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A search for antiproton decay has been made at the Fermilab Antiproton Accumulator. Limits are placed on
six antiproton decay modes which contain a final-state muon. At the 90% C.L. we findsthép— n~ y)
>5.0x10% yr, 75/B(p—u 70)>4.8<100 yr, 75/B(p—pu )>7.9x10° yr, 75/B(p—pu”yy)>2.3
X 10* yr, 75/B(p—pu~ K2 >4.3x10° yr, and 7,/B(p— u KP)>6.5x 10° yr. [S0556-282198)50223-9

PACS numbd(s): 13.30.Ce, 11.30.Er, 11.30.Fs, 14.20.Dh

The CPT theorem requires that the proton and antiprotostringent published laboratory limits op decay have
(p) lifetimes are equal. Searches for proton decay havéeen obtained fron{a) measurements of the containment
yielded lower limits on the proton lifetime,> 0(10°) yr lifetime of ~1000 antiprotons stored in an ion trap, yielding
[1]. A search fop decay with a short lifetime#;<7,) tests  [3] 7>3.4 months, andb) prior searches at the Fermilab
both the CPT theorem and the intrinsic stability of antimat-antiproton accumulator for explicip decay modes with
ter. an electron in the final state, yieldifg] 75/B(p—e™ y)
Currently, the most stringent lower limits oy can, in ~ >1848 yr, ralB(H—>e*1-r°)>554 yr, 75/B(p—e 7)
principle, be obtained from a comparison of recent measure>171 yr, 7,/B(p—e" KY>29 yr, and TE/B(H—)Q_KE)
ments of the cosmic ray antiproton flux with predictions >9 yr.
based on expectations for secondary production of antipro- Angular momentum conservation requires that a decaying
tons in the interstellar medium. The agreement between th_ﬁ_would produce a fermioKelectron, muon, or neutrinan
observed and predicted rates implies thgtis not small  the final state. In this paper we report results from the first
compared to Ty, where T is thep confinement time within  search for antiproton decay modes with a muon in the final
the galaxy (10" yr) and y is the Lorentz factor for the state. The results have been obtained using the APEX detec-
observed antiprotons. However, to extract a limitgnre-  tor at the Fermilab Antiproton Accumulator. The experiment
quires careful consideration of the relationship between thevas designed to search for decay modes with an electron or
interstellarp flux and the flux observed at the Earth, and anmuon in the final state; only the muon results are presented
adequate estimate of the systematic uncertainties on the priere.
dictions. These calculations are expected to yield a limit of A full description of the APEX detector can be found in
about 16 yr [2]. This indirect limit would not be valid if Ref.[5]. In the following we give a brief description of the
current models op production, propagation, and interaction main detector components relevant to the analysis described
in the interstellar medium are seriously flawed by, for ex-in this paper. A schematic of the APEX detector is shown in
ample, our lack of knowledge of the nature of most of theFig. 1. The detector, which was located in a straight section
matter in the galaxy. of the Accumulator ring, consisted ofi) A 3.7 m long
Laboratory searches far decay have so far provided less evacuated decay tank operated at ¥OTorr. The down-
stringent limits on7;. However, these limits do not suffer stream section of the tank consists of a 96 cm diameter cyl-
from large model dependent uncertainties. The mosinder with a 1.2 mm thick stainless steel windoti,) A
movable tungsten wire target at the upstream end of the tank
(z=0, where in the APEX co-ordinate systenis measured
*Corresponding author. Email address: gsnow@unlhep.unl.edu in the direction of the antiproton beanThe target could be
TPresent address: Univergit&arlsruhe, 76128 Karlsruhe, Ger- inserted into the beam halo to produce a localized source of
many. particles for aligning and calibrating the detect@ii.) Hori-
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whereN;(t) is the number of circulating antiprotons at time
t, the integral is over the live-time of the experiment, and the
FIG. 1. Schematic of the APEX detector. uncertainty arises from the precision with which the time
dependent beam current was recorded.
zontal and vertical scintillation counters arranged around the To search for muoni@ decays occurring as the beam
10 cm diameter beam pipe immediately upstream of the tankarticles traverse the decay tank, data were recorded with a
and target. The counters covered & 1.n? area normal to muon trigger that required a coincidence between at least
the beam direction, and were used to veto tracks from uptwo of the five MT scintillation counters. These triggers were
stream interactiongiv) Three planes of horizontal and three eliminated if they were in coincidence with a signal in one or
planes of vertical scintillation counters downstream of themore of the upstream veto counters indicating the presence
tank. The last planes of horizontal and vertical counters weref an interaction upstream of the decay tank. This loose trig-
downstream of a 2.3 radiation length lead wall, providing ager resulted in 1.2 10° events being recorded. These events
preradiator to aid in identifying electrons and photons. Thepredominantly arise from interactions of thebeam with the
remaining counter planes were upstream of the lead, andesidual gas in the decay tank or with material surrounding
provided pulse height information used to count the numbethe beam. The coincident MT counter signals are then pro-
of charged particles in an eve(dE/dx counters (v) Three  duced by traversing muons coming from charged pion de-
