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The muon’s static dipole moments 
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�  The magnetic and electric dipole moments µ and 
d of are defined in terms of the particle’s mass, 
charge, and spin S, with proportionalities g and  ´: 

�  For a Dirac particle g ´ 2, but radiative corrections 
add an anomaly a: 

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

E, there will be cyclotron motion at frequency !c while the spin will rotate at 
frequency !s, with difference !a, added to EDM rotation at frequency !´:  

!a  ! ´  

from Gorringe and Hertzog, 
Prog. in Part. Nucl. Phys. 

(in press) 



Results of BNL E821 

�  aµ differs from SM predictions 
by »3.6¾ 

�  Motivation for improvements in 
the SM prediction, and better 
experiments 
�  FNAL E989 
�  J-PARC E34 
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Figure 2: Compilation of recent published re-
sults for aµ (in units of 10!11), subtracted
by the central value of the experimental av-
erage (3). The shaded band indicates the size
of the experimental uncertainty. The SM pre-
dictions are taken from: JN [4], DHMZ [17],
HMNT [21]. Note that the quoted errors in
the figure do not include the uncertainty on the
subtracted experimental value. To obtain for
each theory calculation a result equivalent to
Eq. (15), the errors from theory and experiment
must be added in quadrature.

(with all errors combined in quadrature) represents an inter-

esting but not yet conclusive discrepancy of 3.6 times the

estimated 1! error. All the recent estimates for the hadronic

contribution compiled in Fig. 2 exhibit similar discrepancies.

Switching to " data reduces the discrepancy to 2.4!, assuming

the isospin-violating corrections are under control within the

estimated uncertainties (see Ref. 32 for an analysis leading to a

di!erent conclusion).

An alternate interpretation is that "aµ may be a new

physics signal with supersymmetric particle loops as the leading

candidate explanation. Such a scenario is quite natural, since
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A. Hoecker and W.J. Marciano, PDG Review 
 of Particle Properties (September 2014) 
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Anomalous moment aµ in SM 

�  Theoretical uncertainties are dominated by leading order hadronic vacuum 
polarization and hadronic light-by-light scattering contributions. 
�  A. Hoecker and W.J. Marciano, PDG Review of Particle Properties (September 2014) 
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Contribution Value (10-11) 

QED (leptons) 116 584 718.95 ± 0.08 

Electroweak 153.6 ± 1(quark triangle loops) 

HVP (leading order ®2) 
(hadronic loop corrections) 

 (e+e— ! hadrons) 6 923 ± 42(exp) ± 3(QCD) 
(¿  ! º¿ + hadrons) 7 015 ± 42(exp) ± 19(Ispin) ± 3(QCD)  

Hadronic (higher order ®3) 7 ± 26(Hlbl) 

Total aµ, SM (e+e—) 116 591 803 ± 1(EW) ± 42(loH) ± 26(hoH) 

– 2–
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Figure 1: Representative diagrams contribut-
ing to aSM

µ . From left to right: first order QED
(Schwinger term), lowest-order weak, lowest-
order hadronic.

of the measurement in Eq. (3) by a factor of four by moving the

E821 storage ring to Fermilab, and utilizing a cleaner and more

intense muon beam is in progress. An even more ambitious

precision goal is set by an experiment based on a beam of

ultra-cold muons proposed at the Japan Proton Accelerator

Research Complex.

The SM prediction for aSM
µ is generally divided into three

parts (see Fig. 1 for representative Feynman diagrams)

aSM
µ = aQED

µ + aEW
µ + aHad

µ . (4)

The QED part includes all photonic and leptonic (e, µ, !) loops

starting with the classic "/2# Schwinger contribution. It has

been computed through 5 loops [9]

aQED
µ =

"

2#
+ 0.765 857 425(17)

!"

#

"2
+ 24.050 509 96(32)

!"

#

"3

+ 130.879 6(6 3)
!"

#

"4
+ 753.3(1.0)

!"

#

"5
+ · · · (5)

with a few significant changes in the coe!cients since our

previous update of this review in 2011. Employing2 "!1 =

137.035 999 049(90), obtained [6] from the precise measure-

ments of h/mRb [11], the Rydberg constant and mRb/me [6],

leads to [9]

aQED
µ = 116 584 718.95(0.08)! 10!11 , (6)

2 In the previous versions of this review we used the precise

" value determined from the electron ae measurement [9,10].

