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Accelerated muon beams have been considered for the next-generation
studies of high-energy lepton-antilepton collisions and neutrino
oscillations. However, high-brightness muon beams have not yet been

produced. The main challenge for muon acceleration and storage stems
from the large phase-space volume occupied by the beam, derived from

the production mechanism of muons through the decay of pions. The
phase-space volume of the muon beam can be decreased throughionization
cooling. Here we show that ionization cooling leads to areductionin the
transverse emittance of muon beams that traverse lithium hydride or liquid
hydrogen absorbers in the Muon lonization Cooling Experiment. Our results
represent a substantial advance towards the realization of muon-based
facilities that could operate at the energy and intensity frontiers.

Muon accelerators are considered to be potential enablers of funda-
mental particle physics studies at the energy and intensity frontiers.
Such machines have great potential to provide multi-TeV lepton-ant-
ilepton collisions at a muon collider'” or act as sources of intense
neutrino beams with well-characterized fluxes and energy spectra at
aneutrino factory*.

The benefit of using muons in circular storage rings arises from
their fundamental nature and their mass, which is 207 times that of
electrons. As elementary particles, colliding muons offer the entire
centre-of-mass energy to the production of short-distance reactions.
This is an advantage over proton-proton colliders, such as the Large
Hadron Collider’, where each colliding proton constituent carries
only afraction of the proton energy. Compared with the electron, the
larger muon mass leads to adramatic reduction in synchrotron radia-
tionlosses, which scaleas1/m*.In addition, the spread in the effective
centre-of-mass energy induced by beamstrahlung?, the emission of
radiation resulting from the interaction of a charged particle beam
with theelectricfield produced by anincoming beam, is substantially
lower for muons. Thus, a muon collider could achieve multi-TeV and
precise centre-of-mass energies with a considerably smaller facility
than an electron-positron collider such as the proposed electron-
positron variant of the Future Circular Collider’, the Circular Electron
Positron Collider', the International Linear Collider" or the Compact
Linear Collider®.

The primary challenges in building a muon collider facility stem
from the difficulty of producing intense muon bunches with a small

phase-space volume, as well as the short muon lifetime (2.2 ps at
rest). A proton-driver scheme is currently the most attractive option
due to its potential to generate intense muon beams. An alternative,
positron-driven muon source has been proposed and is under con-
ceptual study®. In the proton-driver scheme, an intense proton beam
impingesonatargetto produce asecondary beam primarily composed
of pions and kaons. The pions and kaons decay into muons to create
a tertiary muon beam. The resulting muon beam occupies a large
phase-space volume, which must be reduced (cooled) to allow efficient
acceleration and sufficient flux and luminosity. The muon capture,
coolingand acceleration must be executed on atimescale comparable
with the muon lifetime.

Traditional cooling techniques such as stochastic cooling™,
electron cooling” or synchrotron radiation cooling'® are impractical
as the amount of time required to adequately cool the beam greatly
exceeds the muon lifetime. Alternative muon cooling techniques are
currently under development. A scheme developed at the Paul Scherrer
Institute, whereby a surface muon beamis moderated to O(eV) kinetic
energies in cryogenic helium gas and has its beam spot decreased using
strong electric and magnetic fields, has demonstrated promising
phase-space compression”. Another demonstrated technology is the
production of ultracold muons through resonant laser ionization of
muonium atoms'®. This technique for cooling positive muons has been
proposed forane p* collider”.

This paper describes the measurement of ionization cooling, the
proposed technique by which the phase-space volume of the muon
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beam can be sufficiently compressed before substantial decay losses
occur’®*, lonization cooling occurs when amuon beam passes through
amaterial, known asthe absorber, and loses both transverse and longi-
tudinal momenta by ionizing atoms. The longitudinalmomentum can
berestored using radio-frequency accelerating cavities. The process can
be repeated to achieve sufficient cooling within a suitable time frame®.