planes of horizontal and three planes of vertical 2 mm diameays, and by hadronic showers not contained in the calorim-
eter scintillating fibers downstream of the tank and upstreaneter and TC.
of the preradiator lead. These detectors were used for track- Off-line, after final calibration of the scintillation
ing, and provided three space points along the track trajeazounters, the upstream veto counter requirement was re-
tory with typical residuals of 62@m in the directions trans- applied using a more stringent threshold. This reduced the
verse to the beam direction. This enabled the origin of trackslata sample to 1:210° events. Further requirements were
emerging from the decay tank to be located with a precisiorthen imposed to select events containing a candidate ener-
o,~13 cm along the beam orbit. The measured averaggetic muon that traverses the MT and originates from within
single-hit efficiency for the tracker planes is (82.2.5)%  the decay tank. These requirements wgré¢hat at least four
for tracks in the event samples described in this paper. Thef the five MT counters be above threshold (420%
measured track reconstruction efficiency, based on a sampévents, and(ii) the presence of one and only one scintillat-
of events that are consistent with having one minimum-ng fiber track that extrapolates to the MT counters within
ionizing particle passing through the dE/dx and muon telethe expected uncertainty due to multiple scattering, and also
scope (see below counters, is (9&7)%. (vi) A lead- extrapolates back to the beam orbit with a point of closest
scintillator sampling electromagnetic calorimetel6] approach within the fiducial volume of the decay tank (O
constructed from 144 rectangular 20 cn? modules that <z<375 cm) and with an impact parameter less than 1 cm
are 14.7 radiation lengths deep. The modules were arrangéd16 events
in a 13x 13 array with 6 modules removed from each of the To further suppress backgrounds, additional requirements
four corners, and the central module removed to allow pasean be imposed on the event topology and kinematics. We
sage of the beam pipe. The calorimeter was calibrated biegin by considering the proceps- ™y, which would re-
measuring the response to minimum ionizing tracks and result in events in which an energetic photon is produced co-
constructing7®— yy and n— yy mass peaks using data planar with the muorii.e., traveling within the plane defined
samples recorded with the calibration target inserted in théy the muon and the incoming beam direcjioffter requir-
beam halo. The measured mass peaks had fractional r.misg at least one neutral clustgb] in the calorimeter209
widths given byo,,,/m~0.25 for cluster pairs in the energy events that is coplanar with the muon candidate %°), the
range of interest for the experiment. This mass resolution islata sample is reduced to 14 events. The observed neutral
dominated by the energy resolution of the calorimefeii)  cluster energy distribution for these events is compared in
A tail catcher(TC) downstream of the calorimeter consisting Fig. 2 with the predicted distribution obtained using the
of a 20 cm deep lead wall followed by planes of horizontalGEANT [7] simulation described below, and corresponding to
and vertical scintillation counterviii ) A limited-acceptance p— u~ y decay with a lifetimery/B(p— u~ y) =5000 yr.
muon telescopé€MT), 10 nuclear interaction lengths deep, The observed distribution peaks at low cluster energies, with
located downstream of the TC, and aligned to point towards: tail extending to approximately 2 GeV. In contrast, the
the center of the decay tank. The MT consists of a sandwicpredicted distribution fop— ™ v decays peaks at about 3.5
of five iron plates and five 3030 cnt scintillation counters.  GeV, with only 4.4% of the simulated events having cluster
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‘ detector and trigger is negligible for decays occurring out-
ol p—> uy | side of the tank. We obtaia=(3.7+0.9)x 10" °, where the
uncertainty one arises from the systematic uncertainties on
Monte Carlo . - . .
Data the trigger calibration, calorimeter energy scale, and track
7/B = 5000 Years efficiency. The trigger and calorimeter scale uncertainties
1.5F 7 yield contributions tar, of +18% and* 15%, respectively,
and have been evaluated by analyzEpNT Monte Carlo
P—u~ y samples in which the simulated trigger and calo-
rimeter scales have been changedtbyo. The overall sys-
tematic uncertainty ol has been calculated by adding these
contributions in quadrature with the uncertainty on the track
efficiency (x7%). Inserting the calculate@¢ and o, into
. Egs.(1) and(2), we obtain the result;/B(p—u~ y)>5.0
X 10% yr (90% C.L).
Now consider the two-body decays—u~ 7" and p
U, —u~ 75 (with 7% 5—yy), and the three-body decgy
4 6 ) —u~ yy. These decays would result in events with one or
Energy (GeV) two neutral clusters observed in the calorimeter, where the
one-cluster events occur when the two photon-showers are
FIG. 2. Distribution of neutral cluster energies for the 14 eVGntSnot Spa‘“a”y resolved in the calorimeter or when one of the
that pass thep— .~ y selection criteria described in the tedark  photons is outside of the calorimeter acceptance. In addition,
histogram (_:ompared with the predicted di_stribution _for_ a signal the » may also decay into more complicated final states pro-
corresponding tor;/B=5000 yr (hatched histograim Limits are  qycing further clusters in the calorimeter. To optimize the
based on the regiofi>3 GeV. search foru~ 7% and u~ 7 final states, we divide the 209

