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c Dipoles

« Definition
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Charge separation creates an electric dipole

« Orders of magnitude

| Afomic g |

Charges
|r-r,| 10‘8 cm
EDM (naive) exp. 108 e cm

H,O molecule:

permanent EDM  observed H,O molecule

2:10% e cm

Search for EDM in Storage Rings
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mental particles

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

Elementary particles (including hadrons) have a definite partiy and cannot have EDM

Unless P and T reversal are violated

H: magnhetic dipole moment

d: electric dipole moment
(both aligned with spin)

Permanent EDMs violate Pand T
Assuming CPT to hold, CP violated also 3
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4 CP violation
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.Universe dominated by matter (and not anti-matter).
* (ng—ng)/n, = 6x10-1

| » Equal emounts of matter and antimatter at the Big Bang.
* CP violation in SM: 1018 expected

*1967: 3 Sacharov conditions for baryogenesis
* Baryon number violation
« C and CP violation

«  Thermal non-equilibrium
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- New sources of CP violation beyond SM needed |
» Could manifest in EDM of elementary particles

.-":' P. Lenisa
Carina Nebula (Largest-seen star-birth regions in the galaxy)




cal predictions

neutron: e
electron: e

<— d(proton) < 5x10-2

10-24-

10-26-

10-28 -

<— d(neutron) < 3x10-26

<«— d(electron) <1.6x10-%7
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\- SR experiments
none of this seen yet, why ?

10-30

Experimental Limit on dg,, (e.cm)
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# The Measurement of EDMs; | 103 Standard Model
History of the experimental e
progress _10-36

No Standard Model Background!
J.M. Pendlebury: ,.nEDM has killed more theories than any other single expt."



_;rm“e of the art

" . EDM searches: only upper limits yet
« E-fields accelerate charged part. — search limited fo neutral systems
W

hf. = 2uB - 2dE



:‘%"‘sTaTe of the art

' . EDM searches: only upper limits yet
« E-fields accelerate charged part. — search limited fo neutral systems

. Traditional” approach: precession frequeﬁcy measurement in B and E fields

i d f+ = 2uB + 2dE

hf. = 2uB - 2dE
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(Till now) two kinds of experiments to measure EDMs:
* Neutrons
* Neutral atoms (paramagnetic/diamagnetic)

>
O

No direct measurement of electron or proton EDM yet
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ned Searches
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5
icles: use of storage rings

PROCEDURE

* Place particles in a storage ring &
« Align spin along momentum ( —freeze horizontal spin precession)

. Search for time developmen} of vertical polarization

Search for EDM in Storage Rings 9



Spin motion is governed by Thomas-BMT equation:

- eh
= = 772mc
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Two OPTIOHS to get rid of terms « G (maglc condition):

1. Pure E ring (works only for' G>O e.g proton):

S,

2. Combined E.B ring (works also for G<0, e.g deuteron)

-Gé-l—(G— 21 )Vxé=
ve —1

Search for EDM in Storage Rings

_ method

2(G+1) s G=

d: electric dipole moment 1 magnetic dipole moment

10
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ring projects

pEDM in all electric ring at BNL Jilich, focus on deuterons,
or at FNAL or a combined machine
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H™/D” Polarized
Source

CW and CCW propagating beams

Frm ":0 A. Lehrach

Two projects: US (BNL or FNAL) and Europe (FZJ)
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rage rings

A magic storage ring for protons (electrostatic), deuterons, ..

