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Production of sneutrinos in e e annihilation with polarized beams
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(Received 26 December 1990)

We study the production of sneutrinos in e e annihilation with polarized beams. Differential and
total cross sections as well as their polarization asymmetries are given in general and in four representa-
tive chargino mixing scenarios for the case of a light and a heavy sneutrino.

I. INTRODUCTION

Although recent experiments in the Z region [1] at
the CERN e+e collider LEP have given no evidence
for the existence of supersymmetric partners of the stan-
dard particles, the idea of supersymmetry has not yet lost
its attractiveness. Thus the search for supersymmetric
particles will certainly be one of the main goals in explor-
ing the energy range up to 200 GeV center-of-mass ener-

gy accessible to future phases of LEP and other accelera-
tors.

The process e++e ~v+v, where v is the scalar su-

persymmetric partner of the electron, muon, or ~ neutri-
no, respectively, has been extensively discussed by Chiap-
petta et al. [2]. It is especially the production of v,
proceeding via Z exchange in the s channel and ex-
change of charginos g& (k= 1,2) in the t channel (see

/
v, (p)

/

Fig. 1) which shows several interesting features. Owing
to the chiral structure of chargino couplings, a strong
dependence on the beam polarization is to be expected.

Since the char gino coupling s are a function of
W-ino —charged-Higgsino mixing, we also expect strong
variations of cross sections and polarization asymmetries
with mixing scenarios at high energies, i.e., in some dis-
tance from the Z peak. Moreover, polarization is in-
teresting because of the change of sign of some spin
asymmetries when going from SUSY-particle production
to the production of standard particles [2].

These observations, together with the confidence that
highly polarized beams can be obtained at LEP [3],
motivate the examination of sneutrino pair production
with polarized particle beams, particularly taking into ac-
count the mixing properties of charginos. For v„and v„
the reaction only proceeds via Z formation in the s
channel. Therefore at energies far enough beyond the Z
peak, v, production, on the one hand, and v„or v, pro-
duction, on the other hand, should display a rather
different behavior.

Clearly, for detecting sneutrinos, reasonable decay
rates into channels with characteristic signatures are as
crucial as sufficient production rates. If the v is heavy
enough, observable decay modes with an interesting ex-

gv, (p)
TABLE I. Chargino mass eigenvalues and mixing parameters

in four different mixing scenarios. Shown are the mass eigenval-
ues m; and their signs g; (i= 1,2) as well as the Inixing parame-
ters of the charginos V»= —V22=cosg+, V,2= Vz, =sing~
used in Eqs. (2.3) and (2.6). M, p, , and tang=cot0, are the pa-
rameters of the charged-gaugino —Higgsino mass matrix (see
Refs. [6] and [7] for details).
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Scenarios of chargino mixing

B C D

X,
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FIG. 1. Feynman graphs for e++e ~v, +v, . In the case
of v„,production, only Z exchange contributes to the process.
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perimental signature would be three- or four-body decays
(see [2], [4], and [5], for instance) with several leptons
and/or jets in the final state. Since, however, the branch-
ing ratios of these decay modes are sensitively dependent
on the masses and the nature of the charginos and also of
the neutralinos, we have refrained from a discussion of
sneutrino decay and shall only give results for their pro-
duction.

In Sec. II we shall present formulas for difFerential and
total cross sections as well as polarization asymmetries
with general chargino mixing. Section III contains nu-
merical results and a discussion for four representative
scenarios of chargino mixing, as well as for diferent sneu-
trino masses. In an appendix we shall briefly summarize
some notations and conventions used for the description
of beam polarization.

The Lagrangian underlying our analysis is that of the
minimal supersymmetric extension of the standard mod-
el, described in detail, for instance, in Ref. [6].
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where DJ(t)=(t —
m~ ) ', m~ being the (positive-valued)

mass of the chargino (m, )m2 in our notation).
2

and X'=+ —,
' are the helicities of the electron and the pos-

itron, respectively. E =
—,'&s is the beam energy and p

denotes the (absolute value of) the v, momentum in the
e+e center-of-mass system. The angles 0 and y are
determined by the direction in which the v, is observed:

II. CROSS SECTIONS AND ASYMMKTRIES

The Feynman graphs contributing to the process
e +e ~v, +v, are shown in Fig. 1. Denoting the
four-momenta of e,e,v„and v, with I, l', p, and
p', respectively, we introduce the variables
s = (l +l'), t =(I —p), and u =(l —p') . The relevant
couplings of the supersymmetric particles can be deduced
from the following interaction Lag rangians of the
minimal supersymmetric extension of the standard model
(as for notations and conventions, we closely follow [6]):
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&,—.r-= —g[( V»X i+'+ Vair ~+')~Lev,*]
—gle~~(V»X i

