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Introduction 
�  Muons occupy a unique place among fundamental subatomic particles: 

�  not part of “normal” matter, i.e., not in the first particle “generation” 
� main constituent of cosmic rays at sea level 
�  light in mass, thus easy to produce in abundance 
�  charged, thus easy to detect 
�  not influenced by the strong interaction (maybe a little!) 
�  possess a built-in polarizer and analyzer (PNC) 
 

�  Muons are used to study fundamental interactions, or as tools in other 
areas of science (chemistry, condensed matter, atomic physics, nuclear 
fusion). 

 
�  High precision measurements (g—2, rare decay searches, TWIST ) 

extend limits of knowledge of subatomic science.  
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The pattern of fermions 

Fermions (particles of half-integral spin) include leptons, which do not take part in the 
strong interactions, and quarks, which make up the strongly interacting hadrons. Three 

generations of each have been observed. The muon is the lightest charged particle 
beyond the first generation, thus it is the easiest to produce and study. 
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Properties of the muon 

�  The answers to the 
question, “What is a 
muon?” are 
summarized by the 
muon’s properties. 
 (PDG RPP 2012 
http://pdg.lbl.gov) 
 

�  But why is there a 
muon? Or, as I.I. 
Rabi is supposed to 
have said, “Who 
ordered that?” 
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Neutrino helicity and muon polarization 

�  Top: The spinless pion decays at 
rest into a left-handed muon 
neutrino of definite helicity h = -1 
and a muon. To conserve angular 
momentum, the muon must be 
completely polarized opposite to its 
direction of motion (Pµ= -1). 

 
�   Bottom: A muon decay positron is 

also correlated with the angular 
momentum of the muon in a more 
complicated way. Here, the positron 
with maximum energy takes the 
angular momentum of  the decaying 
muon, since the left-handed 
electron neutrino and the right-
handed muon antineutrino angular 
momenta cancel. 
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Polarization measurements 

�  The precision of a polarization measurement is limited by the qualities of the polarizer 
and analyzer. 

 
�   For a muon, the polarization Pµ is the degree of correlation between the vectors of 

spin ¾µ and a given direction, such as the muon momentum pµ  (“helicity”) or a 
magnetic field direction. 

 
�  The muon has two advantages: 

�  Due to parity violation in the weak interaction (the handedness of the (anti)neutrino), the 
muon can be produced with 100% polarization (except for small neutrino mass effects). 

�  For a similar reason, polarized muon decay is highly asymmetric. 
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How are muons made at TRIUMF? 

�  Pions are produced by 500 MeV 
protons striking a production target of 
cooled graphite or Be metal. 

�  Muons are produced from the decay of 
pions (Eµ

k = 4.2 MeV in pion rest 
frame). 

 
�  The momentum of the muon is 

determined by the momentum of  the 
pion and the angle of decay in the pion 
rest frame. 

 
�  There are three modes of muon 

production which are used, depending 
on where the pion decays: 
�  decay muons (forward or backward). 
�  cloud muons. 
�  surface muons. 

�  Muons are also produced in decays of 
other particles (e.g. , kaons) at other 
accelerators. 
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Types of muon beams at TRIUMF 
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momentum (<29.79 MeV/c, or 4.1 MeV). 



How do muons decay? 

�  Major decay mode (99%) for a free muon is: 
�    
�    

�  mW À mµ, so the four-fermion interaction is a good approximation. 
�  The parity-violating weak interaction (V-A) describes the decay very 

well; this is what TWIST  tested. 
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Relative decay rates and asymmetry 
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�  Rate is maximum at highest energy for unpolarized (or cosµ=0) decays. 
�  Asymmetry changes sign at x=0.5 
�  Decay rate polargram shows limaçon shape. 

µ 	




Momentum distribution in µ+ decay 

�  There are more e+ of the maximum momentum in the direction of the muon polarization. 
�  The asymmetry A ´ (N+ - N-)/(N+ + N-) becomes unity for the extremes of energy and angle. 
�  The energy-integrated asymmetry is 1/3; angular integration reduces it to 1/6. 
�  Radiative processes are very important if the asymmetries are to be measured precisely. 
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Momentum distributions of e+ in µ+ 
decay, for different angles, 
showing the asymmetry and the 
corrections necessary due to 
radiative effects. 
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Differences of µ+ and µ- 

�  The µ- and µ+ are particle and antiparticle: 
�  conjugate under charge inversion (C) to precision of observations,  
        e.g. , ( ¿µ+  / ¿µ- ) – 1.  =  (2.4 ± 7.8)£10-5   (Particle Data Group) 

�  Interactions with normal matter (not conjugate under C) very different at 
atomic eV-keV energies (chemistry): 
�   µ+ forms bound state with electron, e.g. ,  

 µ+ + Ar ! µ+e-  + Ar+  
 where µ+e-  is the muonium atom, an analogue of the hydrogen atom, with 
similar chemical reactions. 

