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Motivation

@ What is the cause of the matter-antimatter
asymmetry observed in the universe today?
ng—ng
ny ot

@ The asymmetry is quantified by n =

> ng - baryon number density

> ng - antibaryon number density

> ny - CMB photon number density
The three conditions identified by Sakharov to
explain the asymmetry -

@ Processes violating baryon number
conservation,

X i . Latest data from Planck’s measurement of CMB gives
o Charge inversion (C) and charge-parity a baryon assymetry of n ~ 107, while current
inversion (CP) symmetries must be violated, predictions are of the order of 1078

@ Interactions outside the thermal equilibrium
must occur.
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Electric Dipole Moments (EDMs)

o Classically, an EDM is created by a
separation of opposite charges by a distance

depy = /VX'P(X) d’x. (1)

o For particles, EDMs are collinear with
MDMs, and are defined as

q
depv = nepm =——S. ()
2mc

o EDMs violate P, T, and according to the

CPT th , CP try. o o L = - oo =

eorem symmetry. He+d-B—ji-B He-d-B—j B
Behaviour of EDM and MDM under parity and time

inversion transformations, H is the Hamiltonian of the
system
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The Cooler Synchrotron (COSY)

/@W@H fp@ﬁ\
o Magnetic storage ring of i

Bending magnet
Electron coolsr.........%j%

circumference 184 m

@ Beam energy range of ‘\
0.3 to 3.7 GeV gy h
° Stores polarized or Polarization measuring device %5 COSY
unpolarized deuterons or RF Wien filter \%\'..
protons

\\@@&é@#@@
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Spin Dynamics and Polarimetry
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Spin Dynamics

@ Spin polarization is defined as

p:%Zs, 3)

@ Spin precesses about vertical axis once in
the storage ring (direction of B)

@ Dynamics described by the Thomas-BMT
equation

ds
i (umpm + QepMm) X S (4)

@ Spin tune -

s in
vs = 21 — 4G, (5)

f;’EV

» ~ - Lorentz factor
> G - the anomalous magnetic moment

@ vs cosy ~ —0.16, for deuterons with a
momentum of p = 970 MeV/c
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Polarimetry

Straw Tubes:
4 x 4 Layers
0°, 90°, 45°, -45° Range Hodoscope:

3 x 24 Elements (10 cm)
m 2 x 24 Elements (15 cm)
Pizza Shaped

o Wide Angle Shower Apparatus (WASA)
Polarimeter is used

—

Target Position:

o Detector consists of four quadrants - up, T

down, left, and right - Carbon Target
- CH, Target u Angular Coverage:
C t rates i h detect drant i i —— e.2-17
o Count rates in each detector quadrant is Window Counter: R

. 2 x 24 Elements Trigger Hodoscope:

given by Pizza Shaped 1 x 48 Elements (5 mm)
Pizza Shaped
Nx = ao(¢; pH, pv)L. (6)

> ppy - horizontal spin polarization

> py - vertical spin polarization

> ¢ - angle of deflection

»> L - luminosity
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Data Analysis
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Run 51180, April 2019
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OO

@ Polarized deuteron beam consisting of four particle bunches was used
@ Extraction of the beam was not continuous, occurred in ten extraction intervals

@ Run consisted of two polarized, and two unpolarized cycles
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Overview of Experimental Procedure

A polarized beam is injected into COSY, with initial vertical polarization.

@ The beam is accelerated to a momentum of p = 970 MeV/c, after which the beam can be
cooled using the electron cooler.

@ The spin is flipped onto the accelerator (horizontal) plane.

