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eminar

Today:
Electric and Magnetic Dipoles

What are they?

Why are we interested in looking
at them?

The frozen-spin technique -
"magic momentum” - for moments

A look at some experiments



Fermilab g-2 (muons)
Magnetic Dipole (g-2)
Electric Dipole

Proton Electric Dipole
Experiment
CERN proto-proposal
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Magnetic dipoles
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The magnetic moment of any elementary particle is related
to its intrinsic spin by the “g-factor”.

fis = g—o»>3
2m
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+ QM describes the smallest
scales

* Relativity describes the
fastest particles

A
e
. i

Schrédinger Einstein

+ Dirac united the two!

+ Master equation for a spin 1/2 particle:

L oY p? e [ N =]
ih—> = |3~ —5— (L+@25) - B|v

ot 2m 2m
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1948: Precise Measurement and Calculation

Kusch and Foley measure g,

g. =2.00238 +/- 0.00006

PHYSICAL REVIEW VOLUME 74, NUMBER 3 AUGUST 1, 1948

The Magnetic Moment of the Electronf

P. Kusca asp H. M. Forev
Department of Physics, Columbio University, New York, New Vork
(Received April 19, 1948)

A comparison of the g values of Ga in the *Pus and 7Py states, In in the 7Py state, and Na in

the %5, state has been made by a measurement of the frequencies of lines in the Afs spectra ina

i The ratios of thegs t from the ined on the basis

of the assumption that the electron spin gyromagnetic ratio is 2 and that the orbital electron

gyromagnetic ratio is 1. Except for small residual effects, the results can be described by the

statement that gr=1 and gs=2(1.001192:0.00005). The possibility that the observed effects
sy ined by is precluded by the consistency of the result ined

may " ions is
various comparisons and also on the basis of theoretical considerations.
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1947 : QED

1424 ~2.00232

... and Feynman and
Tomonaga ....

Themis Bowcock



quick study

The standard model’s
greatest triumph

Gerald Gabrielse

December 2013 Physics Today

ppt = 10712
from measured 0 1 2 3 4 5 6 7 8 9 10 11 12
fine structure constant Rb 2011, QED 2013 (calculated)
\ g Harvard 2008
X —— Harvard 2006
Predicted: u/u, =-1.001159 652 181 78 (77) UW 1987 ¢
| Measured: p/pg=-1.001 159 652 180 73 (28) 180 182 184 186 188 190 192

(9/2 - 1.001 159 652 000)/10™ "2
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Muons

Discovered as

a constituent of cosmic-

ray particle ins 1936 by the
American physicists Carl D.
Anderson and Seth
Neddermeyer.

Thought to be

the particle predicted by the
Japanese physicist Yukawa
Hideki in 1935 to explain
the strong force that binds

rotons and neutrons
as the muon g-2 = 07???

If muon had sub-structure then this simple prediction
would be changed.

Seminar Themis Bowcock 10




1933: g of protons and neutrons

Stern and Estermann were trying to measure g for the proton:
-Foundg,=5.6

That same year Rabi measured g for the neutron:

- Found g, =-3.8

These findings gave insight to protons
and neutrons having substructure.

Seminar Themis Bowcock 11




Larmor Precession

Garwin, Lederman, Weinrich 2.00+/-0.10 Phys Rev 105, 1415 (Jan 57) @ Columbia
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Figure 2. Time distribution of forward electrons from positive muons stopped in copper
(87%) and carbon (13%,). The magnetic field was 101-9 gauss. The exponential
decay factor has been removed, and the first few points have been corrected for
slight non-linearity in the time analvser. Note the displaced zero

Experiments with a Polarized Muon Beam

BYJ M. CASSELS, T. W. O'KEEFFE, M. RIGBY, A. M. WETHERELL
AND J. R. WORMALD

Nuclear Physics Research Laboratory, University of Liverpool g - 2 . O O 4 + O . O 1 4 (0 . 6 0/ 0)

In 1959 CERN launched the g-2 experiment aimed at measuring the anomalous

magnetic moment of the muon. The measures were studied using a magnet 83cm x
52cm x 10cm borrowed from the University of Liverpool.

In 1962 this precision had been whittled down to just 0.4%.

Seminar
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x Muon Decay

* Positron “spin
Q
L analyses” muon
2 e
. SO m—y——— >
Vo :

Neutrinos have negative helicity, antineutrinos positive.
An ultrarelativistic pesitron behaves like an antineutrine.
Thus the positron tends to be emitted along the muon spin

whenv_and \_-'Fl go of f together (highest energy ¢").

Precession

T__ 2

Applied
hAagnetic
Fiekd

]
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Precision [ppm]

Evolution of precision

Lpool
10%¢
M .m CERN-| (g — 2)
LN a —
103 H 2
5| GERN Measuring deviations from
10 | Pure Dirac prediction
108 Secernn
1= R
- *BNL
10" . % FNAL
:I 11 1 I L1 1 1 | L1 1 1 I L1 1 1 I 11 1 1 | L1 1 1 I 11

1960 1970 1980 1990 2000 2010 2020
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Muon Anomalous Magnetic Moment
At each stage it was meant to be obvious...

Each time it has confounded expectation ...
theory extensions

e-like tests the Standard Model
But muons are heavier (original interest)

More sensitive to hew physics

Seminar Themis Bowcock 15




a’M = qQED qveak 1+ gHadronic

Vacuum
Polarization

LO + NLO ..

T. Aoyama, M. Hayakawa,

T. Kinoshita, M. Nio (PRLs, 2012) ~ 60% total SM

ncertaint
Theory: 12,672 Feynman Diagrams 4

2.00231930436356 + 0.00000000000154

% 70 0@ F® £ Q

B @ & D, oo
o R AN AN A

TR 2D A [ A

ASSoas
SO S

Light by
Light

~ 40% total SM
uncertainty
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BNL ES21

Aa,(Expt — SM) (286 + 80) x 10~
(260 £78) x 10"

Themis Bowcock
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Comparison of SM
& BNL Measurement

L.
-600

330
IS BNL (2004)
—_—
360 <:> I _
DHMZ
- ~ FNAL expected .
{ - }
-33 ¢
HLMNT e - Od4pem
| | | | | | | | | | |
-400 -200 0
:«c:1(Il-11
a -a (BNL) _ :
T a, is measured to be (slightly)

too big compared with theory.

