Electric Dipole Moment Searches using Storage Rings J

Frank Rathmann
(on behalf of the JEDI collaboration)

Colloquium Talk at the Landau Institute, Chernogolovka, Russia, 24.01.2020

#) 0LICH

FORSCHUNGSZENTRUM
Electric Dipole Moment Searches using Storage Rings Frank Rathmann (frathmann@fz-juelich de) 1/ 64



Contents |

@ Introduction
@ Baryon asymmetry in the Universe
@ Electric dipole moments
@ Frozen-spin method and magic machines

© Progress toward storage ring EDM experiments
@ Spin tune, spin coherence and phase lock
@ Study of machine imperfections
@ From JEDI to CPEDM: a prototype EDM storage ring

© Technical challenges and developments
o E/B deflector
@ Beam-position monitors
@ dC polarimetry data base, new beam polarimeter
® Beam-based alignment
@ Proof of principle EDM experiment using COSY
@ Technical realization of RF Wien filter
@ Model calculation
@ Measurements of EDM-induced polarization buildup

© Summary

Electric Dipole Moment Searches using Storage Rings Frank Rathmann (frathmann@fz-juelich de)

2/ 64



Introduction Baryon asymmetry in the Universe

Baryon asymmetry in the Universe

Carina Nebula: Largest-seen
star-birth regions in the galaxy

| 7= (ns — )/,

Observation (6.11153) x 107" Best Fit Cosmological Model [1]
(5.53 — 6.76) x 1079 | WMAP [2]

Expectation from SCM | ~ 107 ® Bernreuther (2002) [3]

e SCM gets it wrong by about 9 orders of magnitude. J
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Introduction Electric dipole moments

Electric dipole moments (EDMs)

For particles with EDM d and MDM /i (x ),

@ non-relativistic Hamiltonian:

e
@ Energy of magnetic dipole invariant under P and T:
PorT
—ji-B =t —ji-B
No other direction than spin = d parallel to /i (9).

@ Energy of electric dipole H = —cz- E],_ includes term
or

§.ET> -5.E, (1)

Thus, EDMs violate both P and T symmetry

@ EDMs possibly constitute the missing cornerstone to explain surplus of
matter over antimatter in the Universe.

o Non-vanishing EDMs would add 4" quantum number to fundamental particles
(besides m, g, and s).
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Introduction Electric dipole moments

Motivation

Large worldwide effort to search for EDMs of fundamental particles:

@ hadrons, leptons, solids, atoms and molecules.

@ ~ 500 researchers (estimate by Harris, Kirch).

Why search for charged particle EDMs using a storage ring?

1. Up to now, no direct measurement of charged hadron EDM available:
2. Charged hadron EDM experiments provide potentially higher sensitivity than
for neutrons:
o longer lifetime,

e more stored polarized protons/deuterons available than neutrons, and
o one can apply larger electric fields in storage ring.

3. Approach complimentary to neutron EDM searches.

Theorists keep repeating that

EDM of single particle not sufficient to identify CP violating source [4]
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Introduction Electric dipole moments

Naive estimate of scale of nucleon EDM

From Khriplovich & Lamoreux [5]:

@ CP and P conserving magnetic moment = nuclear magneton pupy.

e
=~ 10 tecm.
il 2m,
@ A non-zero EDM requires:

o P violation: price to pay is ~ 107, and
o CP violation (from K decays): price to pay is ~ 107 3.
o In summary:

ldn| ~ 1077 x 1073 x puy ~ 107%*ecm

@ In Standard model (without fgcp term):

ldn| ~ 1077 x 10**ecm ~ 10** ecm

).

