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Abstract. We present a detailed analysis of single wino 
production in e+e - collisions. We give total and 
differential cross sections at three different energies, 
relevant to present (DESY) and future (LEP) experi- 
ments for different choices of sparticle masses. We 
comment on different approximations (useful at differ- 
ent energy regimes) and discuss on signatures and 
backgrounds. 

1. Introduction 

Physics at the Fermi scale and below is essentially 
understood. The standard model provides a theoretical 
framework that enables one to correlate a large 
amount of experimental data in a simple and very 
elegant way. Despite this success the theory as it stands 
is far from being complete. In fact there is a general 
belief among physicists that a threshold for new 
physics must be reached at about the 1 TeV energy 
scale. The trouble really resides in the scalar sector of 
the theory which is poorly understood and yet is a 
fundamental ingredient in the construction of modern 
spontaneously broken gauge theories. Indeed, Higgs 
particles must either be found with masses smaller than 
1 TeV or else the weak interactions at very high 
energies (>  1 TeV) will be very different from the naive 
predictions of the standard SU(2)x U(1) model. A 
possible scenario which has been recently contem- 
plated as a source of new physics are composite models 
[1] which give up elementarity of quarks and leptons 
and/or gauge bosons. The main alternative direction is 
supersymmetry [2] where one sticks to the gauge 
dogma and exploits at maximum a new Fermi-Bose 
symmetry not yet fully explored in realistic quantum 
field theories. 

The quest for phenomenological applications of 
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supersymmetries has led to the formulation of fairly 
realistic N = 1 SUGRA models [3]. The common 
feature of all these models is the prediction of a 
supersymmetric particle mass spectrum pretty close to 
the presently available energies. Many processes have 
been proposed, both in e + e- and in pi6 colliders, as a 
means for discovering supersymmetry [2]. There are 
presently some claims that monojet events seen at the 
CERN SppS constitute the first positive signal of 
supersymmetry [4]. Whatever the final output of this 
experimental evidence might be, it is fruitful to look 
closer into the phenomenological consequences of 
SUSY. 

An important task associated to experimental 
searches for supersymmetry is to set bounds to spart- 
icle masses as a result of non observation of SUSY 
signals. From e + e- annihilation experiments we know 
already that roughly rfi > 20 GeV for squarks and 
sleptons as well as for charged gauge fermions since 
their pair production has not been observed. It is clear 
that one may improve the bound on any of these 
particle masses if they are singly produced along with a 
lighter SUSY particle. The aim of the present work is to 
perform a thorough analysis of single wino production 
in association with a scalar neutrino in e + e- collisions 
assuming Mcc>=Ebeam. This process has been consi- 
dered before by Eilam and Reya [5] and by Salati and 
Wallet [6]. Both these papers work within not fully 
tested approximations which probably are not reliable 
at high energies. Here we shall be complete as far as 
diagrams and cross section calculations is concerned. 

The plan of the paper is the following. In Sect. 2 we 
state the amplitudes. Section 3 is devoted to a dis- 
cussion of the validity of several approximations and of 
the total and differential cross sections calculated in 
three different energy regimes: the maximum PETRA 
energy, the energy around the Z~ (LEP) and 
x/s = 165 GeV (well beyond the Z ~ pole). We include 
also in this section a brief discussion on signatures and 
backgrounds. In an appendix we collect the results of 
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the squared amplitudes which were obtained using the 
REDUCE program. 

