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Abstract

The search for lepton flavor violation in charged lepton decays is a highly sensitive tool to
look for physics beyond the Standard Model. Among the possible processes, p-decays are
considered to have the largest discovery potential in most of the standard model extensions.
Many searches have been performed in the past, but no evidence has been found so far. In
this paper, we have reviewed the current theoretical and experimental status of the field of
muon to electron decay and its potential to search for new physics beyond the Standard
Model. Future prospects of experiments for further progress in this field are also discussed.
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1. Introduction

All currently known experimental data are consistent with the standard model (SM) of
weak and electromagnetic interactions. Within the framework of the SM, baryon and
lepton quantum numbers are separately conserved. In fact, one can associate an additive
lepton flavor quantum number with each lepton generation which appears to be
conserved. There are thus three such conserved quantum numbers L., L, and L., each one
associated with the lepton generations (e, ve), (i, v,) and (7, v;), with their antiparticles
having opposite lepton flavor. These quantum numbers distinguish between the three
neutrino species and lepton number is an exactly conserved quantity if they are exactly
massless. However, the experiments with solar, atmospheric, reactor and accelerator
neutrinos have provided compelling evidences for oscillations of neutrinos caused by
nonzero neutrino masses and neutrino mixing.

Most theorists, however, view the SM not as the ultimate theory of nature but as a
successful low energy approximation. In possible extensions of the SM, it is legitimate to
ask whether lepton flavor conservation still holds. In fact, in such gauge models (grand
unified theories, super-symmetric extensions of the SM, superstring inspired models) such
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guantum numbers are associated with global (non-local) symmetries and their
conservation must be broken at some level.

Motivated in part by this belief, the search for lepton flavor violation, which began
more than half a century ago [1-4], has been revived in recent years and is expected to
continue in the near future. In the meantime, the number of possible reactions for testing
lepton flavor has been increased. The most prominent such reactions are:

u—ey (€
Toey, oy (2
u—>eete” 3)
T —>ee'e”, T—>uete” (4)
Toeut iy, Toppt (%)
K, — u'e’, K* > rztue (6)
(,u*e*)<—> (,u*e*) (muonium-antimuonium oscillations) @)
u +(Az)—>e +(AZz) (muon electron conversion) (8)

One could also have both lepton number and lepton flavor violating processes like
(AZ)—>(AZ+2)+e’e”  (OVPB decay) 9)
u +(AzZ)—>e" +(AZz-2)  (muon positron conversion) (10)

From an experimental point of view, the most interesting reactions are (1), (3), (8),
(9) and (10). Flavor violating decay processes of muon have been intensively studied and
have been probed to high precision due to the fact that muon decay processes are simple
and easy to detect and also due to the intense muon source available in experiment. They
are expected to be further probed to a very high precision by future experiments with
muon source improved by orders of magnitude.

From a theoretical physics point of view the problem of lepton flavor non-
conservation is connected with family mixing in the leptonic sector. Almost in all models,
the above process can proceed at the one loop level via the neutrino mixing. However, due
to the GIM (Glashow-Iliopoulos—Maiani) mechanism in the leptonic sector, the amplitude
vanishes in the limit in which the neutrinos are massless. In some special cases the GIM
mechanism may not be completely operative even if one considers the part of the
amplitude which is independent of the neutrino mass [5]. Even then, however, the process
is suppressed if the neutrinos are degenerate. It should be mentioned that processes (1)-(8)
cannot distinguish between Dirac and Majorana neutrinos. Processes (9) and (10) can
proceed only if the neutrinos are Majorana particles. In more elaborate models one may
encounter additional mechanism for lepton flavor violation. In grand unified theories
(GUT’s) one may have additional Higgs scalars which can serve as intermediate particles
at the one or two loop level leading to processes (1-8). In super symmetric extensions of
the standard model, one may encounter as intermediate particles, the super partners of the
above. Lepton flavor violation can also occur in composite models, e.g. Technicolour [6],
but such models have already been ruled out by the present experimental bounds. The
question of lepton flavor non-conservation has been the subject of several review papers
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[7-27]. The observation of any of the processes (1-10) would definitely signal new physics
beyond the standard model. It will severely restrict most models. It may take, however,
even then much more experimental effort to unravel specific mechanisms responsible for
lepton flavor violation or fix the parameters of the models. From a nuclear physics point
of view the most interesting muon number violating process is the p-e” conversion in Eq.
(8) and below we discuss it in more detail.

