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1. INTRODUCTION

Supersymmetry refers to the symmetry between bosons and
fermionsl). The study of supersymmetry has theoretical, but not
experimental, motivation, and it is not possible to judge at present
whether it will eventually be a useful concept in particle physicsz).
Nevertheless, it is interesting because it introduces a very large
number of new particles. In this talk, we give a summary of the
recent results from a heroic effort at PEP and PETRA to search for
supersymmetry particles.

The Standard Modela)

SU(3) x SU(2) % U(l), describes successfully the strong, weak, and

, a gauge theory based on

electromagnetic interactions. Only the spin-zero Higgs boson, which
is needed for spontanecus symmetry breaking in the Standard Model,

has not been found so far. As a framework of discussion, we shall

4,5)

therefore use supersymmetric version of the Standard Mcdel More



precisely, we shall use N=1 supersymmetry, which means that there 13
only one set of supersymmetry generators. Thus in N=1 supersymmetry,
there is for example just one supersymmetric partner, the winc, ﬁt,
for the w: boson of weak interactions., However, in order for the
supersymmetric version to be consistent, the Standard Model has to be
modified to contain at least two Higgs doyblets, leading to five
physical Higgs, three neutral and two charged ones (H+ and H ).

Their supersymmetric partners are called neutral and charged

higgsinos. The resulting list of particles is shown in Table 1.

While the supersymmetric version of the Standard Model is not
unique, especially concerning supersymmetry breaking, the particle
listed in Table 1 are all present. Tha only possible exception is
the Goldstino G: in supergravity, the Goldstino is eaten by the
spin % gravitino (the supersymmetric partner of the graviton) to
provide its mass, much in the same way as the charged Higgs in the
one - doublet Standard Model is eaten by the W to provide a massive
W. The net result is that, in supergravity, the gravitino is
produced instead of the Goldstino. The partner of the Goldstino G
has properties that depend on the details of the theory and will not
be discussed here. In most supersymmetry thecries, there is an
operator R such that all the usual particles are even under R while
the supersymmetric partners are odd, with the consequence that the
supersymmetric partner must be produced in pairs. We shall use an
additional dotted line to indicate R=-1 particles. If this R- parity
is exact, then the lightest particle with R=-1 is stable. It is not
known which one of these supersymmetric particles is the lightest;
some of the likely candidates are the Geldstino, the photino, and the

scalar neutrino.

» - —
2. PATIR PRODUCTION OF UNSTABLE PHOTINOS e e -+ yy

A5 shown in Takle 1 the supersymmetcic partner <f the pheton is
the photino (?) of spin %. A pair ©f phetinos could be produced in
e+e“ annihilation by the exchange of a scalar electron (&) as shown
in Fig. L{a). If the phetino is stakle, then this process by itself
1§ almost impossible to detect. 1If the photine is unstable as

G)

permitted in some models, then a possible decay mode for this

unstable massive photinoc is ; » ay, as shown in Fig. 1(b).

For the experimental detection of this production of the
unstabie phetino pairs an ilmportant quantity is the photino lifetime.
If it is too lonyg, then the photino decays occur outside of the

detector. The lifetime is given bye)

where d is an order parameter. Under the assumption that the
photinos decay within the detector, the signature is as follows. If
the photinc is relatively heavy {(a few GeV/c2 or greater) the
signature of the event is a pair of acoplanar photons with missing
energy as shown in Fig. 1(c). If the phetinc is light, the signature
of the event is a nearly collinear photon pair with relatively low

energies {(Fig.l{d)}.

.1 . : .
Fig. 2 gives the excluded region ) with 95% confidence level in

the photinc mass and scalar electron mass plane measured by CELLOB},

JADEg), MARK Jlo), and TASSOll).

