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Main areas of research

OUR 3 MAIN AREAS OF RESEARCH

Energy

The scientific objective of energy
research is an energy system based an
renewable energy which will help make
the transformation of the German energy
sector a success as well as limiting
climate change.

Information

Scientists in the research area of
information investigate how information
is processed in biological and technical
systems. The focus here is on brain
research, basic research for future
information technologies, and
supercomputing.

Bioeconomy

As the global population increases,
agricultural land recedes, and fossil fuel
resources are on the decline, there is a
need to transition from an oil-based
economy to one based on the sustainable
use of renewable resources. It is in this
respect that the bioeconomy can make
some key contributions.
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Motivation

Standard Model of Particle Physics successful but . ..
@ Fails to explain matter-antimatter asymmetry in the universe

@ Why is CP-violation in the strong sector not present (although allowed)?
@ What does Dark Matter consists of?
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H=-d-E-ji-B

"8 source:M. De Leo, Wikipedia
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Outline

@ Introduction:
Electric Dipole Moments and connection to axions/ALPs
@ Experimental Methods for charged particles
Observing Spin precession
@ Experiments & Results:
on permanent & oscillating electric dipole moments
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Introduction




Electric Dipoles

Classical definition:

=1

d=> aqf J
j
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Order of magnitude

charges

A — 72

EDM

naive expectation

observed

atomic physics hadron physics

e
1 A=10~8m
10 8%e-cm

water molecule

4.10%.cm
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Order of magnitude

atomic physics hadron physics

charges e e

|Fy — o 1 A=10"8cm 1fm = 10~ 3cm
EDM

naive expectation 10%e-cm 10~ "%e.cm
observed water molecule  neutron

4.10%.cm <1.8.-10%¢e.cm
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Operator d = g7

d is odd under parity transformation (F — —7):

Pldp = —d |

Consequences:
In a state |a> of given parity the expectation value is 0:

(ald|a) = - (adla) =0
but if |&8) = a|P = +) + 8|P = —)
in general <alala> # 0 = i.e. molecules

12/82



Order of magnitude

Molecules can have large EDM because of degenerated ground states with
different parity
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Order of magnitude

Molecules can have large EDM because of degenerated ground states with
different parity

Elementary particles (including hadrons) have a definite parity and cannot
posses an EDM
Plhad >= +1]had >
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Order of magnitude

Molecules can have large EDM because of degenerated ground states with
different parity

Elementary particles (including hadrons) have a definite parity and cannot
posses an EDM
Plhad >= +1]had >

unless

‘P and time reversal T invariance are violated!
In this case: |had >= |P =+ > +¢|P = — >
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T and P violation of EDM

o H=-d-E—-ji B H=+d-E—ji-B
d: EDM
i

: magnetic moment (MDM) P
both || to spin §

§ . § -
H = —u°5.B-dS. E
'uS dS
T: H = —uf-é—l—df E
P H = —u°.Bydd . E
S H

= EDM measurement tests violation of fundamental symmetries P and 7 (CET CP) J
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Electric Dipole Moments (EDM)

Spin §

@ permanent separation of positive and
negative charge

@ fundamental property of particles (like
magnetic moment, mass, charge)

@ existence of EDM only possible via
violation of time reversal 7 27 ¢P and
parity P symmetry

@ close connection to “matter-antimatter”
asymmetry

@ axion field leads to oscillating EDM
d = dpc + dac cos(wat + ¢a)

maC2 — hWa
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Axions/Axion Like Particles (ALPs)

hypothetical pseudoscalar elementary particle postulated by
Peccei,Quinn,Wilczek,Weinberg to resolve the strong CP problem

axion are also Dark Matter candidates

axion like particles (ALP): similar properties as axions, (but ALPs don’t solve
the strong QCD problem)

huge experimental effort to search for axion/ALPs (haloscopes, helioscopes,
light shining through the wall, mainly coupling to photons)

in storage rings with polarized beams axion-gluon/nucleon coupling can be
studied
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Axion Coupling

