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Neutralino production as a SUSY discovery process at CERN LEP 2
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A thorough study is performed on pair production and signatures of supersymmetric neutralinos
in the MSSM at I.EP 2. Particular attention is paid to the region of the SUSY parameter space
where the associated production of lightest and next-to-lightest neutralinos is the only visible aOowed
supersymmetric process. In that region, the signal is critically dependent on the selectron masses
m; s. For ~s/2 ( m;~ s 6 200—300 GeV and charginos above the threshold for pair production,
neutralinos arising from e+e —+ gzgz could be the only SUSY signal detectable at LEP 2.

PACS number(s): 14.80.Ly, 12.60.Jv

I. INTRODUCTION

If supersymmetry (SUSY) is introduced to solve the
naturalness problem encountered when embedding the
standard model (SM) in a grand unified theory (GUT),
one is forced to assume that superpartner masses are not
much larger than the scale of the electroweak (EW) sym-
metry breaking. In particular, the SUSY partners of the
particles that interact only electroweakly should be in
the lower range of the SUSY mass spectrum. These parti-
cles are more efficiently produced at e+e colliders where
there is no large /CD background. The lightest SUSY
partners of the EW gauge and Higgs bosons will most
probably be the 6rst to be accessible in e+e collisions
(see, e.g. , Ref. [1]).

We restrict ourselves to the framework of the minimal
supersymmetric standard model (MSSM) with universal-
ity conditions on soft SUSY-breaking parameters at the
GUT scale and R parity unbroken [2,3]. In the most
likely scenarios, the lightest SUSY particle, that in the
hypothesis of conserved R parity is stable, is the lightest
neutralino. In this model, all masses and couplings are
set by choosing the values of a 6nite set of parameters
at the GUT scale, usually mo (the common scalar mass),
mqg2 (the common gaugino mass), p (the SUSY Higgs-
boson mixing mass), tan P (the ratio of vacuum expecta-
tion values for the two Higgs doublets), and Ao (the com-
mon soft-breaking scalar trilinear coupling). Two further
parameters (e.g. , m~o, Bo) are needed to describe the
Higgs sector if one does not use relations coming &om
the requirement that the radiative EW-symmetry break-
ing takes place at the correct scale.

At the CERN e+e collider LEP 2, one could pro-
duce sfermion pairs and/or chargino and neutralino pairs.
Charged sfermions and charginos, when allowed by phase
space, are the easiest sparticles to produce, since they are
always directly coupled to photon and Z vector bosons.
On the other hand, in general, the lightest neutralino
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states are lighter than charginos and sfermions, but they
are linear combinations of neutral gauginos and Higgsi-
nos (hence not coupled to photons) that can decouple
also &om the Zo and consequently have lower produc-
tion cross sections.

In this paper, we concentrate on neutralino produc-
tion at LEP 2. We consider with particular attention
the regions of SUSY-parameter space where sfermions
and charginos are above the pair-production threshold
at LEP 2 (i.e., they have masses larger than about Mz),
while the lightest neutralino (LN) and next-to-lightest
neutralino (NLN) (y~z and gz, respectively) can be pro-
duced through the process

e+e M X&X

A spectacular signature is associated with this channel,
where y& goes out of the experimental apparatus unde-
tected and the jets of particles coming &om the g2 decay
are mostly unbalanced in energy and momentum. We
do not consider production of lightest-neutralino pairs
(e+e ~ yozyoz), since it gives rise to an invisible sig-
nal at Born level. The process (1.1) has been carefully
studied at LEP 1 energies, where the absence of a neu-
tralino signal extends the regions of SUSY parameters
excluded by direct search and contributions to the Z~

width of chargino production [4]. Analogously, we want
to study the potential of process (1.1) at LEP 2 to probe
regions of the parameter space not covered by chargino
searches [we will name these regions neutralino regions
(NR's)]. To this aim, we carry out an exhaustive analy-
sis of cross sections and decay rates corresponding to all
possible signatures in the MSSM, updating and comple-
menting previous partial studies [5,6]. Some results rel-
ative to heavier-neutralino pair production will be also
presented, when relevant in the neutralino regions.

The reaction (1.1) proceeds through two mechanisms
(cf. Fig. 1): an s-channel Zo exchange and a t (u-)-
channel (either left or right) selectron exchange. Only
Higgsino components of neutralinos (that directly couple
to Zo) have a role in the s channel. On the other hand,
in the limit of negligible electron mass only photino and
Z-ino components take parts into the t-channel diagrams.
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At LEP 1, the relevant y,. components are the Higgsino
ones, due to the Z resonance, and cross sections are fixed
by only three parameters: Mz, p, and tanP. At LEP 2
the 8-channel cross sections in the neutralino regions can
be smaller than t-channel ones, and hence the selectron
mass becomes a crucial parameter too.

In addition to considering the continuous parameter
dependence of our results, some particularly meaningful
scenarios will be identified and studied in the neutralino-
region parameter space. In Sec. II, we set notations by
recalling the neutralino and chargino mass matrices. We
also study the physical components and mass spectrum
of the two lightest neutralinos as functions of MSSM pa-
rameters. Furthermore, we define the neutralino regions
and describe their interest. In Sec. III, we study y~y2-
production cross sections at LEP 2 and identify a set of
significant scenarios for a systematic study. In Sec. IV,
some results concerning the main y2 neutralino decays
are reported. A more in-depth investigation on all possi-
ble y20 decay channels can be found in Ref. [7]. Finally,
in Sec. V, total rates for all relevant signatures at LEP

2 coming &om y~yz production are studied in detail. In
the Appendix, we give formulas that relate scalar masses
to the MSSM parameters through renormalization-group
equations (RGE's).

II. THE ELECTROWEAK GAUGINO AND
HIGGSINO SECTORS

In the MSSM, four fermionic partners of the neutral
components of the SM gauge and Higgs bosons are pre-
dicted: the photino p, the Z-ino Z [mixtures of the U(1)
B and SU(2) Ws gauginos], and the two Higgsinos Hio

and Hz (partners of the two Higgs-doublet neutral com-
ponents). In general, these interaction eigenstates mix,
their mixing being controlled by a mass matrix Y [8,9]
defined by

(2.1a)

where

f M2 sin e~+ Mi cos2e~
(M2 —Mi) sin eiV cos eiV

0
0

(M2 —M, ) sin eiv cos equi,

M2 cos Ogr + My sin g~
Mz

0

0
Mz

p sin 2P
—p, cos 2P

0
0

—icos 2P
—psin2P )

(2.1b)

Closely following the notations of Refs. [5,10], Eqs. (2.1)
are written by suitably choosing the basis

5
Mg ———tan O~M2,

3
(2.3)

where

= g~~ cosP —$~2 sinP,
sin P + Q~ cos P,

(2.2) that arises &om one-loop RGE's (cf. the Appendix). The
Y matrix (which, excluding CP violations in this sector
of the model, is real and symmetric) can be diagonalized
by a unitary 4 x 4 matrix ¹