It is assumed that the masses of
the left-handed and right-handed scalar electrons are the same and

d = (100 Gev)z. The results are not sensitive to the assumed value
of d. Changing d only alters the lower iimit on the photino mass, a

part of the curve which is barely visible in Fig. 2.
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3. SEARCH FOR SCALAR ELECTRONS e AND STABLE PHOTINOS y

The searchLZ) for scalar electrons @ and stable photinos } has
13), MAC14) and MARK IIlS) of PEP and

CELLOlG), JADElT), MARK Jla) and TASSDlg) of PETRA. The following

been carried out by ASP
four processes have been used.

-t
A, Pair production of unstable e

+ ~+
ee +e + @8
L5
~ +
Ye
The diagrams for the production and decay are shown in Fig. 3(a) and

.
(b). The signature of such events is acoplanar e e pair with

missing energies and momenta.
B. Single scalar electron producticon

+ - ok~
e a =+ e

-

.

P
Y

In this precess, & is produced by the scattering of an initially
radiated photon and an electron as shown in Fig. 3(g)., The electron
which radiates the photon goes down along the beam pipe and 1ls
undetected. The & then decays into a photino and an electron, The
signature of this event is a single electron and no other detected
particles,

C. Radiative photino pair production

The diagrams for this process are given in Fig. 3(d). For stable
photinos, the signature for this event is a single photon with

nothing else.

~t
D, Pair production of stable e’

- o
eeg *e e

The signature is a collinear heavy muon pair like event.

12)

The experimentally excluded regicn in the M¥_ - M _plane is

e Y
shown in Fig. 4. If the photino mass is assumed to be small, the

mass limits can be read off from Fig. 4 by the intercept with the

M_-axis, and the results are shown in Table 2. The best result,
e

51,1 GeV at 90% contidence lewvel, is obtained by ASP Collaboraticn

using precess C.
—~— —~—
4. SEARCH FOR SCALAR MUONS p~ AND SCALAR TAUS T

. N . . + -
As shown in Fig, 5, scalar muons are pair produced in e e

annihilation. The differential cross section is

3 .
8s "~ ~

for ¥ and M not close to each other. Here s = center of mass

"R o

energy squared and B_ is the velocity of U divided by the velocity of

u
light. For M_ = M_ the above cross-secticon should be multiplied
‘v W
by 2.
JADEZO) nas considered the following cases:

A. ﬁ + U ; and } is stable
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Here the signature of the event is a pair of acoplanar muons with

missing energies and momenta. The excluded region in the S

Y u
plane with 95% confidence level is given in Fig, 6{a).

B. pruyand y+yG

where G is the massless and stable Goldstino. The signature of the

event is upyy. The excluded region in the M_ - M_ plane with 95%
Y U
confidence level is given in Fig. &6(b).

Assuming that the photine mass is small, the limits from

2
cerro®?, gape®®, warxk 7%%7,  and Tassel®’

are giwven in Table 2.
Similar searches for the scalar tau have been carried out wvia
+ - b et ~ ~ ~ ~
ee * T T, with the 1 assumed to decay by T *+ 1y. Thus the T mass
is taken to be larger than that of 1. The signature of such an event
is an isclated e or 1 and a hadronic jet. The mass limits are also

shown in Table 2.
5. SEARCH FOR ZINGS E

Zino io, the supersymmetric partner of the ZO, is produced
through the process
. O

ee +Z7 y
by an exchange of a scalar electron & as shown in Fig., 7. The

following decay modes of z° are expiored:

5 P~ 3 -~
A, Z7  ree Y HLUuY
as shown in Fig. 8{(a}. The signature of the event is a pair of

acoplanar leptons with missing energies and momenta (Fig. 8{b)}.