@ The scattering process is initiated. The beam is guided onto the carbon target and slowly
extracted with an efficiency of approximately one particle out of a thousand being scattered
and recorded as an event.
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Fourier Transform

dominant frequency

Flw) = —/0o F(t)e—“tdt )




Discrete Turn Fourier Transform

@ Since the data taken consists of discrete turn numbers, the Discrete Turn Fourier Transform

is used -
N—1
8u, = Z gln] (cos(2mnyy) — isin(2mwnvy)), (8)
n=0
[ 1 n=n(ne)
el ={ 5 0o . )
@ The Fourier coefficients are -
2 NEV
ay, =R(gy,) = . Z cos(2mvin(nev)),
ev ev=1
N (10)
5 N .
by, =l(gy,) = — Z —sin(2nvgn(nev)).
Nev =1
@ The corresponding statistical uncertainties are -
2 Ney 2 Ney
= cos2(2 , = — sin?(2 . 11
Ton = | 2, CF O] 70, = oy 3 s Crn(ne) - (1)
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Fourier Spectrum
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10005 ! ~1000F- |
B s , x10° S TR IS PR 3|
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(a) by,
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5007
0:
-500
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0.161 .- 0.161
(c) by, (d) a,,
Fourier spectrum in the first macroscopic turn bin seen in two frequency ranges of different orders.
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Amplitude of the Fourier Spectrum

e = |l = /B8 + (g, )? = \fa2, + B2, (12)

Ufuk =

(13)

0.0
0.0
0.0
0.0
0.0
0.0
0.0
0.0

amplitude
amplitude

10°

0.1 0.2 0.3 0.4 0.5 0.6 0.7
v-0.161

Amplitude of the Fourier transform in the 2nd turn bin in different frequency ranges. Note that both x-axes are
offset by 0.161.
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Phase of the Fourier Spectrum

v, = arg(gy,) = atan2(I(gy, ), R(gv,)) = atan2(by, , ay, ) (14)
af,ko% + b2, 02,

Oy, = —(a,%:—i— bl2/k)2 . (15)
8 105_' —w=oiewooo3| S
< 8 V0 = 0.161000399) . =
[} = V2 = 0.161000445 =
5 o - 3
c 4t —
o - =
2:_ . \ —:
o - ' E
2F =
—4F S E
_6;_ ' _;

-8 R R B B A .l. ._:X]_O6

0 100 200 300 400 500 600

turn number
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Spin Tune Measurement

° E X2/ ndf 89.03/6

@ Turn dependent spin tune - S 6 PO -2.881£0.133

;‘ 5E Pl 1.158e-08 + 1.165e-09

E 6.7e-18 + 2.1e-18

0 1 O¢ps 4 ,

vs(n) = vy + — (16) 3=
27w On 2k
1=
@ Phase plot at a fixed frequency 10 is fitted 0=
with a second degree polynomial - -1=
-2

s E s ‘ s ‘ s x10°

¢s(n) = an* +bn+c (17) 0 100 200 300 400 500 600

turn number

1.269e-08 + 1.095e-09

133.4/6
0.2743 £ 0.1239

4.96e-18 + 1.95e-18

+

6

@ The slope is then given by (a) Up detector
10~ X2/ ndf
O¢s(n) BT po
———= =2an+b 18) <. F
On (18) s 8 b
0o 1 - )
S us(m) =18+ —(2an+b)  (19) |
s r
@ In the figure 2;
> 10 = 0.161000 425 b
> p0=c ot | | | \
> pl=b 0 100 200 300 400
> p2=a
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Spin Tune Measurement

@ Turn dependent spin tune -

1 O¢s
+7 on

vs(n) = (20)

@ Phase plot at a fixed frequency 10 is fitted
with a second degree polynomial -

¢s(n) = an® + bn+c (21)
@ The slope is then given by
9¢s(n) =2an+b (22)
on
0 1
= vs(n) = vg + o (2an + b) (23)
T

Abhiroop Sen (RWTH Aachen)

Spin Tune Analysis for EDM Searches

x10°°
0.4402
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0.4394
0.4392
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v, - 0.161

(a) Up detector
x10°°

6

| X,
500 600
turn number

200 300 400

0100

(b) Down detector

Note the offset in the frequencies in the y-axes.
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Uncertainty in the Spin Tune

@ Uncertainty in the spin tune o, calculated
using standard error propagation

2 1 2
Ops = g Oslope

1
=2 (202n + 0% + 4cov(a, b))

| | | | x10°
200 300 400 500 600

turn number

(a) Up detector

1
=0y, = E\/2a§n + 02 + 4cov(a, b).

