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Permanent EDMs violate T/CP and P
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h d#0 — T & P violation — CP violation



EDMs in the Standard Model : &.p

All CP-odd effects involve Jarlskog invariant:

) . . . -5
Jp=5sin"0 ,sin0 ,sin0,,8in o ,~3X 10

\

#0 because of SM flavor structure (Nobel 2008)

d (SM)~ 107y J, - Mi ~10" e-cm

n

Search for EDMs at Storage Rings
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EDMs flavor-conserving — multi-loop (23)

SM Predictions:

Quarks = ~102"%g.cm Standard Model CKM
Neutron : ~10°%"3%2g.-cm EDMs are (currently)
"Hg . ~10%"%*e-cm unmeasurably small

Electron : <10*e-cm

[.B. Khriplovich, S.K. Lamoreaux, CP Violation Without Strangeness, Springer, 1997



EDMs in the Standard Model : BQ

CD

QCD contains P- and T-odd term:

Search for EDMs at Storage Rings
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g2 N CPeven
L,=0 32;2 GZVGZV ./,H]
i Y AN
g w~—0.0270 g w13 1.
NI cPodd

Naively, one would expect 6 ~ O(1)

Experimentally, |8] < 10-9 (from the neutron EDM)

Strong CP problem

e.g. M.E. Pospelov and A. Ritz, NPB558 (1990) 243



-
R .
= EDMs from New Physics
. e
25 ~ all “new physics” : extra CPV, often 1-loop “£ R
=W 'I “‘
¥ d(NP) >> d(SM) T d
?Q M_ ..=500GeV tanf =3
g'f; e.g. SUSY :
$ 2 | Tl n
% § d,(NP)~siné 1 Tey X10 * e-cm 0,
S SUSY T
SUSY CP Problem N L 6,
' T

Fine-tuning of phases

= New physics expected at TeV scale (LHC)
m current EDM expt® sensitive at few TeV scale
m BAU — additional sources of CPV?

Ultra-sensitive New Physics Probe

e.g. M.E. Pospelov and A. Ritz, AP318 (2005) 119




From theory to observable ... and back

Model for Particle Hadron Nuclear Atomic/ Observable
CP Violation EDM EDM EDM Molecular
EDM EDM

Cabbibo B
Kobayashi | == "---. SN
Maskawa quark " .. LH .
HiggS — dl’.'.]:l:lﬁ 1 / 1|‘ *-r' *\
- — e *—_ -

Technicolor == '-—:1‘.' > \quar} -_ -

Super— "'j: A Y
SM - Syumeny / - @
(]
Symmetr

Strong
CP Violation

Search for EDMs at Storage Rings
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4N
neutral systems

charged systems

Need multiple experiments to unravel

e.g. J. de Vries et al., Phys. Rev. Lett. 107, 091804 (2011)




Interpretation of *’Hg EDM

|dHqgl| < 3.1x10-29 e:cm (95% C.L.)
g

Parameter '"’Hg bound

d, (cm) 6x10727
d, (ecm) 7.9x1072°

Search for EDMs at Storage Rings
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Cg 5.2x1078
Cp 5.1x10~7
C'r 1.5x107Y
G_)QCD 3x10~10

d, (ecm) 5.8x10726
d, (ecm)  3x10727

oV e 0.13 nHz (7.5 ppt) 1 cycle per 244 years

st

W. C. Griffith,et al., Phys. Rev. Lett. 102, 101601 (2009)



Ring techniques
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The challenge of an EDM search

-

- =
H=—1i-B—d-E
Corresponding energy shift

A E S h W= 2 dE Si/l}alue for neutron
l d=103Te-:cm,E=1MV/m
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Search for EDMs at Storage Rings

AE= 2-102°¢eV (0.2 yeV)
w = 0.3 nHz (~1/century)

Equivalent to B ~ aT




EDM-induced spin precession

Prepare spin polarized ensemble

Interaction with electric field

-

Measure spin evolution —\ w

\

df;i) =(u§+d1§)><(j)

Search for EDMs at Storage Rings
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BArAE BA|E

4dE

Wi — W =

h

frequency measurement

Precision ~ Heisenberg




Magnetic Storage Ring

Use motional electric field in rest-frame

Track precessionof S//B — d

Search for EDMs at Storage Rings
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Novel technique

Builds on experience from v
= muon g-2 experiment
m nuclear physics expts
m “Conventional” EDM expts —
E~GV/m

Probe charged particles directly

F. Farley et al., Phys. Rev. Lett. 93, 052001 (2004)



EDM in an electromagnetic field

Search for EDMs at Storage Rings
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Ml (2) @xB=npl2a 3
()
S =
c Q.
® 7
§ (1) (w,)=nABBI/4 0
o ) (@,xB)=1 A 2 oxi-1

h C.J.G. Onderwater, Light ion EDM search in magnetic storage rings, Hyperfine Interactions 172 (2007) 35.



