LAUR- 9 6-29548 COoNF-G5 (062 -~

Title: Evidence for ¥, — ¥, Oscillations
4 ".L—'J :/ K ; '
AUS 20 305
Author(s): F. J. Federspiel Oar
- ST
Submitted to: Barvans'93, 7th International Conference on the

Structure of Buryons

Santa Fe, New Mexico

October 3-7, 1995

A L AR
HaH f“‘

Los Alamos

NATIONAL LABORATORY

Loa Alrmon Natonal LrOutsiory, s aiemalive action/susl cpoonuriy Hipkdyer, i caeeiedl by the Univarsity of Qalifoima 0ot the U8, Degittineid of Linaegy
Utiat oot W TAOR NG By acteplante of tee atiicin, 1he puldisher 1ecognzes thal the U 8 (Hoveinment 1etaind & nomesohiaive, teyally e lowise W
n/t AN o 1egarhinn e putiatad T of e Lomatnon, of 10 aliow uthers & Je e0, lor U 8. Quvativoent puiposse The Lo Alarmas Nelassl | sbavaiwry
TAGUHATE M g PUBIET KRty thie Ircie 1 work periuromd uidet e suspies of e U 3 Deparswet of Liewy

Fimt ) 030 A4
S 40 0w

DISTRIBUTION OF THIG DOCUMENT IS UNLIMITED DA


About This Report
This official electronic version was created by scanning the best available paper or microfiche copy of the original report at a 300 dpi resolution.  Original color illustrations appear as black and white images.



For additional information or comments, contact: 



Library Without Walls Project 

Los Alamos National Laboratory Research Library

Los Alamos, NM 87544 

Phone: (505)667-4448 

E-mail: lwwp@lanl.gov


DISCLAIMER

Portions of this document may be illegible
in electronic image products. Lmages are

produced from the best available original
document.



DISCLAIMER

This report was prepared as an account of work sponsored by an agency of the
United States Government. Naither the United States Governmant nor any agency
thereof, nor any of thsir employees, makes any warranty, express or implisd, ot
assumes any lugal labllity or responsibility foe the accuracy, completenass, or uss-
fulness of any information, apparatus, product, or process disclossd, or repressnts
that its use would not infringe privately owned rights. Refercace herein 1o any spe-
cific commaercial product, process, or wervice by (rade name, (rademark, manufac.
tursr, or otherwise doss not necessarily constitute ot imply its endorsement, recom.
mendution, or favoring by the United States Govarnment or any agency thersof.
The views and opinions of authors expressed herein do not necssaarily stata o
teflect those of the United States Government or any agency thereof,



EVIDENCE FOR v, - V, OSCILLATIONS

F. J. FEDERSPIEL
(FOR THE LSND COLLABORATION)
Los Alamos National Laborarory, Los Alamos, NM 87543, USA

A search for B,°s inexcess of tie nuber expected trom conventionnl sousees hus been made using te
muhl \ciuml.mu Nt-uuinu Detector, located 30 m behind the LAMPE beam stop, The W, are deteeted vig
Vop=e'n with ¢* uwr;y between 36 mud 6() MV, tollowed by a7 from mp -2 dy (2.2 MeV), Using

strict cuts o identily y smnvlu!cd with i ¢* ylelds 9 events with mdx 18 0.3 backgromnd eapected,

A likelihood i w ihe entire ¢ sanples resalis ina totad excess of 16,4200 & 3.3 ovents, 10 wributed
¥, = ¥, oscillations, this corresponds to an osclllntion probability u!‘(() 34‘.‘1} ;:’ £ 0.07)%.,

Neutrino mass is a central issue for both particle physics and cosmology. ‘To search tor such mass
an experiment was carvied out using neuteinos from o and g2 decay acrest from the Los Alamos
Meson Physics Fucility (LAMPF) beam stop. Observation of ¥, production above that expected
from conventional processes may be interpreted as evidencs for Y, ~» ¥, oscillations (and hence
muss).