The Muon lonization Cooling Experiment (MICE; http://mice.
iit.edu) was designed to provide the first demonstration of ioniza-
tion cooling by measuring a reduction in the transverse emittance
of the muon beam after the beam has passed through an absorber.
A first analysis conducted by the MICE collaboration has demon-
strated an unambiguous cooling signal by observing an increase in
the phase-space density inthe core of the beam on passage through an
absorber?. Here we present the quantification of the ionization cooling
signal by measuring the change in the beam’s normalized transverse
emittance, which is a central figure of merit in accelerator physics. A
beam-sampling procedure isemployed to improve the measurement
of the cooling performance by selecting muon subsamples with opti-
mal beam optics propertiesin the experimental apparatus. This beam
sampling enables the probing of the cooling signal inbeams with lower
input emittances than those studied in the first MICE analysis* and
facilitates a comparison between the measurement and theoretical
model of ionization cooling.

Ionization cooling

The normalized root-mean-square (r.m.s.) emittance is a measure of
the volume occupied by the beam in phase space. It isa commonly
used quantity in accelerator physics that describes the spatial and
dynamical extent of the beam, and it is a constant of motion under
linear beam optics. This work focuses on the four-dimensional phase
space transverse to the beam propagation axis. The MICE coordinate
system is defined such that the beam travels along the z axis, and the
state vector of a particle in the transverse phase space is given by
u=(x, p,,y, p,). Here x and y are the position coordinates and p, and
p,are the momentum coordinates. The normalized transverse r.m.s.
emittance is defined as™

1 1
g = m_uc|zi|4’ @

where m,, is the muon mass and |X,| is the determinant of the beam
covariance matrix. The covariance matrix elements are calculated as
X 5= (uy) — (U w).

Theimpact ofionization cooling onabeam crossing an absorber is
best described through the rate of change of the normalized transverse
r.m.s. emittance, which is approximately equal to*-*>*
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where Bcis the muon velocity, E, is the muon energy, |[dE,/dz| is the
averagerate of energy loss per unit pathlength, X is theradiation length
of the absorber material and 3, is the beam transverse betatron func-
tionattheabsorberdefinedas , = %(pz). Theemittancereduc-
nCeL

tion (cooling) due to ionization energy loss is expressed through the
first term. The second term represents emittance growth (heating)
due to multiple Coulomb scattering by the atomic nuclei, which
increases the angular spread of the beam. MICE recently measured
scatteringin lithium hydride (LiH) and observed good agreement with
the GEANT4 model”.

The coolingis influenced by both beam properties and absorber
material. Heating is weaker for beams with lower transverse betatron
function at the absorber. This can be achieved by using supercon-
ducting solenoids that provide strong symmetrical focusing in the

transverse plane. The absorber material affects both termsin the equa-
tion, and optimal cooling can be realized by using materials with alow
atomic number for which the product X,|dE,/dz| is maximized. The
performance of a cooling cell can be characterized through equilib-
riumemittance, whichis obtained by setting de, /dz= 0 andis given by
-1

dE

jeam _ B113.6 MeVch’ | dE,
dz

L - ZﬂmuXO (3)

Beams having emittances below equilibriumare heated, whereas those
having emittances above are cooled.

Experimental apparatus

The main component of the experiment was the MICE channel, amag-
netic lattice of 12 strong-focusing superconducting coils symmetri-
cally placed upstream and downstream of the absorber module. The
schematic of the MICE channel and instrumentationis showninFig. 1.

Muons were produced by protons from the ISIS synchrotron®
impinging on a titanium target®” and were delivered to the cooling
channel via a transfer line’>. Tuning the fields of two bending mag-
nets in the transfer line enabled the selection of a beam with average
momentum in the range 0f140-240 MeV ¢ . A variable-thickness brass
and tungsten diffuser mounted at the entrance of the channel allowed
the generation of beams with input emittance in the range of 3-10 mm.

The superconducting coils were grouped in three modules: two
identical spectrometer solenoids situated upstream and downstream
ofthe focus-coilmodule that housed the absorber. Each spectrometer
solenoid contained three coils that provided a uniform magnetic field
ofupto4 Tinthetrackingregion, and two coils used to match the beam
into or out of the focus-coil module. The focus-coil module contained
apair of coils designed to tightly focus the beam at the absorber. The
large angular divergence (small 3,) of the focused beam reduced the
emittance growth caused by multiple scattering in the absorber and
increased the cooling performance. The two focus coils could be oper-
ated with identical or opposing magnetic polarities. For this study,
the focus coils and the spectrometer solenoids were powered with
opposite-polarity currents, thereby producing a field that flipped
polarity at the centre of the absorber. This magnetic-field configura-
tion was used to prevent the growth of the beam canonical angular
momentum. The field withinthe tracking regions was monitored using
calibrated Hall probes. A soft-iron partial return yoke was installed
around the magnetic lattice to contain the field.