2. Muon Electron (4~ - e~ ) Conversion

A prominent process concerning lepton flavor violation is 4~ —e™ conversion in a muonic
atom. When a negative muon is stopped in some material, it is trapped by an atom, and
forms a muonic atom. After it cascades down in energy levels in the muonic atom, a muon
is bound in its 1s ground state. The fate of the muon is then either decay in orbit
u~ —ev,v, orcapture by a nucleus of mass number A and atomic number Z, namely

w+(AZ)>v,+(AZ-1) (11)
However, in the context of physics beyond the Standard Model, the exotic process of
neutrinoless muon capture, such as

u +(AZ)>e +(AZ) (12)
is also expected. This process is called x~ —e™ conversion in a muonic atom. It violates
the conservation of the lepton flavor numbers L. and L, by one unit, but conserves the

total lepton number L= Lo+ L+ L.
The branching ratio of x~ —e™ conversion is defined as

- My +(Az) > e +(AZ)

B['L[Jr(A'Z) —e +(AZ) Iy +(AZ) > captur

(13)

where I" is the corresponding decay width. The final state of the nucleus (A, Z) could be
either the ground state or excited states. In general, the transition process to the ground
state, which is called coherent capture, is dominant. The rate of the coherent capture
process over noncoherent ones is enhanced by a factor approximately equal to the number
of nucleons in the nucleus, since all of the nucleons participate in the process.

The possible contributions to («~ —e~) conversion in a muonic atom can be grouped
into two parts, which are the photonic contribution and the nonphotonic contribution.
Therefore, in principle, this process is theoretically interesting, since it does occur by
mechanisms which only marginally contribute to the x* —e*y process. The study of the
photonic contribution was initiated by S. Weinberg et al. [28]. The nonphotonic
contribution was studied later, for instance by W. J. Marciano et al. [29].

From an experimental point of view, («~ —e™) conversion is a very attractive process
in comparison to u — ey, u— 3e due to following reasons [18]:

1. The detection of only one particle is sufficient. No coincidence is needed.
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2. For electrons with the highest possible energy, i.e. E, ~m,c*-e, with <,the muon
binding energy, the reaction is almost background free. Indeed, the sources of background
are:
(i) Muon decay in orbit. There is a tiny tail in the region of interest which is proportional
to (Eggax—Ee)S, i.e. very small (Eg* denotes the maximum energy of the background
electrons). But in this region the shape is known and it can be subtracted out.
(i) Radiative muon capture. Indeed, this can be a source of background since the photon
can decay to e*e” pairs as

u +(AZ)>(AZ-D)+v,+y and y—>e"+e (14)
If the neutrino and the positron carry away zero Kinetic energy, the background electron
can be confused with the interesting electron. But the maximum electron energy for
process (14) is

En=m,c’—e, -mc? —4=E, —A-m,? (15)
where A is the difference in the binding energy of the two nuclei involved in Eq. (14). By
a judicious choice of the target nucleus A can be quite large (A= 2.5 MeV for **C. Also,
the half-life of muon in carbon muonic atom is aprox. 1.93 ps which is smaller than 2.2 ps
value for its free decay). Thus, one has a background free region if one restricts himself to
the coherent mode.

3. Expression for the Amplitude of (u - e”) Conversion

The amplitude for the (u~, e™) conversion can be cast in the form [30]

4t

(1 ¢ 2
M =L o3 0 (16)

where the first term is the photonic and the second the non-photonic contribution. q is the
momentum transfer and ( takes the form

2
GF% W boson mediated models
$=1 m2, (17)
m—g Supersymmetric models

a
mg,, is the gravitino mass and my is the relevant s-quark (supersymmetric partner of
quark) mass.
The hadronic currents are

SV =Ny, =N (photonic), (18)
2 =Nya5[(3 + Bfyts) + (fy + £4T2)YsIN  (non-photonic) (19)
(N = nucleon) while the leptonic currents are
_ v A, v
Sy = TP fur + VsSen)io™ 72+ (Fer + Vs )Y (92 =250 (20)