'+ V2irz+')v, l . (2.2)

In Eq. (2.2), y,+ (i= 1,2) and e are four-component spi-
nors, while v, is the field of the sneutrino. g,+' are
charge-conjugated spinor fields. Furthermore,
Pz L =(I+y5)/2 denote the right- and left-handed pro-
jection operators, g =e/sing~ (e )0) and Vk& is the 2X2
unitary matrix appearing in the diagonalization of the
W-ino —charged-Higgsino mass matrix ( V» = —

Vzz
=cosP+, V, z

= Vz, =sing+, see [7] for more details).
Owing to the chiral structure of the couplings, there is

a strong dependence of the chargino exchange on the
beam polarizations. The only nonvanishing helicity am-
plitude for this partial process is
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FIG. 2. Energy dependence of the differential cross section of
e e+~v, v, (0=90', y=0, scenario D) for different beam po-
larizations. (a) for M„=40 GeV, (b) for M, =80 GeV. Solid

e e

line denotes unpolarized, short-dashed line denotes long +,
long-dashed line denotes long+, and dashed-dotted line
denotes transverse.
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~ 2
O l8 EI

F+,&2, &2(Z )= p sln8e D, (s),
me~W

(2.4)

8 is the "scattering angle" between p and I (I being iden-
tical with the z axis), while Ip is meaningful only in polar-
ized configurations and measures the angle between p and
the x axis (see the Appendix for more information).

For Z exchange, the nonvanishing helicity amplitudes
are

le E(C~ SII )F l~2+l~~(Z )=
2 2 p sin8e '+D, (s) . (2.5)

71l S~C~

where now D, (s)=(s —m, +im, I, )
' and s~=sin8~,

cll, =cos8II. Equations (A5) and (A6) given in the Ap-
pendix together with the appropriate Aux and normaliza-
tion factors yield the differential cross section for the pro-
duction of electron sneutrinos for general beam polariza-
tion:
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FIG. 3. Angular distributions of e e+~v, v, in scenario D for M =40 GeV and different beam polarizations (Ip=0). (a) for un-
e

polarized beams, (b) for longitudinal polarization (long +) and (c) for transverse polarization. Solid line denotes &s =m, long-
dashed line denotes &s = 120 GeV, and short-dashed line denotes &s =200 GeV.
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(The cross section for unpolarized beams obtained from Eq. (2.6) divers from the one given by Bartl et al. in Ref. [8].
The reason for this discrepancy is an error in Eq. (14) of Ref. [8].) Here PI and Pi are the longitudinal and transverse
degrees of polarization of the electron, respectively, while PI and P~ are those of the positron. These quantities are
defined in Eqs. (A3) and (A4) of the Appendix.

In the case of v and v, production, only Z exchange contributes. The corresponding cross sections are obtained
from Eq. (2.6) by setting all chargino couplings to zero:
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FIG. 4. Angular distributions of e e ~v, v, in scenario D
for M =80 GeV and &s =200 GeV for different beam polar-

e

izations (can=0). Solid line denotes unpolarized, short-dashed
line denotes long +, long-dashed line denotes long+, and
dashed-dotted line denotes transverse.

FIG. 5. Azimuth dependence of the differential cross section
(0=90') of e e ~v, v, for transversely polarized beams in
scenario D. Solid line denotes M =40 GeV, &s =m„short-

e

dashed line denotes M =40 GeV, &s =200 GeV, long-dashed
e

line denotes M- =40 GeV, &s =120 GeV, and dashed-dotted
e

line denotes M, ,
=80 GeV, &s =200 GeV.
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Obtaining analytical expressions for the total cross sections involves extensive algebra. Therefore, we have made use
of a computer language (MACSYMA) allowing algebraic and calculus operations symbolically, i.e. , for general, non-
numerical expressions. The analytic integrations for the cross sections have been performed with a MAcsYMA program
on a Digital VAX mainframe at the Wiirzburg University Computing Center [9]. We obtain

=(1+Pl )(1 pl. )g—, +(1—pr )(1+P~ )B (2.8)
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In the above results, set f, =1 for electron sneutrinos v,
and f, =o for sneutrinos of other generations (v„,v, ).
Furthermore, the following abbreviations have been used:

C, =
—,'Qs —4m, Qs —4M

uated these expressions numerically and compared to the
numerical integration (two-dimensional Romberg algo-
rithm) of the differential cross section. In addition, we
produced the results in another computer language
(MATHEMATICA) on a PC. In both cases, the relative de-
viations were less than 10

