum over all polarization 1

states of the helicity amplitudB*z for the production pro- Sk = E(|ﬁ|,Eb). (17)

cess times the helicity amplitud@x2 for the decay process

and a pseudopropagatp=1/(5—m3+im,I';) of X3: Then in this frame of reference™® (@ and s® describe

transverse and longitudinal polarization of the particle.

When computing the density matrices for production and
decay, Egs(10), (11), we make use of the Bouchiat-Michel
formulas[15]:

T=A,PMD, . (8)

The amplitude squared for the combined process N
P a P (PN )U(P,N) = (S + ys820%, ) (p+m)  (18)

|T|2=|A2|2P;2Aépfrh (9) v(PA)V(PN)=3(Sh + 5820y, ) (b—m). (19
22

In the amplitude squarelEg. (9)], the spin vectors? lin-
arly enter the matricepp [Eq. (10)] and p° [Eq. (11)].
hey induce by Eq(14) the above mentioned quantum me-

chanical correlations between production and decay.

is thus composed from the unnormalized spin density matri

Aohp
p =

"2tz phaphox (10)

C. Kinematics and phase space
We split the phase space into the one for the production,
of the neutralindys and the decay matrix e (kye" (ko)) —x1(a1)x2(a2), and the one for the three
particle decayj(g(qz)ﬂ”)‘(g(pl)l *(p,)l " (p3). Then we ob-
tain the differential cross section in thee e*-cms by inte-
Pf'x :DMD:’ (11 grating over the effective mass squaredof the decaying
2"z 2 neutralinoxs [16]:

for the respective decay channel. As in Fig. 2 all helicity do= i d_sz W
indices, but that of the decaying neutralino are suppressed. 8EZ ) 27 (s,—md)2+T'5m3
Repeated indices are summed over.

Squaring the total amplitude, one obtains interference X (2m)* 6 (g1+ da— ki —kp)
terms between various helicity amplitudes. These terms pre- 5 3
clude factorization in a production facté}>\2|Px2|2 times a % d°q, d°a;
decay factorz, |D,,|? as for the case of spinless particles. (2m)%2E, (2m)°2E,

We use the general formalism to calculate the helicity 44 _
amplitudes for production and decay of a particle with four- X (2m)* 89 (p1+ po+pa—az)
momentump and massm. Therefore we introduce three d3p, d3p, d3ps
spacelike four-vectorsz, (a=1,2,3) which together with X — 3 3 (20
p/m form an orthonormal set: (2m)32E, (2m)°2E, (2m)°2E_
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2 2
! £¥(pa) 0<E < mze my ’ 23
e (k) = (p3) 2(E;—[qg[cos 6, )
Bg) L KB(e)
L e k) so thatE | =0, see Eq(22), at the upper bound.

I1l. ANALYTICAL FORMULAS
FIG. 3. Configuration of momenta in the laboratory system. The

lepton angular distribution refers ©,,_, the opening angle dis- In this section we give the analytical expressions for the
tribution to® , _ . productw= p>\2 zpA N

trices for the productlon process,e” (kj)e™ (ks)
with W=pp*2p, | [compare Eq(9)]. The energies of the _, Xl(ql) Xz(qz) and the direct leptonic decays(qy)
producedy?, %5 areE, ,E, and those of?,1 " andl~ from —X3(p1)! " (p2)!~ (p3). Both the production and the decay
the decay are denoted @1,E+ andE_ . E, is the beam process contain contributions froA? exchange in the direct
energym, is the mass 0}2 and the mass @ﬁ) is labeled by channel and fron®_ and€g exchange in the crossed chan-
‘ / nels[compare Fig. 1

my. Finally Oy (O) is the angle between the electron " " oy in E (9) is a sum of contributions from
beam and the outgoing negativépyositively) charged lepton the diffeprent roductigﬁ and decay amplitudes and their in-
|~ (I7) in the laboratory framéFig. 3). terf ¢ b y amp

If the total width of the decaying particlﬁg‘zg is much erierence terms,
smaller than its massI',<m,, one can make the
narrow  width  approximation Msz—mg)2+ mzl“z] W= 2
~(mIm,I'y) 5(52—m§) and one obtains for the differential ab,cd
cross section in the*e™-cms, i.e., in the laboratory frame:

where the first paia,b of indices refers to the production

[compare Eq(9)] of the density ma-

Aoy D

Wab,cd ’ (24)

1 1 |dyl process, and the second pejd refers to the decay process.

