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Introduction

Why it is important to study the Electric Dipole Moment

o EDM is a permanent charge separation within the particle volume.

o EDM must lie along the spin axis
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Introduction

Why it is important to study the Electric Dipole Moment

o EDM is a permanent charge separation within the particle volume.
o EDM must lie along the spin axis
o EDM violates both P and T

Under CPT theorem

CP VIOLATION — Baryon Asymmetry

o Standard Model is not enough to explain
the BA

@ SM predicts a non vanishing EDM but
unobservably small
|de|sm < 107%e - cm
|dn|sm < 107*e - cm
@ Models beyond SM predict values within
the sensitivity of current or planned
experiments
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Introduction

How to measure EDM for charged particles?

© | = = dxE | EDM signal=spin precession

charge particle would be lost in E

@ |Storage ring | is the solution for charge particles! vE

— Injection with spin aligned along the velocity
and radial E field
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Introduction

How to measure EDM for charged particles?

© | = = dxE | EDM signal=spin precession

charge particle would be lost in E

@ |Storage ring | is the solution for charge particles! vE

— Injection with spin aligned along the velocity
and radial E field

© Keep spin aligned with velocity.

—Frozen spin technique
m\’| BxE
p c

ws Spin precession in the horizontal plane
we Particle angular frequency
_g-2

Gy=@s—de=-3 0B+
m

a

anomalus moment
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Introduction

How to measure EDM for charged particles?

© | = = dxE | EDM signal=spin precession

charge particle would be lost in E

@ |Storage ring | is the solution for charge particles! vE

— Injection with spin aligned along the velocity
and radial E field

© Keep spin aligned with velocity.

—Frozen spin technique
m\’| BxE
p c

ws Spin precession in the horizontal plane
we Particle angular frequency
_g-2

Gy=@s—de=-3 0B+
m

a

anomalus moment

Different solutions for proton and deuteron
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Introduction

How to measure EDM for charged particles in a storage ring?

Frozen spin techinque

2
@’aq{a§+ a(m)]_’xé}o, a:g772
P 2

Proton solution

@ a=1.79
@ magic momentum
m
p=—==07GeV/c
Vva

= {a_(;’f o

@ pure electric ring
B=0
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Introduction

How to measure EDM for charged particles in a storage ring?

Frozen spin techinque

m\°| 5 = —2
a()} XE}O, a=&_*<
P 2

Proton solution Deuteron solution

e a=1.79 @ a=-0.14 = # magic momentum
@ magic momentum o B with outward E
p= % =0.7GeV/c _aBcBy?
T 1+ ap2?

- -] f\

o pure electric ring ‘ \
BE=0 ‘k / /]
Ef]eld \\J 4/
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How to measure EDM for charged particles in a storage ring?

Spin Coherence tim
@ Minimal detectable precession |6 ~ 10~%rad

(vertical polarization measurement
— see next slides) v
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How to measure EDM for charged particles in a storage ring?

Spin Coherence tim
@ Minimal detectable precession |6 ~ 10~%rad

(vertical polarization measurement
— see next slides) v

e Assuming d ~ 10~*°e - cm and E = 17TMV//m

2dE 10~ %rad _
Oeom(t) = ——t =5 <f> 2 RPN rad

6 turn
1 turn=10""s
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How to measure EDM for charged particles in a storage ring?

Spin Coherence tim
@ Minimal detectable precession |6 ~ 10~%rad

(vertical polarization measurement
— see next slides) v

e Assuming d ~ 10~*°e - cm and E = 17TMV//m

2dE 10~ %rad i

0 t)= —1t=5 t 10 rad
eom(t) h < s ) = Oppy ~ ————

1 turn ~ 10" %s

turn

@ 10° turns needed to detect Oepu

@ |spin coherence time t > 10005|

@ 10~%°e - cm precision — 1 year of data taking.
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Introduction

How to measure EDM for charged particles in a storage ring?

Spin Coherence time?
@ Minimal detectable precession |6 ~ 10~%rad

(vertical polarization measurement
— see next slides) v

e Assuming d ~ 10~*°e - cm and E = 17TMV//m

2dE 10~ %rad _
Oeom(t) = =t =5 < ra ) ¢ 10~ ®rad

h s = Oepm ~

6 turn
1 turn=10""s

@ 10° turns needed to detect Oepu

@ |spin coherence time t > 10005|

@ 10~%°e - cm precision — 1 year of data taking.