Due to a magnet power lead failure during the commissioning
phase, one of the matching coils in the downstream spectrometer sole-
noid was rendered inoperable. The built-in flexibility of the magnetic
lattice allowed a compromise between the cooling performance and
transmission that ensured the realization of an unambiguous ioniza-
tion cooling signal.

As discussed above, absorber materials with low atomic num-
bers are preferred forionization coolinglattices. Lithium hydride and
liquid hydrogen (LH,) were the materials of choice in MICE. The LiH
absorber was a disc with a thickness of 65.37 + 0.02 mm and a density
0f 0.6957 + 0.0006 g cm™ (all uncertainties represent the standard
error)®. The lithium used to produce the absorber had an isotopic
composition of 95.52% °Liand 4.48% Li.

Theliquid hydrogen was contained withina22-litre aluminiumves-
sel:a300-mm-diameter cylinder with a pair of dome-shaped contain-
ment windows at its ends*’. An additional pair of aluminium windows
were mounted for safety purposes. The on-axis thickness of the LH,
volume was 349.6 + 0.2 mm. The density of LH, was measured to be
0.07053 + 0.00008 g cmat 20.51 K (ref. 33). The cumulative on-axis
thickness of the aluminium windows was 0.79 + 0.01 mm.

A comprehensive set of detectors were used to measure the par-
ticle species, position and momentum upstream and downstream of
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Fig.1|Schematic layout of the MICE experimental setup and the modelled
magneticfield. a, Powered magnet coils are showninred, absorberingreen
and detectors are individually labelled (see the main text for descriptions).
TOFO, TOF1and TOF2 are TOF hodoscopes; KL is alead-scintillator pre-shower
calorimeter; EMR s the electron-muon ranger. b, Modelled longitudinal

magnetic field B, is shown along the length of the MICE channel on axis (black
line) and at 160 mm from the beam axis (green line) in the horizontal plane. The
measurements of Hall probes situated at 160 mm from the axis are also shown
(greencircles). The vertical dashed lines indicate the positions of the tracker
stations and the absorber.

the absorber®***, The rate of muons delivered to the experiment was
sufficiently low to allow the individual measurement of each incident
particle. The data collected in cycles of several hours were aggregated
offline and the phase space occupied by the beam before and after the
absorber was reconstructed.

Upstream of the cooling channel, a velocity measurement pro-
vided by a pair of time-of-flight (TOF) detectors® was used for electron
and pion rejection. A pair of threshold Cherenkov counters® were used
tovalidate the TOF measurement. Downstream, a further TOF detector
(TOF2)¥,apre-shower sampling calorimeter and afully active tracking
calorimeter, namely, the electron-muon ranger®®*, were employed to
identify electrons from muon decays that occurred within the channel
as well as to validate the particle measurement and identification by
the upstream instrumentation. Particle position and momentum meas-
urements upstream and downstream of the absorber were provided
by two identical scintillating fibre trackers*’ immersed in the uniform
magnetic fields of the spectrometer solenoids.

Each tracker (named TKU and TKD for upstream and down-
stream, respectively) consisted of five detector stations with a cir-
cular active area of 150 mm radius. Each station comprised three
planes of 350-pm-diameter scintillating fibres, each rotated 120° with
respect to its neighbour. In each station, the particle position was
inferred from a coincidence of fibre signals. The particle momentum
was reconstructed by fitting a helical trajectory to the reconstructed
positions and accounting for multiple scattering and energy loss in
the five stations*.. For particles with a helix radius comparable with
the spatial kick induced by multiple scattering, the momentum reso-
lution was improved by combining the tracker momentum meas-
urement with the velocity measurement provided by the upstream
TOF detectors. The measurements recorded by the tracker reference
planes, at the stations closest to the absorber, were used to estimate
the beam emittance.