Iy =85 (o + favs)u(pu) (21)
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where 8 = B,/B,, is the ratio of the isovector to the isoscalar component of the hadronic
current at the quark level. The form factors fi1, fe1, fzor fuo, f» @nd fy as well as the
parameter S depend on the assumed gauge model and the mechanism adopted (the
isoscalar parameter f, is absorbed in the definition of the leptonic form factors). For
purely left-handed theories the number of independent form factors is reduced in half
since

fr1 = —fmo fer = —fur fA = _]Ev’ (22)
In some models involving the W-boson one has

fEo _ _fE1

q_z - mz (23)

while in the supersymmetric models, one finds

1. 5 m$
fro = —fuo = —sfla*g(x) —— (24)
2 m3/,
1. 2
4ma fpy = —4ma fo, = — S Aa?f(x) (25)
3/2
£F _ _fF __&~ 2 mlzl 2
fo = ~fa = —2aia2f,(x0) - (26)
3/2
and
4  1mi 4 1mi
ﬁo=;+g%' ﬁ1=g—gz—% (27)

The functions g(x), f (x), f,(x) depend on the ratio x = my/m; where m; is the relevant
s quark mass and my is the photino mass. However, since this quantity is much smaller
than unity, we get

0.l g®~l, =1 (28)
2 18

4. Effective Nuclear Transition Operator and Nuclear Matrix Elements

The first step in constructing the effective transition operator is to take the non-relativistic
limits of the hadronic currents in Egs. (18), (19). This leads to the operators [30,31]

Q2= §vé(3+ fvﬂrgj)e_iq'” , 2= —§Aé(§+ﬁ13j)%e_iq'” (29)
with & = f%A and

Gy = %. g.=0  f,=1  B=3 (photonic case), (30)

Gy =0a :%, f, =1, f,=1.24 (non-photonic case), (31)

For neutrino mediated processes
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30 25 lightneutinos

= = 32
Po =4 Z 5/6 heavyneutinos (32)
i.e. $=5/6 =~ 0.8 in both cases. For the supersymmetric models,
5 1 .
Bo= 3 B = 3 ie. B=06 (33)

The factor 1/+/3 in Q was introduced for convenience. Thus, one has

IME = 2Jcf|i, o] + 32 F|2f o) (34)

The second step is to factor out the muon 1s wave function [32,33], i.e.

ctle2s, | = e leaf)” (35)
[a2rg, ) o)
2 = @
K o (36)

with¢, (), the muon wave function and p(r), the nuclear density. The above
approximation was found to underestimate the width in heavy nuclei by as much as 40 %.
With the above operators one can easily proceed with the evaluation of the relevant
nuclear matrix elements. The following two cases can be discussed as-

4.1. The coherent (u'- e”) conversion matrix elements

For 0" — 0" transitions only the operator 2, of Eq. (34) contributes. One finds [30]

(i) = & 3+ { AZF@) (37)
where
2y () S VBN 2
F(q)—Fz(q)+3+fvﬂzFN(q) (38)
FL(@%) = 5 [drpy (e (39)
(@) = < [dro, e (40)

F, and Fy are the proton, neutron nuclear form factors with p,(r),p,(r) the
corresponding densities normalized to Z and N, respectively.
Then, the branching ratio Re,N takes the form

2 2

7ph (41)

2

m ~
! —”fE1+fM0+1KfA
q 2

2
1 ~
S |2 P SO
e N (Glezl)z 2 'M1 EO 2 \

q

2

where k and Y pn carry all the dependence on the nuclear physics, i.e.
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Z|F, @)
N B 42
T S (A Z) 42
and
[ N3-BFy(@)
K—[1+ 2 _3+ﬂ—FN (qz)]é' (43)

In Eq. (42), G?is a combination of the coupling constants entering the ordinary muon
capture, G = 6 and fo, is the well-known Primakoff function [32,33] which adequately
describes the ordinary muon capture throughout the periodic table. It is approximately
given by [33]

for z1.6%—0.62 (44)

It is sometimes convenient to factor out the nuclear dependence from the dependence on
the rest of the parameters of the theory [34], i.e. we write

R =p7 (45)
where the quantity p is independent of nuclear physics. The quantity y takes the form
2
ME
L -
G2Zfor (A, Z)
In the case of the supersymmetric model, y takes the form
2
1 3«
7’=(§+Tj Vph (47)

4.2. Total (u'- e”) conversion matrix elements

As it was mentioned in the introduction, only the coherent rate is of experimental interest.
It is, however, important to know what portion of the sum rule is exhausted by the
coherent mode. Then, the total matrix element to be evaluated is,

2 2
q 2 q 2
Mee = 20| == | [CFleofi| +3F2 %[ == | [¢Fleafi] (48)
f my f my

Where, q; =m,—e, —(E; —Eg) (49)

