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Magnetic	dipole	moments	lead	to	spin	precession.	
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Classical	Picture	

Quantum	Picture	

g-factor:	

iγ µ ∂µ + ieAµ( )−m#$ %&ψ = 0
Dirac	Equation	for	EM	potential:	

•  Spin-1/2	point	particles	
•  Leads	to	Pauli	Theory	
•  Predicts	g	=	2	
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Vacuum	Effects	
Matter:	

a ≡ g − 2
2

Anomaly:		

•  Predicts	g	≠	2	
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Muons	are	useful	for	g-2	measurements.	
•  τμ	≈	2.20	μs	

•  Time-dilated	μ-lifetime	allows	for	μ-beams	(γτμ	≈	64.4	μs	for	“magic	momentum”	muons)	
•  Br(π	è	μνμ)	≈	100%	

•  High	intensity	polarized	μ-beams	
•  Br(μè	eνeνμ)	≈	100%	

•  Parity	violating	Weak	decay	(correlation	between	e	direction	and	μ	spin)	
•  mμ	≈	207me	

•  (mμ/me)
2	≈	42,800	times	more	sensitive	to	new	physics	than	electron	(good	SM	test)	

LO	=	Leading	Order	
QED	=	Quantum	Electrodynamics	
VP	=	Vacuum	Polarization	
NLO	=	Next	To	Leading	Order	
NNLO	=	Next	To	Next	To	Leading	Order	
LbL	=	Light-by-Light	
HO	=	Higher	Order	
SM	=	Standard	Model	

Measurement	precision	achieved	
by	different	experiments	[1]	

[1]	F.	Jegerlehner,	EPJ	Web	Conf.	166,	00022	(2018)	doi:10.1051/epjconf/201816600022	[arXiv:1705.00263	[hep-ph]].	
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Figure 1. Past and future g − 2 experiments testing various contributions. As New Physics ? we display the
deviation (aexp

µ − athe
µ )/aexp

µ . Arrows point to what is limiting theory precision presently: the Hadronic Vacuum
Polarization (HVP) and Hadronic Light-by-Light (HLbL) contributions.

Virtual effect form low energy hadronic excitations are the standard problem in elec-
troweak precision physics. At a certain level of precision predictions are hampered by non-
perturbative effects, which technically are not under desirable control on the theory side. For
the muon g − 2 the leading hadronic effects are related to the diagrams in figure 2 and concern

(a) Hadronic vacuum polarization (HVP) of order O(α2),O(α3),
(b) Hadronic light-by-light scattering (HLbL) of order O(α3),
(c) Hadronic effects in 2-loop hadronic electroweak (HEW) corrections of order sub–O(αGFm2

µ).
Light quark loops appear as non-perturbative hadronic “blobs”. The evaluation of the corresponding
non-perturbative effects relies on hadron production data in conjunction with Dispersion Relations
(DR), or on low energy effective modeling by the Resonance Lagrangian Approach (RLA), specifi-
cally by the Hidden Local Symmetry (HLS) model [4], or the Extended Nambu–Jona-Lasinio (ENJL)
model [5], large–Nc QCD inspired methods [6] and on lattice QCD. Different strategies apply for the
different kinds of contributions:

(a) HVP one evaluates via a dispersion integral over e+e− → hadrons data. Here 1 independent
amplitude is to be determined by one specific data set. Global fits based on the RLA (like HLS) allow
to improve the data-driven evaluations [7]. Lattice QCD is the ultimate tool to get QCD predictions
in future.

(b) HLbL so far has been evaluated by modeling via the Resonance Lagrangian Approach (RLA)
(chiral perturbation theory (CHPT) extended by vector meson dominance (VMD) in accord with chi-

2

EPJ Web of Conferences 166, 00022 (2018) https://doi.org/10.1051/epjconf/201816600022
KLOE-2



Largest	source	of	SM	error	

γ γ γ 

Non-perturbative	QCD	dominates	SM	muon	g-2	
uncertainty.	
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Contribution	 aμ	[×10-11]	 δaμ	[×10-11]	

QED	incl.	4-loops	+	5-loops	 116	584	718.86	 0.03	

hadronic	LO	VP	 6	894.6	 32.5	

hadronic	LbL	 103.4	 28.8	

Hadronic	HO	VP	 -87.0	 0.6	

Weak	to	2-loops	 153.6	 1.1	

Theory	 116	591	783	 43	

Experiment	 116	592	091	 63	

The.	–	Exp.	(4.0σ	difference)	 -306	 76	

[1]	F.	Jegerlehner,	arXiv:1804.07409	[hep-ph].	

[1]	
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From	a	recent	hadronic	VP	contributions	to	muon	g-2	workshop[2]:	
•  Belle	II	studying	an	e+e-èπ+π-	measurement	(Maeda	Yosuke)	
•  BABAR	working	on	e+e-èπ+π-	measurement	using	full	BABAR	data	set	

(Michel	Davier)	
•  BESIII	preliminary	e+e-èπ+π-π0,	π+π-2π0,	and	π+π-3π0	measurements	

(Christoph	Florian	Redmer)	
[1]	A.	Keshavarzi,	D.	Nomura	and	T.	Teubner,	Phys.	Rev.	D	97,	no.	11,	114025	(2018)	doi:10.1103/PhysRevD.97.114025	[arXiv:1802.02995	[hep-ph]].	
[2]	Workshop	on	hadronic	vacuum	polarization	contributions	to	muon	g-2,	KEK,	Tsukuba,	Japan,	Feb.	12th	to	14th	(2018):	
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Direct	Scan	Method:	
Initial	State	Radiation	(ISR)	method:	
(suitable	for	Phi-	and	B-factories)	
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of the KLOE data, and a comparison with other exper-
imental measurements of σππðγÞ are presented. These
covariance matrices are used here as input in the full
πþ π− combination in order to fully incorporate the corre-
lation information of the KLOE data as an influence on
both the estimate of aπ

þ π−
μ and its uncertainty.

