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Magnetic Dipole Moments

Dipole in a B field.:

—

T'orque : N=[i><]§
Energy : H:—ﬁ-g

U, for a particle with spin:

— 6 —

s = gs (Q—>S, e >0
2m

Larmor precession
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magnetic moment, the
electron will be acted on
by a couple just as if it
were placed at rest in a
magnetic field of
magnitude equal to the
vector product of the
nuclear electric field and
the velocity of the
electron relative to the
nucleus.
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Thomas later told Goudsmit that Pauli ridiculed the
Idea when he first heard the suggestion from Kronig.

L.H. Thomas
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Theory of Magnetic and

Electric Dipole Moments
(0 — ieAu(z))Yp(x) = mip(x)

g =2

The Quantum Theory of the Electron.

By P. A. M. Dirac, St. John’s College, Cambridge.

(Communicated by R. H. Fowler, F.R.8.—Received January 2, 1928.)
Proc. R. Soc. (London) A117, 610 (1928)
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Dirac was surprised when his theory gave the correct
magnetic moment of the electron, i.e. g=2

"an unexpected bonus for me, completely unexpected."

guoted by A. Pais in Paul Dirac: The Man and His Work, P. Goddard, ed., Cambridge U.
Press, New York (1998).

Non-relativistic reduction of the Dirac Equation for an
electron in a weak magnetic field.

—ih— = :

Ot 2m  2m

Ov V> e ( , ﬂ»)
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Magnetic and Electric Dipole Moments

1€

7 7 9
[ g = el Fo5vyfny
Sl O 0 uP s O LUN O
+ HC
* Muon Magnetic Dipole Moment a,,
_ 2 ‘€ 2 5
tueF1(a”)ys + 5 ——12(q7)ossq" luy
L . .
L L chiral-changing
I (O) =1 I3 (O) — @ flavor-conserving
» Electric Dipole Moment d , Interaction
- [iQe l

Fz(qz) — FB(QQ)% Uﬁéqéuu

U
B 12m

. 2 a
Fy(0) = a, F3(0)=d,; EDM
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Radiative Corrections

The first loop calculation:

a=|— JUUAN % me GER
2m L LB AR AL TG 1994
/i 4 \ Y
1)
Y h v
+.00116. .. +.00000006951 . .. +.000000001536
(a) (b) (c) (d)
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Measuring the Muon
Magnetic Dipole Moment

i=s(2)s

a_(g-—2)
D

OOOOOO
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PHYSICAL REVIEW VOLUME 104, NUMBER 1 OCTOBER 1, 1956

Question of Parity Conservation in Weak Interactions®
T. D. Lex, Columbia University, New Vork, New York

AND

= r = = Yo T o, = > "

In the decay processes
TV, (SJ
p—re+ v+, (6)

starting from a 7 meson at rest, one could study the
distribution of the angle @ between the p-meson mo-
mentum and the electron momentum, the latter being
in the center-of-mass system of the g meson. If parity
15 conserved in neither (5) nor (6), the distribution will
not in general be identical for # and =—#. To understand
this, consider first the orientation of the muon spin. If
(5) violates parity conservation, the muon would be in

BOSTON
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Muon Production: xwt- ++vﬂ

* In the rest frame:
— Initial spinis O
— Final spin is O — but the neutrino is left-handed so the muon is
polarized!

* In the Lab Frame with a pion beam:
— the very forward muons (highest energy) are highly polarized
— the very backward muons (lowest energy) are highly polarized

The Pion Rest Frame

—_— «<—— spin

g @ —- IOMENTUM

-

u

BOSTON
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Muon decay HJ_I_ —> e+ —I— DIJ' —I— Ve

The Muon Rest Frame Michel e 52 8 MeV
_ N4 =
e e Y
u’ e+ momentum P .
/zlfl.;
spin y

Energy [MeV]

 The highest energy e+, are correlated with the muon spin direction

BOSTON
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- Observations of the Failure of Conservation
Gar_W|_n, Lederman, of Parity and Charge Conjugation in
Weinrich, PR Meson Decays : the Magnetic
105,1415 (1957) Moment of the Free Muon*

Riciarp L. Garwin, LEow M. LEDErRMAN,
AND Magcrn WEINRICH

Plrvsies Deparbiment, Nevis Cyelolron Laboratories,
Colrwmbia University, Trvinpton-on-Hudson,
New Vork, New York

