CAPP

Center for
Axion and Precision
Physics Research

The new muon g-2 results from Fermilab: Physics and

High Precision implications
Muon g-2 exp.’s incredible journey and the latest results from Fermilab

Yannis K. Semertzidis, IBS/CAPP & KAIST
INP Demokritos colloquium (online), Athens, June 8, 2021

* The muon g-2 result was announced at Fermilab on April 7, 2021.
* The results are consistent with the BNL result 20-years earlier.

 There 1s a serious tension with the SM.
Yannis K. Semertzidis, IBS-CAPP and KAIST 1
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Subjects

* Historical overview, how muon g-2 1s done
* What matters 1n a real muon g-2 experiment
* Ideal vs. real experiment

* The results and what to expect in the future

e Outlook
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Way back at the beginning, discovering spin

From Phys. Org., 2021 on muon g-2

Spectroscopy experiments in the 1920s (before the discovery of
muons in 1936) revealed that the electron has an intrinsic spin
and a magnetic moment. The value of that magnetic moment, g,
was found experimentally to be 2. As for why that was the value
—that mystery was soon solved using the new but fast-growing
field of quantum mechanics.

In 1928, physicist Paul Dirac—building upon the work of
Llewelyn Thomas and others—produced a now-famous
equation that combined quantum mechanics and special
relativity to accurately describe the motion and electromagnetic
interactions of electrons and all other particles with the same
spin quantum number. The Dirac equation, which incorporated
spin as a fundamental part of the theory, predicted that g should
be equal to 2, exactly what scientists had measured at the time.




CERN, BNL & FNAL
From Phys. Org., 2021 on muon g-2

Early measurements of the muon's anomalous magnetic
moment at Columbia University in the 1950s and at the
European physics laboratory CERN in the 1960s and 1970s
agreed well with theoretical predictions. The measurement's
uncertainty shrank from 2% in 1961 to 0.0007% in 1979. It
looked as if the same conspiracy of particles that affected the
electron's g-2 were responsible for the magnetic moment of the
muon as well.

But then, in 2001, the Brookhaven Muon g-2 experiment turned
up something strange. The experiment was designed to
increase the precision from the CERN measurements and look
at the weak force's contribution to the anomaly. It succeeded in
shrinking the error bars to half a part per million. But it also
showed a tiny discrepancy—less than 3 parts per million—
between the new measurement and the theoretical value. This
time, theorists couldn't come up with a way to recalculate their
models to explain it. Nothing in the Standard Model could
account for the difference.

The theoretical models that describe these virtual interactions
have been quite successful in describing the magnetism of
electrons. For the electron's g-2, theoretical calculations are
now in such close agreement with the experimental value that
it's like measuring the circumference of the Earth with an
accuracy smaller than the width of a single human hair.

Credit: Sandbox Studio, Steve Shanabruch

All of the evidence points to quantum mischief perpetrated by
known particles causing any magnetic anomalies. Case closed,
right?

Not quite. It's now time to hear the muon's side of the story.



CERN, BNL & FNAL
From Phys. Org., 2021 on muon g-2

In the new Muon g-2 experiment, a beam of muons—their spins
all pointing the same direction—are shot into a type of
accelerator called a storage ring. The ring's strong magnetic
field keeps the muons on a well-defined circular path. If g were
exactly 2, then the muons' spins would follow their momentum
exactly. But, because of the anomalous magnetic moment, the
muons have a slight additional wobble in the rotation of their
spins.

When a muon decays into an electron and two neutrinos, the
electron tends to shoot off in the direction that the muon's spin
was pointing. Detectors on the inside of the ring pick up a
portion of the electrons flung by muons experiencing the
wobble. Recording the numbers and energies of electrons they
detect over time will tell researchers how much the muon spin
has rotated.

Physicists are now re-examining this "hair" at Fermilab, with
support from the DOE Office of Science, the National Science
Foundation and several international agencies in Italy, the UK,
the EU, China, Korea and Germany.

Credit: Sandbox Studio, Steve Shanabruch

Using the same magnet from the Brookhaven experiment with
significantly better instrumentation, plus a more intense beam of
muons produced by Fermilab's accelerator complex,
researchers are collecting 21 times more data to achieve four
times greater precision.



Magnetic Dipole Moments
probe
Quantum Field Fluctuations

/

* A “soup” of virtual particles 1s coming in and out of existence affecting
the MDM interaction of particles with B-fields.

* The interaction 1s estimated using Feynman diagrams.

* It 1s expressed with the so-called g-2 factor: a = (g-2)/2, the anomaly.



o-factors:

v
Proton (g,=+5.586) and the neutron (g,=-3.826) are composite particles.

The ratio g,/g,=-1.46 close to the predicted —3/2 was the first success of
the constituent quark model.

The g.-2 (of the electron) 1s non-zero mainly due to quantum field
fluctuations involving QED. A “soup” of virtual particles coming in and
out of existence...

The anomaly of the magnetic moment of leptons can be estimated with

high accuracy, it’s the same to first order for all leptons: 4, =%z$



Electron Magnetic Dipole Moment

D. Hanneke, S. Fogwell, and G. Gabrielse, PRL 100, 120801 (2008)
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FIG. 2 (color). Cylindrical Penning trap cavity used to confine FIG. 1. Most accurate measurements of the electron g/2 (a),
a single electron and inhibit spontaneous emission. and most accurate determinations of a (b).



g-factors: Muon case

The g,-2 1s more sensitive to a class of particles than the ge—2 by

(m, /me)2~40 000. A thicker “soup” of virtual particles coming in and out
of ex1stence

Muons are sensitive to W, Z, and new physics, e.g. SUSY: neutralino



Radiative corrections change g from its Dirac value of 2. We
symbolically express these corrections as Feynman diagrams

.