do=W - 3 The pairs(ab) and (cd) run through all combinations of the
16(2m)" myl'; 64} valuesZ,L,,L,,R,,R,, whereZ and L,R denote the ex-
E.E_dE_ sin ®dOdddQ . dQ_ changed particleg® and®, 8z andl I, respectively. In

(21)  the case of slepton exchange, the inditas denote the
channel. ThusWz, rr is the contribution of the interfer-
ence term to the productlon process fr@exchange and

® is the production angle 6¢3, @ describes the rotation @, -exchange in the t-channel and the interference term to the

around the electron beam axis, atf@  (d()_) is the solid decay process from g-exchange in thet-channel and

angle ofl . (1_). . — .
exchange in the&i-channel(Fig. 1
In consequence of momentum conservation, the energkﬁ There a%e altogether 121(cogntr|)but|omgb , which can
C

Ei)lsagztfzgm;nnzd tE)eE(; ’;:ii agileng(%efﬂ),vggawteheenlle _ be classified into 16 groups. We give one representative of
X2 P 9 ang®.. - P~ each group and list the indices of the possible combinations.

—|G2|cos b, —E_(1—cos®, )]

tons: The other termsdV,;, .4 of this group are then obtained by
substituting the propagator combination according to the pair

m%— m"{—ZE,(EZ— |G| cos 6,_) of indices[see Eqs(65)—(70)] and by substituting momenta
E.= E (1-cos®, )]’ (22 and couplings and sign factors as given in Table | below.

2[E,|Gzlcos Oz — The substitutions of the momentq ,k,,p,,ps and of the

couplings O-,0R L,R also have to be performed in Egs.
The possible region of the lepton enerBy depends on (41)—(64). In the representative term, the sign factors
the lepton decay anglé,_ : M,v,0,7,v have the valuet1.

TABLE I. Substitution rules foW,;, .4, see Sec. lll.

Production M v 1) T v Couplings Momenta
B -8R +1 -1 -1 +1 -1 O'-O0R, LR,
t—u -1 +1 -1 +1 -1 OL—OR k=K,
Decay
T =Tk +1 +1 +1 +1 -1 O'—OR L,—~R,
PNy +1 +1 +1 -1 -1 OL<OR P2 P3
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For illustration, we consider as an exampé | 11, t—U in the decay process. When substitutljg-2g, one
which is the representative of Group 12. In order to gethas to change the sign factorsw,v and the couplings ac-
the contribution of WrR, L L, ON€ has to change cording to the first line of Table I. Moreover, when substi-

the propagator combination A (t)A, (U)A (1)A (1) tuting t—U, one has to change the sign facters the cou-
—Ag(1)Ar(WA (WA (U) and one has to substitute plings and the momenta,— p; according to the fourth line
‘8. —€g in the production process and one has to substitutef Table I.

Group 1 (1 term):
Wz 77=32/A,(S)|?|Ax(S)|4{D1-P1—D2;-S1,+D2,-S13}. (25)

Group 2 (4 terms):
Production: (;Z2),(R:Z),(L,Z),(R,Z) Decay: £Z)

Wi ,z.27=16A (1)|A2(S)|*{— u Re(Az(8))[D1- P2+ v(D2;3-S2,—D2;- S25)]
+vv Im(Az(S))[D23862_D22863]} (26)

Group 3 (4 terms):
Production: {L;),(RRy), (L L), (R ,R,) Decay: £2)

WL L, 22=8AF ()] AZ(S)[*{(k10y) (K02) D1~ v(D23- S3,~D2,- S35)}. 27)

Group 4 (2 terms):
Production: (;L,),(RR,) Decay: £Z2)

WL, zz= ~8ALDAL(W[AZ(S)|*{D1- P4+ vyymy(D2;- S4,— D2, S43)}. (28)

Group 5 (4 terms):
Production: £Z) Decay: (:2),(R:Z),(L,2),(R,2)

Wz 2= 16/A5(s) A (1) H{Re(A,(S)){P1-D3~1[D4- S1,~D5- Sl;]}
—Im(A2(8))(RE—L2)O ,my[ S7,- P3;— S7;- P3,]}. (29)

Group 6 (16 terms):
Production: (;2),(R;Z),(L,2),(R,Z) Decay: (:2),(R:Z),(L,2),(R,2)

