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Abstract

Precise Measurement of the Positive Muon Anomalous Magnetic Moment

Huaizhang Deng
2002

A precise measurement of the anomalous magnetic moment, a, = (g —
2)/2, for the positive muon has been made at the Brookhaven Alternating
Gradient Synchrotron. Highly polarized u* of 3.09 GeV/c from a secondary
beam line are injected through a superconducting inflector into a storage ring
14.2 m in diameter. The superferric storage ring has a homogeneous magnetic
field of 1.45 T, which is measured by an NMR (nuclear magnetic resonance)
system relative to the free proton NMR angular frequency w,. The muon spin
precesses faster than its momentum rotates by an angular frequency w, in
the magnetic field. The frequency w, is determined by measuring the decay
positrons from the stored muons. The value of the muon anomalous magnetic
moment is obtained by

a

a, = e (B)' (1)

m,c

where (B) is the magnetic field weighted over the muon distribution in space
and time, e and m,, are the charge and the the mass of the muon. and c is the
speed of light in vacuum.

During the data-taking period in 1999, the number of collected positrons
increased by a factor of 20 compared to the previous data-taking period in
1998. The result from the data taken in 1999.

a,- = 11 639 202(14)(6) x 107'° (1.3 ppm). (2)

is in good agreement with previous measurements and reduces the combined
error by a factor of about 3. The difference between the weighted mean of all
experimental results, a,(exp) = 11 659 203(15) x 10~'9, and the theoretical
value from the standard model. a,(SM) = 11 659 176.6(6.7) x 10~1°, is

a,(exp) — a,(SM) = 26(16) x 10~10. (3)

The error is the addition in quadrature of experimental and theoretical uncer-
tainties. The difference is 1.6 times the stated error.



(3



Precise Measurement of the Positive Muon
Anomalous Magnetic Moment

Huaizhang Deng
Advisor : Vernon W. Hughes
Yale University

September 2002



UMI Number: 3068268

Copyright 2003 by
Deng, Huaizhang

All rights reserved.

®

UMI

UMI Microform 3068268

Copyright 2003 by ProQuest Information and Leaming Company.

All rights reserved. This microform edition is protected against
unauthorized copying under Title 17, United States Code.

ProQuest Information and Leaming Company
300 North Zeeb Road
P.O. Box 1346
Ann Arbor, Ml 48106-1346



© 2003 by Huaizhang Deng
All rights reserved.

(V]



Dedication

This dissertation is dedicated to my parents, Deng Yanmin and
Tu Xizu, who dedicate themselves to my life.






Acknowledgements

[ am fortunate to have the opportunity to work on this experiment for the
past 5 vears. I gratefully acknowledge all the members of the collaboration
and all people who have contributed to this experiment.

I want to thank my advisor Prof. Vernon W. Hughes for providing me with
the opportunity to work on the muon g-2 experiment and for his advice and
encouragement which guide me through the studies. This dissertation is part
of the research carried out through his vision throughout past twenty vears.

My gratitude also goes to my colleagues Mario Deile, Satish Dhawan,
David Kawall, Matthias Grosse Perdekamp, Jorg Pretz, Sergei Redin, Ernst
Sichtermann and Axel Steinmetz who have all dedicated part of their valuable
time for my works.

[ thank also Alex Grossmann, Klaus Jungmann and Ralf Prigl for their
great help and their contributions to NMR system and the analysis of the
magnetic field.

I would like to thank my parents and my sister for their love, support and
pride in my work. Finally, [ thank Qian Wang for her love and encouragement.
Thank vou.

This experiment is funded by the Department of Energy of United States.

il






Contents

Dedication

Acknowledgements

1

2

Introduction

Theory of the muon anomalous magnetic moment

2.1 QED Contribution . . . . . . ... ... oL
2.2 Weak Contribution . . . . . .. ... ... ...
2.3 Hadronic Contribution . . . . . .. ... ... ...
2.4 Contributions Beyond the Standard Model . . . . . . . . . ..

Muon ¢ — 2 experiment at BNL

3.1 Principlesand Overview . . . . . . . ... .. ... ......
3.2 Alternating Gradient Synchrotron and Secondary Beamline . .
3.3 Superconducting Inflector . . . . . . . ...
3.4 Muon Storage Ring and Magnet Shimming . . . . . ... . ..
3.5 Magnetic Field Measurement . . . . . . . .. .. ...
36 Muon Kicker . . . .. . ..ol
3.7 Electrostatic Quadrupoles and Colimators . . . . . .. . . ..
3.8 Detectors . . . . ... ..o
3.9 Detector Electronics and Data Acquisition System . . . . . . .
3.10 Muon Distribution Measurement . . . . . . .. .. .. L.

The 1999 g — 2 run

41 wp Measurement . . . . . . . ...
4.2 Beam Tuning . . ... . . ... ... ...
43 AGS Background . . . . . ... oo o oo
44 g—2oscillation . . . . ..o 0oL o Lo

wp analysis

I Imtroductiom . . . . . . . . ..o
.2 NMR probe measurement . . . . . . ... ..o
Temperature influence on magnetic field . . . . . . ... ...
Calibration . . . . .. . . . . . . . . .. ...
5.4.1 Calibration of the standard probe . . . . . . . . . ...

