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We discusstwo precisionexperimerts which will measurefundamertal weak
interaction parameters: MuLAN's goal is the measuremen of the positive
muon lifetime to 1 ppm, which will in turn determine the Fermi coupling
constart G to 0.5 ppm precision. MUuCAP is the rst experimert which will
unambiguously determinethe induced pseudoscalaform factor of the proton,
ge. While corntradictory experimertal resultsfor go are under discussion, rm
theoretical calculations on the percert level within the framework of Chiral
Perturbation Theory are now challengingthe measuremets. We will describe
our experimertal e®ortsand latest achievemerts.

1 Precision determination of Gg - the MuLAN
experiment

We have seenimpressiwe advancesin our preciseknowledgeof many parametersde ning
the electronveak interaction within the Standard Model. Howewer, the value of one of
the most fundamertal weak parameters,the Fermi coupling constart Gg, has not been
improved in over two decadegseeFig.1). Usually Gg is determinedvia a measuremen
of the muon lifetime ¢,
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with F(x) = 1j 8 i 12?2 Inx + 8x%i x*[3]. The QED correctionswithin the Fermi
Model, ¢ qep , are included in this de nition.
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Within the Standard Model one can derive the relation
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with weak radiative correctionsbeing summarizedin ¢, [4]. The calculatedquartity ¢,

dependson the ertire set of input parameters,e.g. Mz, Myiggs, Miop, ®. Recerly, these
calculationswereimprovedto the sub-ppmlevel by including numerically important QCD

and electraveak higher-orderterms up to 2-loop level. Therefore a precisecomparison
betweentheoretical and experimertal values,e.g. for My (EQ. 2) is possible[4]. Con-
sequetly, G setsimportant constraints on the Standard Model and SUSY parameters.
Furthermore, G setsthe weak scaleand is intimately connectedto the vacuum expecta-
tion value of the Higgs eld. The best possibleexperimertal measuremeh of Gg at the
presen technologicallimit is thereforehighly desirable,asthe 18 ppm precisionlimit on
the PDG averageon ¢ [5] is dominated by experimertal courting statistics.
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Figure 1: Progressionof positive muon lifetime measuremets [5]. The 1 ppm error goal
of MULAN is too small to be visible on this scale.

The MuLAN experimert (Mu on Lifetime AN alysis), intents to measurea total of 10*
1* decys, in order to achieve a 1 ppm statistical error in the lifetime. Sincethe status
report on the MuXprogram in [6] we have achieved substartial progress.A modi cation
of the cortinuous high intensity muon beamline at the Paul Scherrer Institut was neces-
sary to enablethe collection of 10'? ewverts within a reasonabletime. We have built an
electrostatic kicker which appliesan arti cial time structure to the DC beamin the ¥E3
areaand found a kickable beam tune which provides up to 8 MHz of muons. Following
a 51 s muon collection period in the target, the kicker de°ectsthe beamfor 27 1 s while
muon decgs are measured.

MUuLAN is designedto minimize the systematicerrorsin seeral ways:

2 Muon polarization: The beam muons are highly polarized, and the preferertial
emissionof decg positrons in muon spin direction could causea position- and time-
dependent positron detection exciency aspolarized muonsrotate in an external magnetic
“eld. We are currertly investigating two speci c targets: i) Arnokrome-3 (Fig.2b) is a
proprietary chromium-cobalt-iron alloy sheet, which, due to an internal eld of a few
Tesla, precessesnuons very fast with respect to muon deca. Therefore polarization
e®ectsare negligible. ii) A solid sulfur target which maximizesthe depolarization of the
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Figure 2: The installed MuLAN setup:
a) View of the saccer ball detector. The visible hexagonalstructures are made
of six neighboring triangular scirtillator pairs.
b) The Helium bag and the AK3 target mounted in the detector certer.

beammuons. It is placedin a homogeneoud 20 Gaussmagnetic eld which causesa fast
visible muon rotation and allows usto t the correspnding decag positron asymmetry.
We are presetly investigating samplesof 10'° decay positrons from ead target to select
the optimal material choice. Additionally, a polarization-preservingsilver target is being
usedfor cortrol purposes.

MuLAN's highly modular detector (Fig.2a) of 174 coincidert scirtillator tile pairs in
\soccer ball" geometry allows us to compare opposite courters, thus strongly reducing
precessiore®ectsn the court rate sum.