Beam polarization studies at COSY!
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EDM at COSY

Experimental setup at COSY

COSY RING: COoler SYnchrotron
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EDM at COSY

Experimental setup at COSY

COSY RING: COoler SYnchrotron

% RFDipole/ EDDA \
?KF Solenoid
o

uidoboni

RF Solenoid: spin flipper
i ur
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EDM at COSY

Experimental setup at COSY

COSY RING: COoler SYnchrotron

EDDA detector: continuous
polarimeter

Rings and bars to determine angles.

Carbon
target

LEFT DOWN RIGHT
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EDM at COSY

EDDA detector

Rings and bars to determine angles.

EDM signal from the

asymmetry
L—R 3 A

€ = —_— = =
EDM [ R 2PV y

LEFT DOWN RIGHT
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EDM at COSY

EDDA detector

Rings and bars to determine angles.

EDM signal from the

asymmetry
L—R 3 A

€ = —_— = =
EDM [ R 2PV y

LEFT DOWN RIGHT

@ beam moves toward thick target— continuous extraction
o EDDA scintillators stop elastic deuterons from the target

o elastic scattering — spin sensitive process (large cross section for d-C)
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EDM at COSY

Polarization measurements at COSY

A . .
Study of momentum spread 2P and emittance effects on the spin coherence

time of a deuteron beam.
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EDM at COSY

Polarization measurements at COSY

A . .
Study of momentum spread 2P and emittance effects on the spin coherence

time of a deuteron beam.

But...

Synchrotron oscillation effects dominated our measurments!
The rest of this talk is about synchrotron oscillations.
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EDM at COSY

Polarization measurements at COSY

A . .
Study of momentum spread 2P and emittance effects on the spin coherence

time of a deuteron beam.

Synchrotron oscillation effects dominated our measurments!
The rest of this talk is about synchrotron oscillations.

Experimental conditions

o RF-solenoid spin resonance.
o Continuous record of vertical polarization (EDDA detector).

Deuteron beam momentum p=0.97GeV/c
Relativistic factor ~ = 1.12583
Cyclotron frequency feye = 750602.5 + 0.5Hz

Bunched beam (h=1)

cooled and uncooled
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EDM at COSY

Polarization measurements at COSY

Froissart-Stora frequency scan

Identification of the spin resonance
frequency.

Q fres = fcyc(]- - G'Y) > fcyc

@ Af =400Hz, linear ramping in 40s

Froissart Stora Caleulation (adjusted)

‘Renonmalized Polarization

Time (3)
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EDM at COSY

Polarization measurements at COSY

Froissart-Stora frequency scan

Identification of the spin resonance

frequency.
® fro = fuye(l — Gy) > foe !
@ Af =400Hz, linear ramping in 40s 2
1o

Fixed frequency measurements T

Study of the spin resonance and ’ e
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EDM at COSY

Polarization measurements at COSY

Froissart-Stora frequency scan

Identification of the spin resonance ‘ —
frequency.
O fres = foye(1 — G7) > foye :
@ Af =400Hz, linear ramping in 40s §
]

Fixed frequency measurements '

Study of the spin resonance and e

Cooled and Uncooled bunch shape
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EDM at COSY

Polarization measurements at COSY

Froissart-Stora frequency scan

Identification of the spin resonance ‘ —
frequency.
QO fres = fcyc(]- - G’Y) > fcyc
@ Af =400Hz, linear ramping in 40s

Fixed frequency measurements 1
ey

Study of the spin resonance and e 0

FittoRun 96

Renormlized Pelarization

T T T T

Cooled and Uncooled bunch shape

Development of a “No Lattice Model” to reproduce data
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EDM at COSY

No Lattice Model: basic idea

@ No particle tracking.

@ Circular ring with a constant B and an
RF-solenoid.

G.Guidoboni Synchrotron Oscillation Effects



EDM at COSY

No Lattice Model: basic idea

@ No particle tracking.

@ Circular ring with a constant B and an
RF-solenoid.

o Effects on spin orientation
— 2 rotation matrices.

