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A brief history of EDM searches
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Scheme: adapted from Rob G. E. Timmermans
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Complementarity of EDM searches
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CP violation and hints for new physics
CP violation

— Matter/Antimatter imbalance (BAU)
— Constituencies of dark matter (axions)
— Natural in many BSM theories

BNL g-2
e BT > KTe¢te~
. . ? BaBar
EMW, lattice QCD  Experimental 3 0.1 < ¢?<8.12GeV¥/c*
Standard Model Average o
M S
Laboratory hints for NF | ————— :
——— =] 1.0< g2 <6.0 GeV¥ch
White Paper s
° Muon _2 4 2 O_ ? Standard Model . . ) . | = :
g . . 175 18 185 19 195 20 205 21 215 —_— 1Lf{<cq]3<96?<_~,levz/c4
: a, x 107 - 1165900 i ; o
* LFUV In B decays

Ry

o Individual channelsupto 3.1 0
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o Semileptonic decays combined: > 5 ¢
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(=) EFT analysis of contributions to F2 and F3

magnetic-dipole Anapole - moment
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General limits on uEDM in flavor violating models

| « EFT phase of Wilson parameter cp” -

80- | | R =
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Frequencies, state of the art, and the frozen spin
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State of the art and the frozen spin”
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HIPA — high intensity proton accelerator
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U-beam: p, = 125MeV/:s!\

. 108ut /s o

OSE ¢,

* Bunch width
3.9 ns

A search for a uEDM at PSI

p, = 220MeV

pion decay channel
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Sensitivity / ecm
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E = aBcfy?

r=0.11m

125 MeV/c

.r=0.21.m

4 5 6
Magnetic field strength / T
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Momenta / MeV/c

Sensitivity of muon EDM
hyau/(ZPEf\/NTua)

Muon on request (single muon at-a-time)

Gamma factor (p, = 125MeV/c)

Initial polarization

Electric field (B = 3T)

Detection rate

Mean decay asymmetry

Detections (200days)

y 1.57
0.95

E¢ 2MV/m
45kHz

a 0.3
N 5x 101

o = hya,/(2PE/Nt,a)

< 6%X107%3 ecm
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Search for a muEDM using the frozen spin
with longitudinal injection

g pu* from Pion-decay — |

high polarization p = 95%
* Injection through
superconducting channel

Solenoid

Scintillators * Fast scintillator triggers pulse
* Magnetic pulse stops longitudinal
HV-MAPS motion of ,ll+

pixel detector * Weakly focusing field for storage
* Thin electrodes provide

electric field for frozen spin

SC channel W, ® - @5 * Pixelated detectors for
G—O—@—._H - +_ :
— > U 7, e’ - tracking )

ut @ 125MeV/c
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The general experimental idea

If the EDM # 0, then there will be a vertical

precession out of the plane of the orbit =
L R %

« An asymmetry increasing with time will be =0 . S
observed recording decay positrons 147, e g

- )

hm

If the EDM = O, then the spin should always
be parallel to the momentum — asymmetry ygner detector
should be zero

L Pron
| P,=100%, N =5.0x10° A 0.1686 = 0.0010
d, =1.8x10"" ecm w, 0.1896 = 0.0011

+

Some asymmetry could still be
observed due to systematic effects

Asymmetry A(t)=(N (1)-N (VN (1)+N (1)

0.5

Lower detector
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The mukDM precursor

Test bed and frozen spin demonstrator

Top View _~ Scintillator -_ Front View
p :

+

/ g e ~_ (zoomed)
PSC solenoid ~~ Ground S <T

rd
/// // Correction

——m o7/ coils

= el
E A0 s
— /r.a - B = i (\ O
s N
/ Ay %,
‘///,f \\@/
Magnetic pulse 2

: HV electrode ut(28 Mel
coil

e MmuEDM measurement < 3-10"%lecm
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Sensitivity at PSI o(dw) =

Precusor nE1 (p, = 28 MeV/c)

muon beam rate
Collimation channel 50%
Injection efficiency 0.3%
Gamma factor
Initial polarization
Electric field (B = 3T)
et detection rate
Mean decay asymmetry
Detections (200days)
Sensitivity

E¢

2x10°s7?!
1x106s?!