The BESIII measurement in the ρ resonance region
(again with full statistical and systematic covariance
matrices) allows for an in-depth comparison of the existing
radiative return measurements already contributing to the
πþ π− channel, namely the three measurements by the
KLOE Collaboration and the finely binned measurement
from the BABAR Collaboration [29]. In [9], details were
given regarding tension between the KLOE and BABAR
measurements, where the BABAR data were considerably
higher. As is evident from Fig. 4, tension exists between the
BABAR data and all other contributing data in the dominant
ρ region. When considering this along with the plots of the
resulting cross section in Fig. 5, it is clear that the new
BESIII data agrees well with the KLOE data and the full

πþ π− combination. Interestingly, however, it is in better
agreement with the BABAR data at the peak of the
resonance where the cross section is largest. Although
BABAR still influences with an increase, the agreement
between the other radiative return measurements and the
direct scan data largely compensates for this effect. This is
demonstrated by Fig. 6, with the combination clearly
favoring the other measurements. Tension between data
sets, however, still exists and is reflected in the local χ2

error inflation, which results in an ∼15% increase in the
uncertainty of aπ

þ π−
μ . The effect of this energy dependent

error inflation is shown in Fig. 7, where the difference in
using a local scaling of the error instead of a global one is
clearly visible. Tensions arise in particular in the ρ
resonance region, where the cross section is large.
The full combination of all πþ π− data is found to give

aπ
þ π−

μ ½0.305 ≤
ffiffiffi
s

p
≤ 1.937GeV%

¼ 502.97' 1.14' 1.59 ' 0.06' 0.14

¼ 502.97' 1.97 ð3:3Þ

and

Δαπþ π−ðM2
ZÞ½0.305 ≤

ffiffiffi
s

p
≤ 1.937GeV%

¼ 34.26' 0.12: ð3:4Þ

Although this value of aπ
þ π−

μ stays well within the error
estimate of [9], it exhibits a substantial decrease of the
mean value. This has been attributed to the new data
combination routine which allows for the full use of
correlations in the determination of the mean value as well
as the uncertainty and the inclusion of the new, precise
radiative return data which suppresses the influence of
BABAR in the ρ resonance region.
In comparisonwith Eq. (3.3), theBABAR data alone in the

same energy range give an estimate of aπ
þ π−

μ ðBABARÞ ¼
513.2 ' 3.8. Should all available πþ π− data be combined
using a simple weighted average as in Eq. (2.7), which only

360  365  370  375  380  385  390  395

aµ
π+π−

 (0.6 ≤ �√s ≤ 0.9 GeV) x 1010

Fit of all π+π− data: 369.41 ± 1.32

Direct scan only: 370.77 ± 2.61

KLOE combination: 366.88 ± 2.15

BaBar (09): 376.71 ± 2.72

BESIII (15): 368.15 ± 4.22

FIG. 4. The comparison of the integration of the individual
radiative return measurements and the combination of direct scan
πþ π− measurements between 0.6≤

ffiffiffi
s

p
≤ 0.9 GeV.
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FIG. 5. Contributing data in the ρ resonance region of the πþ π− channel plotted against the new fit of all data (left panel), with an
enlargement of the ρ − ω interference region (right panel).
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the uncertainty due to possible FSR applied to the combi-
nation of inclusive data above 1.937 GeV discussed in
Sec. II A 3. This, in particular, highlights the differences in
the kernel functions of the respective dispersion integrals
for ahad;LOVP

μ and Δαð5ÞhadðM2
ZÞ, where contributions from

higher energies have a larger influence on Δαð5ÞhadðM2
ZÞ than

on ahad;LOVP
μ . If, instead of a data driven analysis, the region

above 1.937 GeV was estimated using pQCD, it would
effectively eliminate the impacting radiative correction
uncertainties in this region. Figure 21 shows the contribu-
tions from all hadronic final states to the hadronic R-ratio
and its uncertainty below 1.937 GeV. Here, the individual
final states are displayed separately as well as with the
resulting total hadronic R-ratio. The full compilation for the
hadronic R-ratio is shown in Fig. 22. The data vector and
corresponding covariance matrix of the hadronic R-ratio in
the range mπ ≤

ffiffiffi
s

p
≤ 11.1985 GeV determined in this

work is available upon request from the authors.

H. Comparison with the HLMNT11 evaluation

To understand further how the changes in the data
combination/input have altered the estimate of ahad;LOVP

μ

and its uncertainty, a comparison of the results from
this analysis and the previous HLMNT11 evaluation [9]
is particularly interesting. Table III gives a channel-by-
channel comparison of the two works, highlighting the
differences in the individual contributions for each channel
and the total sum over their respective energy ranges.7

The largest difference occurs in the πþ π− channel, where
the mean value in this work is lower by almost 1σ of the
HLMNT11 analysis and the uncertainty has reduced by
approximately one-third. As described in the in-depth
discussion of the 2π contribution in Sec. III A, this is
largely due to the new, precise and highly correlated
radiative return data from KLOE and BESIII and the
capability of the new data combination method to utilize
the correlations to their full capacity. The global χ2min=d:o:f:
of the leading and major subleading channels in this work
are compared to those from the HLMNT11 analysis [9] in
Table IV. The reduction of the global χ2min=d:o:f: for the
πþ π− channel further highlights that the data combination
for this channel has improved. The energy dependent
changes in the resonance region are shown in Fig. 23,
where it can be seen that, as expected from the comparison
of the πþ π− results in Table III, the KNT18 data combi-
nation is in good agreement with the HLMNT11 analysis,
but sits lower overall.
The Kþ K− channel shows tension with the HLMNT11

analysis, where the new data in this channel from BABAR
[45] and CMD-3 [46] have incurred a large increase in the
mean value, while also improving the uncertainty despite
the small increase in global χ2min=d:o:f: This is also the case
for the πþ π−πþ π− channel. Other tensions include the
K0

SK
0
L, ηπ

þ π−, ηω, and ωð→ π0γÞπ0 channels, where again,
the new, more precise data have resulted in changes outside
the quoted HLMNT11 uncertainties. The KK2π channel
exhibits a similar change as discussed in Sec. III E.
All other channels are in good agreement between the
different analyses. It it important to note that this
work includes three channels that were not included as part
of the HLMNT11 analysis: ðηπþ π−π0Þnoω, ηωπ0, and

FIG. 20. Pie charts showing the fractional contributions to the
total mean value (left pie chart) and ðerrorÞ2 (right pie chart) of
both ahad;LOVP

μ (upper panel) and Δαð5ÞhadðM2
ZÞ (lower panel)

from various energy intervals. The energy intervals for
ahad;LOVP
μ are defined by the boundaries mπ , 0.6, 0.9, 1.43,

2.0, and ∞GeV. For Δαð5ÞhadðM2
ZÞ, the intervals are defined by

the energy boundaries mπ , 0.6, 0.9, 1.43, 2.0, 4.0, 11.2, and
∞GeV. In both cases, the ðerrorÞ2 includes all experimental
uncertainties (including all available correlations) and local
χ2min=d:o:f: inflation. The fractional contribution to the ðerrorÞ2
from the radiative correction uncertainties are shown in black
and indicated by “rad.”