Region to search for Beyond Standard Model (BSM) physics

e from nucleon EDMs with fqcp = 0:

107" ecm > |dy| > 107 ecm |
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Introduction Electric dipole moments

Status of EDM searches |

EDM limits in units of [ecm]: _

o Long-term goals for neutron, P Hg, 123 Xe, proton, and deuteron.
@ Neutron equivalent values indicate value for neutron EDM d,, to provide same
physics reach as indicated system:
Particle Current limit | Goal d, equivalent date [ref]
Electron <B87x107% | =107% 2014 (6]
Muon <18x 1071 2009 [7]
Tau == o0zl 2003 [8]
Lambda = 3 10t 1981 [9]
Neutron (—0.21+1.82) x 10-2° | ~ 10-2® 1052 2015 [10]
9 Hg =5 7.4 5008 E10=0 < 1.6 x 10-2°[11] 2016 [12]
129Xe <6.0x 1072 | = 1073 t0 10723 | ~ 10720 to 10~2° 2001 [13]
Proton <2x 1072 | =~10~2 105 =2 2016 [12]
Deuteron not available yet | ~ 10~%° ez 0 am s o

Electric Dipole Moment Searches using Storage Rings Frank Rathmann (f.rathmann@fz-juelich.de) 7/ 64



Introduction Electric dipole moments

Status of EDM searches Il [14, Fig. 2.1
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Missing are direct EDM measurements:

@ No direct measurements of electron: limit obtained from (ThO molecule).
e No direct measurements of proton: limit obtained from '$3Hg.

@ No measurement at all of deuteron EDM.
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Introduction Electric dipole moments

Spin precession of particles with MDM and EDM

In rest frame of particle,

=

@ equation of motion for spin vector S:

— =—0OxS=jixB+dxE. (2)

Put the protons in a ring |

— Spin-precession in presence of MDMs and EDMs is described by
Thomas-BMT equation [15].
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Introduction  Frozen-spin method and magic machines

Frozen-spin

Spin precession frequency of particle relative to direction of flight:

2 —1 (@

; } S 3
:—’yimleyBL-&-(l-i-G)B—(ny— - )*BX—E} @)

— ) = 0 called frozen spin, because momentum and spin stay aligned.

@ In the absence of magnetic fields (B, = éH = 0)}

= . . Y _
G2 =0 it (ny 72_1) 0. (4)

o Possible only for particles with G > 0, such as proton (G = 1.793) or electron
(G = 0.001).

For protons, (4) leads to magic momentum:

1 m? m _
n/2_1:04:>G:? = |p=— =700.740 MeV ¢! (5)

VG
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Introduction Frozen-spin method and magic machines

Protons at magic momentum in pure electric ring:

Recipe to measure EDM of proton:

1. Place polarized particles in a storage ring.
2. Align spin along direction of flight at magic momentum.
= freeze horizontal spin precession.

3. Search for time development of vertical polarization.

New method to measure EDMs of charged particles:

e Magic rings with spin frozen along momentum of particle.
@ Polarization buildup P,(t) x d.
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Introduction  Frozen-spin method and magic machines

Search for charged particle EDMs with frozen spins

Magic storage rings

For any sign of G, in combined electric and magnetic machine:

o Generalized solution for magic momentum
E, Ge 3
s e 6) .7
e, 1= (G v

where E, is radial, and B, vertical field.

@ Some configurations for circular machine with fixed radius r = 25 m:

particle G p[MeVcTl] T[MeV] E([MVm~i] B, [T]
proton 1.793 700.740 232.792 16.772 0.000

deuteron —0.143 1000.000 249.928 —4.032 0.162

v
Offers possibility to determine EDMs of
protons, deuterons, and helions in one and the same machine. _

Electric Dipole Moment Searches using Storage Rings Frank Rathmann (f.rathmann@fz-juelich.de) 12/ 64




Introduction  Frozen-spin method and magic machines

Experimental requirements for storage ring EDM searches

High precision, primarily electric storage ring

@ Crucial role of alignment, stability, field homogeneity, and shielding from
perturbing magnetic fields.

High beam intensity: N = 4 x 10'° particles per fill.
High polarization of stored polarized hadrons: P = 0.8.
Large electric fields: E = 10 MV /m.

Long spin coherence time: 7sct = 1000s.

Efficient polarimetry with

e large analyzing power: A, =~ 0.6,
o and high efficiency detection f ~ 0.005.