Observation of emittance reduction

Thedatastudied here were collected using beams that passed through
a lithium hydride or liquid hydrogen absorber. Scenarios with no
absorber present or the empty LH, vessel were also studied for com-
parison. For each absorber setting, three beam-line configurations
were used to deliver muon beams with nominal emittances of 4, 6 and

10 mm and a central momentum of approximately 140 MeV ¢ ' in the
upstream tracker. For each beam-line/absorber configuration, the
final sample contained particles that were identified as muons by the
upstream TOF detectors and tracker and had one valid reconstructed
trajectoryin eachtracker. The kinematic, fiducial and quality selection
criteria for the reconstructed tracks are listed in Methods. A Monte
Carlo simulation of the whole experiment was used to estimate the
expected cooling performance and to study the performance of the
individual detectors*.

The beam matching into the channel slightly differed from the
design beam optics due to inadequate focusing in the final section of
the transfer line. This mismatch resulted in an oscillatory behaviour of
the transverse betatron function in the TKU region and an increased,
sub-optimal §, at the absorber, which degraded the cooling perfor-
mance. An algorithm based on rejection sampling was developed to
select beams with a constant betatron function in the TKU, in agree-
mentwith the designbeam optics. The selection was performed onthe
beam ensemble measured in the TKU and was enabled by the unique
MICE capability to measure the muon beams particle by particle. An
example comparison between the betatron function of anunmatched
parent beam and that of a matched subsample is shown in Fig. 2. The
[, value of the subsample is approximately constant in the TKU, and
consequently, its value at the absorber centre is -28% smaller than the
corresponding value of the parent beam.

The sampling algorithm enabled the selection of subsamples with
specific emittances. This feature was exploited to study the depend-
ence of the cooling effect on input emittance. For each absorber set-
ting, each of the three parent beams were splitinto two distinct samples
and six statistically independent beams with matched betatron func-
tions (8, =311 mm, df,/dz = 0) and emittances of 1.5, 2.5, 3.5, 4.5, 5.5
and 6.5 mm at the TKU were sampled. The numbers of muons in each
sample are listed in Extended Data Table 1. The two-dimensional pro-
jections of the phase space of the sampled beams on the transverse
position and momentum planes are shown in Extended Data Figs. 1
and 2, respectively.

Figure 3 shows the emittance change induced by the lithium
hydride and liquid hydrogen absorbers, as well as the correspond-
ing empty cases, for each emittance subsample. The measurement
uncertainty (Fig. 3, coloured bands) is dominated by systematic
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Fig.2|Simulated MICE muon beam betatron function. Evolution of the
simulated transverse betatron function 8, through the cooling channel
containing the full LH, vessel for the parent beam (black) and matched subsample
(dark cyan). The corresponding lines represent the simulation truth, whereas

the circles and squares at the tracker stations (vertical blue lines) represent the
reconstructed simulation. The thick vertical blue line marks the central position
of the absorber. The error bars show the statistical standard error and are smaller
than the markers for all the points.

uncertainties, which arelisted in Extended Data Table 3 and described
in detail in Methods. A correction was made to account for detector
effectsand for theinclusion only of events that reached the TKD. Good
agreement between data and simulationis observed inall the configu-
rations. The reconstructed data agree well with the model prediction.
The model includes the heating effect in aluminium windows (Meth-
ods). The properties of the absorber and window materials used for
the model calculation are listed in Extended Data Table 2.

The empty absorber cases show no cooling effects. In the empty
channel case (No absorber), slight heating occurs due to optical aberra-
tions and scattering in the aluminium windows of the two spectrometer
solenoids. Additional heating caused by scattering in the windows of
the LH, vessel is observed in the Empty LH, case. The LiH and Full LH,
absorbers demonstrate emittance reduction for beams with emit-
tances larger than~2.5 mm. Thisis a clear signal of ionization cooling,
adirect consequence of the presence of absorber materialin the path
of thebeam.