7Note that the results for individual contributions to ahad;LOVP
μ

from this work that are listed in Table III differ from those
given earlier in Sec. III and in Table II, as for a comparison with
HLMNT11 [9], contributions to ahad;LOVP

μ from exclusive chan-
nels are evaluated up to 2 GeV. However, to consistently compare
the final results for ahad;LOVP

μ between the two works, the total
KNT18 result given in Table III is not determined as
the sum of the individual contributions listed above it, but is
the final result for ahad;LOVP

μ calculated in this work using the
exclusive channels evaluated up to 1.937 GeV. Summing
the KNT18 values listed in Table III (i.e. choosing to evaluate
the sum of exclusive states from this work up to 2 GeV), results in
ahad;LOVP
μ ¼ ð693.06 % 2.45Þ × 10−10.
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provides the error weighting to each cluster by its local
uncertainty, the estimate for aπ

þπ−
μ would be aπ

þπ−
μ ðnaive

weighted averageÞ ¼ 509.1 % 2.9. In this case, the estimate
is strongly pulled up by the fine binning and high statistics of
the BABAR data that dominate when no correlations are
taken into account for the mean value. This difference of
nearly 2σ when comparing to Eq. (3.3) indicates the
importance of fully incorporating all available correlated
uncertainties in any combination of the data.
The uncertainty has reduced by approximately one-third.

Again, this is due to the new, precise radiative return data
which further dominate the πþπ− fit and the improvement
of the overall combination which now fully incorporates

the energy dependent correlations. In addition, the radiative
corrections uncertainties have reduced since [9], as dis-
cussed in detail in Sec. II A.

B. π +π −π0 channel

Since [9], there has been only one new addition to the
πþπ−π0 channel [36]. This new data set improves this
channel away from resonance, where previously only
BABAR data [37] had provided a contribution of notable
precision. Compared to [9], an additional change is applied to
three separate data scans over the ϕ resonance in a meas-
urement by CMD-2 [38], where the systematic uncertainties
between the three scans are now taken to be fully correlated
[39]. These changes, along with the new data combination
routine, have resulted in an improved estimate of

aπ
þπ−π0

μ ½0.66 ≤
ffiffiffi
s

p
≤ 1.937 GeV'

¼ 47.79 % 0.22 % 0.71 % 0.13 % 0.48

¼ 47.79 % 0.89 ð3:5Þ
and

Δαπþπ−π0ðM2
ZÞ½0.66 ≤

ffiffiffi
s

p
≤ 1.937 GeV' ¼ 4.77 % 0.08:

ð3:6Þ

Figure 8 shows the full integral range of the data for the
πþπ−π0 cross section. Figure 9 shows an enlargement of the
ω and ϕ resonance regions in this channel.

C. 4 π channels

The πþπ−πþπ− channel now includes two new additions
since [9]. First, an improved statistics measurement by
the BABAR Collaboration in the range 0.6125 ≤

ffiffiffi
s

p
≤

4.4875 GeV [40] supersedes their previous measurement
in this channel [41]. More recently, a data set by the CMD-3
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nances are clearly visible.
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σ(e+e-èπ+π-)	contributes	the	
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FIG. 21. Contributions to the total hadronic R-ratio from the different final states (upper panel) and their uncertainties (lower panel)
below 1.937 GeV. The full R-ratio and its uncertainty is shown in light blue in each plot, respectively. Each final state is included as a
new layer on top in decreasing order of the size of its contribution to ahad;LOVP

μ .
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FIG. 22. The resulting hadronic R-ratio shown in the range mπ ≤
ffiffiffi
s

p
≤ 11.1985 GeV, where the prominent resonances are labeled.

KESHAVARZI, NOMURA, and TEUBNER PHYS. REV. D 97, 114025 (2018)

114025-18

Work	continues	on	improving	the	precision	of					
aμhad.	LO	VP.	



BNL	muon	anomaly	measurement	and	SM	prediction	
differ	by	greater	than	3σ.	

6	
[1]	F.	Jegerlehner,	EPJ	Web	Conf.	166,	00022	(2018)	doi:10.1051/epjconf/201816600022	[arXiv:1705.00263	[hep-ph]].	
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DHMZ10 (e+e−)
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[3.6 σ]

DHMZ10 (e+e−+τ)
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[2.4 σ]

JS11 (e+e−+τ)
179.7± 6.0

[3.4 σ]

HLMNT11 (e+e−)
182.8± 4.9

[3.3 σ]

DHMZ10/JS11 (e+e−+τ)
181.1± 4.6

[3.6 σ]

BDDJ15# (e+e−+τ)
170.4± 5.1

[4.8 σ]

BDDJ15∗ (e+e−+τ)
175.0± 5.0

[4.2 σ]

DHMZ16 (e+e−)
181.7± 4.2

[3.6 σ]

FJ16 (e+e−+τ)
177.6± 4.4

[4.1 σ]

excl. ISR
DHea09 (e+e−)
178.8± 5.8

[3.5 σ]

BDDJ12∗ (e+e−+τ)
175.4± 5.3

[4.1 σ]

experiment
BNL-E821 (world average)
209.1± 6.3

aµ×1010-11659000

∗ HLS global fit

# HLS best fit

Figure 10. Dependence of aµ predictions on recent evaluations of ahad,LO
µ . The HLS best fit BDDJ15#

(NSK+KLOE10+KLOE12) does not include BaBar ππ data [39], while BDDJ15∗ does. JS11 [40], FJ16 [1]
is updated and includes the BES III and KEDR data. Further points are BDDJ12 [7], DHMZ10 [41],
DHMZ16 [22, 44], HLMNT11 [43] and DHea09 [42]. The DHMZ10 (e+e−+τ) result is not including the ρ − γ
mixing correction, i.e. it misses important isospin breaking effects. In contrast, DHMZ10/JS11 is obtained by in-
cluding this correction, which brings the point into much better agreement with standard analyses based on e+e−

data alone, as for example the DHMZ10 (e+e− ) result. (see also [21, 45]). Note: results depend on which value
has been taken for HLbL. JS11 and BDDJ13 includes 116(39)× 10− 11 [JN] [46], DHea09, DHMZ10, HLMNT11
and BDDJ12 use 105(26) × 10− 11 [PdRV] [47], while FJ16 includes an updated 103(29) × 10− 11.

of HVP by using indirect constraints. The global fit strategy followed in [7] takes into account data
below E0 = 1.05GeV (just above the φ ) to constrain the effective Lagrangian couplings. Used are
45 different data sets, 6 annihilation channels and 10 partial width decays. The effective theory then
allows us to predict cross sections for the channels π+π− , π0γ, ηγ, η′γ, π0π+π− ,K+K− ,K0K̄0 , which
account for 83.4% of ahad

µ . The missing channels 4π, 5π, 6π, ηππ,ωπ and the higher energy tail E > E0
is evaluated using data directly and pQCD for the perturbative region and tail. All mixing effects, as
γρ -mixing, ρω -mixing, · · · , as well as the decay branching fractions are dynamically generated by
including self-energy effects of the spin 1 mesons. One thus is taking into account proper phase space,
energy dependent widths etc. Such fit strategy is able to shed light on incompatibilities in the data, e.g.
KLOE vs BaBar, by comparing the fit qualities, but also reveals the compatibility of τ–decay spectra
with e+e− –data after accounting for the mixing effects like including γ − ρ0 mixing. HLS estimates
are included in table 10 together with other recent results.