-fﬁﬁ Eurv f%@ b 3b,uv flﬁ U ~HA~D
Y 9 f
oscillating
Electric Dipole Moment (0EDM) axion wind term

For low axion masses, if axions saturate dark matter they can be described by
, . ) 1
classical field: a(t) = ap cos(wat + a), MmMac? = hws, Coupling o £ ¢ Ma [1]
a
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studied by many
experiments
[1]

Axion Coupling

f%@ b b,y flﬂ U ~HAD
8r f aGWG A auaw,c’)/ Wy
[¢] f
oscillating
Electric Dipole Moment (0EDM) axion wind term

accessible in storage ring experiments
with spin polarized beams
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EDM Experiments/Activities around the world

Muons: charged hadrons: Solids: AE: Tau:
J-PARC BNL, protons Indiana, GGG CERN Belle
FZJ, deuterg BESIIT

ions:
Boulder, HfF+

Neutrons:
LANL

SNS Molecules: ~ .

PSI Bonn, Hg YbF Imperial
ILL s 73 Maing, '99Xe ThO,Harvard
TRIUMF o RM-II,PTB *Xe PbO,Yale
J-PARC ANL 2?°Ra TIF,Yale ¥
Hefei,Yb <
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10-16
10-20
10-24

LE) 1028

o 10-32
10-36
10-40

10~44

Impressive Limits, but no finite EDM found yet. No direct measurement on

charged hadrons.

Results

Experimental Limit | SM(9¢cp = 0)

 SUSY (@cp > alm)

e
—
O\ < A\l v
~2§< ¥ %‘”‘29 @ng
AN N
e Q
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Why EDMs for many different particle species?

E
S
Neutron, > 3.3 _)[ quark EDM |—
Proton prm— @
oo
£
" g 3 }
Nuclei: >l 9 5 —)[ quark chromo-EDM ]_)
2H, 3H,*He < £
=] =
© [=)
Diamagnetic — 2 8
N E _)[ gluon chromo-EDM ]-——) z
. c Se— o
Hg, Xe, Ra g‘ T
L -AATAC =
Q
Paramagnetic < =
8 . o _>[ four-quark operators I—) E
> - w
T, Cs E s
- <
© ( a
Molecules: > A ‘l lepton-quark operators ]—) %
YbF, ThO, HfF* N o
Leptons: l —;[ lepton EDM ]—)
muon

J. de Vries

23/82



Experimental Methods



Experimental Method

Observe Spin Precesison in electric and magnetic
fields: B

T

90}

g —9E-rB  3_G5.3
S|

Neutron in earth B-field: Q ~9000s~"
dy=1x10"%%¢e.cm
in electric field £ = 10’V/m: Q~3x 107 ¢s™!

Even more complicated for charged particles:

e et —
Order of magnitude: >

Q= Qupym + Qepar

o]

—

E

Q= Qupam — Qepar
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Experimental Method for charged particle: Storage Ring

build-up of vertical polarization s, o< d, if Shorz||p (frozen spin) J
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Experimental Method for charged particle: Storage Ring

In general:

ds - ~ -
a- (2vpm + QeDM) X S J

build-up of vertical polarization s, o< d, if Shorz||p (frozen spin) J
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Spin Precession: Thomas-BMT Equation

= =_ —49|~p 1 = =R -
y st_m[GB+(G 72_1>v><E+2(E+v><B) « § J

= OvpMm =

electric dipole moment (EDM): d= n 7:: s,

magnetic dipole moment (MDM):ji = 2(G + 1)q—h§

2m

Note: n=2-10""° for d = 1072%ecm, G ~ 1.79 for protons
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Spin Precession: Thomas-BMT Equation

— = ::Ez - _ 1 - = Zz = — = —
7 st—m[GB-i—(G 72_1>v><E+2(E+v><B) X S

Qmpm = 0, frozen spin = Qrpm

frozen spin achievable with pure electric field if G = 21 r
/'Y —

works only for G > 0, e.g. proton

or with special combination of E, B fields and ~, i.e. momentum
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Momentum and ring radius for proton in frozen spin condition

0.05-

*  prototype ring .