In terms of numbers given above:

@ This implies:

1

VNfrsctPA E
o Experimentalist’s goal is to provide oy to the same level.

Tstat(1yr) = 107 ecm |. (7)

Aetoti=

Electric Dipole Moment Searches using Storage Rings Frank Rathmann (f.rathmann@fz-juelich.de) 13/ 64



Progress toward storage ring EDM experiments

Progress toward storage ring EDM experiments

Complementing the spin physics tool box

COoler SYnchrotron COSY

e Cooler and storage ring for (polarized) protons and deuterons.
e Momenta p=0.3 — 3.7 GeV/c.

@ Phase-space cooled internal and extracted beams.

COSY formerly used as spin-physics machine for hadron physics:

@ Provides an ideal starting point for srEDM related R&D.

o Will be used for a first direct measurment of deuteron EDM.
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Progress toward storage ring EDM experiments

COSY Landscape
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Progress toward storage ring EDM experiments

Principle of spin-coherence time measurement

polarimeter

free precession

turn spin

Measurement procedure:

1. Vertically polarized deuterons stored at p ~ 1 GeV ¢!,

2. Polarization flipped into horizontal plane with RF solenoid (= 200 ms).
3. Beam extracted on Carbon target with ramped bump or by heating.
4

. Horizontal (in-plane) polarization determined from U — D asymmetry.
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Progress toward storage ring EDM experiments

Detector system: EDDA[16]

spin

DOWN RIGHT

EDDA previously used to determine pp elastic polarization observables:

e Deuterons at p=1GeVc™!, v =1.13, and vs =G ~ —0.161

@ Spin-dependent differential cross section on unpolarized target:

Myp x1=+ §psz sin( vs: fey -t), where o, = 750.0 kHz. (8)
2 S
f,=—120.7 kHz
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Progress toward storage ring EDM experiments  Spin tune, spin coherence and phase lock

Precision determination of the spin tune [17, PrRL 2015]

Time-stamping events accurately, .
3.5

@ allows us to monitor phase of
measured asymmetry with
(assumed) fixed spin tune vs in
a 100s cycle: PR R R

1 dé

2rdn  (9) ;

= 4 Avg(n) -

phase @ [rad]

fix

Vs(n) =l +

av, [107]

W26 @6 46 B0 &1 70
number of particle turns 1 [10%]

Experimental technique allows for:

e Spin tune v, determined to =~ 1078 in 2s time interval.

@ In a 100s cycle at t = 38s, interpolated spin tune amounts to
|vs| = (16097540628.3 + 9.7) x 10711, ie., Avg/vs =~ 10710

@ = new precision tool to study systematic effects in a storage ring.
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Progress toward storage ring EDM experiments  Spin tune, spin coherence and phase lock

Spin tune as a precision tool for accelerator physics

Walk of spin tune v [17]. J

Av, [10°7]

s
7
4
g
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i | ' i | '
0 500 1000 1500
time t [s)

Applications of new technique:

e Study long term stability of an accelerator.

@ Feedback system to stabilize phase of spin precession relative to phase of RF
devices (so-called phase-lock).

@ Studies of machine imperfections.
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Progress toward storage ring EDM experiments  Spin tune, spin coherence and phase lock

Optimizations of spin-coherence time: [19, PRL 2016]

12k e
g
2 10 =
_; 0.5 JEDI progress on 7scT:
g F 782 + 117
E 04 7scT = ( )s
S ool - o Previous record:
0.0 —— B 1 —— TSCT(VEPP) ~0.5s [18]
0.04 = 2 2
) (= 107 spin revolutions).
T omls + i .
004 b ‘
40'“40 1(‘)0 ' 4[I)D ‘ G{I}U ' E(‘JO I(JIUU ‘ 12‘00 ' 14‘00

Time (s)

Spring 2015: Way beyond anybody's expectation:

o With about 10° stored deuterons.

