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1. Introduction

The search for supersymmetric (SUSY) partners of the ordinary
particles is an important task of the future high-energy colliders
/1'2/. As it has been pointed out recently /3 polerized initial
beams may be quite useful in the attempts to discover supersymmetry.

Here, we discuss the production of two neutralinos in arbitra-
rily polarized e"e” collisions in the framework of minimal SUSY ex-
tended standard model 1 +« The cromss section of this proceas has
been calculated earlier in refs. for unpolarised and in
ref."“‘" for polarised initial beams.

In the present paper the general case of neutralino mixing is
considered. CP-invariamee of the Lagrangian is assumed and the exp-
licit dependence of the cross section on the CP~parities of the pro-
duced Majorana particles is obtained. -

Three characteristic casee of neutralino mixing according to the
type (higgeino, gaugino or some superposition of gaugino and higgsino
components) of one of the produced neutralinos are considered sepa-
rately: It is shown that the cross section and the spin asymmetries
exhibit specific behaviour for each of them, determined by the gene-
ral property of SUSY that the gauge couplings are common fox: the
SUSY and the ordinary particles.

Finally, one of the neutralinos is assumed to be the lighteat
SUSY particle (LSP), and the possibilities to determine its type are
discussed,

2. Cross Section of the Polarized e+e- Annihilation into
Neutralinos

Let us consider the proceas
et+e” — K, + ¥, 1)

e e i

where neutralinos X, and XI_ are two of the four massive Majorana stg-
tes that are in general some mixtures of the superpartners ; ’ § , H,°
and H: of the neutral gauge and Higgs bosons. We assume that one of the
neutralinos is the LSP and the other is a short-lived particle having
a decay mode into the LSP and a lepton or quark-antiquark pair. Thus,
process (1) should be identified by an observation of the Z+Z.i>air
(or the two hadropic jets) in one hemiaphere and a large amount of
mipsing momentum, :

Neutralinos Z,L are related to the weak interaction eigenstates
Y‘; =(B°w? He ﬁ; ) through tne unitary mixing matrix A/ /77

Y. = AQJ w.r (2)

where the subscript L denotes the left-~handed components of the
fields. The neutralino mixing matrix # is governed by the gauge and
SUSY breaking mechanism, In our phenomenological analysis N+ are
considered free parameters,

The relevant terms of the CP-invariant interaction Lagrangian in
the minimal SUSY model, which generate process (1), may be written
in the form

ce
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Here xdenotes the interaction of the fermionic fields e and Zq,z
with the gauge field 2:( and o’(é- describes the interaction of the
neutralino with the electron and selectron (é‘:) e‘;,_)fields. The coup-
lings €, and ¢, are given by the standard model

= ! , "5 = L
Cy=g ~5" Pw , L= (6)
where Bw is the weak mixing angle, The Z‘.‘ Z{ couplings 6, N 6:4

and the X, - e - é"_(é'é).couplinga 4, (Up)are expressed through the
elements of the neutralino mixing matrix:
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(1)

aéL = /Véz + /‘:'( ?&w (8)
Ug =2M %5’,,, ¢c=42

The sign factors —7" (’7‘. =% l) in the Majorana condition for Z,j

cE, (x) =" L, (x) (9)

are related to the CP-parities ‘75’, of l‘-/m/: Ly = 'Z;"p (C

is the charge conjugate matrix). Such a choice of 4/; ensures non-ne-
gative neutralino messes. Purther on, we shall refer to 7; @8 to
measurable quantities - the CP-parities of ,K‘- .

Neutrelino pair production in ete”™ collisions takes place via the
$ —channel X -exchange and the ?-channel &,- and €&, -exchange. The
corresponding Feynman diagrams in the leading order of the perturba~
tion theory are shown in figs. (1) and (28, 2b). The kinematical va-
riables used in our calculations are defined on these diagrams.
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Fig. 1
The Z-exchange diagram

Let us note that the relative sign between the diagrams in fig. (1),
fig. (28) and fig. (2b) is determined by the anticommutation of the
fermionic fields e , X, and l‘z .