(S]] 'CH [V]] .CH
-

e

iii



5.4.2 Calibration of the trolley probes . . . . . . . ... ...

Measurement of azimuthal field average with trolley probes . .

...................

5.5

5.6 Tracking of the field with the fixed probes . . . .. ... ...
5.7 Cross checks on the analysis

5.8 AGS stray field and the kicker eddy currents . . . . . .. ...
5.9 Muon Distribution . . . . .

5.10 wp and its systematic errors

w, analysis

6.1 Introduction . . . ... . ..
6.2 Pulse reconstruction . . . .
6.3 Dataselection . . . . .. ..
6.4 Pileup subtraction .. ...

...................

6.5 Data randomization and studies of rate dependent effects . . .

6.6 Fitting of the data . . . . .

6.7 Comparison of independent analyses . .. ... ... .....
6.8 Radial electric field and pitch corrections . . . . . . . ... ..

6.9 w, and its systematic errors

Conclusions

7.1 Result for a, from the 1999data . . ... ... .. ... ...

7.2 Future Perspectives . . . . .

vi



List of Tables

6.1

~1
.
[

Systematic errors for the (&,) analysis of the 1999 data . . . . 96
Systematic errors for the w, analysis of the 1999 data . . . . . 123

Sample size and statistical and systematic uncertainties from
the 1999-2001 data-taking periods. and the projected increase
from our proposed 2003 run. . . . . .. ... .. ..o 127

vii



V1l



List of Figures

1.1 Experimental and theoretical valuesofa, . . . . .. ... ... 4
2.1 Interaction of a muon with an external magnetic field . . . . . 7
2.2 Examples of the high order QED contributiontoa, . . . . . . 8
2.3 Lowest order weak contributiontoa, . . ... ... ... ... 9
2.4 Examples of higher order two loop electroweak diagrams 10
2.5 Lowest order hadronic contributiontoa, . . . . .. .. .. .. 10
2.6 (a) The hadronic production of e*e™ collision. (b) Hadronic 7
decay . . . . .. e 11
2.7 Higher order hadronic contribution toa, . . . ... ... ... 12
2.8 Hadronic light-by-light contributiontoa, . . . . . . . . .. .. 12
2.9 Supersymmetric loop contributionstoa, . . . ... ... ... 13
3.1 Muon momentum and spin precession . . . . . . . . .. ... - 16
3.2 General arrangement of the muon g — 2 experiment . . . . . . 17
3.3 g - 2secondary beamline . .. ... ... ... ........ 18
3.4 Inflector in the storagering . . . . . .. . .. ... ... ... 20
3.5 Inflector cross section . . . . . . . . . . ..o ool o s 21
3.6 Photograph of the muon g — 2 storage ring with the thermal
insulator . . . . . . . o e e e e e e e e e e e e e 22
3.7 Cross section of the storage ring magnet . . . . .. ... ... 22
3.8 The shimming tooils of the magnet . .. . .. ... ...... 23
3.9 Nuclear magnetic resonance . . . . . .. . . ... 26
3.10 Free induction decay signal . . . . . . .. . . .. ... .. ... 27
3.11 Positions of the NMR probes in the trolley . . . . . . ... .. 28
312 NMRprobe . . . ... 29
3.13 NMR magnetometer . . . . . . . . . .. o oo oo s 29
3.14 Calibration NMR probe . . . . . . . ... .o 31
3.15 Standard NMR probe . . . . . . ... Lo 31
3.16 Positions of the fixed probes . . . . . .. . . . ... ..o 32
3.17 Magnetic field created by the kickers . . . . .. ... ..... 34
3.18 Cross-sectional view showing the electrostatic quadrupoles . . 33
3.19 The scintillating fiber electromagnetic calorimeter . . . . . . - 37
3.20 An example of a WFD signal of a positron pulse . . . . . . .. 38
3.21 Scintillating fiber detector . . . . . . ... ..o 39
322 Traceback system . . . . . . . . . .. ..o 40

ix



- e
[

e b e
o

QL Uv Oy gn gn ‘UI
(=230 ] I SR U I NG I

(1]

(4]}
(o]