(Received January 15, 1957)

Friedman, Telegdi
PR105, 1681 (1957)

THE EDITOR 1681

Nuclear Emulsion Evidence for Parity
Nonconservation in the Decay Chain
-t _1‘+ —_ E+*T
JeroMmE I. Friepmaw anp V. L. TELEGDI

Enrico Fermi Institule for Nuclear Studies, University of Chicago,
Chicago, Hllinois

( Received January 17, 1957)
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Lee and Yang explained that if parity is violated
T — U Uy
— produces polarized muons along the muon momentum, and the
decay _ _ —
o — e+ Vely

— analyzes the spin orientation at the decay time

“They also point out that the longitudinal
polarization of the muon offers a natural way of
determining a magnetic moment.”

— Garwin, Lederman, Weinrich

BOSTON
B. Lee Roberts - Tau2018 — 27 September 2018 - p. 15



The Nevis Experiment

— Produce a beam of ©t,ut

— Stop =t In a carbon
degrader, permitting muons
to stop in a carbon target

— Use a simple telescope to
detect et with E_, > 25 MeV

— count et between 0.75 - 2
us

— look for the angular
distribution (1 + a P cos 0)

— However, the counter only
samples e*at 100°

— Use a B field to rotate the
spin, so for a small time
window, the angular
distribution is turned into a
distribution of counts vs.

gnet current
UNIVERSITY

85 MeV r*, u*

degrader to
stop wtbefore
C target

=1

| s

GATE- HITIATIHE

COUNTERS (47X 4"
, 7

_.1 |
e

y '. ,.r' ' :'

‘Q’ " ‘!- "
¢ T S .

MAGNETIZING

| CURRENT

e |
ll LCaRBOMN TAaRGET
. ——
_1‘_\_\--\-
TUMAGNETIC SHIELD

I""'l-""l-""l-"l-""l"' %, A,

'l-'l-'l-
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The first muon spin rotation experiment

Fit to

1
1+ —cosé
+3

g=2 = 10%

COUNTE RELATIVE To ZELAOQ APPLIED FIELD

—_

.40 -20 T o + 20 +4D +.80
LAMPERES = FPRECESSION FIELD CURRENT

-
o

Fic. 2, Varation of gated 3—4 counting rate with magnetizing
current. The =olid curve is computed from an assumed electron
angular distribution 1=3 cosf, with counter and gate-width
resolution folded in.

n.b. The number of details that must be
understood Is inversely proportional to the error!

BOSTON
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Cassels, et al. (Liverpool)
Stopped A fromm™ decay

« Counted e* decays vs.

110 Mev
time in a 100.9 G B field. Hon B
. ! S U e e ¢
g 0w — 2004 0014 Shielding :ﬁgﬁ‘;g{%ﬁ Pﬁ:;‘:_r';:rax
OOLL
g L p— 2 1T O 7% Figure 1 Layout of experimental apparatus

stopped u then decay —» e* 1-2-3 followedby 3-2

J M Cassels et al

1957 Proc. Phys. Soc.
A 70543

Cousits per Channel {107

usec

exponential from 7, divided out

“the value of g itself should be sought in a comparison of the precession
and cyclotron frequencies of muons in a magnetic field. The two

frequencies are expected to differ only by the radiative correction”
B. Lee Roberts - Tau2018 — 27 September 2018
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Final Nevis Experiment: PR 118, 271 (1959) \

PHYSICAL REVIEW VOLUME 118, NUMBER 1 0\ APRIL 1,

Accurate Determination of the y* Magr e’b\‘,ment*

Y R. L. Garwin,f D. P. HurcHinsoNn, 5. PENw- 0 . SHAPIROS
L O OO 1 1 6 Colwmbia University, New Vor’ )
. o o (Received August &\‘“

2T

Using a precesgion technique, the magnetic mom» 0 stive mu meson is determined to an accuracy
of 0.007%,. Muons are brought to rest in a br @ .get situated in a homogeneous magnetic field,
oriented at right angles to the initial muon s ev . I'he precession of the spin about the field direction,
together with the asymmetric decay of groduces a periodic time variation in the probability
distribution of electrons emitted in » atory direction. The period of this variation is compared
with that of a reference oscillator o o1 phase measurements of the “beat note” between the two.
The magnetic field at which th 0 _and reference frequencies coincide is measured with reference to
a proton nuclear magnetic - & .agnetometer. The ratio of the muon precession frequency to that of
the proton in the same - ad is thus determined to be 3.1834==0.0002. Using a re-evaluated lower
limit to the muon m- \'“ «own to yield a lower limit on the muon g factor of 2(1.00122£0.00008), in
agreement with +’ \6 48 of quantum electrodynamics.

