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1. Introduction

The muon was first observed in a Wilson cloud chamber by Kunze[1] in 1933, and identified
in 1936 by Anderson and Neddermeyer[2]. The Yukawa theory of the nuclear force had predicted
such a particle, but this “mesotron” as it was called, interacted too weakly with matter to be the
carrier of the strong force. Today we understand that the muon was the first second-generation
particle to be discovered, which with its neutrino forms the second generation in the lepton sector.
Its mass, ~ 207 times the electron’s, makes the muon magnetic interaction, along with its decays,
ideal places to search for physics beyond the standard model by observing quantities which are
sensitive to heavier mass scales through virtual loops. Its long lifetime, ~ 2.2 us, permits precision
measurements of its properties.

In the 72 years since the muon’s discovery, it has helped us learn many of nature’s subatomic
secrets: the parity violating V — A nature of the weak interaction; the strength of the weak inter-
action Gp; the VEV of the Higgs field which is related to Gg; information on the modification of
the weak force in the atomic nucleus that is complementary to that obtained from nuclear 3 decay;
and constraints on physics beyond the standard model provided by the measurement of the muon’s
anomalous magnetic moment.

The muon is of interest to this conference as the companion to the muon neutrino in pion decay,
or as the source of a neutrino beam in the muon storage ring at a neutrino factory. The purpose of
this talk is to make the case that a vigorous program of selected muon experiments must be a part of
the physics program at such a facility. The neutrino factory will produce an unprecedented number
of muons, and with proper planning, an intense beam could also be developed for fundamental
experiments that cannot be done elsewhere. Significant additional detail is contained in a CERN
working group report[15], and in the “International Scoping Study” report[16].

Three experiments, dubbed the “muon trio” by Yoshitaka Kuno, come to mind: The electric
and magnetic dipole moments of the muon, and the search for neutrinoless conversion of a muon
to an electron. The latter two experiments require the exceptional muon flux that could be possible
at a neutrino factory.

2. Dipole Moments

The electric and magnetic dipole moments have been an integral part of relativistic electron
(lepton) theory since Dirac’s famous 1928 paper, where he pointed out that an electron in external
electric and magnetic fields has “the two extra terms
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...when divided by the factor 2m can be regarded as the additional potential energy of the electron
due to its new degree of freedom[4].” These terms represent the magnetic dipole (Dirac) moment
and electric dipole moment interactions with the external magnetic and electric fields.

In modern notation, the magnetic dipole moment (MDM) interaction becomes
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where F1(0) = 1, and F>(0) = a,. The electric dipole moment (EDM) interaction is
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where F>(0) = ay, F3(0) = d,, with

h
dy = (g) <2emc> ~n x4.7x 107 ecm. (24)

(This n, which is the EDM analogy to g for the MDM, should not be confused with the Michel
parameter 7).)

The existence of an EDM implies that both P and T are violated[5, 6]. This can be seen by
considering the non-relativistic Hamiltonian for a spin one-half particle in the presence of both an
electric and magnetic field: # = —ji-B—d - E. The transformation properties of E, B, i and d
are given in the Table 1(a), and we see that while @ . B is even under all three, d - E is odd under
both P and T. While parity violation has been observed in many weak processes, direct T violation
has only been observed in the neutral kaon system[7]. In the context of CPT symmetry, an EDM
implies CP violation, which is allowed by the standard model for decays in the neutral kaon and
B-meson sectors.

Table 1: (a) Transformation properties of the electric and magnetic fields, and the dipole moments.
(b) Present limits on the electric dipole moments

(b)
(a) Particle Present EDM Standard Model
E B jior d Limit (e cm) Value (e cm)
P - + + n 2.9 % 1072° (90%CL)[9] 10731
c - - - e ~ 1.6 x 10727 (90%CL)[10] 10738
T + - - u 1.8 x 1071 7 (E821)

99he  2.1x1072 (95%CL)[12]

Observation of a non-zero electron or muon EDM would be a clear signal for new physics.
To date no permanent EDM has been observed for the electron, the neutron, or an atomic nucleus,
with the experimental limits given in Table 1(b). It is interesting to note that in his original paper[4]
Dirac stated “The electric moment, being a pure imaginary, we should not expect to appear in the
model. It is doubtful whether the electric moment has any physical meaning, since the Hamiltonian
...that we started from is real, and the imaginary part only appeared when we multiplied it up in
an artificial way in order to make it resemble the Hamiltonian of previous theories.”

