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MATTER ANTIMATTER ASYMMETRY

A MMeTRy Cv
=
\ 2L
" Big Bang: Equal amount of matter and antimatter 2| |
Np = Ng

b

—

- S;,ems; to G 1{5R ‘
dif:e?'er:ge/ N\P\ ‘C}/ R
\ .. 7

® Early Universe:

wil b’

Theory: B+ B -y +y + -
Measurement: B+ B >y +y+ -+ B+ -:?

® Today: Asymmetry between matter and antimatter
NB —NE

n =
Ny

®  Mismatch between expectation and measurement

nSCM a~ 10—18 versus nmeas ~ 10—10
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MATTER ANTIMATTER ASYMMETRY

® Big Bang: Equal amount of matter and antimatter
Np = Np
® Early Universe:
Theory: B+ B -y +y + -
Measurement: B+ B >y +y+ -+ B+ -:?

" Today: Asymmetry between matter and antimatter

RS MMETR Y

e

e’ ) .
A
%if:e‘:'er:ge/‘x N\A &}/ I

Al

n= Np =N ® Andrei Sakharov (1976)
Ny
. . [ ] . .
®  Mismatch between expectation and measurement Baryon Number Violation
nSCM ~10-18  versus pmeas 10-10 ® Cand CP Violation
®  Deviation from thermal equilibrium
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ELECTRIC DIPOLE MOMENTS

" EDM is a vectorial property aligned with the particles’ spin

"  Magnetic Dipole Moment (MDM): fi = - S with u = g%

® Electric Dipole Moment (EDM): d=d-3withd = nEDML

2mc
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ELECTRIC DIPOLE MOMENTS AND CP VIOLATION

Hzﬂfﬁ—ﬂg

" EDM is a vectorial property aligned with the particles’ spin

"  Magnetic Dipole Moment (MDM): i = u - S

® Electric Dipole Moment (EDM): d =

nﬁl
";¢
ool

—d -
ParityP: H=+d-E —fi-B
TimeT: H=+4d-E—ji-B
®  According to CPT - Theorem:
T Violation = CP Violation

wef}

H=-d-E—[i-
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= EDM violates both P and CP symmetry
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PERMANENT EDM SEARCH

Excluded

10710

10—20

10—24 -

= 10—28 .

O

.

\B]

1

10—36 |

10—40

10—44

I SM(Wgep = 0)

I SUSY (¢cp > a/m)
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PERMANENT EDM SEARCH

Excluded

10710

10—20

10—24 |

= 10—28 i

O

\B)

10—32

10—36 |

10—40

10—44

I SM(Wgep = 0)

I SUSY (¢cp > a/m)
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SPIN DYNAMICS Gy —~0.143

Thomas — BMT Equation Gy 0.001
_> qh quDM
d = ith d = nEDPM
A =T e : )
® Measure the influence of the EDM on the spin motion
S - S R
an (Qmpm + Qepm) X S
ﬁMDM = —27T)/G§y - fmpm = 120 kHz
QEDM =n"PMype,
Q 2
tan (M) ~ rpy ~ —1FPM ?ﬁ
|Qmpml|
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SPIN DYNAMICS

Thomas — BMT Equation

-

R S
d = diz withd = nEDM

®  Measure the influence of the EDM on the spin motion

qh
2mc

85 _ (Ghom + Fepm) x §
dn - MDM EDM
ﬁMDM = —27T)/Gé)y

QgpMm = TIEDMVﬁgx

|Qepm| B
tan <—>— ~ QEpM ~ —nEDMﬁ
|Qvpm|

" Problem: Ring imperfections (magnet misalighnments,..)
lead to rotations of 7 in radial (x) and longitudinal (z)

direction Page 9

Simulations

'

HEDM | ,COSY
Bl LI
: £COSY

\

Systematics
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Overview
®  Circumference 184 m

