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1. Scientific Motivation

We are now at the confluence of two exciting developments in the field of muon capture [1].
Based on the novel “active target” technique developed by our collaboration, experiments on hy-
drogen and the lightest nuclei are approaching sub-percent precision, surpassing the precision of
previous generations of experiments by nearly an order of magnitude. At the same time, effective
field theories (EFTs), based on the symmetries of the underlying fundamental theory of quantum
chromodynamics (QCD), have been systematically constructed to calculate electro-weak interac-
tions of nucleons and few-body systems. Thus simple nuclear systems become amenable to rigor-
ous QCD-based calculations.

Our scientific program consists of the following experiments at the high intensity muon beam
lines of the Paul Scherrer Institute, Switzerland. The MuCap experiment is a precision measure-
ment of muon capture on the proton to determine the pseudoscalar form factor g, in the axial
current of the nucleon. We present the result of the analysis of the experiment’s complete data set,
which provides a basic test of QCD at low energies. The ongoing MuSun experiment extends these
measurements to muon capture on the deuteron. MuSun will determine the sole unknown low-
energy constant dg entering the EFT calculation of weak interactions in the two-nucleon system. It
will be a benchmark result for extending the EFT method to more complicated few-body processes,
and for calibrating the calculations of related astrophysical processes of fundamental importance.
In the context of this program we also summarize the final result of the MuLan experiment. It
measures the free muon lifetime and determines the strength of the weak interaction, the Fermi
constant G, with unprecedented precision.
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Figure 1: Free muon lifetime measurements. Red data points denote MuLan results: commissioning run
(Chitwood 2007), measurement with ferromagnetic target (Webber R06) and quartz crystal target with ex-
ternal field (Webber R07).
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The Fermi constant G is best determined via the relation

G%mz i
At = 1955 1+;Aq(> : (1.1)

On the left hand side A+ = i is the free muon decay rate expressed as inverse of the muon life-
time. The expression on the right hand side includes Gr and my, the muon mass, while Y Agl)
describes the phase space and higher QED corrections[2]. Up to 1999 the precision of this evalu-
ation of Gy was limited to 15 ppm by the unknown second-order QED term. Calculation[2] and
subsequent work reduced the theoretical uncertainty to 0.14 ppm. At that time the measurements
of 7, contributed the dominant 9 ppm uncertainty to Gr. As seen in Fig. 1, this stimulated an
experimental program to improve the experimental lifetime dramatically. Recently, this goal has
been achieved by the MuLan collaboration [3, 4, 5], which now dominates the world average. The
resulting lifetime and decay rates are measured at the 1 ppm level:

/P = 21969811 £0.0000022 fis (1.2)

Aﬁ’PG = 455170.05+0.46 s~ !
From its 7, result MuLan [5] derives
Gr(MuLan) = 1.1663787(6) x 107> GeV 2 (0.5 ppm). (1.3)

This represents a thirty-fold improvement over the 1999 PDG value, reflecting the combined theo-
retical and experimental progress on this fundamental constant over the last decade.

1.2 Muon Capture and Nucleon Form Factors

Muon capture on the proton,
U +p—n+vy, (1.4)

is a basic charged-current weak process. It proceeds with a rate Ag after a muonic hydrogen atom
has been formed in its lower singlet hyperfine state. For the low momentum transfer q% = —0.88mﬁ
in process (1.4), the Standard Model electroweak interaction reduces to an effective Fermi inter-
action between the lepton current L, and the hadronic current J,. While L, retains its simple
Yu(1 — 75) structure, the hadronic current J* = V# — A* between nucleon states is modified by
QCD, as expressed in a model-independent way by the introduction of form factors (neglecting

2m]

suppressed class terms)

u - 2 igM(qz) uv
<n|V¥|p> =ity |gv(q )YM+WG qv|Up,

2
<n|A*|p> =i, [gA(qz)y#y5+ g’;iq)q“f] up. (1.5)
u

Here my is the nucleon masses and ¢ is the momentum transfer. The vector and magnetic form
factors gy (¢*) and gj(¢*) are determined by the conserved vector current hypothesis and electron
scattering experiments. The precise value of the axial form factor g4 (g?) is still subject to ongoing
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discussions. Its current PDG value is gEDG(O) = 1.2701 4+ 0.0025 [6], although it has been advo-
cated [7] that g, (0) should be increased to 1.275, to be consistent with recent measurements of the
neutron B-decay asymmetry [8, 9] and the revised neutron lifetime [6]. Nevertheless, compared
to the pseudoscalar form factor gp, the first three form factors are well known and contribute only
0.4% uncertainty to Ag. Thus the goal of the MuCap experiment is to determine gp = g P<q(2)) with
precision by measuring the rate for process (1.4).
Chiral effective field theory [10, 11] allows a robust and rather precise calculation of