Wi 21 z=8AL(DAL(D)7{— 1 Re(Ax(S))Re(A,(S))[P2- D3+ (D4 S2,~ D5- S23)]
+ wv IM(A,(s))Re(A4(S))[D4-S6,—D5-S65]— v Re(Az(s))ImM(Az(S))Lem1my
X [27,m,0R(kyq1)S7,+ 7:m; 0O (K10,) S7,— 7:M; O (K,q,) S74]
+IM(A2(8))IM(A(S)LeO LOTMI[ (P,02) S45— (P3d) S4o+ M3S5]}. (30

Group 7 (16 terms):
Production: (L), (RRy),(L,L,),(R,R,) Decay: (:2),(R2),(L,2),(R,2)

Wi, ,LtZ:4AE(t)AL(t_) T{Re(Az(5))[(k101)(k2q2)D3~v(D4-S3,~D5- S33)]

+ o IM(AZ(S)) 71my 7,My(K101)S75}. (31

Group 8 (8 terms):
Production: (L ,),(RR,) Decay: (.2),(R:Z),(L,2),(R,Z)

Wi, Lz= —4ALAL(W)AL (D) X {Re(A2(S))[D3- P4+ vp;my(D4- S4,~D5- $43)]
+ o IM(AZ(S)MT (Ky02) ST~ (k202 S741}. (32

015016-6
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Group 9 (4 terms):
Production: £Z) Decay: L:L,),(RiRy),(LyLy),(RyRy)

Wzz =8| Az(9)[PAZ(1)(p1p3) X{(P292) P1+ v7,my Sy} (33

Group 10 (16 terms):
Production: (;2),(R;2),(L,2),(R,Z) Decay: LL,),(RiRy),(L,L,) . (R,RY)

WLIZ,LtLt:4AL(t)AE(t_)(p1p3)x{_M Re(Az(s)[(P202) P2~ v17,m;S2;] = vv Im(Az(s)) 17,M,S6,}. (34)

Group 11 (16 terms):
Production: (—tLt)v(Rth)-(LuLu)v(RuRu) Decay: d—tLt)v(Rth)r(LuLu)v(RuRu)

WLILt,LtLt:ZAE(t)AE(t_){(p1p3)(p2Q2)(k1Q1)(k2Q2)+Uﬂzmz(p1p3)532}- (35

Group 12 (8 terms):
Production: (L), (RR,) Decay: L), (RiRy),(LyLy),(RyRy)

Wi, L= 2A (DA L(U)AZ(D){(P1P3)(P202) P4~ vymy 7,My(P1P3) SA5}. (36)

Group 13 (2 terms):
Production: 2Z) Decay: L:L,),(RRy)

WzzL L= 8|A2(S)|2AL()AL(W{ 71My 72My(P2P3) PL+ v73mi[ (Pad) Sl — (P22) S} (37)

Group 14 (8 terms):
Production: (;2),(R;2),(L,Z),(R,Z) Decay: L:L,),(RR,)

Wiz, =4A LOALDAL(W) X {~ p Re(AZ(S))[ 73My 72Mx(P2P3) P2+ v71mMy (— (P30l2) S22+ (P202) S25)]

+vv IM(Az(8)) 7.m[ — (P3d2) S6,+ (P2d2) SB3]}- (39

Group 15 (8 terms):
Production: (L), (RRy),(L,L,),(R,R,) Decay: L.L,),(RRy)

Wi L= 2AF (1) AL(D)ALT) 71My 72Ma(K1dl1) X{(P2P3) (K2G2) + of — (Paba) (KaP2) + (P202) (K2p3) 1} (39

Group 16 (4 terms):
Production: (L ,),(RR,) Decay: L:L,),(RRy)

WL, L= 200 () AL(W)AL(D)AL(T) 73my X { 7,M(P2P3) P4+ vy Myl — (P30l2) SAo+ (P202) SA3]}- (40)

For the sake of a clear presentation of our analytical reand the second group refers to the decay process:
sults, we have introduced three groups of abbreviations. The

first group refers to the production process: Dl=(§§+f§)6L2{(plp3)(p2q2)
P1=(R+ Lg){OLZ[(k1Q1)(k2Q2)+(k1Q2)(k2Q1)] +(P1P2)(P302) + 71My 7,My(P2P3) } (46)
+0L0Rgymy omy(kiky)} (41) = =2
o ) D2,=(Rg—Lg)O" {7:mM1(p2dz) + 72Ma(P1P2)}
P2=2L,0%(k101)(Ko02) + 72My 7,M,L O (K1K>) 47
(42
_(p2_12yAL2
P3, = 77,m, OR(ky0s) + 7,M,0 (kyqy) (43) D2;3=(R;— L&) O™ {m1m1(p3d2) + 72Ma(p1P3)} 8
P3,= 7:m;0%(ky0) + 7,m,0"(k,0;) (44)

