VOLUME 81, NUMBER 3 PHYSICAL REVIEW LETTERS 20 ULy 1998

Measurement of the Energy Spectrum ofv, from Muon Decay and Implications
for the Lorentz Structure of the Weak Interaction

B. Armbruster, |. M. Blair,2 B. A. Bodmanr’ N. E. Booth* G. Drexlin! V. Eberhard, J. A. Edgingtor?, C. Eichner}
K. Eitel,! E. Finckh? H. Gemmeké, J. HoRI T. Jannakos,P. Jinge?, M. Kleifges, J. Kleinfeller! W. Kretschmer,
R. Maschuw’, C. Oehler, P. Plischké, J. Rapp, C. Ruf? M. Steidl! O. Stumm’ J. Wolf,* and B. ZeitnitZ
lInstitut fur Kernphysik 1, Forschungszentrum Karlsruhe, Institut fir experimentelle Kernphysik, Universitat Karlsruhe,
Postfach 3640, D-76021 Karlsruhe, Germany
2Physics Department, Queen Mary and Westfield College, Mile End Road, London E1 4NS, United Kingdom
3Physikalisches Institut, Universitat Erlangen-Nirnberg, Erwin-Rommel-StraRe 1, D-91058 Erlangen, Germany
“Department of Physics, University of Oxford, Keble Road, Oxford OX1 3RH United Kingdom

SInstitut fir Strahlen-und Kernphysik, Universitat Bonn, NuRallee 14-16, D-53115 Bonn, Germany
(Received 16 April 1998

The KARMEN experiment uses the reactih€ (v, e )!>N, s to measure the energy distribution of
v, emitted in muon decay at regt" — ¢* + v, + 7,. Ther, analogw, of the famous Michel
parameterp has been derived from a maximume-likelihood analysis of events near the kinematic end
point, Emax = 52.8 MeV. The result,w;, = (2.773% = 3.1) X 1072, is in good agreement with the
standard model predictiom; = 0. We deduce a 90% confidence upper limitwf = 0.113, which
corresponds to a limit ofg;iL + 2g,€L| = 0.78 on the interference term between scalar and tensor
coupling constants. [S0031-9007(98)06631-9]

PACS numbers: 13.35.Bv, 12.15.Ji, 25.30.Pt

Experimental results from nucle# decay and muon derived from the analysis of the, energy spectrum pro-
decay form the basis of th& — A hypothesis, which vides new limits on nonstandard couplings.
is an essential feature of the standard model (SM) All features of muon decay are most generally
of electroweak interactions. The rate of muon decaydescribed by a local, derivative-free, lepton-number-
the purely leptonic procesg™ — ¢* + v, + 7, has  conserving, four-lepton point interaction with the matrix
been used to determine the universal Fermi couplinglement given by [2]
constant Gr. Precise measurements of the shape of 4
the e* energy spectrum, the decay asymmetry betweenM = EGF D gl @ AT ()Tl Tylpn) -
the u* spin ande™ momentum, and the polarization y=SV.r 1
vector of thee™ have led to bounds on the scalar, =il
vector, and tensor coupling constants, which form theThe index y labels the type of interactionl'(S =
Lorentz structure of the charged weak interaction. Thesé-scalar V = 4-vector T = 4-tensof and the in-
results combined with the inverse process + e~ —  dices e and u indicate the chirality { = left-handed,
pn~ + v, underpin the SM assumption of lepton numberR = right-handed) of electron and muon spinors, respec-
conservation, th& — A interaction and universality [1]. tively. In this representation the chirality of the neutrino
All experiments up to now support thé — A structure of »n or m is fixed to be equal to that of the associated
the weak interaction; however, substantial féh— A)  charged lepton for th& interaction, but opposite for the
components are not ruled out. S and T interactions. AsGp sets the absolute strength

Complementary to these experiments, which are albf the interaction, the ten coupling constants. are
based on observation of the charged leptons only, thdimensionless complex quantities normalized by
Karlsruhe Rutherford Medium Energy Neutrino experi- 1
ment (KARMEN) determines the energy spectrum of the 3gh P+ 3lglR P+ D (Zlgﬁﬂl2 + Ig‘E’M|2> =1
v, emitted in the decayw™ — ¢ + v, + 7, of unpo- e.u=R.L 2
larized muons to draw conclusions on the Lorentz struc-
ture. In the well-known case ef" spectroscopy, it is the with g,@R = g{L = 0. In the SM, muon decay is a pure
Michel parametep which governs the shape of the V interaction mediated between left-handed particles, so
energy spectrum. In an analogous way, the shape of thall coupling constants vanish excepf, = 1. Although
v, energy spectrum is determined by the parameigr this representation is elegant from the theoretical point
which also depends on vector, scalar, and tensor compef view, the individual coupling constants cannot be
nents of the weak interaction, but in a different combi-determined directly by experiment. However, the measur-
nation. In the SM all nof¥ — A) components vanish, able parameters( n, w,, etc.) are expressible as posi-
and . is predicted to be 0. Thus an upper limit an  tive semidefinite bilinear combinations g, from which
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upper or lower limits for the coupling constants can beabsorbed by the heavy target material while the/u ™"
derived. decay chainzm® — u* +v,, u*—e" + v, +7,