glheory — W - %g,q (0)mymy 13 = 8.26+0.23. (1.6)
The good convergence of this result has been verified up to two-loop order [12]. Ab-initio calcula-
tion within lattice QCD [13, 14] are ongoing, but have not yet reached the precision of EFT.
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Figure 2: Experimental determinations of g, compared to the precise ChPT prediction. The atomic physics
effects are estimated according to Ref. [1]. The relatively precise result from radiative muon capture (Wright
1998 [15]) exceeds theory. The new MuCap results (MuCap 2007 [16], MuCap 2012 [17]) are shown in red.

Muon capture on hydrogen is the most direct method to determine g, and experimental efforts
span a period of 50 years, see Fig. 2. Experiments before MuCap only achieved limited preci-
sion and even showed some internal inconsistencies, because of several experimental challenges:
1) The composition of atomic/molecular states, where muon capture occurs, has to be known, oth-
erwise the results cannot be interpreted in terms of fundamental weak couplings. ii) Muon capture
on hydrogen has a small branching ratio of typically 0.1% and leads to an all neutral final state.
iii) Muon capture rates on heavier elements exceed those in hydrogen by several orders of mag-
nitude. Thus muon stops in wall materials or transfer of muons to trace impurities in hydrogen
have to be scrupulously avoided. The interplay of atomic effects, issue i), is rather unusual in nu-
clear/particle physics. It results from the fact that stopped muons quickly form muonic hydrogen
pu, which then can combine with other hydrogen atoms to ppu molecules, according to a rate
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®A,p, which is proportional to the hydrogen density ¢ (per convention ¢=1 corresponds to LH>).
Subsequently, the ppu molecules convert from the initial pput ortho-state to the para-state with a
slow and poorly known rate A,,. As the capture rates from these states differ, the uncertainty in the
population the molecular states induces a corresponding significant uncertainty in the interpreta-
tion of experiments with high density targets (see Fig. 3). The related, rare radiative muon capture
(RMC) process [t~ p — nvy is less sensitive to A,,, but the first experimental result on gp [15]
disagreed with theory. The controversial experimental situation is discussed in reviews [1, 18].
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Figure 3: a) Muon-induced atomic and molecular reactions in pure hydrogen. b) Populations of pu singlet
and molecular ppu ortho- and para states as function of time. At density ¢=1 the molecular states dominate,
whereas at ¢=0.01 the muon spends 95% of its life in the singlet atomic state. Reprinted from [1].

1.3 Weak interaction in the two-nucleon system

Figure 4: Feynman diagrams for the related processes t~d — nnv, pp — de™v and vd — ppe~. The red
dot indicates the vertex subject to short-range hadronic physics.

As shown in Fig. 4 muon capture on the deuteron with rate Ap
U+d—-n+n+v (1.7)

is closely related to electro-weak astrophysical processes of fundamental importance, whose cross
sections have never been measured directly. These include pp fusion, which is the primary energy
source in the sun and the main sequence stars, and vd reactions, which provided convincing evi-
dence for solar neutrino oscillations at the Sudbury Neutrino Observatory. The main challenge in
the calculation of these processes are the short range, two-nucleon contributions to the axial cur-
rent, which currently cannot be derived from first principles. In the past, those have been modeled
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by "meson-exchange currents" (MEC), while in the framework of EFT they are expressed by low
energy constants (LEC), which parametrize high momentum scale physics, that has been integrated
out. For the foreseeable future, reaction (1.7) is only one of these basic weak reactions, which can
be measured with precision, to determine the unknown LEC solely based on two-nucleon observ-
ables. This is the goal of the new MuSun experiment, which plans to measure Ap to better than
1.5%.
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Figure 5: Left side: Recent theoretical results on muon capture rate A; from the doublet state of the ud
atom. The pion-less EFT calculation [19] cannot be expressed by a single value and is not included. Right
side: Experimental results scatter widely (revised Bertin 1973 is off scale [1]) and most accurate result is
inconsistent with modern theory. For the future MuSun result only the expected error band is indicated.