Py .
.
.v‘\ :
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R e '

Proton 0.701 16.789 0.000 ~ 25
Y.\ s

Possible to measure p, d, 3He using ONE machine with r ~30m

12
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P Beam polarization

A  Analyzing power 0.6
R N Particles/cycle 4x107
"\ F  Detection efficiency 0.005

- T Running time per year 107 s

« Expectedsignal:  3x10-9 rad/s for d= 10-2° e-cm

Search for EDM in Storage Rings

. Sensi’rivi‘ry: o = 10-?° e-cm/year (—10-27 e-cm/week)



al challenges
. SYSTEMATIC ERROR PLAN ‘
- PROTON BEAM POSITION MONITORS (<10 nm)

Search for EDM in Storage Rings

14



* One major source:
 Radial B, field mimics EDM effect
« Example: d = 102 e cm with E = 10 MV/m

g _oo =
dEr 10 ev - 3 ) 10_17T

: un  3.1-108eV/T

* (Earth magnetic field=5-10-T)

Search for EDM in Storage Rings

« If uB.=dE. this corresponds to a magnetic field:

15



B
unterpropagating beams

2 beams simultaneously rotating in an all electric ring (cw, ccw)

ccw |
Polarization (P,) + —
EDM (d x E) — + + —
Sokolov-Ternov — — + +
Gravitation + — + |

BPM with relative resolution < 10 nm required
*  use of SQUID magnetomers (fT/ VHz) 2 - Study started at FZJ



al challenges

« ELECTRIC FIELD, as Iar'g as practical (no sparks).

Search for EDM in Storage Rings

17



or magic rings

6nly el |
A
Proton EDM
E
)
-
2
©
e r = 24.665 m
10 15 20 25 30 35
E
E-field (M V/m)

Challenge to produce large electric fields

18



Tevatron electrostatic separators

- avoids unwanted pp interactions
- electrodes made from Titanium

Development of new electrode materials and surfaces treatment

19



cal challenges
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 POLARIMETER
« The sensitivity to polarization must by large (0.5).

« The efficiency of using the beam must be high (> 1%).
« Systematic errors must be managed (< 10-9).

N.P.M. Brantjes et al. NIMA 664, 49 (2012)

D N\
LN

Search for EDM in Storage Rings

20



cal challenges
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. POLARIZED BEAM

 Polarization must last a long time (> 1000 s).
* Polarization must remain parallel to velocity.

Search for EDM in Storage Rings



A Ip time

Minimal detectable precession ¥~ 107° rad /@

E=17MV/m

\

Assuming d~107%e-cm

2dE
YEDM = T~5 (10_9 rad/s) ‘ 10~ 15rad

turn

>‘ 79EDM"’
1turn~10"%s

/N
~ N\

109 turns needed to detect EDM signal
Spin aligned with velocity for 1>1000 s (— Spin Coherence Time next slides)

Feasibility studies @ COSY 22



COoler SYnchrotron (Fz-Jiilich, GERMANY)

Momentum: <3.7 GeV/c

HHH———HH— | — | ' *
‘_m’—y-J[‘ ITUL'-IULULH »——‘-lll—#—'-ui/'l S BSSSIRIRAIRIRAL lll
P ¥ WASA | :
* Ring Pol e-Cooler AR ° Clr‘Clefer‘erIC€3 183 m
Diag.Kicker
“ cos 11 %,
—UsE P“%,é « Polarized proton and deuteron
Fast Quad AL o
/{\ RF Dipole/ EDDA |\ 0%2'0 .
STl | e  Beam polarimeter (EDDA detector )
Rt L bt e e
\ |
R — ' « Instrumentation available for
' manipulation of
i | s ;9%'4;’ .
I et X - beam size
7 TOF | % (electron/stochastic cooling,
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eam polarimeter

Rings and bars to determine angles.

| ASYMMETRIES
Carbon
target geampipe gl | L—R
- VELER P

N

VERTICAL Analyzing
polarization power

U—-D < A
€H = PHAx
. — U+D N
0 10 20 30
Angle (deg) HORIZONTAL Analyzing
' polarization power

DOWN RIGHT

. Beam moves toward thick tfarget —— continuous extraétion
. Elastic scattering (large cross section for d-C)



“spin invariant axis"

s = 2mv, precession angle per turn
v,=yG "spin tune”

Stable polarization if S|n_,

Search for EDM in Storage Rings

25



rence time

Ensemble of particles circulating in the ring |

At injection all
spin vectors aligned (coherent)

Search for EDM in Storage Rings

26



. » Ensemble of particles circulating in the ring

- Spin coherence,along 7., is not an issue

Vertical polarization not affected

At injection all After some time, spin vectors get out of
spin vectors aligned (coherent) phase and fully populate the cone
‘. N

- For S 1 fi,, (machines with frozen spin) the situation is different

nCO

At injection all spin vectors aligned

In EDM machine observation time is limited by SCT.