Schwinger

We have a pertubation expansion:

(I(QED) —

1o ‘o 2

> +C'r ((:) +C- -“ .



g - 2 for the muon, SM contributions

. . o 1
Largest contribution : a,=—*~

27z~%

Other standard model contributions :
e,

hadronic weak

Yannis Semertzidis



Hadronic vacuum polarization

Challenging but can link to experimental data!
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Hadronic vacuum polarization

Challenging but can link to experimental data!
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Hadronic vacuum polarization

pwd

garo - LO [ KO

J/y's T's
1 1 1 1 1 1 1

e'e” -> hadrons

%, —H—  mean
i © KLOE

e BaBar O BESI
a CMD2, SND A PLUTO
-+=MEA @ Crystal Ball
2 —
® yy2 E
xX MD-1
v DM2, BABAR * DHHM
1
a DASPII,CLEO,CUSB, MAC,CELLO,MARK J
PpPQCD
.................
f &% 2% 4.S% S.2% 3. 3%
I ) syst. errors
0 T T T T T T T
(o) 4 6 8 10

E (GeV)

o.¢}

372 s )
4m?2

A lot of precision data already available from many experiments

Future improvements from VEP-2000, KLOE, BaBar, Belle, BES-III, ...
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Beyond standard model, e.g. SUSY

a,” = sgn(,u)x 13%x107"° tan [

W. Marciano, J. Phys. G29 (2003) 225



Muon g-2 sensitivity to the
“image world” of SUSY

2
100GeV
SUS —-10 .
a,”" =13x107" tan 3 mgn(y)( j

/ SUSY

Mass of Neutralino!

Standard particles SUSY particles

Quarks




Historical overview of the muon g-2 experiment




Brief history N
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Review

A brief history of the The 47 years of muon g — 2
CERN muon g-2 E.JM. Farley™*, YK. Semertzidis”
eX p e ri m e n t S bBroonIilxl’fan]’\Ifz;‘?;;Iz l]jg;rlc_z[fo‘ri’”lfcl‘){o?l6?v2}(’)]§]g?? , USA

Received 30 October 2003

FJM. Farley, YK. Semertzidis / Progress in Particle and Nuclear Physics 52 (2004) 1-83 21

\

Fig. 10. The first experimental magnet in which muons were stored at CERN for up to 30 turns. Left to right:
Georges Charpak, Francis Farley, Bruno Nicolai, Hans Sens, Antonio Zichichi, Carl York and Richard Garwin.
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CERN I, 1958-1962

* Top view of first magnet, 1.6T dipole
With 100 MeV/c muons
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Fig. 12. The 6 m bending magnet used for storing of muons for up to 2000 turns. A transverse field gradient makes
the orbit walk to the right. At the end a very large gradient is used to eject the muons which stop in the polarization
analyzer. Coincidences 123 and 466’57 signal an injected and ejected muon respectively. The coordinates used
in the text are x (the long axis of the magnet), y (the transverse axis in the plane of the paper) and z (the axis
perpendicular to the paper).
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CERN I, 1958-1962
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Fig. 14. Asymmetry A of observed decay electron counts as a function of the storage time 7. The time 7 spent
in the magnet depended on the transverse position of the orbit on the parabolic magnetic field (45). The muons
that were stored for 7.5 s made 1600 turns in the magnet and then emerged spontaneously at the far end. The
sinusoidal variation results from the (g — 2) precession: the frequency is measured to +0.4%.
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CERN I, 1962-1968

* Top view of the second magnet 1.7T, proton injection.

2m

Fig. 17. The first muon storage ring: diameter 5 m, muon momentum 1.3 GeV /¢, time dilation factor 12. The 23
injected pulse of 10.5 GeV protons produces pions at the target, which decay in flight to give muons



CERN I,
1962-1968.
2/70ppmina.

. L

200 228 240 275 300 325 350 375 400 425 4%
t(us)

Fiz. 19. The first muon storage ring: decay electron counts as a function of time after the injected pulze. The lower
curve 1.5-4.5 p= (lower timescale) shows the 19 MHz modulation due to the rotation of the bunch of muons
around the ring. As it spreads out the modulation diez away. This iz used to determine the radial disenibution
of muon orbits. Curves A, B and C are defined by the lepend (upper ttme scale); they show various sections of
the experimental decay (lifetime 27 pz) modulated by the (2 — 2) preceszion. The frequency iz determined to
215 ppm, B to 160 ppm leading to 270 ppm in 5.
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CERN II1, 1969-197/6

* The third magnet, second storage ring 1.47T.

* Pion injection, E-field focusing, Magic momentum
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Fig. 21. The second muon storage ring, which consisted of 40 contiguous magnet blocks. The open side of the
C-shaped yoke (upper right) faces the centre of the nng. The cross-section of the vacuum chamber and electric
quadrupole 1s shown bottom night. The decay electrons are detected by 20 counters. Dimensions are in mm.
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CERN I, 1969-19/6. 7.3ppmin a.
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Fig. 25. The second muon storage ring: decay electron counts versus time (1n microseconds) after mnjection. The
range of time for each line 1s shown on the night (1n microseconds).



Storage Ring Muon g-2:
Rigorous Test of the Standard
Model



Muon g-2 experiment: major
challenge to the Standard Model

« E821 at BNL: 1997-2004
« E989 at FNAL.: first data in 2017

LIFE OF A MUON:
THE g-2 EXPERIMENT

Muons are tiny Muons are fed into
magnets spinning a uniform magnetic
on the axis like field and travel in a

tops. circle; After each turn,

/ / amuon's spin axis
; changes by 12°, yet
o 3 it keeps on traveling
in the same direction.

Hit J:))

Target.
Pions decay
; to muons.
Protons from the AGS Pions, 1/6 the =
(Alternating Gradient weight of protons,
Synchotron). are created.

One of 24 detectors s v I8
sees an electron, giving

the muon spin direction;

'g" is this angle divided

by the magnetic field

strength the muon is

traveling through the ring.

After several turns,

the muons spontaneously
decay to electrons and
neutrinos in the direction
of the muons' spin.



Spin Precession Rate at Rest

§=ﬁx1§+c_jxﬁ
dt

There is a large asymmetry in this
equation: u is relatively large,
d is compatible with zero



The Principle of g-2

ds

Atrest: —lixB
a "
Spin vector Moving: Thomas precession!
(g—Z)eB eB
W =0 —0 = =0 =a—
a S Cc 2 m a m

Independent of velocity!