D3=L20%(p1p3)(p2Gz) — OR7amy 7,my(p2p3) ]
P4= n:myn,my(kikz) (45) ) (49)
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D4=L[OR7;my(psdy) — 20" 7,my(p1p3)] (50)

D5=LOR7;my(p,Qs)- (51)

The third class is related to the spin correlations betwee
production and decay and connects the momenta of bot

subprocesses:
S1,=(R2- Li)[ 71MOROM (Kop2) (K102) — (K1p2) (Ko02)]

—(kyp2) +

(k1Q2)(p2Q2))

+ L2 (k
7,M,0 [( 201) mg

(kad2)( szz)) } } (52)

—(quu( ~(kgpo) +
2

Slz= (Ré— Lg)r 71M;OROM[ (Kap3) (Ky02) — (K1p3)(Ko02)]

(k102)( )
— (kepa) + 1Q2mZPSQ2 )

2
+ 17,m,0" [(kzch)
>

(k2Q2)(2p3QZ)) } (59

2

_(k1Q1)( —(kap3) +

(k202)( Pz%))
Y E—

S2,= —277,m,L O( qul)< —(kap2) +
2

+ 1ML O (Kop2) (K102) — (K1P2) (K2G2) ] (54

(k202)( P3Q2)>
Y B

S23=-2 ﬂzmzLeOR(k1Q1)< —(kapa) +
2

+ 72mMyL O [ (Kop3) (K1G2) — (K1p3) (Ka0o) ] (59

K»02)
S3,= 772m2(k1Q1)( —(kapo) + %) (56)
K202) )
S3;= 772m2(k1Q1)( — (kgpa) + %) (57)
S$4,=(kap2) (K102) — (K1p2) (K202) (58
S4;=(kzp3)(K102) — (K1p3)(Ko02) (59
S5=(k1p3)(k2p2) — (K1p2)(K2p3) (60)
S6,= L O 71my[ kok1p20s] (61
S63=L 0" 71my[ kok1p3ds] (62
S71=fe§R[q2klp3p2] (63
S7,=L 0N qzkzp3p2] (64)
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with [abcd]=¢€,,,,a"b"c’d”.

These terms, i.e., Eq&52)—(64), would be missing if we
had assumed factorization of the differential cross section in
production and decay.

For a better transparency, all couplings originating from

e decay process are marked by a dash. The indices are used
in order to emphasize the symmetry betw&nande™ in
the initial state and~ andl* in the final state, respectively.

We have introduced the following products of propaga-
tors and coupling constants:

A(s)= g’ X ! 6
28)= 552 Ow  s—mz+im,I';, 9
92 9?
AL(t)=wxf|L1*~f|L2, AR(t)=foﬁ*~ff‘2
L R
(66)
g? 9°
A (u)= X fhfLF, Ag(u)= —— X R ¥
L( ) U_mgl_ 11" '12 R( ) u_ng 11" "2
(67)
and
A (S = g’ % ! 68
25)= 52 Ow  S—mz+im,I';, 68
o 2 o g2
ALt =——xfi3 - fl1, Ar(t)=——xfF 1]}
t—mg t—mg
L R
(69)
9 T 9° =
A (U)=— XL B Ap(U)= — X fR R
L(U) U_mgl_ 12° "1 R(m U—ng 12° "1
(70

IV. NUMERICAL RESULTS AND DISCUSSION
A. Scenarios

Neutralinos are linear superpositions of the phofndhe

Zino Z and the two Higgsino$1? and H). The% andZ
components only couple to the selectrons whereas the
Higgsino components couple to t#8. The composition and
the masses of the neutralino states depend on the three SUSY
mass parametefd ,M’ (sometimes also callell, andM ;)
and u, whose values follow from the specific SUSY break-
ing mechanism, and on the ratio t8~v, /v, of the vacuum
expectation values of the Higgs fields. In order to reduce the
number of parameters, we shall assukhe=3M tar? 6, as
suggested by grand unificatid@2]. The gaugino mass pa-
rameterM is related to the gluino mass by ~0.3mg [17]
and the gluino mass is roughly given by~ 2.4m,, [18],
where my;, is the common gaugino mass Mgyt (M
%072711/2)

The masses of the sleptons are related to the SUSY pa-
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TABLE Il. ParameterdM, u and mass eigenvalues in GeV, total widtlﬁ«ﬁfin keV. The superscripts denote the value of the scalar mass
mo .