6 HVP from lattice QCD (following H. Wittig at LATTICE 2016)
The need for ab initio calculation of ahad

µ is well motivated: – the problems to determine non-
perturbative contributions to the muon g − 2 from experimental data at sufficient precision persists
and is not easy to improve, – a model–independent extension of CHPT to the relevant energies ranges
up to 2 GeV is missing, while the new experiments E989 FNAL and E34 J-PARC require an im-
provement of the hadronic uncertainties by a factor two to four.

8

EPJ Web of Conferences 166, 00022 (2018) https://doi.org/10.1051/epjconf/201816600022
KLOE-2

600 650 700 750 800

Nf = 2 + 1 + 1

■ HPQCD 16
666 ± 13

■ ETM 15
678 ± 29

■ ETM 13
674 ± 28

Nf = 2 + 1

▲ RBC/UKQCD 11
641 ± 46

▲ Aubin+Blum 07
748 ± 21

▲ Aubin+Blum 07
713 ± 15

Nf = 2

■ Mainz/CLS 16
652 ± 35

▲ Mainz/CLS 11
618 ± 64

❙ ETM 11
572 ± 16

e+e−&τ data688.77 ± 3.38

aHVP
µ · 1010

Figure 12. Summary of recent LQCD results for the leading order aHVP
µ , in units 10−10. Labels: ■ marks

u , d , s, c, ▲ u , d , s and ❙ u , d contributions. Individual flavor contributions from light (u , d) amount to about 90%,
strange about 8% and charm about 2%. Results shown are from HPQCD 16 [56], ETM 15 [57], ETM 13 [58],
RBC/UKQCD 11 [52], Aubin+Blum 07 [59], Mainz/CLS 16 [60], Mainz/CLS 11 [61] and ETM 11 [48]. The
vertical band shows the e+e− data driven DR estimate (2).

7 Alternative method to get ahad
µ : using α(t = −Q2) measured via t–channel

exchange processes.

A promising alternative method to determine ahad
µ is possible by a dedicated measurement of α(t)

at spacelike momentum transfer as advocated in [62] and [63]. Given α(−Q2) and the fact that the
leptonic contribution is well under control in perturbation theory one can extract the hadronic shift

∆αhad(−Q2) = 1 − α

α(−Q2)
− ∆αlep(−Q2) (8)

and determine ahad
µ via the representation

ahad
µ =

α

π

1!

0

dx (1 − x) ∆αhad
"
−Q2(x)

#
(9)

where Q2(x) ≡ x2

1−x m2
µ is the spacelike square momentum–transfer. In the Euclidean region the inte-

grand is highly peaked around half of the ρ meson mass scale (see figure 13). The method is very
different from the standard approach based on (1): radiative corrections are very different (much sim-
pler) as no hadronic final states need to be understood, no VP subtraction is to be performed, no
exclusive channel collection etc. So, even a 1% level measurement can provide important indepen-
dent information. This in view of the problem to get accurate hadronic total cross–section in the range

10
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[1]	

[1]	

Work	continues	with	LQCD	aμhad.	LO	VP	calculations	

u,	d,	s,	and	c	contributions	
u,	d,	and	s,	contributions	
u	and	d	contributions	

•  Historical	e+e-	and	τ	data	discrepancy	resolved	by	including	
effects	such	as	ρ−γ mixing	(important	isospin	breaking	
effects):	DHMZ10	(e+e-	+	τ)	does	not	have	ρ−γ mixing	
correction	

•  BDDJ15#	excludes	while	BDDJ15*	includes	BABAR	π+π-	data		
•  If	central	values	do	not	move,	achieving	Fermilab	error	

goal	will	lead	to	a	greater	than	5σ	difference	



Fermilab	Muon	g-2	Collaboration	…	
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Muon	anomaly	is	obtained	from	5	numbers.	

aµ =

ge
2
mµ

me

ωa

ω p

µe

µp ~	

8	
[1]	P.	J.	Mohr,	D.	B.	Newell	and	B.	N.	Taylor,	Rev.	Mod.	Phys.	88,	no.	3,	035009	(2016)	doi:10.1103/RevModPhys.88.035009	[arXiv:1507.07956	[physics.atom-ph]].	

Get	from	CODATA[1]:	
ge	=	-2.002	319	304	361	82(52)	(0.00026	ppb)	
mμ/me	=	206.768	2826(46)	(22	ppb)	
μe/μp	=	-658.210	6866(20)	(3.0	ppb)	
	
Fermilab	Experiment	aμ	total	error	goal	is	140	ppb	



Muon	anomaly	is	obtained	from	5	numbers.	

aµ =

ge
2
mµ

me

ωa

ω p

µe

µp

9	

Anomalous	spin	precession	frequency	is	extracted	from	decay	
positron	time	spectra	

~60	hours	of	data	yielding	~0.95	billion	decay	positrons	

N(E, t) = N0 (E, t)e
−t/ γτµ( ) 1− A E, t( )cos ωat +φ E, t( )( )"# $%



Muon	anomaly	is	obtained	from	5	numbers.	

aµ =

ge
2
mµ

me

ωa

ω p

µe

µp

~	

Average	magnetic	field	
seen	by	muons	is	
measured	with	NMR	

!ω p = 2µp

!
B

R.	Osofsky	

10	

Obtain	muon	
distribution	from	
straw	trackers		

Obtain	B-field	
from	NMR	
probes		

(Combine	Together)	



Fermilab	beamline	decays	away	most	of	the	pions.	
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8.89	GeV	p	beam	
impacts	the	target	

3.1	GeV	
secondaries	(π,	μ,	
p)	travel	along	M2	
&	M3,	where	μ+	
are	collected	from	
π+	decays			

μ+	are	extracted	from	
the	ring	and	
transferred	into	the	
storage	ring	via	M5	

After	a	few	turns	
remaining	π+	convert	to	μ+	

μ+	enter	the	g-2	
storage	ring	

Protons	separate	
and	are	removed	

D.	Stratakis	



Fermilab	Muon	g-2	Experiment:	

12	

μ+	

B	=	1.4513	T	

R0	=	7.112	m	
~9	cm	Storage	Region	

Storage	Ring	

•  M5	magnetic	quads	do	final	
focusing	before	injection	into	ring	

•  Inflector	injects	muons	into	ring	
while	minimizing	disturbance	to	
B-field	

μ+	

[1]	J.	Grange	et	al.	[Muon	g-2	Collaboration],	arXiv:1501.06858	[physics.ins-det].	

