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Fundamental Particle Spin
§ For a spin ½ point particle, 

classically the expectation is g = 1  
§ Stern-Gerlach and atomic 

spectroscopy experiments in the 
1920s, became apparent ge = 2 for 
the electron. 

§ Dirac’s famous equation in 1928 

• However, further measurements 
show deviations from the value g = 2  
for the electron, muon, etc. 
• accounted for by quantum field theory
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So, for an elementary spin ½ 
particle in Dirac's theory, g=2!

⃗μ = g
q

2m
⃗S

anomaly: a ≡
g − 2

2

g = 2(1 + a)Set

spin

magnetic 
moment

For the muon, a is approximately 0.001166.
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Brief History of Muon g-2
§ The measurement of a = (g-2)/2 for the muon started out at CERN 

• 1959 (Lederman, et al.), using Synchrocyclotron — 2% result published in 1961, followed 
by more precise result — 0.4% error — confirming QED calculations at the time 

• 1966, using the CERN Proton Synchrotron (PS) 

» 25x more accurate, showed inconsistency between experiment and the theory of the day 

• 1969-1979, third iteration of the experiment (still with PS) gave much more accuracy 

» theory was confirmed to precision of 0.0007% 

• As time went on, theory continued to improve 

§ In 1980s, new experiment formed in U.S. 

• led to BNL g-2 Experiment E821 

• began running in 1997, final result in 2004 

• Since then, theory has improved further 

» ~3.5𝝈 discrepancy, between E821 and SM
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CERN g-2 storage ring, 1974
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The Thomas BMT Equation and 
the Magic Momentum

§ For electromagnetic fields in the lab frame, the precession of the spin 
vector in the rest frame of the particle is given by the Thomas-BMT eq.*: 

§ The momentum vector of the particle will precess with 

§ For ideal condition of purely perpendicular magnetic field, and with 
electric fields:
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* citations:
  — Thomas L H 1927 Philos. Mag. 3 1–22
  — Bargmann V, Michel L and Telegdi V L, 
          1959 Phys. Rev. Lett. 2 435–6
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The Thomas BMT Equation and 
the Magic Momentum

§ As we need to provide vertical focusing, if we operate at the “magic 
momentum” where the last term goes to zero, then can use electrostatic 
quadrupoles for this task 

§ Then, ideally, rates observed at a detector at one location in the ring 
would contain frequency: 

§ So, send highly polarized beam of muons at the magic momentum into a 
highly uniform magnetic field, focused with electrostatic fields 

§ Detect positrons from muon decays; kinematics show those with highest 
energies emerge in direction of the muon’s spin
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The Muon g-2 Experiment
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Figure 7.47: Diagram illustrating the detection of a lost muon by finding three-fold coincidences between
consecutive detectors.

outer periphery of phase space are lost preferentially at early times. The result is a modification to the pure
exponential to include an additional factor of Λ t that accounts for the muon losses,

N t
N0
τ
e t t0 τΛ t 1 Acos ωt φ (7.24)

More details on the exact functional form of Λ t will follow the description of muon loss monitoring.

7.8.1 Monitoring muon losses

After the 1998 run, it was realized that the muon losses could be constructed by looking for three-fold
coincidences in consecutive detectors, as illustrated in Figure 7.47. Unlike decay electrons which produce
an electromagnetic shower in the calorimeters, the 3 GeV muons are minimum-ionizing particles (MIPs)
which only deposit of order 200 MeV as they pass through a calorimeter block. Muons can pass through
many calorimeters without stopping, which produces a unique signature. Unfortunately, the small amount
of energy deposited by the muons is far below the hardware threshold, and in many cases is even smaller
than the software threshold of the pulsefitter. Instead, the muons must be detected by looking for signals in
the FSD hodoscopes mounted on the front of the calorimeters. The FSD elements are composed of 1 cm
thick tiles of plastic scintillator which produces a large signal for both electrons and muons.