�   µ- forms bound state with a nucleus, e.g. ,  
 µ- + Ar ! µ-Ar + e-  
 where µ-Ar is a muonic atom, in which the muon occupies an atomic 
orbital independent of and smaller than the electronic atomic orbitals. 
 ) The muon is significantly “inside” the nucleus; nuclear muon capture 
becomes likely. 
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Muonic atoms 

�  A muonic atom is an atomic system consisting of a negative muon and a 
positive nucleus, perhaps also containing electrons. 

�  How are the muon's special properties manifested in muonic atoms? 
�  For a one electron (or muon) atom of nuclear charge Z and principal quantum 

number n: 
�  the Bohr radius is given by a0 = ~ / (mc®). 
�  the radius of the atom is h an i = n2 a0/Z . 
�  the corresponding binding energy is En = -Z2 e2/(2 a0 n2) . 

�  a0
µ = a0

e/207, and the muon is much closer to the nucleus in a muonic atom 
�  The mass changes the scales of atomic properties, e.g.  energy and size. 

�  The variety of interactions is very rich in physics content. In particular, the 
special case of muonic hydrogen isotopes (pµ, dµ, tµ) leads to some very 
complex atomic and molecular systems (ddµ, dtµ,(dtµ)+dee) as well as 
muon-catalyzed fusion reactions (dtµ  ! 4He2+ + n + µ + 17 MeV). 
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µ- decay and nuclear muon capture 

�  A muon in a muonic atom will interact due to its proximity to the 
nucleus, via the weak semi-leptonic process: 
�   µ— + (Z,A) ! ºµ + (Z-1,A) 
�  The final state can be an excited nuclear state. 

�  The capture rate of a muon by a nucleus depends on the charge Z, 
and is roughly proportional to Z4. 

�  Capture reduces the mean lifetime of the muon from 2.197 µs: 
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Key experiments with muons 
�  Tests of Standard Model of particle physics: 

�  Lifetime, to determine weak coupling constant, GF.  
� Magnetic moment anomaly, (g—2)/2. 
�  Decay distribution, d2¡/(dE dcosµ). 
�  Search for rare decays and charged lepton flavor violation: 

� muon-electron conversion, µ- (Z,A) ! e- (Z,A)  
� µ+ ! e+ ° 
� muonium conversion to antimuonium, µ+ e- ! µ- e+  

�  Muonic atoms 
�  proton size from µ-p energy level differences 
�  fundamental precision muon nuclear capture experiments 

�  Muon catalyzed fusion 
�  fusion of dt , dd , pt , etc., from muonic hydrogen isotopes 
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Muon lifetime in the Standard Model 

 
�  ¢q represents precisely calculable QED radiative corrections.  
�  GF (the “Fermi coupling constant”) is a fundamental Standard Model 

parameter. 

 
�   ¢r represents corrections dependent on Standard Model 

parameters that can be constrained. 
�  Two experiments at PSI in Switzerland, MuLan (completed) and 

FAST, devoted to measuring muon lifetime. 
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Muon lifetime: MuLan at PSI 
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Muon lifetime: MuLan at PSI 
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a preceding hit. The second hit is affected by the remnant
long-decay-time scintillator light from the first pulse and
by the intrinsic recovery time of the PMT and voltage
divider. A !1% increase in detector gain exists following
a pulse, which persists for 50 or 500 ns in PH- or ET-
instrumented detectors, respectively. (iii) A long-time-
scale change also exists that differs by PMT type. The
PH-tube gains increase by 1:8" 10#4, and the ET-tube
gains decrease by 5" 10#4, over the 22 !s measurement
period. (iv) When below-threshold pulses fall in either
the peak or pedestal regions of a trigger pulse, they can
either raise or lower the trigger pulse amplitude, respec-
tively. Strictly speaking, this is a pileup effect, which is
not accounted for in the pileup-correction procedure.

These four phenomena are interrelated and give rise to
an overall variation of 3" 10#4 in the gain during the fill.
This variation was separately evaluated for PH- and ET-
instrumented detectors by using the most probable value
versus time in fill and was used, after normalization and
prior to the final lifetime fits, to correct for the resulting
time spectrum distortion. After all corrections are applied,
the shift in lifetime compared to uncorrected spectra is
$0:50% 0:25 ppm. The procedure was tested by accumu-
lating a high-threshold spectrum, which amplifies the time
spectrum distortion by roughly a factor of 60. The lifetimes
derived from normal- and high-threshold settings, follow-
ing the correction procedures, are in good agreement.

The complete summary of systematic uncertainties is
given in Table I, including small effects related to muon
stops upstream of the target, the short-term and long-term
time response stability based on the laser system, and the
uncertainty on the absolute clock frequency.

The stability of the result versus start time of the fit is a
powerful collective diagnostic because pileup, gain stabil-
ity, and spin effects all might exhibit time dependence.
For both R06 and R07, the lifetime does not depend on the
fit start time, apart from the statistically allowed variation.
Furthermore, it does not depend on the run number or
magnetic field orientation.