2 \Sneaky muons:" A fast thin entrance muon courter (EMC) recordsbeammuons
and looks for muons sneakingin during the measuremeninterval. A magnetpositioned
behind the EMC precesseshe tiny fraction of muons stopped in the detector materials,
otherwisethey too could causesmall detection inexciencies.

2 O®-target muon stopping: Muon stops before the target are minimized by de-
creasingthe materialsin the muon path. Consequetly we installed a helium bag (Fig.2b)
and usedvery thin mylar windows and EMC materials.

2 Pile-up: The high detector modularity and the fast scirtillator responsetime reduce
pile-up. Additional time resolution will be gainedvia new 500 MHz waveform digitizers
(WFD) presenly under construction, which will provide a double pulseresolution better
than 4 ns. Final WFD implemertation to all detector channelsis planned for 2005.

The MuLAN detector (Fig.2a) was successfullycommissionedn 2004 and yielded its
‘rst physicsdata. Fig.3 shovs a 10 minute snapshotfrom our AK3 target data. We
used multi-hit TDCs for detector readout. The muon accunulation time and the decyy
recordingtime areindicated. Our presen analysisgoalwith this datais a5 ppm precision
determination of Gg. We intend to collect the full statistics in 2006.
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Figure 3: Lifetime spectrum (decay positron minus start of beamkick time) obtained in
a single 10 minute run displaying accunulation and measuremen period.

2 Precision determination of gp - the MuCAP experiment

The V i A description of weakinteractions hasbeentestedto a high precision. Processes
involving structurelessfermions, e.g. muon decay, shav equalvector (V) and axial-vector
(A) coupling. In ~-decay aswell asin nuclear muon capture on the proton

i + p! ©° +n |, the axial coupling G4 is modi ed due to hadronic e®ectscaused
by the involved nucleon. Muon capture occurs at higher four-momerium transfer q =

i 0:88m? than ~-decay. Lorentz invariance constrainsthe corresmpnding weak currert
matrix elemens to six independern terms,

_ 2o G (D), o, Gs(c)
Vi = Gu(@)n i e d + 2 g )
G iGT(cf o
As = Ga()® s+ Fr’rf?z)%qw—zjn(g)qu%; @)

with correspnding weak form factors G; (; = scalar, pseudoscalaryector, axial-vector,
tensor, weak magnetism); massof the nucleonmy and muon m. . Becauseof G-symmetry
Gs and Gt vanish [7]. Due to the momenium dependence,only G4 and Gy cortribute
in ~-decy at very low ¢?. Nuclear muon capture is the processmost sensitive to Gp.
Therefore, Gp (j 0:88m?) is dubbed induced pseudoscalarcoupling constart g=. While
the valuesof Gy, G and Gy, are establishedon the 10 2 to 10 # level [5], the situation
is totally di®eren for the induced pseudoscalage .

The theoretical view, historically basedon PCAC and pion pole dominance,and re-
certly strictly derived within chiral perturbation theory (APT) [8], is remarkably precise:

2
GP (q) m12/4i q2 | 302h2
O (8:748 0:23); (0:488 0:02)= 8:238 0:23; (6)

depending on the exact valuesof the pion-nucleoncoupling constart g,nn and the mean
axial radius of the nucleonr,. The Standard Model based calculation of the singlet

2m: F., 1
QN T Ga(O)m: myr2 ; (5)
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Figure 4. a) Presert knowledgeof go: The OMC [10] and RMC [12] results and their
, op dependenceare shonvn together with the error goal for MUCAP plotted at
the PCAC value. The blue triangle shawvs the 3He result [11] at an arbitrary
. op Vvalue. The line shaws the calculation from Ref.[§. The , op valuesfrom
experimerts [14, 15] and theory [16] are indicated on the bottom.

b) Sdematic view of important muonic processesn a hydrogentarget, high-
lighting the capture in the p 15 state and competing badkground processes
(, = rate, © = density, c = concertration).