In modern calculations of the capture rate Ap, the traditional nuclear physics approach, based
on the impulse approximation with explicit modeling of MECs, is being replaced by less model-
dependent hybrid EFT calculations; a pion-less EFT calculation has also been performed. Recently
first full EFT calculations were published [20, 21]. The theoretical program of calculating electro-
weak reactions from first principles is not finished yet (c.f. L. Marcucci, this conference). In
particular, significant effort is expended on consistently treating the three-body forces at the same
chiral order (N3LO) as the two-nucleon potentials. MuSun would provide a rather direct mea-
sure of the LECs d}g or cp on the deuteron. This will allow the verification of EFT calculation
of electro-weak current interactions with two nucleons first, before expanding to three and more
nucleon systems. Because of the lack of this information, existing calculations have to rely on the
more complex *He/*H system, in particular the rate of tritium beta decay, to become predictive.
Unfortunately, the present experimental situation on y + d capture is unsatisfactory. The best ex-
isting experiments [22, 23] are not precise enough and the most precise result differs from modern
theory by three standard deviations. If true, such a discrepancy would have major ramifications for
the above-mentioned astrophysics processes. In Fig. 5 theoretical results since 1990 are compared
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to all existing experimental data.

Experiments on process (1.7) face similar challenges as outlined in section 1.2 for hydrogen.
Notably, the molecular physics issues enter in a different guise. The hyperfine transition rate of the
upper d(17) quartet to the du (1)) doublet state is slow. The V-A structure of weak interactions,
however, disfavors capture from the quartet state compared to capture from the doublet state, so that
the experimentally observed capture yield is largely proportional to the population of the doublet
state. Once a ddu molecule is formed, muon-catalyzed dd fusion occurs within nanoseconds.
While these fusion processes allow an accurate monitoring of the hyperfine population [24], they
also generate ubiquitous fusion products, which might create significant background or distortions,
depending on the experimental method employed. Moreover, the deuterium purity requirements
are even more stringent than in the case of pure hydrogen. The reaction sequence is depicted in
Fig. 6 and discussed in detail in review [1].

a b 5%LD,, T=30K
) L e B e B B LA s

qu‘;rtet 19 oy H _‘.-'+ t+p
2/3”/1, q) dd - f

~ - s n(t) 102 g
DAy i B it3He+n : E
e ~. Feeriaer” I ]
. T 103 E
PN ] - DGy ~ an E E
doublet pHe +n F 1

10,4 PR S R W L SN N T TN s ST BT RN B

0

Time (ps)

[ ud,
107 F

Figure 6: a) Sequence of muon-induced atomic and molecular reactions in pure deuterium. b) Populations
n(t) of the two du hyperfine states (quartet and doublet) and the 3Hey atom at the conditions of the MuSun
experiment. The density ¢=0.05 leads to a sufficiently fast depopulation of the quartet state, so that the
muons spends 86% of its life in the doublet state. Reprinted from Ref. [1].

2. Muon Capture on the Proton, MuCap Experiment

Fig. 7 sketches the MuCap detector, designed according to the following strategy.

Precision technique. The experiment uses the "lifetime" technique, where the capture rate
Ag is given by the difference between the disappearance rate of negative muons in the hydrogen
target and the decay rate of the free muon. The electrons from muon decay were observed with
a cylindrical electron tracker, consisting of two layers of proportional chambers and a segmented
scintillation hodoscope. The muon decay spectrum was constructed as the time difference between
the entrance counter signals and the electron tracker.

Clear Interpretation. As demonstrated in Fig. 3b, ppu formation can be largely suppressed,
by choosing a low gas density of ¢=0.01. Then capture takes place predominately from the singlet
pu atom and can be interpreted unambiguously in terms of Ag.

Active target. The low density implies small hydrogen stopping mass, leading to dangerous
muon stops in the target walls. These background events are rejected by tracking individual muons
in an active hydrogen target. It consists of a hydrogen TPC, which was specifically developed over
several years of R&D effort [25].



Precision Muon Capture at PSI Peter Kammel

eSC

Figure 7: Cross-sectional side view of MuCap experiment.

Ultra-high chemical purity. High target purity at the 10 ppb level was achieved by carefully
selecting the TPC materials, baking the chamber and continuously circulating and filtering the gas
with a non-mechanical cryogenic purification system [26]. The purity was verified by detecting
charged recoils from reactions like 1~ O — Nvy, inside the TPC.

Record isotopic purity. Muons can transfer from hydrogen to deuterium. The so formed du
atoms have a long free path in hydrogen and can diffuse out of the fiducial volume, distorting the
observed time spectra. An on-site cryogenic distillation column was constructed, which achieved
an isotopic purity of ~10 ppb, as verified by accelerator mass spectroscopy.