®  Accelerate and Store Polarized / Unpolarized

Deuterons and Protons

" p=03 —3.7GeV/c (pg= 970 MeV/c) SN

Siberian Snake e

®  Excellent Beam Quality "R Wien Filter

A .
®  Hadron Physics / Precision Experiments w ------- Electron cooler " ‘
‘ !
4 > e \N’/f‘ o
y i (] [ .
N 0 . S S— “=-r”\=
P=11 > 2
= 0 IO S—e
S 7 : =9 O Q . . %)
o
<In< S

%
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ACHIEVEMENTS AT COSY

Polarization (normalized)

A spread in particles energy distribution leads to decoherence over time

Measure 120 kHz spin tune precession to 1071% in 100 s

Development of polarization feed back system

RF Wien filter (Single bunch spin manipulation)

1.21

1.01

[

Tser = (47.53 £ 1.23) s
| ! y )

i

ik HHW*H*i{”HnHﬂH}H#HH|h“#{”ﬂ#{ﬂ#ﬂﬂ

100

150 200 250 300
Time in Cycle / s

Polarization (normalized)
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[TSCT = (689.63 £ 77.50) s]
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Time in Cycle / s
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POLARIMETER

@) JULICH
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POLARIMETER Ny Pz - sin(2)st) b, oc o = N
Np X p,, - sin(2mf;t + m) " Ny + Np

Dz = D2+ D

RO
| oL
—a i
p % R
o
4D
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RF WIEN FILTER

" Goal: Measure n,,
= EiﬁlBeam%ﬁL=q-(§+ﬁX§)=O
" 5. Field can be rotated around the beam pipe by (I)WF

® Needs to run on a harmonic of the spin precession frequency

fwr = fs
" F= Eocos(ZnﬁS + ¢) and B = Eocos(anS + @)

®  Both frequencies need to have an adjustable phase relation

l) JULICH
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MEASUREMENT PRINCIPLE

%1071
3" I
------- WEF On !
+ "' =0 mrad ;
I & = 26 mrad b 9. i

=
o

o Vertical Polarization

|
=
—_

0- T
140 160 180 —50 0 50
Time in Cycle ¢ / s o™ / mrad
Build up rate = (t) EP x |n x m| (Tl — ¢WF)2 +
P at Py de ™Y ~
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MEASUREMENT PRINCIPLE

o Vertical Polarization

o Vertical Polarization

0.11

0.0

=0.1

1
1
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I
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i
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n,: Systematics

RESULTS n,: EDM + Systematics

N, snake / Mrad  —0.057 +giae 0.001 4y 0.032

Sys

\~
Polarization measuring device ---ceeeeeeee N

RF Wien filter «ceeceevanen.

Nnywr / mrad  -2.1(12)
n, wg / mrad 3.9(6)

Measurement is dominated

by systematics!
Nz so1 / mrad —0.070 44 0.001 +

0.032

Sys
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SPIN DYNAMICS

Thomas — BMT Equation

5 s qh
d = d— with d = ntPM —
S| Wi T 2mc
Measure the influence of the EDM on the spin motion
85 _ (Ghom + Fepm) x §
dn _ \““MDM EDM
ﬁMDM = —27T)/Gé)y
Qppm = n°°MyBé,
|Qepm| B
tan( = ~ QEpM * — EDME
|‘QMDM|

|d

-

<3.0x107Y e-cm (95% C.L.) (

Page 19

Simulations

¢EDM +®COSY
Yy liln: = ( 1 )
gCOSY

\

Systematics
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SUMMARY

®  Motivation: EDMs as a source of CP violation and a

problem solver

®  Goal: Measure the influence of the deuteron EDM on the

beam polarization
" While the method works, the data cannot be interpret
correctly
®  We determine a first limit of the permanent deuteron
EDM
|d] <3.0x 107 e-cm (95% C.L.) ( )

Page 20

z (beam)
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PERMANENT DEUTERON EDM SEARCH

Excluded 0 SM(dgep =0) i SUSY (¢cp > a/7)

JH};”.I .