Themis Bowcock
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: Update HLMNT11 9 KNT17/ presented @ TGM?2

2011 2017 *1o0 be discussed

QED 11658471.81 (0.02) — 11658471.90 (0.01) iphys. Rev. tett. 100 (2012) 111508]
EW 15.40 (0.20) — 15.36 (0.10) [Phys. Rev. D 88 (2013) 053005]
LO HLbL 10.50 (260) — 9.80 (260) [EPJ Web Conf. 118 (2016) 01016]
NLO HLbL 0.30 (0.20) iphys. Lett. B 735 (2014) 90 *

HLMNT11 KNT17
LO HVP 694.91 (4.27) — 692.23 (2.54) this work*
NLO HVP -9.84 (0.07) — -9.83 (0.04) this work*
NNLO HVP 1.24 (0.01) [Phys. Lett. B 734 (2014) 144] ¥
Theory total 11659182.80 (4.94) — 11659181.00 (3.62) this work
Experiment 11659209.10 (6.33) world avg
Exp - Theory 26.1 (8.0) —> 28.1 (7.3) this work
Aay, 330 — 3.90 this work
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Ay SM EWK Fit

Hadronic Corrections

For the BNL result to match the SM prediction then the SM
hadronic estimate would need to be wrong by 6o

tandard EWK Fit

. EWK Fit with SM g-2 as per BNL

T | e
60 80 100 120 140

Higgs Mass [GeV]

Themis Bowcock

The beauty of the SM is that
everything is related .....

“You cannot cook-up a zero g-2
SM anomaly and be consistent
with the LHC Higgs mass!”

20



New Physics

New physics contributes as:
2
my
(MNEW)

Electron g-2 is presently measured x 2,000 better than muon g-2

m

2
But (mu) is 44,000. 2" Generation Leptons v. useful.
c

Muon has sensitivity to new physics from < MeV to TeV.

Seminar Themis Bowcock 21
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Any new physics that contributes to the
muon mass can contribute to a,

-----
a® "y

m,, in loops LR : : L

-----
- -
* .

a, in loops HR =: é : fLL

Themis Bowcock
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New Physics? just a few of many recent studies

e 1TeV Leptoquark Bauer+ Neubert, PRL 116 (2016) 141802

one new scalar could explain several anomalies seen by BaBar, Belle and LHC in the flavour
sector

(e.g. violation of lepton universality in B -> KIl, enhanced B -> Dtv) and solve g-2, while satisfying
all

bounds from LEP and LHC

Seminar Themis Bowcock




New Physics? just a few of many recent examples

Iight Z’ can evade many searches involving electrons by non-standard couplings preferring
heavy leptons (but see BaBar’s direct search limits in a wide mass range, PRD 94 (2016)
011102), or invoke flavour off-diagonal Z’ to evade constraints [Altmannshofer et al., PLB 762
(2016) 389]

myz = 100 GeV

A B
a, s
a a,s N ! 5 !
n n
c a,s
= | e E i i
g_ll > > > >
8.
e axion-like particle (ALP), contributing like m®in HLbL [Marciano et al., PRD 94 (2016)
115033]

‘dark photon’ - like fifth force particle [Feng et al., PRL 117 (2016) 071803]

Seminar Themis Bowcock



Penning Trap
Muons live 2.2 us before decaying

Direction of positron follows the polarization of
the muon

Measure Larmor Precession

Since 1976 rather than
& Ve 7. stopping (or drifting) muons
5,4 W and applying field “trap”
T them

Seminar Themis Bowcock



Particle moving in a magnetic field:
* momentum turns with cyclotron frequency @,

*  spin turns with @g

QeB QeB QeB
mry 2 ym

Spin turns relative to the momentum with @,

g—2\ Qe Qe

CaTwsSTROT T\ T2 )T T Y

Seminar Themis Bowcock 26
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Vertical Focussing Required (E-quads)

With an electric quadrupole field for vertical focusing

— e =
Wa = — 70 [aﬂB B (a“ Cy2-1

Simplify by choose “magic” momentum so that

g

al”’ y2_1 T

With vy =29.3, p=3.09 GeV/c, dilated
lifetime = 64.4 ps

“CERN-IIl miracle”

Themis Bowcock
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Wa — %GI-LB

—p Momentum

Spin

D

|

&/

21/03/2018

Themis Bowcock
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Magnetic field

Wq = _%[auﬁ]

N

How can it be so accurate?

Make measurement with reference to proton NMR

wa
W 2
a, = I;) A = —£ = 3.183345137(85) — 27ppb
_Za Hp
Wy

From muonium, hyperfine structure
W. Liu et al., Phys. Rev. Lett.
82, 711 (1999).

Seminar Themis Bowcock PAS)




T[+ — ‘L[+ -+ Vli Source: Polarized muons born from pion decay

'Ll+ — €+ +17ﬂ + ve In ring muons decay to positrons

* The highest energy positrons are correlated with the muon spin.

* As the spin rotates forward and backward the number of e* is
modulated by w,
\ Muon Decay

2 o=
Vg
The Muon Rest Frame A
== Wi +
e e momentuimn
—
- —
—_— Vv spin
e -

Seminar Themis Bowcock 30




Schematic

narrow
bunch of
protons
N\

Target p=3.1GeV/c

Muon storage ring — weak
focusing betatron

Muon polarization

X, = 77 mm
B =10 mrad
B-dl=0.1 Tm

~~ Central orbit

— >
o
el S
Injection orbit

Injection & kickin :

j | 8 Dorage Kicker W |
Focus with electric quads [Fing Modules
24 electron calorimeters \\ R=711.2cm ,'
(E, t) NGt 7,

' /
N\ 7/
0 0 ainec ae > R B
0 diz anter 44 ONaG | |

Electric Quadrupoles




---------------

5 N(t) = Noexp(~t/y7,)[1 - Acos(iat + )

coooSo0T oo

Signal (mV)
ks Wl &
RN Ees s

‘Wave Form
Digitizer

S A, gb : known functions of e* energy

BNL 3.6 billion p decays (2001 data)