&;m&A;~&m~ = m~0~;y,

and P~, Pz, @&,MPH are two-component spinorial fields.
In Eq. (2.1b), tanP = ~ and Mi 2 are the U(1)- and
SU(2)-gaugino masses at the EW scale. By assuming
gaugino-mass unification at McUT, Mq can be related to
M2 by the equation

where m-o (i = 1, . . . , 4) is the mass eigenvalue rel-
ative to the ith neutralino state, given by the two-
component spinor field y,. = K,&@0. Then, Eq. (2.1a)
can be rewritten, by using the four-component neutral
Majorana-spinor formalism, in the form
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(p, M2) plane, where gry2 production is allowed by phase
space, but chargino-pair production is not, for which one
has

m-o + m-o & +s & 2m-s.X1 X2 X1 (2.6)

ttLZP 8: Beg(Ooze mud' Beset)ZPOou tgP=1. 5

3.5

These regions are shown in Figs. 7 and 8 for tanP =
1.5, 4 and ~s = 190 GeV (curves "NI90" correspond
to ~s = m-o + mzo, while curves "| 190" are for V s =

X1 XQ

2m-+). We will call NR+ the two disconnected regions
where Eq. (2.6) holds and p &&0. We can see that there is
a conspicuous increase in the accessible parameter space

because of the lower neutralino y& + y2 threshold with
respect to chargino pairs. The relevant portions of space
are placed, for our choice of tan P values, where p & —Mz
and p & 1.5Mz. For tanP = 1.5 (Fig. 7), the NR is
centered around M2 ——1.1M~, while the NR+ is slightly
shifted to higher M2 values. By increasing tan P (Fig. 8),
the asymmetry in the two regions decreases. The shaded
area shows the region excluded by LEP 1.

%'e do not consider in this work the small modifica-
tions of the above general scenario that could arise from
radiative corrections to gaugino-Higgsino masses. Re-
cent calculations [14,15] at the one-loop level give in-
dication for typical corrections of the order of 6% (or
somewhat higher in particular cases for the lightest neu-
tralino) with the same sign for all neutralino and chargino
states. So, they do not change the relative configuration
of neutralino and chargino masses and do not afFect our
general discussion. Also, such corrections are of the same
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FIG. 7. Interesting regions and scenarios in the (IM, Mq)
plane with tan P = 1.5 for neutralino search at I EP 2

(~s = 190 GeV). The NR+ regions (bounded by kine-
matic-limit curves ".N190" and "C190" for yz~z and y~ y~
production, respectively) and HCS+ regions (outlined by
the 1-pb contour plot for the yzyz total cross section, for
mo ——Mz) are indicated. The shaded area corresponds to
LEP 1 limits. The points A—D in NR and H+ in HCS will be
used in the following analysis.
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0 Ir
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FIG. 8. The same as in Fig. 7 but with tanP = 4. In
NR+ different points are chosen (E,F, G, J) with respect to
the tan P = 1.5 case.
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order of magnitude as other neglected effects, e.g. , other
threshold effects in the RGE evolution. Ct'oue Seegogx Foe a'a I'M 2~(AD) tqp= 1.5

III. NEUTRALINO CROSS SECTIONS AT LEP 2 3.5
,
18

In this section, we study the total cross section for the
process e+e —+ g&y& at LEP 2. The relevant formulas
needed to compute neutralino total cross sections can be
found in Ref. [5]. Crucial parameters in the prediction
of total rates are the values of selectron masses m~~

„

that enter the t-channel amplitudes. These are directly
related to mo through the RGE's that govern the running
of scalar masses &om the GUT scale down to Mz (see the
Appendix). Then, one can compute rates for difFerent
signals coming &om the y2 decay as functions of mo,
since, once mo is fixed, all other scalar particles entering
the y2 decays (excluding Higgs bosons) are set too, for
any M2 and tanP value.

The formulas that connect all relevant scalar masses
to mo are collected in the Appendix, where more de-
tails about approximations and strategies for evaluating
the sfermion spectrum can also be found. Since we are
particularly interested in studying regions of the parame-
ter space in which no pair-production processes of SUSY
particles are allowed other than neutralino production,
we choose to perform most of our analysis in scenarios
with mo & Mz. This choice has two important conse-
quences. Firstly, for M2 not too small (e.g. , M2 values
not excluded by LEP 1 data), it gives rise to scalar masses
greater than the LEP 2 beam energy, i.e., scalars cannot
be pair produced at LEP 2 (cf. the Appendix). Secondly,
with these relatively heavy scalars, the two-body decays
y2 ~ ffr, xx are in most cases not allowed. This point
will be resumed in Secs. IV and V.

A general feature of y&y2 cross sections is that, in or-
der to have a large contribution either from the s chan-
nel or the t channel (cf. Fig. 1), both pox and yo2 should
have a large component of either Higgsinos or gauginos.
Nevertheless, the t-channel contribution will be, in gen-
eral, lower, especially when the selectron masses in the t-
channel propagators are assumed larger than Mz. Mixed
cases, where the two neutralinos have difFerent dominant
components, give rise in general to comparable contribu-
tion &om s, t amplitudes and their relative interference.
The limit of production of one pure Higgsino plus one
pure gaugino is dynamically forbidden and has a null
cross section (for m, = 0). These different cases will be
discussed in what follows.

In Fig. 9, the contour plot of the total cross section (in
fb) for e+e m yoxyz is shown for tanP = 1.5, mo ——

Mz (which, for Mq ——Mz, corresponds to m;~ = 124
GeV and m; = 104 GeV, cf. Table I), and v s = 190
GeV. We can distinguish difFerent regions in the (p, M2)
plane on the basis of the magnitude of the total cross
section. The largest rates (up to about 2 pb) are reached
for !p,! 6 Mz and M2 & Mz, where the two lightest
neutralinos are xnainly Higgsinos (with masses close to
+!p!) and, hence, are fully coupled to the Z in the s
channel. In what follows, we will name the two regions
in this area, on the left and on the right of the LEP

2.5

I

1

I

I

I. I

1

1.5

200 -:.-
100

0.5

500

ma= Mz

0 —4

P/Mz ! &s = 190 GeV )

FIG. 9. Contour plot for the total cross section (in fb) of
the process e+e ~ yiy2 at LEP 2 (~s = 190 GeV) on the
(p, M2) plane in the tanP = 1.5 mo = Mz case. The shaded
area represents the region excluded by LEP 1 data.

1 excluded region, HCS and HCS+ (standing for high
cross section) regions, respectively. These regions are
shown in Fig. 7, where the contour plot for o.(e+e
yoxyo2) = 1 pb is also plotted, for mp = Mz.

In the regions NR+ and NR, the gaugino components
and the related t-channel contribution to the total cross
section come into play, and cross sections drop. Typ-
ical total rates in the regions NR are of the order of
50—100 fb, corresponding to a number of about 25—50
events, for an integrated luminosity of 500 pb . Some-
what lower cross sections are observed in the NR+ region,
where, because of the higher value of M2, heavier selec-
trons are exchanged in the t channel [cf. Eqs. (Al), (A2),
and Table I].

In Fig. 10, we show the effect of rising mo up to 3Mz.
With respect to Fig. 9, cross sections are considerably re-
duced in regions where t-channel amplitudes are relevant.
For instance, in the neutralino regions cr(e+e ~ yipes)
is at most of the order of 20—30 fb. A moderate change
is observed when varying the value of tanP up to 4
(Fig. 11), due mainly to the difFerent NR+ and NR po-
sition and shape in the (p„M2)plane.