27



Decoherence: where does it arise?
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" LONGITUDINAL PHASE SPACE
Problem: beam momentum spread (Ap/p 2 0 — Av./v, % 0)
o Eg. Ap/p=1104 >Av,/v,z2.1x10% 1,763 ms

' Solution: use of bunched beam (<Ap/p> = 0)
= P. Benati et al. Phys. Rev. ST, 049901 (2013)

TRANSVERSE PHASE SPACE
Problem: beaym emittance = O —» betatron oscillations

Ax (Ay) from reference orbit X
— Longer path: AL 9%+ 95
Ly 4 7

— Higher particle speed — Av,
. Eg 0 =1 -mrad — 7,,79.9 s

Pnbssible solution to this problem investigated at COSY,
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1) Froissart-Stora scan

Identification spin resonance frequency

fres = (1 — GY)feye = 871434 Hz
Af =400 linear ramping in 40 s

2) Fixed frequency measurements

On resonance

COOLED BEAM

3) Solenoid on for half-cycle
Vertical polarization = O
Polarization is horizontal

Preparing a longitudinal polarized beam with RF-solenoid

c
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i Polarimetry of precessing horizontal polarization

No frozen spin: polarization rotates in the horizonthal plane at 120 kHz
« DAQ synchronized with cyclotrhon freqyency -> count turn number N
« Compute total spin-precession angle (with spin-fune v=6y)

« Bin by phase around the circle

Compute asymmetry in each bin (U-D GSXKE}Q}F"'Y)

L | E
336
a2
114800
| 365

Polarim.

» Derivation of horizontal spin coherence time

Spin coherence time extracted from numerical fit
30




ormance

One Store 8x107 turns

Time stamp system

COSY orbit= °
183 m

20 60 B0 100 120
time incycle /s
Bunching starts Full extraction
Cooling starts starts

= L e
b Zrey
- ’&\Fé‘.‘-‘({'\
o\ N

1614 _3s Cycle 6 tune 98

<D[ngd}

[ lllllllllllllllll}_}l]lll'llll'lll
ot
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Spin-tune and machine stability "
« Phase over time can be tracked with precision ~ 108 !
« Stability of the ring magnets < 2x10-7 05

0

-0.5

from Dennls Eversn(a]nn

Search for EDM in Storage Rings 31



2 Beam emittance studies

-, Beam preparation
« Pol. Bunched deuteron beam at p=0.97 GeV/c
* Preparation of beam by electron cooling.
« Selective increase of horizontal emittance
« Heating through white noise

Qu&dm‘ric dependence of spin tune on size of horizonthal betatron oscillation

Spin Tune vs. Ax - RF ON - V = 0.7 KV ] i ' H, ‘
> 01604985 = ' ] 1
o‘xsoessé- -
o.1so4975::,-
0.160497—
o.1soa965§— ; :
- 27 ndf 5.7280-16/12 |
0.160496 - P"’)b o .
0.1604955 — po 0.1605 = 2.686e-09 |
= p1 5,885e-10 + 8.258¢e-11
0.160495|— Lp2__ -3.091e-09 £ 4.303¢-12 |-
o.1soa945§~ !
0.1 94;-...“1.“.| PRI T PRTCITIY SIPUETITUIN T TIIT FTISTRNY T U TITsron |
g -30 30 20 -0 0 10 20 30 40
(from A"Pesce)
SlmulaTlonS (Cosy Inf|n|TY) TV WWwUWAJD WL Wil Al A 4 S 4

Beam emittance affects spin-coherence time
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e SCT by COSY sextupoles