With the new measurement [11] of the recoil velocity of Rubid-

ium, h/mRb, an ae-independent determination of " with su!-

cient precision is available and preferred.

August 21, 2014 13:17
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of QCD. This contribution is shown below in Fig. 2.7(a). It is dominated by the long-
distance contribution shown in Fig. 2.7(b). In fact, in the so called chiral limit where
the mass gap between the pseudoscalars ( Goldstone-like) particles and the other hadronic
particles (the ⇢ being the lowest vector state in Nature) is considered to be large, and to
leading order in the 1/Nc–expansion (Nc the number of colors), this contribution has been
calculated analytically [81] and provides a long-distance constraint to model calculations.
There is also a short-distance constraint from the operator product expansion (OPE) of two
electromagnetic currents which, in specific kinematic conditions, relates the light-by-light
scattering amplitude to an Axial-Vector-Vector triangle amplitude for which one has a good
theoretical understanding [82].

Unfortunately, the two asymptotic QCD constraints mentioned above are not su�cient
for a full model independent evaluation of the HLbL contribution. Most of the last decade
calculations found in the literature are compatible with the QCD chiral and large-Nc lim-
its. They all incorporate the ⇡0-exchange contribution modulated by ⇡0�⇤�⇤ form factors
correctly normalized to the Adler, Bell-Jackiw point-like coupling. They di↵er, however,
on whether or not they satisfy the particular OPE constraint mentioned above, and in the
shape of the vertex form factors which follow from the di↵erent models.

X

µ

+ Permutations

q

kkk 21 3

p
1

p
2

H

(a) (b)

Figure 2.7: (a)The Hadronic Light-by contribution. (b) The pseudoscalar meson contribu-
tion.

A synthesis of the model contributions, which was agreed to by authors from each of the
leading groups that have been working in this field, can be found in ref. [83]5. They obtained

aHLbL
µ = (105± 26)⇥ 10�11 . (2.24)

An alternate evaluation [75, 84] obtained, aHLbL
µ = (116±40)⇥10�11, which agrees well with

the Glasgow Consensus [83]. Additional work on this contribution is underway on a number
of fronts, including on the lattice. A workshop was held in March 2011 at the Institute for
Nuclear Theory in Seattle [85] which brought together almost all of the interested experts.
A second workshop followed at the Mainz Institute for Theoretical Physics in April 2014
[86].

5This compilation is generally referred to as the “Glasgow Consensus” since it grew out of a workshop in
Glasgow in 2007. http://www.ippp.dur.ac.uk/old/MuonMDM/



Compare: 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 required 

�  very uniform B 

�  electric quadrupole field focusing 
�  B = 1.45 T 
�  ½ = 7 m 
�  periodic calorimeters with some 

tracker modules 

J-PARC 

�  eliminate effect of E-field via E = 0 
�  very uniform B in compact region 
�  weak B field focusing, no E 

focusing – must use “ultra-cold” 
beam 
�  polarization reduced to 50% 
�  allows spin flipping 

�  choose pµ = 0.3 GeV/c 
�  B = 3 T 
�  ½ = 0.33 m 
�  uniform tracker detection along 

stored orbit (EDM sensitivity) 
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Both experiments follow time dependence of muon polarization by 
detecting the asymmetric PV weak decay                       . 



J-PARC g—2 schematic 
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resonant laser ionization of 
muonium for ultra-cold µ+  

(~106 µ+/s) 

3 GeV proton beam 
 ( 333 uA)	

surface muon beam  
(28 MeV/c, »108/s)	

muonium production  
(300 K, 25 meV⇒2.3 keV/c)	

muon storage ring 
(3T, r = 33 cm, 1 ppm local)	

muon reacceleration 
(thermal to 300 MeV/c)	



Structured aerogel surface 
�  Muonium is emitted into vacuum from silica nanostructures (aerogels, powders) 

�  aerogels developed for J-PARC g—2 ultra-cold muon source 
�  laser ablation of holes in aerogel provided £10 increase in yield 
�  muonium emission measurements done at TRIUMF 
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Confocal microscope images of laser-ablated surfaces of aerogel.  
Left: 30 mg cm-3 aerogel, 500 µm spacing. 
Right: 30 mg cm-3 aerogel, 300 µm spacing. 
 

Images by G.A. Beer and  
UVic Advanced Microscopy Facility  

Photo of laser-ablated aerogel used 
in S1249. Curvature is due to the 
ablation process and has been 
controlled in subsequent ablations.  