Spin Precession in g-2 Ring
(Top View)

Momentum
vector

Spin vector

Yannis Semertzidis



Reality check: need vertical focusing!

Sl
a

Figure 1. Electrodes and equipotential lines in an electrostatic qua-
drupole.

Focusing implies field gradients! Magnetic focusing would
require knowledge of the muon distribution with micron
resolution. Not a starter...

Electric fields look like magnetic fields in the muon rest frame,
similar problem, unless...



Effect of Radial Electric Field

Spin vector

* Low energy particle

e ...just right

/ \ * High energy particle



Effect of Radial Electric Field

Spin vector

ﬁ

Momentu ector

e ..justright, y=29.3
for muons
(~3GeV/c)



Breakthrough concept: Freezing the
horizontal spin precession due to E—field
i i 2

. - mc X
o =-Llap-|a-|ZC b -
m D C

" - - S

Muon g-2 focusing is electric: The spin precession due to E-
field is zero at “magic” momentum (3.1GeV/c for muons,
0.7 GeV/c for protons,...)

p= 7 with G = a_g_—2

Ja 2

The “magic” momentum concept was used in the muon g-2
experiments at CERN, BNL, and now at FNAL.



Flat, Aluminum plate Quadrupoles

* Pulsed (for ~1ms) electrostatic quadrupoles focus the muon beam vertically
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The tune plane

0.30 ‘ A
Ny q)\). o
0.25 P ¢ M v Vy — \/ﬁ

0.80 0.85 0.90 0.95 100 =

FIG. 18 (color online). The tune plane showing resonance
lines. Three of the n values used to run the experiment, 0.122,
0.137. 0.142, are indicated on the arc of the circle defined as
v; + v; = 1. They do not intersect any of the resonance lines,

contrary to nearby tunes, which are also shown on the arc.



Experimental Technique

Xe =77 mm
B =10 mrad

Protons '
'“,f"?,c,t‘,’f B-dl=0.1 Tm
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Muon polarization / /.
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BNL E821: Muon injection, beamline not quite
long enough to get rid of all pions at injection

o §
| j
d-2 Ring

39



BNL E821: Muon injection and kicker

Need to kick the muons onto stable orbit

V line

Pion Production

P. Winter
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Space limitations prevent matching the inflector exit to
the storage aperture

,ﬁ Outer cryostat i R=7112 mm from ring center
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Muon decay

* Decay is self analyzing

The Muon Rest Frame

+ momentum

* The highest energy e*from u* decay carry information on the
muon spin direction.



Detectors and vacuum chamber

Scl-Fl Calorimeter
module

Measures Energy
and time

spin forward, more

high energy e

spin backward, less [| 400 MHz
high energy e digitizer




Counts

Energy Spectrum of Detected Positrons

20

15

10

depends on spin direction
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Muon g-2: 4 Billion e* with E>2GeV
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The £ 1 ppm uniformity in the average field is
obtained with special shimming tools.
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Goal: +/- 0.5 ppm
P. Winter

Bennett et al. 10.1103/PhysRevD.73.072003

Goal: +/- 25 ppm









The pitch effect

Volume 42B, number 1 PHYSICS LETTERS 13 November 1972

PITCH CORRECTION IN (g—2) EXPERIMENTS

F.JN. FARLEYE
CERN, Geneva, Switzerland

Received 14 September 1972

The pitch correction to the (g—2) precession frequency of the electron or muon, arising from the axial oscillations
of the particle rotating in an almost uniform magnetic field, is computed in a new way and extended to the case of
axial focusing by electric fields. The main results are confirmed by a direct physical argument,

w, = W, l-—'r—;—l wzl (4)

J
For the axial focusing forces we remark that when
W, = —w, u‘\b , (5) the momentum vector is deflected through angle ¥ in
Y the xz-plane the spin will rotate about the y-axis
through angle f{ where [6}

f=€1+ya) for magnetic focusing:
and ‘, }.(6)
7= (1 +8*ya—y~1) for electric focusing

50



Precision spin/beam dynamics simulations

Nuclear Instruments and Methods in Physics Research A 797 (2015) 311-318

Contents lists available at ScienceDirect = D
Nuclear Instruments and Methods in b
Physics Research A -
journal homepage: www.elsevier.com/locate/nima S
Analytical benchmarks for precision particle tracking in electric @CmssMark

and magnetic rings

E.M. Metodiev %!, LM. D'Silva?, M. Fandaros?, M. Gaisser %, S. Haciomeroglu *>**

D. Huang ¢, K.L. Huang *, A. Patil¢, R. Prodromou®, O.A. Semertzidis“, D. Sharma?,
A.N. Stamatakis ?, Y.F. Orlov®, Y.K. Semertzidis *%"*

Precision beam/spin dynamics simulations often good to sub-part-per-billion

51



Precision tracking based on Predictor-
Corrector/Runge-Kutta integration: Benchmarking

Most common tracking programs may 1gnore second
order effects!

Predictor-Corrector/Runge-Kutta integration: very
precise with 1-10ps time step.

Benchmarked our method to sub ppb

Estimate pitch correction; dp/p effect, E-field
correction; distortion of closed orbit,... .