10E "“‘-..a A 7__,‘-“,_.1 AW SN oA A A
w E."A-. A o - S
= o "'u" Voons i .‘: -'r'w 7 SN oA A
C\j. TNV N A A A A A
eB :
W = Q :
—_— -_— o A A A i ;-’n."a ~ A
/"L g IEATAYS ,."“A':, AN A
= AN
. e 10-2 AN A NS '\ -~
“Lighthouse on a = o -
carousel” - ’ PYNVYVVAANAA A A
10-3 YV
1 I 1 ‘ 1 I | | 1 1

40 60 80 100
Time modulo 100us [us]

= T
o)
o
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I. Rabi (Schawlow)

g-2 Experiment at FNAL

...can we resolve the E821 anomaly?

Seminar Themis Bowcock 33




NATIONAL LABORATORY

o
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Enough to establish 5-10 o

Il Electron (g-2) ////ﬂ

I Vuon g2 FNay 0.14 ppm
I Vuwon (9-2)BNL 0.54 ppm
I G )

u

107 10° 10?7 10" 1 10 10° 10° 10

Precision (in PPM)
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Team Liverpool

About 15 including

ENERGY,,
FRONTIER

i

Academics & Senior
Scientists

Engineers
+Workshop
Technicians
Graduate Students
Undergraduates
Interns

Seminar Themis Bowcock



Shimming .....

Muons are distributed over storage volume
B-field is not uniform over this volume

Need to convolute the two.

1600 I . Oct 20153 Aug 2016 | anl
1400} /\ A ; 4 : Py
=9 !" i ‘ ‘
1200 4%} HEVY A ,
10003 Y/ 1 A AN N B AA") LY
AR I

(B-B,,,)/B,,, (PPM)

600

200 =2 * ‘ i]w Ppm
300 350
azimuth (deq)

50 100 150 200 250

B-fleld (ppm) Norm _Skew

: :'.': :‘: : Quad -0.02 -0.57
T f 1% on EF | se 070 384
ok a1 o 2 E Octu -0.76 0.56
g 0 095 -0.07 E ,, P Decu 0.44 -1.61
5 5
= > Lk

s ,J

f

....................................
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New Detectors

Calorimeter (PbF, + SiPMT)

- more segmented.

- x2 sampling (800M/s) vs BNL
- quicker response (5 ns)

- energy resolution <5% @
2GeV

- improved gain stability

- improved laser calibration
system

Straw Trackers (UK)
- authenticate pileup
- measure muon profile
- identify lost muons
- calibrate calorimeter
- measure EDM

New Trackers

Seminar Themis Bowcock 38




Traceback - 3
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Straw trackers

100 pm radial
resolution : TR
achieved ' I L]

Seminar Themis Bowcock 40



F i rSt Tra C k 1400 L / Run: 105 subrun: 1 event: 9

1200

1000

n,

ring x [mm]

3
=]

]
(=]
III|llI|III|III|III|III

'l AR SR SR NN S T T NN S T N TN TN TN A AN R .| " BT A B
20027900 -7050  -7000 6950 6900 6850  -6800 6750 6700
ring z [mm]

LI
@‘:

# Tracker planes traversed by track

0 500 1000 1500 2000 2500 3000
Momentum of tracks in straw tracker [MeV]
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# Events

10°

10°

10

N

Preliminary calibrations

0.2 0.4 0.6 08 1 1.2 1.4 1.6 1.8 2
E (calo)/p (straw tracker)

400

200

-40 -30 -20 -10 0 10 20 30 40
Straw tracker track time - calorimeter cluster time [ns)

Themis Bowcock 42
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count / 2*149 ns

2,
i III|

Number of high energy positrons as a function of time

10

- data
— fit

Fermilab Muon g-2 collaboration
A Commissioning Run, June 2017
" ‘ PRELIMINARY

=

10 20 30 40 50 60 70 80
time modulo 80 us

Themis Bowcock
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w, systematics

E821 Error Size | Plan for the E989 g — 2 Experiment Goal
[ppm] [ppm]
Gain changes  0.12 | Better laser calibration; low-energy threshold;
temperature stability; segmentation to lower rates;
no hadronic flash 0.02
Lost muons 0.09 | Running at higher n-value to reduce losses; less
scattering due to material at injection; muons
reconstructed by calorimeters; tracking simulation 0.02
Pileup 0.08 | Low-energy samples recorded; calorimeter segmentation;
Cherenkov; improved analysis techniques; straw trackers
cross-calibrate pileup efficiency 0.04
CBO 0.07 | Higher n-value; straw trackers determine parameters 0.03
E-Field/Pitch  0.06 | Straw trackers reconstruct muon distribution; better
collimator alignment; tracking simulation; better kick 0.03
Diff. Decay 0.05! | better kicker; tracking simulation; apply correction 0.02
Total 0.20 0.07
Seminar Themis Bowcock 44




muonE experiment proposal
(g-2 groups @ PBC — CERN)

Muon on electron scattering

Uncertainties and
Interpretation

Themis Bowcock

45



If effect persists we can start to look at possible NP ...

g-2 does not probe flavour changing interactions but NP in loops . Can address
models: technicolor, SUSY, 2HDM, LHT, W’, Z’ (TeV range)

Neutralino mass = 500 GeV

330
IS BNL (2004) |

— .

Amu |

360

DHMZ —a—
FNAL expected
-

330
HLMNT —_— 0-14 ppm

| 1 ! 1 | 1 ! ! | ! ! 1 | ! 1
-600 -400 -200 0

-1

a -

By 2019 (First Data 2017): 5.50 significance from the experimental

improvement becomes 9.7c evidence of NP jf central value remains the same
AND theory does not move.
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Moments ...

“If you enjoy doing difficult experiments, you can do them, but it
is a waste of time and effort because the result is already

known” : Pauli

"No experiment is so dumb, that it
should not be tried” : Gerlach

“the Muon obeys QED.

g-2 is correct to 0.5%.