In 1998 there were only three calorimeters equipped with FSDs and they were placed at points far
removed from each other within the ring. Starting in 1999 a concentrated effort was led by the Illinois group
to expand the number of FSDs and install them in neighboring positions in order to extract the lost muon
signal,

Ltotal t F1 t C1 t F2 t C2 t F3 t C3 t (7.25)

where Fi indicates a signal in the ith FSD along with the absence of energy Ci in the ith calorimeter. The
subscript indicates the ordered position of a detector in the series of three consecutive detectors, and the
symbol indicates a coincidence (logical and) between the operand detectors. As shown in Figure 7.48, out
of the five FSDs operating in 1999, only two sets of muon loss monitors could be constructed. For the 2000
run, a total of seven muon loss monitors were formed by adding five more FSDs.

Analysis of the 2000 data revealed that the muon loss monitors 13 14 15 and 14 15 16 measured a
significantly larger number of lost muons than other monitors. In particular, 13 14 15 found more than

140

ideal:  highly 
polarized, with 
spin aligned with 
momentum

inject muons

detect positrons 
from muon decay; 
high energy e+ 
direction aligned 
with muon spin

detector rates will “wiggle” 
with the anomalous precession 
frequency ∝ g − 2

preliminary
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The Muon g-2 Storage Ring
§ The storage ring is a precision-field high energy physics experiment with 

24 detector stations in order to detect and identify charged particles and 
their time of arrival, momenta 

§ However, no direct beam measurements, per se — i.e., no BPMs or wire 
scanners or current monitors,  etc. 

• all information about the beam is inferred from the detector data 

§ From reconstructed data, the equilibrium horizontal (momentum) 
distribution, vertical beam distribution and other quantities can be inferred 
for each injection/store.

7

• these important quantities are necessary 
for reducing systematic errors in the final 
analyses of the anomalous spin frequency  

§ Unique opportunity for beam physics to 
help guide the understanding of signals 
and processing of data

E989, Fermilab
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Sources of Systematic Errors
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d x

d x′ 
detector

accepts a certain range of 
positions and slopes from 
the source (beam)

𝛽x’