® pure electric rin Two options:
0.04- —— momentum/(MeV/c)

——radius/m
e Pure electric ring:

p = 707MeV, bending radiusx 50 m at
E=8 MV/m

0.03-

|ByI/T

0.02-

* combined prototype ring:

0.01-
50 700 p = 300MeV, bending radius~ 9 m at
0.00 \%& 50~ E=7 MV/m
. O 2 4 6 8 10

|EF|/(MV/m)
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Different Options

© S

3.) pure electric ring no B field needed, works only for particles

O, © beams simultaneously with G > 0 (e.g. e, p)

2.) combined ring works for e, p, d, 3He, both E and B
smaller ring radius B field reversal for O, ©
required

1.) pure magnetic ring existing (upgraded) COSY  lower sensitivity,
ring can be used, precession due to G,

i.e. no frozen spin
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Experiments & Results



Precursor Experiment

COSY circumference 183 m
deuteron momentum 0.970 GeV/c
B(y) 0.459 (1.126)
magnetic anomaly G ~ —0.143
revolution frequency fe.y 752543 Hz
cycle length 100-1500 s
nb. of stored particles/cycle | ~ 10 roleteny

( JEDI/ 

JEDI collaboration, =

w(’
N P I Pre-accelerator
§%%%;2§5> .
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COoler SYnchrotron COSY

@ pol. deuteron beam
p ~ 970MeV/c

@ polarization P ~ 0.40

@ ~ 10° stored particles per
300s cycle

@ Qupm ~ 27 - 120kHz

e JEDI (Jilich Electric
Dipole moment

Investigations)
collaboration
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Principle of EDM measurement at magnetic storage ring

Problem:
Due to precession caused by magnetic moment, 50% of time longitudinal
polarization component is || to momentum, 50% of the time it is anti-||.

E*=UxB

g
? E™ field in the particle rest frame tilts spin due
to EDM up and down = no net EDM effect
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Principle of EDM measurement at magnetic storage ring

Problem:
Due to precession caused by magnetic moment, 50% of time longitudinal
polarization component is || to momentum, 50% of the time it is anti-||.

E*=UxB

E* field in the particle rest frame tilts spin due
to EDM up and down = no net EDM effect

Use resonant “magic Wien-Filter” in ring
(Ew+VX éWZO)Z
Ey = 0 — part. trajectory is not affected but
w 7 0 — mag. mom. is influenced
= net EDM effect can be observed!
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BPM
(Rogo 1)
Copper
electrodes

Vacuum vessel with
small angle rotator

_

Support structure
for electrodes

Vo

o 1

Clamps for the Ferrit cage

~1lm

Support for geodetics

Wien filter

Beam pipe (CF 100)

Ferrit cage

Belt drive for 90° rotation

o field:
2.7 -10~2Tmm for
1kW input power

@ frequency range:
100 kHz-2MHz
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O vertical polarization

Observation of polarization build-up

E | .
COPE WE off WE on /+ @ radio-frequency
0.03F ’ T 4144 | Wien filter (WF)
. 0255 + T 4 provides partially
' - NN b frozen spin
0.02F 11 * Pa @ polarization
0.015F T4 build-up
F l I 3 I | proportional to
QO TH L LA EDM ...and many
- E Z .
0.005 Tt perturbations
0 T @ perturbations are
, under
_0005 :I 1 1 1 1 : 1 1 1 1 1 1 1 1 1 1 1 1 1 1 1 1 inveStigation
120 140 160 180 200 220 240
t/sec
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Precursor Experiment at COSY

Tools developed to manipulate and measure beam polarization:
@ reaching > 1000 s spin coherence time
@ measure 120 kHz spin tune precession in horizontal plane to 1071 in 100s
@ development of polarization feed back system
@ Single bunch spin manipulation
@ RF Wien filter, BPMs, deflector, polarimeter, ...
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Long Spin Coherence Time (SCT)

