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Focus: European efforts & items not covered later today
EDM searches
* Atoms / molecules
 Neutron EDM future
* Muon EDM
Low-energy precision experiments
* G@Gravity resonance
e Antihydrogen
* nnbar
 Neutron beta decay
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Worldwide EDM activities map

Neutrons: (~ 200 ppl.)  storage rings: (~ 400 ppl.)

* Beam EDM @ Bern o
* LANL nEDM @ LANL o rCnPuEE%WJE@DLg
SEBMELL  lgEghi
- PanEDM @ ILL "0:2 QARG
* PNPI/FTI/ILL @ ILL
* TUCAN @ TRIUMF
Atoms: (~ 60 ppl.) oy A Molecules: (~ 55 ppl.)
. : N> BaF (EDM Toronto
X Ers@@ qionn State ™ S ek ) BaF NLeFLéI% @ Groningen/Nikhef
e H o + @)
19 & senttie - ThO (ACME) @ Yale
*Ra @ Argonne ‘ YBF @ |mper|a|
« Xe @ Heidelberg
* Xe @ PTB
« Xe @ Riken
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Physics reach of EDM searches

Magnetic  An EDM violates P, T symmetry
moment Purcell and Ramsey, PR78(1950)807

« CPT: CP violation ~ T violation
« Baryon asymmetry

Nd-

* Among the most precisely measured
quantities:
R’ dneutron < 1.8:1026 ecm (1022 eV)

* Non-zero meas. = new physics!

* More general than flavor physics

S S experiments
H=—-—uB -——dE- - —
=g S
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EDM and the SM

CP violation from CKM

Strong Interaction

CP-odd term:
— a ~
L,=0—=GG
8T
m,

cz’n(§)~§i ~6.10"" Oe-cm

m, AQCD

9 <1071

Strong CP problem, Axions
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E.g. Pospelov, Ritz, Ann. Phys. 318(2005)119



Physics reach of EDM searches

TUTI

Fundamental theory

CKM, 6, SUSY, Multi Higgs, LR-symmetry

Wilson coefficiegtf (13)| © Covos Cuag(1:9)iC  Tud Oyd semileptonic d, du, dt
1\ d-
g (i) o T |
Low energy parameters 8 &n' (8r") d, d Cr C0
32p ~ 0.027 Ggcp l
Nucleus level d,t, He Schiff moment
S = sydiy + |:mngha0 + sNangf,O)} gﬁo)
— + {—mng a; + S;Vangi”} Qz(rl) . . k4 .
Atom/molecule level Diamagnetic }(— Paramag_nglc
da=Ned. + KsS(Ogcpsgr) + (k7CrtksCs) + hoo
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Experiments are complementary

- Paramagnetic atoms

dpara — ndede + szCS e and o8 EDM
- Polar molecules
_ B Nuclear-spin-dependent
APT = “deBers Ks_C P P

para B

e-N coupling Cy,

- Diamagnetic atoms

Nuclear-spin independent

dgia = k8S(Gn") + kor Or + ... : 0
couplings Cg

- Nucleons
dnp = d7 (321) + d27(du,a, dua) Intrinsic quark EDMs
- Fundamental fermions and chromo EDMs
demidy; (d+)

Meson-nucleon couplings g,
...Higher orders (199-Hg!) :

d, =(k;C1+kCs) +1.d. + K¢S + h.o. (MQM)
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Measured limits
(note: ‘sole-source’ analysis)