. . events described previously that have a muon candidate plus
energies less than 2 GeV. We conclude that there is no ev P y b

dence for ianal. To eliminate the backaround. we ther Bne or more neutral clusters into two subsamples, namely a
ence for a signa’. 10 € ate the background, we tereq, o oyster sample containing 104 events, and a multicluster

fore require that the neutral cluster energy exceed. a mlnléample containing 105 events. The clusters in the one-cluster
mum valueEpin, and choosey,,=3 GeV. No candidate sample are required to be coplanar with the muarlQ°),
events remain. We note _that ?‘".hOUgh the Cho_'CEm" IS and the cluster-pairs formed by the two highest energy clus-
somewhat arbitrary, the final limit that we obtain on the de- g i the multicluster events are also required to be coplanar
cayp—u yis notvery sensitive to small changesifin-  yith the muon (10°). These requirements reduce the
The resulting limit onr/B(p— .~ y) is given in years by gamp1es to 13 one-cluster and 10 multicluster events. We
e 1 next require that the multicluster events, which would con-
/B(p—u~ y)>= N J Np(t)dt tain two photons if they were genuie—u~ 7% u~ 7, or
¥ Nmax u~ yy decays, have a preradiator signal above a threshold
(0.5 minimume-ionizing pulse heightconsistent with either
N’ (1) one or both photons converting in the preradiator lead. Only
max three multicluster events satisfy this requirement. Hence, we

whereN,,a,= 2.3 is the 90% C.L. upper limit on the obser- &€ left with 1§ events witk= 1 cluster w+=1 clustej for
vation ofN=0 events, and is the fraction of decays taking further analysis. _
place uniformly around the accumulator ring that would pass Under the hypothesis that the observedy) and (uyy)

the trigger and event selection requirements. To take accoufjyStems arise from the decay of a beam particle, the mass of
of o,, the systematic uncertainty afnwe use the prescrip- the parent particle can be computed from the measured muon

Events per 80 MeV

0.5

0

=(3.31+0.03 X 10°

tion given in Ref[8], giving, at 90% C.L. directior_1 and the direc'_tions and energies of the neutral clus-
ters, using the constraint that the vector sum of the momen-
Npax=2.3X(1+ 2.30?/2), (2)  tum components of the daughter particles transverse to the
beam direction is zero. The resulting mass distribution for
whereo,=0o_/e. the remaining 16 £+=1 clustej events is compared in