x

xe = D · �p

p
<latexit sha1_base64="cBLWepLdSWxbU2PpHmPXd/4bM4c=">AAACB3icbZA7SwNBEMfnfBtfUUtBFkWwCnc22ohBLSwjmETIhbC3mYuLew9258RwBCxs/Co2ForY+hG0s/KruHkUvv6w8OM/M8zOP0iVNOS6H87Y+MTk1PTMbGFufmFxqbi8UjNJpgVWRaISfR5wg0rGWCVJCs9TjTwKFNaDy6N+vX6F2sgkPqNuis2Id2IZSsHJWq3i+nUL2T479kU7IT/UXOT+MSriLO3laa9V3HRL7kDsL3gj2CwffL7dAEClVXz324nIIoxJKG5Mw3NTauZckxQKewU/M5hycck72LAY8whNMx/c0WNb1mmzMNH2xcQG7veJnEfGdKPAdkacLszvWt/8r9bIKNxr5jJOM8JYDBeFmWKUsH4orC01ClJdC1xoaf/KxAW3YZCNrmBD8H6f/BdqOyXP8qlN4xCGmoE12IBt8GAXynACFaiCgFu4h0d4cu6cB+fZeRm2jjmjmVX4Ief1CwmKm7M=</latexit><latexit sha1_base64="PQUvo/NGmcp5TzdZOKEek+22zgY=">AAACB3icbZC7SgNBFIZnvcZ4i1oKMhgEG8OujWnEoIKWCkYD2WWZnZzVwdkLM2clYUln46vYWChi6yNoZ+WrOLkUmvjDwMd/zuHM+YNUCo22/WVNTE5Nz8wW5orzC4tLy6WV1UudZIpDnScyUY2AaZAihjoKlNBIFbAokHAV3B716ld3oLRI4gvspOBF7DoWoeAMjeWXNto+0H167PJWgm6oGM/dY5DIaNrN065fKtsVuy86Ds4QyrWD74/2TvXkzC99uq2EZxHEyCXTuunYKXo5Uyi4hG7RzTSkjN+ya2gajFkE2sv7d3TplnFaNEyUeTHSvvt7ImeR1p0oMJ0Rwxs9WuuZ/9WaGYZVLxdxmiHEfLAozCTFhPZCoS2hgKPsGGBcCfNXym+YCQNNdEUTgjN68jhc7lYcw+cmjUMyUIGsk02yTRyyR2rklJyROuHknjySZ/JiPVhP1qv1NmidsIYza+SPrPcf5HicVw==</latexit><latexit sha1_base64="PQUvo/NGmcp5TzdZOKEek+22zgY=">AAACB3icbZC7SgNBFIZnvcZ4i1oKMhgEG8OujWnEoIKWCkYD2WWZnZzVwdkLM2clYUln46vYWChi6yNoZ+WrOLkUmvjDwMd/zuHM+YNUCo22/WVNTE5Nz8wW5orzC4tLy6WV1UudZIpDnScyUY2AaZAihjoKlNBIFbAokHAV3B716ld3oLRI4gvspOBF7DoWoeAMjeWXNto+0H167PJWgm6oGM/dY5DIaNrN065fKtsVuy86Ds4QyrWD74/2TvXkzC99uq2EZxHEyCXTuunYKXo5Uyi4hG7RzTSkjN+ya2gajFkE2sv7d3TplnFaNEyUeTHSvvt7ImeR1p0oMJ0Rwxs9WuuZ/9WaGYZVLxdxmiHEfLAozCTFhPZCoS2hgKPsGGBcCfNXym+YCQNNdEUTgjN68jhc7lYcw+cmjUMyUIGsk02yTRyyR2rklJyROuHknjySZ/JiPVhP1qv1NmidsIYza+SPrPcf5HicVw==</latexit><latexit sha1_base64="m4YB/T6xqzyvSqN8opNh+zfu6YU=">AAACB3icbZC7SgNBFIZnvcZ4i1oKMhgEq7Bro40QNIVlBHOBbAizk7PJkNkLM2fFsGxn46vYWChi6yvY+TZOki008YeBj/+cw5nze7EUGm3721paXlldWy9sFDe3tnd2S3v7TR0likODRzJSbY9pkCKEBgqU0I4VsMCT0PJG15N66x6UFlF4h+MYugEbhMIXnKGxeqWjhx7QS1pzeT9C11eMp24NJDIaZ2mc9Uplu2JPRRfByaFMctV7pS+3H/EkgBC5ZFp3HDvGbsoUCi4hK7qJhpjxERtAx2DIAtDddHpHRk+M06d+pMwLkU7d3xMpC7QeB57pDBgO9XxtYv5X6yToX3RTEcYJQshni/xEUozoJBTaFwo4yrEBxpUwf6V8yEwYaKIrmhCc+ZMXoXlWcQzf2uXqVR5HgRySY3JKHHJOquSG1EmDcPJInskrebOerBfr3fqYtS5Z+cwB+SPr8wdp2pkE</latexit>

how well is this cancelled?

~!a = � e

m

"
a ~B0 + (a� 1

�2 � 1
)
~E ⇥ ~�

c

#

<latexit sha1_base64="3t/ul6Sr00PgLPWSN3rlP8A8AQg="></latexit><latexit sha1_base64="qa8Ad+C7TK+G93ZrgJNxkfa2+SU="></latexit><latexit sha1_base64="qa8Ad+C7TK+G93ZrgJNxkfa2+SU="></latexit><latexit sha1_base64="1DsnvkbyA4WPLVI0fc8DGC9CGZQ="></latexit>

Δωa

ωa
= − 2

⟨x2
e ⟩

βxDx
≡ CE

§ Phase Space Acceptances 
• Detectors have a certain acceptance that is mapped onto the beam phase 

space; hence, due to beam dynamics, many other frequencies come into play 
in the particle rates other than ωa : 
» coherent betatron oscillation tunes 
» twice those, due to quad mismatches 
» tune spread from chromaticity 
» decoherence and detuning 
» i.e., apparent frequency shifts 
» etc. 