High statistics. During each event only a single muon was allowed in the detector to avoid
reconstruction ambiguities. Efficient data collection was achieved with a muon-on-request scheme,
where a fast-switching electrostatic kicker turned off the beam for the measuring interval, as soon
as a muon had entered the detector.

The final MuCap results are presented in Ref. [17]. A total statistics of 1.2x 10'© u~ decays
was collected, with supplemental data for systematic studies, including u* and impurity doped
data runs [17]. The disappearance rate of negative muons in hydrogen was consistently determined
in two main production runs, including numerous consistency checks (c.f. Fig. 8).

The capture rate Ag was determined according to Ay— = (Ay+ +Ady,) + Ag+ AAppy,. Here
Ay is a calculable p p bound-state effect, while AA,,, accounts for the around 3% of muons that
capture from molecular states. The result is

AMuCap _ T14.9£5 4gpac £5.lgyst s, 2.1)
. . . MuCap .
in excellent agreement with recent theory [27, 28, 29]. From the comparison of Ag with
theory, updated with the latest g}‘)DG (0),

gl;/IuCap (g5 = —0.88my;) = 8.06+0.48 +-0.28, (2.2)

is extracted, where the two uncertainties arise from the error propagation from MuCap and theory,
respectively. If the updated g,(0)=1.275 would be used, g, would increase to 8.34. Fig. 9 sum-
marizes the current information on g, based on the most accurate OMC result in LH, [22], the
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Figure 8: lhs: Exponential fit to 2006 data set, time axis still blinded, rhs: distribution of disappearance
rates A measured over this period, from B. Kiburg, Ph.D. thesis, UIUC, 2011.

RMC measurement [15] and the new MuCap result [17]. While the earlier experimental landscape
was unclear and even inconsistent, MuCap is much less sensitive to molecular uncertainties and
unambiguously verifies a fundamental prediction of low-energy QCD.

16

14

12

10

P
@

g,(d” = -0.88mj)

MuCap Avg

;]

-

~JChPT
%

Ex2
;an

20 20 50 80 00 120 140
hop (10° 71

e
=III|III|III|III

)

m

=4

=

g

=]

Figure 9: Extracted values for g, as function of the poorly known molecular transition rate A, from [17].

3. Muon Capture on the Deuteron, MuSun Experiment

Similar to MuCap, MuSun employs the "lifetime" technique and muons are tracked in an
active target to select only stops in ultra pure deuterium. The muon atomic physics demands,
however, a different TPC design, namely a cryogenic detector with density ¢=0.05. As shown in
Fig. 6, the relatively high density affords fast transitions to the desired lower hyperfine state; low
temperature suppresses muon-catalyzed fusion background and allows TPC operation at pressures
below 10 bar. Since the target density is five times higher than that of MuCap, the chamber does
not provide internal gas gain and a high drift voltages of 80 kV are required. Excellent TPC
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Figure 10: CryoTPC layout: 1 - beryllium window, 8 - main cathode HV feed through, 10 - heat exchangers
for Ne cooling circuit, 12 - Kapton signal cables, 17 - Frisch grid, 18 - pad plane, 19 - field shaping wires.

energy resolution is critical, in particular for a determination of the muon stop location robust
against fusion interference and for in — situ monitoring of impurity capture signals, which have to
be discriminated against the ubiquitous *He fusion recoils. Given the small size of typically signals
(4.4 fC/MeV), full analog readout into FADCs and careful attention to noise sources is mandatory.
This includes decoupling the acoustic oscillation induced by the cryostat and optimizing the input
noise with special cryogenic preamplifiers placed in the insulation vacuum. Some features of this
novel device are highlighted in Fig. 10.
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Figure 11: Left side: Sequence of muon and fusion signal on TPC pads. Right side: Energy spectra with
1~ (black) display muon and fusion signals, whereas (" (red) calibrates response to muons only.

The experiment has been commissioned and a first data run in 2011 collected about 20% of
the final statistics. It is currently being analyzed towards a first physics result. Fig. 11 shows some
representative data. Currently the experiment is undergoing its final upgrades and is moved into a
new PSI beam line, which was commissioned this fall. Collection of the full data sets is foreseen
during two long production runs in 2013 and 2014.

The MuCap and MuSun experiment were supported in part by the U.S. NSF, the U.S. DOE
and CRDF, PSI, the Russian Academy of Sciences and the Russian Federation.
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