B. 20 +qq ¥

as shown in Fig. 9(a). The & in this figure can be real or wvirtual;

thus under B we include (i) 7+ qa; (& virtual), {(ii} % - q& with

-~ oy L... 30 — - ~

g *> gy, and (iil)} Z° » qgq with g » gy. In all three cases, the
detected particles are the same, and the signature is a pair of
acoplanar jets (for heavy ?C) or one jet (for light io) with missing

energlies and momenta (Fig. 9(h)).

c. 2%+ qqq

as shown in Fig. 10. Similar to case B, the i in this figure can be
real or virtual. For light % of mass less than 3 GeV, the branching
ratio for this qi& is dominant (~99%) due to the strong coupling

constant &s

Excluded regions in M~o - M_ plane are shown in Fig. 11 and

Z e
Fig. 12 from results by CELLOZ4), JADEZ5), and MARK st).

it may be appropriate at this point to add the following remark.
gy -
It is seen from Table 1 that G, v, Z and Ho all have the same

guantum numbers (charge 0, spin i color singlet, and R=-1). Thus

'
they can mix, i.e., the physicalgstates of definite masses are a
mixture of them. These physical states are referred to as
neytralinos. The amount of mixing depends on the nature of
supersymmnetry breaking, and at present there is no way of choosing
among the many peossibilities. Strictly speaking, this section should
be entitled the search for neutralinos through the production of z°.
Since at least one neutralino must have a large Eo component, this
mixing has only relatively minor effects on the results of Fig. 1l

and Fig. 12, provided that the assumptions are fulfilled.
6. SEARCH FOR CHARGINGS %

Similar to the mixing of the neutral supersymmetric particles
just discussed, the wing ﬁi and the charged higgsino ﬁt of Table 1
also have the same quantum numbers and hence can mix to produce the
wass eigenstates called chargines ;t. The pair production of }t

i

.
ee *x X
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can proceed via a virtual photon or a heavy scalar neutrino ;e
exchange as shown in Fig. 13. Depending on the masses of the
sypersymmetric particles the charginos can have different dominant
decay modes. At PETRA the charginos have been searched through the
following modes: (We write down only the ones for x—; thoge for x+
are given by charge conjugation.)

A. X 4 ;2
as shown in Fig, 14{(a), where % = e, W, or 1. If both §+ and i_
decay this way, the signature of the event is a pair of acoplanar

leptons with missing energies and missing momenta.

B. X qlc‘;z??' (Fig. 14(b})
+qq ¥

c. x *4qp9, Y (Pig. la(c)) -

D, x =*#% “1 ¥

as shown in Pig. 14(d). The signature is the same as A.

E. Stable iu. Such event will look like collinear heavy muon pairs.

CELL024), JADEZT), and MARK JZS) have searched for the chargino

through A, and the excluded region in the M__ - M_ plane is shown in

X v
Fig. 15. In addition, JADEzT) has searched for the chargino through
the processes B, C, D, and E, and also through the precise

+ -

measurement of R = QLE—%—::—EE%E%EEL. Their result from B and R is
gle e > pu)

that M_  cannot be bhelow 22.4 GeV, and from E not below 21.1 GeV.

X

The results from C and D, parametrized by the branching ratic Br(iﬁ?)

+
and Br(qliz;), are shown in Fig. 16.
. ~t
Another way to search for the chargino ¥ is to meke use of the

- . + - —
W e v coupling, Similar to the process e & =+ yyy discussed in

Section 3, there is the radiative pair production of scalar neutrinos

- 10 -

- -2
e e + yu,

Assuming the scalar neutrinos do not interact or decay in the

13)

detector the ASP data give a bound on the wino mass M_, Using the

W
model of Ref. 28 and with small M_, the resultl3) is M_ > 48 Gev/c2
v W
{90% C.L.).

7. CONCLUSION

Due to the efforts of many physicists working at PEP and PETRA,
we have now a great deal of information on the bound on masses of
particles expected on the basis of supersymmetry. Noc such particle,
however, has been found. Since a possible reason is that the energy
is not high enough, the searches will be continued at other
acgelerators, including SLC, LEP, HERA, AND pﬁ colliders. We eagerly
walt for the first discovery of such particles; if and when this

happens, it will be a major event for particle physics.