High precision spin and beam dynamics simulation

EM. Metodiev et al. / Nuclear Instruments and Methods in Physics Research A 797 (2015) 311-318

For this work we have used the differential equations from J. D. Jackson’s equations [3]
shown here in rationalized MKS units for both the particle motion and the spin

precession:
df _ 4 [£+,Bx§—'8(’3'E)} (1.1)
dt ym| c c
s _q._ |(g 1~g)y~—~g,v5><5
Gecscio PN 5%~ b r=ai =gy = NIy 1.2
dt msx[(2 }/) (2 y+1(’8 )'B 2 y+1) c (12)

w, can be obtained by taking the scalar product of s and 8.
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Pitch effect: Uniform B-field plus E-field focusing

1. Farley’s formula can be used directly
2. Vertical oscillations have a small effect we need to correct for
3. 0.5mrad >C=0.25x<0,>=62.5 ppb

Measured g-2 value
)
B wrrl — wa ( ]. - C)
Correct g-2 value
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Pitch effect: Uniform B-field plus E-field focusing

E.M. Metodiev et al. / Nuclear Instruments and Methods in Physics Research A 797 (2015) 311-318 315

Pitch correction estimation
T T

x 10
T T T T

0.1 :

Simulation results consistent
| -with analytical estimations: 62.5ppb’

=]
]
g O
<
-0.05

1
35 40 45 50

i ]
20 25 30
Time (s)

x 10°°

Fig. 6. The relative difference between the ideal (g —2) and the actual precession of a particle with a maximum pitch angle of §, = 0.5 mrad, estimated from tracking using
electric focusing in a magnetic ring. To obtain the correct g — 2 frequency, the correction 0.25 x 63 needs to be added to the observed frequency. Again, the tracking results are

consistent with the predictions to sub-ppb level.
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Benchmarking, rigorous checking

Pitch correction, Electric field correction (folding in momentum dispersion):

1. Vertical oscillations in a uniform B-field, electric focusing

2. For off magic momentum muons we need electric field correction
E. Metodiev et al., NIMA 797, 311-318 (2015)

Our high-precision spin and beam dynamics software estimates those to
better than 1 ppb. Several independent programs are currently used.
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Ideal experiment characteristics

The 1deal muon g-2 experiment has the beam-line
and storage ring phase-space matched.

All the stored muons have the same lifetime.
All muons have same spin direction!

No muon losses!



Muon g-2 experiment in practice

* Pitch effect: Particle velocity component along the B-field
* Pileup events due to high rates

* Coherent betatron oscillations (due to lack of phase-space matching
between beamline and storage ring with muon injection)



Pion vs. muon In

jections

Injection method

Pion

Muon

Light flash on dets
(neutrons, etc)

Large! Some dets did not
gate on but after 140micro-
sec!

Down by alpha~1/137,
when eliminate pions

Statistics

Limited

>10 improvement

Phase-space

Uniform

Large CBO"

Kicker needed?

No, kinematics assisted

Pulsed magnet needed
(300Gauss, 100ns)

“CBO: Coherent betatron oscillations




Recasting a,, in fundamental constants

“ezgeEh/4me l B:%

Ay

®,=(e/m,) a,B

2Up

Wag Hp My Je

Wy Ue Me 2

Ag./2 ~ 0.3 ppt

Am /mg~ 25 ppb

Ape/1, ™~ 8 ppb

P. Winter
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Comparison of Theory/Experiment

The result is 3.5 s.d. away
from theory! What is it?

Davier et al, e*e™ (10) |—u—|
JS (11) i
HLMNT (11) e
- experiment ------- -------- ------- ------
BN EEEEENES
BNL (newfrom shiftin) | | | {4

] 1 ]
1
Leooaler o bvaa bbb bvvaa Lo v il v g

170 180 190 200 210

10
Yannis Semertzidis au x 10 — 11659000
Figure 1: Standard model predictions of a,, by several groups compared to the measurement from BNL



Systematic errors for the muon g-2 exp. at BNL and at

FNAL (projections)
Category E821 | E989 Improvement Plans Goal
[ppb] [ppb]
Gain changes 120 | Better laser calibration
low-energy threshold 20
Pileup 80 | Low-energy samples recorded
_— —|_calorimeter segmentation 40
Lost muons 90 | Bettsr collimation in ring 20
CBO 70 | Higher n value (frequency)
B — | Better match of beamline to ring | < 30
E and pitch 50 | Improved tracker
Precise storage ring simulations 30
Total 180 | Quadrature sum 70




The muon ring moved to Fermilab
(22 June — 25 July 2013)




” 0|I move
/ re I_

:‘Jc‘.sv ~

Contacts: C. Polly — Project Manager (polly@fnal.gov)
K.W. Merritt — Deputy Project Manager (wyatt@fnal.gov)
D. Hertzog — Co-Spokesperson (hertzog@uw.edu)
B. L. Roberts — Co-Spokesperson (roberts@bu.edu)



The muon ring arrived at Fermilab
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Current status of a, in Standard Model

Value (x 1011

QED 116 584 718.951 + 0.009 + 0.019 + 0.007

+0.077
HVP (lo) 6949 + 34
HVP (ho) -98.4 +0.7
HLBL 105 + 26
EQ 154 + 1
Total SM 116 591 818 + 43

......
DHMZ10
JS11
HLMNT11
FJ17
DHMZ17
KNT18
BNL

BNL (x4 accurac y)

rrrrrrrrrr

3.7¢

B S

7.06

—|

160 170

180 190 200
(a,>™ x 10'%-11659000

a,”-apM=(271+73)x 10" (3.7 o)

210

New E989 experiment will reduce experimental uncertainty by a

factor of 4 to 16 x 1011 (140 ppb)

If current discrepancy remains this would yield >7c

= Together with theory improvements could give >9c

P. Winter

220
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The muon ring at Fermilab, goal 140ppb, 20x the statistics

v'"More injections per unit time, run longer. Statistics is being collected.

v'Longer beam-line to double the number of muons/proton. No pion or proton
contamination, minimal impact on electronics (gain stability). Elaborate laser
system to improve detector gain stability as a function of time.

v'Three times better B-field uniformity around the ring. Independently calibrate
the absolute B-field of the ring using ’He magnetometry.

v Instrument the ring with effective tracker to monitor the position of the stored
muon beam as a function of time.

v'Instrument the ring for fast magnetic pickup (systematic error control) s



E989 Muon g-2 Collaboration

8 Countries, 33 Institutions




U.S. DEPARTMENT OF Ofﬁce Of

EN ERGY Science

2= Fermilab
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The ring has been reassembled and fully
powered to 1.45T! First data taken: 2017
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T-method Wiggle plot

T-method Wiggle plot
= Entries 10203
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Cross section of the storage ring magnet

|

ool YOKE
8

wedge  pole piece

pole ~ o fixed \
bump NMR outer
beam .~ N .;/probes coils

aperture
programmable I
current sheet

f

inner coil

P. Winter
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Shimming tool

* Multipurpose instrument
* 25 NMR Probes for field
* 4 capacitive gap sensors
* Measure pole alignment

e 70 nm resolution
* Few micron reproducibility

* Laser tracked position with um resolution

P. Winter
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Shimming goal achieved as of September 2016:

= Many improvements on entire experiment to reach 140 ppb
= Precision alignment to reach dipole gradients of AB < +25 ppm

'mal

— 72 poles innerciil m:ﬂ]anon\lﬁ
— 840 wedge shims e
— 9000 thin iron foils

VOKE P. Winter

ppm v |ninute...