DO +0.00016
Noteadde'e\\(—' gu — 2 1'00113 0.00012

proof o o
22casured to ~140 x 10° (140 ppm)

024,10 42 X 102 (12.4%)

BOS :
B. Lee Roberts - Tau2018 — 27 September 2018 -p. 19



Spin Motion In a

Magnetic Field

Particle: g = Qe moving in a magnetic field:
momentum turns with @, Spin turns with wg

QeB QeB QeB
we = , wg = —g (1—7)
mry 2m yYm
Spin turns relative to the momentum with @, Independent of p
o 2 6 Viomentum —>

At rest, Larmor precession:

Wg = Wy, =

BOSTON
UUUUUU SITY B. Lee Roberts - Tau2018 — 27 September 2018 20



The featues that make the experiment possible:

« Parity violation

 The 2.2us p lifetime is practically forever.

* All 2, experiments, except at Nevis and Liverpool, used
the rate at which the spin turns relative to the
momentum, which only depends on the anomaly and B

field.

Wg = Wg— wo = ma,MB

BOSTON
B. Lee Roberts - Tau2018 — 27 September 2018



CERN 1 at the SC: Search for new physics - 1961

Measurement of the anomalous magnetic moment of the muon

G. Charpak, F.J.M. Farley, R. Garwin, T Muller, J.C. Sens, V.L.
Telegdi and A. Zichichi, PRL 6, 128 (1961)

A “breakdown of quantum electrodynamics,”
for instance a cutoff on the photon propagator at
energy Am #cz’ will modify Eq. (2) to (approxi-
mately)’

a=(a/2r)(1-3A™)+- -+, (3)

B. Lee Roberts - Tau2018 — 27 September 2018




CERN 1 at the SC: Search for new physics - 1961

L G00em
=.§ - E
cm.-rztm'n %;; 0 4em/ tum *3 % '.:_n},.'l_mﬁ'
S . i
’ IRNRENRN
2 ;
Be = 4
= e
N — 6
| [ | -5
T
; Exitingu 4.6.6.5.7.7 28w
Incident z 1-2-3
g Y followed by 7 - 7 or 6 -6 ;

* Inject polarized muon into a long magnet (B = 1.5 T) with a small
gradient — particles drift in circular orbits to the other end: 7.5 us =
1600 turns

« Extract muons with a large gradient into a polarization monitor
where they stopped

« Time in the magnetic field was measured by counters
* Measure the time dependent forward-backward decay asymmetry

BOSTON B. Lee Roberts - Tau2018 — 27 September 2018
UNIVERSITY



A portion of the CERN data and the final answer

0'2[ A S

0 1 42 3 51 5 L t(MS)

o1} |
11
«t ~10° uT recorded
a, = 0.001162(5) (0. 43%) (4300 ppm)
sensitiveto  Ci (W> + C5 (a)
« Limitations:

— not enough data (1 muon/second in analyzer)
— muon lifetime too short

B. Lee Roberts - Tau2018 — 27 September 2018 - p. 24




You need to measure B and o,

« The magnetic field is normalized to the Larmor frequency

of a free proton @, using NMR.

 Remember what I.I. Rabi said:
Always measure frequencies.

BOSTON
B. Lee Roberts - Tau2018 — 27 September 2018
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The first CERN storage ring; « production target inside

* Gotop, =127 GeVic,y, =12; yt = 27 ps;

* using a weak-focusing magnetic storage ring; B, = 1.71 T;
n = 0.13 (weak quadrupole); t_, = 3.7 ps.

e p+N—m —pwhich are stored — € which are detected
production

w7, ecomersna
| ///’ = /// horrendous!