9

uz impurities

muon capture rate by Govaerts and Lucio-Martinez [9] hasreadied 0.55%precision. This
precisionin calculation will allow a high precision measuremento distinguish between
the pion pole cortribution to g- and the correctionterm. Moreover, sudy a measuremeh
will alsosettight limits on various theoretical scenariosbeyond the Standard Model [9].
The presen experimertal knowledgeof gr is unsatisfying, and discrepanciecausecon-
siderable debate. Determinations via ordinary muon capture in hydrogen (OMC) [10],
3He [11] and larger nuclei essetially con rm the theory result. Howewer the precisionof
the latter is troubled by model dependencies.A radiative muon capture on the proton
(RMC) experimert [12], which measuredan additionally very rarely emitted high energy
° ray in conjunction with the muon capture process,yielded a di®eren result'. The
presert most likely explanation lies in the insuxcient knowledgeof the complexkinetics
of negative muonsin hydrogen. The p atom is formed in statistically populated singlet
and triplet states, and the muon capture rate from thesestates di®erby a factor of » 60
due to the strong spin dependenceof weak interactions. An exact knowledgeof the spin
populations is therefore mandatory for the interpretation of a measuremen The initial
1p populations are modi ed via spin °ip and molecularformation processeswhich even-
tually yield a fraction of muonic hydrogenmolecules(pp!). The respective rates for both
types of processscalewith density, and henceare high in the liquid hydrogen targets

While the RMC processhas a 10° times lower branching than OMC, the emitted ° can have energies
up to 100 MeV. Therefore these®'s comecloserto the pion pole and the measuremen is in principle
four times more sensitive to gp than OMC.
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(a) (b)
Figure 5: The setup of the MuCAP experimert:

a) Schematic view of the detectorsshaving the muon erntering from the beam
channel (blue arrow), hitting the 200 m thick time=0 scirtillator (muSC) and
a small wire chamber (muPC) which seresas additional pile-up counter, and
then stopping in the TPC. The muon stop position is detectedvia a high signal
causedby the Bragg peak (blue) after a track of low signals(green). The de-
cay electron(red) is obsenedin 2 cylindrical wire chambers (ePC1/2) for track
reconstruction. Outside is a doubled-layered scirtillator hodoscope (eSC) with
readout at both paddle ends,which recordsthe deca time.

b) Installed setup in PSI's ¥E5 areawith the hydrogenvesselrolled bad, dis-
playing the mounted * SR saddle-coilmagnet.

which were usedin Refs.[1(] and [12]. Howeer, a large ! -molecular population causes
a large correction to the lifetime and hencea correspnding uncertainty. Speci cally the
ortho to para spin-°ip rate in pp! molecules, op (Fig.4b) is a prime suspect to causethe
experimertal discrepancyin ge. Figure 4, updated from [13], shovs the | op dependence
of the OMC and RMC results. The cortroversial , op valuesare alsoshovn. Two exper-
imental valuesfrom Sacly [14] and TRIUMF [15], which were obtained together within
the sameexperimerts performing the OMC and RMC measuremets, strongly disagree,
and the only theoretical calculation [16] doesnot clarify the situation. It is evidert that
using the , op rate from the samemeasuremets brings the g- value in agreemen with
theory. Howewer, the useof the other , op value enlargesthe disagreemento the predic-
tion or lowersit to an unphysical negative value. Clearly only a new determination of gp
independent of , op canresole this situation.

The experimertal principle of the MUCAP (Mu on CAP ture) experimert is basedon
the measuremen and comparisonof the deca time of positive and negative muonsin
hydrogen. The MuCAP experimert is designedo overcomethe multiple dizcult problems
of previousexperimerts. The important conceptualadvantage of MUCAP is the selection
of target hydrogen at gaseousdensity (10 bar at room temperature), which minimizes
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Figure 6: a) Obsened 2£ 10° muon stopping positionsin the TPC (fall 2004).
b) Obsened special evert in the TPC: A muon stops after leaving a track over
seeral anodeswith a few times higher energydeposition in the last anodes. In
fall 2004we obsened a fraction of » 10 © high-Z capture everts, correspnding
to a 10 8 concerration of impurities, with a clearsignatureof a very high signal
within 251s after a muon stop.

the kinetics dependenceof the result on g- as shown in Fig.4a. At low densities,muon
capture occurs almost exclusiwely from the singlet state on the proton, and even a large
estimated error on | op results only in a systematic error on the 10 ppm level. The full
setup is shavn in Fig.5. The active gaseoudydrogentarget, a time projection chamber
(TPC), allows for a full 3-dimensionalreconstruction of the muon path to its stopping
point and therefore a selection of clean muon stops away from walls and wires. The
obsened stopping distribution of muonsis shown in Fig.6a.