8. ACKNOWLEDGMMENTS

I would like to thank the conference organizer Professor R. Hwa
and the session organizers, Professors D. Baltay and G. Kane, for
their kind hospitality and for a stimulating meeting. Many thanks to
Dr. 5. Komamiya of JADE and Dr. H, Kriiger of CELLO for providing me
with the updated data and plots. I would also like to thank the DESY
directorate for their hospitality extended to me while working at
DESY.



~ 11 -

9. REFERENCES

1)

2)

3

4}

5)
6)

£

8}

9}

10)

il}

Gol'fand, Yu.A. and Likhtman, E,P., JETP Lett. 13, 323 (1971);
volkov, D.V. and Akulov, V.P., Phys. Lett. 46B, 109 (1973);
Wess, J. and Zuminc, B., Nucl. Phys. BTQ, 39 (1974);

Salam, A. and St;athdee, J., Nucl. Phys. B76, 477 (1974).
Fayet, P., Phys. tett, 69B, 489 (1977);

Nanopoulos, L0.V., Savoy-Mavarro, A. and Tac, Ch. (organizers),
Proc. Workshop on Supersymmetry versus Experiment, CERE, Geneva,
Switzerland, April 1983.

Glashow, $.L., Nucl. Phys. 22, 579 (1961);

Weinberg, $., Phys. Rev. Lett. 19, 1264 (1967};

Salam, A., Proceedings of the Eighth Nobel Symposium, May 1968,
ed. Svartholm, N. p. 367 (Wiley, 1968);

Glashow, S.iL., Iliopoulos, J., and Maiani, L., Phys. Rev. DZ,
1285 (1970;.

Fayet, P., Unification of the Fundamental Particle
Interactions, ed, Ferrara, S., Ellis, J., and

van ¥ieuwenhuizen, P. p. 587 (Plenum Press, New York, 1980).
Haber, H.E, and Kane, G.L., Physics Reports 117, 75 {1985).
Cabibbo, N., Farrar, G.R., and Maiani, L., Phys. Lett. 105B,
155 (1981,

Komamiya, 5., Proceedings of the Topical Conference of the 1985
SLAC Summer Institute, Stantord, California, July 29-August 9,
1985.

CELLO Collaboration, Behrend. E. et al., Phys. Lett. 1238, 127
(1983); and contributed paper to the International Europhysics
Conference on High Energy Physics, Bari, Italy, July 18-24 1985,
JADE Collaboraticn, Bartel, W. et al., Phys. Lett. 139B, 327
(1984); and Komamiya, S., private communication.

MARK J Collaboration, Adeva, B. et al., MIT-LNS Reports 139
{1984).

TASSO Collaboration, Alithoff, M, et al., Z. Phys. €26, 337
{1984).

123

13}

14}

15}

16)

17)

18)

19)

20)

21}

22}
23

23)

-~ 12 -

Komamiva, §., Proceedings of the International Symposium on
Lepton and Photon Interacticns at High Energies, Kyoto, Japan,
august 19-24, 1985.

ASP Collaboration, Hollebeek, R., Proceedings of the Topical
Conference of the 1985 SLAC Summer Institute, Stanford,
California, July 29-August 9, 1985; and ASP Collaboration,
Bartha, G. et al., SLAC-PUB-3817 (1985).

MAC Collaboration, Fernandez, E. et al., Phys. Rev. Lett, 52, 22
(1984); and Levine, T, private communicatien.

MARK Il Collaboration, Gladney, L. et al., Phys. Rev. Lett. 51,
2253 (1983); and LeClaire, B., private communication.

CELLO Collaboration, Behrend, H.J. et al., Phys. Lett, 1148, 287
{1982); and paper No, 352 (Search for Scalar Electrons and
Photinos in ete” interactions) submitted to the International
Symposium on Lepton and Photon Interaction at High Energies,
Kyoto, Japan, August 19-24, 1985.