The final results for the two running periods are in
excellent agreement:

"!&R06' ( 2 196 979:9% 2:5% 0:9 ps;

"!&R07' ( 2 196 981:2% 3:7% 0:9 ps:
(3)

Here, the first errors are statistical and the second system-
atic. The comparison between R06 and R07 affirms, at the
parts-per-million level, the expectation that the lifetime of
bound muonium does not differ appreciably from the free
lifetime [10]. Combined we obtain

"!&MuLan' ( 2 196 980:3% 2:2 ps&1:0 ppm'; (4)

which is in agreement with our previous measurement [4].
The error is the quadrature average of statistical and sys-
tematic errors, where the full error matrix calculation,
including all correlations, is used to combine uncertainties.
The MuLan result is more than 15 times as precise as any
other individual measurement [5,11] and consequently
dominates the world average. Our result lies 2:5# below
the current PDG average [12]. Figure 2 shows the recent
history of measurements, together with the MuLan
average.
Our value for "!$ leads to the most precise determina-

tion of the Fermi constant:

GF&MuLan' ( 1:166 378 8&7' " 10#5 GeV#2&0:6 ppm':
(5)

The positive muon lifetime is also used to obtain ordinary
muon capture rates in hydrogen [13] or deuterium [14]
by the lifetime difference method: !cap ( 1="!# # 1="!$ .
These capture rates determine hadronic quantities as dis-
cussed in Ref. [15]. For example, our new result lowers the
!#p capture rate used in Ref. [13] by 8 s#1 and thus shifts
gP upward to even better agreement with theory. Finally,
the improved precision reduces the "!$ uncertainty in the
determination of muon capture in Ref. [13] and future
efforts to below 0:5 s#1.

TABLE I. Systematic and statistical uncertainties in parts per
million. The errors in different rows of the table are not corre-
lated to each other. If only one error appears in a given row, the
effect is 100% correlated between the two run periods.

Effect uncertainty in ppm R06 R07

Kicker stability 0.20 0.07
Spin precession or relaxation 0.10 0.20
Pileup 0.20
Gain stability 0.25
Upstream muon stops 0.10
Timing stability 0.12
Clock calibration 0.03
Total systematic 0.42 0.42
Statistical uncertainty 1.14 1.68

s)µLifetime (

2.19695 2.19700 2.19705 2.19710 2.19715

Balandin - 1974

Giovanetti - 1984

Bardin - 1984

Chitwood - 2007

Barczyk - 2008

MuLan - R06

MuLan - R07

FIG. 2. Lifetime measurement summary. The MuLan R06 and
R07 results are plotted separately to illustrate the consistency.
The vertical shaded band is centered on the MuLan weighted
average with a width equal to the combined uncertainty.

PRL 106, 041803 (2011) P HY S I CA L R EV I EW LE T T E R S
week ending

28 JANUARY 2011

041803-4
¿µ+ = 2 196 980.3 ± 2.2 ps (1.0 ppm) 
GF = 1.166 378 8(7) £ 10-5 GeV-2 (0.6 ppm) 

D.M. Webber et al., Phys. Rev. Lett. 106, 041803 (2011). 



 
� For a muon with velocity perpendicular to a magnetic field B and 

electric field E, there will be cyclotron motion with frequency !c while the 
polarization will precess with frequency !s, with difference !a: 

 

Measuring the muon magnetic moment 

�  The magnetic moment µ of a 
particle with spin is determined by 
its mass, charge, spin S and g-
factor: 

 

�  For a Dirac particle g ´ 2, but 
radiative corrections add an 
anomaly a: 
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Muon magnetic moment: BNL E821 
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e+ or e- detectors inside the ring measure 
the frequency !a of muon spin rotation 
in the precise magnetic field B of the 
muon storage ring. 
 

G.W. Bennett et al., Phys. Rev. D 73, 072003 (2006). 

ratory frame (n! ! N, !! ! A) (here, Emax " 3:1 GeV
and A is the laboratory asymmetry). As discussed later,
the statistical uncertainty on the measurement of !a is
inversely proportional to the ensemble-averaged figure-
of-merit (FOM) NA2. The differential quantity NA2,
shown in the Fig. 1(b), illustrates the relative weight by
electron energy to the ensemble average FOM.

Because the stored muons are highly relativistic, the
decay angles observed in the laboratory frame are greatly
compressed into the direction of the muon momenta. The
lab energy of the relativistic electrons is given by

Elab # "$E! % #p!c cos$!& " "E!$1% cos$!&: (9)

Because the laboratory energy depends strongly on the
decay angle $!, setting a laboratory threshold Eth selects
a range of angles in the muon rest frame. Consequently, the
integrated number of electrons above Eth is modulated at
frequency !a with a threshold-dependent asymmetry. The
integrated decay electron distribution in the lab frame has
the form

Nideal$t& # N0 exp$'t="%&&(1' A cos$!at%'&); (10)

where N0, A and ' are all implicitly dependent on Eth. For
a threshold energy of 1.8 GeV (y " 0:58 in Fig. 1(b)], the
asymmetry is " 0:4 and the average FOM is maximized. A

representative electron decay time histogram is shown in
Fig. 2.