The last paragraph of this section is dedicated to polar-
ization asymmetries F. or the differential cross section, we
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de6ne longitudinal-polarization asymmetries as

(PL, PL ) — ( PL—, P—t )

(PL, Pt' )+ ( PL—, PL—)
dt

(2.12)

For one or both beams longitudinally polarized, we ob-
tain

do/dt(Pi, Pi ) do —/dt(0, 0)

do /dt(Pi, Pi )+do'/dt(0, 0)
(2.14)

All other longitudinal-polarization asymmetries vanish.
For the case of transverse (natural) polarization, we com-
pare the cross sections for zero and nonzero polarization:

aL =—aL (PL = 1,PL = —1)=aL (Pt = 1,PL =0)

at (P—L =O, PL =1)
2

IF+I/2 —1/21'+ IP )/2+ i/21
(2.13)

The only nonvanishing transverse-polarization asym-
metry is
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Al—:AI (PI =1,PI = —1)=AL(PI =1,PI =0)
= —AL(PI =O, PL =1) . (2.17)

III. NUMERICAL RESULTS AND DISCUSSION

To illustrate the inhuence of chargino mixing on cross
sections and polarization asymmetries, we shall present
numerical results for four difFerent scenarios.

The masses and also the couplings of the charginos be-
ing determined by the parameters of the 8'-ino —charged-
Higgsino mass matrix (see Refs. [10] and [7] for details)

are strongly model dependent. From an analysis of the
Z decay properties, the L3 Collaboration [11]obtained a
lower bound of 44 GeV for the chargino mass, assuming
the lighter chargino to be a pure 8'-ino, while the
ALEPH Collaboration [12] gave a lower limit of 45.5
GeV for this case and 44e5 GeV for a pure Higgsino.

We have adjusted the parameters of the mass matrix
such that all our scenarios are compatible with the most
stringent chargino mass bounds given above. The main
dift'erences between the four scenarios are the nature and
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line denotes scenario B, and dashed-dotted line denotes scenario
D.
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the mass of the light chargino y2+. It is predominantly
8'-ino in scenarios A and C, predominantly Higgsino in
scenarios B and D (refer to Table I for scenario parame-
ters); its mass is relatively large (roughly 76 GeV) in
scenarios A and B, comparatively small (about 55 GeV)
in C and D. In order to see the inhuence of the sneutrino
mass, we have also distinguished the case of a light
(M =40 GeV) or a heavy (M~ =80 GeV) sneutrino.

The eight configurations we can choose from will be
denoted as AL (scenario A, light sneutrino) through DH
(scenario D, heavy sneutrino). We will also refer to four
special cases of polarization: unpolarized (P=P'=0),
long+ (PI =1,PI = —1), long +(PL= —1,Pt =1), and
tr ansv erse(P j=PI =1). As can be seen from Eqs. (2.6)
and (2.7), cross sections vanish for two longitudinally po-
larized beams of equal helicities (PL =PL =+1). Since
only Z exchange contributes to the configuration

long+, comparison of the cases long+ and long +
should allow conclusions on chargino mixing. For the Z
mass and decay width we have used the values
mz =91.1+0.053 GeV and I z =2.59+0.075 GeV found,
e.g. , in Refs. [13]—[16].

Let us now give some comments on our numerical re-
sults. The strong variation with polarization displayed
by the differential cross section for electron sneutrinos v,
is demonstrated in Fig. 2 for scenario D. For the case of
light sneutrinos (M Smz/2) up to &s =100 GeV Z
exchange dominates by far, suppressing the dependence
on polarization and also the effect of chargino mixing. In
the region between 100 and 200 GeV, however, consider-
able interference effects between s- and t-channel ex-
change give rise to cross sections differing by several
orders of magnitude for different polarization
configurations. If, in turn, the sneutrino mass is consid-
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FIG. 14. The same as Fig. 13 for M =40 GeV and
e

&s =120 GeV.
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duction of electron sneutrinos, on one hand, p or ~ sneu-
trinos, on the other hand. In the second case, chargino
exchange is absent. As one would expect, the contribu-
tion of Z exchange decreases rapidly with increasing dis-
tance from the peak, whereas the chargino process keeps
rising for quite a while. Thus, for example, at 200 GeV,
electron sneutrinos may be produced at a rate more than
ten times higher than that for v„or v„ leaving some hope
for LEP II.

Figure 7 through 9 illustrate the inAuence of chargino
mixing and sneutrino mass on the total cross sections.
For unpolarized beams and polarization long +, varying
chargino mixing creates changes of up to one or two or-
ders of magnitude at energies above the Z pole, decreas-
ing for higher energies. For polarization long+, chargi-
no exchange is prohibited and the cross sections are the
same for all scenarios.