342 THE SUPERCONDUCTING INFLECTOR MAGNET

(a) Encased Coil End (b) Coil Removed

Figure 10.24: (a) View of the magnet end. The coil block was epoxy impregnated inside the
aluminum case. (b)Coil block removed from the aluminum case.

(a) Separating the Coils (b) The mandrels

Figure 10.25: (a)Separating the inner and outer coils (b)Inner (left) and outer (right) coils
aluminum mandrels after removing the superconductor from slots.

technology. For example to correct 100 ppm field distortion, requires a printed circuit board
with 10 A total current. These correctors could be mounted on the pole tips or on the
vacuum vessel walls.

[1]	



Fermilab	Muon	g-2	Experiment:	

13	

μ+	 μ+	

•  M5	magnetic	quads	do	final	
focusing	before	injection	into	ring	

•  Inflector	injects	muons	into	ring	
while	minimizing	disturbance	to	
B-field	

•  3	magnetic	kickers	“kick”	the	
muons	onto	the	storage	orbit	

Storage	Ring	

[1]	

H.	Nguyen	



Fermilab	Muon	g-2	Experiment:	
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μ+	 μ+	

•  M5	magnetic	quads	do	final	
focusing	before	injection	into	ring	

•  Inflector	injects	muons	into	ring	
while	minimizing	disturbance	to	
B-field	

•  3	magnetic	kickers	“kick”	the	
muons	onto	the	storage	orbit	

•  Electric	quads	provide	weak	
vertical	focusing	

Storage	Ring	

[1]	



Experiment	uses	a	weak	focusing	muon	storage	ring.	

The Fourier analysis of the CERN and BNL
lattices F ðs=RÞ ¼

P

AN cosðNs=RÞ up to N ¼ 12 is
shown in Table 1.

Note that the BNL lattice design with the four-
fold symmetry has no N ¼ 2 term which drives the
strong octupole resonance with two-fold symme-
try. The minimum and maximum beta functions
are shown in Table 2 for two, four, and eight-fold
symmetry.

The period pR=2 with this four-fold symmetry is
much less than the period of the radial oscilla-
tions (close to 2pR), and especially the period of
the vertical betatron oscillations (B6pR). For this

reason we can, with a very good accuracy, use in
most estimates the field index n averaged over the
orbit, n ¼ /nðsÞS: In our case, n ¼ 0:43n0; where
n0 is the n-value as defined in Eq. (1) inside
the quadrupole region. In this ‘‘smoothed’’
approximation, the betatron tunes (the number
of oscillations during one turn) are defined as
nx ¼

ffiffiffiffiffiffiffiffiffiffiffi

1 $ n
p

; ny ¼
ffiffiffi

n
p

; and /DðsÞS ¼ aR0; a ¼
1=ð1 $ nÞ; bx ¼ R=nx; by ¼ R=ny; the familiar
weak focusing formulas; both DðsÞ and bx;yðsÞ are
constant. In reality, they slightly change along s;
with DðsÞ; bxðsÞ maximal in the middle of
intervals between quads and minimal in the

Fig. 1. The cross section of the muon storage ring showing the magnet pole pieces, the three cryostats housing the corresponding
superconducting coils, and the vacuum chamber in between the pole pieces housing the electrostatic quadrupoles.

Y.K. Semertzidis et al. / Nuclear Instruments and Methods in Physics Research A 503 (2003) 458–484460

high voltage insulator. It was therefore very
important to make those electrodes (Q1 full and
Q1 half) as thin as possible and yet sturdy enough
so that they do not buckle.

4.1.5. Leads
The typical leads arrangement for each set of

four electrodes are shown in Fig. 8. The leads
are 3 mm O.D. aluminum tube with 0:5 mm

Fig. 5. The cross section of the quadrupole plates (‘‘electrodes’’) and NMR trolley rails (‘‘ground electrodes’’). The top-bottom as well
as the left-right high voltage support insulators are also shown.

Fig. 6. A photograph taken from the end of a vacuum chamber housing the quadrupole plates; the ring center is on the left. The
distance between quadrupole plates at equal potential is 10 cm. The bottom left and the top right rails are where the cable NMR trolley
rides when measuring the magnetic field. The other two rails were used to keep the symmetry in the quadrupole region. The ruler units
are in inches.

Y.K. Semertzidis et al. / Nuclear Instruments and Methods in Physics Research A 503 (2003) 458–484 465

Super	conducting	coil	

Super	conducting	coil	

Super	conducting	coil	

pole	

pole	

Bending	Magnetic	Dipole	Field	
(horizontal	focusing)	

+18.3	kV	

+18.3	kV	

-18.3	kV	-18.3	kV	

[1]	Y.	K.	Semertzidis	et	al.,	Nucl.	Instrum.	Meth.	A		503,	458	(2003).	doi:10.1016/S0168-9002(03)00999-9	

[1]		

[1]		

Vertical	Focusing	Electric	
Quadrupole	Field	

Scraping	sets	bottom,	
Q2	inner,	and	Q4	outer	
plates	to	±13.1	kV.	
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Horizontal And Vertical Tunes:
ν x ≈ 1− n

ν y ≈ n

!
ωa ≈

!
ωs −

!
ωc ≈ −

q
m
aµ
!
B− aµ −

1
γ 2 −1

⎛

⎝
⎜

⎞

⎠
⎟

!
β ×
!
E
c

⎡

⎣
⎢

⎤

⎦
⎥

0	when	γ	=	29.3	=>	
pμ	=	3.094	GeV/c	

ωa	=	anomalous	precession	frequency	
ωs	=	spin	precession	frequency	
ωc	=	cyclotron	frequency	



Fermilab	Muon	g-2	Experiment:	
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e+	

Storage	Ring	

•  180°	and	270°	fiber	profile	beam	
monitors	

•  Straw	tracker	station	provides	
decay	positron	trajectory	
reconstruction	



Straw	tracker	detectors	measure	the	storage	ring	
muon	beam	profile	when	taking	physics	data.	

probably	a	
proton	

3.1	GeV/c	
muon	

•  Trackers	used	to	extrapolate	a	decay	
positron	trajectory	back	to	muon	decay	
position.		