To determine a&, we divide !a by ~!p, where ~!p is the
measure of the average magnetic field seen by the muons.
The magnetic field, measured using NMR, is proportional
to the free-proton precession frequency, !p. The muon
anomaly is given by:

a& # !a

!L '!a
# !a= ~!p

!L= ~!p '!a= ~!p
# R

('R
; (11)

where !L is the Larmor precession frequency of the muon.
The ratio R # !a= ~!p is measured in our experiment and
the muon-to-proton magnetic moment ratio

( # !L=!p # 3:18334539$10& (12)

is determined from muonium hyperfine level structure
measurements [12,13].

The BNL experiment was commissioned in 1997 using
the same pion injection technique employed by the CERN
III experiment. Starting in 1998, muons were injected
directly into the ring, resulting in many more stored muons
with much less background. Data were obtained in typi-
cally 3– 4 month annual runs through 2001. In this paper,
we indicate the running periods by the labels R97–R01.
Some facts about each of the runs are included in Table II.

B. Beamline

Production of the muon beam begins with the extraction
of a bunch of 24 GeV=c protons from the AGS. The
protons are focused to a 1 mm spot on a 1-interaction
length target, which is designed to withstand the very
high stresses associated with the impact of up to 7*
1012 protons per bunch. The target is composed of
twenty-four 150-mm diameter nickel plates, 6.4-mm thick
and separated by 1.6 mm. To facilitate cooling, the disks
rotate at approximately 0.83 Hz through a water bath. The
axis of rotation is parallel to the beam.

Nickel is used because, as demonstrated in studies for
the Fermilab antiproton source [14], it can withstand the
shock of the instantaneous heating from the interaction of
the fast beam. The longitudinal divisions of the target
reduce the differential heating. The beam strikes the outer
radius of the large-diameter disks. The only constraint on
the target transverse size is that a mis-steered proton beam

TABLE II. Running periods, total number of electrons recorded 30 &s or more after injection having E> 1:8 GeV. Separate
systematic uncertainties are given for the field (!p) and precession (!a) final uncertainties.

Run Period Polarity Electrons [millions] Systematic !p [ppm] Systematic !a [ppm] Final Relative Precision [ppm]

R97 &% 0.8 1.4 2.5 13
R98 &% 84 0.5 0.8 5
R99 &% 950 0.4 0.3 1.3
R00 &% 4000 0.24 0.31 0.73
R01 &' 3600 0.17 0.21 0.72
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FIG. 2. Distribution of electron counts versus time for the
3:6* 109 muon decays in the R01 &' data-taking period. The
data is wrapped around modulo 100 &s.

G. W. BENNETT et al. PHYSICAL REVIEW D 73, 072003 (2006)
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Status of measurement: 3.6¾ difference 
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An improved experiment is proposed in the USA for FNAL, similar to BNL E821. 
A competitive yet quite different experiment has also been proposed at J-PARC in Japan. 

Eur. Phys. J. C (2011) 71: 1515 Page 11 of 13

Fig. 9 Compilation of recent results for aSM
µ (in units of 10!11),

subtracted by the central value of the experimental average [12, 68].
The shaded vertical band indicates the experimental error. The SM
predictions are taken from: this work (DHMZ 10), HLMNT (un-
published) [69] (e+e! based, including BABAR and KLOE 2010
!+!! data), Davier et al. 09/1 [15] (" -based), Davier et al. 09/1 [15]
(e+e!-based, not including BABAR !+!! data), Davier et al.
09/2 [10] (e+e!-based including BABAR !+!! data), HMNT 07 [70]
and JN 09 [71] (not including BABAR !+!! data)

" " !!!0#" spectral function,9 while the four-pion cross
sections, obtained from linear combinations of the "! "
!!3!0#" and "! " 2!!!+!0#" spectral functions,10 are
only evaluated up to 1.5 GeV with " data. Due to the lack of
statistical precision, the spectrum is completed with e+e!

data between 1.5 and 1.8 GeV. All the other channels are
taken from e+e! data. The complete lowest-order " -based
result reads

ahad,LO
µ [" ] = 701.5 ± 3.5 ± 1.9 ± 2.4 ± 0.2 ± 0.3, (23)

where the first error is " experimental, the second estimates
the uncertainty in the isospin-breaking corrections, the third
is e+e! experimental, and the fourth and fifth stand for the
narrow resonance and QCD uncertainties, respectively. The
" -based hadronic contribution deviates by 9.1 ± 5.0 (1.8$ )
from the e+e!-based one, and the full " -based SM predic-
tion aSM

µ [" ] = 11 659 189.4 ± 5.4 deviates by 19.5 ± 8.3
(2.4$ ) from the experimental average. The new " -based re-
sult is also included in the compilation of Fig. 9.

