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A new generation of precision muon lifetime experimentshatPaul Scherrer Institute (PSI)
has published initial results. The MuLan [4] and the FASTd&periment are dedicated high pre-
cisionu™ lifetime measurements using complementary techniques.fihhl goal is an improved
measurement o’f+ = + to 1 ppm and 2 ppm precision, respectively. As radiativeestions are
now known with sufﬁuent accuracy, these measurementsdetitrmine the fundamental Fermi
constant to 0.5-1 ppm precision. The goal of the MuCap erpat [6] is the measurement of the
muon capture rate on the protdyg to 1%, to determine the basic pseudoscalar form factor of the
nucleongp, which is accurately predicted, based on the symmetriesaid (I he recently approved
MuSun experiment [3] will extend this measurement to mugrtwa on the deuteron, a process
closely linked to basic solar neutrino reactions via moasfective field theory.

1. Positive Muon Lifetime Experiments

The Fermi constanGg is a fundamental constant of nature. Together witand Mz, G
defines the gauge couplings of the electroweak sector oftémelard model. It is directly related
to the free muon decay rate by
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whereAq is the sum of phase space and radiative corrections. For&@8,ygnce the pioneering
lowest-order calculations akq, the uncertainty for extracting from )\J was limited by un-
known 2-loop radiative corrections. With those calculdtg¢dthe previously dominant theoretical
uncertainty of 30 ppm is reduced to 0.3 ppm. Moreover, theedamty due to a finitey, mass
became negligible due te-oscillation data and direct mass constraints. Thus thenntifetime,
known to 18 ppm, became the limiting factor to determ@e This situation motivated several
efforts for improved muon lifetime measurements, as pathefgeneral programme to measure,
as precisely as possible, the fundamental parameters aftéihelard electroweak theory, and to
provide a benchmark muon lifetime for comparison with theQdp experiment (see below).

The MuLan experiment used a continuous beam of low-energgfdse” muons, which is
pulsed by a fast kicker to provide apss muon accumulation followed by a 22s measuring pe-
riod. The Michel positrons were detected by a multi-segeedietector made of 170 independent
scintillator tile pairs, whose photomultiplier signals neesampled by 450 MHz waveform digi-
tizers. The detector was designed to minimize systemaictsf included multi-particle pileup,
muon spin precession, time-dependence of detector ga@isaironic thresholds, backgrounds, er-
rant beam muons, and kicker voltage stability. In 2006, a4igernal-field metal alloy provided a
ferromagnetic target whose internal field rapidly preceslse muon spins. In 2007, a quartz target
was used, which formed a high fraction of the bound muonipume() state. An external magnet
induced a rapid precession for the bound muons and a moaestgsion for the free muons. A first
publication [4] on a limited data set from 2004 givegMuLan) = 2.197013(219 (11)ss ps. The
updated world averagg,(World) = 2.197019(21us determines the Fermi constasg (World) =
1.166371(6)x 10~° GeV~? (5 ppm). MuLan is currently analyzing the main data set withgoal
of 1 ppm precision in the lifetime.
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Figure 1. The ud capture reactions(left) and the solar pp fusion (right)eshebon the same weak hadronic
matrix element (red circle). The MuSun experiment will detme the low-energy constant, which charac-
terizes the short-distance physics in the two-nucleor axiaent.

Recently, the FAST experiment [5] released a new res(FAST) = 2.197083(32)t (15)sys
us. The experimental method is based on a fast imaging tapgstracted from plastic scintillator
bars providing 32 48 pixels. A DCrrt beam is stopped in the target and the decay times of the full
mt — ut — et decay chain are registered, which strongly suppresses preoassion effects. As
the detector simultaneously measures several decays m@aod volume, it has to cope with high
data rates and needs carefully designed online triggersattage the data flow. The experiment
will be taking data during most of PSI's 2008 acceleratorl&yo achieve its statistics goal of 2
ppminT,.

2. Muon Capture on Hydrogen | sotopes

The processef + p — n+ vy, andu +d — n+n+ v, are fundamental weak reactions be-
tween a muon and the nucleon and the simplest nucleus, teshedistorically, they have played
an important role in establishing the helicity structureasdl as the universality of the weak in-
teraction. Today, the electro-weak interaction is undedtand verified at the quark-lepton level.
Thus, the charged lepton current serves as a clean probeploriag the weak couplings and QCD
structure of the nucleon and nuclei. Over the last decadedheection between nucleon and even
two-nucleon observables at low energies and fundament&l &S been elucidated by the devel-
opment of modern effective field theories (EFT). In this feamork, u + p capture can be calculated
in a model-independent way with controlled systematic tiaggty. As the EFT predictions derive
from basic concepts of explicit and spontaneous chiral sgtnnbreaking, their experimental ver-
ification is an important test of our understanding of theartyihg QCD symmetries [8, 9]. As
regards the two-nucleon sector, EFT calculations haveeggrtivat reactiopu + d is closely related
to fundamental weak reactions of astrophysical intere@t I1], like p+ p fusion in the sun and
v +d scattering observed at the Sudbury Neutrino Observat@jy A precision measurement of
U+ d capture determines the low energy constant required foulzding these extremely feeble
solar reactions (see Fig. 1).