In order to clarify the origin of the total cross-section
behavior in the (p, M2) plane and, in particular, in the
NR+ and high cross-section (HCS+) regions, we con-
sider now in detail a set of specific cases in the pa-
rameter space. In Table I, we report the following fea-
tures for six difFerent scenarios (A,B,C,D in the neu-
tralino regions and H+ in the HCS regions), defined
by their values of p, and M2 for tanP = 1.5: (i) val-
ues of neutralino and chargino masses (including the
correct sign), (ii) the percentage components of difFer-
ent gaugino and Higgsino physical states for yz and y2,
(iii) scalar xnasses arising &om mo ——Mz and RGE
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evolution, calculated by Eqs. (Al) and (A2), (iv) total
cross sections (in fb), for mo ——Mz and ~s = 190
GeV, of all the allowed neutralino-pair production pro-
cesses, e+e —+ X1X1, X&X2 and. , when below threshold,
X1X3 X1X4 X2X2 and (v) f« the mai
difFerent contributions to the total rates coming &om 8
channel, (t+u) channels, and (st+su) interferences. The
location of the six points in the (p, Mz) plane is shown
1n Flg. 7.

We now analyze the physical features of these scenar-

ios. In scenario A, where p = —3Mz and M2 = Mz&
the lightest neutralino is mostly a gaugino with a pre-
dominance of photinos. The next-to-lightest neutralino
is still a gaugino, but with inverse p-Z relative compo-
sition. In this case, since ~p, ~

)) Mz, Mz, masses obey
the asymptotic relation m -+ mzo 2m„-0. In such

X2 X1

a scenario, the X&X2 cross section comes uniquely &om
t and u channels and is about 146 fb. In scenario B,
where p = —Mz and M2 ——Mz, there is a mixed sit-

TABLE I. Interesting scenarios for neutralino production at LEP 2 (~s = 190 GeV) in the
tan P = 1.5, mo ——Mz case. Mass eigenvalues for charginos and neutralinos are given as well as
sfermion spectrum arising from mo ——Mz. For light neutralinos, the physical composition and the
total cross section (in fb) are also reported for all allowed pair-production processes e+e
For the XiX~ case, individual contributions from s, (t + u) channels and (st+ su) interferences are
also given.

Scenario

(p, , Mz)/Mz -+

Mi (GeV)

Scenarios with tanP = 1.5

(—3, 1) (—1, 1) (—1, 1.5) (3, 1.5) (—0.7, 3) (1, 3)

45.7 45.7 68.6 68.6 137.2 137.2

X1

X2

X3

Mass (GeV)

(~ &) (%)

(H.' Hs)(%)
Mass (GeV)

(~ &) (%)

(Ho, Hso) (%)
Mass (GeV)

49.5 51.5

(88, 11) (91, 6)

(1, 0) (2, 2)

107.0 85.2

(12, 83) (4, 9)

(4, 2) (0, 86)

275.4 —129.8

(15, 1)

(2, 88)
—124.5

(53, 36)

(10, 1)
—274.4

56.0

(76, 10) (47, 45)

(1, IS) (7, 1)

89.8 108.2

62.3

(0, 1)

(2, 97)
—89.1

(o, 7)

(9o, 2)

144.9

44.9

(4, 2o)

(7o, 5)
—92.3

(0, 0)

(5, 94)

153.5

X4 Mass (GeV) —294.9 130.0 166.4 315.6 292.6 304.6

Mass (GeV) 106.1 104.7 110.8 —101.5 80.1 —62.6

eL, eR, V~,L

'llL, QR

~L) dR

~(x»i)
~(xix2)

Mass (GeV)

Mass (GeV)

Mass (GeV)

Mass (GeV)

Total (fb)

Total

291.2 136.2

146.4 112.8

124, 104, 114

285, 277

289, 278

881.7 770.9

166.2 310.0

213.2

80.9

448.3

56.1

152, 115,144

408) 395

411,395

292.2 303.5

6.6

1654

6.7

1400

255, 160, 250

773, 746

774, 743

o (xixs)
~(xix4)

~(xzx2)

(s) channel(fb)

(t + u) channels

Interferences

Total (fb)

Total (fb)

Total (fb)

0.1

142.7

3.6

18.1

48.1

46.5

176.7

22.3

4.8

38.9

32.8

0.4

0.1

51.8

1622

0.3

31.0

0.3

1366

0.4

33.4

0.1
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uation, where y~ is predominantly a photino, while yz
is mostly an H&. The total yzy2 production rate re-
ceives contributions from all channels and interferences
and is about 113 fb. One can notice that in this case
the production cross section for yzy3 pairs is larger than
for y&y2, although m~0 is much heavier than m-0. ThisX3 X2
is due to the different composition of y3, i.e., its siz-
able gaugino component, which enhances the couplings
to eL, R in the t channel. Scenario C is similar to B, but

FIG. 10. Contour plot for the total cross section (in fb) of
the process e+e + yqy2 at LEP 2 (~s = 190 GeV) on the
(y, , M2) plane in the tang = 1.5, me = 3Mz case.

with a larger M2 (M2 ——1.5Mz), which gives a heavier

y& and consequently a smaller cross section. The sce-
nario D (p = 3Mz, M2 ——1.5Mz) is almost symmetrical
to A under the transformation p ~ —p, and gives both
yz and yz, made mostly of gauginos (with no really pre-
dominant p or Z component) and lower production rates.
Scenarios 0+ are both in the HCS regions. Here both y&
and yz are predominantly Higgsinos (of difFerent kinds),
and we get quite large cross sections (o = 1.5 pb). On
the other hand, the rates for yzyz production are quite
small, since for tanP not far &om 1 one needs difFerent
Higgsino components in the two produced neutralinos in
order to get a large coupling to Z .

A similar analysis has been carried out in Table II, for
tanP = 4. The corresponding six difFerent scenarios E,
I", G, J in NR and H+ in HCS are shown in Fig. 8.

We have also studied the mo and ~s dependence of
e+e -+ yzyz cross sections for the six scenarios with
tanig = 1.5. In Fig. 12, for ~s = 190 GeV, we show
the variation of cross sections with mo. One can see that
Scenarios 2, B, 0, and D, where the t channel amplitude
is important, are the most affected by the mo value. The
maximal sensitivity is found in case A, where the gaugino
components are dominant in both py and &2 On the
other hand, production rates for scenarios H+ are quite
insensitive to mo, because of the 8-channel dominance.

In Fig. 13, for mo ——Mz, the ~s dependence is stud-
ied around LEP 2 energies. Here too, one can notice
the different behavior in various scenarios because of the
relative importance of t- and s-channel contributions.
For each curve, the magnified symbols denote situations
in which the corresponding scenario is inside the neu-
tralino regions (i.e., neutralino production is allowed, but
chargino production is not).

4

3.5

ciiom 8wetti1oiiii fo~ii o'is tto 2,2 II'ii'&hp tg p = 4

!

00,

2.5
;141
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3 4

v's = 190 GeV /

FIG. 11. Contour plot for the total cross section (in fb) of
the process e+e —+ ~~~~ at LEP 2 (~s = 190 GeV) on the
(p, M2) plane in the tan P = 4, me = Mz case.

IV. NEXT- TO-LIGHTEST NEUTRALINO
DECAYS

In order to study possible signatures for yzyz produc-
tion at LEP 2, one has to analyze different decay channels
for the next-to-lightest neutralino. Indeed, while y& will
always produce a considerable missing energy and miss-
ing momentum signal, yz can give rise to a rich spectrum
of final states [16,17]. In Ref. [7], a thorough study of
all possible yz-decay channels that are relevant at LEP 2
has been performed. The results of this analysis will be
used in Sec. V for the evaluation of total rates for dif-
ferent final states corresponding to yzy2 production at
LEP 2. On the other hand, in this section, we report ex-
plicit results for g2 branching ratios (BR's), restricting
ourselves to the particular scenarios introduced in Sec.
III.