For beams with 140 MeV ¢ momentum and 8, =450 mm at the
absorber centre, the theoretical equilibrium emittances of the MICE LiH
and LH, absorbers, including the contributions from the correspond-
ing set of aluminium windows, are ~2.5 mmin both cases. By perform-
ing a linear fit to the measured cooling trends (Fig. 3), the effective
equilibrium emittances of the absorber modules are estimated to be
2.6 + 0.4 mm for LiH and 2.4 + 0.4 mm for LH,. The parameters of the
linear fits to the four emittance change trends are shown in Table 1.
Our null hypothesis was that for each set of six input-beam settings,
theslopes of the emittance change trendsin the presence and absence
of an absorber are compatible. A Student’s ¢-test found that the prob-
abilities of observing the effects measured here are lower than 10~ for
both the LiH-No absorber and Full LH,~Empty LH, pairs; hence, the
null hypotheses were rejected.

There is no significant improvement in cooling in this measure-
ment when using liquid hydrogen compared with lithium hydride.
Scatteringinthe absorber windows degraded the performance of LH,
andrendered itsimilar tothat of LiH. MICE was based on an early stage
cooling-channel concept, requiring alarge-bore absorber toaccommo-
date thebeam. Inlower-emittance cooling systems with smaller-bore
beam pipes, the relative window thickness may be reduced, leading to
abetter performance of hydrogen absorbers.

Towards amuon collider

The measurement reported here demonstrates the viability of this
beam cooling technique as a means of producing low-emittance muon
beams for a muon collider or a neutrino factory. The muon collider
targets a transverse emittance of ©(10 mm) and a longitudinal emit-
tance of O(10> mm). To achieve these targets, substantial longitudinal
and transverse emittance reduction is required, which must be dem-
onstrated. The muon beam must traverse multiple cooling cells that
produce magnetic fields stronger than those achieved by MICE and
which contain high-gradient radio-frequency cavities to restore the
beam longitudinal momentum?. Design studies for amuon cooling
demonstrator facility are currently in progress*~*.

Our measurement is animportant development towards the muon
cooling demonstrator, akey intermediary step in the pursuit of amuon
collider. The demonstration of ionization cooling by the MICE collabo-
ration constitutes a substantial and encouraging breakthroughin the
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Fig.3 | Transverse emittance change measured by MICE. Emittance change
between the TKU and TKD reference planes, A¢ , as a function of emittance

at TKU for 140 MeV ¢ beams crossing the LiH (top) and LH, (bottom) MICE
absorbers. Results for the empty cases, namely, No absorber and Empty LH,,
are also shown. The measured effect is shown in blue, whereas the simulation is
showninred. The corresponding semitransparent bands represent the estimated
total standard error. The error bars indicate the statistical error and for some
of the points, they are smaller than the markers. The solid lines represent the
approximate theoretical model defined by equation (10) (Methods) for the
absorber (light blue) and empty (light pink) cases. The dashed grey horizontal
lines indicate a scenario where no emittance change occurs.
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Table 1| Best-fit parameters of the measured emittance

change trends

Absorber configuration Intercept (mm) Slope

No absorber 0.102+0.007 -0.011+0.012
LiH 0.297+0.006 -0.115+£0.013
Empty LH, 0.150+0.005 -0.006+0.013
Full LH, 0.279+0.007 -0.118+0.013

Parameters of the linear fits performed on the measured emittance change trends
corresponding to the four absorber configurations. Uncertainties represent the total
standard error.

research and development efforts to deliver high-brightness muon
beams suitable for high-intensity muon-based facilities.

Online content

Any methods, additional references, Nature Portfolio reporting sum-
maries, source data, extended data, supplementary information,
acknowledgements, peer review information; details of author contri-
butions and competinginterests; and statements of data and code avail-
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Methods

Event reconstruction

Each TOF hodoscope was composed of two planes of scintillator slabs
oriented along the x and y directions. Photomultiplier tubes (PMTs)
at both ends of each slab were used to collect and amplify the signal
produced by a charged particle traversing the slab. A coincidence of
signals from the PMTs of a slab was recorded as a slab hit. A pair of
orthogonalslab hits formed aspace point. Theinformation collected by
the four corresponding PMTs was used to reconstruct the position and
the time at which the particle passed through the detector. A detailed
description of the TOF time calibration is provided elsewhere*®. The
MICE data acquisition system readout was triggered by a coincidence
of signals from the PMTs of a single slab of the TOF1 detector. All the
data collected by the detector system after each TOF1 trigger were
aggregated, forming a particle event.