MuCap experiment. Muon capture on the proton provides unique informationtenfgseu-
doscalar form factogp, characterizing the axial structure of the nucleon. Thisidaoupling
was already estimated in the pre-QCD era via PCAC and, by rownderstood as a derived
guantity within the effective chiral theories of QCD, leaglito a precise theoretical prediction
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Figure 2: Experimental and theoretical determinationsgpf presented vs. the ortho—para transition rate
Aop in the ppu molecule. Previous experiments (OMC [14], RMC [15]) areoinclusive because their
determination ofyp strongly depends on the poorly known ortho-para transitée in muonic molecular
hydrogenAqp. The first MuCap result supports precise theory (HBChPT) iandearly independent of
molecular effects.

gp =8.26+£0.23 [8]. However, in spite of significant efforts, experimentmained largely incon-
clusive, owing to the imprecise knowledge A, the rate of conversion between the ortho- and
parappu states formed after muons are stopped in hydrogen. Becduise strong spin depen-
dence of the V-A interaction, knowing the initial molecusaate for the capture reaction is essential
to extractgp. As shown in Fig.2, mutually inconsistent theoretical pcgdns and experimental
determinations of botiA, andgp prevailed before MuCap.

The MuCap collaboration has developed a novel experime¢atiinique based on tracking
the incoming muons in a time projection chamber (TPC) fillethwltra-pure deuterium-depleted
hydrogen. The singlet capture ratg is determined from the difference between the measured
disappearance rate of negative muons in hydroggn: )\J + Ag and theu™ decay rate\J. An
initial experimental result was published [6], simultansly with the new MulLan result [4] and
a theoretical paper [13], which advanced the theory of mlaeak radiative corrections to the
required precision. MuCap reports a measurement of thaneapateNs = 7250+ 13744 +
10.7g s~ and derivegjp = 7.3+ 1.1. The impact of this result is evident from Fig.2. The low
gas density in MuCap makes the result much less model deperéading to a first precise and
unambiguous determination g, which is in agreement with the chiral prediction. DuringddZ0
and 2008 the experiment completed the data taking phasefiridialata set, which has 9 times
higher statistics than the published data, was achieveahpementing a muon-on-request scheme.
Several hardware upgrades significantly reduced the sgsiteomcertainties. These included an
on-site H/D isotope separation system having unmatchddrpggince worldwide and continuous
hydrogen purification [16] to a level better than 10 ppb. Thalgsis of the full data set is expected
to reduce the uncertainties by a factor of three comparecio&.

The MuSun Experiment. The MuSun experiment will measure the ra&tg for the u +
d capture process to a precision of better than 1.5%. Thisgioecis required, to provide a
definitive measurement of the low energy constant (cdllgdn the pion-less theory [11] andR
in ChPT [10]) which integrates all the poorly constrainedrstdistance physics relevant far+d
capture, as well as for solar pp fusign- p — d 4 e* + ve and for charged- and neutral current



Muon Lifetime Programme at PS Peter Kammel

v +d scattering of solar neutrinos.

The new MuSun experiment will be about 10 times more precisatistics and systematics
than earlier measurements. Most importantly, it must béopmed at conditions such that the ex-
perimental result leads to an unambiguous extractiohppfndependent of muonic atomic physics
complications. At first, this seems a daunting task, as themkinetics in deuterium is more
complex than in hydrogen. The transition between the upgk( 1) to the lowerud(7]) hyper-
fine state is slow and, oncedaly molecule is formed, nuclear dd fusion occurs at a time scale
of nanoseconds (because of the process of muon-catalysamh)u In the MuSun proposal [3]
it was demonstrated that these uncertainties are reducacdhegligible level at optimized target
conditions of T = 30 K and 5% of liquid hydrogen density. WHileiISun will use the same basic
TPC and lifetime technique as MuCap, there are distincidadures demanded by physics. To
achieve the required target condition, a new high-densitggenic ionization chamber filled with
ultra-pure deuterium will be developed. It will allow to defithe muon stop, identify impurities,
and observe muon-catalyzed reactions, which serve as agrfubwonitor to prove that the muon
kinetics is quantitatively understood. The new TPC musthmproved energy resolution and full
analog readout using FADCs to avoid systematic uncergainti the muon stop definition and to
detect the charged particles induced by fusion and impuggpture process. The 5-times higher
target density of MuSun, compared with MuCap, implies that¢thamber does not have internal
gas gain and that drift voltages up to 100 kV are needed. Merea complex cryo-system is being
designed. The MuSun experiment has been approved recendthyii have a first engineering run
with a room temperature deuterium chamber in fall 2008.
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