To facilitate comparisons, we have grouped the total
cross sections for all polarizations and scenario D in one
picture. For light sneutrino in Fig. 10&a), for heavy sneu-
trino in Fig. 10(b). At high energies between 200 and 300
GeV, the cross sections vary by up to one order of magni-
tude for different polarizations, while the inhuence of
chargino mixing is reduced to about a factor of 2.

The last group of graphs is dedicated to the polariza-
tion asymmetries of the differential and of the total cross
sections. In Figs. 11 and 12, we show the energy depen-
dence of longitudinal and transverse asymmetries of the
differential cross section. We find large asymmetries
strongly varying with energy. Especially for the case of a
light sneutrino, the longitudinal asymmetry runs all the
way from + 1 to —1. Chargino mixing gives rise to
quantitative effects without changing the qualitative be-
havior.

There is also a general observation one can make: As
far as absolute values are concerned, transverse asym-
metry is large where the longitudinal one is small, and
vice versa. A similar fact is well known in the production
of nonsuper symmetric particles, except than in those
cases longitudinal asymmetries carry the same, but trans-
verse asymmetries opposite sign [2]. This might be one
more feature facilitating the task to distinguish the pro-
duction of supersymmetric particles from background
events.

The variation of (longitudinal and transverse)
differential asymmetries with the scattering angle 0 are
studied in Figs. 13 to 16: With light sneutrinos for ener-
gies of 91.1 GeV ( =mz ), 120 and 200 GeV, heavy sneu-
trinos for 200 GeV only. Please note the extremely
magnified scale in Fig. 13—both asymmetries are practi-
cally constant and independent of chargino mixing, in
agreement with our general remarks about the "boring"
behavior of just about any quantity at the Z peak.

This changes a lot for higher energies: Now chargino
exchange dominates and confirms our expectation of
strong variations with mixing scenarios. The chiral
structure of couplings causes large asymmetries of the
cross section.

We conclude with the longitudinal asymmetry of total
cross sections, shown in Figs. 17(a) and 17(b) for light and
heavy scenarios, respectively, versus energy. See also

Figs. 11(a) and 12(a) for comparison: Like the longitudi-
nal asymmetry of difFerential cross sections depicted
there, this one depends very much on c.rn. -system energy,
somewhat on chargino mixing and approaches the value
—1 for high energies.
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APPENDIX

and

I'~=(I, —1)=(I,O, O, —1),

respectively, with l =
~
I

~

and 8 = l =Q 1 +m, = l.
Momentum conservation requires p' = —p for the
(anti)sneutrino momenta, where the v four-momentum is
given by p"=(p,p sin8 cosy, p sinO sing, p cosO).

For the electron, the Lorentz-covariant polarization
vector P and the three-dimensional, spatial polarization
vector P = (P ', P,P ) of the electron beam are connected
via

gP P3 P l P2 P3I ~0

me

In the case of a longitudinally polarized beam, we have
P=(O, O, PI ), whereas P=(P', P,O)=P~ for transverse
beam polarization.

In the helicity basis, the spin-density matrix of the elec-
trons takes the explicit form

1+P~ P, —iP2

Pi+tP2 1 —P~

1+PI Pqe

Pze '~ 1 —PL
(A3)

where k& z=+ —,'. The polarization vector P' of the posi-
tron beam and the positron spin-density matrix

We give a brief summary of our notations and conven-
tions for the description of beam polarization. For de-
tails we refer the reader to Ref. [17].

Laboratory and center-of-mass systems being identical,
we choose coordinates such that the four-momenta of
electrons and positrons read

l~=(l, l ) =(l, 0, 0, 1)
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1+I'L
I

I'
) +iP2

I'
)
—iP2 tudes E&&, the transition probability is calculated accord-

ing to

1+I'L I' ~e

I'~e' 1 —I' (A4)

1 2 1 1 2 2
1' 2

A
1 yAP

are defined similarly to the electron case (see Ref. [17] for
phase conventions). To obtain the last form of p and p',
we have fixed the x axis such that it bisects the angle 2)33

spanned by P and P'. Hence the y axis points in the
direction of the "natural" polarization of the electron
beam (i.e., perpendicular to the plane of the electron or-
bits and antiparallel to the magnetic field).

From the spin-density matrices and the helicity ampli-

+ ( 1 PL ) (—I +PI )
~
F

2P JPL~ Re (+—. i /2 + i /2 ++ i /2 —i /2 ) ]

independent of the angle 2P between P and P'.

(A6)

For our special process with F+]/2 +]/2 =F ]/2 ]/2 =0,
we find
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