§ E-Field Contribution 

• Precise determination of the momentum distribution for each store enable further               
improvements to this systematic correction 
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Sources of Systematic Errors
§ Pitch Correction: 

• Betatron oscillations lead to terms in the spin precession in which  

• in particular, the vertical oscillations can contribute to the spin precession in 
the horizontal plane 

§ Due to vertical betatron oscillations we would have
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Observed Loss Rates
§ Following the initial injection losses (first 10-20 turns), and factoring out 

the muon decay process, a slow loss of muons prior to decay continues 
to persist, and exponentially reduces during the measurement 
» a “triple coincidence” in adjacent calorimeters indicates a direct muon hit 
» observed in BNL version of the experiment, as well as at FNAL
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Triple-Coincidences per Decay Positron

Time in Storage [ ]μs

Preliminary

C!t" # 1$ e$t=!cboA1 cos!!cbot%"1" (36)

A!t" # A!1$ e$t=!cboA2 cos!!cbot%"2"" (37)

"!t" # "0 % e$t=!cboA3 cos!!cbot%"3": (38)

While the additional terms are necessary to obtain an
acceptable #2, they are not strongly correlated to !a.

Equation (33) describes !!t", which is derived from
L!t", which in turn is derived from the muon-loss monitor
data, as illustrated in Fig. 35. Muon loss introduces a
slowly changing modification to the normal exponential
decay. To determine the absolute rate of muon losses, the
acceptance of the detection system must be established by
the Monte Carlo simulation. With an estimated acceptance
of a few percent, results from the fits indicate an approxi-
mate fractional loss rate of 10$3 per lifetime.

Equation (34) defines V!t", which accounts for an ac-
ceptance modulation owing to vertical betatron oscillations
of the stored muon beam—the vertical waist—having
angular frequency !VW & !1$ 2

!!!
n
p "!c. The vertical

waist dephases with a characteristic decoherence time
!VW & 25 $s. The frequency and decoherence time are
determined in dedicated early-start-time fits on isolated
detectors—when the vertical waist is large—and they
are found to be consistent with expectations from beam-
dynamics calculations. The phase is the only free parame-
ter in the physics fits. The term V!t" is important in fits that
start before 30 $s.

During scraping, which is completed 7–15 $s after
injection, the muon beam is displaced both vertically and
horizontally. As the quadrupole voltages return to their
nominal storage values, the beam returns to the aperture’s
center. The relaxation time of 5' 1 $s is observed di-
rectly in the mean position of decay electrons on the FSD
(see Fig. 23). The term B!t" modifies the normalization
constant N0 and accounts for the corresponding change in

acceptance. As was the case for V!t", B!t" is important only
for fits which start at very early times.

The horizontal CBO describes the modulation of the
normalization, phase and asymmetry: N, A and ". The
modulation of N and A results from the changing accep-
tance for detecting decay electrons as the beam oscillates
radially. The modulation in " results from changes in the
drift time. The amplitudes and phases in Eqs. (36)–(38) are
difficult to predict and are therefore determined from the
fit. Nonetheless, fit results for these parameters are con-
sistent with Monte Carlo predictions, including variations
by detector. The damping of the CBO is adequately de-
scribed by an exponential having the common decay time
constant !cbo in the range 90–130 $s (dependent on quad-
rupole voltage). The horizontal CBO frequency and life-
time are independently determined using the FSD
detectors. As the muons move in and out in the horizontal
plane of the storage ring, the average path length for the
decay electrons to strike the detectors grows shorter and
longer. As a result, the rms vertical width on the face of the
detectors oscillates at the horizontal CBO frequency with
an amplitude that decays with characteristic time !cbo. The
CBO frequency and lifetime, measured using the FSD
detectors, are consistent with those obtained from the
multiparameter fits to the calorimeter data.