90 90 200 200 9 200
tang M ® 1My 72M; TR i i i i F}g I‘}g
A 2 84 —250 46 97 97 123 104 217 207 355 1.33
B 2 112 448 51 98 —-97 139 110 226 210 15.0 0.74
C 2 215 —-83 76 —-109 97 214 114 279 228 23.6 23.7

rametersM and tang and to the common scalar mass pa-hario C, both neutralino states are dominated by strong

rameterm, at the unification poinf17]: Higgsino componentgTable 1l). _
For the phase space integrati@hosen relative accuracy

10"%), we used the Monte-Carlo routine Vegas. The evalu-
ation was made for cms-energies ¢§=193 GeV and\/s
=500 GeV.

It can be derived fron{9] that the total cross section
factorizes, i.e., it is independent of the spin correlations. This
fact has been used in our numerical calculations as a check

In order to illustrate the influence of the neutralino mixing for the phase space integration and the total cross sections
and of the scalar mass,, we shall consider three represen- are given in Table V.
tative scenarios which differ significantly in the nature of the
two lowest mass eigenstafé% and}g. The selectron masses
are calculated for two values of the scalar masgg mg
=90 GeV andm,=200 GeV. For the parameters of the In this section, we give numerical results for the angular
standard model (SM), we take m,=91.19 GeV[, distributions ofl™ with respect to the electron beam axis
=2.49 GeV, sif 4,=0.23 [19] and =1/128. We choose Computed with complete spin correlations according to Egs.
tan8=2. The parameters of our scenarios and the mass ef52)—(64). The angular distributions df* are obtained by
genvalues of the two lightest neutralinos, the light chargingubstituting co®)y_——cosOy.. _
and the selectrons are given in Table II. The width of e In order to demonstrate the significance of the spin corre-
has been computed with the program[20] (see Table Ii. lations, we compare _our'results with _those thalned from.the

Notice that also in scenarios with<0, the branching @sSumption of factorization of the differential cross section

ratio for the radiative decay is less than 0.5% in the examiNto production and decay. As can be seen from Figs. 4-10
ined region of parameter spaf2]. for all mixing scenarios and both values of the scalar mass

The andZ are mixtures of th@ and thei; gauginos, mg, the contribution of the spin correlations has the biggest

_ ~ ~ o ) ~ . effect in the forward and in the backward direction and van-
y=cosB+sin GyW3, Z=—sin 4\B+cos@\Ws. There- ishes in the direction perpendicular to the beam axis

fore in Table Ill, the components of the neutralino states argcos®,,_=0). The contribution of spin correlations in the
given in the basis %Z,HJ,H)) and in the basis forward direction has opposite sign of that in the backward
(B, W3, HS,HY). direction. Their magnitude decreases with increasing energy.
In scenario AX{ has a dominating photino component  Especially for lower energies, the spin effect is sizable in
and’¥J has a dominating zino component, whereas in sceScenario A with a photino-lik§; and a zino-likéx; for both
nario B, both neutralinos are nearly equal photino-zino mix-values ofm,. For ys=193 GeV (/s=500 GeV) its magni-
tures. In the two scenarios A and B, tf& is almost a pure tude amounts to about 20%%) in the forward and back-

r C 0 G _ward direction for both values afhy, my=90 GeV andmj,
B-ino and the neutraliniy; is nearly a puréV-ino. In sce =200 GeV, Fig. 4Fig. 5. In both cases the contribution of

the spin correlation is negative in the backward direction and

mTsz ma+0.7M2+m?2 cos B(—0.5+sir? 6y)  (71)

rrrl2 =m3+0.23V12—m? cos 2B sir? 6y. (72
R

B. Lepton angular distributions

TABLE lll. Neutralino eigenstates.

TABLE IV. Total cross sections foe"e™—%{%> and subse-

~0 ~0
X1 X2 quent leptonic decayx>—¥5l "1~ for s=193 GeV and s

(FIZIH3IRD)

(FIZIH3IAD)

=500 GeV withmy=90 GeV andmy=200 GeV.

