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Photino Aux limits from the Harvard-Purdue-Wisconsin underground detector
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We calculate the cross section for photino-electron scattering, and use it to calculate how many
photino interactions will occur in 1 kiloton of water. We then use data from the HPW (Harvard-

V'

Purdue-Wisconsin) water Cerenkov detector to determine an upper limit on the maximum allowable
photino flux incident on Earth. The limit is given as a function of photino mass, initial photino en-

ergy, and selectron mass.

INTRODUCTION

In recent years much theoretical work has focused on
supersymmetry, ' a theory which accounts for the elemen-
tary scalars needed to break the SU(2) X U(1) symmetry of
the standard model. Supersymmetry (SUSY) also helps
stabilize the low-energy scale of electroweak symmetry
breaking in the presence of other large scales in the
theory (the hierarchy problem), and local SUSY theories
provide a natural framework for gravitation.

Nearly all current SUSY models incorporate a con-
served multiplicative quantum number called R parity.
Specifically,

R =( —1)

where 8 is the baryon number, L lepton number, and J
spin. Since all standard-model quarks and leptons have
38+L=1 and J=—,', they carry quantum number R =1.
Their supersymmetric partners, however, have J=O or 1

and thus carry R = —1. This implies that the lightest
SUSY particle (LSP) is absolutely stable, since decay to
other SUSY particles is kinematically forbidden and de-
cay to standard quarks and leptons violates R conserva-
tion.

If supersymmetric interactions and decays are taking
place throughout the Universe, for example, in stellar
media, then there would be a net flux of LSP's permeat-
ing space. We expect these LSP's to interact weakly due
to the relatively large mass (i.e., GeV/c ) of the ex-
changed SUSY propagator. The process is similar to
neutrino interactions, which are weak due to heavy 8'or
Z exchange. Since the mass range of exchange selectrons
and squarks is -(ms„mz), the interaction cross section
for LSP's should have the same order of magnitude as the
cross section for neutrinos. Thus, various large under-
ground detectors searching for neutrino fluxes should
have roughly the same sensitivity to LSP fluxes.

In this paper we take the LSP to be the photino, the
supersymmetric spin- —,

' partner of the photon, and calcu-
late how many photino interactions are expected in a 1-
kton water Cerenkov detector. We use this information
to set limits on the maximum allowable photino flux us-

ing data from the Harvard-Purdue-Wisconsin (HPW)
detector in Park City, Utah.

THE HPW DETECTOR

The HPW nucleon-decay detector operated from May
1983 to October 1984 and was located in Park City, Utah
at a vertical depth of 1450 meters of water equivalent
(mwe). Details of the experimental apparatus can be
found in Refs. 5 —7. The detector consisted of a cylindri-
cal tank of 5.6 m radius and 7 m height, filled with 690
metric tons of purified water as shown in Fig. 1. Im-
mersed in the water was a cubic lattice of 704 five-inch
photomultiplier tubes set to trigger on the Cerenkov light
radiated from a charged particle traversing the water
medium. The custom-built phototubes had no mirror on
the rear surface in order to allow for light collection over
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FIG. 1. Cutaway view of the HPW detector.
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FIG. 2. Efficiency of the HPW detector as a function of the

deposited energy.
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&3~ solid angle, and had a spectral sensitivity well
matched to the characteristics of Cerenkov light in wa-
ter. '

The inside walls of the tank were entirely covered with
aluminized, Teflon-coated mirrors of high reflectance.
These mirrors improved light collection efficiency by
reflecting light that ordinarily would be absorbed by the
dark tank walls. The overall uniformity of light collec-
tion was also improved. The water was constantly circu-
lated through a filtration system, taking a total of 48 h to
purify the entire volume of the detector. The final
purified water had an attenuation length for Cerenkov
light of about 15 m.

A limited tracking capability was provided by an array
of 422 proportional wire chambers surrounding the tank,
each chamber 6.1 m long and 15 cm wide. These
chambers allowed us to discriminate against charged par-
ticles which originated from outside the tank, thus help-
ing us reduce background from cosmic-ray muons.
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FIG. 4. Interactions per kton per 100 days for a flux of 10
cm sec ' massless photinos.

A71~-sr i r

S
I

0 @
A tII

4

0 w0

af

e
g 0

0
A

0

0
0
Q c$

A
0

106

105

104

I

103 s I i & s i I s i s i I s i i & I

The trigger pulses are generated by a 50-nsec coin-
cidence among six or more photomultiplier tubes
(PMT's) located in at least three different clusters (l clus-
ter=3 columns of 8 PMT's=24 PMT's). At least 2
PMT's from each cluster must fire. Studies of muon-
decay electrons from rnuons stopping in the tank indicate
that the trigger threshold corresponds to the amount of
Cerenkov light emitted by a 10-MeV electron. Figure 2
shows the efficiency of the detector as a function of the

e e
e

0 20 40 60 80 100
Photino Energy (GeV) M-=8 GeV

FIG. 3. s- and t-channel scattering of photinos and electrons.
The arrows indicate flow of quantum number R = —1.

FIG. 5. Interactions per kton per 100 days for a flux of 10
cm 'sec ' photinos of 8 GeV/c mass.
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CROSS SECTIONS

To calculate flux limits, we consider the elastic-
scattering process ye ~ye. The outgoing electron
Cerenkov radiates in the water medium, triggering the
detector. We neglect the processes yq ~yq and yq ~gq,
which are expected to occur 3—4 orders of magnitude less
frequently than the electron-scattering case. Our resul-
tant flux limits will therefore be very slightly conserva-
tive.