Q=S|aB +
- m

w




=
o
(V]
o
=
2]
-]
<
©
C
C
2
>
=
n
<
<
o
(9]
<
X
M
—
i)
s
(O]
©
C
(@)
o
O
—
()
O

Search for EDMs at Storage Rings

Candidate particles

B-Emitters with small a Suitable for ExB ring
Smaller a — lower E
M, 24Na, 60Co, 82Br, 94Rb, 110Ag*, Positive a — E reduces ring size
118|n* 121G, 125G, 131] 133| 133Xe,
134Cg, 1365 137Cg 139Cs, 141Cs, B emitter — self analyzing

Denteron momentum 1000 MeV/c

143CS, 140|_a’ 160Tb’ 170Tm, 177LU, "
183Ta’ 196Au’ 198Au’ 203Hg’ 222Fr, s
223Fr, 224Fr’ 242Am

0.6

uh
wn

04

Electric field (MV/m)
=

Magnetic field (T)

o
[=1
[=]

Stable particles with small a
ex. 2H, 6L 75As, 123Sh 139| g, 171Yp F Rathmann

So

o 15 20

Ring radius (m)

Particles with large a>0 Suitable for electrostatic ring
Bigger a — lower momentum

P - Ring size ~ electric field strength

Khriplovich / Jungmann
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Parasitic : muon g-2 @ FNAL

R.M. Carey et al. (2009) e
FNAL Proposal

“The New (g-2) Experiment:
A Proposal to Measure the e
Muon Anomalous Magnetic ' §¢, ﬂ-'-‘"'h " F
Moment to 0.14 ppm "
Precision”

4‘,
l

'I “§ J .-\

Search for EDMs at Storage Rings
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Design

» p=3.1GeV/c
» B=145T

» R=7m

Estimated Sensitivity
around 1021 e-cm
two orders below current limit




Frozen spin : muons @ J-PARC

A. Silenko et al. (2003)
J-PARC Letter of Intent
“Search for the Permanent
Muon Electric Dipole
Moment at the 1024 e-cm
Level”

Search for EDMs at Storage Rings
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. T A =a- ) R
Design f $o” ) E;me_ﬂ:r::::aumi;'..-‘ﬁmm '
» p =500MeV/c = . (B 1600m) |
» B =0.25T, Y

» E =2MV/m <« Defining
» R=7m

Realization before 2015?77

Estimated Sensitivity
around 10-24 e-cm Post g-2 @ Project-X?

five orders below current limit (B.L. Roberts et al.)




Frozen spin : muons @ PSI

e g radient; « i
mner detecto g g elcrodes g

Idea for PSI
p =125MeV/c
N = 108/s
P=92%
B=1T <« Defining
E =0.64MV/m
R ~ 50cm

Gerco Onderwater EXA2011 SMI Vienna Austria 2011
Search for EDMs at Storage Rings

ReaCh: 5X10-23 €-cm I y Fi:‘;yr - * e '.anlls I. sel$; |nflct0r""f-:.:":"l
3-4 orders below current limit @ 1 p I shot - trivial upgrade

= ey R Adelmann, Kirch, Onderwater & Schietinger,
R N e J. Phys. G: Nucl-Part. Phys. 37 085001 (2010)
e Table top experlment
| e -ﬁ._q_""ﬂ g ey

— . = e,

20
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Search for EDMs at Storage Rings

Ultra-cold muons @ J-PARC

BN hot W
2mm 0.05mm

~0
MeV 'l | ~no |, Tonized u*
Proton MeV p*
begm

o L

u* Diffusion | YUV

Accelerating lens

Thermal Mu
Thermal Mu
0.05 mm hot W
2mm BN \

Praton beam i - i

(3 GeV, 1MW ) Surface Muon
(~30 MeV, 4x10%/s)

2P

M

Ly ol

AL L
355nm

122.09nm

Muon Linac (300 MeV/c)