A (+.94—.33—.08 —.08) (-.35—.89—.16—.23) oo . -

B (+.79— .60+ .11+ .07) (.62 .76+ .17 +.10) o(e e ~XIXe—Xixil 1) /b

c (—.17+.22— .19 +.94) (—.05+.29—.92 - .26) V5=193 GeV V5=500 GeV
(§|\7v3|ﬁg|ﬁg) (~B|\7\/3|ﬁg|ﬁg) mMy=90 GeV my=200 GeV my=90 GeV my=200 GeV

A (+.98+.16 —.08 —.07) (+.12—.99-.1—.23) A 38.9 11.1 327 21.6

B (+.98—.15— .13 +.09) (-.18—.964—.1§—.10) B 10.0 25 10.9 6.1

c (—.25+.11—.19 +.96) (—.18+.23+.92+.24) C 23.3 23.4 6.0 6.1
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0.00515
do L
B /pb  0.0051
0.00505 [
0.005
0.00495
0.0049 |
0.00485
0.01 00048 ¢
0.00475 ¥
'0.008 i
0.0047 |
0.006 0.00465 |
ou———V"7. | . . . .
-1 -08 -06 -04 -02 0 02 04 06 08 1 0'0046-1 08 -06 -04 -02 O 02 04 06 08 1
cosOpr_ cos Opr_
FIG. 4. Lepton angular distribution foy's=193 GeV in sce- FIG. 6. Lepton angular distribution foys=193 GeV in sce-

nario A for my=90 GeV with spin correlations fully taken into nario B for my=90 GeV with spin correlations fully taken into
account(upper solid and for assumed factorizatidgopper dotteyf account(solid) and for assumed factorizatiqdotted.
for my=200 GeV with spin correlationfower solid and for as-

sumed factorizatiotilower dotted.
A g mg completely changes the shape of the angular distribution

positive in the forward direction. and for my=200 GeV it has a minimum in the backward

A comparison with the results for the gaugino-like sce-heémisphere and the forward direction is favorets
nario B (Fig. 6 and Fig. ¥ shows how sensitively the spin = *+5.9% (Fig. 7). Now the contribution of the spin correla-
correlation effect depends on the gaugino-Higgsino mixingions is negative in the backward direction and positive in the
and on the value ofy. It is noteworthy that although in forward direction.
both scenarios A and B, thﬁ(l) is B-ino-like andj(o is In the Higgsino-like scenario C, both production and de-

2 -
{#/5-ino-like with, however, different phases of tfil-ino  C2Y are dominated by°-exchange. Therefore the depen-

and B-ino admixture. FOR/§= 193 GeV andmy=90 GeV dence onmg is considerably smaller and we give only nu-
(Fig. 6) the magnitude of the spin effect is only 2% in the merical results formy=90 GeV. Here the contribution of
forward and in the backward direction whereas fog, spin correlations is negligible and the angular distribution is
—200 GeV (Fig. 7) it amounts to 10%. For higher energy practically flat forys=193 GeV(Fig. 9 and FB-symmetric,
Js=500 GeV it is negligible(Fig. 8). Arg=0.07%, and forys=500 GeV with a minimum per-

It is remarkable that in the case of gaugino-like neutrali-pendicular to the beam direction aAg¢z=0.11% (Fig. 10.
nos, the scalar mass, crucially determines the shape of the  Notice however that a negligible FB-asymmetry is not an
angular distributions. This is most obvious for scenario Bunequivocal signature for Higgsino-like neutralinos. As can
and \/s=193 GeV. For the smaller valum,=90 GeV, the be seen from Fig. 6 for scenario B withy=90 GeV the
angular distribution has a maximum nearly perpendicular td-B-asymmetry may also be small for gaugino-like neutrali-
the beam direction and is almost FB symmetris;g nos(see Table V. From Figs. 5, 8 and 10, we conclude that
= —0.8% (compare Table ¥ The contribution of the spin for higher energies far enough from threshold, the lepton
correlations is positive in the backward direction and negaangular distribution is suitable for distinguishing between
tive in the forward directior{Fig. 6). Increasing the value of gaugino-like and Higgsino-like neutralinos. For/s

=500 GeV the angular distribution is practically FB-

de L
d@;_ /pb 0018
0.00145
L de
0.018 dG;_ /vb 0.0014 [
oot 7 0.00135 |
0.012 0.0013
0.00125 +
0.01
0.0012 |
0.008-1 08 06 -(;.4 02 (‘) 022 014 0i6 0:8 1 0.00115
c0s O~ 0.0011 e
-1 08 -06 04 02 0 02 04 06 08 1
FIG. 5. Lepton angular distribution fofs=500 GeV in sce- cos Oy
nario A for my=90 GeV with spin correlations fully taken into
account(upper solid and for assumed factorizatignpper dotteg FIG. 7. Lepton angular distribution fofs=193 GeV in sce-
for my=200 GeV with spin correlationfower solid and for as- nario B for my=200 GeV with spin correlations fully taken into
sumed factorizatioflower dotted. account(solid) and for assumed factorizatiqdotted.