Spin tune spread

Particle orbit

6-pole field: B = kx? : — !
correction correction
2 2
Lo 4

Use of 6-poles where B, function is maximal

STRAIGHT  ARC

STRAIGHT

ARC

Curves:
BLACK = horizontal By

BLUE = vertical By
GREEN = dispersion

1 1 1
0 20 40 60 80
Distance]

i

1 L 1
12 140 160 180

STRAIGHT
SECTION
SET

Sextupoles at B, max

o e .
“" Ring Pol

4
£

4 Diag.Kicker
~ COsY 11
1——USE

"_‘ Fast Qudad

Dipole /
Solenoid

P S IRERRRREREER S
oo F
- )

PAX
EDDA




! ! I I ! ! I I
Compensation by means of 6-pole fields: SCT ~200s
@ 100 —
1/t50r = A<02> + a<02> A = original effect £ sl
a = sextupole effect = : 4 0
%
Choose a= -A 2 ol 0 |
o
5.0F (l|> $
PR TN I TR AN TR [ T NN RN SN TN S T B
-2 -1 0 1 2 3 4 5 6 7
Sextupole Field (K2) (1 /mA3) 1 o°B
KT By ot

Short Spin Coherence Time Large Spin Coherence Time
i s
= E—
p 2
« 107 particles synchronously
precessing for > 2x108 revolutions!
« Previous best 107 @ Novosibirsk

MILESTONE FOR THE FIELD!

Sextupole fields can be used to increase 5.7! "



rsor experiments
>thods

nv X B) Pure magnetic ring (existing machines)

Problem: precession caused by magnetic moment:.
- B0 % of time longitudinal polarization || to momentum
- 50 % of time is anti-||

E* in particle rest frame tilts spin (due to EDM) up and down

~\ — No net EDM effect

Search for EDM in Storage Rings
35



recursor experiments
F methods

Pure magnetic ring (existing machines)

Solution; use of resonant .magic" Wien-filter in ring (E+vxB=0)

E*=0 — particle trajectory not affected
B*+0 — magnetic moment is influenced

~ — net EDM effect can be observed!
— INO neT ELM eTTecT

- n?

Principle: make spin prec. in machine resonant with orbit motion

Two ways:
1. Use of RF device operating at some harmonics of the spin prec. frequency

2. Ring operation on an imperfection resonance

Search for EDM in Storage Rings
36
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h .magic” RF Wien filter

« Avoids coherent betatron oscillations of beam. .
* First direct measurement at COSY.

4

E* =0 = Ep = —BxB, .Magic RF Wien Filter"  no Lorentz force
i

1
4 ] N
RF E(B)-field . .
* In plane polarization |
stored d . Py buildup during spin coherence time
\ O A )

Polarimeter (dp elastic)

Statistical sensitivity for d, in 10723 to 1072* e-cm range possible.
« Alignment and field stability of ring magnets
« Imperfection of RF-E(B) flipper

37



aéi_c“ RF Wien filter

Radial E and vertical B fields oscillate, e.g., with
fay = (K + GY) * frey = —54.151 x 103 Hz (here K = 0).

beam energy == RFE tlipper cos excitation
T . =50 MeV = RFE flipper rectangular excitation
d —— Machine RF

Amplitude

1x10~

t(s)

VINDA Y

2x10~

Search for EDM in Storage Rings

38
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deu’rerons at COSY

Parameters: beam energy T, =50 MeV Lpyp=1m
assumed EDM  d, = 10"** e-cm
E-field 30 kV /cm
Ve
1
mn N
21071
PYtums P}’ d
o 0
-0.3 k‘
W = 2TfrepGY
v \‘ \ U / \ U N \ M | _ 2302 % 10 Ha
-1 2107

0 10 20 30 40 30 0 10 20 30 40 30 0 10 20 30 40 50
turn number

EDM effect accumulates in P,
39
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1.
2.
3.