E(,Eg are the energies of the final and ground state of the nucleus. This evaluation
clearly can be done in a model in which the final state can be explicitly constructed. This
is a formidable task, however, and only in simple models this can easily be done, e.g.,
RPA [33]. The other alternative is to use some approximation scheme. The first is the so-
called “closure approximation” [31,35]. In this approximation one first replaces the
momentum g by a suitable average, i.e.q; —k =(q;) . Thus [30],

Q@) ~ Y an(i)e " =2 (k) (50)
]
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2@;) ~ Y w(j)e ™" = (k) (51)
j
where
@y (J) =3+ fy 73, w(j)=(§+ﬁ73j)‘7/\/§ (52)

Then, we write
2
q 12
Sp = z{m—f] [(fl 2@

2
=il wlnatla (53)
u f

or, using closure over the final states, we get

S, = kzm;<i|g+(k).g(k)i|>

2
=%{(i|91b|i> +<i|-02b|i>} (54)
"
where
2, = Zaf(i)-w(l') (55)
]
=Y 0 (o(je (56)

i#]

The computation of S, is analogous with

2, =2 o5 (Dan (i) (57)
]
2y = Y5 (e (58)
i#]
we thus find
Mgy = 'Sy +3f7S, (59)

which is the total («~ —e™) conversion matrix element.

5. Summary and Discussion of Calculated Matrix Elements

Below in Table 1, we have shown the calculated coherent (M2,,) and incoherent (MZ,.)

nuclear transition matrix elements (NTMEs) for photonic mechanism in case of 2’Al, *Ti,
Ni, "“Ge, ™*Cd, *2Yb and “®Pb nuclei. The corresponding coherent and incoherent
NTMEs for non-photonic mechanism are shown in Table 2 for the same nuclei. The
available experimental values of coherent matrix elements MZ,, are also given for

comparison in both Tables.
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Table 1. Coherent (M2,,) and incoherent (MZ,.) nuclear transition matrix elements (NTMEs) for
photonic mechanism in case of 2’Al, “®Ti, ®Ni, “Ge, 1**Cd, 1%2Yb and **®Pb nuclei.

Nuclei Exp. Theory [Photonic mechanism (y exchange)]
M2, Ref. M2, M2, M2, Model Ref.
2l 068.8  [36] 774 0.26 77.66 SM [36]
69.66  0.02 69.68 SM [40]
8Ti 1137.0 [36] 179.3 051 179.8 SM [36]
144.6 442 188.8 SM [38]
1350 112 146.2 QRPA [38]
139.6 LDA [38]
117.7 551 123.21 QRPA [39]
1272 4.60 131.8 RQRPA [39]
80N 1875 101.5 289 SM [38]
187.8 QRPA [38]
198.7 LDA [38]
149.4  4.48 153.88 QRPA [39]
1711 354 174.94 RQRPA [39]
2Ge 2009  [37] 2129 1437 3566 SM [38]
212.7 QRPA [38]
227.8 LDA [38]
189.9 QRPA [39]
199.1 RQRPA [39]
2060 1.2 207.2 DHF [37]
H2cq 274.0 SM [38]
280.0 QRPA [38]
346.7 LDA [38]
2226 8.14 230.74 QRPA [39]
256.7  6.48 292.18 RQRPA [39]
162y 3136 537 850.6 SM [38]
311.0 QRPA [38]
2838 1352  297.32 QRPA [39]
3933  9.63 402.93 RQRPA [39]
208py, 2402 7013 9415 SM [38]
2875 QRPA [38]
582.9 LDA [38]
379.4  8.97 388.37 QRPA [39]

4150 726 42286  RQRPA [39]

The photonic exchange includes exchange of photons while non photonic mechanism
includes the exchange of W bosons and SUSY particles. For the coherent mode one
essentially needs only to calculate the proton and neutron nuclear form factors while the
incoherent conversion involves the matrix elements of all the excited states of the
participating nucleus.
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Table 2. Coherent (M2,,) and incoherent (MZ,.) nuclear transition matrix elements (NTMEs) for
non- photonic mechanism in case of 2’ Al, “®Ti, ®*Ni, "°Ge, *?Cd, 1%2Yb and 2%Pb nuclei.