U Oy O Ot

oy Oy 'Ul v:‘.,u

[GI IV 'cu 'CJI ng 'ou 'Ul g..u pl

L W

Magnetic field vs. azimuth . . . ... .. ... ... ..... . 42
2 DBeam composition measurement . . . . ... . ... ... ... 47
Time spectrum of the decay positrons with flashlet . . . . . . 49
t' distribution for flashlet studies . . . ... . ... ... ... 50
3 Time and energy spectrum of the decay positrons in one data-
takingrun . . . . ... L. L 32
The measurement of the frequency of the FID signal . . . . . 54
Corrections for zero crossing miscount . . . . . . . .. .. ... 35
The locations of the temperature sensors on the iron yoke . . . 56
Temperature of some yokes . . . . . . ... ... . ....... 57
The lowest multipole of the magnetic field during the 1998 run 58
The temperature dependence of the dipole moment of the mag-
neticfield . . ... ... .. . 59
7 Relation between normal quadrupole moment and the temper-
ature . . . .. L L e e e e e e e e e e e e 60
Dependence of the magnetic quadrupole moments on the rate
of temperature change . . . . ... ... ... ..., ... 62
9 Temperature during 1999 run . ... .. ... ... ... ... 63
10 Multipoles of B field at the plunging probe stand . . . . . . . 65
Contour plot of the sextupole field. . . . ... ... ... ... 66
The calibrations of the trollev probes . . . . . . ... .. ... 67
13 Perturbation of the field by the trolley . . .. ... ... ... 69
Corrections to the trolley azimuthal positions . . . ... .. . 69
Non-linearity in azimuthal position readout versus azimuth . . 70
Magnetic field vs. azimuth . . . . .. .. ... 71
Field measurements in the region near inflector from a regular
trollevrun . . . . ... 72
Field measurement in an inflectorscan . . . . . . . ... ... 3
Comparison of the data from the special measurements to those
from the inflectorscan . . . . . ... ... ... ... ... T4
20 Field measurement in the special inflector measurement . . . . 75
21 One ppm contour plot of the azimuthal average of the field . . 76
22 The positions of probes mounted on the shimming trolley . . . 77
23 The 10 ppm contour plot of the field measured by the shimming
trolley . . . . ... T
24 Qualities of the fixed probe readings . .. .. ... ... ... 79
25 The average field from fixed probes versus At in Fig. 5.13. . . 80
26 Differences of the calibrations of Bg, with respect to By . . . . 81
27 Determination of the weighting factor w' and w? for fixed probes 81
28 Calibration of By, with respected to Bg. . . . . ... .. ... 82
29 The magnetic field change caused by abnormal surface coil current 83
30 The field change measured by two fixed probes . . . . . . . .. 84
1 The change of multipoles caused by abnormal surface coil current 85
2 Magnetic field vs. time in 1999 run . . . . . . .. . ... ... 86



5.33
5.34

3.35
5.36
5.37
5.38

6.1
6.2
6.3
6.4
6.5
6.6
6.7
6.8
6.9
6.10
6.11
6.12
6.13
6.14

6.15

6.16
6.17
6.18
6.19
6.20
6.21
6.22
6.23

Difference on By from two analyses . . . . . .. ... ..... 88
Comparison of the average field from two analyses under abnor-

mal surfacecoil current . . . . . . . ... ..o 89
AGSstray field . . . . ... ... ... ..o 91
Magnetic field of the kicker eddy currents . . . . . . ... ... 92
Fast rotation tilme spectrum . . . . . . . . . .. .. ... ... 94
The radial muon distribution. . . . . . .. ... .. ... ... 95
Examples of WFDdata . ... ................. 98
Average pulseshapes . . . . . ... ... ... ... L. 99
The fitting of the WFD signal for a positron . . . . ... ... 100
Determining the endpoint of energy specturm . . . ... ... 101
The end-point of the energy spectrum for one detector versus runl01
Runselection . . .. ... ... ... ... ... ... ... 103
Schematic plot of a quadrupole pulse . . . . .. .. ... ... 104
The energy spectrum of thee pulses . . . . ... .. ... .. 105
Spectrum of £s2 —tsy - - - - . o . oo e oo o 106
Construction of pileup pulses . . . . . ... .. ... ..... 107
Energy spectrumof D—-S5;-S52 . . ... ... ........ 108
Pileup subtraction . . ... ... ... ... ... 109
Elimination of the fast rotation structure . . . . . . ... ... 110
The decay positron time spectrum with 234 fast rotation periods

folded intoone. . . . . . . . . . ... 111
The average time the the positrons in the folded time spectrum

of Fig. 6.14 . . . . . . . ... 112
The average energy of the positrons vs. the time . . . . . . .. 112
Average energy vs. decay positronrate . . . . . . ... .... 113
Beam movement measured by fiber monitor . . . . ... ... 115
Fourier transformation of CBO effect . . . . . .. .. ... .. 116
CBOeffect . . . . . . . . . . . o o 117
Muonloss . . . . . . . . Lo e 118
Fit to the e™ time spectrum . . . . . . . . . . ... ... ... 119
Consistency check . . . . . . . ... Lo oo 120
Measurements of a, and the standard model prediction with

their totalerrors . . . . . . . .. ..o 127



xii



Chapter 1

Introduction

The gyromagnetic factor of a particle is defined as

9= (eﬁ/;mc) / (%) (1-1)

where u, S. m, and e are the magnetic moment. the spin. the mass, and
the charge of that particle. For a pointlike lepton Dirac theory gives g = 2.
Virtual radiative corretions cause the g value for leptons to differ from 2. The
anomalous g-value is defined as a = (g — 2)/2.