3kHz

1.03

0.95

0.3MV/m

0.5kHz

0.3

4 x 1011

3%x107%1 ecm

hya,

2pEN T, @

Final uE1 (125MeV/

1.2 x 108 s71

0.5% 0.6 x 106571
60% 480kHz
y 1.77

P 0.95
E¢ 2MV/m
80kHz

a 0.3
N 1012
< 6x10723 ecm
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CAD view Injection channel and

Coil for
weakly focusing field

Positron detection

'\ Coils for

magnetic pulse

Field
correction coils

Injection tube /

made of SC cylinders
70 K shield of cryostat
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D. Barnaetal., PR Acc. B 20 (2017) 041002
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Injection channel
- * Injection channel with SC magnetic shield
vacuum tan

main coil * Defines vertical and horizontal divergence
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Test beam in 2022

Open questions:
* Collimation efficiency using scintillating channel for antl—

coincidence trigger -
— Specular reflections on scintillator - / ¥

GAS BOX
[PRIMA)

» Efficiency of muon tagger/tracker Collimating channel

— Track resolution
— Multiple scattering

CATHODE

on gas and windows

u-tracker
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Test of entrance trigger Nov. 22

< 20 cm é‘b‘
«—A45cm———> oa

= 6.9 deg @

FE N —

b s — RS * Entrance scintillating window 20 X 20 mm? 2
. * Collimation channel 10 X 10 mm? %

. Xirow  Anticoincidence side walls of channel ¥

* Window test with different thickness s

- (20,30,50; 300,600,1000um) g

5mm NS}



Spiral entrance veto and storage simulation
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Muon tracker prototype (TPC)

TPC with very high granularity

readout based on the GridPix chip

* Helium-based gas mixture

* minimize multiple

* no literature on GridPix with
helium mixture

The TPC is under construction at INFN Roma
— gas box, field cage and cathode ready for assembly
— anode and readout board under design in collaboration with
Bonn University
— procurement of DAQ electronics (CERN SRS) ongoing

22
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* Pulse width At = 100 ns
* Delay between trigger and

pulse peak At; = 105ns

* Peak current 60A
* Eddy current damping

by electrodes?

Radial magnetic field pulse to kick muons

100

50

Coil current /A

-50

_1 OO 1 L 'l 1 'l 'l
0 50 100 150 200 250 300
time /ns
.model LTRA LTRA(R=0.01,L=370n,C=105p,len=4) V2 ~—PULSE(0 5 0 10n 10n 150n 20u 10)
.model sw sw{Vt=3.3) D
.tran 0.0000004 Bew” 0
.model LTRA2 LTRA{R=0,01,C=105p,L=170nn,len=0.4)
L2 o1 R et oz 02 e
I\_.I\‘I._.I:\'I._/'—'/\—)&— A Cl T '.‘ ;‘/,.}. i .-’ \"-.,-" " . = - Y,
wop 10k L 0.01 AN 10
LTRA 0.6n—|— - LTRAZ 6
1lwn Rg < R6 =
) D2 pe +”100Meg 10p
e ) D D1 ‘::j:’;R! <;_':"R1III
Rser=1 (__'_">R5 €3 5 . =790 <_'_":’l].l]1
vy — Ry R4
< B 2p p @ : I . __.r-\_..u.:_.. "
~ ~ e Oz 0.01

10p

350 400
—& K1L3L50.05
S0p
L3 R7

170n ol |~
c7
{ZL5
10p = 170n
o

*1C5

5[I|'.|_~—|\7
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(=) Eddy current damping of magnetic pulse

t - Exist off the shelf without

substrate down to 17um

* Still considerable damping

etk R of magnetic pulse possible
120 Effect of shield (dB)=-20 log .
: iii — * Tests requires

| Effect of electric field shield

* Alternative one

Effect of shield (dB)
\

i -----I-Ei:fect of magnetic field shield dimenSional Wi reS
(carbon fibers / tungsten)