In my opinion, it will be

right to any accuracy. So it’s not worth
doing the experiment”

Head of CERN Theory at time of CERN
EDMs

“would you like to predict
the result ?” : F. Farley FRS

1968 QED alone wasn't sufficient

I
~

Themis Bowcock



He has worked on wave energy since 1976 and has filed 14 patents in this area. He is the co-inventor of
the Anaconda wave energy device.lZL

He won the 1980 Hughes Medal of the Royal Society "for his ultra-precise measurements of the muon
magnetic moment, a severe test of quantum electrodynamics and of the nature of the muon". 8L

1967-82 he was the academic head of the Royal Military College of Science, Shrivenham GB. He has been
visiting professor at Yale, Reading University (of engineering), University of New South Wales (of
theoretical physics) and currently at Southampton.

Moving to France in 1986 he helped the cancer hospital Centre Antoine Lacassagne in Nice to instal a 65

Wed the beam transport which brings the beam to the

> system has treated over 3000 patients for ocular

iph "Elements of Pulse Circuits" (1955) 29 translated into
sics, relativity, wave energy and cosmology.

™ “Catalysed Fusion is a sizzling true-to-
g |ife fantasy, woven around particle
physics in Geneva, the city where
X S nations meet and particles collide.
SRR SIS | ove and adventure, discovery and

in the citywhere nations meet

and.particles coflide

2 § intrigue, rivalry, skill and skulduggery
S VIR &1 S DM TNT[ON BN ot the frontiers of physics. How

v

Francis Farley g iy science works, how scientists operate
SR = 8% around those big”
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https://en.wikipedia.org/wiki/Francis_Farley#cite_note-7
https://en.wikipedia.org/wiki/Hughes_Medal
https://en.wikipedia.org/wiki/Royal_Society
https://en.wikipedia.org/wiki/Francis_Farley#cite_note-8
https://en.wikipedia.org/wiki/Francis_Farley#cite_note-9
https://en.wikipedia.org/wiki/Francis_Farley#cite_note-10

PHYSICS REPORTS (Review Section of Physics Letters) 68, No. 2 (1981) 93-119. North-Holland Publishing Company

After some 21 years of (g-2) measurements on the muon at CERN, a great deal of territory has been
brought within the civilized domain of QED theory, and the precision of the most recent result defines
the limits within which that domain is secure against any future theoretical excursions. As we have
stressed above, any modification to the photon propagator or new coupling common to both muons and
electrons would imply a perturbation of a, by a factor (m,/m.)* larger than for a.. Thus in the absence
of possible coupling particular to the electron, the present muon result ensures that a. is a “pure QED
quantity” down to the level of three parts in 10"

However, all the effort expended in this activity has brought us no nearer to understanding the
mystery of the muon mass. No evidence of a special coupling to the muon has been found. On more
general observational grounds it is known that the neutrinos distinguish between the charged leptons.
The neutrinos clearly know the difference in the sense that the electron, the muon and the new lepton
of mass 1.8 GeV/c?, discovered by Perl et al. [68], each have their own associated neutral massless
fermion; perhaps it is in this area that enquiry should be made for an answer to the charged lepton mass
splittings.

For the present, however, the thread which has linked many experimenters together in the common
cause of measuring the muon (g-2) factor at CERN is now broken and those who have shared this
experience have gone their separate ways. It remains to be seen whether or not future refinement of the
theory of the weak, electromagnetic, and strong interactions will call for the discerning scrutiny of
further measurements of even greater orecision.

Seminar Themis Bowcock 49
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Muon EDM
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LETTERS TO

On the Possibility of Electric Dipole Moments
for Elementary Particles and Nuclei

e ML Prmcenn aso N F Rassey
I partwrt of Physics, Harmard persaly. Cambradpe, MWasrsehaseits
April 27, 150

T is generally assumed on the basiz of some suggestive theo-
retical symmetry arguments' that nucle and clementary
partiches can have no ehectric dipote moments. Tt is the purpose of
this note to poiit out that although these theoretical arguments
are valid when applied to molecular and atomic moments whese
| Be origin is well underatood, their don to nucked
and elementary particles rests on assumptions not yet tested,

O form of the argument agninst the possibility of an eectric
dipole moment of a nucleon or similar particle is that the dipele’s
orientation must be completely specified by the orientation of the
angular mementum which, however, is an axial vector specifving
a direction of circulation, not a direction of displ L as would
he required to obiain an electric dipok moment from electrical
charges. On the other hand, if the nucleon should spend part of
its time asymmetrically dissociated inie opposite magnetic poles
of the type that Dirac® has shown to be theoretically possible, n
circulation of these magnetic poles could give rise to an clectric
dipole moment. To forestall 2 peasible objection we may remark
that this electric dipole would be a polar vector, being the product
of the angular momentum (an axial vecior) and the magnetic pals
atrength, which B a paeudescalar in conformity with the usual
convention that electric change is a simple scalar,

The argument against eleciric dipoles, in another form, ralses
dircetly the question of parity. A nucleon with an lectric dipole
moment would show an asymmetry between left- and right-
handed eoordinate syatems; in one system the dipole moment
watld be parallel to the angular mementum and in the other,
antiparallel. But there & no compelling reason for excheding this
passihility. Tt would not be the only asymmetry of particles of
ardinary expedmence, which already exhibit conspicuous asym-
metry in respect to electric charge. Although magnetic pales were
used nbove as an llustration of a particular mechandsm by which
a nuelear electric dipole could arise, this is, of course, not the only
possibility,