In the first column of Table III, all y2 decays allowed
in the MSSM are listed. The first two channels refer to
the possibility for the yz to decay into either the lightest
Higgs scalar h or the Higgs pseudoscalar A [18]. For
this reason, in Table III, we choose different values for
mAo, which fix, with tanP, the spectrum and couplings
of the Higgs sector. The following three channels include
the main three-body processes, which occur through the
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exchange of either a Z gauge boson or a scalar particle
[19]. These latter decays may occur in two steps, through
production of a real scalar and its subsequent decay into
the corresponding fermion and a yz. In fact, although we
are assuming mo ) Mz so that mf- ) ~s/2, when mo is
close to Mz, one or more sleptons (usually the right selec-
tron and sometimes the sneutrinos that are the lightest
sfermions, cf. the Appendix) may turn out to be lighter
than the y2. We do not consider these situations sepa-
rately and simply add these "on-shell" two-body contri-
butions to the "ofF-shell" three-body ones. Of course, the
on-shell two-body decay considerably enhances the cor-
responding BR. In the following two lines, we also show
BR's of yz decays into a light chargino plus either leptons
or hadrons, when allowed by phase space. The last chan-

nel is the one-loop radiative y2 decay into a photon plus
a go~ [17], that gives rise in the yzy2o process to the nice
signature of one single photon production. This channel
at LEP 2 turns out to be, in general, potentially less im-
portant than at LEP 1. Further details on B(yz ~ y~7)
can be found in Ref. [7].

Let's start by considering situations where Higgs
bosons do not contribute to two-body y2 decays and
the dominant channels are yz ~ 8+8 yz, v~vgyz, qqyz
in the neutralino region scenarios. In our framework,
given tan P (that is equal to 1.5 in Table III) and M2, all
sfermion masses are fixed by the value of mo. As a con-
sequence, at fixed mo, squark masses are much heavier
than slepton masses, and the yz decay into hadrons com-
ing &om sfermion exchange are depressed with respect to

TABLE II. Interesting scenarios for neutralino production at LEP 2 (~s = 190 GeV) in the
tan P = 4, mo = Mz case. See Table I for explanations.

Scenario

(p, M2) jMz
Mg (GeV)

Scenarios with tan P = 4

50.3 68.6 77.7 59.4 137.2
(—3, 1.1) (—1.5, 1.5) (2, 1.7) (3, 1.3) (—0.7, 3) (1, 3)

137.2

X3

&e,I

~(x&x&)

~(x&x2)

(fb)

~(~:~:)

Mass (GeV)

(~ &) ('%%uo)

(~.' II~) (%)
Mass (GeV)

(~ &) (%%)

(B', B;) ('%%uo)

Mass (GeV)

Mass (GeV)

Mass (GeV)

Mass (GeV)

Mass (GeV)

Mass (GeV)

Mass (GeV)

Mass (GeV)

Mass (GeV)

Mass (GeV)

Mass (GeV)

Total (fb)

Total

(s) channel

(t + u) channels

Interferences

Total (fb)

52.1

(81, 17)

(o, 2)

102.9

(i9, 72)

(o, 8)

285.5
—289.9

103.2

295.2

134

307

300

316

301

731.7

111.2
0.7

99.3

68.1

(66, 21)

(o, i3)
107.3

(30, 19)

(6, 45)
—159.5

189.4

111.8

194.4

156

406

268.3

40.6

3.7

20.9

16.1

62.7 53.0

168

124

151

144

115

124

442

461

442

215.9 545.3

33.8

0.9

25.4

7.5

88.7

1.0
71.6

16.1

(40, 41) (57, 37)

(9, iO) (2, 3)

113.8 99.4

(58, 18) (43, 47)

(i5, 9) (5, 5)
—189.6 —279.5

245.8 305.1
—103.5 —96.7

243.8 304.0

294.8

69.5

294.9

301.6
—72.8

301.2

163

246

772

745

42.7

1688

1617

69.7

19.8

1307

1236

2.1

69.1

55.7

(1, 5) (4, 16)

(14, 80) (48, 32)
—84.3 —98.6

(0, 6) (0, 2)

(75, 18) (32, 66)

146.8 152.1
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Z -exchange contributions. In scenarios A and D, where

I@I is relatively high and gaugino components of xoi and
xo2 are dominant (cf. Table I), only sfermion exchange
plays a role, and leptonic channels almost saturate y2
decays. Notice that the numbers relative to the e+e
channel refer to only one species of charged leptons, while
neutrino and quark channels are summed up over all light
Havors. Since the right selectron is lighter than y2 in sce-
nario A and not too much heavier than yz in scenario D
(cf. Table I), the BR for Xo2 m XoiE+8 decay turns out
to be very large and of the order of 75%%uc, when summed
up over three charged lepton species. On the other hand. ,
scenarios B and C present mixed features, and leptonic
channels are altogether comparable to the hadronic one.
Decays into chargino are not relevant in the above sce-
narios, while the radiative yz —+ y&p decay reaches a few
percent of BR only in the B and t cases, where the total
y2 width is small due to the mixed gaugino-Higgsino na-
ture of y& and y2. As for scenario H, where Higgsino
components are dominant, the Z exchange saturates yz
decays. Hence, BR's for various channels closely reHect
the branching ratios for Zo m ff. In scenario H+, the

Z -channel dominance is less pronounced. Also, there is
a considerable BR for channels with a Xi in the final
state, which gives rise to y2 cascad. e decays.

When Higgs boson masses are suKciently light to al-
low the decays yz ~ yah, A&A, these channels are
always important. For instance, in the case A with
m~o = Mz, there is a 98%%uc probability for X2 +X-ih
(see Table III). In the case H+ with m~o = Mz/2, the
BR for Xo2 ~ Xi A is about 21%%uo. In general, Higgs chan-
nels will give rise to an enhanced hadronic signal com-
ing &om h, A ~ bb. For y2 decays into Higgs bosons,
the h mass and couplings have been computed taking
into account the leading one-loop corrections due to top-
quark-top-squark contributions in the approximation of
degenerate top squark masses (cf. the Appendix).

A rather different picture emerges for tan P = 4
(Table IV). First of all, when moving up from tan P = 1,
it is harder and harder to And scenarios where one of
the two lightest neutralinos is almost a pure gaugino and
the other one is almost a pure Higgsino in the parameter
space relevant for LEP 2. Consequently, the tree-level
decays of y2 are never much depressed, and the BR for
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FIG. 12. Total cross section (in fb) of the process
e+e —+ XiX2 as a function of mo (or, once Mq is fixed, of
the selectron masses) in the scenarios defined in Table I for
tanP = 1.5: (a) A, H, C, D and (b) H, JI . Here the c.in.

'

energy is ~s = 190 GeV.