-
-
-

e =

00000
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Multiple scattering measurement on carbon

2 Exit scintillator

* Characterization of potential
electrode material with
positrons and muons . s

M Pokalon 16um [l Graphite 46um

Il Graphite 19um M Silicon 50um

== Highland Formula
K Urban Model (G4)

. Experiment

50 MeV/c < p < 145 MeV/c

Momentum Spectrum

800

600

400

| L . L |

80 . . ‘ 100
Momentum [MeV/c]

N
S
D
S

L T R P P [ P I I I IS |-
0 20 40 60 80 100 120 140
Momentum (MeVic)
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Use straw tracking detector to confirm
g-2 oscillation is frozen out

| 00Omm length straws in centre of
storage ring, additional layers outside

| Sum mylar walls, filled with either
Argon-Ethane or Argon-CO,

Straw Trackers - Motivation

Demonstrated observation of g-2
oscillation using reconstructed tracks

Momentum and vertical angle
measurement to improve EDM limit

Hits per Trigger

Tracks /0.149 ps

600 '

s00F

100

4001
300

200

ant?

Iﬂﬂ{} 1100 12(!0 1300 14{][! 150(} 16[!0 1?00 180(}

Wire Voltage [V]

10°E
; AAA
104 anbﬁN"
qﬂh‘w VAN Y
10°
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w “rﬂnﬂn‘nf\'ﬁy "\ﬁm A
VYW

W AN W v"‘ﬁ,-"'i v’!\gﬁ‘ﬂv ff\'j‘.vﬁ f‘n"
102 3 vy MN W\f«m

MM,

D..

1[! 2[! 3[!

NP PN PR PR PP PR
4{} 50 60 70 80 90

Track Time % 100 us [us] g— 2
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Straw Trackers — Single hit

. . . = IR IR | LI T T T
* Highly efficient across straw radius (2.5mm) "’g i ]

. . 2 100f- - o

* Straw hit resolution ~ | 10um g X ] =
. . £ . : . o

*  Single straw ready to read out again after ~ 100ns, capable of 5 *} i ] °
|OMHz rate 8 60 . TrackerDam ? . %

) ) ) ) A - Fit Model ] =)

* Design, construction, testing and readout expertise at aof- - Pred. Resolution Removed \ ] g
Liverpool, Manchester and UCL ook ’11 ; z

*  Optimization of tracker geometry for muEDM ongoing S e g
GD II:[.‘r.5III 1”'1.5III EH 2.5I 3 3.5 g

Predicted Track Distance to Wire [mm)] ﬁ

B 1400 é

€ 1200 _

= w

% 1000 p

a 0
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Systematic effects

« Systematic effects: all effects that lead to a real or apparent precession of the spin around
the radial axis that are not related to the EDM

« The work by Farley et al. used as a starting point:

SVIE ) : week endi
VOLUME 93, NUMBER 5 PHYSICAL REVIEW LETTERS TULY 208

New Method of Measuring Electric Dipole Moments in Storage Rings

E J.M. Farley,” K. Jungmann,* J. P. Miller,” W. M. Morse,’ Y. E Orlov,® B. L. Roberts,” Y. K. Semertzidis,*
A. Silenko," and E. J. Stephenson®

« Major sources of systematic effects in the frozen spin technique:

« FEarly to late variation of detection efficiency of the EDM detectors (apparent)

« Coupling of the anomalous magnetic moment with the EM fields of the experimental
setup (real)

7T 60°9C | 7207 SMINOATAS | (1Sd) 84nguaispA-Ipiuyds ddijiyd
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Coupling of the MDM to EM fields

- o Main EM fields in the experiment:
Main solenoid

—  Coaxial electric freeze field

—~  Weakly focusing field

— Magnetic kick (time varying)
« Rotations that could mimic the EDM: \ ] 8

— Radial around x v Y

— Azimutal around z

—

e - 7—1(B'B)B+( 1 —a,)BXE

0 =——|aB-a

70609 | 7207 SM IWOAT3S | (I1Sd) 84

V4 Page 29



PAUL SCHERRER INSTITUT

Oscillating and constant terms

« Using the T-BMT equation one can describe analytically the spin precession due to
the MDM in the EM fields of the experiment

e [o——
- , 1 I :
(upn ) = —— Py gin (wpt) bz l-————<|Fe—|— i+ B,
z mo |; Pz C a(7 _1) L
vBy oscillations due to the projection of the
main solenoid field along the
momentum
z