The question of the prasible existence of an electsie dipole
moment of a nucleus or of an elementary particle in view of the
abave becomes o parely experimental matter, The evidence from
most past experiments on molecules, atoms, nucleons, and ele-
mentary particles is not as conchisive as one might suppose, Mast
st experiments are in fact very insensitive to the elfects of a
auclear electric dipole, becawse of the amallness of the electric
field at the position of a charged nucleus or the antisymmetric
nuture of the electric dipole potential, We have analyzed a number
of cxperiments incliding conversion of orthe- Lo parahydrogen,
depolarization of neutron beams, jonization by newtrons, relaxa-
tion times of nucled in liguids, nuclear scattering of neutfong,
by perfine structure studies, the Lamb-Retherford experiment, and
the experiments on the interaction of elecironz and neutrons.
Nomeseattering expeciments on charged noclel are paribcularly
insenzitive to the existence of an electric dipole moment and even
the most favorable would not have revealed an eleciric dipole
mement smaller than the charge of the electron multiplied by a
diztinee D less than 100 em. The scattering experiments® 3w
detect an eleciron-neutron interaction are by far the most sen-
sitive; the results of Havens, Rabi, and Rainwater” would cor-
respond to & D ed 3107 cm if they were due to an eleciric
dipede mamenl,

We are new undertnking, in colliboration with Mr. James H,
Smith, an experiment which should directly measure the clectric
dipede moment of the neutren if it has a value of D of approxi-
mately the above magnitwde. The experiment will utilize a
neuiron beam magnedic resonance® apparatus of high resolution®
o detect a poasible ghife of the neutron precession frequency upon
the application of & strong electric field.

THE EDITOR 807

The authers wish to thank Me. Smith for sgresting an ine
poriant cormeciisg de our orgial caleulation on the neatron- u rce a n al I lsey

viectron interaction experiment.

i34 (1947
047,

Alvarez asil F. Blocl, Pliye. Hiv.

3 AT
F. Ramsey, Phye Rev. 78, %94 (1040,

Supernovae®
L. B, Fokst

Brockhasen National Laboratory, U prar, Lang 13
April 17, 1950

UPERNOVAE of type I are charact:
intensity maximum of 20 o 3 ds
ponential kil to the light curve of ha’
00012 magnitedes per day® (¢
emission of nearly 104 args b (d)
hydrogen content cxpanding at
radiating 10% ergs/aec. visille
These characteristics ma
propased mechanism. The
sum, e, 15Mg, underg
its hydrogen. As th
periture will rise 1

of 2 1o 3100 °C

hetween alpha-

This v &
rapid v d@;;
by af"o,"’io
isan 036;3' o

Gy, e

nurber of part_Lclﬁ»: e e "o
the alpha-particle 1. "% 0% 0%
reaction threshabd; & s ‘,a'ﬁ? % %o
perzture, It may be note. %&’e:@?z e
volume increases as the squm. % %0 e o,

2 %
exponentially with the temperai. aﬁf"*b%}r;?%&e*
accelesate under cond s of gravi. 4, o 524,
star may collapse in 2 time approaching  %,% %, o %, %,
N . . ot P, He
The reaction will proceed until there ares, % e{fn’vé}
of the reaction products to produce the rew "o(,:ﬁ,
expression at equilibrium may be given St
. %
K=[BeXn) (e, ' .
whete the eniries denote atomic concenirations pee unit & Z"e; o: ¥
Since nentrons will be absorbed rapidly in o system Cﬂﬂlalf",,q::%
%

e

1. Deevay sclseme of Bed
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Electron Magnetic Dipole Moment
Gabrielse

Most precisely measured property of an elementary particle
Most precise prediction of the standard model
Most precise confrontation of theory and experiment

Greatest triumph of the standard model

Seminar Themis Bowcock
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~——% system under P and T is not symmetric

il with respect to the initial system,
iMr P ¢
| d
+
~_%¥% d ?
T + . Having CPT symmetry, the

~ combined symmetry CPis
¢“ violated as well.
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Magnetic dipole Electric dipole

n is a dimensionless

moment constant, analogous ~ moment
to
I p U
H =49 om,, 7 m.c
Hamiltonian for a
fermion in B and E Transformation
field Properties
. L = o oo 5§  § 4
H=—-py-B—-—d-FE -
P + - + +
T : ¥ : :
If CPT valid > EDM would violate
CP CP - + - -
CPT + + + +

Seminar
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10 billion matter/anti-
matter pairs annihilated
each other leaving behind

10% 7 1 matter particle and 10
billion photons cosmic
1027+ .« .
ks, tons et background radiation, the
inflaticn
o1l — echo of the Big Bang we
leptons slpit into neutrinos and electrons
gariy ovens eqansin measure today.
10 13 ]
4
E,) quarks make protons heutrons
101
ﬁ 10
E nentrinos decouple
b= ravitational force
[ 109 1
%‘ Supergrayi Grand Eletggrocxgeak weak foree electrons and positrons annihilate
H‘D L{:.m.ﬁe-:l leaving small mumber of wumatched electrons
oree electromagnetic
10 &1 force
stromg muclear force
fusion of H and He
gravitons |
3000 + photons -
nenfrinosant-nentrings —————————— photons deconple = CME
Elack hotes leptems <elech'ms,’posih'ms electrons \‘
37 »
quarks 7< e | hyd.rcgen galaxies, stars
nenboni ——— 24% helium planets fomm
1079 10°% 1072 10°° 1 15 1 500,000 13 billion
SCC SeC seC SeC sCC SeC min YIS ¥rs

Age of the Universe
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iR LRy History of the Univers

: W, Zbosons A/\,photon

& meson T galaxy

i) 4 # baryon

* star
an ion

A @ o+
ino &P atom hole | Particle Data Group, LBNL, © 2008

“CP Symmetry Violation, C-Asymmetry, and Baryon Asymmetry of the

J Universe” e". Journal of Experimental and Theoretical Physics. 5: 24—
' 27. 1967
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https://en.wikipedia.org/wiki/Journal_of_Experimental_and_Theoretical_Physics

‘ Baryon Number

Before

Afier

COSHIC
t—— background
radiation
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Any non-zero EDM for a muon = New Physics

Better limits from electrons but 2" generation
may be “special” (loops)

Themis Bowcock
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’7\/2\1)€ C
ependence on E field

cancelled out by choosing y =
29.3

ﬁ—gQ6§
— € g — o
WEDM = — 1 (6 X B) 2my
2myc . Qe _
d“:n2m CS
7
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uEDM tilts the precession plane of the muons
by an angle o

Themis Bowcock

-» 15 =tan ! (ﬂ)
' 2a,

EDM tilts the muon
precession plane towards
the centre of the g-2
storage ring

Measured angle is
reduced due to Lorentz
contraction:

5 — ton—L (tanﬁ)
Y
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Muon : EDM
it S

Muon momentum
direction

I
I
I
|
O(1M) events in trackers
(few weeks)

--> sensitivity at 10-1°
[BNL]

Expect several billion
events in the
trackers and so reach
10-21

Nup-Ndo / Ntot

-0.2

—0.4L11

Up/Down Asymmetry

0.6

0.4

0.2

Themis Bowcock

| | | | | | |
5000 10000 15000 20000 25000 30000 35000 40000
Time [ns]

Precession plane tilts
towards center of ring

Causes an increase in
muon precession
frequency

Oscillation is 90° out of
phase with the a,
oscillation
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FNAL g-2 progressing well: data 2018.
Results 2019.