For each tracker, signals from the scintillating fibres in the five
stations were combined to reconstruct the helical trajectories of the
traversing charged particles. The quality of each fitted track was indi-
cated by the y* per degree of freedom as

1
n-5

, @)
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I
—

2
Xdof -
i

>
20 | &

where nisthe number of tracker planes that contributed to the recon-
struction, &x;is the distance between the measured position in the ith
tracker plane and the fitted track and g; is the position measurement
resolution in the tracker planes. A more detailed description of the
reconstruction procedure and its performance can be found in other
MICE work>*,

Sample selection

The measurements taken by the detector system were used to select
the final sample. The following selection criteria ensured that a pure
muon beam, with a narrow momentum spread, and fully transmitted
through the channel, was selected for analysis:

« Onereconstructed space point found in TOFO and TOF1, and
one reconstructed track found in TKU and TKD

» Time-of-flight between TOFO and TOF1 consistent with that of a
muon

»  Momentum measured in TKU consistent with that of amuon,
given the TOFO-TOF1 time-of-flight

» Ineach tracker, areconstructed track contained within the
cylindrical fiducial volume defined by a radius of 150 mm and
with y2 . <8

+  Momentum measured in TKU in the 135-145 MeV ¢ ' range

«  Momentum measured in TKD in the 120-170 MeV ¢ range for
the empty absorber configurations and 90-170 MeV ¢ range for
the LiH and LH, absorbers

» Atthediffuser, a track radial excursion contained within the dif-
fuser aperture radius by at least 10 mm

The same set of selection criteria was applied to the simulated beams.

Beam sampling

The sampling procedure developed to obtain beams matched to
the upstream tracker is based on a rejection sampling algorithm*%,
It was designed to carve out a beam subsample that followed a
four-dimensional Gaussian distribution described by a specific (target)
covariance matrix fromaninput-beam ensemble (parent).

The custom algorithm required an estimate of the probability
density functionunderlying the beam ensemble. Since the MICE beams
were only approximately Gaussian and approximately cylindrically
symmetric, the kernel density estimation technique was used to evalu-
ate the parent-beam density in a non-parametric fashion*>*°. In the
kernel density estimation, each data pointis assigned asmooth weight

function, also known as the kernel, and the contributions from all the
data pointsinthe dataset are summed. The multivariate kernel density
estimator atan arbitrary point uin d-dimensional space is given by

ﬂu)=$gk(“;“f), )

where K is the kernel, n is the sample size, h is the width of the kernel
and u; represents the coordinate of the ith data pointin the sample.In
this analysis, Gaussian kernels of the following form were used:

—u)' I (u—u
K(u—u,- B 1 exp[_l(u u) X '(u u,)]) ©

h )- Ve iz, 2 &

where X | isthe covariance matrix of the dataset. The width of the kernel
is chosen to minimize the meanintegrated squared error, which meas-
ures the accuracy of the estimator®. Scott’s rule of thumb was followed
inthis work, where the kernel width was determined from the sample
size nand the number of dimensions d through h = n”/@*¥ (ref. 50).

The kernel density estimation form described in equations (5)
and (6) was used to estimate the transverse phase-space density of
the initial, unmatched beams, with the estimated underlying den-
sity denoted by Parent(u). The target distribution Target(u) is a
four-dimensional Gaussian defined by a covariance matrix param-
eterized through the transverse emittance (g,), transverse beta-
tron function (5,), mean longitudinal momentum and mean kinetic
angular momentum?,

The sampling was performed on the beam ensemble measured
atthe TKU station closest to the absorber. For each particlein the par-
ent beam, with four-dimensional phase-space vector u,, the sampling
algorithm worked as follows:

1. Compute the selection probability as

Target(u;)

Parent(u;)’ )

Pelece(U;) = € X

where the normalization constant ¢ ensures that the selection
probability Py . (u) <1;
2. Generate anumber & from the uniform distribution % ([0, 1]);
3. IfPg..(u) >, then accept the particle. Otherwise, reject it.