0 50 100 150 200 250 300 350
0 [deq]

Nov 2015 Jan 2016 Mar 2016 May 2016 Jul 2016 Sep 2016

Calibrations Poles Wedges Laminations "



Surface coils and power supply feedback

* 200 continuous current traces around the
ring individual tunable between +-2A

* Used to cancel higher multipoles

y (cm)

B-Field (ppm)

nNorm
* Power su?dply feedback stabilizes main Quad  -0.46
dipole field to £15 ppb
Sext -0.32
Average Magnetic Field From Fixed Probes
52033 Octu -0.13
52032 '
— ! A I 1 4 Decu 0.05
Foeosip A nd K id ] 8 biad HY i RERFIR S X 1 W
= !E;.: : li ; ‘ I' » HI‘ i :;r i ; e 1.i yrj ; !i I o ' [ t A
%52030 =0, ||‘ 1ol i W g ', " e [ { 18 :n'.“v{"‘ri W Yol : &5 Iil' i, o I,.i i Dipole -0.0
k (L Wil 5 i 7S T8 ™ ! N AF (2N~ [ [ . 3 I8 I
CI8"-52029 %! --g- -- - ' ‘l & Ea! . ; iE ! 47 P Rt BB 5 ! W ALY L
i g J
52028 — _
52027 = , P. Winter
06-1|2-1B 06-112-18 05-1|2-18 06-1l2-18 06-1|2-18 06-1|2-1B 06-1I2-18 05-1|2-18
18:30:00 18:45:00 19:00:00 19:15:00 19:30:00 19:45:00 20:00:00 20:15:00

DKew

0.22

-0.29

0.28

0.07
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Muon g — 2 experiment at Fermilab

Overview of Muon g — 2 Experiment at Fermilab (E989)

a Kick

- Muons are kicked onto the design orbit by the fast non-
ferric kicker magnet system.

5150
o= r — Kicker Pulse from Magnetometer Data
g [ ....TO Pulse 1
. r N Cyclotron Period T
-e - -
@ 100 [~ 1
> [ ]
=
n = i
c
o L i
£ 50 -
0 N
_50_I 1 L I Il 1 L I 1 L 1 I L 1 L | 1 1 I_
-0.2 0.0 0.2 0.4 0.6 0.8
Time [us]
Yannis K. Semertzidis, IBS-CAPP and KAIST 77
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Coherent betatron oscillations influence the g-2 phase

* CBO frequency f.po= /. (1 —v1 - n) Radial oscillations, through aliasing,
became a problem

* A very high-frequency, cascaded through various effects down to g-2 frequency

Yannis K. Semertzidis, IBS-CAPP and KAIST 78



Muon g — 2 experiment at Fermilab

Straw trackers

Straw trackers
- Measures trajectories of the decay positrons and extrapolates to find the muon distribution.
Time since injection: 5.0 us
80 100  30f
E — = Coherent Betatron Oscillation
E L E. [
560~ 5.20:_
g [ S 10fF
&, a 10
3 S of
B L « OF
>o0l - =
e S10E-
: =
0 e l l H l I {
B B
5 £ 25
20— °. ‘;’ =
™ = o 20
BN o -
-40 — g 15:_
: = 10F
~60— S
B i = O
E . o =
_80IllllII|IIll'lllllllllllllllllll 0 IR T ] I A N T T o G S N VT WO T | T T Oy W T TN U | N G M [V A N T A (2 o N T T |
-80 -60 -40 -20 0 20 40 60 80 0 5 10 15 20 25 30 35 40 45 50
Radial Position [mm] Time [us]
Yannis K. Semertzidis, IBS-CAPP and KAIST 79

On Kim (bigstaron9@gmail.com) Colloquium in Korea University



CBO in the 2001 Data Set
f(t) = Noge ™ M[1 + A cos(wat + ¢)]

Residuals from fitting the 5-parameter function

ceo+ fg-2

8 140 3 F I
2 O 2 160— "
= ol m a C :
2120 ol O | EEF ou
< WO | oOW—n < 140[ it
£ 2 L
£ 100 5 120 :
e Loor '

o 1oL o

g 8o &

+ o) - L

e m 60 e

oM “9 402 ' M

q(_-) oV B :q9
20— '

IIIIIIIIIII 1 1 l o

; 0.6 0.8 1 2 0 0.2

1.
Frequency [MHz]

Yannis K. Semertzidis, IBS-CAPP and KAIST
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0.6
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0.8

high—n

2 1.4
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CBO in the Data Set

The effect depends on
the CBO frequency

—

o
»
| Dnlailsfalad Tl

Aw, [arb. units]

e
>

04

0.2

—-lllllllllll

pony e tpenn Yen s
480 500
CBO Frequency [kHz]

:
d
:
:

FIG. 36. The relative pull (Aw) versus the CBO maodulation
frequency if not addressed by the fitting function. A typical full
vertical scale is several ppm: the actual scale depends on the
specifics of the fit and the data set used. The ROO data were
acquired under run conditions in which w, was very sensitive to
CBO. This sensitivity was minimized in the ROl period where
low- and high-n subperiods, each having CBO frequencies well

below or above twice the (g — 2) frequency, were employed.
Yannis K. Semertzidis, IBS-CAPP and KAIST 81



Coherent betatron oscillations

* Coherent betatron oscillations affect the acceptance (Ny),
the decay asymmetry (A), and the g-2 phase ().