Surface muons to 
ultra-cold muons 

�  Surface µ+ from ¼+ decay at rest 
�  Ek = 3.4 MeV, p = 27 MeV/c 
�   ¢p/p = 0.05 rms, ¢p =1.3 MeV/c 
�   ¢px/p = 0.04, ¢py/p = 0.08 

�  Thermalization as Mu (µ+e—)  
�  Ek = 0.025 eV, p = 2.3 keV/c 
�  ¢p/p = 0.42 rms, ¢p = 1 keV/c 
�  “ultra-cold” compared to surface µ+  

�   Thermal diffusion of Mu into vacuum 
�   µ+ remains ultra-cold 

�  Ionization 
�  1S!2P!unbound (122 nm,355 nm) 

�  Acceleration 
�  E field, RFQ, linear structures 
�  to Ek = 212 MeV, p = 300 MeV/c 
�  adds to pz but not significantly to ¢p 
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E 
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high pT  
and pL 

low pT  
and pL 

µ+e— (Mu) 

» 25 meV 
ldec = 14 mm 



Spin manipulation via µ+e— precession 
�  Spin reversal is an important tool in polarization experiments 
�  Muonium polarization in aerogel target or vacuum will rotate in transverse field 

�  0.14 MHz/mT è 2¼ rotation in 0.6 µs at 0.119 mT 
�  muon beam consists of 2 pulses separated by 0.6 µs (at 25 Hz repetition) 

�  polarizations are added for fields at multiples of 0.119 mT 

�  Selecting ionization time selects direction of polarization 
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Simulation of Mu time 
distribution in vacuum for J-
PARC beam. 
 

laser ionization 
times (spin ±) 

Time (µs)     -0.3                         0.0                        0.3                        0.6                        0.9                        1.2 

P (pulse 1) 

P (pulse 2) 



Laser ionization of Mu 
�  Two steps 

�  Lyman ® 1S!2P at 122 nm 
�  2P!unbound at 366 nm 

�  Lyman ® 

�  two-photon resonance four-wave mixing 
in Kr 

�  pump with 212.55 nm 
�  generate 122 nm via difference mixing 

with 820 nm 
�  goal is 100 µJ in 2 ns pulse with 80 GHz 

width at 25 Hz 
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Regen. amp.

~2 mJ @25Hz

Intermid. amp.

~100 mJ

Yb fiber
amplifier

100kHz Modulator

100kHz 50nJ 2.0ns

Power amp.

~1 J

SHG
by LBO

SFG�
by CLBO

300 mJ 50 mJ

1 J

DFB laser�
1062.78 nm cw

212.556nm

Extra-Cavity�
Diode Laser

820.649 nm
Seeded OPG OPA

FHG
by CLBO

100 mJ

265.7nm531.4nm

820.649 nm

300 mJ

400 mJ

212.55 nm
820 nm

122.09 nm
Muon Lyman-�

212.55 nm

Kr 4p6

Kr 4p55p

50 mJ

t1
212.55 nm

t2
815~850nm

tLy-_

121.5~122.2 nm

Kr 4p55p

Kr 4p6

KrKr tLy-_ = 2 t1 - t2

t1
212.55 nm 100 µJ

@122 nm
!"#$%&_

5.2. Laser System 81

Table 5.2: Ionizing e!ciencies of muonium for various combinations of 122 nm Lyman-! (top, in

µJ) and 355 nm ionizing (left, in mJ) laser power

20 40 60 80 100 120

50 0.097 0.151 0187 0.210 0.226 0.238

100 0.171 0.268 0.327 0.366 0.393 0.412

150 0.228 0.356 0.433 0.482 0.516 0.540

200 0.273 0.424 0.514 0.570 0.608 0.635

250 0.310 0.479 0.577 0.639 0.679 0.708

300 0.339 0.521 0.627 0.691 0.733 0.762

350 0.363 0.556 0.666 0.733 0.775 0.804

400 0.383 0.585 0.698 0.766 0.809 0.857

5.2.2 Laser system for ionization of muonium

Generation of the coherent Ly-! light is not simple because there are no nonlinear frequency conversion

crystals in wavelength shorter than 180 nm. Therefore historically researchers applied nonlinear

frequency conversion processes in gaseous atoms to generate coherent vacuum ultra-violet (VUV)

light. Therefore we use one of the most commonly applied technique, two-photon resonance four-wave

di!erence frequency mixing in a Kr atom. This method requires two wavelength pump laser lights