@ Long spin coherence time was one of main obstacles of sSfEDM experiments.

o Large value of 7sct of crucial importance (7), since ogar X Tsct L
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Progress toward storage ring EDM experiments  Spin tune, spin coherence and phase lock

Phase locking spin precession in machine to device RF
PhD work of Nils Hempelmann

At COSY, one cannot freeze the spin precession

= To achieve precision for EDM, phase-locking is next best thing to do.

Feedback system maintains 3 : %."ﬂ,._ e
1. resonance frequency, and é : o, e )
2. phase between spin precession * f N, T fs
and device RF (solenoid or = .
Wien filter) -

ik {
i toa 1 i " et
S A 'H_'._M it 1 H
»
[

Cosy phase
cantrol determination

frequency | ., stand-alone e M(l;:; ‘
generator DAQ .
o

amplifisr I I_J.IJ."_r_l II '—'—\J—LI—I—I—I—LU—‘TJLLLL
COosy = rfoavity H Wien filter s POIAMMEIET m—ls
bez i i 1 i i i i i ;
o =0 90 100 110 120 130 140 150 160 170 180

time in cycle [s]
Major achievement : Error of phase-lock o4 = 0.21rad [20, PRL 2017]. J
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Progress toward storage ring EDM experiments  Study of machine imperfections

Study of machine imperfections
PhD work of Artem Saleev

JEDI developed new method to investigate magnetic machine imperfections based on
highly accurate determination of spin-tune [21, PRAB 2017].

Ay St

tune mapping

@ Two cooler solenoids act as spin rotators =
generate artificial imperfection fields.

B
o
@ Measure spin tune shift vs spin kicks. ...
Ty,
xl_U
o
@ Position of saddle point determines tilt of “i
stable spin axis by magnetic imperfections. P ‘L‘|
@ Control of background from MDM at level |
Ac =28 x 10 % rad. =2

@ Systematics-limited sensitivity for deuteron oy
EDM at COSY o4 ~ 10 ®ecm. 4

'ﬂﬁ“’f}ig[ N
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Progress toward storage ring EDM experiments  From JEDI to CPEDM: a prototype EDM storage ring

Prototype EDM storage ring

¢ Build demonstrator for charged-particle EDM.
@ Project prepared by a new CPEDM collaboration (CERN + JEDI + srEDM).

o Physics Beyond Collider process (CERN), and the
o European Strategy for Particle Physics Update.

@ Possible host sites: COSY or CERN

Scope of prototype ring of 100 m circumference:

@ p at 30 MeV all-electric CW-CCW beams operation.

@ p at 45 MeV frozen spin including additional vertical magnetic fields

Storage time

CW/CCW operation
Spin coherence time
Polarimetry

magnetic moment effects

® © & ¢ ¢ ¢

p Stochastic cooling
< M @ pEDM measurement
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Progress toward storage ring EDM experiments  From JEDI to CPEDM: a prototype EDM storage ring

Charged Particle Electric Dipole Moment Collaboration®

Stages of project and time frame toward dedicated EDM ring: [14, arXiv 2019] J

Stage 1 Stage 2 Stage 3
@ precursor experiment @ prototype ring @ dedicated storage ring
B S
' \\
=150m “) !
‘. L(W ‘\2\ ;%ﬁ ’,;’
@ magnetic storage ring @ electric/magnetic bends @ at magic p momentum
@ Now @ simultaneous O and O o 10 vyears
beams
@ 5 years

oepm /(@ en

lhttp://pbc.web.cern.ch/edm/edn-default.htm
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Technical challenges and developments

More technical challenges of storage ring EDM experiments

Overview

Charged particle EDM searches require development of new class of high-precision

machines with mainly electric fields for bending and focussing:

Main issues:

Spin coherence time 75c1 ~ 100055 [19, 2016].

Continuous polarimetry with relative errors < 1 ppm [22, 2012].

Large electric field gradients ~ 10 to 20 MV /m.
High-precision spin tracking.
d EDM with frozen spin — precise B field reversal for CW and CCW beams.