2. A m p l i t u d e s  for  e + e -  --} e + I ~  - 

In general the mass eigenstates for charged SUSY 
fermions J~-+-(charginos) are mixtures of higgsinos ~+ 
Hr,2 and the partners of weak bosons VV + (winos). 
Depending on the relative strength of the supersymme- 
try and SU(2)X U(1) breaking parameters in the mass 
matrix- M,/~ and vL2-0ne obtains different amounts of 
mixing. In the simple case where the v.e.v's for the two 
Higgs fields are equal (vt = v2) and the parameter # 
(from the H~ H2 term in the super-potential) vanishes 
then, the chargino masses and the angle of mixing are, 

= (Mw + 1M2)1/2 • �89 M_+ 2 

and 

cos r = [M+/(M+ + M_)] x/2 
where M is the direct gaugino mass induced by 
supergravity and r defines the rotation among winos 
and higgsinos. This case corresponds to the model 
described in [7] which we shall use here-after. 
Moreover, for the actual values of masses considered in 
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this paper, the mixing angle turns out to be rather 
small. Thus it amounts to consider the light chargino 
state s  as apure weak eigenstate-a wino W--and  the 
heavier one (X+) as a pure higgsino state. From now on 
we restrict the discussion to W production. 

Besides the two amplitudes which contribute to our 
process 

e+ (PO + e- (P~)~e+ (Pa) + ITv- (P4) + v(Ps) 

in the (almost real photon) Weisz/icker-Williams ap- 
proximation (diagrams (a) and (b) in Fig. 1) we must 
consider the diagrams (c)-(f) in Fig. 1, namely two 
diagrams with s-channel photon and two with t- 
channel ,7 and I7V. Furthermore one must also include 
diagrams with Z ~ propagators, mainly if one is interes- 
ted in energies near or above the Z~ in Fig. 2 we 
show these diagrams. It is clear that to compute the 
cross section one must go beyond the W.W. approxim- 
ation since this method cannot be reliable, for example, 
if the ,7 mass is small, in which case diagram (e) of Fig. 1 
can be important, or for energies above the Z mass. 

The corresponding amplitudes of these twelve dia- 
grams are given, in a self-explanatory notation, by the 
following expressions: 

iea [e+(Pl)~e+(P3)] [17d-(P,)PL(Ib, + Ps + M~)7~,e-(Pz)] 
A,o = sin Ow [(p~ _ p3)2] [(p, + ps)Z _ M 2] 

ie3 [e+ (POe 'e+ (Pa)] [ I~-  (P4)~u~2 -/~5 + Mcc)PLe- (P2)] 
Alb = sin 0 w [(Pl - -  P3) 2] [(tl92 --Ps)  2 -- M~] 

- iea [e+(Pa)r [~ ' r - (P4)PL(P4  + P5 + M37,e+(Pa)] 
sin 0 w [(Pa + P2) 2 ] [P,  + Ps) 2 - M~ 2] 

- i e  3 [6 + (Pl)~Ue-(p2)] [17r - i65 + M~e)PL e+ (P3)] 
Aid -- sin 0 w [(Pl + P2) z ] [(P3 + Ps) 2 -- M~,] 

- i e3  [ 6+ (P0(-/~3 - Ps)PL e+ (Pa)] [I~-(p4)PLe- (P2)] 

AI~ = sin 30w [(Pz - P4) 2 - M~ [(P3 + Ps) 2 - M~] 

ie3 [e+ (P~)~2 -- Ps)PL e- (1~ [ 0 -  (p4)PLe + (P3)] 

A~r - sin30w [(P2 - Ps) 2 - M~] [(P3 + P4) 2 - M~ 

A2 a = ie2ffa [e+(P l )TY(aPL + flPR)e+(P3)] [guy-  kuky/Mz] [ l~'- (P4)~4 + ])5)?UPLe-(P3)] 
[(P4 + PS) 2] [k 2 - M2 + iM~F~] 

A2b = = ie29 cot Ow [~+ (P t)~v(aPL + flPR)e +(P3)] [guy + k~k~/M2] [l~-(p4)y"(/t2 -/~5 + Mw)PLe-(P2)] 
[(P2 - P s )  2 2 2 2 -- M~r [k - Mz + iM~F~] 

A2~ = _ ie2gct [~+ (pa)?Y(a PL + fl PR)e-(P2)] [guy + Q~,QY/M2] [I~'- (p,)(lb 4 + pS)yUPLe + (Pa)] 
[(p, + ps)Z] [QZ _ MZ + iMzF~] 