Protons from the LAMPE RG0- McV linue produce plons in a 30-cm- !nn& water mryv tabout |
m upstreumn from the copper beam stop,! which provide a source of V, via 2" = pu*y, lollowed
by ut s ety ¥y decay-at-rest, The relative ¥, yield is ~ 4 1 (Ret. 'J.) tor £, > 36 MoV,
The Liquid Sunullumr Neutrino Detector (l.bND) detects V, by V,p = e'n, followed by a ¥
trom np - dy (2.2 MeV), Runurmg an ¢ energy uhuvc 36 MeV climinates mmt of the
accidental background from v, Ry o™X (the duetector not distinguishing between ¢ and ¢7),
white an upper energy requirement ot 60 MeV allows for the ¥, endpoint plus energy resolution,
Runs of 1. S months in 1993 und 15 months in 1994 ased 769! coulombs of protons, toe a
caleulated ¢* decay-at-rest flux’ totaling (3,75 £0.20) x 10" v/em? ut the center of the tank,

The expediment is located about 30 m from the neutrino source and is shiclded by the
equivalent of 9 m of .stccl l‘hc detector, un approximately cylindrical tunk 8.3 m long by 5.7 m in
dinmeter, is under ~2 Kg/cm of averburden 1o reduce the cosmiceray flux and is inside a lquid
seintillator veto shield with 292 S-inch photot bes.® On the inside surface of the wnk 1220 8-inch
Hamamatsu plmunutm provide 25% photncmln de coverage with uniform spacing, T tank con-
taing 167 metric tons of liguid scintillator ¢ongisng of mim,ml 0il (CH) und 0,031 Wl of b-PBD
The low scintillator concentration allows the deteet an of hath Ce m\kov and seintittation light and
gives un attenuation Imgm lurger than 200 m for wan -lvn;,!lw above 40K,

A sample of <109 ¢ from cosmic- ity won Secays in the tank was used to deteriiie the ¢
enetgy seale and resolution. A typical o wt awe endspoint enetgy of $2.8 MeV leads ta <1740
phaotoelecteons, of which <300 are in the Corenkov cone, The phototube time and pulse height
signuls are used 1o reconstruct the et ek with an averigle v, position resolution of =17 ¢
cach coordinute, an angulur eesolution of < 12% and an ¢nergy resolution of - l7ﬂ:,.

Partichy ldentification (Mh) for velutivistic particles Is based upon the Cerenkov cone and the
(e distribution of the light, which is brouder for non-telativistie purticles, Thieo PID quantities
are usedt the Cerenkov cone e quality, the event position it quallty, and the feaction of
pliototubes hitat a tme corresponding to Tight eonitied more than 12 os laer thin the teconstiueted



event time, C‘ompau-nu, ¢* from cosmic- ray muon decays with ¢ mm:c-ray prodluced neutrons of
similar deposited encrgy demonstrates a neutron rejection of ~107 atan e* efficiency of 79%.

Each phototube chanael is digitized every 100 s, A primary event teigger cequires 2 10 hit
phototubes in a 200-ns period. However, in order to reject e from the decay of stopped cosmic-
ray muons, a 15.2-us veto is imposed tollowing the detection of > § hit phototubes in the veto
shield. The tigger is always operative, so the beam duty fuctor of 7.3% allows 13 times more
beam-oft thun beam-on data to be collected.  After a primary trigger with > 125 hit phototabes
(> 300 in 1993). the threshold is lowered to 21 hit phototubes for a period of 1 ms in order w
record the 2.2-MeV y from sip — dy, which has a 186- ys capture time. o addition, “activity”
events are recorded for any event within the previous 51.2 gs huving > 17 hit detector phototuhes
or > § hit veto-shicld phototubes.

The tirst step in searching for ¥, interactions is to select ¢ cundidutes with PID information
consistent with a f# ~ 1 particle, < 2 veto shield hits, and no “activity” eveats in the previous
40 ps. The reconstructed position of the track midpoint is required to be > 35 cm (rom the locus
ot the phototube tuces.  Within this region the encrgy resolution and e:‘t‘icivnoy are well
uiderstood, Bvents with three or more assovinted ¥'s are consistent with cosmic-rny neutrons and
are climinated. The overall ¢ selection efticiency is 28 £ 2%, For 36 < £, < 60 MeV, there are
135 such events with the besm on and 1140 with the beam off, giving & beam-on excess ot 46,1 £
119 events,