Nuclei Exp. Theory [Non-photonic mechanism]
u2 Ref W exchange SUSY exchange Model Ref
coh ' Mczah Miznc Mtzot Mczoh Miznc Mtzot '
Al 068.8 [36] 663.0 3.2 666.2 607.6 60.1 667.7 SM [36]
6649 1.3 666.2 7435 207 7642 SM [40]
®Ti 11370 [36] 1478 497 1482 1237 505 12875 SM [36]
3743 937 468.0 SM [38]
363.0 234 386.4 QRPA  [38]
375.7 348 410.5 LDA [38]
316.3  10.9 327.2 QRPA  [39]
3418 87 350.5 RQRPA [39]
80N 4996 167 666.6 SM [38]
498.2 QRPA  [38]
527.4 LDA [38]
396.6 10.2 406.8 QRPA  [39]
4541 85 462.6 RQRPA [39]
Ge 2009 [37] 5958 2512  847.0 SM [38]
596.2 QRPA  [38]
639.5 LDA [38]
477.1 QRPA  [39]
558.9 RQRPA  [39]
6232 7.0 630.2 DHF [37]
H2cq 769.4 SM [38]
785.8 QRPA  [38]
983.3 LDA [38]
631.3  18.0 649.3 QRPA  [39]
810.2 13.8 824.0 RQRPA  [39]
162y 796.0 1187.3 1983.3 SM [38]
840.3 QRPA  [38]
14121 LDA [38]
7859 284 814.3 QRPA  [39]
1089.1 19.4 1108.52 RQRPA  [39]
208py, 631.4  1609.6 2241.0 SM [38]
767.5 QRPA  [38]
1674.9 LDA [38]
1077.8 208 1098.6 QRPA  [39]
11804 171 11975 RQRPA  [39]

Siiskonen et al. [36] have evaluated the matrix elements for 2’Al and “®Ti nuclei in the
coherent as well as incoherent mode in shell model using USD interaction and OXBASH
code. The coherent reaction channel, which is free from the background and is the
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measurable part of the total rate, is clearly dominant in both nuclei. The shell-model
matrix elements overestimate the photonic matrix element by 25-30 % while non
photonic matrix elements are overestimated by a factor of 10 nearly compared to
experiment. Recently, the calculation for ?’Al was done by Kostensalo et al. [40], who
extended the shell model calculations in the SD model space by including the p orbitals to
see the effect of negative parity states on the conversion rate. The analysis shows
dominance of coherent transitions mediated by isovector operators with practically null
influence of excited positive or negative-parity states. The coherent matrix elements for
photonic mechanism are smaller than SM calculation [36], but still larger by 10 % from
experimental value. For “Ge, a deformed Hartree Fock (DHF) calculation, performed by
T. S. Kosmas [37] and RQRPA calculation by Schwieger et al. [39] showed a close
agreement with experimental value of M2, in case of photonic mechanism. From the
Table it is seen that for all the nuclei except 2’Al, the coherent and incoherent matrix
elements are evaluated by T. S. Kosmas and J. Schwieger et al. [38,39] using shell model
(SM), Quasi particle RPA (QRPA) and renormalized QRPA(RQRPA) model.

Similar calculations have been performed Kostensalo et al. [41] employing the
method of nuclear matter mapped into nuclei via a local density approximation (LDA)
utilizing the relativistic Lindhard function and results are shown in Table. The coherent
matrix elements are reduced for all the nuclei in both photonic and nonphotonic
mechanism in QRPA calculation [42] but in case of “Ti, this reduces by a factor of
approximately 70% as compared to SM calculation [36]. The total matrix elements in
RQRPA [39] are slightly larger than those of ordinary QRPA although the incoherent
RQRPA matrix elements are smaller than the corresponding QRPA ones [39] as seen
from the table. This is due to the dominance of the coherent channel for which the trend of
the matrix elements in the two methods is reversed.

6. Experimental Status of (u~, e~) Conversion

The SINDRUM |11 collaboration at PSI carried out experiments to search for (u= —e™)
conversion in various nuclei [43]. It consisted of a set of concentric cylindrical drift
chambers inside a superconducting solenoid magnet of 1.2 T. Negative muons with a
momentum of about 90 MeV/c were stopped in a target located at the center of the
apparatus, after passing a CH, moderator and a beam counter made of plastic scintillator.
Charged particles with transverse momentum (with respect to the magnetic field direction)
above 100 MeV/c, originating from the target, hit two layers of plastic scintillation arrays
and then two layers of drift chambers, and eventually hit plexiglass Cherenkov
hodoscopes placed at both ends. A momentum resolution of about 2.8 % (FWHM) for the
energy region of conversion electrons was achieved. In a 1993 run with a titanium target,
a total of 3x10" stopped x's were accumulated at a rate of 1.2x10" x/sec from the uE;
beam line at PSI and a 90 % C. L. upper limit of 6.1x10™** was obtained [42]. The overall
efficiency was about 13 %. Also, for a lead target, it gaveB(u~"Pb — e~Pb) < 4.6 x 10
[44]. A search for p—e conversion in muonic gold was performed with the SINDRUM II
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spectrometer at PSI. The measurement resulted in B(u Au — e Au) < 7x10™"* (90 % C.
L.) [45]. Below in Table 3, we summarize the various (u~ — e™) conversion experiments
performed for different nuclei.

