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Our World consist of Matter
‘ “"‘-"j; )
——= DO

=) %

. and not Antimatter

Antimatter on Earth can be produced or observed \_{ - /

* In particles physics experiments
* In (secondary) cosmic radiation

« and in cosmic rays
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Evolution of the lIniverse

Big Bang 4 SN »
ik =i +woc
Prevailing cosmological model y iy » =i
that describes the early ‘ g :
development of our Universe Y B

v o :l -200°C

= Equal amounts of Matter —
Antimatter was produced

3 s Lrivarman wid dudwioay
300,000 yrs. Bk
10,000°C ‘pie-

Where the antimatter went is still
not clear today

Violation of fundamental
symmetries needed to
explain the disappearance
of Antimatter
Sakharov (1967)

-~ O

The mystery of the missing antimatter (the puzz

le of our existence)

a
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Where

IS the
anti-

Search matter It’s gone
forit! P, —why ?

l Quantitative l

AMS theoretical EFDM

connection
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Search for Antimatter f)JULICH
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The Alpha Magnetic Spectrometer (AMS) Experiment

Did the Antimatter really disappear ?
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Fundamental Symmetries < JotieH

C

charge conjugation

Ladungstransformation
Materie wird durch
Antimaterie ersetzt

P

parity transformation

CPT transformation

uoleLLIOSUB]|
1dD aysiuiquioy
j|lebaidsab uspiam

usjeulpiooywney ¢ a||e
uonewuojsuel}abaidg

Zeittransformation
die Zeitrichtung
wird umgekehrt

Adapted from

E. Widmann

Time reversal
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EIeCtrIC DIpOIe Moment: What |S It? FORSCHUNGSZENTRUM
'}
Definition P=qs

Charge separation creates an electric dipole
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Electric Dinole Moment: What is it?
Water
|- molecule:
| permanent
Example: electric dipole
(has de-

H,0O
generate GS
w/ different

parity)

p~3-103%Cm ~ 2-10%°ecm

Charge separation creates an electric dipole
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Symmetry of Electric Dipole Moments “#J JULICH

IF
particle

has an
EDM

FORSCHUNGSZENTRUM

If CPT
holds,
EDM
violates
CP

Violation of discrete symmetries (P and T)

September 6, 2013 | A. Lehrach

20 Years of COSY Operation



Neutron Electric Dipole Moment A) 0LICH
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Sensitivity of
previous experiments

—
o
s
]

1D—2? B ntvmmn s v

Supersymmetry

1026

1028 . Standard model
predictions

@ EDM upp@e crmy)

Adapted from:

g Nature,
102 —

' ' ' ' ' ‘ Vol 482 (2012)
1950 1960 1970 1980 1990 2000 2010 2020

Year of publication

No EDM yet, only limits
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Electric Dipole Moment A) )0LICH
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Neutron

1fm*

v b d

EDM: precision frontier
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Limits for Electric Dipole Moments <) JULICH

EDM searches - only upper limits up to now (in e-cm):

Particle/Atom | Current EDM Limit | Future Goal

Neutron <3 x102%¢ ~10-28
— 199Hg < 3.1 x102° ~10-29

129Xe < 6 x1027 ~1030— 1033
Proton <7.9%x102 ~10-29

Wtey ? ~10-2°

CP violation can have different sources

It is important to measure neutron and proton and
deuteron, and light nuclei EDMs in order to disentangle
various sources of CP violation