5 Spin precession per turn

Xy
[ cos(w,) 0 —sin(w,) ] Wy = 27 Vsfeyc
0 1 0 with vs = G~ spin tune
| sin(w:) 0  cos(wy)

_ Solenoid kick

[ cos(ws) —sin(ws) 0
0 ws = 2mecos(2Tfrest + ¢ps),
1

sin(ws)  cos(ws)
0 0

with e =solenoid strength

n

= n = turn number

feye
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EDM at COSY

No Lattice Model: basic idea

@ No particle tracking.

@ Circular ring with a constant B and an
RF-solenoid.

o Effects on spin orientation
— 2 rotation matrices.

5 Spin precession per turn

Xy
[ cos(w,) 0 —sin(w,) ] Wy = 27 Vsfeyc
0 1 0 with vs = G~ spin tune
| sin(w:) 0  cos(wy)

_ Solenoid kick

[ cos(ws) —sin(ws) 0
0 ws = 2mecos(2Tfrest + ¢ps),
1

sin(ws)  cos(ws)
0 0

with e =solenoid strength

n

= n = turn number

feye

Valid for a particle on the central orbit and at fc,c
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EDM at COSY

No Lattice Model: synchrotron oscillations

Synchrotron oscillations

o Sinusoidal oscillations along the beam (z) about the
center of the bunch.

z(t) = zmax - sin(27 foynct + Gsync)
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EDM at COSY

No Lattice Model: synchrotron oscillations

Synchrotron oscillations

o Sinusoidal oscillations along the beam (z) about the
center of the bunch.

z(t) = zmax - sin(27 foynct + Gsync)

ApFo AP0 q q reflects Ap . a
1 W 3 @ z oscillation —— —— oscillation.
p
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EDM at COSY

No Lattice Model: synchrotron oscillations

Synchrotron oscillations

o Sinusoidal oscillations along the beam (z) about the
center of the bunch.

z(t) = zmax - sin(27 foynct + Gsync)

ApFo apgo Q a reflects Ap . .
@ z oscillation ——— —— oscillation.

zmax

A A .
or L2 spin tune vs; = Gy

wr = 27(Vs + Avs)feye

AP Atltransit time throught RF-solenoid

ws = 2mecos(2mfres(t — tp) + ¢s)
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EDM at COSY

No Lattice Model: amplitude distribution

L

p—
of oe-
3.
particles oscillate together ; ‘ \\40 TM\(@ 5
20 30 50
Uncooled amplitude (m)

FittoRm s

Renomlized Pobizaion

4 «
T (6

particles get out of phase
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EDM at COSY

No Lattice Model: amplitude distribution

L

St G
o ool
EONI
particles oscillate together ; ‘ \\40 TM\(@ o
20 30 50
Uncooled amplitude (m)

FittoRm s

1) Larger amplitude

— Smaller RF-solenoid strength

Renomlized Pobizaion

4 «
T (6

particles get out of phase
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EDM at COSY

No Lattice Model: amplitude distribution

L

Sutnple Curve

02}

Rencanlized Polsization

oaf|

1of il

Time (6

particles oscillate together

10 Tb;\m o

50

FittoRm s
T T T T

1) Larger amplitude

— Smaller RF-solenoid strength

Renomlized Pobizaion

Data oscillation patterns

P, = aif(zmaxi) + ... + anf(zmaxy)

T (6

particles get out of phase
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EDM at COSY

No Lattice Model: amplitude distribution

L

Sutnple Curve

02}

Rencanlized Polsization

oaf|

1of il

Time (6

particles oscillate together

10 Tb;\m o

50

FittoRm s
T T T T

1) Larger amplitude

— Smaller RF-solenoid strength

Renomlized Pobizaion

Data oscillation patterns

P, = aif(zmaxi) + ... + anf(zmaxy)

T (6

FEIRESS e o off pliess 2)Choose amplitudes to reproduce data
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Data analisys

Fixed Frequency data: cooled beam

Oscillation patterns Amplitude distribution
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Data analisys

Fixed Frequency data: cooled beam

Oscillation patterns Amplitude distribution

[_zmaxforrun 180_J
\ £ 0o
g

Zos
2

Fit 1o Rum 180

£ o7

Renomnalized Polarization.
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500.
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5.00 particles
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Z position (m)
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Data analisys