Table 3. History and summary of (u-e”) conversion in various nuclei

Process 90%-C.L.upper limit  Place Year Reference
4 +Cu—e +Cu <1.6x10® SREL 1972 [46]
1 +2S e+ ¥S <7.0x10 SIN 1982 [47]
4 +Ti > e +Ti <4.6x10™"2 TRIUMF 1988  [48]
4 +Ti e +Ti <4.3x10%2 PSI 1993  [49]
4~ +Pb—>e +Pb <4.6x10™ PSI 1996  [44]
4TI e +Ti <6.1x10°" PSI 1998 [42]
4+ AU e +Au <7.0x10% PSI 2006 [45]

A new experiment, E940, at Brookhaven National laboratory (BNL) AGS, the MECO
(Muon Electron Conversion) experiment, was proposed [50] aiming to search for u~Al -
e~ Al at sensitivity below 10™°. It used a new high intensity pulsed muon beam yielding
about 10" s /sec stopped in a target. The MECO apparatus consisted of a
superconducting (SC) solenoid magnet to capture pions from the production target
(production solenoid), a curved transport SC solenoid magnet system (transport solenoid),
and a SC solenoid spectrometer, which was used to observe only the 105 MeV signal
electrons (detector solenoid). In the experiment, curved transport solenoid captures muons
from pion decays and selects the momentum and sign of charged particles by using
collimators at three positions. A pulsed proton beam of about 1 MHz repetition with a
pulse length of 30 nsec can be extracted at the AGS. It was expected to observe 6 signal
events for B(uw Al—¢ Al) =10, during a one year run, with an expected background of 0.4
events. Unfortunately, the MECO experiment was canceled in 2005, owing to funding
problems but several ideas of this experiment were adopted by the Mu2e experiment.

7. Future Prospects

The field of muon decay physics is presently very productive, even after its long history of
over 60 years. Currently, there are several new experiments which are being either
prepared or planned. Some of which are COMET, MEG II, Mu2e and Mu3e.

The J-PARC E21 experiment is an experiment to search for a CLFV process of
neutrinoless muon-to electron conversion in a muonic atom, at a single-event sensitivity
(SES) of 2.6x107"7 (or < 6x107"7, 90 % C.L. upper limit) at the Japanese Proton
Accelerator Research Complex (J-PARC). Here, the SES is the experimental sensitivity to
observe one event. This experiment is called COherent Muon to Electron Transition
(COMET) [51]. The experiment will be carried out using a two-staged approach. COMET
Phase-1 aims at a single-event sensitivity (SES) of 3.1x10™", roughly a factor 100 better
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than the current experimental limit. The goal of the full experiment is a SES of 2.6x10 "7,
which is referred to as Phase-Il. This ultimate sensitivity goal is a factor of about 10,000
better than the current experimental limit of Bu +4u — e +Au) < 7x10°" from
SINDRUM-II at PSI [45]. The experiment will be carried out in the Nuclear and Particle
Physics Experimental Hall (NP Hall) at J-PARC using a bunched 8 GeV proton beam that
is slow-extracted from the J-PARC main ring. Muons for the COMET experiment will be
generated from the decay of pions produced by collisions of the 8 GeV proton beam on a
production target. The yield of low-momentum muons transported to the experimental
area is enhanced using a superconducting pion-capture solenoid surrounding the proton
target in the pion-capture section. The signal electrons from the muon stopping target are
then transported by additional curved solenoids to the main detector, a straw-tube tracker
and electron calorimeter, called the StrECAL detector. For COMET Phase-I, the primary
detector for the neutrinoless p—e conversion signals consist of a cylindrical drift chamber
and a set of trigger hodoscope counters, referred to as the CyDet detector. The
experimental setup for Phase-1 will be augmented with prototypes of the Phase-Il
StrECAL detector. The StrECAL and CyDet detectors will be used to characterize the
beam and measure backgrounds to ensure that the Phase-1I single-event sensitivity of 2.6
x 107" can be realized.