10.5 N ‘//,?
oevie // ~ stored/fi
Eéitrﬂ” % 200 p stored/fill

polarization 26%

B. Lee Roberts - Tau2018 — 27 Sept¢ - p. 26



Arrival time spectrum for E_ > 830 MeV

T S S f(t) ~ Noe™[1 + A cos(wat + ¢)]
dwa _ V2
Wa wWa AYTV N
Sensitive to:

o1(3)+ea(3) +ea(3)

n.b. There were a number of
i, mistakes in the QED

UMWW UWWMMNW calculations that were found

post g-2 measurements!

Ty |‘
-

= .
= -

V

375 300 325 350 375 400 435 450

ay, = (116616 +31) x 107° (266ppm)

BOSTON
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To get better precision, a number of things needed:

OWq V2

Wa - waA"}/TM\/N

« Longer muon lifetime (more wiggles) (higher momentum)
* More muons stored
- To decrease the uncertainty on (B) , since

Qe
a

<B>mu0n—dist
™m

Waq —

« With gradients in the field, you have to know the muon
trajectories very well to determine (B)

* Find some other way besides magnetic gradients to
keep the muons stored.

« What about using an electric quadrupole field to provide
vertical focusing?

BOSTON
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Beam Dynamics: Weak Focusing Betatron

. . R() dEf,a /iR()
Field index : n = — ——— ~(0.135
leld index : n 5B \dr 5B,
dB
or — In CERN 2
dr

If the quadrupole filed Is uniform around the
ring, get simple harmonic motion in X and .

fu = fov/n~037fc; Ay=27(27R)

fo = foVl —n ~0.929f- Az =~ 1.08(27R)

Must adjust the field index to avoid resonances.

BOSTON
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Full spin equation:

 We must correct for these extra terms
— Pitch correction because of vertical betatron motion.
— Radial Electric field

* USe ¥nagic = 29.3 (3.09 GeV/c), which minimizes the E-
fleld term.

* These corrections were at the 0.2 and 0.5 ppm level
respectively in ES21.

 To calculate them we need the muon dis}t{ribution
R1vQ

O — T <y2> Field index 7t = E ~ (0.135
b 2
4 R?
Aw 72
Cp=—=-2n(1-n)p’ <R€é>
B. Lee Roberts - Tau2018 — 27 September 2018 O 30



Muon decay in flight
| u-e decay asymmetry depends on p,, and the 4 beam

polarization P.

 For a single enerqy threshold on the e=* detectors, the
figure of merit, NA“peaks at ~0.65 E,,.

For p,= 3 GeVi/c; differential and integral N, NAZ and A

1

=

Integral

0.8

=
]

0.6

o =
L] &

=
ba

=IIIIIII|III|III|III

=]

11 | | 1 1 1
0.5 i 15 2 25 3

—
[21]
ot

Energy, GaV

Threshold Energy
J. Miller, E. de Rafael, BL Roberts, Rep. Prog. Phys. 70 (2007) 795-881
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The Third CERN Experiment; The magic y

NPB 150, 1 (1979)
Inject pions

« Use 7 — udecay to kick muons onto stable orbits

ﬂba N Still have

=Y 7T pion flash
= b [ . a5

;/3/?7/4 injection!
AL I

Not as

1330

_.--'..

o ' i bad as
70 séﬂ%rgte | - for
magnets P S i - R CERN?2

Counter

] |.

“ Electnc —

RN quadﬁ'u poles

| : 60 —e T §3
Aluminium allr:uj,f/E AN N N N W N N .

|E /
y Titanium electrodes - p. 32
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CERN 3 results and a comparison with BNL

T 1 I | I 1 I 1 I 1
105 - o
- i < =
o | f\ {
S e IV
16-59 psec 5 10 &
(=% Vv
. 59-102 =
10°- —_ ,"E’ [/
102-146 310 E_ ,
146-189 o W
S S 189-232 | of
E S T e S e Tt 230075 ] =
""" e .'I N " ] = A A
275-318 ] 3N/ A A .
3 10 E vV \ NANAN r\‘ AAAA A & o 5
318-362 VY VVVVV\VY \ ,.-“, AAAA
S ey e oy oo '."‘ K n oo, A :‘) I'N\‘ ’h‘ A\ 5" '.\ - J . v \ { \ £\ #
10°F T T N T w P N 360405 = v\ \d VWA M A vy Y
C ' " g L N T T b o vy ¥ ¥ VI L ¥ ‘\4[ 1Y & ’ ] A\ /o
- .,|I|.I |'I||I v I'III~ 1 w W ) X |I"‘| s 'lul Iy ! ry - v r‘ % ||:‘ 4 \’ : \J, w/\ f "
wh l‘llll' L ! I|| I'I“III 'II“'H IIII" “||' " Illl; ! 405-448 " » v " J‘ h’ “ '/\‘\
My ! wo, I," " o ll, W'
LA " W, n'n"'.' gty M " oW W a0t y
2 [ Iy ni L 1Y} 0 " ! L L | 1 1 1 | 1 L L | 1
10°F UL 'n |||||""i, 1 1
| : | ; S T 491534 20 40 60 80 100
10 20 30 40 50 60