9Using published " " !!!0#" spectral function data from
ALEPH [79], Belle [80], CLEO [81] and OPAL [82], and using the
world average branching fraction [62] (2009 PDG edition).
10Similar to Footnote 2, coarse isospin-breaking corrections with
100% uncertainty are applied to the four-pion spectral functions from
" decays [16].

Fig. 10 Standard Gfitter electroweak fit result [66] (light shaded band)
and the result obtained for the new evaluation of %&had(M

2
Z) (solid

(red) curve). The legend displays the corresponding five-quark contri-
bution, %&

(5)
had(M

2
Z), where the top term of !0.72 · 10!4 is excluded.

A shift of +12 GeV in the central value of the Higgs boson is observed

Running electromagnetic coupling at M2
Z The sum of all

hadronic contributions from Table 2 gives for the e+e!-
based hadronic term in the running of &(M2

Z)

%&had(M
2
Z) = (274.2 ± 1.0) · 10!4, (24)

which is, contrary to the evaluation of ahad,LO
µ , not dom-

inated by the uncertainty in the experimental low-energy
data, but by contributions from all energy regions, where
both experimental and theoretical errors have similar magni-
tude.11 The corresponding " -based result reads %&had(M

2
Z)

= (275.4 ± 1.1) · 10!4. As expected, the result (24) is
smaller than the most recent (unpublished) value from the
HLMNT group [69] %&had(M

2
Z) = (275.2 ± 1.5) · 10!4.

Owing to the use of perturbative QCD between 1.8 and
3.7 GeV, the precision in (24) is significantly improved com-
pared to the HLMNT result, which relies on experimental
data in that domain.12

Adding the three-loop leptonic contribution, %&lep(M
2
Z)

= 314.97686 · 10!4 [83], with negligible uncertainties, one
finds

&!1!M2
Z

"
= 128.962 ± 0.014. (25)

The running electromagnetic coupling at MZ enters at
various levels the global SM fit to electroweak precision

11In the global electroweak fit both &S(MZ) and %&had(M
2
Z) are

floating parameters (though the latter one is constrained to its phe-
nomenological value). It is therefore important to include their mu-
tual dependence in the fit. The functional dependence of the central
value of %&had(M

2
Z) on the value of &S(M

2
Z) approximately reads

0.37 · 10!4 # (&S(M
2
Z) ! 0.1193)/0.0028.

12HLMNT use perturbative QCD for the central value of the contribu-
tion between 1.8 and 3.7 GeV, but assign the experimental errors from
the BES measurements to it.

M. Davier et al. (DHMZ), Eur. Phys. J. C 71, 1515 (2011) 
K. Hagiwara et al. (HLMNT), J. Phys. G 38, 085003 (2011) 
G.W. Bennett et al., Phys. Rev. D 73, 072003 (2006) 



�  Muon g—2 is sensitive to 
parameters of a variety of new 
physics, e.g.: 
�  SUSY parameters µ and tan ¯ 

 
�  “charged see-saw models” 

�  Many suggested theories 
predict ¢aµ to be large or small 
�  a more precise measurement, 

even if consistent with zero, 
can discriminate between 
interpretations of LHC data 

�  May provide constraints on new 
theories not accessible to LHC 
verification 

aµ beyond the standard model 
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Dominik Stockinger, J. Phys. G 34, R45 (2007). 
Andrzej Czarnecki and William J. Marciano, 

Phys. Rev. D 64, 013014 (2001). 

A “blueband” plot showing the LHC and 
muon g—2 sensitivities to tan β. 

No. X Author1 et al: Instruction for typesetting manuscripts 2

Non-Standard-Model contributions could come
from muon substructure, supersymmetry or extra
dimensions, to name a few possibilities. Excel-
lent reviews on this topic have been written by
Stöckinger [12], and Czarnecki and Marciano [13].
The SUSY contribution depends on tan! and the sign
of the µ parameter [12, 13]:

aSUSY
µ ! sgnµ130"10!11

!
100 GeV

"m

#2

tan!. (4)

Both tan! and the µ parameter will be di!cult
to determine at LHC. The sign of the deviation of aµ

from the Standard Model gives the sign of µ, and the
plot below illustrates the sensitivity of LHC and aµ

to tan!. It assumes that the SPS1a scenario is real-
ized at LHC [12]. The di"erence between the Stan-
dard Model and the result from E821 is assumed to be
#aµ

=(255±80)"10!11. The band labeled “Fermilab”
assumes the same#aµ

but with an error of±34"10!11

The improved error comes from the projected 0.14
ppm experimental error, and improved knowledge of
the hadronic contribution to aµ. See Ref. [12, 14] for
more details.
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00
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#
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Fig. 1. A “blueband” plot showing the LHC

and muon (g! 2) sensitivities to tan!. The

(Figure courtesy of D. Stöckinger)

