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Abstract
The Fermilab Muon g − 2 Experiment has a goal of mea-

suring the muon anomalous magnetic moment to a precision
of 140 ppb − a fourfold improvement over the 540 ppb pre-
cision obtained by the BNL Muon g − 2 Experiment. Some
muons in the storage ring will interact with material and un-
dergo bremsstrahlung, emitting radiation and loosing energy.
These so called "lost muons" will curl in towards the center
of the ring and be lost, but some of them will be detected
by the calorimeters. A systematic error will arise if the lost
muons have a different average spin phase than the stored
muons. Algorithms are being developed to estimate the rel-
ative number of lost muons, so as to optimize the stored
muon beam. This study presents initial testing of algorithms
that can be used to estimate the lost muons by using either
double or triple detection coincidences in the calorimeters.

INTRODUCTION
The muon gyromagnetic (g) ratio is a proportionality

constant that relates the muon magnetic moment to the muon
spin. Dirac Theory predicts that g = 2, but a full Quantum
Field Theory treatment predicts that g , 2 for spin-1/2 point
particles like the muon. The (E821) final measurement [1]
of the anomalous magnetic moment is

a ≡
g − 2

2
= 116 592 091 (54) (33) × 10−11, (1)

where the first error is statistical and the second error is
systematic. The E821 measurement hints at the possibility
of new physics with a more than 3σ difference [1, 2] from
the Standard Model prediction.

The anomalous magnetic moment is determined from the
anomalous precession frequency ( ωa) and the average mag-
netic field (~B) seen by the muons. The anomalous precession
frequency for a muon with a momentum perpendicular to
the storage ring ~B and electric field (~E) is given by

~ωa = −
q
m


a ~B −

(
a −

1
γ2 − 1

)
~β × ~E

c


, (2)

where q is the muon charge, m is the muon mass, γ is the
muon Lorentz factor, c is the speed of light, and ~β is the
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muon velocity divided by c. E821 and the Fermilab Muon g-
2 Experiment (E989) [3] run at the so called "magic momen-
tum" (Pm = 3.094 GeV/c) that cancels the ~E contribution to
ωa in Eq. 2:

~ωa = −a
q ~B
m
.

Fits to the decay positron time spectra are used to extract ωa.
The 5-parameter fit function [4, 5], without the inclusion of
systematic effects, that describes g-2 data is:

N (t) = (N0/τ) ∗ e−t/τ[1 − Acos(ωat + φ)] (3)

A systematic effect will cause a shift in the ωa fit value if
the effect varies over the time measurement window. The
probability for a muon to be lost is not constant in time, as
the muons at the outer boundary of the phase space are lost
preferentially at early times. The lost muons are expected
to have a different average spin polarization than the stored
muons due to muons being created at different points in the
muon production beamline, leading to a shift in ωa. The
relative number of lost muons needs to be minimized and
quantified. The E989 goal is to keep the relative muon losses
at or below 10−4 per muon lab frame lifetime (τ).

Monte Carlo (MC) simulation studies of the E989 muon
storage ring can be used to estimate the lost muons. These
studies can then be used to optimize the storage of the muon
beam by estimating the operating parameters for the inflector
magnet, kicker, surface coils, and electrostatic quadrupole
system. The inflector magnet provides an almost field free
region to transport the beam into the storage region while
minimizing perturbations to the storage ring magnetic field.
The muons injected into the storage ring are off the central
orbit, and the kicker uses a magnetic field to "kick" them
into the storage ring acceptance. The surface coils are used
to adjust the storage ring magnetic field during operations.
The electrostatic quadrupole system uses electric fields to
provide weak vertical focusing.

DETECTION OF LOST MUONS
Muons are lost when they hit the collimators or other ma-

terials after injection, curving inward and eventually being
lost from the ring. Electrostatic quadrupole scraping [5]
removes most of these muons at early times, but a small
remaining fraction of the lost muons exist at late times due
to the local perturbations in the storage ring fields. The
muon beam betatron oscillations also contribute to the muon
losses.
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Figure 1: Diagram [4] of a lost muon detected by finding
three-fold coincidences among three consecutive calorime-
ters.

Figure 2: Diagram of the muon g-2 storage ring, The num-
bers 1 − 24 correspond to the calorimeters, Q1 −Q4 corre-
spond to the electrostatic quadrupoles, K1 − K3 correspond
to the kicker.

