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In this nate we briefly survey the current status ,o.f. the· SUSY 
parameter space. This note is written as ':-.;t su'ppor~ing .d,Afuri}~n t of 
the repo.rt CDF/PUB/EXOTIC/CDFR/1491 entitled ':,.$earch far the 
Radiative Decay o.f Neutralino.s Pro.duced in .Pro.ton. Antipro.ton 

. Co.llisio.ns at Ys = 1.8 Te V "I) by refering to. the 'exisilng 
pheno.meno.lo.gical analyses2.4 ). 

The experimental data concerned here ,are the results of the search 
far supersymmetric (SUSY) particles mad.~ at mainly ' LEP5 ,6) and 
Tevatro.n l ,7) altho.ugh many useful results have been . accumulated at " 

" .). 

ather co.llider experiments. The SUSY made I to. · be . compared with th'e ' 
experiment at present is a minimal supersymmetric exte.~sion of th~;~; ' 
standard mo.del which is ' called the MSSM. The MSStvI. i~ ~ '. two.-Higg't;' 
do.ublet madel, which po.ssesses, in the Higgs secto.r, .. five physical ' .. 
Higgs bo.so.ns: a charged pair (H±); two. neutral .. CP-ev'~n scijars (hO ,. 
and HO); and a neutral CP-o.dd scalar ( A 0), .often cailed a . 
pseudoscalar. Here mHo> mho by convention. 

1.) Particle Masses in the MSSM 

a) The mass o.f charged Higgs bo.so.ns 
Dedicated searches have been perfo.rmed in ZO decays 10. H+ H ' , in 

purely lepto.nic final states, purely hadro.nic final states . 'a,,<f:i!/°'rIflkWd 

final states, Lo.wer mass limits an charged Higgs bo.S9n;.,,,"wj\hin" iillfOj
, 

MSSM) are shawn in Table 1. '.. , ... .. "?'" 

b) The mass o.f neutral Higgs bo.so.ns 
Lo.wer mass limits o.f hO and A 0 ha~e .·,been o.btained ..from direct 

.• ' . I ••. ~ 

searches in the pro.cesses ZO .... hOZ' and .ZO .... . h.qA O . an<\. , fro~ the ZO 
width measuremenl. The results valid in the :(r~mewo.r~ o.f the 
MSSM are shawn in Table I. 
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c) The mass of scalar leptons 
Non-observation of a significant number of events with acoplanar 

leptons of the ·same flavor at e+e- colliders yields lower limits on the 
masses of charged scalar leptons that are almost equal to the beam 
energy which is about Mz/2 for LEP experiments. A lower mass limit 
on the sneutrinos has been obtained from the measurement of the ZO 
invisible width. ( Table I) 

In the MSSM the masses and couplings of the charginos Xi± (i = 1_2) 

and neutralinos Xi (i = 1_4) are determined by four parameters MI . 
M2.11 and tan~ = v2ivl. where MI and M2 are the U(I) and SU(2) 
gaugino masses. IJ. is the supersymmetric mass term which mixes the 
two Higgs superfields. and V2 and v I are the vacuum expectation 
values of the two Higgs doublets with Y = +1 and -I. respectively. MI 
and M2 are related as will be discussed later. Charginos X I ± and X2± 
are the m~s eigen _states of the charge~ winos V;± and the charged 

higgsinos HI + and H2 -. The four neutralinos are the mass states of 

the linear combinations of the ne~tral ..... gauginos: the photino Y and the 
zino z; and the neutral higgsinos: HIO. H20. 

d) The mass of Charginos 
The final state topology studied in this case is an acoplanar pair of 

leptons, an isolated lepton and missing energy in a hadronic event, or 
an acoplanar pair of jets. Non-observation of these events translates 
into a bound mXI± > 45 GeV/c2 (Table I) • which is valid for all MSSM 
parameters assuming that the chargino only decays to the LSP such 

as X± --> fiX I. ( The LSP is the lightest supersymmetric particle. which 

is assumed to be X I from mainly a cosmological point of view.) 

