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Matter-antimatter asymmetry

Big Bang Theory: initial symmetric configuration of the universe

l BARYOGENESIS Sakharov’s conditions (1967):

« B=n,-n;  violation
* Departure from thermal equilibrium
 Cand CP violation

Matter-dominated universe:
Baryon-to-photon ratio nb/nv

Observed (PLANCK)  6.08(14)x1010
SM expected value ~ 1018

Standard Model (SM):
Contains the 3 elements
Does not account for baryon asymmetry
CP-violation source is too small
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The Electric Dipole Moment

?“ * Permanent separation of positive and negative electrical charges
within the particle volume

\J
P T e tlies along the spin vector
dﬂ.“
d
" e Itviolates both parity P and time reversal T symmetries
\__J df

Assuming the CPT symmetry to be conserved
= l

Theoretical predictions
SM Models beyond SM

SM 38
d,”|<107e-cm predict EDM values that are close
to the sensitivity of current and
SM 32
dy |<107"e-cm future experiments

(UNOBSERVABLE)
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Searching EDM: Neutral systems

Basic idea: apply E-field and look for the energy shift —d-E
* Precession frequency in B and E field (spin %):
ho,=-2u-BF2d-E

e 2 cases: E parallel and antiparallel to B BA W
e Subtracting the 2 frequencies cancels out the magnetic term: =

First experiment: Purcell and Ramsey (1951) searched for neutron EDM

Particle/Atom Current EDM limit (e-cm) Future Goal (e-cm)

Neutron <2.9x10°%° ~10-28
199Hg <3.1x10%° ~10%9
205T] <9x10% ~1028 - 103!

Proton <7.9x10%° ~1029

Deuteron ~10-2°
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How to measure EDM for charged particles

* Impossible to trap charged particles
in E-field —

Injection in a Storage Ring

with spin aligned to the velocity (Longitudinal Polarization)

. b - - dS:
* External E-field produces a torque on the EDM: T=dxE= d_
4

* Freeze the horizontal spin precession and watch for the development
of a vertical component

Spin precession in I
the vertical plane I
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The frozen spin method

BMT Equation _ _ _
& spin precession frequency in
2 /;) E S the horizontal plane
- - - g m X -
W, =W, -, = _4 GB+|G - (—) ., particle revolution frequency
m D c

G=(%2) anomalous magnetic moment

Magic condition mmmp @g =0

Spin along the momentum vector

* Protons G=1.79>0—  magic momentum:

2
G—(ﬂ) _0—p= 078

P \/5 C

B=0— pure electricring!

e Deuterons G=-0.14<0—  no magic momentum:
magnetic field with a radial outward electric field



Storage ring projects

BNL all electric ring for protons EDM with E and B-fields at COSY
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EDM search and Spin Coherence Time

» The minimal detectable precession angle is Oy = 10%rad
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EDM search and Spin Coherence Time

» The minimal detectable precession angleis 0, ~10"rad

[ d=10%¢-cm

> Ifweassume: =< F-= 10@ ‘ B (1) =107 L2< rad

m turn

| T=10"s
» We need the particles spin to be in phase

for at least 103 s to detect the EDM signal

Spin Coherence Time (SCT)

@gb%-

After some time the spin
vectors are all out of phase
in the horizontal plane

At injection spin vectors
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SCT tests at the COoler SYnchrotron (FZ)J)
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* Momentum p < 3.7 GeV/c
e Circumference: 183 m

* Polarized protons and
deuterons

* Manipulation of beam size and
polarization

Dedicated SCT studies at the COSY

facility l

Supported with a spin
tracking code:
COSY-INFINITY
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GOAL:

Benchmark the COSY-INFINITY code against the EDM feasibility
tests performed at the COSY storage ring

WORK PLAN:

Simulation of beam and spin dynamics in the COSY storage ring:

e Spin tune calculation

e Contribution of synchrotron and betatron
oscillations to the spin tune spread

e Estimation of the SCT

* RF cavity compensation

e Correction with sextupoles
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* Need for tracking both the position and the spin

e Julich collaboration chose the COSY-INFINITY code (Prof. M. Berz — MSU)
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The COSY-INFINITY code

* Need for tracking both the position and the spin

e Julich collaboration chose the COSY-INFINITY code (Prof. M. Berz — MSU)

» Object oriented language

» It computes the one-turn transfer map for each single optical element
in the beam line

