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Fundamental Particle Spin

= For a spin %z point particle,
classically the expectationis g = 1

= Stern-Gerlach and atomic
spectroscopy experiments in the
1920s, became apparent ge = 2 for

the electron.

= Dirac’s famous equation in 1928
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So, for an elementary spin 2
particle in Dirac's theory, g=2!

« 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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Set g=2(1+a)

anomaly. a

g2
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For the muon, a is approximately 0.001166.
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JC. Brief History of Muon g-2
L 3
= 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

= |[n 1980s, new experiment formed in U.S.

 led to BNL g-2 Experiment E821
* began running in 1997, final result in 2004

I . | - ‘» ) =E ==
« Since then, theory has improved further - - e S

» ~3.50 discrepancy, between E821 and SM

A CERN g-2 storage ring, 1974
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The Thomas BMT Equation and
the Magic Momentum
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= 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 wil

dp e
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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

* For ideal condition of purely perpendicular magnetic field, and with

electric fields:
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J& The Thomas BMT Equation and B
e the Magic Momentum
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= 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

Y4

— =] Pmagic = I’HC/\/E
. e S <1 ExP i
Wq = —— |aBo + (a —,* 5 ) ~3.094 GeV/c
m ST — 1 C for the muon
- Y 4 -
= Then, ideally, rates observed at a detector at one location in the ring
would contain frequency: e
e
w,=—-By-a

m

= S0, 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

1

a
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N (t) = Noe "/7u [1 + A cos(wat + ¢)]
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magnetic moment

detect positrons
from muon decay;
high energy e*

direction aligned
with muon spin
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* 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
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= 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.

* 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 l &\
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= Sources of Systematic Errors

* 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 wa: dx detector cepts a certain range of
» coherent betatron oscillation tunes ‘ e souree (beamy
» twice those, due to quad mismatches
» tune spread from chromaticity
» decoherence and detuning
» I.e., apparent frequency shifts
» efc.

v

u E'F|e|d ContribUtion howyvellisthiscancelled?
y — —
= e 1 E
Gy = —— aBy + (a -* ) x 0
m e N2 —1" ¢
'O
Aw x2
xe:D-& a=_2<e>ECE
p @, pD;

Precise determination of the momentum distribution for each store enable further
Improvements to this systematic correction

PN
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= Pitch Correction:
« Betatron oscillations lead to terms in the spin precession in which

~ -----‘
ﬁzcﬁsxg:—i
dt ym

x5 E - g 7& 0 (B terms)

’ R
1 B 1 B
(I+ay)Bigt (1+a) :F<0W+7+1> y
A 3

- - - -

* In particular, the vertical oscillations can contribute to the spin precession in

the horizontal plane . y ~ A
Wq ~ —E [CLB — <ﬁ) (5 . B)B]

—

q A Y A .
Wy A T [ayBy —a (ﬁ) By By (585 + yﬂy)]
q ~ 2
=~ —EaBy(l — §y’ cos” wyt)
= Due to vertical betatron oscillations we would have . .
, precise particle
Aw, (y 2) <y2> B tracking required to
= = = C p accurately determine
w, 4 4p; vertical distribution
. | | / store-by-store
A here, ring beta function...
g2
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* 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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Losses from Resonances
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= 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 N (t) = Noe ¥/ [1 + A cos(wat + ¢o)]

b

* 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:
NA¢.) + Ny

(9) = N.+ N,

» then, since only the halo particles get lost,

ield \
:Z,;)greentianrecession: Aw, = P = < Ne > ( al ) [(gbh) — (¢C>]

dt N.+N, ]\ N.+N,
fraction in the core loss rate distr. diff.
’ @ ' M. Syphers Fermilab APT Seminar 9 June 2020 12
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= Sources of Long-Term Particle Loss

= Beam-gas scattering X
 particles are in the ring for only ~0.5 ms; vacuum < 0.5 utorr

 loss rate computed to be 10x less than observable rate; no variation with
vacuum pressure observed

= Nonlinear fields and resonances X
+ all major resonances mapped out, avoided during operation

» high field quality (AB/B < 0.1 ppm) ensures linear behavior to high accuracy
= Can it just take time for particles to reach the aperture limit”? check...

y y
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Circular Aperture defined by collimator(s)
at just a few locations in ring

Living on the Edge ’
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= Consider this third loss mechanism — how long might it take some
particles to finally encounter the collimator?
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= Highly uniform fields in ring — basic linear theory describes motion well

= S0, 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

1

a
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Particle Storage @
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= After modeling the injection kick, g -
“freeze” the distribution at n=0 .
» Top/Left: x,y for all particles within r=45 mm £ - f :
» Top/Right: momentum distribution 3 - g -
» Bottom/Left. x-phase space s ]
» Bottom/Right: y-phase space s 0w 0002 0002
compute
amplitudes, X [mm] delp
initial betatron
phases g A 8 -
x=D-0+acosQav.n+ ¢,) . .
px +oax= —asinrvn+ ¢,) ?rZTn‘é"ﬁf‘?ﬁftS‘ o s .-
for each particle x >
y = b cosavyn + ¢,) % %
py +a,y = — bsin(2zvyn + ¢,) v A ° A

n < | 5610937 | -49.93999 | -31.715068 | -37.71116 | -0.003976070 | 62.64292 | 49.27451 | -0.9226708 | 4.013143
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* For each particle, determine if its betatron amplitudes are such that the
particle can reach the collimator:

r*(n) = [DS + acosQavn + ¢)1° + [bcosQrvn + )]

» if not, then “Core” particle (7 < 45 mm)
» if it can, then “Edge” particle (7 > 45 mm)

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

J
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= We see the injection mismatch in these data from this simple calculation

o
o
(e
N
o
B l—v,=1-0.948 =.052 = 1/20
§ < >
o 3 _
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o
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= Loss Patterns and Rates &
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Computed loss points: =
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Momentum Distributions
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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
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= Comparison with Measurement
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triples (total counts)
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* 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. -

10° E

102 e
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o
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Preliminary
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b

—
-
ry

Triples/Decay e+ with energy > 1800 MeV

—
ba
o

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

: T f e—t/z'
here, f = fraction of total that P = <_”> .
A are Edge particles ) L—f+fe'"
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Comparison with Measurement @
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Estimate from calculation (black) compared to above measured (blue)
Triple Coincidences per Decay e+
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= Data-frame-approach analysis; no standard-style particle tracking was
iInvolved. Expedient calculations from realistic phase space information

= |dentified 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 45° 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 ps

* 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 ws

should be ~10-20 ppb level.

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