e) The mass of Neutralinos 
The LEP experiments have searched for neutralinos produced via 

ZO --> XIXj G = 2. 3). and Xlj by looking for monojets and for 
acoplanar lepton or jet pairs. No observed events were turned into 

the limits on ZXIXj and ZXjXj couplings. The limit on ZXIXI coupling is 
set from the ZO invisible width. These results also lead to the lower 

limits on the masses of X 1 and 12 as a function of tan~ as shown in 
Fig. 1.5.6) 
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Also the signal of Xj .... XtY was examined at LEP. The radiative 
decay of a neutralino is also the process studied at CDFt). The 
difference in between the experiments with electron colliders and 
hadron colliders is as follows . Electron collider experiments look at 
BR( ZO .... XjXI) x BR(Xj .... XIY) ' whereas hadron collider experiments 

look at BR(S .... qCiXj) x BR(Xj -->XIY) or BR(q -> qXj) x BR(Xj .... XIY) and 

so on. In the case of LEP experiments the mass of X j is limited to be 
about a half of ZO mass, whereas in the case of Tevatron experiments 
there is essentially no limit on the ,X;j (X2) mass. In fact, fora set of ~ 

= -40 GeV and tan~ = 1.5 used in Ref.l the mass of X2 is given to be 
heavier than 47 GeV/c2 by ISASUSY program7). (Of course other . 
necessary parameters are also fixed, b,ut the effect to the X2 mas( i~ " 

" small.) At the same time the mass of Xl is given when a set of . ' . . ' ~. , .'r1 
parameters ( ~, tan~, mg) is fixed. 

f) The mass of the squark and gluino 
Naturally the highest lower mass limits of the squark and gluipo.", 

are obtained from the CDF group. The limits from the study8.l of', ' 
multi-jets plus missing ET are 126 GeV/c2 for the squarks and!:141 
GeV/c2 for the gluino. After taking inio account the possible r;'~.cade . ,.l. 
decays of the squarks and gluino the asymptotic mass limit of'""" , 
squarks becomes about 100 GeV/c2 for ~ = -250 GeV and tan~ F 2:.: ·' 
The asymptotic mass limit of gluino can not be set for this set 0C~' 

parameters because the LSP becomes too heavy and the 0""., : . 
corresponding branching fraction of the gluino decay to the LSP is 
small. 

On the other hand, in the case of Ref.l the production rate of X2 
through the decays of squarks and/or gluino becomes large as 
increasing mass of these parent particles, keeping the radiative 

decay rate for X2 to be appreciable at a certain set of (~. tan~) . . ,J~~,. r 
is the main reason why the the study of neutralino radiative }~~. ~.1 
can give asymptotic mass limits even including the cascade d~F.t!t:;.;· ·~ 
effect. It is to be noted that the asymptotic mass limit on the ' gfiiini'r' 
obtained here is the direct measurement ( though it depends on 
assumptions as described in Ref.!), not the one extracted from a 
lower mass limit on the chargino and so on as is seen in Ref. ~f~~-it!pdv: :" 
shown in Table 1). The last column denoted" Theory4)" in T¥R!!illLJ,~ 
the mass limits of particles in the gaugino-higgsino sector extracted ". 
from the presently existing experimetal data by Hidaka4). This ... 
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analysis was possible due to a new CDF limit on the gluino mass (i.e. , 
ISO GeV/c2, uncorrected for the cascade decay effect, reported as 
preliminary result elsewhere) in addition to the LEP data. 