No CBO terms were used in the R98 fitting function.
The small CBO modulation was largely hidden, given the
low statistical power of the data set and the fact that the
final histograms were formed from sums of the individual
detector time spectra. The effect of the CBO would cancel
exactly in the sum if the acceptance around the ring were
uniform. However, kicker and, to a lesser degree, quadru-
pole electrodes—upstream of particular detector sta-
tions—lower the acceptance of those detectors, breaking
the symmetry. Still, the CBO effect is reduced by an order
of magnitude in the sum. However, fits to the much larger
R99 data set gave a poor #2=dof before accounting for
CBO modulation of the normalization, which was incorpo-
rated by multiplying Nideal by the function

C0!t" # 1% Acboe$t
2=!2

cbo cos!!cbot%"cbo": (39)

With this modification, the #2=dof was acceptable (alter-
natively, Eq. (36) was also used and, in subsequent analy-
ses, became the standard method to account for CBO). The
fit value Acbo ’ 0:01 was in good agreement with that
found from the full detector simulation. The conservative
systematic error of '0:05 ppm was assigned, based on
changes to the !a frequency when varying the CBO fit
parameters over wide ranges.

After the R00 running was concluded, it was discovered
that the CBO frequency was unusually close to twice the
(g$ 2) frequency; that is, !cbo $!a & !a. Analytic and
simulation studies indicate that in this case, the fit value of
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FIG. 35. Muon-loss rate vs time from the R00 period. Three
consecutive and coincident FSD station signals form the muon-
loss signal. The loss function L!t" is proportional to this raw data
plot.
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C!t" # 1$ e$t=!cboA1 cos!!cbot%"1" (36)

A!t" # A!1$ e$t=!cboA2 cos!!cbot%"2"" (37)

"!t" # "0 % e$t=!cboA3 cos!!cbot%"3": (38)

While the additional terms are necessary to obtain an
acceptable #2, they are not strongly correlated to !a.

Equation (33) describes !!t", which is derived from
L!t", which in turn is derived from the muon-loss monitor
data, as illustrated in Fig. 35. Muon loss introduces a
slowly changing modification to the normal exponential
decay. To determine the absolute rate of muon losses, the
acceptance of the detection system must be established by
the Monte Carlo simulation. With an estimated acceptance
of a few percent, results from the fits indicate an approxi-
mate fractional loss rate of 10$3 per lifetime.

Equation (34) defines V!t", which accounts for an ac-
ceptance modulation owing to vertical betatron oscillations
of the stored muon beam—the vertical waist—having
angular frequency !VW & !1$ 2

!!!
n
p "!c. The vertical

waist dephases with a characteristic decoherence time
!VW & 25 $s. The frequency and decoherence time are
determined in dedicated early-start-time fits on isolated
detectors—when the vertical waist is large—and they
are found to be consistent with expectations from beam-
dynamics calculations. The phase is the only free parame-
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start before 30 $s.
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center. The relaxation time of 5' 1 $s is observed di-
rectly in the mean position of decay electrons on the FSD
(see Fig. 23). The term B!t" modifies the normalization
constant N0 and accounts for the corresponding change in

acceptance. As was the case for V!t", B!t" is important only
for fits which start at very early times.

The horizontal CBO describes the modulation of the
normalization, phase and asymmetry: N, A and ". The
modulation of N and A results from the changing accep-
tance for detecting decay electrons as the beam oscillates
radially. The modulation in " results from changes in the
drift time. The amplitudes and phases in Eqs. (36)–(38) are
difficult to predict and are therefore determined from the
fit. Nonetheless, fit results for these parameters are con-
sistent with Monte Carlo predictions, including variations
by detector. The damping of the CBO is adequately de-
scribed by an exponential having the common decay time
constant !cbo in the range 90–130 $s (dependent on quad-
rupole voltage). The horizontal CBO frequency and life-
time are independently determined using the FSD
detectors. As the muons move in and out in the horizontal
plane of the storage ring, the average path length for the
decay electrons to strike the detectors grows shorter and
longer. As a result, the rms vertical width on the face of the
detectors oscillates at the horizontal CBO frequency with
an amplitude that decays with characteristic time !cbo. The
CBO frequency and lifetime, measured using the FSD
detectors, are consistent with those obtained from the
multiparameter fits to the calorimeter data.