A2d = ie2g cot Ow [e+ (P 1)Y~(aPL + flPR)e~(p2)] [guy -- QuQY/M2] [ l~-(Pa)Tu(-i63 -iOs + M~e)PLe+(P2)] 
[(P3 + PS) 2 -- M~r [Q2 _ M 2 + iMzF~] 

A2~ = + ie29 ~ [~+(px)yY(~PL + flPt~)e + (P3)] [0,Y-- k~,kv/M~] [0-(P4)(Ps + P2 - P*)~'PL e- (Pz)] 
[ (P2  - P4) 2 - M ~  [ k  2 - M~ + i M z F z ]  

[e+ (P 0Yv(aPL + flPR) e-  (P2) ] [g~v -- Q,Qv/M~] [l~z- (p4) (ps - pa - P4)uPL e + (Pa)] 
A 2 f  = - ie2g~ 
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Fig. l a - f .  Diagrams contributing to e* e -  ~ e + f f  9 without inclu- 
sion of the Z ~ 
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Fig, 2a-f.  Diagrams contributing to e ' e - ~ e + 1 7 V  ~7 with a Z ~ 
propagator 

where 

k==-Pt-P3 Q ~ p l  +p2 PmL~�89 
2 sin "z 0w- 1 1 

~=- fl=-tgOw ~2 = - 
2 sin Ow cos 0w 2 sin 0w cos Ow 

g = e/sin Ow 

If we denote by Ai each of these twelve amplitudes, and 
use A(i,j) = 2(Re {Tr(A,.A*}, A(i,i) = Tr(A,'AD, the 
square of the matrix element can be written 

1 2  

IMI z= ~ ~A(i,j)'PR(i)'PR(j) 
j :  t i < j  
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Fig.3, Total cross section for e+e - ~ e  + ~ f  vs f f  mass, for M~ 
= 0 and ~/5=45 GeV. The solid points correspond to the exact 
value and the solid squares to the WeizsS.cker-Williams 
approximation 

where PR(i) denote the corresponding propagators. In 
the Appendix we present the expression of the matrix 
element for two special approximations appropriate 
for DESY and LEP energies. 

3. Results 

We have computed total and differential cross sections 
for our process at ~ equal to 45, 93 and 165 GeV. In 
each case we have chosen several values of the SUSY 
particle masses. In order to integrate the sharp peak in 
the differential cross section due to the contribution of 
the t-channel photon diagrams (la, lb) we have used 
the adaptative multi-dimensional integration algor- 
ithm VEGAS [8] with surprisingly good results. In Fig. 
3 we plot the total cross section obtained with our 
complete amplitude for x/s = 45 and M s = 0 versus 
M~ and compare it with the cross section obtained 
with the Be. W. approximation. As expected, we notice 
that the W.W. approximation is reliable only for M~ 
much larger than the beam energy Eb, since otherwise 
other diagrams become important. The situation is still 
worse at higher energies where the Z exchanges 
become dominant. 

Furthermore, the kinematics that makes the W.W. 
approximation reliable, requires the final positron (in 
e + e---,e + W-v') to be lost inside the beam pipe so that 
only one charged particle would be detected. In order 
to exploit the existing luminosity obtained with two 
charged particles triggers, it is important to know 
which part of the total cross section comes from events 
in which one positron is lost in the beam pipe. To 
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answer this question we show in Fig. 4 a sample of the 
Cross section integrated over all positron production 
angle 0e (curve a) and introducing a cut of 5 ~ (I cos 0e I > 
0.996) (curve b) which is the usual experimental 
condition for most detectors. We notice that in both 
cases the cross sections are of the same order, showing 
that one can exploit the two electrically charged 
particle luminosity to give bounds on the I7I / mass. 

We have checked that there are subsets of the twelve 
diagrams which can be used to estimate the cross 
sections with good approximation at certain energies. 
The six diagrams of Fig. 1 for afs  = 45 GeV give cross 
sections which are only 69/0 smaller than the exact 
values. At x/S- = 93 the subset of diagrams a, b, e of Fig. 
1 and c, d, f of Fig. 2 gives the cross sections with an 
error smaller than 1%. Notice also that this same 
subset of diagrams for v/s  = 45 GeV overestimates the 
cross sections by 209/0. 