The anomalous g-value of the electron and muon, a. and a,. played an im-
portant role in the development of particle physics and continue to serve as fun-
damental quantities for testing the validity of the Standard Model and putting
stringent constraints on speculative theories bevond the Standard Model.

For the electron, the experimental value of a. has been determined to be

a, = 11 596 521 884(43) x 10~ (3.7 ppb)[1. 2}. (1.2)

This value is from the measurement of a single electron confined in an electro-
magnetic trap with a strong magnetic field. The theoretical value of a.(3. 4]
has been calculated through the O(a*) term for the contribution from virtual
electrons and photons. The result is

a.(QED : e.4) = 0.5 (‘”) +0.328 478 965 6... (3) +

—— —
I

3

3 4
1.181 241 5... (%) -~ 15098384 (2) . (13
where the first three coefficients are analytic values and the last coefficient
is a numerical evaluation. The contribution to a. from heavier particles is
43.93(27) x 10713, at the level of the the uncertainty of experimental value.
Equating experimental and theoretical value of a. provides the best determi-
nation of the fine structure constant,

a"Y(a.) = 137.035 999 76(50){4, 3|. (1.4)

1



This value agrees with the less precise value from the Quantum-Hall effect
measurements

o~ !(Hall) = 137.035 003 7(33)[6]. (1.5)

To test the current theory requires an alternative measurement of o with an
accuracy comparable to that from the eletron g — 2 experiment.

For the muon, because the muon mass m,, is larger than the electron mass
me, the contribution to @, from heavier particles such as hadrons or weak
vector bosons through virtual processes is greater than that to a. typically by
a factor of (m,/m.)? ~ 4 x 10*. This sensitivity enhancement of a, applies
generally also for postulated new particles such as supersymmetric particles.
Hence, the measurement of a, provides us more information than that of a,
though a, is less well known than a..

The muon anomalous magnetic moment was measured three times in CERN
[7. 8, 9]. The last CERN muon g — 2 experiment[9], from 1969 to 1976, mea-
sured both p™ and p~ and their results are

1 165 910(11) x 107° (9.4 ppm)
a,- = 1165 937(12) x 107° (10.3 ppm). (1.6)

a,-

The two values agree within two times the standard deviation. The equality
of two values is the test of CPT invariance. The combined value for the muon
is

a, = 1 165 923(8.4) x 10~° (7.2 ppm). (1.7)

which is in good agreement with the present theoretical value from the Stan-
dard Model a,(SM) = 11 659 177(7) x 107'°[10]. The dominant error for the
CERN muon g — 2 experiment was the statistical error of 7 ppm. The major
systematic error was a 1.5 ppm error in the limited knowledge of the magnetic
field.

The BNL experiment E821 uses a muon storage ring and has the goal of
measuring a, to 0.4 ppm which would represent a factor 20 improvement over
the latest measurement from CERN. The specific scientific motivations are the
following:

1. To measure the effect of the weak interactions on a,. This measurement
will provide a test of the renormalizability of the unified electroweak
theory.

(3]

. To search for physics bevond the Standard Model.

Many speculative theories beyond the Standard Model propose a dif-
ference. a,(exp)-a,(SM), of an amount which would be detected by a
measurement of a, to 0.35 ppm. The muon anomalous g-value a, can be
regarded as a standard against which any speculative new theories can
be tested. Such a precision test is complementary to direct searches for
new physics with the highest energy accelerators.

2



Compared to the CERN muon g — 2 experiment, the major improvements
of this experiment are :

1. the use of the BNL AGS proton beam which is a factor of 200 more
intense than the CERN proton beam at the time of CERN g — 2 exper-
iment;

(V]
H

a superconducting magnet of high stability and homogeneity, and an
NMR (nuclear magnetic resonance) system capable of 0.25 ppm absolute
accuracy;

3. the use of muon injection which substantially increases the number of
stored muons in the storage ring and reduces the background compared
to the pion injection used at CERN;

4. an improved electron spectrometer system with higher energy resolution;

5. the use of fast modern electronics and modern computers.

The experiment started taking data on p* in 1997 after more than 10
vears of preparation. Since then there have been 3-1 months long data-taking
periods each vear. In 1997, =¥ injection was used. The result from the data
collected in this run was

a,~ = 1 165 925(15) x 107?(13 ppm)[11]. (1.8)

After the 1997 run, magnetic kickers were installed and muon injection has
been used ever since. A thermal insulator and a feedback system were installed
and significantly improved the magnetic field stability. Some 84 million decay
e* from the data collected in 1998 were analyzed and the result is

a,~ = 11 659 191(59) x 107'°(5 ppm)[12]. (1.9)

In 1999. much more data were collected and 0.95x 10° e~ were analyzed. Hence
the statistical error. which is the dominant error. was reduced significantly.
The data taken in 1999 give

a,+ = 11 659 202(15) x 107'°(1.3 ppm)[13]. (1.10)
The world experimental value of a, is determined to the accuracy of 1.3 ppm
by combining the CERN measurement[9] with the measurements at Brookhaven
National Laboratory{l1. 12, 13]:
a,(exp) = 11 659 203(15) x 107*° (1.3 ppm).
The theoretical value in the Standard Model is

a,(SM) = 11 659 177(7) x 107'° (0.6 ppm)(10]. (1.11)

3
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Figure 1.1: Experimental and theoretical values of a,,.