No CBO terms were used in the R98 fitting function.
The small CBO modulation was largely hidden, given the
low statistical power of the data set and the fact that the
final histograms were formed from sums of the individual
detector time spectra. The effect of the CBO would cancel
exactly in the sum if the acceptance around the ring were
uniform. However, kicker and, to a lesser degree, quadru-
pole electrodes—upstream of particular detector sta-
tions—lower the acceptance of those detectors, breaking
the symmetry. Still, the CBO effect is reduced by an order
of magnitude in the sum. However, fits to the much larger
R99 data set gave a poor #2=dof before accounting for
CBO modulation of the normalization, which was incorpo-
rated by multiplying Nideal by the function

C0!t" # 1% Acboe$t
2=!2

cbo cos!!cbot%"cbo": (39)

With this modification, the #2=dof was acceptable (alter-
natively, Eq. (36) was also used and, in subsequent analy-
ses, became the standard method to account for CBO). The
fit value Acbo ’ 0:01 was in good agreement with that
found from the full detector simulation. The conservative
systematic error of '0:05 ppm was assigned, based on
changes to the !a frequency when varying the CBO fit
parameters over wide ranges.

After the R00 running was concluded, it was discovered
that the CBO frequency was unusually close to twice the
(g$ 2) frequency; that is, !cbo $!a & !a. Analytic and
simulation studies indicate that in this case, the fit value of
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FIG. 35. Muon-loss rate vs time from the R00 period. Three
consecutive and coincident FSD station signals form the muon-
loss signal. The loss function L!t" is proportional to this raw data
plot.
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BNL — PRD 73, 072003 (2006) FNAL — sample from recent running

experimental data courtesy of S. Ganguly, Muon g-2 Experiment
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Losses from Resonances
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Fig. 6. Fraction of muon losses between 121� 186 µs after beam injection with the COSY -based
model for several EQS configurations. Measurements6 –shown in arbitrary units (a.u.)– result
from detections of minimum ionizing particles that deposit ⇠ 170 MeV of energy in two adjacent
calorimeters within the ring while two collimators were inserted to the storage region.

perfections in the storage ring and the resonant conditions, we consider the ring as
a superposition of a uniform vertical magnetic field and electric quadrupole fields
coming from the EQS, where all the extra field from the EQS design and magnetic
field imperfections are treated as perturbations to the linear case. In particular,
for simplicity this model assumes a smooth behavior of the unperturbed betatron
oscillations that does resemble the real case:

x(') = H cos(⌫x') , y(�) = V cos(⌫y') (2)

where ' is the azimuth andH and V are the radial and vertical betatron amplitudes,
respectively. Considering both magnetic and electric potentials in the form

�(x, y,�) =
1X

l=0

1X

m=0

1X

N=0

N
Cl,mx

l
y
m cos(N'), (3)

we can combine Eq. 2 and Eq. 3 to estimate the transversal forces in terms of 2k-pole
terms (k = l +m) and Nth azimuthal harmonics. The leading terms from Fourier
analysis of the perturbations yield the following conditions that resonate with the
betatron motion:

(l � 1)⌫x ±m⌫y ±N = ⇤ , l⌫x ± (m� 1)⌫y ±N = ⇤ (4)

where ⇤ = ±⌫x,y depending on the field that drives the resonance. In general,
vertical forces induce more muon losses than horizontal forces due to the relatively

Resonances have been 
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Why the Concern?
§ Not a radiation concern; very low intensity, by storage ring standards; 

rather, it is important to understand in the final analysis of the 
experimental data 

§ wiggle plot and multi-parameter fit 

• if the contributions to the determination of the average initial phase evolves 
during the measurement, can give a systematic error on the actual precession 
frequency being sought 

§ Suppose muons which can reach the collimator (halo) have a different spin 
distribution than those of the central core: 

» then, since only the halo particles get lost,

12

N(t) = N0e
�t/⌧µ [1 +A cos(!at+ �0)]
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⟨ϕ⟩ =
Nc⟨ϕc⟩ + Nh⟨ϕh⟩

Nc + Nh

Δωa =
d⟨ϕ⟩

dt
= ( Nc

Nc + Nh ) (
·Nh

Nc + Nh ) [⟨ϕh⟩ − ⟨ϕc⟩]

fraction in the core         loss rate       distr. diff.

can yield an 
apparent precession:

goal
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Sources of Long-Term Particle Loss
§ Beam-gas scattering 

• particles are in the ring for only ~0.5 ms; vacuum torr 
• loss rate computed to be 10x less than observable rate; no variation with 

vacuum pressure observed 

§ Nonlinear fields and resonances 
• all major resonances mapped out, avoided during operation 
• high field quality (  ppm) ensures linear behavior to high accuracy 

§ Can it just take time for particles to reach the aperture limit?