The s- and t-channel Feynman diagrams are shown in
Fig. 3. The two processes are distinct for fixed electron
and photino helicities if the electron and photino are
massless. The matrix element's interference term can
thus be neglected for the case where all particles are rela-
tivistic. The differential cross section is found to be

e m, (E-+m-)'
dy 2' (s —m )

[E (1—y)+m ]
(t —m )2

period a total of 9.4X 10 triggers were recorded.
The rock overburden serves to filter out low-energy

cosmic-ray muons and cosmic-ray-initiated electromag-
netic showers, which together have a flux of =100 m
sec 'sr ' at the surface. At our depth, the remaining
muon flux is =0.007 m sec '. To eliminate most
muon-induced events and events in which a muon is
created, we require that an event has less than 51 PMT
"hits." This corresponds to 75 MeV or less deposited in
the tank.

We eliminate most of the PMT singles rates by noting
that this background typically causes a PMT to trigger
with a signal strength [ADC (analog-to-digital-converter)
count] equal to or close to the PMT's pedestal value. We
thus remove those hits with ADC counts closer to the
pedestal value than to the value one expects from
Cerenkov light in the tank. Requiring these filtered
events to satisfy the trigger condition results in a sample
of 5.2)&10 events.

The sample still contains backgrounds from high-
energy muons which just clip the corner of the tank and
low-energy muons which decay just below the Cerenkov
threshold such that only their electrons are detected. To
reduce these background sources, a fiducial cut is made
which halves the active volume (and hence the number of
photino interactions), but reduces the iiumber of
"corner-clippers" and low-energy muon events by a fac-
tor of 10.

To eliminate the fraction of triggers remaining due to
PMT singles rate and spurious electronic noise, we limit
our data sample to those events with 13 or more PMT
hits. This corresponds to greater than 18 MeV deposited
in the tank. Finally, we reject all events which have asso-
ciated wire-chamber hits, leaving a final sample of 23 551
events.

where E is the energy of the incoming photino, y is the
fraction of incoming energy which is transferred to the
electron, t =(P P—,.) and s =(P +P, ) .

We integrate this expression over the range of y corre-
sponding to an outgoing electron energy of 10—75 MeV.
Multiplying the result by an incident flux of 10 photinos
per cm per second and scaling by the number of target
electrons in a 1-kton water detector, we find the interac-
tion rates shown in Figs. 4 and 5. Figure 4 takes pho-
tinos to be massless, while Fig. 5 takes m =8 GeV/c .
The rates are shown for different selectron masses, and
for massless photinos reach a plateau for E &1 GeV.
For m =50 GeV/c, this plateau is —10 interactions
per 100 days live time.

FLUX LIMITS

In order to obtain the maximum allowable photino
flux, we assume that all 23 551 photinolike events record-
ed which deposited between 18 and 75 MeV in the detec-
tor are due to photino interactions. The 95% upper
confidence limit is that amount of flux which has a 5%
chance of producing &23551 events after cuts. To cal-
culate this we fold together dt's(ye ~ye)/dE' and 8(E'),
where E' is the outgoing electron energy and 8(E') is the
detection and selection efficiency (Fig. 2), and integrate
from E'=18 to 75 MeV. Multiplying this effective cross
section by the number of electrons in the fiducial volume
of the detector gives the number of interactions expected
per unit flux. The flux is then scaled to give an expected
number high enough such that there is only a 5% chance
that the actual number of interactions Poisson-fluctuates
below 23 551.

The calculated do(ye ye)/dE' and—hence the final
flux limits depend on the incident photino energy E and
selectron and photino masses. E is expected to fol1ow

y
some energy spectrum which can only be guessed at. In
the absence of any "good guess" we take E to be con-
stant; i.e., incident photinos are monochromatic. Since
energy spectra from two-body decays are monochromatic
and many thermal distributions have narrow widths, this
assumption can serve as a useful approximation.

Our results appear in Figs. 6—9. Figure 6 shows the
flux limits as a function of E for massless photinos and

y
2selectron masses of 25, 50, and 100 GeV/c . Since the

cross section for massless photinos increases with rising
photino energy, the flux limits decrease. For m, =50
GeV/c, the photino flux is &8.8)&10 cm sec ' for
E ) 100 MeV, and &2.7)&10 cm sec ' for E ) 1

y y.
GeV. In contrast, the cross section for massive photinos
decreases with rising photino energy, causing flux limits
to become more conservative. This is shown in Fig. 7, in
which m is taken to be 8 GeV/c . As E becomes

y
larger and m becomes negligible, the cross sections andy.
flux limits of Fig. 7 converge to those of Fig. 6. The lim-
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its become approximately independent of incident pho-
tino energy for E )40 GeV.

Similarly, Figs. 8 and 9 show photino flux limits as a
function of selectron mass for m =0 and 8 GeV/c, re-

spectively. In both cases the flux limits become more
conservative as m increases, since a heavier propagator
decreases the cross section. The limits increase by 3 or-
ders of magnitude as m increases from 20 to 100
GeV/c . Both plots converge to the same values as E
becomes large.
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