» Using Differential Algebra (DA) techniques to optimize the Taylor
expansion cofficients, it calculates the transfer map that relates the
initial and the final particle state:

2, =M(Z,0)

» Repetitive system: only a one turn map has to be computed: this makes
it much faster than ray tracing codes that trace each individual particle
through the system

* Only after successful benchmarking, the code can be used for designing
an innovative dedicated ring for EDM measurements



Spin Tune and Spin Coherence Time
SINGLE PARTICLE

* The spin tune v = Gy is the number of revolutions of the spin vector
around the spin invariant axis in one turn



Spin Tune and Spin Coherence Time
SINGLE PARTICLE

* The spin tune v = Gy is the number of revolutions of the spin vector

N -

around the spin invariant axis in one turn

n, = Si X Si+1

S |sin(9,) we——) ¢, =arcsin
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h
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Spin Tune and Spin Coherence Time

SINGLE PARTICLE
* The spin tune v = Gy is the number of revolutions of the spin vector

|

around the spin invariant axis in one turn

n=_SxS.,

1+

sin(),) w9, = arcsin

0<i<2x10°

= ‘Si Si+1

i

BEAM OF PARTICLES
* Particles with different displacements (Ax, Ay, Ap/p) have different

spin tunes mmd spin tune spread Av
* |tisrelated to the spin coherence time:




Spin tracking: Reference Particle

* Deuterons with p =970 MeV/c
* Cyclotron frequency f_ S =(S,S,S,)
 Motion on the reference orbit:

it goes through the center of all

|

magnets
Ax=Ay=0 ; Ap/p=0
SPIN TUNE: 1 spin rotation
Vep = GY =0.1604981 ™D . 0r ~6 23 turns

TN
)

100

Polarization
(3,1
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Decoherence effects - 1

Longitudinal motion

Momentum dispersion in the beam —— Particles with Ap/p = (p’- p)/p #0

Different velocities wmm Different Gy
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Decoherence effects - 1

Longitudinal motion

Momentum dispersion in the beam ——» Particles with Ap/p = (p’- p)/p # 0

Different velocities ~wmmp Different Gy

Linear effect ——

|

Compensated by
bunching the beam
<Ap/p>=0

Residual quadratic
dependence:

- SYNCHROTRON OSCILLATIONS



Simulations
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Simulations

Longitudinal motion

RF OFF: RF ON:
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Simulations

Longitudinal motion
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Decoherence effects - 2

Transverse motion

—

* Displacement from reference orbit: Ax, Ay Ap/p>0

BETATRON OSCILLATIONS
= ¢ Particles with Ap/p #0

eBp=p —> Modified orbit

" AL (A ()

Path lengthening: ~
& ® L 4

* The RF cavity keeps all particles on average isochronous:

Same frequency
Different paths

mm) Different velocities Different Gy




Tran
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Comparison with data
Simulations
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Comparison with data
Simulations
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Simulated SCT comparable to the measured one



Compensation of the Betatron Motion

* Use of the sextupoles families in the arcs to cancel the spin tune spread
due to the betatron motion

Why sextupoles?
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Simulation of the sextupoles effect

i - A{(A) )+ akd {(Ax))

l L Sextupole field

Beam emittance term
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Simulation of the sextupoles effect

Lo o (o) ([
l L Sextupole field

Beam emittance term

Spin Coherence Time vs. MXS - Ax = 1mm - Dipoles Sext Fit Value ON

PO 1.512 + 0.1302
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 The zero-crossing point is independent of the chosen Ax value

* Factor ~7 between simulated and measured k, values, suggesting
the presence of unaccounted-for sextupole components in the ring
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Linearity check

Combining two sextupole families it is possible to correct also the
vertical offset’s effect:

MXL - MXS Plane - Correction for Ax =1 mm and Ay =1 mm

MXL - MXS Plane - Correction for Ax =1 mm

MXL (m™)

* The two straight lines cross each other mms) simultaneous

compensation is possible
* Due to acceptance problems of the COSY ring, no data for the

vertical offset case will be available
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 New frontier: search of charged particles EDM in storage rings
« EDM experiment demands SCT > 103 s

* Feasibility tests performed at the COSY storage ring

* COSY-INFINITY code benchmarked against these tests:

v’ Correctly reproduces the SCT dependence on SYNCHROTRON and
BETATRON motion
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