≲ 0.5 μ

ΔB/B ≲ 0.1

13

X

X

check…

x

y

r2max = b2 + (Dx|�|+ a)2
<latexit sha1_base64="388tmuIWf7/danVC6Zk6KtQjFN8=">AAACDHicbVDJSkMxFM2rU61T1aWb0CJUCuW9FhwWQlEXLivYATpxX5q2oXkDSZ60vPYD3LjyP9y4UMStH+Cuf2M6IGo9kHA451ySe2yfM6lMc2xElpZXVtei67GNza3tnfjuXkl6gSC0SDzuiYoNknLm0qJiitOKLyg4Nqdlu3c58ct3VEjmubdq4NO6Ax2XtRkBpaVmPCmaoQP9USOLz7Gt7zROXTX7w1qLcgXDNBw1sjplZswp8CKx5iSZT9TSj+P8oNCMf9ZaHgkc6irCQcqqZfqqHoJQjHA6itUCSX0gPejQqqYuOFTWw+kyI3yolRZue0IfV+Gp+nMiBEfKgWPrpAOqK/96E/E/rxqo9mk9ZK4fKOqS2UPtgGPl4UkzuMUEJYoPNAEimP4rJl0QQJTuLzYt4WyC4++VF0kpm7FymdyNbuMCzRBFByiBUshCJyiPrlEBFRFB9+gJvaBX48F4Nt6M91k0Ysxn9tEvGB9fy4Scqg==</latexit>



M. Syphers              Fermilab APT Seminar     9 June 2020

Living on the Edge

14

Circular Aperture defined by collimator(s) 
at just a few locations in ring
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Simple (but Detailed) Investigation
§ Consider this third loss mechanism — how long might it take some 

particles to finally encounter the collimator? 

§ Highly uniform fields in ring — basic linear theory describes motion well 

§ So, model injection; freeze phase space conditions, write to data frame 
§ Without tracking, perform this simple analysis: 

• for each particle, calculate departure time and transverse position when lost 
• from this information, create plot of intensity vs time; look at loss rates 
• for particles lost during the measurement period, examine loss positions, 

momentum distributions, etc. 
• compare computed loss rate and its evolution with time to actual data 

§ Can then use a 2-distribution model to understand level of the systematic 
effect we are concerned about

15
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Model the Injection Process

16

incoming from beam line: 
general characteristics confirmed 
by measurements

x phase space y phase space

momentum spread of 
incoming beam is ~10 times 
larger than ring acceptance

dp/p:   -0.004                  0.004

spreads out due to large 
dispersion mismatch
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Particle Storage
§ After modeling the injection kick, 

“freeze” the distribution at n=0 

» Top/Left:   x,y for all particles within r=45 mm 
» Top/Right:  momentum distribution  
» Bottom/Left:     x-phase space 
» Bottom/Right:   y-phase space

17

x = D ⋅ δ + a cos(2πνxn + ϕx)

y = b cos(2πνyn + ϕy)

βxx′ + αxx = − a sin(2πνxn + ϕx)

βyy′ + αyy = − b sin(2πνyn + ϕy)

compute 
amplitudes, 
initial betatron 
phases

compile data 
frame of info 
for each particle

            x        Px          y        Py          del       ax       ay       phix     phiy 

1 6.689066 -72.42946 -16.711137 18.62327 -0.006698057 94.65789 25.02175 -0.8713067 2.302132

2 17.712190 -25.46969 -10.846479 14.95387 -0.001279813 37.90932 18.47334 -0.7367146 2.198320