(24)
® Oy min ~ O(10~11)

6

| | | | L X,
0 100 200 300 400 500 600
turn number
(b) Down detector
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Analytical Uncertainty in the Spin Tune

o Count rates in the up and down detectors is given by

Ny () = No (1 & Psin(wt + ¢)),

Np - unpolarized cross section

1/ 1 - up / down detectors

w = 27Vt , frey - beam revolution frequency

P - product of the analyzing power and horizontal polarization

vvyyvyy
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Analytical Uncertainty in the Spin Tune

o Count rates in the up and down detectors is given by

Ny () = No (1 + Psin(wt + ¢)), (25)

> Np - unpolarized cross section

> 1/ 1 -up / down detectors

» w = 2mufe, , frey - beam revolution frequency

> P - product of the analyzing power and horizontal polarization

@ An asymmetry can be formed using the count rates
Ny — N

Alt) = ———
() NT+N¢

= Psin(wt + ¢) (26)

and fitted with a function f(t). However, due to the low number of events recorded per
second the fit would not be feasible.
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Analytical Uncertainty in the Spin Tune

e Count rates in the up and down detectors is given by

Ny (£) = No (1 + Psin(wt + ¢)), (25)

»> Np - unpolarized cross section

> 1/ 1 -up / down detectors

» w = 2mufe, , frey - beam revolution frequency

> P - product of the analyzing power and horizontal polarization

@ An asymmetry can be formed using the count rates
Ny — N

Alt)y = ——=
NT + N¢

= Psin(wt + ¢) (26)

and fitted with a function f(t). However, due to the low number of events recorded per
second the fit would not be feasible.

@ The extended log-likelihood method is used for calculating the uncertainties in the
parameters P, w, and ¢.

@ Log-likelihood function is given as -
t=logL =" log[No(1+ Psin(wt; + ¢))]
T

+ > log[No (1 — Psin(wt; + ¢))]- (27)
+

— [NT(W, ¢, P) + Ni(w, ¢7 P)]
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Analytical Uncertainty in the Spin Tune

o Elements of the (inverse) covariance matrix -

9% 0%¢
= —{ —— N(t - dt
(cov™); <8a,~8aj> / 83,831 ’

(alz az, 33) - (UJ, ¢7 P)

(28)

ID. Eversmann et al. "New Method for a Continuous Determination of the Spin Tune in Storage Rings and Implications for

Precision Experiments”.
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Analytical Uncertainty in the Spin Tune

o Elements of the (inverse) covariance matrix -

9%
—1 — N
(cov™); <8a,~83j > / 8a,831

(31732733) - (w) ¢7 P)

)
N(PT)®  NPPT 24
L 6 4 N(PT )?
cov T = NPT NP cov = —a<
4 2 o= NPZT
0 0 y 0

ID. Eversmann et al. "
Precision Experiments”.
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Analytical Uncertainty in the Spin Tune

o Elements of the (inverse) covariance matrix -

924 T 0%
1= — =_ N(t) - - dt 28
(cov); < aa,.aaj> AR =t (28)

(a1, a2,a3) = (w, ¢, P)

]
N(PT)? foT 0 0
cov! NPT NP2 g | = cov = 0 (29)
7 2 e 5
0 0 5

@ The statistical errors on the three parameters correspond to the diagonal elements of the
covariance matrix -

8

) 24
@ NP2’

— 2 _
===, Oy =

2
N(PT)2’ N

2
= —. 30
ap N (30)

ID. Eversmann et al. "New Method for a Continuous Determination of the Spin Tune in Storage Rings and Implications for
Precision Experiments”.
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Analytical Uncertainty in the Spin Tune

o Elements of the (inverse) covariance matrix -

_ 9% 0%¢
(cov ) = _< 83-8a-> / N(t) - 200 dt, (28)
Y4y J

(31732733) - (w’ ¢7 P)