No direct EDM measurement of charged particles

September 6, 2013 | A. Lehrach 20 Years of COSY Operation 12



EDMs — Ongoing / planned Searches #) JULICH
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3 * Molecules Rough estimate of numbers
: f researchers, in total
DY o — YbF@Imperial  © : :
. 2 9 ~500 (with some overla
Neutrlcilcs © _ PbO@Yale ( P!
: gILL @PNP| — ThO@Harvard « Atoms
_ @Ps — HF+@JILA & — Hg@UWwash
@FRM-2 — WC@UMich AN — Xe@Princeton
B 7 — Xe@TokyoTech
— PbF@Oklahoma
- @RCNP@TRIUMF — ™ @ i _ Xe@TUM
~ @3NS e *‘:f%% A W T — Xe@Mainz
- @J-PARC ?.?gé MWD, NN — Cs@Penn
L g — Cs@Texas
- — Fr@RCNP/CYRIC
f"‘ — Rn@TRIUMF
g — Ra@ANL
NEW -\
. Solids —ib@kyola

A0 — GGG@Indiana
g 2}

s\ ryr - “tri/me 7y
ferroelectrics@yYale

P. Harris, K. Kirch ... A huge worldwide effort
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How EDMs are Measured A) )0LICH
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Spin

Momentum

polarized
charged particle beam
In storage ring

Spin vectors of particles a rotating
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How EDMs are Measured A) )0LICH
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,Freeze”
horizontal spin
of polarized
charged particle beam
In storage ring
along the
momentum, ...

,Freeze” horizontal spin
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Storage Ring EDM Project A JULICH

FORSCHUNGSZENTRUM

... and watch for development of vertical polarization

e Goal:

e 102 e cm

) ED[ ,,NM separation
Julich Electric Dipole Moment Investigatic ?)

o /

92 members
(Aachen, Dubna, Ferrara, Cornell, Julich, Krakow, Michigan,
St. Petersburg, Minsk, Novosibirsk, Stockholm, Thilisi, . . .)
10 PhD students

20 Years of COSY Operation
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Storage Ring EDM Project #) JULICH
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Options:

All-electric ring (proton, electron): only E-field
All-in-one ring (proton, deuteron, 3He): E- and B-fields

14 . .
_lf_l 2mp— polarimetry+ RF straight

. nagnetic field (down)
Challenges: e |
o5

Huge E-fields

magnetic field (up)

jYa)
- - - ‘.:iv
) lectric defi h
1 Shielding B-fields £g [ tesicswas o

electric bend field

Spin coherence
Beam position

c e Polarimetry
ECIE
_3’.I Z:Jn}._ (' . ') injection straight
srEDM Collaboration (BNL) - JEDI Collaboration (FZJ)

Dedicated precision storage ring
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COSY: From tests to first direct measurement
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Common R&D Work
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srEDM Collaboration (BNL) - JEDI Collaboration (FZJ)

R&D Activity Goal Test
Internal Polarimeter spin as a function of time COSY
Systematic errors < 1 ppm

Full-scale polarimeter
Spin Coherence Time | SCT >103s
Systematic effects Estimate for systematic limits COSY
Beam Position Monitor | resolution 10 nm,1 Hz BW
64 BPMs, 107 s measurement time
- 1 pm (stat.) relative position (CW-CCW)
E/B-field Deflector 17 MV/m, 2 cm plate separation, 0.15-0.5T | FAME

September 6, 2013 | A. Lehrach
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JEDI = First Direct Measurement OJULICH
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First step: ,Precursor® Experiment (using COSY™)

| 1\ Vertically
4 \l’ | L polarized
RF EB-Field beam

Stored circulating beam

- O

dL_; = = - g
S* =dxE +uxnB
dt

- Comparison of B* = 0 (EDM effect) and E* = 0 (no EDM effect)

Establish STfEDM, first direct measurement ; sensitivity ~1024 e

September 6, 2013 | A. Lehrach 20 Years 01 ©D5'( Operation 20
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JEDI — Stepwise Approach
EDM Sensitivity
N
1022 e cm Dedicated SR
1 First direct
1024 e cm Precursor expt. w/ COSY  measurements
1 for p, d
R&D, test measurements at COSY
I > Time

Time scale: R&D and Precursor experiment: <5 years

Dedicated storage ring: > 5 years
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