•  Muon	g-2	will	also	measure	muon	electric	
dipole	moment	by	determining	if	there	is	
any	tilt	in	the	muon	precession	plane	
away	from	vertical	orientation.	

	

The	above	June	2017	commissioning	data	has	
large	proton	contamination:	60	p:	4	π:	1	μ	 17	

“Wiggle”	plot	for	tracks	with	momentum	greater	than	1.8	GeV	

Can	see	ωa	frequency	in	tracker	data	

(calorimeter	hits)	/	
(total	number	of	
tracks)	gives	calo	
efficiency:	nearly	all	
the	missing	calo	hits	
look	like	lost	muons.	



Fermilab	Muon	g-2	Experiment:	

18	

e+	

Storage	Ring	

•  180°	and	270°	fiber	profile	beam	
monitors	

•  Straw	tracker	station	provides	
decay	positron	trajectory	
reconstruction	

•  24	calorimeters	detect	decay	
positron	arrival	time	and	energy	



Segmented	calorimeters	provide	spatial	resolution	
that	can	be	used	to	separate	positron	hits.	

7

a lighthouse riding a carousel

μe

11

lead fluoride crystals

laser light calibration 
system

SiPMs

24 calorimeter stations around ring

Calorimeters	measure	decay	positron	
energy	and	detector	arrival	time.	

6	×	9	segmented	array		

J.	Kaspar	

J.	Kaspar	

Lost	muons	(MIPs)	

Calorimeter	energy	distribution:	
Dec.	2017	data	

19	

Decay	positrons		

Crystals	are	25×25×140	mm	

Ring	side	of	
calorimeter	

The	above	June	2017	commissioning	data	has	
large	proton	contamination:	60	p:	4	π:	1	μ	

Calorimeter	cluster	spatial	distribution	



Fermilab	Muon	g-2	Experiment:	
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•  Trolley	periodically	measures	
magnetic	field	seen	by	muons	

Storage	Ring	

Measurement of Storage Ring Magnetic Field in terms of !̃p

) Need Larmor frequency of free protons in storage volume while muons are stored

(1) Fixed probes measure field at same time as muons stored, but outside storage volume

(2) Field inside storage volume measured by NMR trolley, but not when muons stored

• Fixed probes are cross-calibrated when trolley goes by; can infer field inside storage volume
when muons stored from fixed probes

Electronics, 
Microcontroller,  
Communication 

Position of NMR 
probes 

Fixed probes on vacuum chambers Trolley with matrix of 17 NMR probes 

(3) Trolley probes calibrated in terms of free proton frequency by an absolute calibration probe

Muon g-2 Experiment FNAL Users’ Meeting, June 14-16, 2016 21

R.	Hong	



Trolley	is	used	to	measure	muon	storage	region	
magnetic	field	during	data	collection.	

21	

Rough Shimming Results 

Ve
rti

ca
l (

cm
)

       R-R0(cm)

Azimuthally-Averaged Map

Goal

~1400 ppm

50 ppm

Oct 2015             Aug 2016

Oct 2015 Aug 2016

Storage	ring	field	is	
shimmed	to	be	highly	
uniform	to	reduce	
systematic	errors	

[1]	

Measurement of Storage Ring Magnetic Field in terms of !̃p

) Need Larmor frequency of free protons in storage volume while muons are stored

(1) Fixed probes measure field at same time as muons stored, but outside storage volume

(2) Field inside storage volume measured by NMR trolley, but not when muons stored

• Fixed probes are cross-calibrated when trolley goes by; can infer field inside storage volume
when muons stored from fixed probes

Electronics, 
Microcontroller,  
Communication 

Position of NMR 
probes 

Fixed probes on vacuum chambers Trolley with matrix of 17 NMR probes 

(3) Trolley probes calibrated in terms of free proton frequency by an absolute calibration probe

Muon g-2 Experiment FNAL Users’ Meeting, June 14-16, 2016 21

Trolley	can	be	
pulled	around	
storage	ring	when	
beam	is	not	being	
delivered.	

[2]	

R.	Hong	

D.	Flay	



Fermilab	Muon	g-2	Experiment	publication	plan:	

22	

•  3	generations	of	aμ	publications	

–  ~2	×	BNL	data	(~400	ppb)	collected	in	FY18	with	2019	publication	goal	

–  5-10	×	BNL	data	(~200	ppb)	collected	over	FY18+FY19	with	2020	publication	goal	…	caveat	that	we	now	

enter	unknown	regime		

–  20+	×	BNL	data	(~140	ppb)	collected	by	end	of	FY20	with	2021	final	publications	goal	

•  Muon	EDM	and	CPT/LV	physics	results	in	at	least	two	generations	

	

	

	

	

2	caveats	to	publications	plan:	

•  BNL	publications	lagged	2-3	years	behind	acquiring	data	

–  Understanding	systematics	and	fixing	for	next	run	take	priority	

–  However,	we	benefit	from	BNL	experience	and	analysis	tools	much	more	advanced	

•  Likely	2020	running	will	be	required	to	complete	μ+	statistics	

	

CY18	 CY19	 CY20	 CY21	

1st	aμ	pub	
2nd	aμ	pub	

3rd	aμ	pub	



J-PARC	g-2	experiment	uses	a	very	different	
experimental	technique.	
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Fermilab	sets	to	0	by	
using	3.094	GeV/c	
magic	momentum	
muons	

6

Production 

target

3 GeV proton beam

(1MW, double pulses, 25Hz)

Surface muon

beam (4 MeV)

ε~1000 π mm・mrad

Muonium production target

(300 K ~ 25 meV)

Full tracking 
silicon tracker

66 cm

Compact storage magnet

(3T, ~1ppm local)
Ultra slow μ+

production by

Resonant Laser Ionization of 

Muonium (~10
6 m+

/s)

Target precision

Δ(g-2) = 0.1 ppm

ΔEDM = 10-21
e・cm

Re-acceleration LINAC

(~ 200 MeV)

ε~1 π mm・mrad !