The Mu2e experiment [52,53] will search for the charged-lepton flavor violating
(CLFV) neutrino-less conversion of a negative muon into an electron in the field of a
nucleus. The conversion process results in a monochromatic electron with energy of
104.97 MeV, slightly below the muon rest mass. The goal of the experiment is to improve
the previous upper limit by four orders of magnitude and reach a SES of 3x10"7 on the
conversion rate, a 90% CL of 8 x10™", and a 5¢ discovery reach at 2x107'%, The
experiment will use an intense pulsed negative muon beam. The pulsed beam is essential
to reducing backgrounds. The other essential element is a sophisticated magnetic system
composed of three consecutive solenoids that form the muon beam. Mu2e will use an
aluminum target and examine approximately 10*® stopped muons in 3 years of running.
The Mu2e experiment is under design and construction at the Fermilab Muon Campus.
The experiment will begin operations in 2022, and will require about 3 years of data-
taking. The primary beam will start with the Fermilab Booster, supplying 8 GeV kinetic
energy protons on target at 8§ kW. Mu2e requires ~ 3.6x10% protons-on-target to meet its
goals.

COMET and MuZ2e experiments are very similar in many respects. Both use curved
solenoids that keep the low energy muons on helical trajectories while deflecting them
through 90° in the horizontal plane. The curved transport line eliminates the direct line of
sight from the production target to the muon stopping target, allowing the positioning of
shielding to reduce the neutron background. The curved solenoids also have another, more
specific, purpose. In deflecting the helical trajectories, a net drift is also created in the
vertical plane, which depends on the charge sign and momentum of the particles in the
beam. This removes positive and high-energy muons and other particles that contribute to
the backgrounds, and the effect can be enhanced with a collimator. The exact arrangement
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of these components of these components is the most obvious difference between the two
experiments. Mu2e uses two 90° transport sections arranged in an ‘S’ shape so that the
largest beam dispersion is at the midpoint of the transport, the beam being returned to
horizontal at the end of the second bend. A vertically offset collimator located at the
midpoint is use to remove the unwanted positive and higher-momentum components. This
collimator can be rotated for background studies. The capture solenoid of Mu2e uses a
gradient field that has a maximum of 4.7 T at the forward end down to 2.5 T at the
background end. This design reflects lower momentum particles from the forward
direction to the backward direction, in order to increase the yield. On the other hand,
COMET is designed to run in two phases, with different geometries. Phase-I of the
experiments uses a 90° muon transport line which filters out less background. This is
sufficient to make an intermediate sensitivity measurement on a shorter time-scale. More
importantly, it can also be used to characterize the backward pion yield from the
production target and improve the simulations used for use in Phase-Il. The Phase —II
experiment uses a longer transport line, which curves round 180° in a ‘C’ shape. This
creates larger momentum dispersion in the vertical plane, improving the rejection of
wrong-momentum muons. Unlike Mu2e there is no ‘reverse turn’ to level out the beam.
COMET’s beam transport instead uses a compensating dipole field to keep the desired
lower-momentum negative muons vertically centered in the transport line. The pion
capture solenoid in COMET has similar peak field strength of 5T, but unlike MuZ2e it
peaks at the target location, rather than at the end of the solenoid. As a result, there is no
magnetic reflection to capture forward going pions. This configuration instead has wider
solid angle of acceptance, for pions emitted at a larger angle from the solenoid axis. Thus,
the two experiments basically differ in their transport line arrangement.

The MEG (Mu to Electron Gamma) experiment [54] has been running at the Paul
Scherrer Institut (PSI), Switzerland since 2008 to search for the decay u *—e” y. The
MEG experiment uses one of the world’s most intense continuous surface muon beams,
with maximum rate higher than 10® pu*/s but the stopping intensity is limited to 3 x 10’
U'/s. The muons are stopped in a thin polyethylene target, placed at the centre of the
experimental set-up which includes a positron spectrometer and a photon detector. The
positron spectrometer consists of a set of drift chambers and scintillating timing counters
located inside a superconducting solenoid COBRA (COnstant Bending RAdius) with a
gradient magnetic field along the beam axis, ranging from 1.27 T at the centre t0 0.49 T at
either end that guarantees a bending radius of positrons weakly dependent on the polar
angle. The gradient field is also designed to remove quickly spiralling positrons sweeping
them outside the spectrometer to reduce the track density inside the tracking volume. The
photon detector, located outside of the solenoid, is a homogeneous volume of liquid xenon
(LXe) viewed by photomultiplier tubes (PMTs) submerged in the liquid, that read the
scintillating light from the LXe. The spectrometer measures the positron momentum
vector and timing, while the LXe photon detector measures the photon energy as well as
the position and time of its interaction in LXe. All the signals are individually digitised by
in-house designed waveform digitisers (DRS4) [55]. The current most stringent limit,
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given by the MEG experiment on the p* — e"y decay branching ratio is B(u"— e*y)< 4.2
x 10 " at 90% confidence level (CL), based on the full data-set [54]. In order to increase
the sensitivity, reach of the experiment by an order of magnitude to the level of 6x10™%, a
total upgrade, involving substantial changes to the experiment, has been undertaken,
known as MEG |1 [56].