(Fig. 5.11): firstly 212.55 nm ("1) excites Kr atom from 4p6 to 4p55p state by two-photon absorption,

then secondly 820 nm light ("2) generates the Ly-! light by the di!erence frequency generation. A

key issue is how to increase the Ly-! power to be su"cient for the ultra-cold muon production i.e.

the conversion e"ciency of VUV generation in gaseous medium is generally very low. So far the

conversion e"ciencies of this method have been !10!4 to 10!5, resulting in the output power of !1

µJ/pulse at most, even though the Ly-! light is such an important wavelength. Here we set our goal

to 100 µJ, 2 ns, 80 GHz linewidth, and 25 Hz repetition rate pulsed Ly-! output by having intense

all-solid-state pump lasers, and the conversion e"ciency of > 10!3 by performing experiments and

simulations to find the best conditions for the nonlinear frequency conversion process.

We have developed a laser for the Ultra Slow Muon Project at J-PARC U-line. The design and the

status are described below. The design is almost applicable for the muon g-2 laser also. The only

di!erence is that the linewidth for the matching to Doppler broadening requirement can be smaller.

5.2.2.1 "1 and "2 laser

The Ly-! power is proportional to

[#(3)]2P 2
1P2

sin2(#kL/2)

(#kL/2)2
L2 (5.1)

where [#(3)] is the third-order nonlinear susceptibility of Kr atom for 2"1-"2 process, P1 and P2 are

the laser power for "1 and "2 respectively, #k is phase-matching factor and L is the interaction

Muon g-2/EDM Experiment, Technical Design Report, DRAFT, 2015

122 nm, µJ 

35
5 

nm
, m

J 

Calculated ionization 
efficiencies (2 cm2 area) 



Ultra-cold muon acceleration 
�  Requirements 

�  fast acceleration to reduce decay losses (¿µ = 2.2 µs at rest) 
�  small emittance growth to enable injection and capture by storage ring 
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Muon storage ring 
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�  Superconducting solenoid 
�  cylindrical iron poles and yoke 
�  vertical B = 3 Tesla, <1ppm locally 

�  storage region r = 33.3±1.5 cm, h = 
±5 cm 

�  tracking detector vanes inside 
storage region 

�  storage maintained by static weak 
focusing 

�  n = 1.5 £ 10-4, rBr(z) = -n zBz(r) in 
storage region 

�  Spiral injection 
�  transfer line from end of linac with 

downward deflection 
�  hole in upper yoke for beam entrance 

�  permits entry, shields beam from field 
�  pulsed radial  field on injection 

�  reduces vertical momentum to match 
a trapped orbit 

7.1. Muon storage ring magnet and injection 131

Figure 7.2: Outline of three-dimensional injection scheme. A radial fringe field deflects the vertical

component of the beam momentum to the horizontal component. Pulsed radial magnetic field removes

the residual vertical motion down to 10!5 [rad], and then weak focusing field keep the beam inside

storage area.

Figure 7.3: Schematic representation of spiral injection for our case. A solenoid magnet is suitable.

A radial fringe field, shown as BR, deflects the vertical component of the beam momentum to the

horizontal component.

Muon g-2/EDM Experiment, Technical Design Report, DRAFT, 2015

e+ tracking 
detector 

Muon storage orbit	



J-PARC g—2 statistics goals (Stage 1) 
Statistical uncertainties 

�  Goals 
� ¢!a/!a = 0.36 ppm 

 (0.163/PN1/2) 
� BNL E821 ¾stat = 0.46 ppm 

� ¢dµ = 1.3£10-21 e · cm  
� E821 (-0.1±0.9)£10-19 e·cm 
�  ¢de < 1.05£10-27 e·cm 
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�  Running time  
�  measurement only: 2£107 s 

�  Muon rate from H-line  
�  1MW, SiC target: 3.2£108 s-1  

�  Conversion efficiency to ultra-slow 
muons 
�  Mu emission (S1249), laser ionization 
�  lose polarization: 100% ! 50% 
�  2.15£10-3 (Stage 2 goal is 0.01) 