FIG. 13. Total cross section (in fb) of the process
e+e —+ Xix2 as a function of ~s in the LEP 2 range in the
scenarios defined in Table I, for tanP = 1.5: (a) A, B,C, D
and (b) H, H+ The selectron ma. sses are fixed by mo = Mz.
Large symbols are used when a scenario falls inside the NR+
regions.
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TABLE III. Branching ratios (%) for X~ decays in the scenarios with tanP = 1.5, defined in
Sec. III. Sfermion masses are 6xed by mo ——Mz and the indicated value of mzo sets the Higgs
spectrum.

Scenario

Branching ratios (%%uo) for X2 decays (tan P = 1.5)

(p„M2)/Mz m (—3, 1) (—1, 1) (—1, 1.5) (3, 1.5) (—0.7, 3) (1, 3)

mAO («V) ~ Mz 3Mz Mz 3Mz Mz 3Mz + 75 + 27 Mz/2 Mz

+OhO

+0~0

yOle+e

97.6

0.6 26.6 2.8 2.7 9.9 9.7 25.9

21.2

2.0

ge Xi&e&e

Q ge XiW

X+, e+ rr, (v, )

P (q, q )gg Xi 'll

Xlv

All visible

0.5 19.4 6.9 6.8 12.6 12.3 20.0

0.5 80.9 79.8 51.7 50.6 1.7

0.2

0.2 3.8 5.1 6.0 7.9 0.1

99.5 80.6 93.1 93.2 87.4 87.7 80.0

20.3

67.7

0.2

0.5

79.7

2.3 2.9

13.7 17.4

87.9 84.7

12.1 15.3

40.2 51.0

the radiative channel yo2 ~ pip can be at most a few per
mil in the neutralino region. Furthermore, varying tan P
changes both the gaugino-Higgsino composition of yl 2
and the scalar mass spectrum. One of the main effects of
that is the relative decreasing of the sneutrino mass with
respect to selectron masses (cf. the Appendix).

In Table IV, one can see that in scenarios E and J
with large ~p,

~

and for heavy Higgs bosons, the BR for
+ pl vp vp turns out to be considerably enhanced and

decreases the visible &action of y2 decays. As for de-
cays into real Higgs bosons, one should take into ac-

count that the ho mass increases with tan P at fixed m~o
[cf. Eqs. (A6)j. For this reason, in Table IV, lower val-
ues of m~o with respect to Table III have been chosen
to characterize scenarios with allowed and not-allowed

y2 —+ gib, ply decays. Here again, when permitted
by phase space, the two-body decay into Higgs bosons
almost saturates the BR.

As in the case tan P = 1.5, the detailed features of each
decay BR in Table IV can be understood by considering
the physical composition of neutralinos given in Table II,
for scenarios with tanP = 4.

TABLE IV. The same as in Table III, but for tan P = 4.

Scenario

Branching ratios (%) for Xo2 decays (tanP = 4)

(p, M2)/Mz m (—3, 1.1)

m~o (GeV) + Mz/2 Mz

97.9

(—1.5, 1.5)

Any

(2, 1.7) (3, 1.3)

98.6 99.8

Any

(-0.7, 3) (1, 3)

&43

+0~0

XOl~+~

Ee Xi&e&e

E gg XiQV

X, e+v, (v, )
—I

E(q,q') gg X] 'O'V

Xl~

0.2 70.1

0.2

0.6

65.6

0.6

1.4

1.4

19.1

0.4

1.7

0.2

12.3

55.6

7.4

18.9

62.6

1.0

6.1

0.2

2.6

16.1

53.1

2.6

15.4

All visible 99.8 29.9 99.4 100 98.6 100 44.4 81.1 83.9
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V TOTAL RATES FOR DIFFERENT y
SIGNATURES

Xi X2

4 I+vox+

4 /+vox

(5.1)

We will see that these cascade decays are relevant in re-
gions of the (p, Mq) plane where also chargino-pair pro-
duction can occur. By the way, the process (5.1) will
give rise, with twice the BR for yz ~ 8+8 + yl, to the
signature I+I' + P with a pair of leptons of different
flavors. We also notice once more that our choice of m, o
(which prevents pair production of sleptons at LEP 2),
hinders the two-body decay g2 ~ S& &/+. Nevertheless,
there are particular choices of SUSY parameters (e.g. ,
scenario A) that allow the X02 decay into a real charged
slepton that is too heavy to be pair produced at LEP
2. The same can happen with the y2 ~ vg I,vg, vg I,vg

channel, but not for y2 ~ qz„~q,ql. &q, since squarks are
generally much heavier than sleptons (cf. the Appendix).
This is also supported by the stronger limits found by
the Collider Detector at Fermilab (CDF) collaboration
on m~~ „,with respect to the LEP limits on mg [20].
Correspondingly, one can have situations in which the
leptonic decays almost saturate the y2 width. In partic-
ular, if only y2 ~ X&E+ is allowed, as in the scenario A

(IR is, in general, lighter thanj r, and vg r, ), the I+/ + g
signal is at least 25'PD of the total for each lepton fiavor.

(ii) 2j+ g, arising &om the decay X20 ~ qqX&. Our re-
sults are always summed up over five quark flavors (in the
massless-quark approximation). When allowed by phase
space, also the two-body decays y2 —+ y&h, y&A enter
this class, because of the subsequent h, , A + bb. In our
analysis, we will sum this contribution, when present, to
the direct two-jet signal.

(iii) p+ g, coming &om the one-loop decay x2 ~ xzp.

In this section, we will show results on total rates cor-
responding to difFerent signatures coming &om the pro-
cess e+e —+ yly2, with particular emphasis on the neu-
tralino regions. Various rates are obtained by multiplying
cross sections with BR's for difFerent decay channels of
X2 at fixed values of M2, p„ma, tanP, and m~a.

While yl always produces a large missing energy and
missing momentum signal in the final state, each y2 de-
cay channel contributes to a difFerent signature. The
most interesting signatures correspond to some visible
either leptonic or hadronic (less often mixed) signal con-
centrated in the opposite side with respect to the yz di-
rection. In our analysis, we neglect hadronization effects,
and, in general, we assume that each quark gives rise to
a jet in the final state.

We now proceed to listing all the possible signatures
corresponding to e e M +1+2

(i) E+E + g, coming, in general, &om X02 m X0&E+E

(E = e, p). The same signature, but with softer leptons,
is obtained for particular scenarios where cascade decays
of yz through a lighter yl are allowed:

(iv) 4j+ g. This arises &om the cascade decay X2 ~
xj~(M qlqI xy)q2q2 similarly to (5.1).

(v) 8+ + 2j+ g, still coming &om x2 cascade decays
x: x+, ( qq'x')~+ o x: x'( ~+ x')qq'

(vi) invisible. This arises &om channels that have only
neutrinos and y&'s in the final state, that is yz ~ vgvgyz.
Of course, this is the least interesting signature, which,
at LEP 2, can be seen only if there is some d.etected
radiation emitted &om the initial state. This case is dis-
favored due to both a lower cross section corresponding
to the initial state photon radiation and a smaller efFec-
tive c.m. energy left for the yzyz production. The latter
effect takes the available parameter space back to the
region covered by chargino search.

(vii) v+7 + P. Most of the time, this signal arises
&om the direct decay yz ~ &+7 yz, analogously to the
events of class (i) above. A non-negligible contribution
to this channel comes also &om direct decays yz —+ ylh,
A&A when allowed by phase space. Tau production gives
rise to various signatures, where, in general, the visible
energy is lower than for previous cases because of the
presence of at least two neutrinos in the final state. One
can have a E+E~'~ + P signature, with a BR of about
12%, hadrons +g with a 41'Fo probability, and, in the re-
maining cases, I++ hadrons +g. In the following anal-
ysis, we will keep separate the contributions to hadronic
and (e-p) leptonic signals coming &om w decays &om the
main ones described in classes (i)—(v).