N(t) = &e_'/”# - A(f) - V() - B(z) - C(1)

YTu

-[1 — A(f) cos(w, t + ¢(1)] e f’L(ﬂ)e_"/w“d“'
0

V() =1 — e /™vwA .y cos(@ywt + dyw)

C(t) =1— e ™A, cos(wepot + P1) B(t)=1—A,,e "/

A() = A1 — e"‘/"cbOAz cos(@po! + b5))

B (1) = o + e 7oAy cos(@pot + B3).




Yuri Orlov suggested to fix it by using a pair of plates (PE) as
mini-kicker: We tried his method at Fermilab; it worked.

PE plates are 1m long
Apply rf E-field 470KHz

Yannis K. Semertzidis, IBS-CAPP and KAIST 83



RF CBO amplitude reduction (data from muon g-2 experiment)
30

25

20

15

10

Horizontal centroid [mm]

I
U

54—;— Flip ¢
~10F o :

10 20 30 40 50
Time [us]

On Kim et al, New J. Phys. 22 (2020) 063002
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Stroboscopic analysis method by Yuri Orlov

* When we realized the extent of the problem we had already taken the data.
Actually, as 1t turns out, we were stuck with the CBO.

* What do you do with the data?
* Yur1 Orlov: this 1s not a real resonance, but an observational one.

* Look at it at its own frequency... hence stroboscopic method, without
needing to know the CBO functional form.

Yannis K. Semertzidis, IBS-CAPP and KAIST
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Stroboscopic method (a.k.a. Jumping Windows), by On Kim, KAIST
MC simulation (Constant fcgo)

 Ordinary fit vs. Stroboscopic fit (with five-parameter function)
- Systematic biases are reduced by an order of magnitude!

I I I I I

|
—— Ordinary Fit
701 —— Jumping Window |

e When our results are o081 )

checked out using this 66

=
method, we know our 5 64—,
CBO models are correct « ol ]
o0 ]
58 ]
0 5 10 15 20 25

Calorimeter Index
Yannis K. Semertzidis, IBS-CAPP and KAIST 86
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Muon g — 2 experiment at Fermilab

Measuring a, (detailed)

L Revisited a, expression

7“): :ue (H) :ue me 2
11 ppb 0 ppb 22 ppb 0.3 ppt

Corrections from
Unblinding conversion factor Measured g — 2 frequency the beam dynamics systematic effects

\4 i r /N B
Wq fclock wgn, (1 + Ce + Cp + le + Cpa)

AT eain @pl(@,9,6) x M(2,9,))(1+ Bi + By)

_ J
Va N
NMR probe calibration factor Magnetic field weighted over Corrections from
the muon distribution and the transient magnetic field

azimuthally averaged

On Kim (bigstaron9@gmail.com) Colloquium in Korea University



Muon g — 2 experiment at Fermilab

Measuring a, (detailed)

g T e Last update: 2021-03-31 12:27 ; Total = 9.98 (xBNL)
F ook WVVV\N\/\/\M 310
z F 1 prd o L
WVVVV\/VV\/\/\/\/\/\/\,\,\,\W m Muon g-2 (FNAL)
; ) 3
2 8 [
©
)L i = B i
10 FermilabMuong-QExperiment E Run-3
101%_ @ : Combined Run-1 Data _ 8
° 2 40Time aftereigjection mosd?JIo 102.5 [1;103? +® 4 i i
m (14 C,+C,+ Cpy+C 3 Rz
R/ — Wa fclock Wq ( + Ce + P + Cmi + pa) Y 21 -
YW(T) feas ( @p(x,y, @IXM(x,y,¢) )(1+ By + By) ) Run-1 : ~6% of the target statistics
(ppm) AD | \r\‘bl A9 | N\ | DN | 0\ | O\ | O\ | O\ |
7 & N W ey L W v 2 ¢ S
U !1-0 - 0\’“\ S 0’\’“\ S o\ Q'\X‘\ N QNN o
— , "0.5 201 §
& z z Data Set  dwy' (stat) ESQ  Effective Field  Kicker
555 |00 £ § ppb kV Index kV
& - ol § Run-1la 1206 185 0.108 130
\ ] % Run-1b 1024 204 0.120 137
-1.0 o] = Run-1c 825 204 0.120 130
.3V Run-1d 676 18.3 0.107 125

On Kim (bigstaron9@gmail.com) Colloquium in Korea University



Muon g — 2 experiment at Fermilab

Damaged ESQ HV resistors

- The HV resistance together with the Quad plate capacitance
determines the RC time constant of the Quad charging (designed

to be ~5 us).

- 2 resistors were discovered to be damaged and have far larger
resistance than the desired value — induced slow changes to

beam dynamics.

Challenge in Run-1: Damaged ESQ resistors

< 20 |
=, - -
Z 18 = ll s R
16— l _—
14 5
- ;”l Nominal 1-Step
L Nominal 2-Step
10:_ f | Beam Injection
o B — — - Fit Start Time
gk &t I Damaged 1-Step
- | ------------------ Damaged 2-Step
6 : I
aft |
2H |
0 - 1 1 1 1 I 1 | 1 1 1 1 | 1 1 1 Il | 1 1 1 1 | 1 1 1 1 I 1 1 1 1
50 100 150 200 250 300
Time [us]

Estimated effects

Most noticeably, the CBO frequency drifted in time (designed to

be constant during the w, fit time window).

O

2.35

Oqpo(t) [rad/us]
N
w

I|l||||||||||l||||

225

22

Data : Run 1a
0, — (At )e" ™ — (Bt )e" ™

®, = 2.3375 + 0.0002 rad ps”

A =279 +0.03rad; T, =59.6 + 1.4 us

B =5.25 £ 0.03 rad; Ty = 6.57 +0.07 us

IIII|IIII|IIII|I

2,151

R BRI
100

1 I 1 1 1
250 300
Time [us]

P I S S R R
150 200

Vertical width changed slowly in time.
Amplified the phase-acceptance systematic effect.

On Kim

(bigstaron9@gmail.com)

Colloquium in Korea University




Experimental systematic errors seem to be under control

* Experiment:

TABLE II.  Values and uncertainties of the R;t correction terms
in Eq. (4), and uncertainties due to the constants in Eq. (2) for a,,.
Positive C; increase a, and positive B; decrease a,,.