2 Measuring aµ

The measurement of aµ uses the spin precession
resulting from the torque experienced by the mag-
netic moment when placed in a magnetic field. An
ensemble of polarized muons is introduced into a mag-
netic field, where they are stored for the measurement

period. Assuming that the muon velocity is trans-
verse to the magnetic field ("! · "B = 0), the rate at
which the spin turns relative to the momentum vec-
tor is given by the di"erence frequency between the
spin precession and cyclotron frequencies. With an
electric field present as well as a magnetic one, the
di"erence frequency becomes

"#a = "#S#"#C

= #
Qe

m

$

aµ
"B#

!
aµ#

1

$2#1

# "!" "E

c

%

, (5)

where $ = (1# !2)!
1

2 . (The reason for introducing
an electric field will become apparent in the next sec-
tion.) The experimentally measured numbers are the
muon spin frequency #a and the magnetic field, which
is measured with proton NMR, calibrated to the Lar-
mor precession frequency, #p, of a free proton. The
anomaly is related to these two frequencies by

aµ =
#̃a/#p

%# #̃a/#p

=
R

%#R
, (6)

% = µµ/µp = 3.183345137(85), and R = #̃a/#p. The
tilde over #a means it has been corrected for the
electric-field and pitch ("! · "B $=0) corrections [3]. The
ratio % is determined experimentally from the hyper-
fine structure of muonium, the µ+e! atom [7, 15]. As
mentioned above, the recommended value of % has
changed slightly since the final results of E821 were
published [5, 6], increasing the value of aµ by 9"10!11,
which is reflected in Eq. (2).

2.1 The Magic-$ Technique

In the 2001 data set, the systematic errors on the
magnetic field were reduced to 0.17 ppm. A num-
ber of contributions went into this small error, but
one which we wish to emphasize here is the aver-
age magnetic field experienced by the muon ensem-
ble. The magnetic field in Eq. (5) is an average that
can be expressed as an integral of the product of the
muon distribution times the magnetic field distribu-
tion over the storage region. Since the moments of the
muon distribution couple to the respective multipoles
of the magnetic field, either one needs an exceed-
ingly uniform magnetic field, or exceptionally good
information on the muon orbits in the storage ring,
to determine %B&µ!dist to sub-ppm precision. Thus
traditional magnetic focusing used in storage rings,
which involves magnetic quadrupole and higher mul-
tipoles, will cause large uncertainties in the knowl-
edge of %B&µ!dist. This problem was mitigated in the
third CERN experiment[16], and in E821, by using

K. Kannike et al., arXiv:1111.2551v2, February 2012. 

B. Lee Roberts, arXiv:1001.2898v2, January 2010. 
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Two new proposals: Fermilab and J-PARC 

Fermilab (similar to BNL) 

� eliminate effect of E-field 
via “magic” momentum: 
� ° 2 = 1 + a-1 
� pµ = 3.09 GeV/c 

� very uniform B 
� electric quad field 

focusing 
� B = 1.45 T, ½ = 7 m 

J-PARC 

� eliminate effect of E-field 
via E = 0 

� very uniform B, smaller 
magnet 

� no focusing – must use 
“ultracold” µ beam 

� choose pµ = 0.3 GeV/c 
� B = 3 T, ½ = 0.33 m 
� systematics different than 

BNL or Fermilab 
TRIUMF, October 2013 G.M. Marshall, Muon Physics 24 



J-PARC g—2 ingredients  

TRIUMF, October 2013 G.M. Marshall, Muon Physics 25 

Cold µ+ ion source: 
Muonium (µ+e—) must be in a 
vacuum environment to 
permit laser ionization. 
) Method of µ+e— emission 
into vacuum from silica layers 
was developed largely at 
TRIUMF. 
) TRIUMF S1249 continues 
to characterize emission from 
silica aerogel. 

Muon beam: 
High luminosity surface muon 
transport delivers beam for 
muonium production (also for 
DeeMee). 
) Beam line designed at 
TRIUMF (J. Doornbos). 

Decay positron detection: 
Precision tracker uses 
double-sided silicon strip 
detectors. 