N

Development: RF E/B-Flipper (RF Wien Filter)

Upgrade test flipper with electrostatic field plates (end of year).
Build lower power version using a stripline system
Build high-power version of stripline system (E > 100 kV/m)

Work by S. Mey, R. Gebel (Jiilich)
J. Slim, D. Holscher (IHF RWTH Aachen)

~ P. Lenisa Search for EDM in Storage Rings 40
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Conclusions

|+ Non-zero EDM within the actual experimental limits clear probe of new physics

« Pol. beam in S. R. might pave the way to direct measurement of EDM of ch. particles.
 Challenges willl stimulate development in Storage Ring technology.

At the COSY ring dedicated feasibility tests are underway.
SCT studies on a real machine
« Emittance affects SCT of the stored beam.
« Sextupole field can be effectively used to increase SCT.
* Next step:
« Compensation of (<AP/P>)? with the same principle

The way to a Storage Ring EDM:
 Precursor experiment
* (Prototype electron ring?)
« Proton/deutern storage ring

P.S. A srEDM experiment is realatively cheap...

P. Lenisa Search for EDM in Storage Rings 41



* Magic energy for electron: 14.5 MeV (y=29.4)
« E=6MeV/m—>R=25m

(fFom R. Talman)

Note:
+ Electron -y, =5788x10%eV/T 6,20.001159  — < =1020 x108s/T

+ Proton -y, =3152x108eV/T 6,=1.792 > 222 20,859 x108s1/T
Almost same precession frequency in magnetic field

Issue: polarimetry?
Search for EDM in Storage Rings

on-EDM storage ring

42



Georg Christoph Lichtenberg (1742-1799)

"Man mul8 etwas Neues machen, um etwas Neues zu sehen.”

"Devi creare gualcosa di nuovo
se vuoi vedere qualcosa di nuovo”

P. Lenisa Search for EDM in Storage Rings
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Spin coherence time collaboration
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P. Lenisa Search for EDM in Storage Rings 44



Search for EDM in Storage Rings
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uterons at COSY

Parameters: beam energy T, =50 MeV Lyp=1m
assumed EDM  d; = 10"**e-cm
E-field 30 kV/cm

N

N

1x10° 210% 3x10°
turn number

Lmear' extrapolation of P, for a time period of

=1000s (= 3.7-108 turns) yields a sizeable P,~1073.
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(R‘:-...Talmans concept)

clockwise
current current

| ';“‘ 1
Ll CW beam | 20m ' 'l i
'\ A ‘[4

Shmedte@e /' / //
/‘%‘ Maximum achievable field of

copper magnets ~0.15 T.

Proton 855.3 331.3 -0.005
Deuteron 381.0 38.3 -1.3 -0.015
3He 739.8 95.8 13.240 -0.050

r=10m

Very compact machines seem possible for srEDM searches
47



with magnetic field:
a Jilich all-in-one machine

gnetic bending, eliminates hysteresis

| | b d=022m |

aluminum

soft iron

forward current

forward

S5
forward "*'
)

. Configuration genéra’res close-to-perfect vertical B fields

1B
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ment with static Wien Filter

Machine operated on imperfection spin resonance at yG = 2

N

/ without
static WF

Spin rotation in phase with orbit motion

5%107

/
- 5)(1(]_? S/ S \/

] — — G — 6 L]
1x10 2x10 3x10 4x10 5x10
> t(S) 4 s

Similar accumulation of EDM signal, systematics more difficult, strength of
imperfection resonance must be suppressed by closed-orbit corrections.

49
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} Measurement of the horizonthal SCT

No frozen spin: polarization rotates in the horizonthal plane at 120 kHz
« DAQ synchronized with cyclotrhon freqyency -> count turn number N
« Compute total spin-precession angle (with spin-tune v .=Gy)

« Bin by phase around the circle

Compute asymmetry in each bin
(U-D asymmetry)
E fgm" *oa7se
En - o *oi12+ 0140
) J.ﬁ""f = : p2 0.08164 + I:I_DL:.]E:';
'I' E— | \f\ | /
F | R‘I“--. Lo
¢
Amplitude vs time
0.28 —
0.26 +
0.24 —
- ¢
0.22
u.zf—
D.‘IB;— *
0.16
014
- 10 20 30 20 50
] ] . . time (s)
Spin coherence time extracted from numerical fit