In Fig. 5 we plot the cross sections for x~- equal to 45 
and 93 GeV for different values of~ and W masses. The 
values of the cross section for x/s = 165 GeV are given 
in Table 1. In Fig. 6 we show the differential cross 
sections da/d(cosOer and da/dEer for x / ~ = 4 5  
and 93 GeV. We observe that the angular 
distribution of 1711 is almost flat and that the f f  is 
produced mainly at rest. So the electrons coming from 
the eventual decay of I7r e -~  will be isotropically 
distributed, i.e., uncorrelated with the directly pro- 
duced positron. In Fig. 7 we plot da/d(cos 0~) and 
da/dE~. Notice that da/d(cos Oe) presents a forward 
peak which becomes less pronounced at higher 
energies (where the W.W. approximation is less 
reliable). 

The calculated cross sections depend obviously on 
the mass of the produced 1711 and ~. From the figures just 
presented one sees that, for not too large Mw and M~, 
the cross sections lie comfortably above 1 pb(at 
PETRA) and in the 1-100 pb range at LEP (on the Z ~ 
peak). Assuming a very light neutrino, our numbers 
imply that, for an integrated luminosity of 100 pb-1,  
wino masses up to about 30 GeV at the highest PETRA 
energy and up to 60 GeV or more at 93 GeV (LEP) 
should be detectable. 

Finally let us shortly comment on signatures and 
backgrounds. We shall assume that the ITv- decays 
mainly into l -~  and that the scalar neutrino escapes 
detection. There are therefore two charged leptons in 

Table 1. Values of the cross section for e+e-~e +- W-v~ at V/s= 
165 GeV for different choices of 17/- and ~ masses 

~r(pb) M~=0 M~= 10GeV M~=20GeV M~=30GeV 

M~= 85 GeV 1.08(1) 0.0978(8) 0.0756(6) 0.0528(4) 
Mw=90GeV 0.0644(4) 0.0586(4) 0.0460(2) 0.0325(1) 
M~=95GeV 0.0432(2) 0.0391(2) 0.0304(1) 0.02116(6) 
Mw=100GeV 0.0292(2) 0.026(1) 0.0201(1) 0.01356(4) 
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the final state. The lepton coming from 17V decay carries 
an energy larger or about one half the wino mass; the 
other one is slower and very forward as seen from Fig. 
7. These facts suggest the following signatures: the 
detection of a "single lepton" with E l > Mr162 and/or 
"double lepton" detection with both leptons very 
acoplanar and with very different energies (E t >~ Mw/2 
for the first and E t << E b for the second). These very 
distinct characteristics make it easy to identify the 
events as having a SUSY origin and make it rather 
difficult to confuse them with ordinary QED back- 
ground: 17-7 production with 17 not detected in the 
"single lepton" case or with 7 not detected in the 
"double lepton" case and (one order of e higher) ITl'-g 
production with three or two not detected leptons in 
the "single" and "double lepton" cases respectively. 

Appendix 
In order to compute the e + e- ---,e + I~-~ cross section 
we can use a subset of the twelve diagrams which 
contribute to the exact cross section. One subset is 
appropriate for energies much below the Z ~ pole 
(DESY) and the other one can be used for energies near 
or beyond the Z ~ We show here the output of the 
REDUCE computation of these subsets. 
A) PETRA Energies (diagrams (la, lb, lc, ld, le and 
lf)) 

Defining 

Pij -~ Pi'Pj 

(Pi, Sl' $2' $3) 

=- pii(SlP3iPl2 + S2P2iPt3 + s3PllP23) 

($1, S2, $3) ~ Pl 5( s lPasP23 + $2P35P24 + s3P34P25) 
for St = +,  0 , -  (k = 1, 2, 3) we have for the squared 
matrix elements: 