�  Acceleration efficiency including 
decay 
�  RFQ, IH, DAW, and high-¯: 0.52 

�  Storage ring injection, decay, kick 
�  0.92 

�  Stored muons 
�  3.3£105 s-1  

�  Detected positrons (² = 0.12) 
�  4.0£104 s-1 

Further development of 
aerogel microstructure 
planned to optimize this 
fraction 

G. Marshall 



Summary 
�  The BNL E821 measured value of the muon magnetic moment aµ may be an indication of 

physics beyond the Standard Model. 
�  it needs to be verified with increased precision (FNAL E989) 
�  it deserves to be verified in an independent experiment (J-PARC E34) 

�  The J-PARC method has systematic uncertainties different from BNL E821. 
�  smaller and more precise magnetic storage field 
�  compact detector with tracking capability 
�  flip spin to analyze asymmetry rather than decay time distribution 
�  ultra-cold muon beam using muonium in vacuum as an ion source 

�  R&D phase evolving to construction phase with a growing collaboration (136 members, 8 countries). 
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Collaborators 
•  Collaborators 

–  Proposal (2009）                                ７２ 
–  Conceptual Design Report (2011）      ９２ 
–  Technical Design Report (2015)        １３６（16 graduate students） 
–                                                                  （27 also in COMET） 

•  8 countries, 49 institutions 
–  Canda, Japan, Korea, USA, France, Russia, Czech, China 

19"

KAIST&(Korea)&2014.11&

J3PARC&2014.9&



Extra slides 
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Goals for the next generation of g—2 

�  Reduced experimental uncertainties (x4), coupled with a modest (x1.5) 
reduction for the SM prediction, will decrease the uncertainty in the difference 
by x2. With the same central values, the significance grows to 7−8 ¾. 

�  Regardless of the central value, this precision will discriminate among possible 
extensions to the SM, in a way complementary to LHC discoveries. 
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Figure 2.11: (a) SUSY contributions to aµ for the SPS and other benchmark points (red),
and for the “degenerate solutions” from Ref. [164]. The yellow band is the ±1 � error from
E821, the blue is the projected sensitivity of E989. (b) Possible future tan � determination
assuming that a slightly modified MSSM point SPS1a (see text) is realized. The bands
show the ��2 parabolas from LHC-data alone (yellow) [166], including the aµ with current
precision (dark blue) and with prospective precision (light blue). The width of the blue
curves results from the expected LHC-uncertainty of the parameters (mainly smuon and
chargino masses) [166].

in the relevant mass spectrum. Natural SUSY is similar to SPS2, which corresponds to a
heavy sfermion scenario. Similarly, the “supersymmetry without prejudice” study of Ref.
[168] confirmed that the entire range aSUSY

µ ⇠ (�100 . . . + 300)⇥ 10�11 was populated by a
reasonable number of “models” which are in agreement with other experimental constraints.
Therefore, a precise measurement of g�2 to ±16⇥ 10�11 will be a crucial way to rule out a
large fraction of models and thus determine SUSY parameters.

One might think that if SUSY exists, the LHC-experiments will find it and measure its
parameters. Above it has been mentioned that SUSY can be mimicked by “bosonic SUSY”
models. The green points in Fig. 2.11(a) illustrate that even within SUSY, certain SUSY
parameter points can be mimicked by others. The green points correspond to “degenerate
solutions” of Ref. [164] — di↵erent SUSY parameter points which cannot be distinguished
at the LHC alone (see also Ref. [165] for the LHC inverse problem). Essentially the points
di↵er by swapping the values and signs of the SUSY parameters µ, M1, M2. They have very
di↵erent aµ predictions, and hence aµ can resolve such LHC degeneracies.

The right plot of Fig. 2.11 illustrates that the SUSY parameter tan � can be measured
more precisely by combining LHC-data with aµ. It is based on the assumption that SUSY
is realized, found at the LHC and the origin of the observed aµ deviation (2.27). To fix
an example, we use a slightly modified SPS1a benchmark point with tan � scaled down to
tan � = 8.5 such that aSUSY

µ is equal to an assumed deviation �aµ = 255 ⇥ 10�11.7 Ref.

7The actual SPS1a point is ruled out by LHC; however for our purposes only the weakly interacting
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2.6.3 Summary of the Standard Model Contribution

The muon and electron anomalous magnetic moments are among, if not the most precisely
measured and calculated quantities in all of physics. The theoretical uncertainty on the
Standard-Model contribution to aµ is ' 0.4 ppm, slightly smaller than the experimental er-
ror from BNL821. The new Fermilab experiment, E989, will achieve a precision of 0.14 ppm.
While the hadronic corrections will most likely not reach that level of precision, their un-
certainty will be significantly decreased. The lowest-order contribution will be improved by
new data from Novosibirsk and BESIII. On the timescale of the first results from E989, the
lattice will also become relevant.