Long Spin Coherence time > 1000 s reached

nb. of turns
o 0. 200 400 600 BOO 1000 e
L 5 T B B B
3
D_ |-
8
g 0.8
N \\
5 L
< 06
s S~
— r \\.
8_ 0.4
g, \|/
JSaupyt = VG frev % 027
(b) £
(@] 07‘”H“HH\H\\HH\H
c 0 200 400 600 800 100012001400
time/s
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Long Spin Coherence Time (SCT)

Long Spin Coherence time > 1000 s reached

nb. of turns

O 200 400 600 800 1000 g8
(0] N A A B B A
8 1 f 4in=120 KHz precession
%— [ spintune: vg = fo /fro,
£ oal o) =10"in100s
S Y
£ 06 .
< T
—= \l\\'
E /
= 02
ﬁ
2 \
o oULLLILILI 1 niin . AL
S 0 200 400 600 800 100012001400

time/s
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Spin Tune vs

phase ¢ [rad]

Av, [109]

Q
MDM ~~G

Spin tune vs = Q
rev

o(vs =vG) ~107"%in 100s
o(vs =vG)~10"8in2s
[3]

time t [s]

2630 a0 80
number of particle turns n [10%]

L
60

70
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Polarisation feedback

Controlling 120kHz precession

3
2

Phase ¢ - L2 [rad]

A fcosv [Hz]
o © ©
@ w
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|
o
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=
=

=
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+

4 <+
' ol +
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-

- "-
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”
+4 i
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-+
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frequency
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Pilot Bunch

Two bunches in storage ring, only one is manipulated by Wien filter

0.2

e b i P Y " " 1
i it i iy P M v
A 0 0.3, i i 0 9 o B

o
o

5

5 Bunch 1
=~

5 -0.2

o

= 02

© Vi " W w "

o bt Lo ey

prw + v " b

g 00 Lt e e B N I e
> Voo .,' fh W e e W R

Lo
i bW
¢
L

RF Wien filter RO Bunch 2

|
e
N

100 150 200 250 300
time in cycle/s

[5]
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Axion Searches |
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Spin Motion in Storage Ring

ds -
g = (Qmpm + Qrpm + med) x S J
ow =~ 3 GB —gghS (1 +G)%h§

vertical

Q

EDM = §hCéCﬁ x B

— } N =
med Sh 2fa (

|Ovom| > |Qepml, | Quwindl

axion field: a(t) = ag cos(wat + ¢g9) d = dpc + dac cos(wat + vo) (EDM)
hwa = m302 dac = @9Qady X Cq
oscillating EDM = + ALP-EDM coupling

[6,7, 8]
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Principle of storage ring axion experiment

@ Axion field gives rise to
an effective
time-dependent 6-QCD
term

@ This gives rise to an
oscillating electric dipole
moment EDM d.

d = dpc + dacsin(wat + va)

maC?
Wg = 7i
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Properties of Method

@ AC measurement (i.e. systematics are under control)
@ axion wind effect enhanced in storage rings (Vparticle ~ C)

. 1Cy y
Qwind = _ﬁ 277-6 (haoa(t)) B

@ One can look for ALPs at a given mass given by Qypwm Or scan a certain mass
range by varying Qmpm
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Expected Build-up

a(t) = ag cos(wat + pa) axion phase ¢4 not known!
If your are unlucky, build-up is zero.

0.0006f —— w, = Quom 0. =0 0.000251 Wa = Qupm
—_— = -7 2= —_— = —1077
0.0005}- Ws =Qupm(1 £1077) W, =Qupm(1—-1077) 0, =2

W, = Oupu(1 =107°) 7~ 0.00020f —— wa=Qupm(1—107°) /|
0.0004} W, = Qupm(1 =107°) w, = Qupm(1—107°) /
P
0.00015 N\
0.0003 7 R / \ /
%)
0.0002 0.00010 / /<

//
0.0001 /__\
0.00005
0.0000 [ ~\'/ / / \
—0.0001 —/ X S iV AVAVAVAVAVIRN W ¢

4 6 10 2 4 6 8 10
time t/s time t/s

Remedy: Inject 4 pulses with 90 degree polarisation phase difference.
— You cannot miss the signal.