µ+ ion source: thermal µ+e— in vacuum 

TRIUMF, October 2013 G.M. Marshall, Muon Physics 26 
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S1249 in M15 muon beam at TRIUMF 
�  S1249 

�  KEK-RIKEN-TRIUMF collaboration 
�  Goal is to find best material for production of 

muonium in vacuum for J-PARC g—2 
experiment 

�  Preliminary µSR experiment (June 2010) 
showed aerogel was promising 

�  self-supporting, uniform 
�  high muonium formation probability 
�  high specific surface area (» 400 m2/g, 3 

nm scale) 

�  November 2010 
�  one week only − accelerator problem 
�  RIKEN vacuum system, TRIUMF MWDCs, 

KEK MCP 

�  October 2011 
�  several aerogel targets to search for possible 

density enhancement 
�  solid silica glass plate for background 

estimates 
�  October 2013 

�  Laser-perforated aerogel targets 
�  Increase of £10 in muonium yield 

TRIUMF, October 2013 G.M. Marshall, Muon Physics 27 
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Muon decay distribution: TWIST  

�  Standard Model: 
�   ½ = 0.75, ´ = 0. 
�   Pµ» = 1.0, ± = 0.75 

�  Deviations test: 
�  “handedness” of the 

muon 
�  left-right-symmetric 

(LRS) SM extensions 

TRIUMF, October 2013 G.M. Marshall, Muon Physics 28 

µ 	




TWIST  detector 

�  Fit decay e+ track distribution in p and cosµ to detailed 
simulation (blind analysis). 

TRIUMF, October 2013 G.M. Marshall, Muon Physics 29 



TWIST  data 

�  All data sets: 11£109  events, 0.55£109 in (p, cosµ) fiducial 
�  Simulation sets: 2.7 times data statistics 

TRIUMF, October 2013 G.M. Marshall, Muon Physics 30 

Normalized residual plot for one of 14 data sets 



Decay parameter results 

TRIUMF, October 2013 G.M. Marshall, Muon Physics 31 

½ = 0.74977 ± 0.00012 (stat) ± 0.00023 (syst) 
(<1¾ from SM) 

± =  0.75049 ± 0.00021 (stat) ± 0.00027 (syst) 
(+1.4¾ from SM) 

Pµ
¼» = 1.00084 ± 0.00029 (stat)               (syst)    

(+1.2¾ from SM) 

+0.00165 
-0.00063 

Pµ
¼»±/½ > 0.99909 (90%CL)  
from global analysis  

TWIST  Collaboration, R. Bayes et al.,  Phys. Rev. Lett. 106, 041804 (2011). 



Left-Right Symmetric limit comparison 

�  W’ direct search mass limits 
�  ATLAS: >1.49 TeV/c2, 95%CL (LLWI11) 
�  CMS: >1.58 TeV/c2, 95%CL (LLWI11) 
�  CMS: >1.36 TeV/c2, 95%CL (2011) 

�  CDF: >1.12 TeV/c2, 95%CL (2011) 

�  D0: >1.0 TeV/c2, 95%CL (2008) 

�  Some limits on mixing angle ³ 
(MLRS only) 
�  Hardy and Towner: <0.0005 (MLRS), 

<0.04 (generalized) 
�  K decay: <0.004 (MLRS) 

TRIUMF, October 2013 G.M. Marshall, Muon Physics 32 

m2 > 592 GeV/c2 
-0.020 < ³ < +0.017 

(gL/gR)m2 > 578 GeV/c2 
 -0.020 < (gR/gL)³ < +0.020 

“manifest” LRS, 90%CL generalized or non-manifest LRS, 90%CL 



Global analysis result 

�  Include new results with other muon decay observables to 
restrict coupling constants 
�  summary of all terms (pre-TWIST  in parentheses) 

�  influences mostly right-handed muon terms 

TRIUMF, October 2013 G.M. Marshall, Muon Physics 33 



Rare decays of muons 

�  Rare decays and charged lepton flavor violation: 
�  violate lepton family number conservation 
�  predicted “just beyond existing limits” in many SM extensions 
�  µ+ ! e+ ° 

�  ¡(e°)/¡(all) < 1.2£10-11 

� new experiment in progress at PSI (MEG): < 5.7£10-13 

� Adam et al., Phys. Rev. Lett. 110, 201801 (2013). 
� muon-electron conversion, µ- (Z,A) ! e- (Z,A)  

�  ¾(µ-Ti ! e-Ti)/¾(µ-Ti ! capture) <  4.3£10-12 

� ¾(µ-Au ! e-Au)/¾(µ-Au ! capture) < 7£10-13 

� new experiments proposed in USA (mu2e at FNAL) and in Japan 
(COMET at J-PARC) 

� muonium conversion to antimuonium, µ+ e- ! µ- e+  
� GC/GF < 0.003 

TRIUMF, October 2013 G.M. Marshall, Muon Physics 34 



µ ! e ° 

�  Signal is coincident e and ° 
�  Background 

�   µ ! e º º ° 
�  accidental ° with e 

�   è need good energy 
resolution, good timing 

TRIUMF, October 2013 G.M. Marshall, Muon Physics 35 



MEG at PSI 

�  Use graded magnetic field to reduce pile-up 
�  Drift chambers for e 
�  LXe for photon calorimeter 
�  Goal is . 10-13 

�  New result < 5.7£10-13 (90%CL)  
�  J. Adam et al., Phys. Rev. Lett. 110, 201801 (2013). 
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Muon-electron conversion 

�  µ- (Z,A) ! e- (Z,A) 
�  signal is e— with energy 

equal to muon rest 
mass minus muonic 
atom binding energy 
(»100 MeV) 