2) Constraints on the SUSY Parameter Space 

Three parameters tan~, ~ and mg< as one of the gaugino masses) 
are essential for the physics of charginos and neutralinos. These 
three parameters plus the masses of squarks, sleptons, top quark and 
charged-Higgs-bosons are the basic parameters of the MSSM which 
determine all the physics and enter into the ISASUSY program7), for 
exa~ple, as input parameters. 

a) The range of tan~ 
Since the vacuum expectation values vi and v2 may be taken to 

be real and positive we can restrict the range of ~ to be 0" ~ "1t/2, 
then tan~ > O. Usaually tan~ is expected to lie in I < tan~ < 10 _100 
depending on the mass of top quark. ( It is however noted that the 
recent proton-decay constraint9) favors a small tan~, say" 1.0 GeV.) 

The range 0.63 < tan~ < 1.6 is once excluded by the MSSM Higgs 
search of ALEPH, but large radiative corrections to the mass of the 
lightest Higgs boson with a heavy top quark mass invalidates this 
bound, resulting in no bound on it ,10) 

b) The range of ~ 
The higgsino mixing mass term ~ in the superpotential can be both 

negative or positive when the SU(2) gaugino mass M2 is chosen to be 
positive by convention) Perhaps this customary choise may be 
needed a further explanation as follows. After the gaugino mass M2 
is chosen to be real and positive in the gaugino-higgsino sector there 

remains two-fold sign ambiguities for the product of ~·tan~ which 
can be either positive or negative. Since we chose tan~ to be positive 
as above the sign of ~ can be both positive or negative. 

Since the observable physics are determined by a combined set of 
parameters (~, tan~, rug) the range of ~ is not independently 
constrained. Experiments at e+e- colliders usauaUy give a three 
dimensional bound in (~- m 1) plane or (~- M2) plane with parameter 

tan~. The electron collider experiments can not directly give a limit 
on the gluino mass. However, since there is a relation between the 
mass of the gluino and photino at the grand unification scale the 

4 



bound in (1'- my) plane is often translated into (1'- mg) plane with 
using the following GUT relations. 

By assuming the equality of gaugino masses at the GUT scale and 
solving renormalization group equation the relation between the 
three masses at low energy is given as follows 2, 11). 

(I) 

,where (Ii ; gi2/4" (i ; 1,2,3) and gl ,2,3 are the gauge couplings of 
U(I), SU(2) and SU(3) gauge groups, respectively. Using an 

appropriate chaise of numerical values for (Xl' cx2 and "3 at the 

electroweak scale and with using another GUT 'assumption M3 = Mg ( 
i.e., the color symmetry is not broken) we get2) 

(2) 

On the other hand since the photino parameter is a mixture of 
SU(2) and U( I) gauginos, its mass is related to that of gluino by the 
following 4): 

- 5.76 Mr. (3 ) 

This is the relation that one usually uses to extract a lower mass 
limit on the photino parameter (sometimes assumed to be a main 
component of the LSP ) from a lower mass limit on the gluino. 

Figure 2 and 3 show contours of the parameters which indicate the 
presently excluded regions for various sets of (mg, 1', tan~).12) The 
region excluded by CDF1) for tan~ ; 1.5 is shown In Fig. 4, which is 
based on the data in Table I of Ref. 1( Table 2 in this report). We see 
that this bound extends slightly the excluded region set by LEP. 
Most of other sets of parameters fall into the LEP region. This is due 
to the fact that the branching ratio for Xj -+ X11 decreases with 
increasing II'I and tan~l3) . 