J-PARC g-2 experiment (E34)

Ultra 
slow μ+

[1]	

[1]	Takayuki	Yamazaki,	KEK	Theory	Meeting	on	Particle	Physics	Phenomenology	(KEK-PH2018),	Feb.	13th	to	16th	(2018).		

J-PARC	experiment	in	a	slide:	

J-PARC	sets	to	0	by	not	
using	electric	focusing	

Super-low	emittance	muon	beam	



J-PARC	g-2	experiment	is	preparing	for	a	
measurement.	
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[1]	

[1]	Takayuki	Yamazaki,	KEK	Theory	Meeting	on	Particle	Physics	Phenomenology	(KEK-PH2018),	Feb.	13th	to	16th	(2018).		

Technical Design Report (TDR) 2017
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• We revised the TDR responding to focused review committee’s 
recommendations and submitted to PAC in Dec. 2017.

Date Events

July, 2009 LOI submitted to PAC8

January, 2010 Proposal submitted to PAC9

January, 2012 CDR submitted to PAC13, Milestones defined.

July, 2012 Stage-1 status recommended by PAC15
Stage-1 status granted by the IPNS director

May, 2015 TDR submitted to PAC 

Oct, 2016 Revised TDR submitted to PAC and FRC

Nov, 2016 Focused review on technical design

Dec 15, 2017 Responses and Revised TDR submitted to PAC

30

TDR
physics
data & results

Squamish, BC (Canada)

Summary
• J-PARC g-2 experiment (E34) is under preparation to 

measure muon g-2 with an independent method using ultra 
slow muon beam.

• Construction phase is starting and there were many 
achievements in the last year.

• Further information : http://g-2.kek.jp

http://g-2.kek.jp/portal/publications.html	
	



g-2 

µ 

Conclusions	
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•  Fermilab	experiment	finished	1st	physics	data	run	July	7th.	
•  Fermilab	1st	physics	data	set	is	~2	×	BNL	data	set	with	a	goal	of	publishing	in	2019.	
•  Fermilab	experiment	has	the	ultimate	goal	of	measuring	muon	g-2	~4	times	more	precisely	than	the	

BNL	experiment.	
•  J-PARC	experiment	is	preparing	for	a	measurement.	
•  Work	continues	on	improving	the	precision	of	the	SM	muon	g-2	prediction.	

Needs	final	set	of	
data	quality	cuts	B.	Kiburg	&	J.	Kaspar	
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Backup	
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Standard	Model	zoo	of	particles:	
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The	Muon	was	discovered	from	cosmic	rays.	
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Discovered	in	1936	by	Carl	D.	Anderson	and	Seth	Neddermeyer:	
•  Cosmic	radiation	determined	not	to	be	an	electron	or	proton.	
•  Originally	thought	to	be	the	Yukawa	pion	(called	the	mu-meson	or	

mesotron)	

Carl	D.	Anderson		

Seth	Neddermeyer	

[1]	https://en.wikipedia.org/wiki/File:Seth_Neddermeyer_ID_badge.png	
						http://www.lanl.gov/history/wartime/staff.shtml	
[2]	https://en.wikipedia.org/wiki/File:Carl_Anderson.jpg	
						http://nobelprize.org/nobel_prizes/physics/laureates/1936/anderson-bio.html	
[3]	E.	Williams,	G.	Roberts,	Evidence	for	transformation	of	mesotrons	into	electrons,	Nature	145	(1940)	102–103.		

[1]	

[2]	

©1940 Nature Publishing Group

[3]	1940:	First	cloud	chamber	
photograph	of	muon	decay.	

mesotron	

electron	



Comparison	of	the	charged	leptons:	
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τe ∞ -	
τµ 2.1969811	±	0.0000022	μs	 1.0	ppm	
ττ (2.903	±	0.005)	×	10-7	μs	 0.17	%	
me 0.5109989461	±	0.0000000031	MeV	 6.1	ppb	
mµ 105.6583745	±	0.0000024	MeV	 23	ppb	
mτ 1776.86	±	0.12	MeV	 68	ppm	
ae	 0.00115965218091	±	0.00000000000026	 0.22	ppb	
aμ	 0.0011659209	±	0.0000000006	 0.51	ppm	
aτ	 >	-0.052		and	<	0.013	CL=95.0%	 -	

Mode	 Fraction	(Γi	/	Γ)	
µ- à e- νe νµ ≈	1	
µ- à e- νe νµ	γ (6.0	±	0.5)	×	10-8	
µ- à e- νe νµ e+e- (3.4	±	0.4)	×	10-5	

C.	Patrignani	et	al.	(Particle	Data	Group),	Chin.	Phys.	C,	40,	100001	(2016)	and	2017	update.		

Mode	 Fraction	(Γi	/	Γ)	
τ- à µ- νµ ντ 17.39	±	0.04	%	
τ- à e- νe ντ 17.82	±	0.04	%	
τ- à π- ντ 10.82	±	0.05	%	
τ- à K- ντ 0.696	±	0.010	%	

_	
_	
_	

_	
_	
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Muon	g-2	is	more	sensitive	to	new	physics	than	
electron	g-2.	

LO	=	Leading	Order	
NLO	=	Next	To	Leading	Order	
NNLO	=	Next	To	Next	To	Leading	Order	
HO	=	Higher	Order	
LbL	=	Light-by-Light	
VP	=	Vacuum	Polarization	
QED	=	Quantum	Electrodynamics	

Measurement	
precision	achieved	by	
different	experiments	

[1]	F.	Jegerlehner,	arXiv:1804.07409	[hep-ph].	
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aµ in units 10�11
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� NLO

NNLO

hadronic LbL

weak LO

� HO

New Physics ?

SM prediction

???

SM predictions
SM uncertainty
neg. contribution
future ? ⇤

⇤ �aHVP
µ /2, �aHLbL

µ 2/3
aµ

�HVP

�HLbL

Fig. 13. Past and future g � 2 experiments testing various contributions. New

Physics
?
= deviation (aexpµ �atheµ )/aexpµ . Limiting theory precision: hadronic vacuum

polarization (HVP) and hadronic light-by-light (HLbL) (see also [76]).

ae = 0.00115965218165(77) and with aexp

e � athe

e = (�92± 82)⇥ 10
�14

a 1.1 � deviation.

Although the central value moved closer to experimental value the deviation has increased

owing to the more precise value of ↵. Note that the ae “discrepancy” is of opposite sign

of the aµ one!