]—'J! eliry, :

10—36
10—4[} |
10~+
£
QX\ ¥ N g«z@ v 035‘850 °
9 5
¥ Q-
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BACK UP
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INVARIANT SPIN AXIS AT THE SOLENOIDS

Methodology

) L2000 Siberian Snakeat] = =5 = —0.075 Tm

9 =
~ 40 0.10 =
= <
E Snake On 5
Z 30 0.05 &
: 1 ;
20 0.00
. 90 95 100 105 110 L15 120
\V@‘ Time in Cycle / s
‘f“ Electron Cooler ;ﬁ ‘J J U L I C H
\1/‘ 3@/ Page 23 Forschungszentrum
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INVARIANT SPIN AXIS AT THE SOLENOIDS
N

— O - _5-
f cos(nffs ) 10
rev rev o |
Af, = k1% + n, ki =
41T L i “2_151
<
® k translates the coil current into a spin tilit angle _90.
) ) ) ] k = 3.9824 £ 0.0002 mrad / A
" n, denotes the z component of the invariant spin axis —— n.=—0.057 % 0.001 mrad
—291 X2/ndf = 11.44/8 = 1.43

Siberian Snake G % : %1078
NS § 0 l | b $—rt f !

]
' “© [I»_‘} } )
\j\\*ﬁ ------- Electron Cooler J 0 —4 =2 0 2 4
\Dé\ 4% Applied Current / A

@,gmm W ﬁj ‘J JULICH

Forschungszentrum

Residuals

Page 24



DETAILED LOOK INTO DATA
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Bunch 2
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RESULTS
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SYSTEMATIC ESTIMATES FROM SIMULATIONS

Max Vitz (PhD)

u =~ 20.132 urad o= 9.180urad]
wn e
E 250' ,' \\\
:j 1
O
O 0 , , , J_L , ,
—200 -150 -100 -50 0 50 100 150 200
Ny, wr [Hrad]
u = -0.189 urad o = 31.785urad
wlooy i
cC “ >
3 ’
o -~
kil B
—-200 —-150 -100 -50 0 50 100 150 200
Nz, wr [urad]
U =~ 67.432urad o = 26.073urad ]
E 100' ,/ .\\\
C it S
3 7
O
O g _..‘ .L_, |

-200 -150 —-100 -50 O 50 100 150 200

Po.we [Hra IJ JULICH
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ELECTRIC DIPOLE MOMENTS

Axion Search Observations

Violation of symmetries was observed in the weak sector o
However: not sufficient

CP violation in the strong sector

= Ys
Lqen = ~Yacn g et Gl Gag

Limits from neutron EDM measurements limit constrain
Oocp< 10710 = Strong CP Problem
Problem solver: Axion or Axion Like Particles (ALPs)
d = d% withd = dp¢ + dpccos(w, + ¢,) and w, = Tat_
Existence of an axion leads to an additional oscillating EDM component
Axion could explain the strong CP - problem

Axion are potential candidate for Dark Matter

Page 28
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PHYSICAL REVIEW X 13, 031004 (2023)

AXION SEARCH @ COSY e S vt i S o i e s

S. Karanth®,"" E.J. Stephenson®,>' 8. P. Chang®,** V. Hejny®,” S. Park®,* 1. Pretz0,”%7 Y. K. Semertzidis®,**
A. Wirzba®,*® A, Wroniska®,! F. Abusaif®,*>7 A. Aggarwal®," A. Aksentev®,” B. Alberdi®,** """ A, Andres®,*®
L. Barion®,"’ I. Bekman®,>* M. BeyB,*’ C. Bohme®,’ B. Breitkreutz®,>* C. von Byern®.,%° N. Canale®,'’ G. Ciullo®,"®
d S. Dymov©," N.-O. Frohlich®, > R. Gebel®,™'! K. Grigoryev®,™® D. Grzonka®,® J. Hetzel®.® . Javakhishvili®,?
d = dDC -|— d CO S(Cl) -|— ¢ ) H. Jeong®,"® A. Kacharava®,? V. Kamerdzhiev®,>* I. Keshelashvili®,** A. Kononov®," K. Laihem®,*® A. Lehrach®, >