K. Nagamine et al. PRL 74 (1995) 4811
Y. Matsuda et al. NPB(Proc) 155(2006) 346

LASER IONIZATION OF MUONIUM

Ultra Cold
n W) 11.0n Beam
| (u+ 10%/sec)

N. Saito




Pr:otons @ BNL ~\~ |

V. Anastassopoulos et al. (2011) AR 8
DOE CDO proposal MR W N
“A Proposal to Measure the Proton Electric /|

Dipole Moment with 10-29 e-cm Sensitivity”  ©

'i,. i
RS
LY i =

1 Gt Y

— » p=0.7GeV/ic ' // .| SR 4
» E=10MV/Im // o
‘é » R=40m AL
_ Estimated Sensitivity
- around 10-2° e:cm

~ two orders below current nEDM limit

Search for EDMs at Storage Rings
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Light nuclei @ FZJ (JEDI)
EDM with E- and B-Fields

»all-in-one” storage ring

Protons: B 0.701 GeV/c
E.=16.8 MV/m,B,=0T

#) ULICH

FORSCHUNGSZENTRUM

R e e by

Deuterons: p = 1.0 GeV/c 0o EH
E.=-40MV/m,B,=0.16T L Afast Qila PAX 1
. % of RFDRole/! EDDA i
Helium-3: p; =1.285 GeV/c N T el
: i e srrey E

E,=17.0 MV/m, B,=-0.05T

oo IR S
Iy

a;j@islsm
¥ :'r'l.-l s *

Search for EDMs at Storage Rings
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,all-in-one” storage ring

Protons: p,= 0.527 GeV/c
Deuterons: p_ = 1.0 GeV/c
Helium-3: ps,, =0.946 GeV/c
E.<17 MV/m,B,<031T

% ) “ i # LE Polarimeter
: »all-in-one“ storage ring -

§ Protons: p.= 0.435 GeV/c B 11/D" Polarized

- Deuterons: p_= 1.0 GeV/c " m——

5 Helium-3:p, =0.765 GeV/c 1om

g Er<17 MV/m, B,<0.5T SR

. 7/4/2011 | A. Lehrach EDM Seminar, Bad Honnef 17

A. Lehrach, Bad Honnef, 2011
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Sensitivity

General expression for the (statistical) uncertainty

N: number of particles in experiment
1 P: initial polarization of sample

oC A: analyzing power of polarimeter
PEJNT A yeansp P

E: electric field in particle rest frame

O,

Search for EDMs at Storage Rings
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T: characteristic time

Pillars of a sensitive experiment
» Strong source
» High polarization

Work done
» Efficient polarimeter - @ KVI/IBP
» High electric field strength @ COSY / EDDA

» Spin coherence, efficient storage

Equally important: understand systematic effects




Polarimeter sensitivity Analyzer

COSY/FZJ

Search for EDMs at Storage Rings
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Measured
Analyzmg power Efficiency Flgure-of-merlt No absorber
1}4- * | -!_ - * e oy “ulm- * : 4 n _ 1 5%
o3| R I I S 41 A=0.05
s Bl TR W W | F=3.8x10°

0.2t d; +'3 B 10 + o+ - _—

' 1 -1 = . o 1 With absorber
| 2K 1 & 5 n=0.033%

“ 1] |} .. 1 A=02

q | i | i - L 1 L A i i 1 i 1 i — -
ﬂ'nﬂ ILEL] 204) 30 1o 0 100 2001 SO0 '}ﬂ LE1) 200 3 F — 1 _3X1 O 5

:




Polarimeter sensitivity Analyzer
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Polarimeter systematics
IBP _\ Strip

Search for EDMs at Storage Rings
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Example: systematic error due to beam displacement

= x
<ot LR-asymmetry 0-1400F-
008- 1.4x10-2/um / 0.1305]
0.04 - .
ooal / 01300} Cross-ratio
0; 0.1385F 8x10-11/um2
LR
-0.042— / L+R 0,13753— _ LTRl _ 1-r
B u r= L T €=
-0.06f Errors x500 01370 LR 1+7 Erors x10
—————— I B e e e

Displacement [mm] Displacement [mm]




Polarimeter systematics

Search for EDMs at Storage Rings
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8x10-1/um?2

/ “L+R :
0.1375:—
L

Displacement [mm] Displacement [mm]

o

-o.ozf— / A L—-R 0.1380

.04 L'R' 1—r
2 F={51,7 €~

-0.06f Errors x500 0.1370 LR 1+7 Erors x10
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Search for EDMs at Storage Rings

Gerco Onderwater EXA2011 SMI Vienna Austria 2011

SARLT EDDA iz

Correction Method & Blind Test

— e W=

o R Beam drift %{’ ek

. i ¥ I

+ . I + # % g 2 =

.1 , Displacement f o ¢ ¢+§+++++¢%+++§ﬁ : .