V
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Technical challenges and developments  E/B deflector

E/B Deflector development using small-scale lab setup [23]

Work by Kirill Grigoriev (IKP, RWTH Aachen and FZJ)

@ Polished stainless steel

e 240 MV /m reached at distance of 0.05 mm with half-sphere facing flat surface.
e 17MV/m with 1kV at 1 mm with two small half-spheres.

@ Polished aluminum
e 30 MV/m measured at distance of 0.1 mm using two small half-spheres.

@ TiN coating

o Smaller breakdown voltage.
e Zero dark current.
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Technical challenges and developments  E/B deflector

Recent results, published in 24, rsi2019]

Dark current of stainless-steel half-sphere electrodes (10 mm radius)

@ distances S =1,0.75,...,0.05 mm, where

2
u 1 S 5
Epax = — - F, where F=- |1+ = + 1+=1] +8 10
max 5 1 4 R R b ( )
500 T ; 100
’ * 0.05mm = \
D Sammll  Zw
0.30 mm =
_ 0.50 mm 5 \
< = 0.75mm 5
= w0 o 1.00 mm| 4 - 80
g | ‘ E §\ ;
= a0 | é a0 .
: i AN
100 .{ Ex ; —= |
o A 0 i . ,
a 5 10 15 20 25 00 02 o4 Le o8 1.0
Applied voltage [kV] Spacing [mm]
Results promising, but tests with real size deflector elements are necessary. )
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Technical challenges and developments  E/B deflector

E/B deflector development using real-scale lab setup

Equipment: Parameters:
@ Dipole magnet Bnax = 1.6 T @ Electrode length = 1020 mm
@ Mass =64t @ Electrode height = 90 mm
@ Gap height = 200 mm @ Electrode spacing = 20 to 80 mm
@ Protection foil between @ Max. electric field = 200 MV
chamber wall and deflector @ Material: Aluminum coated by TiN

Equipment ready for assembling. First test results expected in the near future.
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Technical chalk and develop B position monitors

Beam position monitors for srEDM experiments
PhD work of Falastine Abusaif, improving earlier work by F. Trinkel

Development of compact BPM based on segmented Rogowski coil

e Main advantage is short installation length of &~ 1cm (along beam direction)

Electrode 3

Electrode 1

Electrode 4
X

Electnode‘ 2

Conventional BPM

o Easy to manufacture

Rogowski BPM (warm)

o Excellent RF-signal response

@ length =20cm @ length = 1cm

@ resolution =~ 10 pm @ resolution =~ 1.25pm

o Two Rogowski coil BPMs installed at entrance and exit of RF Wien filter J
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Technical challenges and developments  Beam-position monitors

Assembly stages of one Rogowski-coil BPM
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Technical chall and develop Beam-position monitors

Measured beam positions at entrance of RF Wien filter
from a run in 2019

X-position[mm]
&

Moving heak-n wrt target

Cooling/bunching

Buncfjed beam position

Y-position [mm]

Lo
-
L

=4
w
L

<
¥
L

Beam current [mA]

13 ] " ]
N 0‘3?’ K o%"b N 0‘5"D' o D%.fj
Q Q Q Q

Time [d h:m]
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Technical chalk and devel dC polarimetry data base, new beam polarimeter

dC polarimetry data base |

Data analysis mainly by Maria Zurek and PhD Fabian Miiller

Motivation: Optimize polarimetry for ongoing JEDI experiments:

@ Determine vector and tensor analyzing powers Ay, A,,, and differential cross
sections do/dQ of dC elastic scattering at

e deuteron kinetic energies T = 170 — 380 MeV.

V.

Detector system: former WASA forward detector, modified

@ Targets: C and CH2
e Full azimuthal coverage, scattering angle range 0 = 4° — 17°.