The TPC also detects muon capture everts on impurity atoms (Z > 1) via the very
large signals generatedfrom capture products. Thus the TPC senes also as a very
sensitive impurity monitor. The high rates of muon transfer to and nuclear capture on
high-Z atoms (Fig.4b) can causea de°ection of the exponertial lifetime even at very low
impurity concerrations astheseratesaretypically ordersof magnitude higherthan muon
decygy. In orderto minimize this e®ecttarget purity requiremerts are very stringert, with
the goalto be onthe 10 ° cortamination level for the sum of high-Z atoms. Additionally,
the exactknowledgeof thesecortaminations is necessaryo calculatethe correctionfactor
to the lifetime. Consequetly, the hydrogen gasafter production in electrolysisis Iled
via a palladium Tter and cortinuously run through a Zeolite basedpuri cation system
(CHUPS). The CHUPS system[19] is speci cally designedto maintain the hydrogen°ow
with negligible variations in density or hencein TPC gain. In fall 2004 we maintained
cleantarget conditions (as low as 70 ppb impurities) for over 5 weeks.

EXAO5, Vienna 7
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Figure 7: Preliminary muon lifetime spectrum obtained with *i from the MuCAP fall
2004run. The three di®eren curvesshow the bene ts of the decg electronde-
tection by the two wire chambers. Curve 1 (black) is obtained with requiremern
of a clean pileup-free muon stop in the TPC and a four-fold eSC coincidence
hit. Curve 2 (red) requiresatime coincidert hit in both ePCland ePC2. Curve
3 (blue) additionally tracks the obsened electronand requireslessthan 10 cm
impact parameter (approximately the sensitive TPC volume). The hugereduc-
tion in badkground is obvious. The necessaryg 251 s pileup veto is responsible
for the badground's shape.

MuCAP fully separatesthe muon and electron detectors to avoid dangerouscross-
correlations. Decay electrontimes are measuredin the scirtillator hodoscope (eSC) sur-
rounding the hydrogenvessel. Two cylindrical wire chamberstrack the electron bad in
3 dimensionsto its ! -stop origin, thus largely reducing the badkground.

The impact parameter, de ned as the minimal distance between detected muon stop
and electrontrack, senesasan important handleon a very subtle systematice®ecton the
lifetime: the di®usionof muons which transfer to deuterium, an isotope always presett
in hydrogen. Although we are using special deuterium-depletedhydrogen, (\protium"),
with deuterium cortent as low as 1.5 ppm, this deuterium concenration is still high
enoughto causea visible e®ectin our setup via electron tracks with dislocated origin.
This dislocation, due to d di®usionover macroscopicdistancesis possiblebecauseof a
Ramsauer-wnsendminimum in the 1d + p scattering cross-sectiorat low energies.Sud
1d's canhit a wall or wire, transfer and then undergounobsened nuclear capture outside
the sensitive volume. The electronwire chamber tracking identi es suc ewerts and the
correspnding lifetime dependenceon the impact parameterwill allow usto determinethe
deuterium contamination in situ [17]. Additionally, we have beendeweloping a precision
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trace deuterium detection method via pd* fusion [1§].

As in MuLAN, MuCAP appliesa magnetic eld to cortrol muon spin rotation e®ects
in the 1 * measuremen A water-cooled aluminum coil was deweloped to minimize deca
electron scattering.

Evertually MuCAP needs10' cleanly obsened deca electronsand positrons to sta-
tistically read the goal of 1 % in the capture rate, re°ecting 10 ppm in the respective
muon lifetimes. This is possiblein seweral weeksof running in the fully pile-up protected
mode. In the future we alsointend to usethe MuLAN kicked beamlinewith the MuCAP
experimernt and operateit in a \muon on requestmode" [20].

Fig.7 shaws a preliminary lifetime plot from our fall 2004 data. One can clearly see
the huge improvemert in badground reduction due to the implemertation of the two
cylindrical wire chambers. The shovn » 2£ 10° \clean" 1 deca everts are presettly being
analyzed,and a rst result on g is expectedin late 2005.

3 Summary

Both experimerts, MUCAP and MulLan, are on the way to read ultimate precisionin
their respective measuremets. First physicsresults are expectedin late 2005.
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