Sy

N
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Left-Right Asymmetry Az oc Py Scan

> D], Qvpm, Ma

005t 1 @ axion signal
E z accumulation of vertical
0.04f o .
E 3 polarisation o left-right
0.03- counting rate asymmetry,
mo,ozi ALR
50_01 @ Axion signal would show
E up as jump in asymmetry
Of E at the corresponding
—0.01f . frequency wz o< my
-002f :

120 140 160 180 200 220 240
time [g]
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Left-Right Asymmetry Az oc Py Scan

> D], Qvpm, Ma

0.0sh 1 @ axion signal
- ] accumulation of vertical
0.04 . . .
- ] polarisation oc left-right
0.03f ] counting rate asymmetry,
n:0027 Il [ 8 || ? ALR
— 1 f R g . .
<01 ] 1 DL 1 @ Axion signal would show
' ! T | N : up as jump in asymmetry
of " at the corresponding
_o01f ‘\ frequency way ox my
ook 1 @ determine jump AA,R for
120\ | \140\ | \160\ | \180\ | \200\ | ‘220‘ | \240\ LT every t|me bll‘l

time [g]
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Typical Asymmetry Measurement

0.04 B1

0.03
—~.0.02

BO

<0.01

1P Vstep

B2

BO

24
7-0.01]

-0.02 B1 Spin

-0.03

A
T T T T[T T T[T T [T T T T[T T [T T[T T T[T TTT]I17T
joe)

-0.04

“4““5”” B3

o
[
N

3
@ [rad]

Fit: f(®m) = Cy cos(Pm) + Cosin(Ppm)
A=./C2+C2
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Results on Oscillating EDM djc, 90% Cl

m, [neV/c?]
0.497 0.498 0.499 0.500 0.501 0.502

12
'g 10
o 8 @ a few days of beam time
(L QMM 1 I'T)aC2
X D ° =fac= 5= = 7Gfey
= | | 2 2r h
w8 4 P | s s
S L

2 ‘— Ap=0.112 [MeV/c] -

—— Ap=0.138 [MeV/c]
9200 1202 1204 1206 1208 121.0 1212 1214
fac [kHZ]
= Qmpm/(27)

published in PRX: [9]
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Axion Coupling to EDM operator gaq, (€.90. AxioryGIuon Coupling))
AC

("] = —
gadw a
[Hz _ 3
10~ 102 100 wzfA( [10/w] 100 108 1010 1012 ao - 055 GeV/C“l

(Dark Matter is saturated

w0 JEDING. | by ALPs)
w7 ~ SN~ © assume no axion wind
°|'> o e Planck+BAO effect
3 @ yellow lines (parallel to
— 0 QCD axion lines): models
S with light QCD axion
o | @ JEDI limit comparable or
even better compared to
102 other experiments

070 1075 1079 104 1002 1000 105 100 107 102 o
mg [eV/c @ Limits from SN1987A,
Planck+BAO have strong

model dependence
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Axion Wind Effect: Coupling to Nucleons Cy/f,

ac [Hz ;
10( [ ]104 107 1010

“““ : y |

SNO

Torsion balance

-5 cony d
10 Oty Neutron star cooling

=z b Svepy @ storage ring experiments
9. w0 particularly sensitive to
R & axion wind effect
S (B =0(1))
— 107" -
<
—15 ] QSO |
101 QSO\{\)
10717 T T T T T T
107 1071 10716 1074 1071 107" 10

mq [eV/c
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|Cu/ fal [GeV™]

Axion Wind Effect: Coupling to Nucleons Cy/f,
2023 PDG:

CASPEr-comag

Un/VHg

Old ¢
UL e 0y

oy

{AC [HZ]
10 10*

K-"He con

Torsion|

retotheter

10-11 4 ¥

1074

1014 % ,
»\b

10717

T
107 1071

T
10716

T T
10—13 10—1()

mq [eV/c

10 90. Axions and Other Similar Particles

uHz mHz Hz kHz MHz GHz THz

2 Casimir
RO C\SpEczULE (Comag) &
% Torsion balance 4l

104 nEDM SSX K=He SNO
/ NASDUCK -

EE o,
0 oMt

&
8 &
o
10 o Neutron star cooling

|gan]
.