While CP violation is widely invoked to explain the baryon-antibaryon asymmetry of the uni-
verse, the CP violation observed to date in the neutral kaon, and in the B meson sectors is too small
to explain it. This CP deficit has motived a broad program of searches for EDMs in a range of sys-
tems. Many extensions to the standard model, such as supersymmetry, do not forbid new sources
of CP-violation, and the failure to observe it has placed severe restrictions on many models.
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2.1 Measurement of Dipole Moments

Measurement of the magnetic anomaly, and a search for an EDM uses the spin motion in a
magnetic field. For a muon moving in a magnetic field, the spin rotates relative to the momentum
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The magnetic field in Eq. 2.5 is the average field seen by the ensemble of muons. The experiment is

with the frequency

operated at the “magic y =29.3” where the second term vanishes and permits an electric quadrupole
field to be used for vertical focusing. The present precision of the a,, is ££0.54 ppm[3], which is
discussed in a parallel paper in these proceedings[14].

The muon spin motion is modified by the presence of an electric dipole moment. The total
frequency becomes & = @, + @, where

. _ a|n(E z =
By = ’"[2 (C—i—ﬁxB)], 2.6)

with 1 defined by Eq. 2.4, and w, by Eq. 2.5. The spin motion resulting from the motional electric
field, ﬁ x B is the dominant effect, so w,, is transverse to B. An EDM would have two effects on the
precession, there would be a slight tipping of the precession plane, which would cause a vertical
oscillation of the centroid of the decay electrons that out of phase with the w, precession; and the
observed frequency w would be larger,

2
W= \/w§+ (q"ﬂB> . 2.7
2m

To reduce systematic errors in the muon EDM measurement, a “frozen spin” technique has

been proposed[21] which uses a radial electric field in a muon storage ring, operating at y << Ymagic
to cancel the (g —2) precession. The EDM term, Eq. 2.6, would then cause the spin to steadily
move out of the plane of the storage ring. Electron detectors above and below the storage region
would detect a time-dependent up-down asymmetry that increased with time. As in the (g —2)
experiments, detectors placed in the plane of the beam would be used, in this case to make sure
that the radial-E-field cancels the normal spin precession exactly. Adelmann and Kirsh[22] have
proposed that one could reach a sensitivity of 5 x 1072% e—cm with a small storage ring at PSI. A
letter of intent at J-PARC[23] suggested that one could reach < 10~>*¢—cm there. The ultimate
sensitivity would need a muon intensity only available at a neutrino factory.

3. Muon Flavor Violating Experiments

The standard-model gauge bosons do not permit leptons to mix with each other, unlike the
quark sector where mixing has been known for many years. Quark mixing was first proposed
by Cabibbo[24], and extended to three generations by Kobayashi and Maskawa[25], which is de-
scribed by a 3 x 3 mixing matrix now universally called the CKM matrix. With the discovery of
neutrino mass, we know that lepton flavor violation (LFV) certainly exists in the neutral lepton
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sector, with the determination of the mixing matrix for the three neutrino flavors having become a
world-wide effort.

While the mixing observed in neutrinos does predict some level of charged lepton mixing, it
is many orders of magnitude below present experimental limits[15]. New dynamics[27, 28, 29,
30, 31, 32, 33, 34, 36, 35], e.g. supersymmetry, do permit leptons to mix, and the observation of
standard-model forbidden processes such as

ut —ety; ut —etete™; U N—e N; u + 4 —et+ 4" ute —u-e";  (@3.1)

would clearly signify the presence of new physics. The present limits on lepton flavor violation are
shown in Fig. 1(a).