Correction Uncertainty

Quantity terms (ppb) (ppb)
! (statistical) 434
@) (systematic) 56 . . .
c 439 53 Chris Polly: The two highest systematic
C, 180 13 errors are associated with the QUADs.
gmz —11518 72 They will be reduced by large factors

pa B with the next data analysis. Essentially,
Jl;ca“b@l’(x’y"l’) X M(x.y.¢)) . gg the experiment has reached its
Bz _17 9 systematic error goals.
p,(34.7°) /e S 10
my,/m, e 22
Total systematic 157
Total fundamental factors e 25
Totals 544 462

Yannis K. Semertzidis, IBS-CAPP and KAIST 90



Muon g-2: SM contributions

@u = a,(QED) + a,(Weak) + au(HadroniC)]

* Theory : QED . 116584718.9 (1) x 107" 0.001 ppm
Weak
%\ 4 153.6 (1.0) x 10~ 0.01 ppm
Hadronic...

...Vacuum Polarization (HVP)

6845 (40) x 10~ 0.37 ppm
o’ é N [0.6%]

...Light-by-Light (HLbL)
g S 92 (18) x 107! 0.15 ppm

... [20%]

Yannis K. Semertzidis, IBS-CAPP and KAIST
I A. El-Khadra JETP 07 April 2021



Muon g-2 announcement, theory vs. theory

<" Hadronic Corrections: Comparisons
* Theory :

aHVP 4+ [aQED _i_aXVeak +aHLbL]

I 0 I
HLbL a>M
a
7 K
T T T T I T T T T T |_I|VP| frlomE T | T | T T T T
LM20 I |
BMW20 —O—
ETM18/19 | @ |
Mainz/CLS19 I ® I
FHM19 i L i
; PACS19 : ® =
Mainz21 (+ charm-loop) —0O— | |
'T‘ not used in WP20 RBC/UKQCD18 | : 1 ! '
fffffffffffffffffffffffffffffffffffffffffffffffffffffffffffffffffffffffffffffffffff BMW17 . ® |
RBC/UKQCD19 | ® | RBC/UKQCD E
(+ charm-loop) data/lattice A S
WP20 data-driven - BDJ19 L £
dispersive J17 I T 3
e I ] SE— E—— € | _notusedinWP20 |
—.—
DHMZ19 - §
Lo g
0 20 40 60 80 100 120 140 160 KNT19 HEH e
a:LbL x 10]1 WP2O o
NI NV NS AU MU N o 1 S A R MR
60 50 -40 30 20  -10 0 10 20 30
SM 10
(@, -a_")x 10
woou
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Theory status

. B B
° Theory. HVP from:
BMW20 V3 Vi ——O— .
WP20(lattice) | o 5
§ Theory based on lattice QCD (BMW
________________________________ notusedinWP20 | L% | collaboration) changed value significantly.
DHMZ19 ! g Needs to be checked out first before
3 considered seriously.
KNT19 — §
&
WP20 ?
I\
1 | 1 1 1 1 | 1 1 1 1 | 1 1 1 1 | 1 1 1 1 | 1 I3.’I7IO-| 1 |I Kﬁ 1 1 1 1 |
-60 -50 -40 -30 -20 -10 0 10
(aSM_aexp ) X 1010

Yannis K. Semertzidis, IBS-CAPP and KAIST 93



Experiment and theory 4.2 sigma (theory based on e'*e
data)

* Experiment:
BNL g-2 : O
FNAL g-2 + O
< 420 >
—— +——+
Standard Model Experiment
Average

175 180 185 190 195 200 205 210 215
9
ap><‘|0 -1165900

FIG. 4. From top to bottom: experimental values of a, from
BNL ES821, this measurement, and the combined average. The
inner tick marks indicate the statistical contribution to the total
uncertainties. The Muon g — 2 Theory Initiative recommended
value [13] for the standard model is also shown.

Yannis K. Semertzidis, IBS-CAPP and KAIST 94



Muon g-2 announcement

* Physics: >8500 participants dialed in on “zoom” and Youtube channel during the
announcement on April 7. It was estimated that the muon g-2 news reached ~2.7B
people. Chris Polly gave a great presentation of the experiment.

* Blind analysis, meaning the frequency has a constant offset, so you don’t know the
result when analyzing. The offset was set by Fermilab people outside the
collaboration.

* The result 1s right on with the BNL value. An experimental triumph!

* The theory on hadronic contribution based on e*e- and lattice are at odds. The
lattice work needs to be cross-checked and confirmed. Until then, we use ee".

Yannis K. Semertzidis, IBS-CAPP and KAIST 95



Significance of the muon g-2 new results

* The field 1s mature, the storage ring method can be considered mainstream

* The resources on this experiment were larger than at BNL having the critical
mass and time to go further in-depth. The systematic errors have been understood
at much higher level, analyzed independently by several groups.

* The experiment has proven that we can reliably estimate things to <10ppb, which
1s the level required, e.g., for better sensitivity muon g-2 experiments, for the
storage ring proton EDM (SR pEDM), etc., see
https://indico.fnal.gov/event/48469/timetable/?view=standard

* SR pEDM is ready for prime time, goal 10-*’e-cm, physics reach ~103TeV.

* The JPARC muon g-2 experiment uses lower energy muons in a 3T field, cold
muon source (muonium) and very weak magnetic focusing.

s K. Semertzidis, IBS-CAPP and KAIST 96


https://indico.fnal.gov/event/48469/timetable/?view=standard

J-PARC Muon g-2

experiment with very
weak magnetic focusing.

B-tield: 3T
y=3

* Totally independent experiment, storing cold muons, lower energy, more muons
* Very different systematic errors

* Much more uniform B-field

e Accepting all muon decays

* Planned start data taking in 2025



Summary

* Measuring the energy and time of the decay positrons defines the “muon g-2”
frequency.

* At Fermilab, the systematic errors have been understood in depth. Different
approaches have been used to understand the effects of potential systematic
error sources. There 1s a serious tension with the SM.

* Much more data to be analyzed soon.