The difference between the world experimental and theoretical value is 26(16) x
10'%(1.60). The comparison between world experimental and theoretical val-
ues is shown in Fig. 1.1.

Four times more data have been taken in 2000. The error on a,- is reduced
to 0.7 ppm(14]. In 2001, a,- was measured and the data are under analysis
now.

This dissertation reports in detail the result of muon g — 2 experiment at
Brookhaven National Laboratory based on the data collected from January to
March 1999. The author of this dissertation took part in the shimming and
measurement of the magnetic field. data-taking, construction and measure-
ment of Cerenkov detector. The author also made one of the two independent
analyses of the magnetic field measurement, and did studies for the analysis
of the muon spin precession frequency.

In Chapter 2. the calculation of the theoretical value of a, and its current
status are discussed, including the prediction of the Standard Model and the
speculation from theories beyvond Standard Model.

In Chapter 3. we discuss the principle and the experimental setup of the
muon g — 2 experiment.

In Chapter 1. we describe the running of the experiment in 1999.

In Chapter 5. the analysis of the magnetic field measurements is presented.

In Chapter 6. the analysis of the muon spin precession frequency is pre-
sented.

In Chapter 7. we give the result of a, from our data taken in the 1999 run

4



and a future perspective.






Chapter 2

Theory of the muon anomalous
magnetic moment

The lowest order Feynman diagram for the interaction of a muon with an
external magnetic field is shown in Fig 2.1 and gives g = 2.

The anomalous g-value, defined as a, = (g — 2)/2. deviates from 0 because
of radiative corrections to Fig. 2.1. In the Standard Model. a, comes from the
contributions of quantum electrodynamics, weak. and hadronic interactions.

a,(SM) = a,(QED) + a,(weak) + a,(had)(10. 15]. (2.1)

2.1 QED Contribution

The contribution of the electromagnetic interaction. a,(QED). includes those
of the photon. electron. muon, and tauon fields. Fig. 2.2 shows some low order
QED contributions to a,.

The result of QED contribution is most conveniently expressed as

a,(QED) =C, (3) +Cs (§)2+C‘3 (3)34-64 (a)4+C5 (3)5+...[15], (2.2

-— —— -—
" 3 13 i

where C; = 0.5: C, = 0.765 857 388(44); C3 = 24.050 509(2);: Cy = 126.04(41):
Cs = 930(170). Using o~ = 137.035 999 58(52) from Eq. 1.4. we obtain:

a,(QED) = 11 658 470.56(0.29) x 107'°(25 ppb)[10. 13] (2.3)

\H v/

Figure 2.1: The interaction of a muon with an external magnetic field.
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2.2 Weak Contribution

The weak interaction contribution based on the standard electroweak theory
arises in lowest order from the single loop diagrams in Fig. 2.3 which involves
V,, Z, and H particle exchanges. The diagrams with the W and Z particles are

Figure 2.3: Lowest order weak contribution to a,.

evaluated to contribute

Grm2 10

(W) = == '\'};_ x 5 =38.9x 107, (2.4)
Grmy 1 9, 2

a,(Z) = 8;2'\';% x = [(3 - 4cos?6)? - 5] = ~19.4x 107, (2.5)

where the Fermi constant G = 1.166 39(1) x 10~% GeV?[16] and the weak
mixing angle sin® @y = 1 — m};-/m% = 0.231[16]. Since searches establish that
the mass of the Higgs particle, my, is greater than 100 GeV'. the contribution
from the diagram with H is negligible[10].

The next order weak contribution involves two loop diagrams (Fig. 2.4). in-
cluding low energy hadronic electroweak loops, and has been fully calculated(17.
18]. The total weak contribution is

a,(weak) = a"‘;"“"(l loop) + a"f“"(:l loop)
= 195 x 107 — 4.4 x 107"

= 15.1(0.4) x 10710, (2.6)
where the quoted error is an estimate of hadronic. Higgs and higher order
corrections[10]. Higher order leading logs of the form (alnm?/m:)". can be
computed via renormalization group techniques. Due to cancellations. they

give a relatively small contribution of 0.5 x 10~!! to a,[19].
Comparison of theory and experiment on a,(weak) will constitute a new

and sensitive test of the unified electroweak theory with its prescription for
renormalizability.

2.3 Hadronic Contribution

The hadronic contribution to a, is about 60 ppm, and contributes the princi-
pal uncertainty to a,(SM). The calculation of the lowest order hadronic con-
tribution(Fig. 2.5), a,(had 1), involves low energy scales near the muon mass.

9



Figure 2.4: Examples of higher order two loop electroweak diagrams.