AC a a P. Lenisa®," N. Lomidze®,"* B. Lorentz®,"" A. Magiera®,' D. Mchedlishvili®,"*" E. Miiller®,*” A. Nass®,’
2 N.N. Nikolaev®,"'® A, Pesce®,” V. Poncza®,% D. Prasuhn®,”® F, Rathmann®, A. Saleev®,"’ D. Shergelashvilio,'

m.cC V. Shmakova®,'"™ N. Shurkhno®,** S. Siddique®,** J. Slim®,*"1 1. Soltmer®,"” R. Stassen®,” H. Striher,™”

a M. Tabidze®,"* G. Tagliente®,' Y. Valdau®,>® M. Vitz®,® T. Wagner®,>** and P. Wiistner'”
Wgq

h (JEDI Collaboration)

m, [neV/c?]

. . . 0.497 0.498 0.499 0500 0.501 0.502
®  Constraints for the axion gluon coupling: 3 | | 3 ; | | |
12 s s S e S s
|Gaay| < 1.7 x 1077GeV~2 B
£ 10 [SEEEERE it L L
Y : ] : : ] ‘
v |
ml 8 ; ________________________
a C c 1 Cy =
s APV S =/ _ %5 YG _ b GBbww __ =N Wyl 2 X
Lo—gr 7, 2f 8r 1, 2 CwC 5, @V Vs =6
'95(
ki g f _ a
a a a —— Ap=0.112 [MeV/c]
- - - —— Ap=0.138 [MeV/c]
120.0 120.2 120.4 120.6 120.8 121.0 121.2 121.4
Ya _ fuc [kHzZ]
Electric Dipole Moment (EDM) axion wind term 2n
studied by many accessible in storage ring experiments ® 90% CL upper limit on the ALPs induced oscillating EDM
experiments with spin polarized beams
" Average of |d%c| < 6.4 x 10723e - cm

Page 29
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AXION SEARCH

S. Karanth (PhD Work)

Measurement Principle / Expected Signal

d =dpc + df{ccos(wa + ¢ )

®  Problem: Phase is unknown!

®  Solution: Inject 4 bunches with different spin directionality!

> 970'
[}
=
~
g
=}
=
[}
g
=}
=
c
539 S 0.5
50 100 150 200 250 300 N
=
1.0 121.75 =
U Z1.09 o
= Q 0
2 hac
= 121.50
2081 T S
z o £
S 121.25 >
Q_; 0.6 = >_05
= RF Solenoid Qviom = YG ey = W 121.00 2
g &
~ 049 120.75 &
S = -1
021 120.50 =
5
“ F120.25
0.01
50 100 150 200 250 300

Time / s
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AXION SEARCH

S. Karanth (PhD Work)
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AXION SEARCH

S. Karanth (PhD Work)

m, [neV/c?]
0.497 0.498 0.499 0.500 0.501 0.502

12
5 £ 10
. )

o @

™~ m
o N8
- (]

5 —

_— X 6

?ug _LJ + +

e}

-~ )

— Ap=0.112 [MeV/c]
—— Ap=0.138 [MeV/c]
! 2 4 ; ; : ! i i !
LooTes lzb_z 130205 12021 120.0 120.2 120.4 120.6 120.8 121.0 121.2 121.4
fAC [kHZ]
fac (kHZ)
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SPIN TUNE MEASUREMENT