The normalization constant ¢ was calculated before the sampling
iteration presented in steps1-3 above. Itrequired aniteration through
the parent ensemble (of size n) and it was calculated as

Parent(u;)

AAAAA " Target(u,)’ (8)

The target parameters of interest were ,, 8, and a, = —2dg, /dz.
For beams with central momentum of 140 MeV ¢ 'and a sofenoidal
magneticfield of 3 T, the matching conditionsinthe TKUwere (8, a,)
=(311 mm, 0). The target mean kinetic angular momentum was kept at
the value measured in the parent beam for which the sampling effi-
ciency was ata maximum.

Emittance change calculation and model
The emittance change measured by the pair of MICE scintillating fibre
trackersis defined as

JPN| u
Ag, =gl —gY, 9
where £dis the emittance measured in the downstream tracker and ¢!

isthe emittance measured in the upstreamtracker. In each tracker, the
measurement is performed at the station closest to the absorber.
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Starting from the cooling equation shown in equation (2), the
emittance change induced by an absorber material of thickness zcan
be expressed as afunction of the input emittance £ as follows:

|dE, /dz]
- z
7, )|

Ag;(eY) m (€59 —gY) [1 - exp( (10)

where 59" is the equilibrium emittance and the mean energy loss rate
|dE,/dz] is described by the Bethe-Bloch formula®™.

The expected emittance change depends on the type and
amount of material that the beam traverses between the two meas-
urement locations. Aside from the absorber material under study and
absorber-module windows, the beam crossed an additional pair of alu-
minium windows, one downstream of TKU and the other upstream of
TKD. All the windows were made from Al 6061-T651 alloy. Equation (10)
was used to estimate the theoretical cooling performance, including
the effect of aluminium windows. The properties of the absorber and
window materials required for the calculation are shown in Extended
Data Table 2. For each absorber configuration, the beam properties
required for the model (B, B,, E,) were obtained from the simulation
ofthe 3.5 mmbeam.

Systematic uncertainties

The emittance change measurement assumes aspecific arrangement
of detector and magnetic fields. As this arrangement is known with
limited accuracy, it is a source of systematic uncertainty in the Ag;
measurement. To assess this uncertainty, the experimental geometry
was parameterized and these parameters were varied one by one in
the simulation of the experiment. For each parameter considered, the
resulting shift in the simulated emittance change was assigned as its
associated systematic uncertainty. The following contributions to the
systematic uncertainty were considered in this analysis.

Uncertainties in the tracker alignment affect the reconstructed
beam phase space. A tracker displacement along an axis perpendicular
tothebeamline by +3 mmandatracker rotation about an axis perpen-
diculartothe beamline by +3 mrad were investigated. These variations
are conservative estimates determined from the MICE tracker align-
ment surveys. The cylindrical symmetry of the tracker measurement
was validated by performing translations and rotations along and about
different axes perpendicular to the beam line.

A significant systematic uncertainty arises due to the limited
knowledge of the magnetic-field strengthinthe tracking region, which
directly impacts the momentum measurement. The three coils that
produced the magnetic field in the tracking region were labelled as
End1, Centreand End 2, with the End 1 coil closest to the absorber. The
effect associated with the uncertainty in the magnetic field was studied
by varying the Centre coil current by 1% and the currents in the End
coils by £5%. A conservative approach was taken when investigating
the End coils, as the effect of the soft-iron partial return yoke was not
included in the magnetic-field model used for track reconstruction.

The amount of energy loss and multiple scatteringin each tracker
station depends on the materials used. A variation of £50% in the den-
sity of the glue used to fix the scintillating fibres was investigated. This
alteration was used to account for uncertainty in the amount of silica
beads added to the glue mixture.

All the sources of uncertainty presented so far were studied in
both spectrometer solenoids. Additionally, as the TOFO1 time meas-
urement was used to assist the momentum reconstruction of muons
with low transverse momentum, a variation corresponding to the 60 ps
uncertainty on the TOF measurement was studied. The uncertain-
ties associated with the individual parameter alterations are shown
in Extended Data Table 3, for beams with input emittances in the
[1.5,2.5...6.5] mmrange. For eachinput emittance, the total systematic
uncertainty was obtained by adding all the individual contributions
inquadrature.