The chiral properties of the Lagrangian (3) lead to the follow-
ing general expression for the cross section of process (1)
with polarized et and e”,

&

e / X, {74) et ;s X, (m,)

The €,- é'“ -exchange diagrams
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& and ¢ are the polar angles of z4 in the c.m. frame where the
¥ axis points to the direction of the electron beam; 2, 1, and f,_‘)
}'4_ 4 are the longitudinal and transverae polar:lut:lonl) of e~ and
e*. We consider natural transverse polarization, generated in storage
rings, which is parallel to the magnetic field for e and antiparal-
lel to it for e~ , The axis is antiparallel to the magnetic field.

There will be three types of contributions to the differential
cross-section, eq.(10): due toz-exchange, to é“'_— and 35- exchange
and to the interfor?ce between them, We denote the corresponding
terns by X, 76), X (&) ana X% (8) (<=1,2,3,4)s
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X.(8) = KE(8) + XZ(6) v K CB), (12)
From Z -exchange diagram we have
2
XFe)= (eS¢ ) X(E), (13)
(6) = Zc,Ca X“’) (14)
< 2z
1 c -C,
Xs (6) = ‘2 /b ’_D (s)/
(16)
X, (6) =0
where
X(8) = (,4‘\"3 ’717»”"1””4—)
I_‘D (5)1
From the diagrams with the left and right selectron exchange we obtain
X, $6) = a/6‘) + Ko (&), (17)
?[g) - xé’(g) - )(‘;L (&), (18)
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Finally, from the interference between Z—exchange and selectron
exchange we have

X(I (8) = (¢, te, )X, (8) (G -6) Xy (0)) 1)

X,5(8) = (e +E) X (6)~(C4 ~C) Xo (8), (22)
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The_quantities X (8), Ky(6) and )’ (6) are obtdined from .

x'*w). x‘_(g/ ana )'L &) by replacing (., ana B (,o')by 4; o and
(P‘J The other notation is as follows:

91(5)“5*"":"””2 ‘2, (25)
A-=(x, ,)[x,,/:_‘)) B =0x, )%, ey (26)

D, (pe) = (% )*”"L,D (p.)=(%-p:) emE. (27)

3. Different schemes of neutralino mixing

Now we shall compare the following three characteristic schemes
of neutralino mixing: when one of the produced particles, say X,4
is :

’
i) of higgsino type:

0 Yo _
x“_ > Ms ﬂll. * '44* H«u. §) N = /{//4 =0 (28)

ii1) of gaugino type:



_ .'\/o ~3 _ _
Ko =M B2 14w, #4, =45, =0, (29)

iii) some general mixture of comparable amounts of higgeino and
gaugino components.

Let us emphasize that no assumptions have been made for the
other produced particle, i.e., )Qz is considered an arbitrary mixtu-
re of all four weak eigenstates Yé°.

We shall show that measurements of the cross section and the
longitudinal or transverse asymmetries of process (1) may distinguish
between the above three cases, We shall also show that the asymmetries
in case ii) strongly depend upon the fact whether é{_ and é;, are
degenerate in mass or not.

According to the fundamental assumption of supersymmetry, the
ordinary particles and their SUSY partners have identical coupllngs
known from the standard model. So #° couples to h& and itz and does
not couple to 8° and W3 ) while e and Gn couple only to B° eand

w3 , their couplings to }L° and I¢” being negligible at the con-
sidered high energies. It is clear that the production of a pure
higgsino (composed only of ﬁ:’, H,° ) together with a pure gaugino
(composed of B° and W3 ) in process (1) is impossible, The behaviour
of the cross section and the spin asymmetries is governed only by
the ¥ -exchange diagram (fig. 1) in case 1)} ana by tne e - and °z -,
exchange diagrams (figs. 28, 2b) in case ii). Both diagrams in fig.(1)
and figs. (2a, 2b) contribute in cage iii),