- Quad incident will be overcome

Theory in good shape for reducing its
contribution to the systematic error

* if we could “just” resolve the g-2 discrepancy at
FNAL, the benefits for constraining BSM
scenarios would be enormous.

Is there one last hurrah for this
beautiful method & equipment?

There IS a cross-check mu-e scatter

Seminar

Themis Bowcock
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Proton Electric Dipolg
Moment b

Themis Bowcock CERN-Workshop I6th

IIIIIIII

= T IVERPOOL March 2018




Motivations CP sources/EDM

Pospelov, Shaposnikov, PBC 16

* Required for Baryogenesis
e Strong CP Problem

* Beyond Colliders: “The PeV scale allows a
generic flavour structure and, with TeV
gauginos, EDMs are one of the few
observables able to probe this scale via log-
enhanced quark CEDMS”  «ii., rcoion vonents s

Seminar Themis Bowcock
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2
cPvV _ Ys e Auva
EQCD =353 QGWG‘u

0 = 6+ Arg DetM,.

d,=1.4(d,—0.25d,)+0.83e(d; +d; )—0.27¢(d; —dj)
d,=14(d,~025d,)+083e(d; +d;)+027e(d; ~d; )
dy =(d,+d,)-02e(d* +d5)—6e(d* —d<)

B
CKM phase generates tiny EDMs:

W W -

; ; dg ~ Im(VipViiVedViy) osmaGam?2 x loop suppression

C DL
R d < 107*¢ecm
giuon
Seminar Themis Bowcock

do~ — d,
Om. _

dn~e 5 *»..,9 (6)( 10_17)3 Cm| M. Pospelov, A. Ritz, Ann. Phys.
Ahad (2005) 119.

318

66



J.M.Pendlebury and E.A. Hinds, NIMA 440 (2000) 471

[um—
|

e H J ¢L'l_
B Left-Right © ~ QUTt

162 1 0-20 E‘.lectrq-
. o— . magnetic
g — b

= 22
o) 1075 neutron e - 107"

| proton e B \

= 24 24 §
g 107 =10 %
*é i B N g‘
a0 electron o ° | Multi
"5 muon e Higgs SUSY
8 - -
E 28
.S -
&
m

- - ’
-30 30
10 JI I 1 I | I | 19
1960 1970 1980 1990 2000 2010 Zﬂ)_
] L1077
SM value reached in  Timmernans, v 14 i
- 2075 for neutron 6 Standend
— tan
- 2115 for electron Model
N 10—36
pEDM = advancement & opportunity
107"
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Looking for an EDM above SM level

Themis Bowcock
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Generic Physics Reach of d,~10-=°e-cm

d,~0.01(m /A\p)*taneNFe/2m,
~10-22(1TeV/A\p)*tangNPe-cm

If $NP is of O(1), Ayp~3000TeV Probed!
If Ayp~O(1TeV), ¢p~107 Probed!

Unique Capabilities!

Marciano, CM9/KAIST/Korea, Nov 2014

Themis Bowcock
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arXiv:1502.04317v1 [physics.acc-ph] 15 Feb 2015
A Storage Ring Experiment to Detect a Proton Electric Dipole Moment

V. Anastassopoulos'®, S. Andrianov®®, R. Baartman?®, M. Bai®, 5. Baessler??, J. Benante?, M. Berz'®, M.
Blaskiewicz®, T. Bowcock®™, K. Brown?, B. Casey?®, M. Conte®, J. Crnkovic?, G. Fanourakis®, A. Fedotov?,
P. Fierlinger®®, W. Fischer?, M.O. Gaisser?®, Y. Giomataris'®, M. Grosse-Perdekamp'®, G. Guidoboni’, S.
Hacidmeroglu??, G. Hoffstaetter?, H. Huang?, M. Incagli!?, A. Ivanov®®, D. Kawall'4, B. Khazin®f, Y.I. Kim??, B.
King?”, I.LA. Koop®, R. Larsen?, D.M. Lazarus?, V. Lebedev®®, M.J. Lee®, S. Lee®®, Y.H. Lee®®, A. Lehrach®, P.
Lenisa’, P. Levi Sandri®, A.U. Luccio?, A. Lyapin'®, W. MacKay?, R. Maier®, K. Makino'®, N. Malitsky?,
W.J. Marciano®, W. Meng?, F. Meot?, E.M. Metodiev?®?®, L. Miceli*®, D. Moricciani'®, W.M. Morse?, S.
Nagaitsev?®, S. K. Nayak?, Y.F. Orlov?, C.S. Ozben'?, 8.T. Park®, A. Pesce’, P. Pile?, V. Polychronakos®, B.
Podobedov?, I. Pretz?!, V. Ptitsyn?, E. Ramberg?®, D. Raparia®, F. Rathmann®, S. Rescia®, T. Roser?, H.
Kamal Sayed?, Y.K. Semertzidis®®?%*, Y. Senichev®, A. Sidorin®, A. Silenko'-®, N. Simos?, A. Stahl®!, E.J.
Stephenson!!, H. Stréher®, M.J. Syphers'®, J. Talman®, R.M. Talman®, V. Tishchenko®, C. Touramanis®", N.
Tsoupas®, G. Venanzoni®, K. Vetter?, S. Vlassis'®, E. Won?*?*?, G. Zavattini’, A. Zelenski®, K. Zioutas'®
(Storage Ring EDM Collaboration)
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Counter-rotating
beams

No net flow of current

J
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Seminar

i 2
ERPAJNCfrp T.;OI

g,

= 2.5x102° e-cm / year

7. : 103s Polarization Lifetime (Spin Coherence Time)

A :0.6 Left/right asymmetry observed by the polarimeter
P :0.8 Beam polarization

N. : 5x101%°p/cycle Total number of stored particles per cycle
Tro 107s Total running time per year

f 1% Useful event rate fraction (efficiency for EDM)
E. :8MV/m  Radial electric field strength

Themis Bowcock
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What has been accomplished?