Data availability

The unprocessed and reconstructed data that support the findings
of this study are publicly available on the GridPP computing grid*>**.
Source data are provided with this paper. Publications using MICE data
must contain the following statement: ‘We gratefully acknowledge the
MICE collaboration for allowing us access to their data. Third-party
results are not endorsed by the MICE collaboration’.

Code availability

The MAUS software that was used to reconstruct and analyse the MICE
datais available at ref. 55. The analysis presented here used MAUS
version3.3.2.
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Extended Data Fig.1| Beam transverse profiles in the (top) upstream and of events contained by the bin with most entries. The beams that pass through
(bottom) downstream trackers (TKU and TKD). Measured transverse beam anabsorber present asmaller transverse size in the downstream tracker than the
profiles for each absorber configuration (rows) and input emittance (columns). beams that traverse an empty absorber module. This effect is caused by a change
In each histogram, the number of events in each bin is normalized to the number infocusing dueto energy loss.
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Extended Data Fig. 2| Beam transverse momentum in the (top) upstreamand ineach binis normalized to the number of events contained by the bin with most
(bottom) downstream trackers (TKU and TKD). Measured x and y components entries. The beams that pass through an absorber present asmaller transverse
of the beam transverse momentum, p,.and p,, for each absorber configuration momentum in the downstream tracker than the beams that traverse an empty
(rows) and input emittance (columns). In each histogram, the number of events absorber module.
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Extended Data Table 1| The sample size of the MICE matched beams

Input €, [mm)]
1.5 2.5 3.5 4.5 5.5 6.5
Absorber
Empty LHo 8141 10162 19525 29896 13196 22080
Full LHo 5199 8541 16757 20836 9063 15326
No absorber 4496 4792 32836 | 17659 5324 8573
LiH 4549 4372 9150 21071 3927 7618

The number of muons in each final sample is listed for each absorber configuration and target input transverse emittance €,.
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Extended Data Table 2 | Material properties of the MICE absorbers and aluminium alloy windows

Material
MICE LiH | Liquid Ha Al 6061-T651
Property
Density, p [g/cm?] 0.6957 0.07053 2.727
(Z/A) 0.56716 0.99212 0.48145
I [eV] 36.5 21.8 166
Xo [cm] 102.04 866 8.68

Z and A are the atomic and mass numbers of the material, respectively, | is the mean excitation energy of the atoms in the material, and X, is the radiation length of the material.
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Extended Data Table 3 | Systematic uncertainties affecting the measurement of emittance change Ag,

Systematic uncertainty [mm)]

Input £ [mm)]

1.5 2.5 3.5 4.5 5.5 6.5
Parameter alteration
TKU translation 0.003 0.002 0.001 | 0.005 0.003 0.002
TKU rotation 0.003 0.003 0.002 | 0.005 | < 0.001 0.003
TKU glue density 0.003 0.001 0.003 | 0.003 0.004 0.002

Upstream End 1 coil current 0.009 0.011 0.016 | 0.018 0.024 0.023
Upstream Centre coil current 0.018 0.021 0.028 | 0.034 0.042 0.050

Upstream End 2 coil current 0.007 0.006 0.006 | 0.005 0.010 0.015

TKD translation 0.003 0.003 0.001 | 0.001 0.004 < 0.001
TKD rotation 0.001 0.002 0.001 | 0.005 | < 0.001 0.001
TKD glue density 0.005 | < 0.001 | 0.001 | 0.004 0.003 0.002

Downstream End 1 coil current 0.003 0.010 0.014 | 0.018 0.024 0.027

Downstream Centre coil current 0.013 0.021 0.032 | 0.044 0.053 0.054

Downstream End 2 coil current 0.001 0.005 0.009 | 0.007 0.008 0.012

TOFO01 time 0.001 | < 0.001 | 0.004 | 0.006 0.007 0.007

Total systematic uncertainty 0.026 0.035 0.048 | 0.063 0.077 0.084

The systematic uncertainties associated with parameter alterations in the upstream tracker (TKU), downstream tracker (TKD), upstream and downstream coils, and time-of-flight measurement
(TOFO1) are listed for each input transverse emittance €, .
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