JADE Collaboration, Bartel, W. et al., Phys. Lett. 152B, 385
(1985).

MARK J Collaboration, Adeva, B. et al., Phys. Lett, 152B, 439
(1985} .

TASSO Collaboration, Brandelik et al., Phys. Lett. 1i7B, 365
(1982).

JADE Coliaboration, Bartel, W. et al., Phys. Lett. 152B, 392
(1985).

CELLO Collaboration, Behrend, H.J. et al., Phys. Lett. 114B, 287
{19823,

JADE Collaboration, Schneekloth, U., private communication.
MARK II Collaboration, Blocker, C.A. et al., Phys. Rev. Lett.
49, 517 (1982).

CELLO Collaboration, Behrend, H.J. et al., contributed paper to
the International Europhysics Conference on High Energy Physics,
Bari, Italy, July 18-24, 1985,

JADE Collaboration, Bartel, W. et al., Phys. Lett. 146B, 128
(1984); and Komamiya, 5., private communication.



- 13 - - 14 -

26) MARK J Collaboration, Adeva, B. et al., Phys. Rev. Lett. 53, 10. TABLES AND FIGURES
1806 {1984).

27} JADE Collaboration, Bartel, W. et al., DESY 85-60 (1985). Table l: List of Particles in N=1 Supersymmetric Standard Model
28) Hagelin, J.S., Kane, G.L., and Raby, S., Nucl. Phys. B241, 638
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(1984). Spin O Spin 3 Spin 1

Goldstino G

photinc ; photon ¥y
scalar neutrino v neutring v
gluino E gluon g

scalar leptons iR’EL lepton %
scalar quarks ER'EL quark gq

wino ﬁt charged intermediate boson Wt
zino Z° neutral intermedizte boson z°
neutral Higgs Ho neutral higgsino ﬁo
charged Higgs Ht charged higgsino ﬁt

Table 2: Excluded mass regions in GeV/cz for scalar leptons.

The photinc mass is assumed to be zero.

M_ (Gev/cz) M (GeV/cz) M (GeV/cz)
e u T
ASP (90% C.L.) <51 (ref.13)
ASP {95% C.L.) <44 (ref.l3)
Mr to 3.8
CELLO (95% C.L.) <25 {ref.l6) <3.3 to 16 6 to 15 3}(ref.Zl)
(ref. 21) o 15
JADE (95% C.L.) <25 (ref.l17) <20Q.3 (ref.20) MI to 18 (ref.22)
MAC (90% C.L.) <43.5(ref.14)
MARK II (95% C.L.) <22 (ref.l3) Mr to 9.9 (ref.23)
MARK J (95% C.L.) <20 (ref.l18) MT to 17 (ref.l18)

TASS0 (95% C.L.) <16.6{(ref.19) <16.4 (ref.19)
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(a)

39338

Fig. 1: Search for unstable photinos: this figure gives the Feynman

diagrams for production (a) and decay into ET (b), and the
schematic diagrams for the event when the photino mass is
large (c) or small (d).
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for unstable photinos.
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(a)

(b}

{c)

Fig. 3: Feynman diagrams for the production of the scalar electron (a
and ¢) and stable pheotino (¢ and d) together with that for
the decay of the scalar electron (b).
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Fig. 5: Feynman diagram for the pair production of scalar muons E.
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Fig. 7: Feynman diagram for the production of zino z°.

(a)
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Fig. 8: Decay of Eo into ii; and schematic diagram of the event.
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Fig. 9: Decay of EO into qa;. ~

Fig. 10: Decay of Eo into qi&.
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39338 |

e > X e X~

~%
Fig. 13: Feynman diagrams for the production of charginos x .

(a) X~ 27

(b)

(c)

{d)

Fig. 1l4: Various decay modes of the charginos.
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