Figure 2.5: Lowest order hadronic contribution to a,..

Therefore it can not now be done from QCD alone. However. by dispersion
theory{20] this contribution can be related to the measured ratio

R(s) = Owal(eTe™ — hadrons)
- Teotat{€Te™ = p7pu~)

in which /s is the total energy in the center of mass frame for the eve-
collision(Fig. 2.6.a) and the cross sections of the reactions are denoted by o.
The dispersion relation

a,(had 1) = ("3’”“)2 /: i d—fK(s)R(s), (2.8)

w z §

involves the integral from the threshold energy for pion pair, 4m?2. to co. The
kinematic factor K'(s), which decreases monotonically from about 4.045 to 0

10
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Figure 2.6: (a) The hadronic production of e¥e~ collision. (b) Hadronic 7
decay.

when s increases from 4m?2 to oo,

2 - 2 1 2 2
K(s)=1z* (1— IT) + (1+z)° (1+§) [ln(1+1')—.7:+1:'—] +1+xz'lnx,

2 2 l—-=x
(2.9)
where
1—/1—4m2/s
r= i/ (2.10)

1+ \/1 - -Lm'f‘/s.

Data from hadronic 7 decay can also be used with the assumption of the
validity of conserved vector current(CVC)[21, 22] The diagram is shown in
Fig. 2.6.b, in which the weak charge current can be related to the isovector
part of the electromagnetic current in Fig. 2.6.a. Only the vector weak current,
through which the r decays to an even number of pions, is related to g — 2.
The isospin violation effect of order a few percent is taken into account in
calculating a,,.

The principal contribution to a,(had 1) in Eq. 2.8 comes from the region of
/5 < 1 GeV because of the factor s~? in the dispersion relation and large R(s)
at some resonances in low energy region. Measurements of R have been made
at the Budker Institute of Nuclear Physics in Novosibirsk in the energy range of
Vs =0.3 - 1.4 GeV[23]. Data on R were also obtained with the e”e™ collider
in Beijing in the range of /s = 2 — 5 GeV[24]. Data on hadronic = decay
come from CLEO-II[25], ALEPH[26]. and OPAL[27]. For the higher energy
region. perturbative QCD becomes applicable and is used in the evaluation of
a,(had 1) for energy region /s > 1.8 GeV. The evaluation from QCD now
is confirmed by the data from Beijing[24]. The value of a,(hadl) is currently
evaluated as a,(had 1)= 692.4(6.2) x 10~'°(0.6 ppm)[21].

Fevnman diagrams for the next-to-lowest order hadronic contributions.
a,(had 2), are shown in Fig. 2.7. These contributions can be expressed in
terms of the dispersion integral and is evaluated to be

a,(had 2) = 10.1(0.6) x 107'°[28, 22]. (2.11)

The evaluation of hadronic light-by-light scattering, as shown Figure 2.8,
has not been successfully expressed in terms of experimentally accessible vari-
ables. Approximate calculations within the framework of chiral perturbation
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Figure 2.7: Higher order hadronic contribution to a,.

Figure 2.8: Hadronic light-by-light contribution to a,.

theory([29, 30] initially gave
a,(had Ibl) = —8.5(2.5) x 10~19. (2.12)

Subsequent evaluation of the pion-pole contribution using a description of 7% —
7" — " transition form factor based on large-:V, and short distance properties
of QCD gave a value of the same magnitude but opposite sign to the previous
calculations{31. 32]. This calculation involved an effective field approach, and
its result was confirmed(33] in a vector dominance model calculation. Then
the authors of the earlier calculations discovered an error in sign[34. 35]. We
now take

a,(had Ibl) = +8.6(3.2) x 10~1. (2.13)
The hadronic contribution up to the 2nd order
ay(had) = a,(had 1) + a,(had 2) + a,(had Ibl)

692.4(6.2) x 107'° — 10.1(0.6) x 10~'° + 8.6(3.2) x 1070
= 691(7) x 10719, (2.14)

The inclusion of the new experimental measurements of R from Beijing[36]
and Novosibirsk[37] and measurements from hadronic 7 decays[23] should re-
duce the error in a,(had) in future. New data from e*e™ collisions is expected
from the Frascati o factory and from the B factories.

Adding the QED. weak, and hadronic contributions, we obtain
a,(SM) = 11 659 177(7) x 107'° (0.6 ppm). (2.15)
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Figure 2.9: Supersymmetric loop contributions to a,.

2.4 Contributions Beyond the Standard Model

Extensions of the standard model will in general contribute to a,. Hence, a
comparison of a, (expt) with a,(SM) can in principle detect physics bevond the
standard model{38]. Two classes of extensions can be considered. One involves
the introduction of extra dimensions or extra particles. particularly supersym-
metric particles. The other postulates compositeness or internal structure for
leptons, quarks or gauge bosons.