* Next level experiments, e.g., SR pEDM are being considered
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Extra slides

Yannis K. Semertzidis, IBS-CAPP and KAIST
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3 GeV proton beam
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New Muon g-2/EDM Experiment at
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With RF in the g-2 ring

* Francis Farley new g-2 ring idea works, without RF it doesn’t

* Next generation muon g-2 experiment: larger energy muons, more g-2 cycles, use
protons to map the magnetic field.

76 FJM. Farley, YK. Semertzidis | Progress in Particle and Nuclear Physics 52 (2004) 1-83

Uniform field
Radial edges Ea T

* Problem: muon and proton
average radius to sub-
micron level. It can be done
with RF!

<B> independent of radius (momentum)
Vertical focusing from magnet edges
Horizontal focusing from bends

Fig. 47. A storage ring with edge focusing. The field in the magnets is uniform and the edges are radial to the
centre of the ring. The mean field 1s independent of the orbit radius.



More precisely (Y.0.), and electric field
correction for quads covering 43% of the
rng

C= ZF(n)n(l—n) (f]:fm) +

J =t \J.— /s
N S )T
* f, the muon revolution freq., f,, the revolution frequency at
E=0, f,., the rev. freq. of the magic mom. muons.

102



Checking the approximations

e Beam dimensions stable at the 4% level around the

ring
* F(n)is 1 within ~1%.

a(n) and F(n) (see text) resulting from the discrete nature of the quadrupole structure in the (g — 2) ring

n 0.121 0.123 0.125 0.127 0.129 0.131 0.133 0.135 0.137 0.139
a(n) 1.136 1.139 1.142 1.144 1.147 1.149 1.152 1.155 1.157 1.160
F(n) 0.994 0.993 0.992 0.992 0.991 0.992 0.992 0.992 0.992 0.991

Beta functions for two, four and eight-fold lattice symmetry

N 2 8
f(max) 24.4m 7.7m
p.(min) 2.30m 7.6m
max/min 3.26 1.01
ﬂy(max) 21.8m 19.5m
p,(min) 16.8m 19.2
v/ max,/min 1.15 1.01
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Pileup effect in g-2 experiment




Counts

Energy Spectrum of Detected Positrons
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Pileup: View from top

Pileup and Gain Systematics
Pete Alonzi — University of Washington

g-2 collaboration meeting — Dec 14, 2012

Pileup < 0.04 ppm
Background

Answers /_ow T A
Progress A S ﬁ-
{I'-ligh Energy
Gain < 0.02 ppm "

Muon Spin Direction il B
BaCkground alorimeter
Progress
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Decay positron energy spectrum
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Decay positron time spectrum

= 1

3 £ = 1012

o + Ty = 3184 +- 0.041

10000 - | Apy = 0.065 +- 0.001 Question: what is the frequency of
4 0 Opy = 2.704 + 0.024

the pileup spectrum?

A. 0.5x0mega_a
B. 1.0xOmega_a
C. 2.0xOmega_a
D. 3.0xOmega_a

Can we fit for it in the data?

Answer: yes, with a loss in
statistical sensitivity of 2. In
practice we don’t!

0 T T T T T T T T T T T T T T T T T T T T T T T T T T T
40 50 60 70 80 90 100
Time (us)

Figure 1: Fit results to pseudo-pileup time histogram (D-S1-S2) when the correct error definitions
108
per bin content are used.



wo pulses can be too close!

MuLan Style Pulse Fitting

| Time=1028, Fill=5, Bank=B5s2 |
300

250

B 4
200 2

- Q2T R 0 12714 e 18 20 22 24
18 Added Time (ct)

100

50 B. Kiburg

o;f'*‘rlThT‘—‘—r!‘hH’h’hTr”T‘T‘l—lﬂ_rrh—lﬂ—‘ﬂll= o v
2 4 6 8 10 12 14 16 18 20 22 24
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Pileup subtraction procedure

1. Set a threshold on E; e.g. E; > 1GeV (the hardware energy threshold; in order to

ensure early to late stability)
2. If Ep = 0.96 x (E; + Ey) > 2CGeV then we have a double (D).

3. If we have a double then ask if E; > 2 (if yes there is a single pileup (S1)), and if
E; > 2GeV (again if yes, there is another single pileup (S2)).

4. If we have a double and E3 < 1GeV then count all pileup pulses twice with the

appropriate timing.

‘ e D 400
10 AN 200
Jé« '!& N\ 0
‘ & ) i d '
10 f\ ‘ /
: U‘ -400 "
i | !
-600 1 F A5
: M\Mm " - ( K
| ade Cfiom aiuih s S S S S PP v
T 3 I H”H 3 p ) 1 2 3 4 5 6 7 3 9 10

Su,l dD uble
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Plan at Fermilab

Segmentation Effectiveness — Lower Bound

0.8

0.66

0.6 T
R
0.4
0.2 - Pileup Rejected
= Separation Efficiency (6x9)
0 == Separation Efficiency (5x7):
—llllllllllllllllllllllllIllllllllllllllllllllllll_
0 1 2 3 4 5 6 T 8 9 10

Blue option is chosen
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Definition of g-Factor

magnetic moment

eh/2m
angular momentum

h

8

g-2 measures the difference between the charge and

mass distribution. g-2=0 when they are the same all the
time...

From Dirac equation g-2=0 for point-like, spin % particles,
e.g leptons.



Magnetic Dipole Moments: u

* Nuclear Magnetic Resonance: a new direct method of
detecting NMR, I. Rabi et al., 1938

ds
dt

u
|
L] L]
. 110 s 120
Se N a ne IC esonan(:e NNNNNNNNNNNNNNNNNNNNN

FIG. 1. Curve showing refoc beam intensity at various values of
the homogeneous field. One ampere corresponds to about 18.4 gauss
Thci frequency %I the oscillating field was held constant at 3.518 X10%
cycles per nd.

o ©° o
° 0 .o

—_
— d
W)

O

XB :

o

4

M s
a

&

B

Imaging



Electric field correction (FF) for continuous quads

The change of the g-2 freq. for off-momentum muons:
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