®  Spin precesses with f; = yG frey = 121 kHz

® Detector handles event rates 15000%

® 1 hit per 10 precessions
®  No direct fit possible

B Assume a fixed frequency viixed

NANN o
VAAVAAVAAVA

®  The change of spin tune is given by

1 do

2oy dt = vsfixed + Av(t)
rev

vg(t) = V;‘ixed +

Page 33

=
o

|
<
)

A; =0.060 £0.012
— Ay =0.1234+0.012
2
x*/ndf = 15.16/16 = 0.95
| ] . +

Normalized Asymmetry

o

175 200 225 250 275
Time in Cycle t / s
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SEXTUPOLE CORRECTION FOR SCT ENHANCEMENT

Focal length

I' Sextupole
Ap'p >0

Ap'p <0

Dispersion
Quadrupole D+0

9 JULICH
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PHASE FEEDBACK ®  Tasks of the phase feedback:

®  Measures the spin precession frequency and adjusts

the Wien filter frequency to it

®  Provides a fixed phase relation between both

S5
Q
oL

frequencies

daa k
- - COS re
dn 2 Prel
dprer Kk, .
gnl =3 (sin @re) tan a + q)

k= —xosiné = —4me

_AnAf
' Efen
v 1 L 1 .
€ = f{ev = 1 X0 & x m| = 17 X0 sin §

IJ JULICH
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PHASE FEEDBACK

Slope Method

Page 36

Phase Feedback prevents the relative phase from

changing
d_oe B k
dn ~ 9 COS Prel
dcprel k . d(iorel
= _ ol b —
i 2(81ngoel AN+ )  —] In 0
do
E — 27T€frev COS gprel
fV 1 — — 1 .
€ = = CX M| = — S111
frov  4n° | | 4 X° :
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PHASE FEEDBACK foo_ 1 1

€ = —Xo |C X Tﬁ\—EXO sin §

- frev 47[-

Slope Method

Relative Phase ¢
NI T+ 1

A
dn

[ : — ¢ =574+002rad
B raprager b geoeeene '_ ©
PO =++;:++ + — ¢, =418 0.01 rad ©
to) N : — ¢, =266+ 0.01rad ~
@ B e T
= - : — ¢_ =1.06 + 0.01 rad o
~ B + : : ; yol
© = ubacttt +""r; ++++++: "+1-"' : "‘+J'l — ‘+ =
4 f_ IR P +5'_.+-r ..... +++:'-|=*' Ty 5++++++HT' cu>
o : : : = o
N C
3 @
2
(]
0
o]
Q@
o
C
<

1 1 _ |
0 E_ ................................................................... E L = .74 radé
S I N B B B JEC 1 U AU SR SN B S
160 180 200 220 240 260 160 180 200 220 240 260
Time in Cycle / s Time in Cycle / s
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PHASE FEEDBACK

Slope Method

fv 1 1

€= = ——Xo|CX m|=-——Xxo sinf
frev 4w 47
do
- = 27T€frev COS SOrel
dt
x107°
B +2 I ndf 39.6 /29
4 I W S S A -3.052e-09 = 3.201e-11

B 3.471e-09 = 3.441e-11
-2.473e-11+ 2.307e-11

N
|
;

o
!

|
\S)
|

Angular Velocity 2153‘:1‘ [rad/turn]
T

_4__ ........................................................................................................................................
1 1 1 1 I 1 1 1 1 t I I ] ] I ] 1 | | | | | | | l ] ] 1 1 I 1
0 1 2 3 4 5 6

Relative Phase: Wien Filter RF to Spin tune Q. / rad
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PHASE FEEDBACK

Slope Method - Limitations

N ORI PN SR SO WO ]l .......... S i
© K L P 4 44 015..1.:]_{_:1', .......... Bereeeesnndeeabe 9 : ymmetry
~ F 5 A S %HHMH 5 o

