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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 

IPP Town Hall - June 14, 2015 G. Marshall 2 

F. Jegerlehner and A. Nyffeler (JN), Phys. Reports 477, 1 (2009) 
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. (E821), Phys. Rev. D 73, 072003 (2006) (corrected) 

– 6–

-700 -600 -500 -400 -300 -200 -100 0

aµ  –  aµ
    exp × 10–11

BN
L-E821 2004

JN 09 (e+e–-based)

DHMZ 10 (τ-based)

DHMZ 10 (e+e–)

HLMNT 11 (e+e–)

BNL-E821 (world average)

–301 ± 65

–197 ± 54

–289 ± 49

–263 ± 49

0 ± 63

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 1σ error. All the recent estimates for the hadronic

contribution compiled in Fig. 2 exhibit similar discrepancies.

Switching to τ data reduces the discrepancy to 2.4σ, assuming

the isospin-violating corrections are under control within the

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

different 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

August 21, 2014 13:17

A. Hoecker and W.J. Marciano, PDG Review 
 of Particle Properties (September 2014) 
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Another approach: J-PARC g—2 
�  Improving the precision of g—2 beyond E821 is worthwhile. 

�  FNAL E989 − do it the same way again, only better: 
�  many problems have been solved by BNL E821 
�  limitations are understood; the way to make improvements is clear 
�  systematics become the limiting factor, and many systematic effects are retained 

�  J-PARC E34 −  do it a different way, at least as well, perhaps better: 
�  make the same measurement in a much different way 
�  systematics are still a major issue, but systematic effects are significantly different 

�  The J-PARC experiment takes a different approach. 
�  high power (up to 1 MW) pulsed proton beam at 3 GeV 
�  produce low energy (4 MeV) muons (µ+ only) 
�  transform µ+ into an ultra-cold beam by formation and ionization of Mu (µ+e—) 

�  most inefficient step in muon accumulation 
�  store µ+ in a small, uniform storage magnet constructed with MRI technology 
�  track and analyze decay e+ within the storage field by arrays of Si strips 

�  storage field is the spectrometer field 
�  take advantage of spin reversal; analyze asymmetry directly 
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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” µ 
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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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)	



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 

Can we improve the 
conversion efficiency of the 
muon beam to ultra-slow 
muons? 

G. Marshall 



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+  

IPP Town Hall - June 14, 2015 7 

high pT  
and pL 
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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 
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low pT  
and pL 

µ+e— (Mu) 

» 25 meV 
ldec = 14 mm 
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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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Proposed timeline 
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design prototype evaluation Installation fabrication construction comissioning physics6run
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Projected resource details 
�  HQP 

�  NSERC encouragement now for 1 
grad student 
�  2016-2019: demonstration of ultra-

cold muon beam acceleration 
�  For main running time 

�  2018-2021: one or two students 
and/or postdocs for ultra-cold 
muon beam rate and polarization 
monitoring 

�  more opportunities if more 
Canadian involvement; too early to 
predict reliably 

�  We need more collaborators 

�  Equipment and Contributions 
�  Too early to identify specifically 

�  collaboration is in embryonic stage 
�  no MOUs yet 

�  Aerogel target modifications and 
characterizations 
�  for continued target R&D 

�  Polarization monitoring (approx!) 
�  at rest: ~$150K, in flight: ~$300K 

�  Beam monitoring, detector, 
magnetic field measurements? 

�  Canadian relationships 
�  M. Roney -- Babar data analysis 

for input to HVP contribution 
calculations 

�  International relationships 
�  6-y collaboration in Mu emission 

target R&D (KEK, RIKEN) 
�  Evolution into more general 

contribution (e.g., TDR in 2015) 
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Extra slides 
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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. 

e+ in DCs 
30-53 MeV 

µ+ 

µ+e— 



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. 

e+ in DCs 
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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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Structured aerogel surface 
�  Different methods were tested: 

�  deformation with pin array prior to drying aerogel 
�  laser ablation of holes using laser at RIKEN 
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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.  
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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 effect 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 different 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 efficiency [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 



Simulation of J-PARC µ+ beam 
�  Simulation enables use of TRIUMF result to estimate Mu in laser ionization region for g—2  

�  J-PARC has higher momentum, larger momentum spread, pulsed time distribution 
�  Ingredients 

�  G4beamline simulation of H-line, verified by G4beamline simulation of existing D-line at J-PARC 
MLF 

�  G4 simulation of µ+ stopping distribution in aerogel, after degrader  
�  Diffusion simulation with same parameters found in S1249 at TRIUMF 

�  In 2£107 s measurement time, for 3.32£108 µ+ s-1 in H-line (Stage 1 conditions) 
�  (¢!a/!a) = 0.35 ppm statistical precision (exceeds BNL E821 ¾stat = 0.46 ppm) 
�   ¢dµ = 1.2£10-21 e · cm sensitivity (existing measure is (-0.1±0.9)£10-19 e · cm) 
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Simulation of Mu time 
distribution in vacuum for J-
PARC beam. 
 
Prediction is 3.8£10-3 µ+e— in 
ionization region, per incident 
muon. 
 
PAC goal is 1%. Still some 
work to do for Stage 2. 

laser ionization 
times (spin ±) 