The muon g—2 value is particularly sensitive to supersymmetry(39, 40, 41].
The leading supersymmetry contribution to a, comes from sneutrino-chargino
and smuon-neutralino loops as shown in Fig. 2.9. In the limit of large tan 3,
which is the ratio of the vacuum expectation values of the two Higgs doublets.
and for a degenerate spectrum of superparticles with mass . the leading effect
is given by

A 2 m
la, (SUSY)| = —a(—IZ)—ﬂ tan 3 (l - In i)

87 sin? @y M2 T om,

~ 14x 10710 (———100 Gel.
m

) tan 3(10]. (2.16)

Leptoquarks[42] or theories with extra dimensions[43] could also lead to a
difference between a,(exp) and a,(SM).

In the standard model leptons. quarks and gauge bosons are assumed to
be pointlike elementary particles with no internal structure. The magnetic
moment of a particle provides a sensitive test for its compositeness. If the
muon is composite. the current theoretical viewpoint would imply that

m2
|a,(muon structure)| x \;‘[10. 4. (2.17)
in which .\ is the composite mass scale. Determination of a, to 0.35 ppm would
be sensitive to \ ~ 4 TeV. If the muon were composite. excited muon states
would be expected, and from an experimental accuracy for a, at 0.35 ppm
a sensitivity to the mass of the excited muon m, up to 400 Ge\" would be
obtained. Compositeness of the " gauge boson or new strong dynamics would
lead to an anomalous gy value Ax. Determination of a, to 0.35 ppm would
provide a sensitivity to Ax = 0.04, which corresponds to \g- ~ 2 TeV'.
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In the radiative muon mass model[44], the muon mass is zero due to an
underlying chiral symmetry. The symmetry is broken by quantum loop effect
and this leads to a finite calculable mass for the muon. The source of this chiral
symmetry breaking also contributes to a,. This contribution is generally given
by

2

a,(rad y mass) ~ ch";;, C ~ 01 (2.18)

where A/ is some physical high mass scale associated with the chiral symmetry
breaking interaction and C is a model-dependent number roughly of order of

1(it can be larger). Determination of a, to 0.35 ppm would be sensitive to
M~ 4 TeV

14



Chapter 3

Muon g — 2 experiment at BNL

3.1 Principles and Overview

For 2 muon moving in a uniform magnetic field B. which is perpendicular to
the muon spin direction and to the plane of the orbit, and with an electric
field £, both the spin and the momentum precess as indicated in Fig. 3.1.
The angular frequency difference, w,, between the spin precession frequency
w, and the cyclotron frequency w, is given by

;:jaz;:}s—ﬁcz— i [aﬂg—(a“——;l——i)gx E-:] (3.1)
42 —

myc

for 3-8 = 0 and 3- E = 0, where m, and e are the mass and charge of
the muon, c is the speed of light, 3 is the ratio of speed of the muon and the
speed of light, and ¥ = 1/\/T — 3%. In our present muon g — 2 experiment. the
dependence of w, on the electric field is eliminated by storing muons with the
“magic” v = 29.3 such that

L 0. (3.2)

~2 1

a, —

This corresponds to a muon momentum p = 3.09 GeV/c. Hence. the measure-
ment of w, and B determines a,,

% =g (3.3)

my,c

In our experiment, the magnetic field is measured by an NMR system which
is calibrated with respect to the free proton NMR angular frequency w, as
B = f;—“'-g (3.4)
2u,
where 1, is the magnetic moment of the free proton. By combination with
3.3. 3.4 and using muon spin S/A = 1/2 and the definition of g, = 2(1 +ay).

We  Wa o _ Wafwp _ Wafwp

Rwp — dpu Bwp B -
e wp 2ty Nutp RN ./ _S—
myc 2up ko 21, (1+a,)up ﬂ”/#?

a, =

(1+ay,), (3.3)
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Figure 3.1: Muon momentum (5) and spin ($) motion in an electromagnetic
field. where w, is the angular frequency of the momentum precession and w,
is the angular frequency of the spin precession.

so that

_ Wa/wp
Aul-l/)up - wa/wp )

The ratio p,/p, = 3.183 345 39(10)(16], as determined from muonium spec-

trocopy [43].

The frequency w, is measured by counting high energy decay positrons. In
the muon rest frame. parity violation in the decay p™ — e* v, causes e~ to
be emitted with an angular and energy asymmetry with respect to the muon
spin direction(16]. The differential decay rate dT is

&l  Gpml
drdcosf 19273

where @ is the angle between the electron momentum and the muon spin. and
z =2E./m,. Positrons are emitted preferentially along the muon spin direc-
tion. Positrons emitted along the muon momentum direction get the largest

(3.6)

a,

[3 — 2z + cos 0(2z — 1)]22. (3.7)
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Lorentz boost and have highest energy in the laboratory frame. Hence, the
angle between the muon momentum and muon spin determines the number
of high energy decay positrons. While the muon spin precesses with angu-
lar frequency ws and the muon momentum precesses with angular w, in the
magnetic field, the number of decay positrons with energy greater than some
threshold energy E oscillates with the angular frequency w, = ws ~ we and is
ideally described by

N(t) = No(E)e /071 + A(E) sin[wat + ¢a(E)]} (3.8)
in which 7 is the dilated muon life time, A is the asymmetry, ¢ is the phase
of the oscillation. Both A and ¢ depend on the energy threshold of the decay
positrons. However, the frequency w, does not depend on E.