4. Unpolarized crogs section and longitudinal asymmetry

The integral unpolarized cross section G (s)
G,(s)= § X, (8) L cos & ' (30)

reveals & resonance peak at Vs« 2, in cases i) and iii) due to
the contribution of z—exchange to the amplitude of process (1). The
cross section G, (s) is of an order of 10 =30_1073¢ ¢u™2 in the LEP
range of energies (if ”,~1 GeV ,”™,x 30 GeV ) and reaches 10~ -31
em™? at the & -peak., For case ii) a flat decreasing behaviour of
¢,(5) is expected. Thus, measurementsof (7, (s) would separate only
case ii) from cases i) and iii). The cross section 0% (5) gives no
information about the selectron mass spectrunm.
Let us consider now the longitudinal asymmetry /4" (e):

A, 8) = L 1 46,0 G0 L AL, (31)
= ) ,
o((;" +J(r1 73 ,“v/l”zé;’%

where dfi 0 (gl A)denotas the differential cross section of pro=
ceass (1) when the electrons (positrons) have longitudinal polariza-
tion A . From egs. (10) and (31) we have

X, (&)
,4-” (8) = ~ =2 (32)
X, (&)
In case i) eqs. (32), (13) and (14) give
¢, ¢
A, (8) = - fescn (33)

et et

Therefore, when one of the produced neutralinos is of the higgeino
type, A, (.9) depends neither on the scattering angle & nor on the
energy ¥s ; its value is uniquely determined by 9 At 5/4;“9“,: 0.22,
the asymmetry 4, =x 24%.

In case ii) the longitudinal asymmetry /4,, /5) strongly depends
on thg relation between the left and right selectron masses. If 3',_
and ¢, are degenerate. in mass (7, % 27, ), from eqs.(17), (18)
and (32) we have '

Wl &k -
(L 24 - IR TVR
A, 18) = - "y : (34)

azf * aln L( 4
The asymmetry /4,, (8) is again a constant w1th respect to the angle
& eand energy ¥S . The value of /4,, (6) is determined only by the
gaugino components (A7, , AP £ =1,2) of X, eand Z,& and by
the value of §,

If the masses 7, and 77, are not equal, the longitudinal asym-
metry is some function of & and Vs . If 7 >> g (or ™4 53 0m, ),
the €, -exchange (or ?n ~exchange) is suppressed, and ,4" ®) is
determined mainly by the other chiral diagram. The asymmetry /4,,(9)
is pos_itive and reaches 100% in the limiting case M, 3> Mg 3
for my >, , A, (8) is negative and reaches - 100%.

The integral longitudinal asymmetry A“ (5):

L%, 06)deos 8
(35)

A, (8)= -
S (8)d e &

as a function of V5 is shown in fig. 3. Both for 77, >> ™
and g 3> ™, A, (s)] is & decreasing function of J5 which
equals 100% at the threshold § = (", + /rfl)’)“’ and tends to the
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The integral longitudinal asymmetry is the cases of
higgeino (full line) and gaugino production (dotted line)

asymptotic value, eq.(34), at S > ’m:; rrn; R
In case 1ii), no definite predictions about the behaviour of /4,/
as a function of # and VS can be made.
The fulfilled analysis shows that the combined measurements of
the unpolarized cross section &, (5) snd the longitudinal asymmetry
A4 (s) in process (1) allows one to distinguish between the discus=-
sed three cases of neutralino mixing and to get information about
the selectron mass spectrum. Here, we shall briefly summarige the
resultse.
I) When G, (s) has a peak at V5 = 7, , then$
if A4, (5) = comsl , case i) is realized, i.e., one
of the neutralinos is of the higgeino type; the other may be an ar-
bitrary mixture, eq.(2);
it A, (s)# consC , case 1i1) is realized, i.e.,
both neutralinos are general mixtures,

10

II) When no resonance peak at ¥S =x 77, is observed in (S (s),

then ¢
it A, (s)= consZ

, case ii) is realized and

M, % g ; The value of 4, (35) could give information about

the mixing matrix elements 47, ,
1f A4,(5) # tonst

Ay (=1,2)
+ A,(s) >0, then case ii)

is realized and ». > mpg ;
if A,¢s) #F eon’st 4 A,(5) <o , then case ii)
is realized and mg>> 1 .
These resulte are schematically shown in Table 1.