015016-10



SPIN CORRELATIONS IN THE PRODUCTION AR . .. PHYSICAL REVIEW D 59 015016

0.0065 T T T T T T T T T 0.0037
deM 0.006 d@M 0.0036
0.0035
0.0055
0.0034
0.005 | 06033 -
0.0045 0.0032
0.004 0.0031 |
0.0035 0.003
0.0029 |
0.003
0.0028
0.0025 [~ 0.0027 |
0.002 — 0.0026 —
-1 -08 -06 -04 -02 0 02 04 06 08 1 -1 08 -06 -04 -02 4] 02 04 06 08 1
cos Opr_ cos O
FIG. 8. Lepton angular distribution fog's=500 GeV in sce- FIG. 10. Lepton angular distribution fofs=500 GeV in sce-

nario B for my=90 GeV with spin correlations fully taken into nario C for my=90 GeV with spin correlations fully taken into
account(upper solid and for assumed factorizatignpper dotteg account(solid) and for assumed factorizatidgdotted.
for my=200 GeV with spin correlationdower solid and for as-

sumed factorizatiolower dotted. One should note that for the shape of the opening angle

distributions, the influence of varying the value wi, is
much smaller than for the lepton angular distributions.

For Higgsino-like neutralinogFig. 13, the shape of the
opening angle distribution fox/s=193 GeV is completely
different from those of gaugino-like neutralinos. Here the

In contrast to the lepton angular distribution, the distribu-lepton pairs are preferably emitted with small angles be-
tion of the opening angle between both leptons factorizestween them, approximately 66% of them with an opening
Due to the Majorana character of the decaying neutralino, thangle between 0 and/2.
spin correlation terms are just cancelled by this partial phase With increasing energy, the opening angle distribution
space integration. shrinks more and more and fQis=500 GeV it displays for

It is also noteworthy that in contrast to the lepton angularboth Higgsino- and gaugino-like neutralinos a rather narrow
distributions, the distributions of the lepton opening anglepeak at or near co®,_=1. Obviously, the distribution of
are similar for both gaugino-like scenarios A andfBgs. 11  the opening angle between the leptons is suitable to distin-
and 12. Especially for\s=193 GeV they differ, however, guish between gaugino- and Higgsino-like neutralinos at
distinctively from that for Higgsino-like neutralinos in sce- lower energies.
nario C(Fig. 13.

In the case of gaugino-like neutralinos, the distributions D. Energy distributions
for \s=193 GeV are rather fldFigs. 11 and 12 Changing
the scalar mass froomy=90 GeV tomy=200 GeV results

symmetric with however a maximum for gauginos, but a
minimum for Higgsinos perpendicular to the beam direction.

C. The lepton opening angle distribution

Just as the opening angle distribution, the energy distribu-
.tion of the outgoing lepton factorizes. As a consequence of

in a reduction of the cross sections by a factor of approxi- CP invariance(Sec. Il A) and the Majorana character of the
mately 3 in scenario A and by a factor of approximately 4 in +
neutralinos the energy spectra of both lepténsand| ™,

scenario B. The shape of the distribution, however, remains
. identical[5].
essentially unchanged.