One should. keep in mind that, in order to get a de-
tectable signal arising &om the above decay channels,
the mass difFerence between y2 and yz must be sizeable.
Indeed, jets, leptons, and photons should have enough
visible energy. We have checked that this condition is,
in general, fulfilled in the region of the SUSY parameter
space not excluded by LEP 1. A few exceptions occur in
very limited regions for tanP 1. This aspect can be
more dramatic for jets and/or leptons arising from x2 cas-
cade decays through a light chargino. In this case, at least
one of the two differences (m-0 —m-+) and (m-+ —m-0)

XQ Xl X1
should be sizeable. We will explicitly show unfavorable
regions (which, in most cases, do not overlap with the
parameter space explorable at LEP 2) in the following
discussion.

In Figs. 14, 15, and 16, we show the contour plots in
the (p, M2) plane for total rates (in fb) corresponding
to signatures (i)—(iii), coming &om direct (and, if rele-
vant, &om cascade) X2 decays when X02 two-body decays
into Higgs bosons are not allowed. We set ~s = 190
GeV, m0 ——Mz, and tanP = 1.5. The precise value
of m~0 ——3Mz, besides pushing Higgs boson masses
above threshold for y2 —+ y&h, A&A, is relevant for the
sing]e-photon signal, since charged Higgs bosons enter
into loops for the radiative X2 ~ Xzp decay (larger m~+
gives higher rates for this signal, cf. Table III). With an
integrated luminosity of 500 pb, it is straightforward
to get the expected number of events at LEP 2 by halving
the numbers shown in the figures.

The thick bold line in Figs. 14, 15, and 16 binds the
small area, where (m-0 —m-0) ( 10 GeV. This may help
in selecting regions where the final particles are actually
visible in all direct d.ecays.
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FIG. 14. Contour plot for the rate (in fb) of
e+e —+ yiy2 ~ e+e + g events at LEP 2 (~s = 190
GeV), in the case tan P = 1.5, mo = mAo/3 = M~. Bold
curves show kinematical limits for production of yi yi (label
"C") and of yiy2 (label "N"). The shaded area represents
the region excluded by LEP 1 data. The thick bold line binds
the region where (m-o —m-o) ( 10 GeV.

XQ X1

As for the e+e + g signal, we can note in Fig. 14 that
in the NR+ one gets up to 60 fb (equivalent to 30 events),
mainly because of the presence of a light selectron, while
in the NR+, rates reach at most 20 fb. Comparable rates
are obtained in the high cross section regions HCS+ be-
cause of the dominance of Z channels, which keep the

e'a (to 2,2~ (to 2)N(tu omfua p&e) tgp=1. 5 f

:1 pi 10:

2.5

0.5

m, =M,

0 —4

M(A') = 3M, / /Mz

3 4

~

&s = 190 GeV

FIG. 15. Contour plot for the rate (in fb) of
e+e ~ yips —+ 2 jets +g events. Notations and param-
eter values are the same as for Fig. 14.

FIG. 16. Contour plot for the rate (in fb) of
+ -0 -0e e —+ yiy2 ~ p + g events. Notations and parameter

values are the same as for Fig. 14.

relevant leptonic y2-decay BR's down to values of the
order of B(Zo -+ e+e ).

A much less favorable situation is found for the 2j + g
signature for the same set of parameters. In Fig. 15, we
can see that in most of the neutralino regions the rate
for this signal is too low to be detected at LEP 2. In
particular for ~p~ ) 2Mz in the NR's, one finds less than
5 fb, while some signal can be detected in the NR+ for
—2Mz ( p & Mz. In this region, where Z -channel yz
decays (which are not depressed by squark masses) are
important because of the quite large Higgsino component
of yz (cf. Table I) rates up to 100 fb can be reached.
Di8'erently &om the leptonic signature of Fig. 14, in the
HCS regions the large value of B(Zo -+ qq) gives rise to
total rates of the order of 1 pb.

In Fig. 16, the single photon rate coming &om y
«P ~

2

yzp cs shown. No signal is obtained for p ) 0, while in
the p & 0 half-plane one can reach at most about 100 fb
in the region covered by the chargino search. Restricting
ourselves to the NR+, rates up to about 50 fb are found
in the area close to 2p = —Mz, just on the edge of the
chargino-pair-production region. Unfortunately, in the
regions where the rate for the p+ g signal exceeds 50 fb,
the emitted photon is likely to be quite soft, due to the
sxnall difference between neutralino masses ( g 10 GeV,
see the thick bold line in Fig. 16). In the HCS regions,
some signal is found only for p & 0 and very large M2
values.

The total rate coming &om all visible yz-decay chan-
nels (including cascade decays, see below) is reported in
Fig. 17, where the same set of SUSY parameters as for
Figs. 14—16 has been chosen. By comparing this Ggure
with Fig. 9 for total cross section, one can also assess
rates from invisible y2o decays, which for tan P = 1.5 are
typically 10—20 % of the total.



52 NEUTRALINO PRODUCTION AS A SUSY DISCOVERY. . . 3913

4

@ g g~e QP& (i'~e @0~'ggg @go) (qP= 1 . 5

3.5

2.5

I

I
1

r
I
I

I
I

1

1
e

1.5

C

.) 00

0.5
500

—2 —1

I m, = M, / M(&') = 3M, / p./M,

3 4

&s = 190 GeV J
FIG. 17. Contour plot for the total rate (in fb) of visible

events coming from yzyz production at LEP 2. Notations
and parameter values are the same as for Fig. 14.

The eR'ect on the hadronic signal of assuming a lighter
Higgs spectrum and, in particular, of allowing the decay
y2 —+ h yz is shown in Fig. 18, which gives the 2j+ g
rates for m~e = M~ (the values of remaining parameters
are the same as for Fig. 15). By comparing Figs. 18 and
15, one finds a remarkable enhancement of the hadronic
signal in the (p, , M2) parameter space, where the yo2-y~z

mass di6'erence is larger than mp, o. This mainly happens
for p & —Mz in the neutrahno regions. Hence, the bulk

of the leptonic signal in the NR+ is substituted by the
two-jet signal (where the two jets are predominantly b

quark jets coming from h —+ bb).
The rate for 4j + g arising from the cascade decay

Zz ~ Z+, (~ pzp~Z~)p2pz is shown in Fig. 19, for rno ——

M~ and tan P = 1.5. The heavy Higgs case is considered
(m~e = 3M~). One can see that a considerable signal is
found for positive p, , but not in regions not covered by
direct chargino search. In the area not excluded by LEP
1, one gets rates up to about 200 fb.

In Fig. 19, outside the bold dashed line, one has (rn-e-
m„-~)( 10 GeV, while the region where (m ~ —m-e) (
10 GeV is completely contained in the area excluded by
LEP 1. Therefore, one can hope to have a visible four-jet
signal in most of the large-rate region, while at least two

jets should be always detectable. An analogous conclu-
sion applies to the other cascade-decay signatures.