] I L e ] | B [ B b o 3 : + 'I' . :
o St : Wﬁ £ N L J+++++H+++ ﬂfr ++.*’ﬁﬂﬁ.’fﬂﬁtﬂ Hy
2 s ETET T g
£ ok £ R el gt
g . T T ;....;Hﬂfﬁ .......... iz
, i ottt

L P Ll HE P PR 1 PR B RPN PR N P
440 160 180 200 220 240 260 140 160 180 200 220 240 260
Time in Cycle /s Time in Cycle /s

Angle o between P, and P, / rad
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PHASE FEEDBACK

/ rad

rel.

n

Relative Phase ¢

W

— N
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F L st TR Y VPR SR T #
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s oty : Tt e
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— ¢ =4.20=+0.01rad
el
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150

L ] ! ) | L
200 250
Time in Cycle /s
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Left - Right Asymmetry / % (Vert. Pol.)

Blue Bunch

da k

dn ~ 2
d(:orel
dn

k
2

COS Prel

(Sin el tan a + q)  s—]p

Red Bunch

do k

dn 2
dsorel L k

dn 2

py(t) = sina(t) = cos @re1(0) sin(27e frevt) .

COS Prel

(sin @re) tan a + q)

o
N

e
—
|

¢ml. = 1+.95 rad
+ =

o =4.20ragd

rel . ¥
, o gt b U R RT
0_ : b H ++++++§+++++H+ byt
_0_1__..._..: ...............................
-t H :
i : ¢, =559 rad
0.0l i i
150 200 250
Time in Cycle /s
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Red Bunch

d‘;orel
dn

/.

=0
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EDM IN THE STANDARD MODEL AND SUSY

y Y
SM SUSY
g
d Y u t d d d
S ’ ~
w WW .d. z0

IJ JULICH
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WHATS NEXT?

d§ = —

prie (Q MDM +QEDM) S,
B} q > E
Ovpum = - ) ( 'y—l—l)ﬁ ]
Qrpym = — % 5 [E—I—chB].

Frozen Spin Condition

GE - (G— = )ﬁXE]éo.
v —1 c

QMDM Q1:'ev - —
m

For a pure magnetic ring (E=0)

G'B’fyéo ‘.

Page 42

Q’MDM — Q’rev — i (G —
m

In an all — electric ring
1 gx E |
~2 -1 c

1 LO o P = mc
72_1 magic \/@‘

Combined E — B Ring

B%72G — 1

B=E.
cBy2G
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SPIN TUNE MAPPING

- T :tRinth
Z_‘; f; j; Cjc S X ﬁrs = — wicﬁrs XS=aXS§. = cos(mY) COS(XQX)I — z'X(c'r' - E) sin(XQX) cos (1) X
oo s X 7.70) (5-F)si . (XX
Spanr formalism — (¢ - @) sin(mv?) 005(7) — (-7 (cr . k‘) sin(7v}) 3111(7)

Eq. (C.3)

l/) — (u d)T =" cos(mvy )cos(XQX)[ _ (ﬁ E) n (! )s1n(X2X)
§ — <¢|5_|¢_> — l,b'T 5_1’0 — 10 - [(n X k:) Sin(ﬂ'yo) sin(X—X) -+ k:sm(XTX) cos(m/s) —l—ﬁsin(ug) cos()%)]

\../M

= cos(mvs(xx))I — (7 - (xx)) sin(mvs(xx))-
The TBMT equation of spin motion becomes
dl:h N 2 x Tl — 1 — 7. X
79 5(0 @) = %(wx‘: o @ _wtzw ),’[,, i(xx) = ) [(n X k:) sin (7, )sm( QX)
$O) = tring (60) T (5 o) - ) ()

tRing = e~ 5T — cos (mx?)[ —i(d - 1) sin('rryg)

ty = e_iXTg'E = COS (X—QX) I—1 (&' . E) sin (XTX)

cos (mvs(xx)) = cos(mv?) cos (XQX) — (ﬁ' : IZ) sin (7)) sin(XQX).
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