If lepton mixing occurs via supersymmetry, there will be a mixing between the supersymmet-
ric leptons (sleptons) which would also be described by a 3 x 3 mixing matrix. The schematic
connection between lepton flavor violations and the dipole moments is shown in Fig. 1(b), and
there are models that try to connect these processes[37].

Searches for Lepton Number Violation
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Figure 1: (a) Historical development of the 90% C.L. upper limits on branching ratios respectively conver-
sion probabilities of muon-number violating processes which involve muons and kaons. Also shown is the
projected goal of the MEG (u™ — e™y) experiment which is underway at PSI, and the projected sensitivity
of the proposed Mu2e experiment at Fermilab and the COMET experiment at J-PARC. (b) The supersym-
metric contributions to the anomaly, and to u — e conversion, showing the relevant slepton mixing matrix
elements. The MDM and EDM give the real and imaginary parts of the matrix element respectively.

In a large class of models, if the A/ =1 LFV decay goes through the transition magnetic

moment, one finds[15]
B(uN — eN)

B(u— ey)
where B(A,Z) is a coefficient of order 1 for nuclei heavier than aluminum([38]. For other models,
these two rates can be the same[15], so in the design of new experiments, the reach in single event
sensitivity for the coherent muon conversion experiments needs to be several orders of magnitude
smaller than for u — ey to probe the former class of models with equal sensitivity. Detailed cal-
culations of u — e conversion rates as a function of atomic number have also been carried out[39],

=2x107°B(A,Z), (32)

and if observed, measurements should be carried out in several nuclei.
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From the experimental side, the next generation u — ey experiment, MEG, is now under way
at PSI[40], with a sensitivity goal of 10713 — 107!#, Since the decay occurs at rest, the photon
and positron are back-to-back, and share equally the energy mucz. This experiment makes use of
a unique “COBRA” magnet which produces a constant bending radius for the mono-energetic e,
independent of its angle. The photon is detected by a large liquid Xe scintillation detector.

Of the various lepton-flavor violating reactions, only coherent muon conversion does not re-
quire coincidence measurements. For example, the decay u — 3e, while theoretically appealing,
requires a triple coincidence and sensitivity to the whole phase space of the decay, making it exper-
imentally quite challenging. It is the coherent muon to electron conversion, where with sufficient
energy resolution on the conversion electron the signal can be resolved from background, that holds
the most promise for many orders of magnitude improvement. Projected muon fluxes at present
or proposed facilities will permit the experimental sensitivity to be pushed to the 107! to 1018
level. Such a program has been proposed both for Fermilab (Mu2e)[42] and for J-PARC (COMET,
PRISM-PRIME)[41]. At a neutrino factory, one might be able to reach the 107'° to 1072 level,
or if the J-PARC or Fermilab experiments find a signal, explore in detail the nature of the lepton
flavor violating interaction.

The muonium to antimuonium conversion (last process in Eq.3.1) represents a change of two
units of lepton number, analogous to K® K oscillations. This process was originally proposed
by Pontecorvo[43]. An experiment at PSI[44] obtained a single event sensitivity of Py;;; = 8.2 X
10~ which implies a coupling G,;; < 3 x 103Gy at 90% C L., where G is the Fermi coupling
constant. A broad range of speculative theories such as left-right symmetry, R-parity violating
supersymmetry, etc.[45], could permit such an oscillation.

4. Summary and Conclusions

The program of muon physics discussed here provides compelling physics opportunities for
the neutrino factory. The observation of a muon electric dipole moment, or a charged lepton flavor
violation reaction would be as revolutionary as the discovery of neutrino mass has been. It is
imperative that as the design of a neutrino factory goes forward, that every effort be made to design
a facility that can support muon experiments, as well as the neutrino program. Acknowledgments:

I wish to thank my experimental friends, David Hertzog, Klaus Jungmann, Yoshi Kuno, Jim Miller
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