The mixed semileptonic signature e++2j+g, still com-

ing from y2 cascade decays mediated by a light chargino,
is studied in Fig. 20, for the same set of mo, m~0 and
tan P values. Rates refer to a positron in the final state
and must be doubled when summing up over lepton
charges. The picture in the (p, M2) plane is similar to
the previous 4j +g one, with lower rates mainly due to
the single leptonic Qavor considered. A similar behavior
is also found for the e+p +g rates, which are, however,
further reduced and at the edge of detectability.

Up to now, we considered the case tanP = 1.5. In-
creasing the tang value, in general, makes the situation
worse because of the combined effects of the shift of the
NR area (that for the larger tan P value tends to be more
symmetric with respect to the inversion of the p sign)
and of the reduction of yz BR's for visible decays. In
Fig. 21, the rates for the total visible signal are shown

O'~5 (tO. 2,2~ iae 2)ale+mm$eu P&h)) (gP=1.5 )
8 CI li'Oo N&Z& RQo 4 JQ!iÃ 41K'iiOO PS|i t g P = 1.5 f
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FIG. 18. Contour plot for the rate (in fb) of
e+e ~ y~X2 —+ 2 jets +g events at LEP 2 (~s = 190
GeV), in the case tanP = 1.5 and me ——mzo = Ms.

FIG. 19. Contour plot for the rate (in fb) of
e e ~ y~y~ -+ four jets +g at LEP 2 (~s = 190 GeV), in
the case tan P = 1.5, mo = Mz, and mzo = 3Ms. Inside the
bold dashed line, one has (m-o —m + ) ) 10 GeV.
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FIG. 22. Contour plot for the total rate (in fb) of visible
events coming from y~y2 at LEP 2 (~s = 190 GeV), in the
case tan P = 30, mo = Mz, and mzo = 3Mz.

for mp = Mz, m~o = MzI and tanP = 4. The rela-
tively light m~o in this case does not give rise to direct
y2 ~ y&h decays because of the strong dependence of
m~o on tanP (cf. Table IV). One can see that the neu-
tralino region rates are lower than for tanP = 1.5 (cf.
Fig. 17).

This trend is followed even for higher values of tanP.
For instance, in Fig. 22, the visible signal for tanP = 30
and mp = M/ is shown. Here, the visible rate is greater

than about 100 fb only outside the neutralino regions.
The same pattern is observed for the e+e + g and two
jets +g rates. As for the p + g signal, its cross sec-
tion never exceeds a few fb's outside the region covered
by LEP 1, while rates for the four jets +g cascade de-
cay (which are similar to the e++ 2 jets +g ones) are
shown in Fig. 23. As for the detectability of jets, lep-
tons, and photons at high tanP, we have checked that,
for tan P & 4, neutralino- and chargino-mass differences
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FIG. 21. Contour plot for the total rate (in fb) of visible
events coming from y~y2 at LEP 2 (~s = 190 GeV), in the
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FIG. 23. Contour plot for the rate (in fb) of
e+e ~ y4yz ~ four jets +g at LEP 2 (~s = 190 GeV), in
the case tanP = 30, mo ——Mz, and m~o = 3Mz.
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TABLE V. Total rates (in fb) corresponding to different signatures arising from yips production
at LEP 2 (~s = 190 GeV) in the six significant scenarios with tanP = 1.5 defined in Sec. III.
Sfermion masses are 6xed by mo ——Mz and the indicated value of m~o sets the Higgs spectrum.

Scenario

Rates (fb) for e+e ~ yiy2 ~ final state (t.~P = 1.5)

0.9 39.0 14.6

0.3

(P~ M2)/Mz m (—3~ 1) (—1~ 1) (—1~ 1.5) (3~ 1 5) (—0.7~ 3)

mAO (GeV) ~ Mz 3Mz Mz 3Mz Mz 3Mz + 75 & 27

e+e 3.1 3.1 8.0 7.8 55.5

P +4 3.6 4.6

(1, 3)

M, /2

31.3 39.7

Invisible

~+~

2j +g
bb +g

e++2j +g
4j +g
p+@

All visible

6.9 39.0 3.1 3.1 8.0 7.8

136.9 0.7 91.2 90.0 41.8 40.9

14.6

1.0

133.5 18.5 18.2 8.9 8.7 0.3

0.1

0.3 4.3 5.8 4.8 6.4

145.7 118.0 104.9 105.0 70.7 70.9 44.9

0.7 28.4 7.8 7.7 10.2 10.0 11.2 335.2 168.9 214.2

55.5 31.9 39.7

2.0

11.6

21.5 27.2

127.5 161.7

1318 1231 1186

1120 858.9 714.2

246.0 419.3 156.9

are always sufhcient to provide enough energy to the final
particles in regions relevant at LEP 2.

Finally, in Tables V and VI total rates corresponding
to all possible signatures coming &om e+e —+ ='&yz at
LEP 2 are shown for the scenarios defined above with
tanP = 1.5 and tanP = 4, respectively. Note that in
these tables the rates relative to each signature include
all possible contributions. For instance, v+w + g in-

eludes both the direct y2 —+ w+v. yz decay and the two
processes y2 ~ ho, A (~ w+r )yi and y~ ~ yi (~
'T v~)r+v~gi.

We now make some comments on specific neutralino-
region scenarios. In scenario A, for heavy Higgs bosons,
one has a considerable leptonic signal, corresponding to
about 40 e+e, p+p +g events for 500 pb . For light
Higgs bosons, this is replaced by an even larger hadronic

TABLE VI. The same as in Table V, but for tan P = 4.

Scenario

Rates (fb) for e+e -+ yips ~ final state (tan p = 4)

(p, , M, )/Mz + (—3, 1.1)

mAO (GeV) + Mz/2 Mz

e+e 9.7
e+p +g

(—1.5, 1.5)

Any

4.5 8.6 10.9

(2, 1.7) (3, 1.3)

Mz/2 Mz Mz/2 Mz Any

53.4

1.9
37.3

3.8

(-0.7, 3) (1, 3)
&43

Invisible

~+~

2j +g
bb +g

e++2j +g
4j +g
p+@

All visible

0.2 77.9

4.8 9.7

106.1 3.8

105.9 0.7

0.2

110.9 33.2

0.3

4.5

26.6

5.8

0.2

40.4

0.5 49.3 319.6 210.5

1.4 8.6 3.9 10.9

32.3 6.4 84.8 6.6

32.2 1.5 84.6 1.6

53.4 37.3

1057 693.4

232.0 152.2

0.1

0.3

11.5
68.3

2.8

22.5

0.1

33.7 33.3 88.7 39.4 1369 1097
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(bb+ g) signal. In scenario B, independently &om Higgs
bosons, the bulk of the total visible signal (which is about
105 fb) comes &om the hadronic signature, mostly due
to light quarks. Rather lower rates correspond to sce-
nario C, where again most of the signal corresponds to
hadronic final states. Even lower rates correspond to sce-
nario D, where all the visible signal (about 45 fb) comes
&om charged lepton pairs. As for the single-photon sig-
nal, we find at must a few fb's in NR+.

A less favorable situation is found for the neutralino
region scenarios with tan P = 4 (Table VI). Here, unless
Higgs bosons are light enough to allow direct two-body
decays, total visible rates never exceed 40 fb. For light
Higgs bosons, one can reach, in scenario E, a total visible
signal of about 111 fb.