Fixed Frequency data: uncooled beam

Oscillation patterns Amplitude distribution

Different solenoid strengths Zmactornns
Run 94 4_2

Vertical Polarization (Py)

, L . L
o 0 £ 30 20 50

%
= Beam bunch distribution
Run 95
€ A 100 T T T T
08!
= 80 .
0.6 . . .
o8 . ] Distribution
ES of 1000
ol oL particles
R I e B I . |

Z position (m)
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Data analisys

Fixed Frequency data: uncooled beam

Oscillation patterns Amplitude distribution

Different solenoid strengths Zmactornns
Run 94 4_2

Vertical Polarization (Py)

B=1.266 Tmm

, L
o 0 £ 30 20 50

%
_ amax
R = Beam bunch distribution
Run 95
& L 100 T T T T
n.a; 801~ 7
06 . . .
8 =0.21 Tmm ‘ wl- 1
- B=0.21 T , Distribution
n 2 ] of 1000
0:; N particles
R o5 T 5 £ 25 3 :.‘sT — 80 60 4'0 .2‘0 & zlu .f»lu 60 80

Z position (m)

Bunch shape fits patter
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Data analisys

Froissart-Stora scan: uncooled beam

| Froissart-Stora Calculation (adjusted)

Renormalized Polarization

Not complete spin flip.
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Data analisys

Froissart-Stora scan: uncooled beam

| Froissart-Stora Calculation (adjusted)

g ]
E §
oam ]
: : Zmax=54m
0. H
3
g ]
g
- 1.0
% s
Time {s)

Time (5)

Not complete spin flip.
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Data analisys

Froissart-Stora scan: uncooled beam

F-S for one particle

blackolow. 7, red-high Z

| Froissart-Stora Calculation (adjusted)

zmax=54m

Renormalized Polarization

2 25 27 29 31 33 3 . . .
Time @ Final polarization vs Zmax

Not complete spin flip. ——

i \
é Y

, \ L , L
% % @0 %0 60
Zima)

zmax<48m— complete spin flip
zmax=58m— No spin flip
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Data analisys

Froissart-Stora scan: uncooled beam

F-S for one particle

Dlack—low 7, rea-tigh 7.

| Froissart-Stora Calculation (adjusted)

zmax=54m

Renormalized Polarization

2 25 27 29 31 33 3 . . .
Time @ Final polarization vs Zmax

Not complete spin flip. ——

! \
I
contribution from particles with 1ot Y

48<zmax<58m *od |

, \ L , L
L R R R -]
Zima)

zmax<48m— complete spin flip
zmax=58m— No spin flip
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Data analisys

Froissart-Stora scan

COOLED beam S
o complete flip for zmax<48m. b Eukd ‘ i
o . Uxike
o data—no complete spin od “\ |
o data—no fit with cooled beam distrib. Lot k 1
H
o data fit—zmax~51m. : “

Time (3
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Data analisys

Froissart-Stora scan

COOLED beam S
i < . RSN B i ‘ ' |
o complete flip for zmax._48m i %%m
@ data—no complete spin o

R by ]
@ data—no fit with cooled beam distrib. “&\ i
@ data fit—zmax>~51m. }

Double-peak effect \ﬁ{/wwﬂ’*?@*@f

Cooled beam out of the central orbit.
Contribution to higher Ap/p (— zmax).

Rencrmalized Polarization

Aplp

P
e é?j\
.
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CONCLUSION

Spin coherence time study for EDM experiment.

Development of a No Lattice Model (synchrotron oscillations) that well
reproduces some of the experimental data:
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Development of a No Lattice Model (synchrotron oscillations) that well
reproduces some of the experimental data:

Fixed frequecy scan
@ importance of the amplitude distribution details.
@ uncooled beam wiggles necessary to define the correct
amplitude distribution.



CONCLUSION

Spin coherence time study for EDM experiment.

Development of a No Lattice Model (synchrotron oscillations) that well
reproduces some of the experimental data:

Fixed frequecy scan

@ importance of the amplitude distribution details.
@ uncooled beam wiggles necessary to define the correct
amplitude distribution.

Froissart-Stora scan

o modification of the solenoid flip efficiency (transit time
through the RF-solenoid).
o RF-solenoid can no longer flip the spin for large amplitude.
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