The possibility of measuringy;, with the KARMEN  produces an intense burst ef,, »., and 7,, emitted
experiment was first pointed out by Fetscher [3]. Moreisotropically with equal intensity. Since both" andu ™
recently Greuket al. [4] have calculated the spectrum of decay at rest, the energy spectra of the neutrinos are well
left-handedv, including radiative corrections and effects defined. Ther™ decay produces monoenergetig with
of finite lepton masses. Taking significant terms only, theZ,, = 29.8 MeV; ther, and7, from theu™ decay have

spectrumdN, /dx can be described by continuous energy distributions up Bhna.x = 52.8 MeV.
AN G,% 5 The time structure of ISIS—two 100 ns wide proton
&L f‘ 0/{Go(x) + Gi(x) + w.G2(x)}, (3) bunches 324 ns apart and recurring at 50 Hz—determines
dx the production time of the different flavors: the short

wherem,, is the muon mass; = 2E,/m, is the reduced 7+ lifetime (7, = 26 n9 leads to twow, pulses within
neutrino energy, an@; denotes the probability of emis- the first 500 ns after beam-on target. These pulses are
sion of a left-handed’.. The functionGy(x) describes well separated in time from the production =f and7,,

the pureV — A interaction,G,(x) takes into account ra- which follow with the much longer lifetime of the.*
diative corrections, ana,G,(x) includes the effect of (r,. =22 us). This leads to a suppression factor of

scalar and tensor components according to about10* for cosmic-ray background.
wp = The neutrinos are detected in a segmented 56 ton
liquid scintillation calorimeter consisting of 512 optical
S 12 V 12 S T 12
3 . lgRRls + 4|gLR|V + lgze t 2¢RL| . modules, each with a length of 353 m and a cross
4 |grel* + lgrrl* + 4lgrol* + 4lgrrl* + 12lggel? section of18 X 18 cm? [5]. The detector is an almost

4) completely (96%) active calorimeter optimized for the
measurement of electrons around 30 MeV and achieves
The calculatedr, energy spectra for different values resolutions ofo(E)/E = 11.5%//E(MeV) for energy,
of w; are shown in Fig. 1(a). Momentum conservationando (X) = 7 cm for position measurement. A 7000 ton
in the decay fixes the emission direction of near shielding steel blockhouse together with two layers of
the kinematic end point to be opposite to that of theactive veto counters suppresses beam-correlated spallation
positron and ther,. Together with angular momentum neutrons and cosmic-ray muons.
conservation this implies suppression of emission of left- The signature that unambiguously identifiesrais a
handedr, in the case of vector coupling, while all other delayed coincidence consisting of an electron from the
couplings enhance the decay rate at the end point. Theharged current reactiol’C(v,, e )'?N, in the time
total decay rate, and therefore the integral neutrino flux, isvindow of v, production followed by a positron from
unchanged by nonstandard interactions. the subsequeng decay of’N,, (7 = 15.9 m9) at the
The KARMEN experiment uses the pulsed spallationsame location in the detector. Each event fully contained
neutron facility ISIS at the Rutherford Appleton Labo- within the central detector with tim®.6-9.6 us after
ratory to investigate neutrinos fronw™ decay. The beam-on target and energy—-36 MeV is identified as
800 MeV proton beam from ISIS is stopped in alDag0  electron, provided it is followed by a positron event within
target producing neutrons and pions. All charged pion$).5-36 ms with energy3.5-16.5 MeV. We demand the
are stopped inside the target withi~'* s, thew~ being  sequence to be detected in the same or adjacent module
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FIG. 1. Influence of different values @f;, = 0.0, 0.15, and 0.3 on (a) the, energy spectrum ip.* decay and on (b) the visible
electron energy spectrum measured with the readﬁﬁ(we, e )12N (c) Experimental electron energy distribution together with
MC expectation (solid line) and the subtracted background (shaded)
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within a distanceAX = 35 cm along the module axis.
Cuts used to reduce cosmic background are the same ass
used in previous data evaluations [6]. In data accumulated
between June 1990 and December 1995—corresponding T
to 9122 C of protons oR.51 X 10! u* decays in the
ISIS target—we find13 ¢~ /et sequences. Subtracting
13.3 = 0.8 background events and taking into account an
overall detection efficiency = 32.8%, the flux-averaged

cross section is
(TVexp = [9.4 = 0.4(stay = 0.8(sysp] X 107** cnr.