The hadronic light-by-light contribution will also see significant improvement. The mea-
surements at Frascati and at BESIII will provide valuable experimental input to constrain
the model calculations. There is hope that the lattice could produce a meaningful result by
2018.

We summarize possible near-future improvements in the table below. Since it is di�cult
to project the improvements in the hadronic light-by-light contribution, we assume a con-
servative improvement: That the large amount of work that is underway to understand this
contribution, both experimentally and on the lattice, will support the level of uncertainty
assigned in the “Glasgow Consensus”. With these improvements, the overall uncertainty on
�aµ could be reduced by a factor 2. In case the central value would remain the same, the
statistical significance would become 7-8 standard deviations, as it can be seen in Fig. 2.9.

Error [71] [72] Future
�aSMµ 49 50 35
�aHLO

µ 42 43 26
�aHLbL

µ 26 26 25
�(aEXP

µ � aSMµ ) 80 80 40

Figure 2.9: Estimated uncertainties �aµ in units of 10�11 according to Refs. [71, 72] and (last
column) prospects for improved precision in the e+e� hadronic cross-section measurements.
The final row projects the uncertainty on the di↵erence with the Standard Model, �aµ. The
figure give the comparison between aSMµ and aEXP

µ . DHMZ is Ref. [71], HLMNT is Ref. [72];
“SMXX” is the same central value with a reduced error as expected by the improvement
on the hadronic cross section measurement (see text); “BNL-E821 04 ave.” is the current
experimental value of aµ; “New (g-2) exp.” is the same central value with a fourfold improved
precision as planned by the future (g-2) experiments at Fermilab and J-PARC.

“Snowmass Points 
and Slopes” for SUSY, 
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Decay positron tracking detector 
�  Detect e+ at higher range of energies 

(200−290 MeV/c) 
�  A<0 for lower energies 
�  want typically one turn 

�  Radial vanes of axial and radial Si strips 
�  Core of lead-tungsten to absorb multiple 

turns 
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Figure 10.13: Geometry of validation test (left) and energy loss of positron in silicon as a function

of energy (right). Plots and lines are from GEANT4 and NIST, respectively. Black, red, and blue

show the total energy loss, the one of ionization, and the one of bremsstrahlung, respectively.

Figure 10.14: Side view (left) and top view (left) of geometry of the silicon vane tracker in simulator.

Muon g-2/EDM Experiment, Technical Design Report, DRAFT, 2015

0 300 MeV/c 



Proposed timeline 
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Identifying Mu in vacuum 
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�  A multi-step process of: 
�   µ+ thermalization, µ+e—  formation. 
�   µ+e— escapes into voids in 

evacuated silica nanostructure 
(»100%). 

�   µ+e— migrates (“diffuses”) to nearby 
material boundary (» few %). 

�  Identify and characterize by: 
�  time and position(y,z) correlations of 

muon decays from e+ tracking (drift 
chambers). 

�  Muons decay in: 
�  the target, as µ+e— and µ+. 
�  vacuum, in flight, as µ+e—. 
�  surrounding materials (µ+e— or µ+). 

�  Provides image of decay locations in 
(y,z), as a function of time. 
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Mu in vacuum: 2010 and 2011 
�  Aerogel samples 

�  all high uniform and optically 
transparent 

�  different preparations 
�  hydroscopic nature of surfaces 

�  different densities: 27−180 mg/cm3  
�  Observations 

�  no obvious dependence on density 
or preparation 

�  speed larger than thermal? 
�  Partial yields »0.003  

�  into regions 1−3, distance 10−40 
mm from aerogel surface 

�  normalized to all muon decays 
observed 
�  some care required to interpret 

yield expected with different beams 
and targets  
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P. Bakule et al., Prog. Theor. Exp. Phys. 2013, 103C01 (2013). 



J-PARC PAC milestones, 2012 
�  Stage 1 status granted, 

September 2012 

 
�  Milestones established 

 
�  “The PAC emphasizes the 

importance of rapid progress 
on the first milestone, to 
increase the intensity of the 
ultra-cold muon production” 
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2013: Aerogel with surface structure 

�  Independent simulations based on a diffusion model showed emission increase 
of ~5 for a surface with a structure of size ~0.2 mm. 