As we see above, the chaise of ( ~, tanp. mg) imposes severe 
restrictions for the physics within the MSSM. Once proposed 
interesting process is a channel of high ET ZO plus missing ET 14) 
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The process is due to the decay of a heavy neutralino (X4 or X3) into 

zo and Xl' We have checked using ISASUSY program that the 

prominent production rate is limited only in the small Jl region where 

the LEP experiments have already excluded. (It seems however to 
be interesting to check whether there is an excess in the ET 

distribution of ZO 'so If we have some events with high missing ET 
and no explanation other than the SUSY. the simple version of the 
MSSM might be in a big trouble with an inconsistent interrelation 
between LEP and Tevatron data. ) 

We may reach about 200 GeV/c2 of the gluino mass with an 
integrated luminosity of 100 pb- 1. However the masses of squarks 
and gluino accessible at the Tevatron are far low compared to those 
expected as " upper limits " on such sparticie masses; Le., around 1 
Te V /c2 at which the standard model description is considered to 
break down. There is however one channel which does not depend 
on the heavy squark and gluino in production. That is direct 
associated production of charginos and 'neutralinos via s-chanell W 
(or off-shell W*) exchange. The resulting signal is triple-lepton, 
whose production rate is appreciable with the present luminosity 
and relatively background free.l S) This process is open for a wide 
range of the parameter space, even beyond the reach of LEP200. 

These are some examples of the feature that we concern with the 
MSSM. 

Perhaps it should be noted that the MSSM is not the only SUSY 
model. It is known that the SUSY phenomenology is largely changed 
in even slight extension of the MSSM. However it is often said that 
the MSSM should be treated as the first and necessary step to 
explore the SUSY models. 

We thank H. Haber, K. Hagiwara, X. Tata and R. Settles (ALEPH 
group) for their useful conversations. 
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Figure Captions 

Fig. I (a), (b) : Lower mass limits for the masses of X I and X2 as a 
function of tanp from ALEPH5 ). (c) : The same from DELPHI6) and 

L36). X' in Fig. I(b) means a neuttalino heavier than XI' 
, 

Fig. 2 Region of ~ vs mg plane excluded due to LEP searches.13) 

Fig. 3 Region of ~ vs mg plane excluded due to LEP searches for 
various allowed values of tanp .13 ) 

Fig. 4 Region of ~ vs mg plane excluded due to CDF experiment\) for 
tanp =1.5 shtl",n by solid circles . The solid curve indicates the 
contour of mX l± = 45 GeV/c2. The dashed curve is derived from the 
zO width measurement and the dotted curve is from the 000-

observation of neutralinos at LEP . 
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Table I Lower Mass Limits on the MSSM Panicles 

ALEPH(91)5) LEP(92)6) CDF Theory4) 

HO Higgs 51.0 
Hi 41.7 45 .2(DELPID) 

44.5(L3) 
hO 41 43 (ALEPH) 

42(L3,DELPID) 
AO 20 21 -v 41.1 

--e ~ 45.1 
- 45.0 t 

Xli 45 .2 
X2± 99 
Xl 13 (at tan~= 2) 18.4 

X2 40 (at tan~= 2) 45 

X3 70 
X4 108 
q 45 100(·) 

1l0(b) 
g 100(c) 132 

140(b) 

Note : 
I The mass is in Ge V Ic2 units. 

(a) at mg = 410, ~= -250 and tan~ = 2, (Ref. 8 ). 
(b) at mg= 4000, ~= -40 and tan~ = 1.5 (Ref. I). 
(c) at m;j = 5000, ~= -250 and tan~ = 2 (Ref. 8 ). 

(d) at m;j = 4000, ~ = -40 and tan~ = 1.5 (Ref. I ) 
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Table 2. Asymptotic lower mass limits on the squarks and 
gluino for six different sets of SUSY parameters (~ . tan~ ) given in Ref. 
1. (NL) means that no limit can be set. l ) 

~ = -40 GeV/c2 

~ = ·60 GeV/c2 

tan~ = 1.5 

mq= 110 GeV/c2 

mg = 140 GeV/c2 

mq= (NL) 

mg = lOS GeV/c2 

~ = -80 GeV/c2 mq = (NL) 
mg = (NL) 

9 

tan~ = 4.0 

TIlq-= (NL) 
mg = 113 GeV/c2 

mq = (NL) 

mg = 97 GeV/c2 

mq = (NL) 

mg = 78 GeV/c2 
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