D 90 19 4 VT A6 45 A% 13 L A A0 09 U8 T 5 A
1077071030730 307107107107 10750730 10 R0 0 e e e 0 ey

g [eV]

Figure 90.3: Exclusion plot for ALP-neutron coupling as described in the text. Figure courtesy
of Ciaran O’Hare [61], includes data from refs. [40,42,206,245-255]. The hadronic axion model
prediction is given in Eq. (90.11) with vanishing quark couplings, while the DFSZ model prediction
depends on tan 3 as is found in Eq. (90.12), giving the shaded yellow region above. Note that for
a fine-tuned value of tan 8 gan can be taken to zero. On the other hand, the neutron star cooling
constraints [254] also probe the axion-proton coupling g, at a comparable level (not shown), and
both g, and g, cannot simultancously be taken to zero in the DFSZ model.
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How to Explore a Wider Mass Range m,

Up to now experiment was performed in a very narrow frequency range. How to
access wider mass range?

Qvom = 7GQrev J

@ modify beam energy (changes v, Qrev)
© use different nuclei (changes G)
© Use additional electric field

- _ . q B _ 1 EXE
QMDM— m [GB <G 72_1> p

allows to reduce Qmpm down to 0
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Projections
¥ proto type ring (single frequency)

proto type ring IMHz window

[ ] prototype ring 1mbiz window (frozen spin)
COS¥ proton (single frequency)

COSY proton

* COSY deuteron (single frequency)

Estimate for one year
(107 seconds) running
time [10] for COSY and
a prototype storage ring
for EDM measurements

Axion Searches at Storage Rings

Oyp/(2 T) = ©,/(2
107

—Cryring
ESR

/~l

j10°

5 10‘9I

—5
107 T] -1|O T

10° 10" 10 10° 10°
T T '!'-“-‘:LILW‘

—_ =
9
o f=2

C,/f,/(GeVy!

10102 107 10" 107 107 1072 107"° 10® 107

m,/eV
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Prototype Ring: Lattice & Bending Element

— @ operate electrostatic ring
f -\\“ @ store 10° — 100 particles for 1000 s
// \\ @ simultaneous © and © beams
- [ @ frozen spin (only possible with additional
<30m magnetic bending)

@ develop key technologies:
y" beam cooling, deflector, beam position
monitors, shielding ...
@ perform EDM measurement and
axion/ALP search

(1]

// @ develop and benchmark simulation tools
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Prototype Ring:

Electric field
electrodes

Magnetic coil
conductors

Pathfinder Facility for a new Class of Precision Physics Storage Rings (PRESTO)
Partner: INFN, GSI/FZJ, CERN, MPG, RWTH, LIV, JAG, TSU J
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Summary
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Summary

@ Spin polarisation experiments in storage rings offer new possibilities to search
for Electric Dipole Moments and axions/ALPs

@ First results obtained at Cooler Synchrotron COSY at Forschungszentrum
Julich for deuterons on ALP searches and deuteron EDM

@ Future: Dedicated storage ring needed
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EDM: SUSY Limits

electron:
MSSM: ¢~1=d=10"2*-10"%"ecm

p~a/r=d=10"26-10"Pecm

hadron:

MSSM: d — 10-2*e.cm -sin 6 2200V

Msysy
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SM EDM values

e

n=——~10""ecm (CP & P conserving)
K 2m
b
dy=10""x 1077 x 10% x GgF, =10"3"ecm

P—violation — CP—violation g flavor change

O(GEg?) (Bloop)
O(G2g?) (4loop)

dr = O(ghg?)
de = 0O(g8g?)
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Statistical Sensitivity

beam intensity N =4-10"° per fill
polarization P=028

spin coherence time 7=1000s

electric fields E =8MV/m

polarimeter analyzing power | A= 0.6

polarimeter efficiency f=0.005

o
o A —
stat = " /Nfr PAE

challenge: get osys to the same level

= ogtgt(lyear) =24 - 10~ e.cm
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Systematic Sensitivity

signal: Qepm = % =24-10%s""ford = 10~2°ecm J

@ radial B-field of B, = 10~/ T:
0p = %98 _ 17 1094

@ geometric Phases (non-commutation of rotations), Biong, Byert = 10T
eGB\? 1 9
QGP = — =3.7-10"7s

r

16m ) fey
@ General Relativity:
v Bg _8. .1
Qgr = — —= =-44-1
GR 241 ¢ 0™ ®s
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Systematic Sensitivity
Remedy:
O Qcw = Qepm + Q6p + Qcr + O3, ,
O Qcew = Qepm — Q6p — Qor + 23, -

Qgp + Qgr drops out in sum, Qcw + Qccw, effect of B, can be subtracted by
observing displacement of the two beams.

Conclusion:

Statistically one can reach sensitivity of ~ 1072°e cm, many systematic effects
can be controlled using © and O beams, needs further investigation
— staged approach
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Systematics
ek,

A@Ev
€/UB7~ clock

J, —) wise (OO
counter G
clock T

wise (O

—evB,
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Systematics

eEU GP + GR
r
AeEv
EDM
e/UBT clock
counter e Jf wise O
1
wise (O
‘ —evB
2~v2—1 3 VD
—7 maqg /\
272—
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Activities & Achievements at COSY

@ required for first EDM measurement:
@ maximize spin coherence time (SCT)
precise measurement of spin precession (spin tune)
polarization feed back
RF- Wien filter (needed in magnetic storage ring to observe polarization
build-up due to EDM)
@ to reduce systematic errors:
e development of high precision beam position monitors
e beam based alignment
@ Interpretation of results:
o theory (pbEDM, dEDM, nEDM, ... — underlying theory )
@ spin tracking simulation (measured polarization — EDM)
@ Design of dedicated storage ring:
e accelerator lattice
@ polarimeter development
e development of (electro static) deflectors
@ other observables:
e axion searches, general relativity
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(SCT)
.} | gecession (spin tune)
| 'S
_netic storage ring to observe polarization

@ to reduce systematic errors:
e development of high precision beam position monitors
e beam based alignment
@ Interpretation of results:
o theory (pbEDM, dEDM, nEDM, ... — underlying theory )
@ spin tracking simulation (measured polarization — EDM)
@ Design of dedicated storage ring:
e accelerator lattice
@ polarimeter development
e development of (electro static) deflectors
@ other observables:
e axion searches, general relativity
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@ to reduce systematic errors:
development of high precision beam position monitors

..— underlying theory )
% ired polarization — EDM)
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d

..— underlying theory )
™ Ired polarization — EDM)
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Problem

Fit will always find an amplitude (A > 0), now use P = =, & : uncertainty

QX

_PPiP? o

f(P|P)dP = e~ 2 Ply(PP)dP, Rice distribution

0.6

0.5 L

f(P, P)
o
w

0.2

0.1 J/ \\\
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P = A/o — Confidence Interval

@ procedure based on
Feldman-Cousins methods [12]

@ on horizontAaI axis read off the
measured P

@ vertical axis gives lower and upper
limit for true P

@ limit on P directly related to limit on
dac
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Momentum and ring radius for electron in frozen spin condition
G = 0.001159652

0.05 / 0.05
0.04 . p/(GeV/c) 004 radius/m
<} 0.500
S e
0.03 0.03
= =
m o
0.02- 0.02-
1,000
0.01- 0.01-
2.000
N | | .- NNIg | | L | | | | |
0.00, 2 4 6 g8 10 90% 2 4 6 8 10

E/(MV/m) E/(MV/m)
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