�  How could that structure be created in the delicate aerogel material? 
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Results of 2013 data 

�  Used a model-independent approach to 
estimate yields 

�  For 0.3 mm structure, observed 11 times yield 
previously reported from 2011 data, 8 times 
yield found in similar flat target in 2013. 

�  Model-independent approach cannot 
independently estimate total yield or partial 
yield near target for laser ionization estimates 
�   è apply diffusion model analysis 
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Table 1 Yield of Mu in the vacuum region 1–3. For all laser processed samples, the
diameter of the structure is 270 µm.

Sample Laser-ablated structure Vacuum yield
(pitch) (per 103 muon stops)

Flat none 3.72 ± 0.11
Flat (Ref. [7]) none 2.74 ± 0.11
Laser ablated 500 µm 16.0 ± 0.2
Laser ablated 400 µm 20.9 ± 0.7
Laser ablated 300 µm 30.5 ± 0.3

within these regions are shown in Fig. 3. The time distribution appears mostly exponen-
tial for decays of muons or Mu from the entire region. The Mu in vacuum2, on the other
hand, moves across regions 1–3 with a thermal velocity. The time distribution of such Mu
is a convolution of the emission time for Mu to escape the aerogel sample and the flight
time determined by the velocity distribution, creating the peak structure in the regions 1–3.
There are small contributions in regions 1–3 from muon decay events in the target that were
subtracted by assuming the exponential functional form in order to estimate the yield of
muonium in vacuum.

Table 1 summarizes the Mu yield, after subtraction of the background, summed for regions
1–3. The beam momentum was set to stop about 50% of muons in the sample; the remainder
mostly escaped from the target and vacuum regions where their decays were not detected.
The quoted uncertainties are statistical only. Most systematic uncertainties are removed by
the model-independent yield analysis; those that remain are estimated to be at the level of 4%
from the laser-ablated targets, dominated by the e!ect of curvature of the emitting surface,
and about 1% for the flat samples. The Mu yield from the flat sample is about 40% higher
than that in Ref. [7]. They were produced by the same recipe, but di!erent samples. The
laser ablated aerogel samples were all prepared from the same sheet of the flat aerogel used
in this work. An enhancement of Mu in vacuum from the laser ablated aerogel compared
to flat aerogel is evident. The yield is higher when the hole pitch is smaller. The highest
yield observed among these targets was the laser ablated sample with 270 µm diameter and
300 µm pitch. That yield is 3% compared to the total number of muons observed to decay
in the combined target and vacuum regions.

The application of this result to development of a muonium production target in the
g!2/EDM experiment at J-PARC is discussed in the following. The beam momentum and
its spread at J-PARC is designed to be 28 MeV/c and 5% (RMS), respectively. The projected
yield of muonium at J-PARC is estimated as 0.01 per incident muon under the assumption
that only a small region near the surface contributes to emission [7]. Taking into account the
area of overlap of muonium in vacuum with the ionizing laser, and the ionization e"ciency [4],
the estimated ultra-slow muon rate is 0.2 " 106/s. This is five times smaller than the design
intensity to achieve the final statistical sensitivity of 0.1 ppm on g!2. Further improvement

2 Note that the interpretation of the vacuum decay events as arising from non-neutral forms (µ+)
is excluded; a vertical magnetic field of 8 mT was present in all measurements that would cause
thermal charged forms to curl back to the target surface via cyclotron motion.

6/7

300 µm structure 

flat 

G.A. Beer et al., Prog. Theor. Exp. Phys. 2014, 091C01 (2014). 



Diffusion model analysis: ablated target 
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�  Preliminary analysis for laser ablated (pitch = 0.3 mm) aerogel: 
�  much better signal to background enables more reliable diffusion model comparison 

�  simultaneous fit to 3 vacuum regions at T=322 K shown 
�  best fit emission velocities correspond to 322 ± 5(stat) K 
�  D=870 ± 20 cm2 s-1, Â2 = 168/140 (p=5%) 
�  total yield into vacuum: 0.10 per stopped µ+ (from simulation with model) for TRIUMF beams 
�  fit of yield into vacuum regions V1-V3: 0.030 per stopped µ+, similar to model independent analysis 

322±5 K 