* Polarimeter systematic errors .-, -

* Precision beam/spin dynamics tracking ...
 Stable lattice, IBS lifetime: ~10% ..., ...

* SCT 103s; role of sextupoles understood ...

* Feasibility of required electric field strength
<8 MV/m, 3cm plate separation ..., ...

* Analytic estimation of electric fringe fields and
precision beam/spin dynamics tracking.
Stable!

Themis Bowcock 77



Feasibility all-electric ring

 Two technical reviews have been
performed BNL: Dec 2009, March
2011

* Fermilab review. Lebedev “concept
sound”

* First all-electric ring: AGS-analogue
(‘53-'57)

There were electrostatic quadrupoles and sextupoles, a single gap rf system, a pickup electrode

system and the other appurtenances necessary to an accelerator. The Electron Analogue is the

only electrostatic alternating gradient, strong focusing, synchrotron ever built and, as such,
occupies a unique place in particle accelerator history. M. Plotkin ‘91

Ring radius 4.7m
Proposed-built 1953-57

* Heidelberg Cryogenic Storage Ring:

(expertise in collab.)

Seminar Themis Bowcock
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B-field Shielding Requirements

* No need for shielding: In principle, with
counter-rotating beams.

* However: BPMs are located only in straight
sections =2 sampling finite. The B-field needs
to be less than (10-100nT) everywhere to

reduce its effect. We are building a

prototype «io. vocivneionin, e

I. Altarev et al.,J. Appl. Phys. 117, 183903, 2015,
Fierlinger’s group@TUM

Themis Bowcock
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Polarimeter analyzing power

@.5

0.5F

B.1

43 cn

§ 3. M-Drpe
¥BFSRUE 3w

$5-7 O prmsEnt
\ EXPERINENT

ENERET [MaV]

0o

200

i L
300 f00

500

Fig 4 Anaple-averaged effective amalyzing power. Curves show ouar fits. Points are the data included in the fits. Ertors are stalistical

o

Fig 4 The angle averaged effective analyzing power as a function of the proton kinetic
energy. The magic momentum of 0.7GeV/c corresponds to 232MeV.

Themis Bowcock
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pEDM polarimeter

E. Stephenson

detector

Extraction: lowering the
vertical focusing strength

“defining aperture”
polarimeter target

Micro-Megas
detector,
GEMs, MRPC
or Si.

Beam

|
_

Brantjes et al., NIMA 2012.

R
L-R . . i
— —  carries EDM signal LR
L+R

€H

increases slowly with time
~D-U

cE, = —-
Y D+U

Seminar

carries in-plane (g-2)
precession signal

Themis Bowcock

400

Figw (L- ) vs. time [s] is shown here as well a

parameters (slops sef). More details on the param
(case 2). The unts used are 4 =0.8, ang



Comments — CPEDM @ CERN

 Costing: Full costing for BNL proposal

Proposal here O(20MCHF)
Electric has design “technically driven schedule”

* |deally pbars (but need plenty!)
Superb CPT check

* Phase-ll proton increasing sensitivity by
order of magnitude possible

Themis Bowcock



n,p ar

W. Marciano

=

“the progra
3 experiments | f‘

th EDM sensitivity @

a-10-28 e-cm can
pln-pomt the CP-violating
source should one of them
discovers a non-zero
value”
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Summary - CPEDM

* Ohcp & window to
CP

* NP into the PeV
range

* CP-violating
sources beyond
the SM, e.g. SUSY

* pEDM >10
sensitive than the
best nEDM plans

Themis Bowcock

* All electric ring design
well developed

“do the simple things...’

e Power of the method
High intensity beams
Long beam lifetime
Spin Coherence Time

Counter rotating beams
cancel B-field effects

* Experienced
team/collaboration
based on g-2

)

384



Super precise measurements
Using magic momenta

Themis Bowcock
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Note

* Huge worldwide effort on EDMs

Electrons (new atom interferometer technique!)
Neutrons

* A fundamental way to look for NP and test the
SM

* Many techniques of which frozen spin is only
one

Themis Bowcock
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Measure what is

measureable and

make measureable

what is not so.”

Galileo Galiliei
1564-1642



B-field / w, systematics

E821 Error Size | Plan for the E989 g — 2 Experiment Goal
[ppm] (ppm]

Absolute field 0.05 | Special 1.45 T calibration magnet with thermal
calibrations enclosure; additional probes; better electronics 0.035
Trolley probe 0.09 | Absolute cal probes that can calibrate off-central
calibrations probes; better position accuracy by physical stops

and/or optical survey; more frequent calibrations 0.03
Trolley measure- 0.05 | Reduced rail irregularities; reduced position uncer-
ments of By tainty by factor of 2; stabilized magnet field during

measurements; smaller field gradients 0.03
Fixed probe 0.07 | More frequent trolley runs; more fixed probes;
interpolation better temperature stability of the magnet 0.03
Muon distribution 0.03 | Additional probes at larger radii; improved field

uniformity; improved muon tracking 0.01
Time-dependent — Direct measurement of external fields;
external B fields simulations of impact; active feedback 0.005
Others 0.10 | Improved trolley power supply; trolley probes

extended to larger radii; reduced temperature

effects on trolley; measure kicker field transients 0.05
Total 0.17 0.07

0.17 ppm :>0.07 ppm
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Electron Magnetic Dipole Moment

Most precisely measured property of an elementary particle
Most precise prediction of the standard model
Most precise confrontation of theory and experiment