The second step is to seavch tor a w:ru!awd 2.2-MeV y. Loose initial cuts reguiie o
reconstructed distance, Ar, within 2.5 m of the ¢*, a relative time, Az, of < 1 s, und 4 number of
hitphototubes, N, between 21 and 50, The neatron detection etficiency is .87 from these ents
times (.72 from uncorrelated vetoes, tor 0,03 overall, The three quantities discriminate correlated
'8 from accidental signals, which incroase with Ar vs, being contined, are tlat vs, exponential in
At, and have lower average N, We define a function R of A:. At and Ny 1o b approximately
the tatio of likelihoods tor correlated and accidontal hypmhcsw. Distributions of thess quantitics
torcorrelated y's ure approximutely independent of position and wre measured using cosmic-ray
neutron avents, Accidental ¥ distributions are measured us a function of ¢! position, Figure |
shows both the expected and observed R distributions.!

Finding a y with R » 30 has un cfticiency of 234% tor events with a fecoil neutron and an
accidental rate of D.0% for events with no recoil neuatron, Figure 2 shows the heam-on minus
heam-oft energy disteibution tor events with R > 30, ‘There are 9 beam-on and 17 beam ott
events botween 36 and 60 MeV, corresponding (o o heameon exeess of 7.7 events. When any »*
selection criterion is reluxed, the baekground incroases slightly without signiticant chunge in the
UAUONN,

Tuble 1 ists the expected number o buckground events with 36 < £, « o0 MeV tor R > 30,
P beam-unrvelated hackground i well determingd trom the data munplu collectad hetween
acceleratue pulses. To set a tanit on beam- i‘("riﬁ"d nentron backgrounds, evenits werg selected
huving the cnm'lmul ey signature and In the o* energy range ot interest, but weeting neutron
(tither than @) PID criterda, Pewer thun 3% of these events wete beameteluted duing the period
when the beam was on, Assuming this ratlo applies to neutrons passing ¢ PID eriteria, the beam
related nentron hackground is hounded hy 008 mmw the total benmesnorelated background, and is
thus m\g.llgihm The largest neatring background, (1= decay ateest i the beam stop mnuwcd by
Vo p=benin the detector, ix caleuluted using the Munw Carlo beam ﬂlnmlmmn Anothet
b, kground with o vecoll neutron arkses from Vip s ' noor ¥, C = i "X, with the muon
fashing o sutisty the "activity” trigger o mmdqmmwd wnan ek Ui hickgronnd s determined
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Fig, 1. ‘The distribution ot B, the y likelhood parineter, The lettsmost bl correspaonds o a0 ¥ found
within cuts ( R = 0), properdy nommallzed in wen. () Accldental photons (averaged aver the k) wid
correluted photons (2 methods, described in ext). (b)) Bean-on minus bean off spectrum tor ovents with
16 4 K, <60 MeV . Tho dashed histogaun Is the resalt of the R Hkelihood fit tor events without 4 iecoil
neutron, while the solid histogrn is the totid e, including events with a noiteon.

trom our measurement o v, C =« 7 XC(Ret, 6) and from our detector sunulunon. The sum of all
buckgrounds involving uu!:lvnml y's is computed trom the yield of ¢* without correluted
newtrons, which is measured using the likelthood it deseribed below, The wtal estimated beam.
reluted buckground for B 5 3 s .79 4 0,12 events, whlch implies a not excess of 6, 9 eventy
with 36 < &, < 60 MoV, The probability thut thiy exeess is o statistival thactuation is « !

While ihe R 5 30 sample demonstrates the existence of an excess, the size of the cxcuss s
better dewrmined by utilizing ull ¢* dutn beiween 36 and 60 MaV. “Tha total nuimbors of beam-on
and beameoft e* svents with coneluted ¥'s are obtained from a likelhood fit of the observed
events to the expected R distributions, The fittaek into account the strong dependence on ¢!
position of the uectdental y ruwu. Twa ways of esthinating the R dismhumm for covrelated
photony give exeesses of 18,3') , events (Monte Carlo) and 1995599 svanta (cosmic noutrons),
Averaging these numbers, subtracting the nentring buckground wnh a neatton (2.7 & 0.4 events),
and inter m'ungz the temainder as due to neatiing oseillations gives an oselllation probability of
COAAY A £ 007150, where the flest error ix statistical und the secand syatematie, ‘The statistival
error by nonsCianssion; the result has only 079 probatility of beitg & 0. The systemutie et
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Fig, 2. 'Che e* energy distribution, boum-on mings beam-ott, for events with an assocliated 2.2 MeV
with & > 20, The ¢* etficiency drops for £ < 2% MeV, ‘The dashed histogram shows the expected
buckgroud trom Kuown neatting interactons, The dotted curve ts the expected disteibution tor neatring
osclllntions in the hmit of Jge An?, normidized w e exeess between 30 wd o0 MeV,