3 5.610937 -49.93999 -31.715068 -37.71116 -0.003976070 62.64292 49.27451 -0.9226708 4.013143
. . .

at collimator



§ For each particle, determine if its betatron amplitudes are such that the 
particle can reach the collimator: 

» if not, then “Core” particle        (  mm) 
» if it can, then “Edge” particle    (  mm) 

§ For every Edge particle, compute at what value of n will it reach the 
collimator and (x,y)lost, and add these values to the particle data frame

̂r < 45
̂r ≥ 45

full scale 
   most particles lost within 
    first 100 turns or so

zoom in: 
   some particles take 
   100’s, or 1000’s of turns 
   to reach collimator
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Times of Departure

18

r2(n) = [Dδ + a cos(2πνxn + ϕx)]2 + [b cos(2πνyn + ϕy)]2

Results:
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Injection Losses
§ We see the injection mismatch in these data from this simple calculation

19

1 − νx = 1 − 0.948 = .052 ≈ 1/20
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Loss Patterns and Rates
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3

6

9

12

high momentum lost on right, 
  low momentum lost on left

Computed loss points:
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Momentum Distributions

21

Core

Edge (all) Edge (late)

We see two distinct distributions — Core and Edge — which could, in 
principle, have different spin distributions.  The Core will remain, but 
the Edge particles will deplete
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Loss Rate and its Evolution

22

ΔNe = − Ne ⋅ (Δt/τ) ⟶ Ne = Ne0 ⋅ e−t/τ

·N = −
Ne0

τ
⋅ e−t/τ

ℒoss ℛate ≡ −
·N

N
⋅ τμ

= − ( Ne

N ) ⋅ ( τμ

τ ) ⋅ e−t/τ

 is muon lifetime in the lab 
(~ 64.4 s)  

τμ
μ
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Comparison with Measurement

23

ℒoss ℛate ≡ −
·N

N
⋅ τμ

= − ( Ne

N ) ⋅ ( τμ

τ ) ⋅ e−t/τ

BEAM LOSSES ARE MEASURED BY LOST 
MUONS HITTING 3 CALORIMETERS IN A ROW

60-h dataset, all 24 calorimeters: 
the signal is modulated by horizontal CBO frequency

Preliminary

 is characteristic departure time: 
 on scale of ~75 s, from simulation

τ
μ

here, 70 sτ ≈ μ

(total counts)
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Comparison with Measurement
§ The 24 calorimeters distributed about the circumference of the ring detect 

positrons from the muon decays.  Double and (especially) Triple 
coincidences of signals in adjoining stations indicate primary muons that 
are lost prior to decay. 

§ From our analysis above can compare rate of “lost” muons to the rate of 
“signal” positrons as a function of time:

24

ℛ = ( τμ

τ ) ⋅
f e−t/τ

1 − f + fe−t/τ
here,   = fraction of total that 

are Edge particles
f
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Comparison with Measurement

25

Estimate from calculation (black) compared to above measured (blue) 
Triple Coincidences per Decay e+

ℛ
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Concluding Remarks

26

§ Data-frame-approach analysis; no standard-style particle tracking was 
involved.  Expedient calculations from realistic phase space information  

§ Identified primary long-term loss mechanism 
• incoming distribution “fills” available phase space 
• two distinct distributions emerge:  Core particles and Edge particles 
• some Edge particles may survive hundreds or thousands of revolutions 

§ Horizontal/vertical betatron oscillations yield largest transverse 
displacement when particle reaches appropriate “corner”; hence, most 
losses occur at the  points on collimator perimeter 

§ Loss rates should be on the order of 0.01-0.1% per muon lifetime, and 
decrease exponentially with a time constant on the scale of ∼100 µs 

• both level and the exponential time constant are in line with observations 

§ Core/Edge distributions have different forms, but central values are 
similar and the loss rate is low enough that error on measurement of ωa 
should be ~10-20 ppb level. 

45∘

§ Special thanks to H. Binney, J. Crnkovic, N. Froemming, S. Ganguly, D. Hertzog, and 
W. Morse for their help providing data, insightful comments, questions, and suggestions
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