(5)

This is in good agreement with different theoretical cal-
culations of(a)y, in the range 0f9.1-9.4) X 104> cn?
[7,8]. ol b v v b v b b b b By

As the recoil energy of th&N nucleus is negligible, A A T Energy E[&",\(/’Iev]
the v, energyE, is determined from the measurement of
the electron energ¥, via the kinematic relatiort, = FIG. 2. Energy spectrum of, from u* decay determined
E, + O, where Q0 = 17.3 MeV is the Q value of the by an u_nfolding_ method compared with the standard model
detection reaction. The energy dependence of the cro&ZPectation (solid line).
section is dominated by the phase-space fa@pr— Q).
Therefore, a low rate of additional, at the kinematic end (o) with a realistic estimate of the systematic error we
point Enax = 52.8 MeV due to nonstandard couplings is use(o)n = (9.2 = 0.5) X 107** cn?. The experimen-
translated to the observation of a significantly higher ratdal cross section is taken from Eqg. (5) with statistical and
of electrons and thus to a distortion of the visible energysystematic error added quadratically. The probability dis-
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spectrum of Fig. 1(b). tribution of the ratio

The KARMEN calorimeter allows a precise measure- (0 exp 94 + 09
ment of the energy, [see Fig. 1(c)]. The energy spec- R(Q[,wr) = =0;/(1 + Swp) = 92 * 05
trum of v, from u* decay is then determined in two steps. (@ T ©6)

First, we apply the procedure of regularized unfolding de-
scribed by Blobel [9] to derive the true electron energy.incorporates a flux decrease by right-handedthrough
This method takes into account the detector response an@, as well as an increase by nonzesg values;S is the
minimizes inherent instabilities (oscillating solutions) by ratio of additional events in case of, = 1 relative to the
demandinga priori a certain degree of smoothness of theexpectation fow; = 0. We have sampled the probability
true electron distribution depending on statistical accuracydensity function of the rati® from Gaussian distributions
Thev, energy distribution is then calculated from the num-of (o )ex, and{o )y for 3 different energy ranges: (a) the
ber of primary electrons, within a given interv&F from  range 10-36 MeV with the highest statistical accuracy,
the unfolding procedure, divided by the correspondingout only moderate sensitivityy = 0.81, (b) the range
mean cross section. This yieldgaenergy spectrum with 28-36 MeV, where withS = 3.48 we are very sensitive
seven data points as shown in Fig. 2 and compared witto w,;, and (c) the rangel0-22.5 MeV, where the
theV — A expectation. This represents the first measureexpected event number is almost independenri ofS =
ment of the neutrino energy spectrum from muon decay).002; see Fig. 1(b)]. From range (c) we deduce a lower
in addition to the well-knowre ™ spectrum. limit Q; = 0.796. The shaded parameter space shown

Because of the strong energy dependence of the deteie+ Fig. 3 combines regions excluded at 90% confidence
tion cross section, the most detailed information®@p  level of all three energy ranges. From inverse muon
and Q7 is obtained from the experimental electron spec-decay experiments it is known that; > 0.92 [10,11].
trum of Fig. 1(c). The analysis is done by two indepen-Including this information in our analysis of range (b)
dent methods: (1) the investigation of the measured decagstricts the allowed area and sets a 90% confidence upper
rate on the basis of the flux-averaged cross section, arinit w; = 0.12.
(2) the analysis of the spectral shape with a maximum- Inthe second method we determiag by analyzing the
likelihood (ML) method. shape of the visible electron spectrum independe;af

As can be seen from Fig. 1(b)y; > 0 would re- In order to increase the energy resolution and to reduce
sult in additional'>C(v,, e‘)lzNg.s‘ events; on the other the background level we applied more stringent cuts on the
hand, Q; < 1 would reduce the number of events [seeelectron position along the module akl§ = 150 cm and
Eg. (3)]. Inorder to find allowed regions inthi&f' — w;  on the electron tim®.6-7.2 us. These cuts reduce the
parameter space, we compared measured and expectasickground to only 6.0 events in a sample of 441 events,
flux averaged cross sections. As theoretical cross sectigdhus nearly doubling the signal-to-background ratio.
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In conclusion, the KARMEN experiment finds no
evidence for nonstandard coupling constantg indecay
at rest, either by a determination of the absolutdlux or
by analysis of the spectral shape. Our analysis excludes
most of theQ[ -w; parameter space and yields for the first
time an upper limit on the neutrino Michel parameigr.

During 1996 the experiment was upgraded by an
additional active veto counter in order to increase the
sensitivity of the search for neutrino oscillations in the
channelv,, — 7, [13]. Since 1997 KARMEN has been
taking data again. Up to the end of 1999 we expect about
400 further charged current events, which will reduce the
statistical error by about a factor of 1.4. Considering
also a reduction of the systematic error, this may result
in a limit competitive with the present best limigy; +
2gk.| = 0.45 deduced from measurements of the positron
polarization [10].
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