Table 1. The type of the produced neutralinos according to the
behaviour of G, (s) and A4,¢S). The notation is explained

in the text: egs. (28), (29).

A“ (s) ¥ const ¥ const
= const
- >0 <0
G, (s) AN Au
& peak 1) i) 1i1)
at Y3 = mz
no peak ii) ii) ii)
at V5 =M 2 2 2 2
- m, = Mg m, >> Mg m, <<

5. Trangverse asymmetry »
Let us now investigate the integral asymmetry A-_,_ (s) defined
when both the initial e*e” beams are transversely polarized

A.J_'(S)T— ! %qu-o;’)a =
. 7,0 €=e (36)
= fx3 (a)dw’6/fx,/5)0(&”9 .
11



Here fu.’f-l..l. is the total cross section of proceass (1) with
transversely polarized et and e~. We shall show that information
about the type of the produced neutralinos and the selectron mass
spectrum can be obtained from 4, (S) as well, if the corresponding
measurements are made at 5 >> 'm;’ , ’m_: .

There is no compelling theoretical reason to expect both neut-
ralinos to be light 14 (compared to the accessible energies).
However, in our analysis we assume that the strong inequality 5>> ”"’:z
holds and we obtain a number of interesting predictions about the
behaviour of A, (s),

In case i), when X, 1s of the higgsino type, egs.(13), (15)
and (36) imply

/ Cvz -C,:'
AL 3)= & POyl G7)
Thus, similarly to /4,, {s), the transverse asymmetry /4‘..L (s) is
uniquely determined by the value of &, . For sim®8, = 0,22, A, x -50%,

In the case ii) it is necessary to consider different possibi-
lities for the 3:_ and 3; masses. If mass degeneracy takes place,
m, = ™My = 2m , and aleo fm,"', m;’ << M z, the following
rather simple s -dependence of A‘L(s) is obtained

H, M, Uy Mn < Of 7L ¢ e &3
- _____________
A, (s) (( l( jl s+dm?* U s ms-um“’_}]:oe)
4 2a

From eq.(38) it immediately follows that if the selectron is much
heavier than the energies considered: m* ey s (and so cannot be
produced directly in ete” collisions), '41. (5) approaches a constant,

L Lap e Uig Y28 gopermined by the neutralino mixing matrix

A
L Usy My + Uy Lsg

elements.
If the selectron mass o» appears to be close to either (or ,

both) of the neutralino masses, eqs.(17) and (19) lead to the follow-

ing asymptotic (s x> o < ’m;') on“)behnvior of A, 1

‘2,
-2, d.u Uin ({zn Py .5' }
A, ()= {/ 0[ b+ 2 ) (39)

M.u ¢ dm d

Here & 1is:
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2 . 2 2 2
$ = _zm“) 4/ T << o,

1
S:m&-m-tz) ¢ """fx’mz“""-z-
Thue, from egs.(38), (39) it follows that if 777, & 77, , there is
no reason to expect A_L/S/ to be small, If 1.( a =l p “zp, N
A4 may reach 100%.
Let us consider now the case ii) when 7n, # 77z and

assume 77, >> Mg . Then, eqs.(17) and (19) imply

Uy U, “w d‘m 0( ey’

A, (s) =~— ; (40)
+ N7 Hyy 7
If 725 S 7, “we have analogously
Py
U, YU Uy Han m
A, Cs) = - Gae Do Tem 0(_7‘) (41)
' ‘(/{lt aat. ””‘Q

Therefore, if the selectron masses are not degenerate, /4_-_,_ in case
ii) will be small, independently of the fact whether one (or both) of
the selectron masses is far beyond or is within the range of the

considered energies.