°
N(PT)® NPT 24 12
1 (62 : a0 NeT?  WPT 0
-1 | wnPT NP = 12
cov > L ,(\), = cov NPT e (2J (29)
0 0 5 0 0 N
@ The statistical errors on the three parameters correspond to the diagonal elements of the
covariance matrix - ) 8 )
2 2 2
o2 — , 02 = L 05 = —. 30
“T NPT TP T NP2 P TN (30)

oo, x T 1=0,xT1

ID. Eversmann et al. "

New Method for a Continuous Determination of the Spin Tune in Storage Rings and Implications for
Precision Experiments”.
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Analytical Uncertainty in the Spin Tune

o Elements of the (inverse) covariance matrix -

_ 9% 0%¢
(cov ) = _< 83-8a-> / N(t) - 200 dt, (28)
Y4y J

(31732733) - (w’ ¢7 P)

]
N(PT)? NP2T 24 12
. (T 7, O N(ET?  NPIT 0
-1 | wP2r NP = | 12 8
cov . r 0 | = cov NPT e (2J (29)
0 0 % 0 0 N

@ The statistical errors on the three parameters correspond to the diagonal elements of the

covariance matrix - ) s )
2 2 2
_ , =—, = =, 30
e T NPT 7 T NP2 TP TN (30)

oo, x T 1=0,xT1
o An earlier study! found that for a cycle length of 10% s, o, ~ ©O(10~10).

ID. Eversmann et al. "New Method for a Continuous Determination of the Spin Tune in Storage Rings and Implications for
Precision Experiments”.
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Analytical Uncertainty in the Spin Tune

o Elements of the (inverse) covariance matrix -

9% T 0%¢
-1 ii=— = — N(t) - - dt 28
(o )y = ~( o) == [ W) g (28)

(31732733) = (w’ (;bv P)

°
N(PT)? NP2 T 24 12
X MEE M0 were  wer O
-1 | wnPT NP = 12 _8_
cov - N ,(\), = cov NPT NP2 (2J (29)
0 0 5 0 0 N
@ The statistical errors on the three parameters correspond to the diagonal elements of the
covariance matrix - ) s )
2 2 2
= 05 = —, 0p = —. 30
“T NPT TP T NP2 P TN (30)

oo, x T 1=0,xT1
An earlier study® found that for a cycle length of 10% s, o, ~ ©O(10~10).

o For the current cycle of length 103 s, o, ~ (9(10*11), which agrees with measurements.

ID. Eversmann et al. "New Method for a Continuous Determination of the Spin Tune in Storage Rings and Implications for
Precision Experiments”.
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Results from Individual Bunches
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Bunching

X
-
(=]
w

120
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80

events

60
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20

rf-phase

@ The particle beam is bunched by passing it through an RF-cavity before it is accelerated to
relaticistic velocities.

@ The phase of the RF-cavity is used to distinguish particles in separate bunches.
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Fourier Amplitude

0.08HBunch

amplitude
amplitude

0.08 -

amplitude
amplitude
o
o
3
|

N 3x10

. " _0.01 . . . . .
01 02 03 04 05 06 07 g1 02 03 04 05 06 07
v-0.161 v-0.161

(31)

(32)
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Fourier Phase

X2/ ndf

- T 89.03/6 - X2/ ndf 137.1/7
S po -2.881+0.133 S 8 po 0.9338 + 0.0694
=, pL 1.158e-08 + 1.165e-09 ~. 7 p1 5.718e-09 + 7.527e-10
& p2 6.7e-18 +2.1e-18 & 6 p2 1.058e-17 + 1.599e-18
' ' E 5 s E
E 4 E
E 3 E
- 2 i
| | | \ x10° o \ \ \ . x10°
0 100 200 400 500 600 0 100 200 300 400 500 600
turn number turn number
kel T X2/ ndf 152.3/7 T 9 X2/ ndf 161.6/7
g 5 aBUHCh 3] po -0.3408 +0.0642 € g po -0.3135 £0.0741
= F [ 5.889e-09 + 6.866e-10 ;_x 7 pl 1.117e-08 +7.768e-10
& s5F p2 9.332e-18 + 1.348e-18 6 6550018 + 1.565-18
4 E 5 ' .
£ 4 ;
2 E 3 E
E E 2 =
= 3 E
ok =
E L s L L N Ix10° 0 L L L L Hx10°
0 100 200 300 400 500 600 0 100 200 300 400 500 600
turn number turn number
bu, = arg(gy,) = atan 2(I(gy, ), R(gv, ) = atan2(by,, av, ) (33)
2 52 2 52
ag o+ bvkgauk
T v
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Spin Tune