The general arrangement of the muon g — 2 experiment[46] is shown in
Fig. 3.2. The proton beam from the Alternating Gradient Svnchrotron(AGS)

superconducting
muon/pion inflector
injection / -

Q4 1

injection kicker

7.112m

detectors (24)

Q3 L Q2
magne electric quadrupole

(Q1,Q2,Q3,Q4)

muon orbi
1im
—

Figure 3.2: General arrangement of the muon g — 2 experiment.

strikes a nickel target to produce pions. The pions are captured into a sec-
ondary beamline where a fraction of about 50% decays to muons. We select
the high energy muons which come from the forward decay. They are polar-
ized due to the parity violation in the decay #© — p7v,. The muons are
injected through a superconducting inflector into the muon storage ring with
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1.45 T uniform magnetic field which is measured by a NMR system relative
to the free proton NMR frequency. A pulsed magnetic kicker at about 90°
from the injection point gives muons a 10 mrad deflection which places the
muons onto stored orbits. The electrostatic quadrupole fields provide vertical
focusing. The decay positrons are detected by 24 lead/scintillating fiber elec-
tromagnetic calorimenters read out by waveform digitizers. Both the waveform
digitizer and NMR clocks were phase locked to the Loran C frequency signal.

The details of the experiment setup are presented in the following sections.

3.2 Alternating Gradient Synchrotron and Sec-
ondary Beamline

The AGS at Brookhaven National Laboratory delivers typically 4 x 10'% pro-
tons of 24 GeV in each cycle of 2.5 s. The protons are directed in six bunches,
separated by 33 ms, onto a nickel target. After the target, the dipole magnets,
D1 and D4, and the collimators K1 and K2, are used to select pions. K1 de-
termines the upper limit on the pion momentum and K2 the lower limit. The
pions are then transported along a 116 m secondary beam line. The scheme
of the g — 2 beam line is shown in Fig. 3.3. In the beamline. a fraction of

a  Target

= Dipole Magnets DI-D7

a  Pirching Magners PI_ P2

s Quadrupole Magnets Q1-Q29

I lon Chambers ICI-ICS

| Collimators
\a"' Colimator K3-K<$
A
U hime \\ Ql\h: DI
Dt QIs QI8 bs -,
\ P 00— oor—oh—aok—ok—o—> S eSS
/ 41 P2 3,
/ £
/ \\
S~ Beam Stop IC3 \‘3}‘
Collimator Ki-K2

Inflector ——‘,—féak

Figure 3.3: g — 2 secondarv beam line.
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~ 50% of the pions decays into muons. The particles are transported through
the beamline with its 38 magnets and the beam profile is measured by 8 ion
chambers. At the end of the beamline, dipole magnets D5 and D6 together
with collimators K3 and K4 are used to select the particles to be injected into
our storage ring according to their momentum. K3 sets the upper limit on
the momentum and K4 sets the lower limit. Other particles were directed into
a beam dump. The beam composition was measured by a Cerenkov counter
located just before the last ion chamber IC8 in the 1998 run during which the
beamline settings were similar to those in the 1999 run. The numbers of e*,
p* and 7t were found to be roughly equal in the beam. The number of pro-
tons is estimated to be about one third of the number of pions by calculations.
The Cerenkov counter was removed from the beam path during the normal
running period to improve the beam emittance. Finally the beam is injected
into the inflector.

3.3 Superconducting Inflector

The injection of a particle beam into a storage ring is usually done with a pulsed
magnetic inflector{47] which locally cancels the field of the main magnet, so
that the beam enters the storage region as close as possible and almost tangent
to the equilibrium orbit of the ring. Because of the high beam repetition rate
in our experiment, it was concluded that a pulsed inflector would be very
difficult to build regardless of the uncertainty of the effect due to the pulsed
inflector field on the field of the main magnet which we need to know very
accurately. A direct current non-ferrous superconducting septum magnet is
used[48]. To trap the inflector fringe field. a superconducting shield. made of
tvpe II superconducting material, is added around the magnet.

The position of the inflector in the storage ring is shown in Figure 3.4 and
the cross section of the inflector is shown in Figure 3.5.

During the powering of the main magnet to the full current of about 5200 A.
the inflector is not in a superconducting status. Hence the magnetic flux goes
through the shield. The magnetic field is about 1.45 T inside the inflector.
Then the inflector is cooled down and both its coils and shield become super-
conducting. Currents of about 2700 A are applied to the coils to cancel the
magnetic flux inside the inflector from the main magnet. The large change of
the magnetic field is trapped inside the inflector by the internal eddy cuurents
in the shield and ideally does not affect the magnetic field in the storage region
which is only 7.7 cm away. However. the inflector used in 1999 had two places
where the fie