A(la,  la) = 16C1 {M~(pI2(2p35 + P34) 

+ pz3(2pis + p14))--M2(P34Plz+P23Pi,*) 

+ 2p~ts(P35P12 + P23Pls)} 
A(l b, l b )=  16C~ {M~(P34P~e + 2p25P13 + Pz3Pt4) 

-- M~P34P12 + P23Pi4) + 2p25(P35Pl'~ + P34Pa5)} 

A(lc,  lc) = A(la, 1 a; p2*--~ --P3) 

A(1 d, 1 d) = A(1 b, 1 b; p2 ~-~ - P3) 

A(l e, le)-- - 4 C 2  {MZpE4P13 - 2p35P2aP15} 

A(lf, l f )  = A(1 e, 1 e; P2*-' - P3) 

{M r (Pi 2(P35 + P34) + P23(Pi 5 + Pi4) A(la, lb)=32C i 2 

+ P23P13) + (Ps -- + --) 
+ P45(PasPI2 + P23Pl 5) 

+ P35(PzsP14 -- 2pZ4Pls) 

+ P34P25P15} 

A(la, lc) = 32C1 {M~P23(-2P15 - Pt,) 

+ M2p23P14- 2p45P23Pls} 
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A(la, ld)=  16C1{M~(-p35P12 + P25P13 

- P23(3pi5 + 2p14)) 
+ ( p 5 -  + + ) +  2 ( -  - +)} 

A(la, le )=8C3{(p4-  + - ) + ( p 5 -  + + ) + 2 ( - -  +)} 

A(la, I f)=SC3{(p ~ -  + + ) + ( P s -  + - ) + 2 ( - -  +)} 

{Mw(p35Plz - PzsP13 A(lb, lc)= 16C i 2 

- P23(3pi5 + 2p14)) 

+(P5 + -  + ) + 2 ( -  + - ) }  

A(lb, l d ) =  16C 1 { -  2 2Mwp23(P14 + Pl5) 
+ ( P s - -  + ) + 2 ( -  + +)} 

A(lb,  l e )=8C3{ (p4 -  + - ) + ( p s - -  +) 
+ 2 ( - + + ) }  

A(lb, l f ) =  8 C3{(p4- + + ) -  2M2p34P12 + 4(00+)} 

A(lc, ld)= 32C 1 {M~p35P12 + P13(Pz5 + P24) 

+ P23(Pl 5 + Pla)) + (P5 + -- --) 

+ P45(P25Pi3 + P23Pis) 

+ P35(PzsPa4 + P24Pls) -- 2p34P25Pi5 

A(lc,  l e )= 8C3{(p4 + -  +)+(P5  + - - )  
+ 2 ( + + - ) }  

a( lc ,  l f ) =  8 C 3 { ( p 4 + - - ) + ( P s  + -  +)  
+ 2(- + -)} 

A(ld,  le)=SCa{(p4 + - + )-2MZp24Pi3 +4(O+O)} 

a( ld ,  1/) = 8 Ca {(Pa + - - )  + (P5 - - +)  
+2( -++)}  

A(le, l f )=4CE{(p  5 - -  + ) +  2 ( -  + +)} 

where, we have used the following definitions 

K1 = (e)3/2/sin Ow 

K2 - Ki/sin 20w 

CI=__K 2 C2=__K 2 C3=-K1K~ 

Notice that propagators are defined including the 
global sign in front of the "i" of each amplitude: that 
means, that they include, the global sign of the 
diagram. 
B) LEP Energies (diagrams (la, lb, le, 2c, 2d and 2f) 

Defining now, 

(L, s i, s2, s3, s4) 
__ 2 = M~c(SiP35Pi2 + s2P25P13 + s3P23P15 + s4P23Pi4) 

(R, sl, $2, $3, $4) 

=- M~(SlP35pl 2 + s2P25P13 + s3pz4Pi3 + sgpz3Pis) 

(L, sl, s2, s3) 

slPasP23Pas + s2P35Pe4Pls + S3P34P25P15 

(R, $1, $2, $3) 