v, - 0.161

. . . . . x10° ’ . . . , . x10°
0 100 200 300 400 500 _ 600 0 100 200 300 400 500 _ 600
turn number turn number

s s L s s x10° L L L L L x10
100 200 300 400 500 600 0 100 200 300 400 500 600
turn number turn number

6

w0 = o

(35)
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Consistency Check
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Consistency Check

' | SE{Bunch 2 ' I E
4.5 =
4] E
3.5 i =
i
1 3 | E
]
' 2.5 . , E
2 ' E
1.5 -
. L A A 1 . \ \ | | x10°

200 300 400 500 0 100 200 300 400 500 600
turn number turn number
E 4EBunch 3 T T T T = T T T T _§
—~ 35F = E
& 3E E | E
2.5 = —g
2F ' E L E
156 ! E | E
oo E ] E
0.5 . i -

\ \ \ \ | 1 \ | \ | | Ix10°
0 100 200 300 400 500 600 0 100 200 300 400 500 600

o Phase plotted at a fixed frequency for all 4 bunches, here v = 0.161 000 439
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Consistency Check

o T T T T 3 o T T T T =
8 | E & SEBunch 2 |
= E ~_ 45F E
9; | _g o° 4 H E
' 3 3.5 i ] E
| E 3 { E
] E E
' E 2.5] B \ ' ]
3 2 ;
E 1.5] E
. L . . Ix10° 1 . . A L L x10°
200 300 400 500 600 0 100 200 300 400 500 600
turn number turn number
E 4EBunch 3 T T T T = T T T T _
< 35F b E
£ 3E } E | | —§
2.5 i = \ | —§
2 [} = _§
1.5 | E E
' I E
' E i E
- . i E
05 L L L L L 1 L L L L L Ix10°
0 100 200 300 400 500 600 0 100 200 300 400 500 600
turn number turn number

o Phase plotted at a fixed frequency for all 4 bunches, here v = 0.161 000 439

@ Taking one bunch as a reference, difference between phases of other three bunches is plotted
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Consistency Check

0
< -0.5
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=L pl  6.476e-11+ 3.271e-10
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< E
— o [
T 1 | [ E
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. pl  -1.978e-10 + 4.165e-10
=3 =
>
— 5
| LILE
. . . . A Ix10°
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reference, difference between phases of other three bunches is plotted
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Consistency Check
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@ Bunch 1 taken as a reference, difference between phases of other three bunches is plotted

o A straight line fit is performed on the differences
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Consistency Check
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reference, difference between phases of other three bunches is plotted

o A straight line fit is performed on the differences

@ The difference between phases in the four bunches must remain constant within
measurement errors and slope of a straight line fit must be consistent with zero
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Summary

@ The run from April 2019 was analyzed. The beam consisted of four bunches and the cycle
lengths were of the order of 103s.

@ The uncertainty in the spin tune, which is inversely related to the length of the cycle, is seen
to be in the order of 10~ for all the bunches.

@ The spin tune in the four bunches was analyzed separately for the first time and the
consistency of the results was verified.
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Thank You
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Results from Cycle 3
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The fourier coefficient by, for the up detector in the first macrosocopic time bin in the four
bunches in cycle 3. Note the x-axis offset.
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Amplitude of the Fourier Spectrum
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Phase of the Fourier Spectrum
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Spin Tune
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Uncertainty in the Spin Tune
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Consistency Check
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