The GEANT Monte Carlo program has been used to simu-Fig. 3 with predictions from thesEANT simulation for the
late the detector response and calcukafehe detector simu- decays@ p—u~ 7°, (b) p—u~ 7, and(c) p—u~ yy. The
lation includes a full description of the detector geometry,observed mass distribution peaks at low masses with a tail
and correctly describes the calorimeter, tracker, and relevamixtending to approximately 0.7 Ged#. In contrast to this,
scintillation counter responsédE/dx, MT) measured using the simulated signal distributions peak at fnenass, with
calibration data, together with the measured performance ainly 17% (23%) [13%] of the simulatedu™ 7° (u™ 7)
the muon trigger. Further details can be found in RBf. [« ™ yy] decays resulting in reconstructed masses less than
The efficiencye was obtained by generating 50— u ™y 0.7 GeVk?. We conclude that there is no evidence for a
decays uniformly along the beam orbit within the decay tanksignal. To eliminate the background, we therefore require
To a good approximation, the geometrical efficiency of thethat the reconstructed mass exceed a minimum valyg ,
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o Datd ‘ (@) p = ] TABLE I. Summary of lifetime limits forp decay to six muonic
Monte Carlo final states with calculated efficienciefor each mode.
: ,/ 7/B = 5000 Years
i B 7/B Limit (yr)

~, m Decay mode € (90% C.L)
~ he cnn
® 2k Datd O woHy (3.7£0.9)x10°® >5.0x 10*
g / Monte Carlo u + a0 (3.6+0.9)x10°° >4.8x 10"
S i T/B=/1000 Years | w7 (6.1+1.9)x10°® >7.9x 108
g — u+yy (1.8+0.5)x10°° >2.3x10*
[O] - 0 — 6
¢ Lo ’H&"&*ﬁ“‘f"m“mr ) M_+K§ (3.3+ 1.0)X 1076 >4.3x 10°
o 2ol Datad b= wyy A u+K? (5.0+1.5)x 10 >6.5x 10°
w Monte Carlo

: ,/ 7/B = 2000 Years

[ — i —u” 7)>7.9x10° yr at 90% C.L., andry/B(P—u " v7)
m >2.3x 10" yr at 90% C.L.
0 '“a'g 1 W ) Now consider the other possible two-body muonic decay
Mass (GeV/c?) modes of the antiproton, namely decays into the final states

w K, K, w7 p° andu” w. DetailedGEANT simula-
FIG. 3. Distribution of event masses for the 16 events that pastions have been made for these decay modes. The muons
the selection criteria described in the tégtirk histogramscom-  from the~ p° and ™~ decay modes are predicted to have
pared with predictions from &EANT simulation (hatched histo- energies that are too low to penetrate the muon telescope.

gramg for the decays(a p—u~ #°, (b) p—u 75, and (c) p . _ .0 — 0
—u~ yvy. The two entries in the lowest hin are events with calo- We therefore restrict ourselves to the Kg and p™K,

rimeter energy less than the® rest energy. The predicted signal modes. The calculatgd eff|C|erJC|e$or tﬁe%e decays t.o S,at'
distributions are normalized to correspondr{g/B = 5000 yr for the isfy th_e trigger ‘T’md either tha ™y or ™ 7~ search criteria
w~7° mode, 1000 yr for the.~ 7 mode, and 2000 yr forthe "yy  described previously are (33L.0)X 10°° for the :U«iKg
mode. Limits are based on the region Mas8.75 GeV. mode, and (5.8 1.5)x 10~ for the .~ K? mode. Substitut-
ing these values into Egqgl) and (2) yields the limits
and choosemy,;,=0.75 GeVE2. No candidate events re- 75/B(pP—u KQ>4.3x10° yr and r5/B(p—u K{)>6.5
main. We note that although the choicenaf,;, is somewhat < 10° yr at 90% C.L.
arbitrary, the final limits that we obtain on the decgys Finally, our results for the six muonic decay modes pre-
—u~m°, u 7y, andu” yy are not very sensitive to small sented in this paper are summarized in Table I, and a more
changes inm,,;,. The calculated overall efficienciesfor ~ comprehensive description of the analysis can be found in
these decays to pass our trigger and analysis requiremerfgef. [9].

are (3.6-0.9)x10°° for the u~#° mode, (6.1-1.9) The APEX experiment was performed at the Fermi Na-
X107° for the u~ 7 mode, and (1.80.5)x107° for the  tional Accelerator Laboratory, which is operated by Univer-
w~yy mode. Substituting the values into Ed4) and (2)  sities Research Association, under Contract No. DE-AC02-
yields the limits rg/B(ﬁ—w*wO)>4.8>< 10% yr, /B(p  76CHO3000 with the U.S. Department of Energy.
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