=-- slP45P25Pi3 + SzP35PesP14 + s3P34P25P15 

for Sk = --, 0, + ,  2, 3 (k= 1, 2, 3, 4) we have 
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A(2c, 2 c ) =  --  16C2c {~Z( (psOO + )- (LO02 + ) 

+ 2(L - 00)) + f12((ps0 + 0) 

- ( n 0 2  + 0 ) +  2(R - 00))} 

A(2d, 2d) = - t6  C2d {a2((ps0 + 0) + (L - + - - )  

+ 2(L0 - 0)) + fl2((ps00 + )  

+ ( R - - - -  + ) + 2 ( R 0 - 0 ) ) }  

A(2f, 2 f ) =  --  16C2f{ (a  2 + f12)p34(UZpl 2 - 2p2sP~5)} 

A(2c, 2d) = 16CzcC2d{a2((p5 + -- --) + (L + -- 32) 

+ 2(L + + - ) ) +  fl2((ps + - - )  

+ ( n  + 32 - )  + 2(R + + - ) ) }  

A(2d, 2f) = - 16C2dC2f{a2((p5 + - +) + (L + - - 0 )  

+ 2 ( L -  + - ) ) + f 1 2 ( ( p 5  + + - )  

+ ( R + - 0 - ) + 2 ( R -  + - ) ) }  

A(2C, 2f )  = 16C2cC2y{az((ps + + - )  + (L - + +0) 

+ 2 ( L + - - ) ) + f 1 2 ( ( p 5  + -  +) 

+ ( R -  + 0 + ) + 2 ( R  + - - - ) ) }  

A(la, 2c) = 32c~C2c K ,  {p~P23(M~p14 

+ M~r Pl4 --  2P15) - 2p4sPl 5)}/SM 

A(1 a,2d) = - 1 6 a C 2 a K  ~ {Gz + Pz((P5 + - - )  

+ (L + - 3 2 )  + 2(L + + - ) ) } / S M  

A( la ,2 f )  = 16aCEfKx {Gz + pz((ps + - +) 

+ (L + - - 0 )  + 2(L - + - ) ) } / S M  

A(lb, 2c) = - 16ct C2cK1 {G z + Pz((P5 - + - )  

+ ( t  - + 32) + 2(L + - +))} /SM 

-- 16aC2~K1 {Gz + Pz((P~ + + - )  
+ (L0022) + 2(L + - - ) ) } / S M  

16ct C 2 I K 1  {Gz + pz((ps200) 

+ (L + - - 0 )  + 4(LOO-))} /SM 

--8o~C2~K2{Gz+pz((p5 -- + +) 
+ (L - + - 0 )  + 2(L - - +))} /SM 

- 8~tC2aK2 {Gz + pz((ps020) 

+ (L - + - 0 )  + 4(L0 - O))}/SM 

A ( l b , 2 d ) =  

A( lb , 2 f )  = 

A(le ,2c)  = 

A( le ,2d)  = 

A(1 e, 2 f )  = - 8aCzyK 2 {G z - t~ z + Pz((P5 - - 

+ 2 ( L -  + +))} /SM 

where  

+) 
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C2~-aK l, C2d-~ K1/fl, C 2 y -  K1/sin20 w 

Pz = (Pl + P2) 2 -- M2z, Vz - F z M z ,  
S M  - (p~ + ~)1 /2  

# p v 
Ge - ~ze~p~px P2P3 P4 

2 - ( M ~  d z -  -MecGe G z -  - M ~ +  2p i s )G  ~ 

Here  the p r o p a g a t o r s  are aga in  def ined i nc lud ing  the 
g loba l  s ign in  f ron t  of the "i" of each ampl i tude .  I n  the 
Z ~ p ropaga to r s ,  on ly  the m o d u l u s  m u s t  be  i n c l u d e d  
(because the  phase  has  been  a l ready  inc luded  in  the  
t race  ca lcula t ion) .  
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