N defintte nredistione ahout 4 /< }a.n hae moda in pseaa
edictions ebout £ ! meda in cese
and g

when ’LI and ‘Z,_?/ are general superpositions of higgsino an
gino components.

b

11)

6. The of LSP

The signature of process (1) implies that one of the produced
neutralinos is the LSP. The existence of such a stable LSP is a com~
mon feature of SUSY models with R-parity conservation. As suggested
by minimal supergravity models /15’16/, the most plausible candidate
for LSP ie the lightest eigenstate of the neutral gaugino~-higgsino
sector,.

Based on our previous analysis, we shall now show that measure~
ments of 0, (s) and the spin asymmetries in process (1) would make it
possible to distinguish between the LSP being higgsino-like, gaugino=-
~like or some general mixture of higgsino and gaugino components. As
the parameters associated with x4and)&enter symmetrically into the
expreasiona for the cross section and the asymmetrpies, it is necessary
to make some additional assumptions.

We suppose that the heavier particle, produced in process (1)

13



cannot be a pure gaugino or a pure higgsino. This implies that the
behaviour of U, (s) + A,l3) and A, (s) is entirely governed by the
type of the LSP. Therefore, the conclusions summarized in Table %
concerning the nature of one of the produced neutralinos now refer
uniquely to the LSP thus providing a test for the lightest SUSY par-
ticle, For example, observation of a resonance peak in (7, ¢s) at Vsz
X 7, &and a constant behaviour of A4,(s) would correspond to LSP
of the higgsino type, etc.

We would like to thank Professor S.M.Bilenky for the stimulating
discussions.
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Xpuctosa E.Xp., Hepmenuema H.II. E2-88-607
PoxpeHue HeHTpPaIHHO B CTOJIKHOBEHHH
NONAPH30BAHHBIX ete”

B paMkax MHHHMAJIBHOH CYINepCHMMEeTPHUYHON MOZeJIH PaccMoOT-—
peHa AHHHTHIAINA NOJITIPH30BaHHBIX ete”™ B ;ABe HelTpalHHO X, H
X, B obmeM cliydae NIPOHSBOJIbHOro cMemHBaHusa. llonyueHa sBHas
3aBHCHMOCTDb cedeHHA oT CP-ueTHocTeH X; llokasaHo, YTO H3—
MepeHHe CeuYeHHs H NOJIAPH30BaHHBIX aCHMMETDHH nossonsgeT OT—
JIMUHUTh MexOy CJeAyWIHMH CIy4YasMH CMemMHBaHHMA: Korga ofHO
M3 HeHTpaJIMHO ABJIAETCA THNA XHICHHO, THIA TIeHIKAHO HIIH CO—
JepXUT H XHIPCHHHhHIE M TeijXKHHHble KOMIOHeHThl. HHxakux orpa-
HHYEeHHMH Ha BHA AOpPYTroro poiHBHErocss HeMTPAJIHHO He AejiaeTcs.
Ecnu npeanoloxkHTb, YTO X, CaMasg Jerxkas cynepCHMMeTpHYHas
YacTHLA, TO MOXHO ONpenesIHTh e€e BHI.

Pa6ora BhmonHeHa B JlaGopaTopuH TeopeTHYeCkoH GH3IHKH

OMsH.
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Neutralino Production in Polarized
ete™-Collisions

Annihilation of arbitrarily polarized ete”™ into two
neutralinos X4 and x, is considered in the framework of
the minimal supersymmetric model. The cross section is cal
culated in the general case of mneutralino mixing. The ex-
plicit dependence on the CP-parities of x; is obtained.

It is shown that measurements of the unpolarized cross sec
tion and the spin asymmetries may distinguish between the
following schemes of neutralino mixing: one of produced
neutralinos is ‘either of higgsino or gaugino type or is

a general mixture of higgsino and gaugino components. No
assumptions about the other produced neutralino are made.
If x, is assumed to be the lightest SUSY particle, infor-
mation about its type can be obtained.
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