�  background is high 
energy tail of normal 
muon decay-in-orbit 

�   è maintain energy 
resolution, reduce 
other backgrounds 

�  (µ—Au ! e—Augs) per  
    µ— capture: < 7£10-13 

TRIUMF, October 2013 G.M. Marshall, Muon Physics 37 

W. Bertl et al.,  Eur. Phys. J. C 47, 337 (2006). 
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Fig. 11. Momentum distributions of electrons and positrons
for the two event classes. Measured distributions are compared
with the results of simulations of muon decay in orbit and µ!e
conversion

decay in orbit (MIO) which is the dominant source of
background. Figure 11 shows momentum spectra of elec-
trons and positrons for the two event classes introduced
in Sect. 6.3. In general the electron distribution of sam-
ple 1 is well described by muon decay in orbit. Whereas
no events are observed with energies expected for µ! e
conversion at higher energy an electron and a positron
event have been found. Since cosmic ray background con-
tains much more electrons than positrons these events
are most likely caused by pions. In sample 2 the elec-
tron distribution shows in addition to muon decay in or-
bit a more or less flat component as expected from pion
induced background. One should conclude that the meas-
urement shows no indication for µ! e conversion. The cor-
responding upper limit on Bµe has been obtained with
the help of a likelihood analysis of the momentum distri-
butions shown in Fig. 11 which avoids arbitrary cut pa-
rameters. The following four contributions were taken into
account:

– muon decay in orbit,
– µ! e conversion,
– a contribution taken directly from the observed positron
distribution describing processes with intermediate
photons such as radiative muon capture,
– a flat component resulting from !!" e!"e in flight or
some remaining cosmic ray background.

The likelihood analysis results in likelihood distributions
for the expectation values for the number of events from
each of these contributions which are the basis for the cal-
culation of the upper limit on Bµe for any given confidence
level.

Fig. 12. Bµe likelihood distributions for the two event classes
and their combination. The distributions are arbitrarily nor-
malized to 1 at Bµe = 0 where they peak. Also shown are the
integral distributions normalized to 1 over the full region. The
lower panel gives an enlarged view of the region where the 90%
confidence level is reached

7.1 Results

Whereas the shape of the electron momentum distribution
is well reproduced by the MIO simulation the number of
events found in the likelihood analysis is about 10% less
than expected from the total number of stopped muons
(see Sect. 3.3 and Sect. 6.4). Although this discrepancy is
not significant we decided to normalize the measurements
to the MIO events, i.e. raise the estimated µe single event
sensitivities given in Sect. 6.4 to S1µe = (2.8±0.2)#10

!13

and S2µe = (3.7±0.2)#10
!12 where the errors are reduced

since most of the uncertainties cancel in the normalization
procedure.
Figure 12 shows the resulting likelihood distributions

L(Bµe) for both event classes separate (L1 and L2) and for
the total (Ltot = L1#L2). Also shown in Fig. 12 are the
distributions of the integrals

! B
0 LdB normalized to their

asymptotic value
!"
0 LdB = 1. The upper limit at 90%

confidence level B90%C.L.µe is thus given by:

" B90%C.L.µe

0
Ltot dB = 0.9 , (3)

which leads to the following result for the branching ratio
of µ! e conversion in muonic gold relative to the nuclear



COMET and mu2e 
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COMET (J-PARC, Japan) mu2e (Fermilab, USA) 

Branching ratio goals of COMET and mu2e are . 10-16  



Muonic hydrogen and the proton radius 

�  Small size of µ-p system means that muon is more sensitive to finite proton 
size than e-  in hydrogen 

�  Energy levels and therefore transition energies are more sensitive to size 
effects 

TRIUMF, October 2013 G.M. Marshall, Muon Physics 39 

R. Pohl et al., Nature 466, 213 (2010) 
A. Antognini et al., Science 339, 417 (2013) 



Muonic hydrogen data  

�  Principle is deceptively simple, but experiment is the culmination of decades 
of muon beam development coupled with state-of-the-art laser science. 

�  Surprising result: rp = 0.84184(67) fm, »5¾  smaller than measured in 
electron scattering experiments. No explanation yet… 
�  at least one experimental result incorrect? theoretical prediction incorrect? new force? 
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Muon catalyzed fusion 
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A µ- can take part of many, many processes in an environment 
of hydrogen isotopes (1H, 2H=D, and 3H=T). “Chemical” 
processes (¢E ¼  0.1 eV) control nuclear processes (¢E ¼ 1 
MeV). 



Summary 
�  There is a wide range of science that can be studied with low energy 

muons: particle, nuclear, and atomic physics (not to mention the 
“applications” of µSR)  

�  Many experiments take advantage of built-in tools in production and 
decay to exploit muon polarization 

 
�  High-power (1 MW) accelerators can make muon beams with 

intensities adequate for high precision measurements and searches for 
rare processes beyond the Standard Model 
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