E989 uses calorimeters [6, 7] based on 6 × 9 segmented
arrays of PbF2 Cherenkov crystals that are placed every 15◦
around the storage ring. Two or three detection coincidences
in the calorimeter are used to select muon candidates. A
muon candidate is a MIP (a minimum ionizing particle) that
deposits around 250 MeV in a calorimeter crystal. Typically
a muon deposits energy in just one crystal as opposed to
decay positrons that deposit energy in a cluster of crystals.
Muons can be identified by the 6.25±0.5 ns time-of-flight
between adjacent calorimeters.

LOST MUON SELECTION CUTS
A MC simulation of the muon beam starting at the inflec-

tor exit has been used to study muon loss. A double coinci-
dence algorithm is used to look at the energy response in two
consecutive calorimeters given the signal time window (∆t)
around the muon time-of-flight between the calorimeters.
The double coincidence algorithm uses a ∆t of 1 ns between
two adjacent calorimeters while the triple coincidence al-
gorithm uses a ∆t of 1.6 ns centered on 12 ns which is the
time-of-flight between the first and the third calorimeters.
An example ∆t distribution between two adjacent calorime-
ters is shown in Fig. 3.
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Figure 3: ∆t between two adjacent calorimeters.

A typical simulated Edep spectrum for coincidence events
in two neighboring calorimeters is shown in Fig. 4. Because
the muons are MIP-like particles, they produce a Landau-
like energy distribution. The low energy tail shown in Fig. 4
is produced by some glancing muons that deposit a very
small amount of energy. A selection of 100 MeV < Edep

< 500 MeV will remove the low energy glancing muons as
well as the low energy decay positrons that fake MIPs.
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Figure 4: Total energy deposited by a 3 GeV muon detected
by the first calorimeter in a double coincidence.

A muon mostly deposits all of it’s energy in one crystal,
but around 30% of the time energy is shared between neigh-
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boring crystals. A clustering algorithm has been developed
by calculating energy weighted position and time (as given
by Eq. 4) of the crystal hits in a calorimeter:

X =
(∑

Extal ∗ Xxtal

) /∑
Extal

Y =
(∑

Extal ∗ Yxtal
) /∑

Extal

t =
(∑

Extal ∗ txtal
) /∑

Extal (4)

Figs. 5 and 6 show the energy weighted x vs. energy
weighted y for the first and second calorimeter respectively.
A muon typically passes through the 9th columns (clos-
est to the storage ring) of the first calorimeter as shown in
Fig. 5, then it curls radially inward passing through the cen-
tral columns of the second calorimeter as shown in Fig. 6
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Figure 5: Energy weighted x vs. y on the first calorimeter in
a double coincidence.

The muon loss signal is expected to be embedded in a
much higher background of decay positrons. The decay
positrons contribute to two types of backgrounds: uncorre-
lated two e+ backgrounds (random coincidences) and corre-
lated one e+ background. The random coincidences happen
when an independent decay positron or second lost muon are
randomly detected in the ∆t. The ∆t contains both correlated
and random background coincidence events, while the ∆t
side-bands contain only the random coincidences.
A cut-based analysis has been performed to reduce the

correlated in-time-window backgrounds. Three cuts are
used in this study: (1) E f rac = Emax/Etotal , (2) spatial
information between the cluster centers in two consecutive
calorimeters X2 − X1, (3) number of crystal hits in a cluster.
Cut (1) uses Emax which is the maximum energy in a cluster
and Etotal which is the total energy in that cluster. E f rac is
close to 1 for muons. Cut (2) is used to remove positrons that
are side entering into the adjacent calorimeter, and therefore
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Figure 6: Energy weighted x vs. y on the second calorimeter
in a double coincidence.

predominately hit the crystals closest to the storage volume.
Cut (3) selects muons as they produce fewer crystal hits in a
cluster compared to the background.

CONCLUSION
Lost muons systematic effects will lead to a shift in the

measured value of ωa. MC simulation of the muon beam
and storage ring can be used to estimate the relative number
of lost muons, and to optimize the storage ring operating
parameters. Algorithms are being developed that use ei-
ther double or triple calorimeter coincidences to detect the
lost muons. These algorithms take advantage of highly seg-
mented calorimeters to separate the muon signal from the
much larger decay positron backgrounds.
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