In Fig. 14 we give the energy distributions for scenario B
0.0119 - for my=90 GeV andmy=200 GeV and cms-energies of
2 /ob oores | Js=193 GeV andy/s=500 GeV. For all scenarios, the po-
0.0118
TABLE V. Forward-Backward-Asymmetry Agg for /s
o0m78 ¢ 1 =193 GeV and s=500 GeV with my=90 GeV and m,
00117 | 1 =200 GeV.
0.01168 st
cos®_>0 cos®_<0
0.0116 | b AFB U( ) 0-( ) [A.)]
somss o(cos®_>0)+o(cosO_<0)
S Js=193 GeV Js=500 GeV
T 741 08 06 04 02 0 02 04 06 08 1 my=90 GeV my=200 GeV my=90 GeV my=200 GeV
cos Opr-
A 10.2 11.6 2.3 3.0
FIG. 9. Lepton angular distribution fof's=193 GeV in sce- B -0.8 5.9 -0.3 1.8
nario C for my=90 GeV with spin correlations fully taken into C 0.07 0.11 —0.01 0.00

account(solid) and for assumed factorizatiqdotted.
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0.07 - 0.03
do / s do
pb / /pb
dO- 0.06 | /. do,_ 0.025 | ]
/ i
0.05 [ / | i
; 0.02 + i
. f
0.04 - A i
'/" 0.015 | /1
0.03 [ /: /‘/
P 0.01 }
0.02 /’_\Lf\
o"'/‘ /’“
L | 0.005 |
. 0
06 08 1 -
cos©, cos©,_

FIG. 13. Opening angle distribution in scenario C fg¢s
=193 GeV andmy=90 GeV (solid); for Js=500 GeV andm
=90 GeV (dotted.

FIG. 11. Opening angle distribution in scenario A fqls
=193 GeV andmy=90 GeV (upper solid and my=200 GeV
(lower solid; for /s=500 GeV andmy=90 GeV (upper dotted

andmy=200 GeV (lower dotted. For energies not too far above the thresholgs (

. . . =193 GeV), the opening angle distribution turns out to be
sition of the maximum is independent of the actual value Ofsuitable for distinguishing between Higgsino-like and
Mo . gaugino-like neutralinos. However, it is rather insensible to
variable mixing in the gaugino sector. Here the shape of the
opening angle distribution only slightly depends on the sca-

In this paper we have calculated the analytical expressiofr massmg. o .
for the differential cross section of the associated production The lepton angular distribution, on the other hand, is for
of neutralinos,e*+e+—>3(‘f+”)gg, and the subsequent direct Iower_ energies not only very sensitive to the mixing in the
leptonic decayo—%3+!7+1~, with complete spin corre- 9augino sector, but also to the actual valuagf
lations between production and decay. The angular and the FOr energies far above threshold, the shape of the lepton
energy distribution of the outgoing lepton as well as the dis_angu!ar distribution is rather insensible to the mixing in the
tribution of the opening angle between both leptons hav&@ugino sector and to the value k. It is, however, ex-
been computed for cms-energies =193 GeV andys tremely different for gaugino- and Higgsino-like neutralinos
—500 GeV. These distributions have been examined wittfnd Suitable for distinguishing between them.

regard to their dependence on spin correlations, on the neu- If the neutralinos are gaugino-like, the effect of spin cor-

tralino mixing character and on the scalar mass parametéfal""t'onS in the angu_lar c_hstrl_butlons can be large amounting
M, to about 20%. For Higgsino-like neutralinos, on the contrary,

.The guantum mechanical interference terms between th@e contribution .Of .spin. correlations i$ PFaCtica”y negligible.
various polarization states of the decaying neutralino give The energy distributions and the distributions of the open-

rise to a strong effect in the lepton angular distribution with'M9 angle, finally, are independent from the spin correlations.

respect to the beam axis, whereas the opening angle distr‘loipart from the magnitude of the cross sections, they are

bution and the energy distribution are independent fror‘r{ather insensitive 1o the actual valugmg.
these spin correlations. The clear structure of the analytical formulas presented

here allows one to include hadronic decays and to extend the

E. Summary

0.025 ——————— do 0.0004
do o dE-
o= /Pb 7 0.00035 |
0.02 1 i
/ 0.0003 |
/
/
0.015 | / 0.00025 |
/o 0.0002 |
0.01 | '/’ 1 0.00015 |
0.0001 |
0005 " ———————_ < 1 AN

5e-05

L . L . Eteny R
X 0 20 40 60 80 100 120 140 160 180 200
cosO . E_ / GeV

FIG. 12. Opening angle distribution in scenario B fgls FIG. 14. Energy distribution in scenario B fafs=193 GeV
=193 GeV andmy=90 GeV (upper solid and my=200 GeV  andmy=90 GeV(upper solid andmy=200 GeV(lower solid; for
(lower solid; for s=500 GeV andmy,=90 GeV (upper dotte}l Js=500 GeV andm,=90 GeV (upper dotteyiand my= 200 GeV
andmy=200 GeV(lower dotted. (lower dotted.
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