Greatest triumph of the standard model

Seminar

64 December 2013 Physics Today



version operators 27

u e
.Koike and Y.Okada. 2002 %

ulated the coherent u~e conversion branching ratios in various nuclei
eral LFV interactions to see:

cleus is the most sensitive to mu-e cor g
il B{pN-;eNmm;:-m‘m_ .

one can distinguish various theoretic L ]

~ B{i=sN on Alj=10718

2levant quark level interactions

---- “so<lL L Bl

(mp)ARﬁ_LO'MVPLeFHJ/ _l_ mIJ,AL &l

B(u—sey)>107 14
i Excluded {uMN—<N on Au)
LY

> (915(0)%PrH + 9Rs(9)FPL
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inner coil

top hat

thermal
insulation

3

(r

wedge

pole piece

edge

shim o200
muon
region

4—p =7112 mm

(

inner coil

top hat

Seminar

21/03/2018
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| 10.417m |

Lattice

Mei Bai PBC 16

k,=-3.3918 kV/cm?

Ky= 4.1756 kV/em* T
) ) ) ky= 3.7306 kV/em
arXiv:1502.04317v1 [physics.acc-ph] 15 Feb 2015 k,=-3.2068 kV/cm?
E;,q=8.016 MV/m S

Bending radius, Rp 52.3 m k3
Electrode spacing, d 3 cm

Electrode height 20 cm K
Deflector shape cylindrical

Radial E-field, Eq 8 MV/m I'—‘ -
Number of straight sections 40

Straight section lengths 2.7389 m, 20.834 m

Polarimeter sections 2

Injection sections 2

SQUID-based magnetometer sections 36

Total circumference, C 500 m

Harmonic number h, RF frequency 100, 35.878 MHz

RF voltage, synchrotron tune Q; 6 kV, 0.0066

Particles per bunch 2.5 x108

Maximum momentum spread, (dp/p)max 4.6 x 1074

Horizontal beta function, Bz max 47 m

Vertical beta function, 8y max 216 m

Horizontal dispersion function, Dz max 29.5 m

Horizontal tune, Q. 2.42

Vertical tune, Q, 0.44

Vertical emittance, eyvmax 17 mm mrad

Horizontal emittance, €eqmax 3.2 mm mrad

14




E-field plate module

Beam position

We are also producing new Q1 deflectors for g-2 experiment

Seminar Themis Bowcock



Field Emission Current, Picoamps

Field Emission Current, Picoamps

JLab results with TiN-coated Al

No field emission at 225 kV;gaps > 40 mm, happy at high gradient

[=] N £ =] =]

Matt Poelker,

JLab

T
160 170 180 190 200 210
Electrode Potential, Volts x 1000

/ u/
/ /

/ /

[+ /

/ / & 20mm
L 2

M 10mm

]
16 17 18 19 20 21 22 23
Electric Field, MV/m

15 MV/m 20 MV/m

Themis Bowcock

Bar Al

TiN-coated Al

the hard coating
covers defects

Md. A. Mamun and E. Forman
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Distortion of the closed orbit

15012

L=-012

Clockwise beam

5e-013

The N=0 component
is a first order effect!

5e 013

1e 012 |

-1 5e012 | I i i

0 00002 00004 00006 00008 0001 00012 00014 00016 00018 0002 CO u nte r_C I OC kW i S e

Figure 11.3: Simulation results for counter-rotating particles. The vertical beam

position in meters [m] is shown here vs. time [s] for a constant radial B-field of 0.3 pG,

and using eq. (11.7) to modulate the vertical tune (using [=1KHz). The two colors bea m
correspond to clockwise (red) and counter-clockwise (green) rotations for an average

radial B-field directed outwards in the radial direction.

The beam vertical position tells the average
radial B-field; the main systematic error source
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SQUID BPM

to sense the vertical beam splitting at 1-10kHz

commercially available SQUID gradiometers at
KRISS 3.3 fT /NHz @100 Hz

Nb tube

s Pickup coil
Beam
Beam pipe

EF sereen

D. Kawall UMASS/Amherst

Seminar Themis Bowcock

CW

v
o

CCW
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Spin Coherence Time: need ~103 s

* Not all particles have same deviation from
magic momentum, or same horizontal and
vertical divergence (all second order effects)

* They cause a spread in the g-2 frequencies:

2
dw, =ad; +b9; +c(d—Pj
P
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Systematic errors

TABLE III. Main systematic errors of the experiment and

their remediation.

Effect

Remediation

Radial B-field

Geometric phase

Non-Radial E-field
Vert. Quad misalignment

Polarimetry

Image charges

RF cavity misalignment

SQUID BPMs with 1 fT/+/'Hz sensitivity

eliminate it.

Plate alignment to better than 100 pm,
plus CW and CCW storage. Reducing
B-field everywhere to below 10-100 n'T.
EFM to 100 pm to control the effoct.

CW and CCW beams cancel the effect.

EPM measurement sensitive to vertical
beam oscillation common to COW and

CCW beams.

Using positive and negative helicity pro-
tons in both the CW and CCW directions
cancels the errors.

Using wvertical metallic plates except in
the quad region. Quad plates’ aspect ra-
tio reduces the effect.

Limiting longitudinal impedance to 10k{}
to control the effect of a vertical angu-
lar misalignment. CW and CCW beams
cancel the effect of a vertically misplaced
CAavity.

Themis Bowcock
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EDMs 102 e cm

Technique  Arxiv

proton |dp|< 79
proposal <103

neutron |d,|< 2.9

deuteron <103
6 <2 x10"10

srEDM (I) 1502.04317v1

1509.04411

SFEDM(”) 1201.5773

6 <3 x10"1

PEDM is more than an order of magnitude more
sensitive than current nEDM plans

Seminar Themis Bowcock
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Pospelov PBC 16
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The ring

* Electric field needed is moderate (<8MV/m).
New techniques with TiN coated Aluminum is a
cost savings opportunity.

 JEDI(COSY), have demonstrated Long horizontal
Spin Coherence Time (SCT) trimming with
sextupoles.

Seminar Themis Bowcock 10