Ilm ------- | B-
Praportional Chamb>

Window Counters

_
—

Target position

Plastic scintillators

Trigger Hodoscope
Plastic scintillatar
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Technical challenges and developments  dC polarimetry data base, new beam polarimeter

dC polarimetry data base Il

Preliminary results of elastic dC analyzing powers

o I B B L B L B N B |
< 1= Y. Satou et al., 270 MeV —
C 170 MeV ]
= 200 MeV :
081, 235 Mev /7_
e 270 MeV 2 ]
0.6—° 300 MeVv |
[ = 340 Mev ]
L= 380 MeV 1
0.4— —
0.2— —
P R R N IR PRI BT P R
03

0, [deg]

@ Analysis of differential dC cross sections in progress.

@ Similar data base measurements carried out to provide pC data base.
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Technical challenges and developments  dC polarimetry data base, new beam polarimeter

High-precision beam polarimeter with internal C target
Development led by Irakli Keshelashvili

Based on LYSO Scintillation Material

@ Saint-Gobain Ceramics & Plastics: LuygY 25i05:Ce
@ Compared to Nal, LYSO provides

o high density (7.1 vs 3.67 g/cm?),
@ very fast decay time (45 vs 250 ns).

Ballistic Diamond
Pellet Target

After several runs with external beam:

@ System installed at COSY in 2019.

@ Not yet ready: Ballistic diamond
pellet target for homogeneous beam
sampling.

LYSO-5{EM 1 o

Modules || 3
b

Beam Posidon
Monitor
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Technical chall and develop Beam-based alignment
Beam-based aligment for EDM measurement at COSY
PhD work of Tim Wagner
Surveys and alignment campaigns of accelerator ensure magnets aligned properly

@ Surveys makes use of markers mounted on magnets as reference points.
@ When COSY was built, nobody thought of precision experiments
— no markers on Beam position monitors (BPMs), exact positions are unknown.
@ EDM measurements require as good an orbit as possible
@ small RMS deviation to ideal orbit
@ Goal: develop and implement method to determine exact positions of BPMs:

— Beam-based alignment
)

Machine orbit is defined by potential minimum in quadrupole magnets
=

off-axis heam
trajectary

o Beam is deflected when it passes through a
misaligned quad.

@ Beam-based alignment minimizes steering
effect of quadrupoles

guadrupole
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Technical chalk and develop B

Beam-based aligment I
PhD work of Tim Wagner

based alignment

Orbit change when quadrupole strength is varied

Ak - x(sp)! 1 JAG)B
= 5:(;:550) kA gg.?if[)) cos [6(s) — ¢l=) =m] (1)
T

@ s, 5y positions along orbit, 5 betatron functions, © working point, ¢ betatron
phase advance, B magnetic field, / magnet current, p bending radius.

e Not all parameters in (11) known well — not possible to determine x(sp).
@ Instead, use merit function

1 Nepm 5 ,
= xi(+Ak) — x;(—Ak)]” x x(s 12
Normr ; [xi(+Ak) = xi(=AK)]" o x(s) (12)
from which optimum (f — 0) is found by minimzation.
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Technical chalk and devel B based alignment

Beam-based aligment IlI
PhD work of Tim Wagner

BB
‘.~

e
- Bending magnet g

- oriotal
Verica

5 OTiz OT7 G718 D721 QT3 OTEs O3
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Technical chall and develop Beam-based alignment

Beam-based aligment IV

Preliminary results for a subset of quadrupoles

Obtained offsets of the beam-position monitors:

BPM s [m] hor. corr. [mm]

vert. corr. [mm]

BPM02  10.4  1.705+ 0.008
BPMO6 295 1371+ 0.007
BPM18 100.2 4.177 + 0.007
BPM19 110.1  1.868 &£ 0.005
BPM20 123.3  2.149 £ 0.007
BPM21 1332 2.232+40.008

0.416 £ 0.005
3.382 £+ 0.011
1.308 & 0.005
3.273 £ 0.010
0.281 + 0.007
1.430 4 0.006

Remarkable precision of better than 10 pm reached

— orbit improvement: RMS, = 1.21 mm — 1.01 mm with only 20% of BPMs.
o Extended data set (run in Sept. '19) now covers all quadrupoles and BPMs.
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