Ey N i ~ betatron oscillations
B xE .8 ' inweakly focusing
-+ —— i — — - field
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Average over all orbits

« If we take the average over all muon orbits the periodic oscillations disappear
and we are left with three terms that could lead to a false EDM signal:

<ﬂz>:—;—‘j}<Bz> () = —(B.)

ea 1
(g == (s 10 ) 6.5

« Net B-field component along the momentum B; - non-zero if there is
current flowing through the muon orbit

« Net radial B-field component Bx - can be non-zero due to residual fields
from the magnetic kick

« Radial magnetic field in the reference frame of the muon due to a BxE term
— non-zero if there is E-field prependicular to the muon orbit

7T 60°9C | 7207 SMINOATAS | (1Sd) 84nguaispA-Ipiuyds ddijiyd
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Sources of Ey field: electrode non-uniformity

« None constant radius of N AR N
e Ey R Ef — N Efa
cylindrical anode (cone) L

« Smoothness of the electrodes close to the muon orbit (few centimeters)

/]
[ e

« Generally sub-micrometer surface smoothness is possible with common
machining and polishing techniques

1T 60°9C | 7207 SM IWOAT3S | (1Sd) 8angusjispn-apiwuyds ddijiyg

« Cylindricity in the order of 50 nm is measurable even on large samples
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Constraints on the average horizontal E-field

Limit on the average E), field as a function 5.0-107
105

of the muon velocity shown as a fraction
of the radial component

1.6-1072

5.0-10722

1076

The limitis 0.5 ppm for the precursor
experiment and 0.1 ppm for the final
experiment

1.6-10722

Ey/Ey

5.0-10723
10774

wo-2 °p N 9S[eJ PoInseajy

1.6-10723

This effect can be largely cancelled if
particles are injected alternatively CW
and CCW and subtracting counts in the 10780?1 0.2 : 03 04 05 06 07 08 09
de tectors Velocity in units of ¢, 3

5.0-10~2
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Detection efficiency asymmetry

The EDM will be deduced from the
accumulation of asymmetry between the
upstream and downstream detectors
that increases with time

Static differences in the detection
efficiency of one detector compared to
the other is not a problem

Change of the detection efficiency with
time is a problem as it will introduce time
dependent asymmetry

positron
detectors

o2

" e
\

2SS ES L8

)

Page 34
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Constraints on the total detection efficiency

Let us assume that there is some
effect that changes the total
detection efficiency of both
detectors and it is exponential in
nature

Detection efficiency of up and

downstream detectors:
Ky = Ry0 — Ane_t/Tk:

Kd = Kdo + A,ge_t/”’,

Change in measured asymmetry
with time:

A, = 3A,ie_t/ﬁ“

Tk

Detection efficiency difference from equilibrium A

H
2
L

—

9
[N
Il

—_

2
w
1

—

9
N
1

—_

2
ot
1

107! 10° 10! 102 103
Time-constant 7%, ps

34.1072

6.6 - 10722

1.3.10722

-2.5-1072

- 5.0- 10724

Page 35
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Conclusion

1E-18: | Current limit*
1E- 19

1E.20. A Precursor PSI

1E-21; ™~ FNAL / J-PARC
1E-22

Preparation of proposal for o \ Final PSI
muEDM

1E-25.
in two phases:

1E-26
1E-27:
e Precursor muEDM better than 3 X 10™%1ecm
e Final MUEDM search better than 6 X 10™%3ecm

1E-28,
1E-29.
1E-30:
1E-31,
1E-32.
1E-33’
1E-34-

1E-35. -
1E-36 SM

muon EDM / ecm
BSM wo MEFV
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Conclusions

1E-13_/ Current limit*
1E-19 p PSI
\E20 | Precursor

* EDM are excellent probes
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