_ The 2001 uw BNL E821 data
A portion of the ~ 9 X 10° e detected.
CERN 3 data BNL did 14 times better.

a,+ = (1165923+£8.5) x 107° (7.3 ppm)

A ()0 (0 () et
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The Brookhaven/Fermilab Storage Ring Magnet:
Direct muon injection, with a fast kicker that left no
remnant B field after 20 us

o y R R B o
- - - Rtk - -y s v

Through bolt —_ } i— Shim plate

4 2 5
Iron yoke \\E
Upper push-rod
slot xﬁ

Outer coil —

1570 mm

ke
RN

Spacer Plates

0 —H
=4 O
B

; —544 mm !
———1394 mm —»"




The magnetic field is measured and controlled using
pulsed NMR and the free-induction decay.

378 fixed NMR probes

Calibration to a spherical water
sample that ties the field to the
Larmor frequency of the free

proton a,.

fp ~ 62 MHz
Iy |
= il E 6of |
o i HHMV W | < F —*| =—40Hz —
i J'hrdrkwmwm“.ww S B from pte atom
= 20¢ [\ |
E 0; ___,_,/’/ ‘\\ | up
l) 510 15 20 2600 2800 3000 3200

time [us] B. Lee qug(sﬁm'ﬁﬂg?w 27 September 2018 -p. 36



B field averaged over azimuth

E821: 0.5 ppm contours

CERN: 2 ppm contours

o U<
N

“ ‘ ,gm \

?OOO

Z (mm}
O

vertical distance (cm)
hONa2oa2NnwwH

0 e e e e g
5
— U

4 -3 -2 1 0 1 2 3 4
radial distance (cm)

(B)—dist = | M(r,0)B(r,0)rdrds
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E821 Technique: Direct uinjection

Muon lifetime yT, = 64.4 ps

narrow bunch of (g-2) period 7, =4.37 us X, =77 mm
protons Cyclotron period 7. = 149 ns B =10 mrad
B-dl=0.1 Tm
. e
Pions 9
J’\ﬁ — —
p=3.1GeV/c > O™

Target h\\ ;

« Muon storage ring — weak

focusing betatron ~ Central orbit
* Muon polarization Kickers
* Injection & kicking Dorage
« Focus with electric quads fing 1o
. - .2CMm
e 24 electron calorimeters (E, t)
m
s Qe — /,
wa — CLILL B _ \v ~ R ﬁ
m, Electric Quadrupole




To measure w,, we used Pb-scintillating fiber calorimeters.

muon spin  Sci-Fi Calorimeter

module

Measures Energy
and time

¥6300 ns ¥6330 ns 76400 ns
[l 1 | 1 1 1 1 | 1 1 1 1 | 1 1

G~ e
t

. OBV IErAeITeliib4 @ Count number of e with o
E.21.8 GeV

gives t, E

BOSTON
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Where E821 was at the end of 2001 data taking?

Value of LOH contribution has been
steady since 2003, which the error
decreased significantly

(9.4 ppm) CERN uf
(10 ppm) . CERNW™
(13 ppm —e————— E821 (97)4
(5 ppm) — E821 (98) |
(1.3 ppm) E821 (99) W'
(0.7 ppm) E821 (00)
(0.7 ppm) E821 (01) I
AR NN 1 (N AR N
| | | | | |
o o %o o o o
o o (@) (@) (@) o
o o Eo o o o =
o — YN (op) < o |
D » » o)) » D o
Lo Lo Lo Lo Lo LO
2 8 L& B & B
u

L

i DEHZ03:696.3+7.2 —a—

HMNTO03: 6924 + 6.4 —s——
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