]38 [, o g i [ g -,
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/ oaler EE'HANKE s "\ . Measured: 1.4 + 0.4 mrad |:
f . r W gl I ' 1
L COSY-11 [l \® U e | % . ;’ +IT+ H%T ‘% )
~ 60 turn solenoid @ 100A ! | E. %’f e c}ﬁ"ﬁ } X WL :
., — tiny horizontal spin component / > - I | 5 ++{+ : %H % j
- : Me poarimeter o W4 L > ook
i o Al " i |
e N B BE——— _AREE . H SWltChed Olen0|d -
- “..—-—.-...-J,...._.... ! --# - e i ?

ik L 1 .
¥ ™ r - 10 20 30
) Time in store (s)

1 i
40 50




Correction Method & Blind Test

''''''''''

Dlsplacement j

_ 3‘* o B %Ww
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Search for EDMs at Storage Rings

Gerco Onderwater EXA2011 SMI Vienna Austria 2011

v turn solenoid @ 100A

i — tiny horizontal spin component ...L
i HIE padarimeter j-‘f‘_ et

PISA fj’ ‘
e ,, - - . . = .--—_- g ‘£~ Al

e

|||||||||||

Prediction:
Measured:

0.87 mrad _
1.4 +0.4 mrad |

I ?
4y

IT+ }

**I%%Mﬁ |
g

dEy Kol

f

| Switched ?olenoid

|||||||||




| Real-time polarimetry

0.071
0.2{"

B 0.06
0.1F i

Onderwater EXA2011 SMI Vienna

of 0.05—
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0.1} I
0.04

0.2

0.03

-0.3[:

_0-4_IIIIIIIIIIIIIIIIIIIIIIIIIIIIIiIIII H-HZ_IIIIIIIIIIIIIIiIIIIIIIIIiIIIIiIIII

Time in Fill [s] Time in Fill [s]

10M particle & 1M spin revolutions

Use for feedback & spin coherence studies



Spin coherence studies

{‘M, WE-Heraeus Seminar: Search for EDMs at Storage Rings 16
SN 4 Physikzentrum Bad Honnef, July 4-6, 2011

Lower limit on electron-cooled SCT from January run

RF-solenoid produces small polarization kicks about longitudinal direction.
(Kicks vary as cosine with maximum < 4 pyrad.)
On (1-Gy) resonance, this produces continuously reversing vertical Py.

Set process to turn RF-solenoid ON, OFF, then QN again.

WET Y T T T T e— During this time the
t,,; WW ) '_//4_,,, polarization is in the
‘H_ t 1t ring plane and free

i
to decohere.

Search for EDMs at Storage Rings
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Romsrmahecd Polueation

12

#'-'—-.__i__-_‘--

If oscillation returns,
| :f.“' “ (1) beam is still
'”55,'/1:’ T dlln:mdlil' o R “;1-“ TR R pnlarized. and [2] the
g cls i RF-solenoid was
to guide | 5s ‘ 25s I 55 | still in phase (thus
the eye. this is a lower limit).

12

RN

reference decoherence oscillation

oscillation  time caplure E. Stephenson, Bad Honnef, 2011
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Outlook

Experiment Theory
d e.cmg Muon
neutron: & ~10-20 Electro-

magnetic

electron: » Ruled out models

/| parameter-space
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Search for EDMs at Storage Rings

E' T

iges V7| SUSY
W o~ 1
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[ T | 1 T I

| |
1960 1970 1980 1990 2000 2010 2020 2030 *

mercury: @ 102




Outlook

Experiment
Muon

Ruled out models
| parameter-space

Search for EDMs at Storage Rings
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Many thanks to the people in the field ...

Thank you for your attention

o T

( «&0M )
i

L':\‘\% et

Gerco Onderwater EXA2011 SMI Vienna Austria 2011
Search for EDMs at Storage Rings

485. Heraeus Seminar, Bad Honnef, 2011
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