As for the high cross-section regions, while the bulk
of visible rates corresponds to two jets +g signal, there
are non-negligible rates even for more interesting signa-
tures coming &om cascade yz decays into charginos. For
instance, in the H+ scenario for tanP = 1.5, one finds
about 162 fb for the signal four jets +g and about 109
fb (4 x 27.2) for the signal e+ (p+) + 2j + g.

In the first phase of running at LEP 2, the c.m. energy
will be slightly lower (i.e., ~s = 175 GeV) than the one
assumed here. Small differences are expected in this case.
The general trend of variation can be inferred by compar-
ing Fig. 17, at ~s = 190 GeV, with Fig. 24, at ~s = 175
GeV, for the visible cross section. On the one hand,
there is a small reduction of the explorable region in the
SUSY parameter space because of the smaller available
phase space at vZs = 175 GeV (cf. Fig. 13). As a conse-
quence, one can observe that the relative importance of
the neutralino region with respect to the chargino region
is slightly increased. On the other hand, in HCS regions,

where s-channel Z exchange dominates, cross sections
generally grow by about 20%%uo at ~s = 175 GeV.

In conclusion, we have found that neutralino produc-
tion through the channel e+e ~ yzy2 can consider-
ably extend the MSSM parameter space explorable at
LEP 2. Although neutralino cross sections are compa-
rable to chargino-pair production rates only in the high
cross-section regions, where neutralinos are mostly Hig-
gsinos, the most interesting parameter regions are what
we named neutralino regions, where chargino-pair pro-
duction is above threshold. In the neutralino regions,
total rates for neutralino production crucially depend on
selectron masses. Sizable rates are obtained mainly in
the NR for tanP not too far from 1 and for mo g 200—
300 GeV. Depending on the particular scenario selected
in the parameter space, the best channel for neutralino
detection can be either a leptonic or a hadronic one.

Of course, in order to fully assess the potential of neu-
tralino searches as a tool to discover SUSY at LEP 2, a
comparative study of the SM processes that can mimic
the neutralino signal has to be performed. This will nec-
essarily take into account also distributions of relevant
kinematical variables, such as missing momenta and in-
variant mass of detected leptonic and hadronic systems.

ACKNOW LEDC MENTS

Interesting discussions with Guido Altarelli, Gian
Giudice, Howie Haber, Stavros Katsanevas, and Fabio
Zwirner are gratefully acknowledged.

APPENDIX

IS '

I

I
t

I
I

I
I

I

'1'

1

t
I

I

I

I

3.5

3

2.5

Il Q 1lOo 2 2& 11'Oo VP@go3(S pQo$
~

tgp —'l .5 )
4

2 . -2 2 2m- = m~+m) +MD,fl. , a (A1)

In this appendix we collect all relevant formulas we use
to calculate sfermion- and Higgs-boson-mass spectrum in
the &amework of the MSSM with unification assumptions
at the GUT scale. The neutralino and chargino sector of
the model is treated in Sec. II.

For sfermion masses, once the value of mo is fixed at
the GUT scale, one finds, by performing the RGE evolu-
tion down to the EW scale [21,22]

1.5

5oo
0.5

oo

where my is the mass of the generic sfermion fL, R
and m~, my are the corresponding evolved soft SUSY-
breaking mass and fermion mass, respectively. We will
name mg(1. ) the soft mass for left squarks (sleptons) and
mU„...~„the soft masses for right squarks and charged
leptons. In Eq. (Al), M~~ is the so-called "D term, "

M~ —(Ts y~ a —Qy~ „sinew )M& cos 2P,
0 —4

oo, = M,JI M(A') = 5M, / /Mz
~

v's = 175 GeV

FIG. 24. Contour plot for the total rate (in fb) of visible
events coming from yzyz production at the first phase of LEP
2 (~s = 175 GeV).

where Ts y and Qy are the SU(2)1, and U(1),~ (in units
of e ) 0) quantum numbers of the fermion f For.
the soft masses of the first two generations, Yukawa-
coupling effects can be neglected, and simple formulas
hold. Indeed, they can be expressed, as functions of the
scale Q and in terms of the common scalar and gaugino
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masses mo and miy2 at the GUT scale MGUT (where

nl(MGUT) = n2(MGUT) n3(MGUT) nGUT —23))
through the equations

mL (t) = mo + m', ]2
—f2(t) + —fi(t), (A2a)

b; =
(b, )

b2

I,b)
+NHiggs

)oq
—6 +Ng 2

E-9 i &2)
( 3/1o )

1/2
o )

(A4)

- 2 2 2 O'GUT 6
m&„(t)= mo + mi&2 fi(t—)

m&(t) = mo + m, (2
—f3(t) +. —f2(t)
8 3

4m 3 2

(A2b) where Ng ——3 is the number of matter supermultiplets
and NH;gg, ——2 the number of Higgs doublets in the
minimal SUSY. Since in the present analysis we use M2 at
the EW scale as an independent parameter in the gaugino
sector, we need also the one-loop RGE relation

1+ fi(t)30 (A2c)
n» 3(Mz)

M1,2, 3 (Mz)
O'GUT

m& (t) = mo + mi&2 —f3(t) + fi(t—), (A2d)

~ M3(Mz) = n3(Mz)
n2 Mz

) M, (M.)n, (Mz)
(A5)

mD„(t)= mo + m',
&2

—f, (t) + —f,(t), (A2e)

where f;(t) are RGE coefficients at the scale Q, given by

f, (t) = —
~

1 — ~, i=1,2, 3,1+;t 'y ' (A3a)

b,.p;= nGUT, 1=1,2, 3,
4m

(A3b)

t =log GUT (A3c)

In Eq. (A3b), bi 2 3 control the evolution of U(1), SU(2),
and SU(3) gauge couplings at the one-loop level. Assuni-
ing for simplicity that the whole MSSM particle content
contributes to the evolution from Q Mz up to MGUT,
they are

which allows us to express mq/2 in terms of M2 in
Eqs. (A2) and froni which, in particular, Eq. (2.3) fol-
lows. In order to properly evaluate the sfermion spec-
trum through (A2), we adopt a recursive procedure (see,
e.g. , Refs. [1,23]). First, for any fixed values of mo
and M2, we calculate zeroth order sfermion masses m-
for Q = Mz., then we use these values as an input in
Eqs. (A2) (i.e., with Q = mo in the corresponding equa-

tion for m~), in order to get out the first order m-asses,
and so on. After a few iterations we obtain fast conver-
gence. In this way, a sufhcient agreement with more so-
phisticated SUSY-spectruni calculations (see, e.g. , Ref.
[1]) is found. In all our analysis, we neglect both Yukawa-
coupling eKects in diagonal soft masses and left-right
mixing for the third generation of sfermions.

Concerning the SUSY-Higgs sector, starting &om the
two independent parameters m~o and tan P, we calculate
masses from the relations [24]

(m~o ho) = mao + Mz +
2 2 2m~p ——m~o + M~,

(m~, —Mz) cos 2P + b, + (m~, + Mz) sin 2P,

(A6)

where

3 g2m4 t' m,'-
in 1+8~2 M~2 sin P ( mq )

(A6a)

Equations (A6) take into account only the doininant coiitributions coming from top-quark/top-squark loops, and we
use it under the further assumptions m~ „=m„-~~ and no tI,-t~ mixing. All the above simpli6cations allow us to
avoid the introduction of other SUSY parameters as AGUT [or Az(Mz)] and BGUT, without seriously afFecting our
results.
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