5. Prospects

A “New Physics” interpretation of the persisting 3 to 4 � gap requires
relatively strongly coupled states in the range below about 250 GeV. Search
bounds from LEP, Tevatron and specifically from the LHC already have
ruled out a variety of Beyond the Standard Model (BSM) scenarios, so
much hat standard motivations of SUSY/GUT extensions seem to fall in
disgrace. There is no doubt that performing doable improvements on both
the theory and the experimental side allows one to substantially sharpen
(or diminish) the apparent gap between theory and experiment.

In any case aµ constrains BSM scenarios distinctively and at the same
time challenges a better understanding of the SM prediction. The two

[1]	
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complementary experiments on the way, operating with ultra hot muons [2]
and with ultra cold muons [3], repsectively, especially could di↵er by possible
unaccounted real photon radiation e↵ects. Provided the deviation is real and
theory and needed hadronic cross section data can be improved as expected
the muon g � 2 experiments could establish �aNP

µ at about 10 standard
deviations.

A remark concerning HVP issues in the standard data based time-like
approach is in order here:
i) How to combine a pretty large number of data-sets to a truly reliable
R -function. What is the true uncertainty? What part is reliably taken
from pQCD? Including or excluding outdated (=older less precise) data-
sets? Bare versus physical cross sections, how reliable is VP subtraction?
ii) Radiative corrections specifically for the ISR method, sQED issues etc.
The ISR method requires one order in ↵more precise RC calculation relative
to the SCAN method, at least full 2–loop Bhabha and/or e+e� ! µ+µ� as

ae in units 10�11
10�3 10�1 101 103 105 107 109

MichiganSeattleHarvard
197019872006

LO

� 4th

QED 6th

� 8th

10th

hadronic VP LO

� NLO

NNLO

hadronic LbL

weak LO

� HO

New Physics ?

SM prediction

???

SM predictions
SM uncertainty

↵�1(Rb11) = 137.035999037(91)

neg. contribution
future ? ⇤

⇤ �↵�1(Rb11)/10
ae

�↵Rb11

Fig. 14. Status and sensitivity of the ae experiments testing various contributions.
The error is dominated by the uncertainty of ↵(Rb11) from atomic interferometry.

No “New Physics”
?
= deviation (aexpe � athee )/aexpµ . The blue band illustrates the

improvement by the Harvard experiment. Note the very di↵erent sensitivities to
non-QED contributions in comparison with aµ (for entries see e.g. [6, 7, 76]).

Measurement	
precision	achieved	by	
different	experiments	



Experiment	measures	muon	spin	precession	relative	
to	momentum.		
!
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~	 ~	
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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0	for	pμ	=	3.094	GeV/c	when	γ	=	29.3	

pμ	

pμ	

pμ	

pμ	pμ	

pμ	

pμ	

pμ	
sμ	

sμ	

sμ	sμ	

sμ	

sμ	sμ	

sμ	

ωc	

N(E, t) = N0 (E, t)e
−t/ γτµ( ) 1− A E, t( )cos ωat +φ E, t( )( )"# $%

[1]		

[1]	G.	W.	Bennett	et	al.	[Muon	G-2	Collaboration],	Phys.	Rev.	D	73,	072003	(2006)	[hep-ex/0602035].	

•  μ	parity-violating	Weak	decays	=>	in	μ+	rest	frame,	high	
energy	decay	e+	want	to	be	||	to	μ+	spin	and	low	energy	
decay	e+	want	to	be	anti	||	to	μ+	spin	

•  Lab	frame	high	energy	decay	e+	correspond	to	μ+	rest	
frame	high	energy	decay	e+	that	point	close	to	the	
direction	of	lab	frame	μ+	(forward	decays)	=>	modulation	
on	top	of	exponential	decay	for	lab	frame	high	energy	e+		



BNL	muon	storage	ring	was	moved	to	Fermilab.	
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[1]	

[1]	C.	Polly,	GM2-doc-4096	
[2]	C.	Polly	and	E.	Swanson,	GM2-doc-4284	

[2]	

[2]	

[2]	



Muon	storage	ring	is	now	installed	and	operating	in	
the	Muon	campus.	
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[1]	J.	Mott,	GM2-doc-4380	

Photograph	from	Wilson	Hall	 [1]	

Mu2e	

MC1	

Delivery	Ring	



Fermilab	Muon	g-2	Experiment:	
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Temporal	
Proton	Bunch	

p	

•  Start	with	a	proton	bunch	

120	ns	

Not	to	scale	



Fermilab	Muon	g-2	Experiment:	
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Target	

p	

•  Start	with	a	proton	bunch	
•  Protons	hit	target	to	produce	pions	

Temporal	
Proton	Bunch	

120	ns	

Not	to	scale	

p,	π,	μ	



Fermilab	Muon	g-2	Experiment:	
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Target	

Delivery	Ring	

p	 μ+	

•  Start	with	a	proton	bunch	
•  Protons	hit	target	to	produce	pions	
•  Delivery	Ring	extracts	protons	and	allows	for	

remaining	pions	to	decay	to	muons	

Temporal	
Proton	Bunch	

120	ns	

Not	to	scale	

p,	π,	μ	



Fermilab	Muon	g-2	Experiment:	
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μ+	 μ+	

•  M5	magnetic	quads	do	final	
focusing	before	injection	into	ring	

Not	to	scale	



Fermilab	Muon	g-2	Experiment:	
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Storage	Ring	

•  180°	and	270°	fiber	profile	beam	
monitors	



Fiber	profile	beam	monitors	(fiber	harps)	study	the	
storage	ring	beam	dynamics.	
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Fermilab Muon g-2 collaboration
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PRELIMINARY

39	

June	2017	commissioning	data	has	large	
proton	contamination:	60	p:	4	π:	1	μ	

3	central	fiber	traces	from	x-profile	monitor	at	180	degree	position.	

13	mm	spatial	separation		

13	mm	spatial	separation		

FFT	of	
middle	
fiber	

Proton	Horizontal	
Betatron	Frequency	

Proton	Revolution	
(Cyclotron)	Frequency	

Fiber	harps	degrade	beam,	not	
used	when	taking	physics	data.	



Fermilab	Muon	g-2	Experiment:	
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μ+	 μ+	

•  M5	magnetic	quads	do	final	
focusing	before	injection	into	ring	

•  Inflector	injects	muons	into	ring	
while	minimizing	disturbance	to	
B-field	

•  3	magnetic	kickers	“kick”	the	
muons	onto	the	storage	orbit	

•  Electric	quads	provide	weak	
vertical	focusing	

•  Quads	scrape	beam	against	
collimators	at	early	times	

Storage	Ring	

Not	to	scale	

[1]	

[1]	J.M.	Grange,	GM2-doc-8765	



Current	ring	configuration:	
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