Tuble 1 Fxpectod numbere of biuckground events i the 36 « K, < 60 coergy runge for B > 20, The
ngntelinok nre from either o g deeny st rest (DAR) or decay in Qight (DI, Neatrino buckgroumds with
an sechdental neutron signture see icasured usiog the R Hkelihood fit deseribed dn the text,

PR R AR R
Buckground Neutrino Source Evonts with & > 30
Beam-unrelated LAY £ 032
Beamerelated a's ~ .04
Vopesetn TR 'v,, ¥, DAR 0.44 £ 0.06
Gip=rp’n mo= v, DIE 0.19 £ 008
Accideninls x.li DAR, l)l!- 0.16 £ 000
‘Totul 242 £ 0.0

wrises pulmmny From aee talities in the ucuhlnn ux (144, u:mwe tiducial volume (100%), and

y elliciencies CHOBY. The cemaining 27 ()’5 Fheanecotelated ob events have no teeal! nenteon
4 .
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The cosmic-ray background is larger in the outer regions of the detector and where the veto has
gaps — beneath the detector (low ), and around the periphery of the upstream end (low Z). To
st tor anomalous spatial concentrations of the oscitlation candidates, we performed Kolmogorov
tests on distributions of various quantities, among which were Y, distance from the lower
upstream comer, and distance trom the surtuce containing the photomultiplier faces. These tests,
done both with ne photon eriteria and with & > 30, gave probabilities above 25% of consistency
with what is expected for neutring inteeactions, with the exception of one distribution not expected
to be sensitiv o buckground; the distribution in X, with no photon criteria, had 4 probability of
4%,

The two-generation neutrino oscillation probahility is P = (sin? 28)sin® (1. 27AmzL/E), where
E is the neutrino energy (MeV), L is its flight distance betore interaction (m), and Am* is the
mass-squared difference (€V2). The 90% C.L. upper and lower limits of P, found using the R
distributions of all ¢* data between 36 and 60 MeV, were converted using this equation into 90%
C.L. limits on sin? 20 as functions of Am?. The caleulation took into account V,p kinematics,
detector resolution, the uncertainty of the v production vertex, and background subtraction,'
These limits bound the shaded area approximately 80% C.L inteeval) of Fig. 3. Some of the
allowed region is excluded by the ongoing KARMEN experiment” av ISIS, E776 at BNL,'Y und
the Bugey reuctor experiment,
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Fig. % Rosulty from Interprating the axcess signal trom il ¢* dotic as due 10 two-geoettion neuring
osclifntlons, The twa edges of the stusbed biad e the DU CL, tious of sin? 20 wx w function of Am’
Nt fncluded in e 200 ystematic uticernty i the LSND aormatization,  Also sbown we 00% C
theewit from (e, K (dotted Bratogenti, e 2 qhished s, and et 10 ot diedusd bstogoun).



In conclusion, the LSND experiment observes 9 ¢* events within 36 < £, < 60 MeV that
satisty strict criteria for a correlated low-energy y. The total estimated background from
conventional processes is 2.1 1 0.3 events, so the probability that the excess is a statistical
Nuctuation is < 107, 1f the excess abtained from a likelihood fit to the full ¢* sample arises from
¥, = V, oscillations, it corresponds (o an oscillation probability of (0. 3410 £ 0.07%), leading
o the allowed regions shown in Fig. 3. We will collect more data and continue the study of
backgrounds and detector perfonuance to improve our understanding of this exeess,

This work was supported by the U.S. Departmient ol Energy and the National Science
Foundation,
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