The Mu3e experiment to be realized at the Paul Scherrer Institute in Switzerland [25]
aims at reaching a 10'° sensitivity on the u — e*e~e™ decay in three successive phases
of the experiment (called phase la, Ib and Phase-Il). The same muon beam presently used
for the MEG and MEG |1 experiments will be transported to a thin (average thickness 85
um) hollow double-cone Mylar target, with a total length of 10 cm. The target is
surrounded by a 2 m long cylindrical detector located inside a 1.5 T solenoidal magnetic
field which is segmented in five measuring stations. The central one consists of two
double layers of silicon pixel detectors for charged particle tracking complemented by a
scintillating fiber tracker for refined particle timing information. The four so-called
“recurl” stations located at either side of the central one is made of two layers of pixel
sensors surrounding a timing hodoscope made of thicker scintillator tiles. The detector has
been designed in such a way as to exploit the fact that the effect of multiple scattering
cancels out at first order after half a turn. In fact, a charged particle in a magnetic field
follows a circular trajectory whose radius is proportional to its momentum. The
experiment is planned in three stages with increasing sensitively, each stage
corresponding to approximately an order of magnitude improvement. In the phase la, the
experiment will run at a muon rate of a few x10" p*/sec with no dedicated timing detector,
since the 10 ns resolution of the tracker detector itself is sufficient to reject the accidental
background to below 10™°. In the phase Ib, the addition of the scintillating fiber tracker in
the central detector module will permit to withstand a rate of =~ 10® p*/sec, which is the
maximum rate presently deliverable by the PSI beamline, while the two additional
tracking station will almost double the acceptance for recurling tracks, improving
significantly the momentum resolution. The final phase Il, where the detector will be
completed by two more recurling stations, will allow to reach an ultimate sensitivity of
10" 4t a muon decay rate of 2 x10° u*/sec. To reach the intensity a new beam-line
concept is required. The first stage of the experiment is currently under construction at
PSI where beams with up to 10® muons per second are available [57].

Thus, to consider a next-generation experiment to search for CLFV, there are three
important processes to be considered; namely, u*—e’y, u*—e'e’e, and p —
e~conversion. The three processes have different experimental issues that need to be
solved to realize improved experimental sensitivities. The processes of u *—e"y and
u—e'e’e” are detector-limited owing to accidental backgrounds. To consider and go
beyond the present sensitivities, the resolutions of detection have to be improved, which
requires innovative improvement of the detector technology. On the other hand, for
u~ — e—conversion, there are no accidental background events, and an experiment with
higher rates can be performed. If a new muon source with a higher beam intensity and
better beam quality for suppressing beam-associated background events can be
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constructed, measurements of the search for u= — e~conversion with a higher sensitivity
can be performed. Furthermore, it is known that, in comparison with x *—e" y, there are
more physical processes that u~ — e~conversion and u *—e’e*e” could contribute to. For
instance, in SUSY models, photon-mediated diagrams can contribute to all three
processes, but diagrams mediated by particles other than photons, such as Higgs-mediated
diagrams, can contribute to only u~ — e~conversion and u *—e'e’e” [58]. In summary,
with all the above considerations, we believe that a u~ — e~conversion experiment would
be the natural next step in the search for muon CLFV.

8. Conclusion

We have described the current theoretical and experimental status in the field of muon
decay to search for physics beyond the standard model. Among many interesting topics of
physics related to muons, we have discussed the muon to electron conversion process in
detail. The physics motivation for LFV is extremely strong. LFV has recently attracted
much attention from theorists and experimentalists, more than ever. We have presented
the phenomenology of muon LFV process, the u= — e~ conversion in a muonic atom.
Then, we have briefly mentioned the most recent experimental results, SINDRUM I,
together with future experimental prospects. Muon physics becomes important with strong
physics motivations. There are extraordinary opportunities which will allow us to explore
discovery potentials of physics beyond the SM, with low energy muons.
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