Joint analysis

|Result 95% u.l. |ref.
Paramagnetic systems
Xe™ [da = ( 0.7+£1.4)x 10" * 31x10°*# ecm] a
Cs |da=(-18%6.9) x 10 ** 14x107% ecm]| b
de = (—1.5£5.7) x 10726 1.2x107%  ecm
Cs = (254+9.8) x 107° 2x107°
Qm=(3+13) x 1078 2.6 x 107" punRcs
Tl |da = (—4.0+£4.3)x107% 1.1x107* ecm]| ¢
de=( 69+74)x10"%8 1.9x1072" ecm
YbF |de = (—2.4+5.9) x 10°%® 1.2x10°%  ecm| d
ThO |d. = (—2.1£45) x 107 % 9.7x107%* ecm| e
Cs =(-1.3+3.0)x107° 6.4 x 107°
HfF T [d. = (0.9 £7.9) x 10~ *° 1.6 x10°%®  ecm| f
Diamagnetic systems
9 Hg|da = (2.2+£3.1) x 107%° 74x107%° ecm| g
?9Xe|da = (0.7£3.3) x 10~°7 6.6 x 10727 ecm| h
*’Ralda = (4+6) x 10~>* 1.4x107*  ecm]| 4
TIF |[d = (-1.7+2.9) x 107%° 6.5x 107* ecm]| j
n |d,=(-021+182)x10"%° [36x10"° ecm| k
Particle systems
p |d,=(0.04£0.9) x 1071 1.8x107"° ecm| I
7 |Re(d;) = (1.15£1.70) x 1077 [3.9x 107 ecm| m
A |da=(-30+74)x10"" 1.6 x107° ecm| n

lllustration: parameters are not

independent:

e.g. d, as function of Cg

-ImC,,"/"/A%)

20x10" 0 20
6 | - 15
4+ L 10
27 -5
7= &
g , 5
[} N
- =
~ \./N
2] -5
44---T Txt-10
) ThO 3 -6
-6x1027 T T T T -15x10
-400)(10-9 -200 0 200 400
CS
ac
exp __ S
dpara =d, + Cg
%)
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e

*) new data available
8

T. Chupp & M.J. Ramsey-Musolf (2015)



Energy reach of EDMs and symmetry
tests

EDMs & (non-accelerator / low-energy) precision experiments:
* probe extremely high energies, beyond future accelerators
* probe otherwise inaccessible parameter space

* open (only) a small window to new physics, but with only few details

EDM exps.; beta
decays; nnbar

Ultra-light particle searches CPT tests

1024 1013 1014 10° 104 101 106 1011 1016 1021 102

Spin clock EDM I T X I I I I I
resolution 2-level Ultracold Neutron B physics SM  HL-  Fyture GUT Planck
system neutrons energy scale  LHC 100 TeV Scale Scale
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PRX7(20017)041034

C. Abel et al.

Energy reach of EDMs and symmetry TUTI

tests

EDMs complement HEP experiments

Effective field theory approach enables

combining HEP / B physics and low-energy

experiments together.

Spin offs: e.g. dark matter searches

Oscillation frequency (Hz)
0 103

107° 107 1073 10 108 10°

Supernova energy-loss

Big Bang
nucleosynthesis

3 10712
Q

W
-15
< 10

10—18

o o
10-21 d \ short time-base 1 Super-Planckian {
. ! long time-base axion decay constant
xies |
10-24 : .

1072 1072' 107'® 107 107 10° 107°
Axion mass (eV)

lllustration:
combined NP limits from EDM and B physics
. o
— Rp
- Rp-
= dug
2 - dyg(g5#0)
—  dy(g5#0)
o= dp=1-10"7e cm |}

204 -02 0.0 0.2 0.4
Re[gSL (mb)]
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M. Jung et al., JHEP 69, 2019 (2019)


https://physrevx.7.041034/

EDMs are complementary to HEP experiments

Constraints on different non-standard CPV
Higgs couplings - Higgs production at LHC
vs. EDMs

Pseudo-scalar Yukawa h-g-g

vimY] v ImY] o!ImY] o'ImY] oImY] ImY] o%d,/m, 1'20" (TeV)

Top Yukawa  Top C-EDM

|E+00 l
|E-02 25
[E-04 25

B EDMs |
|E-06 l LHC 250

Y.-T. Chien,V. Cirigliano, W. Dekens, J. de Vries, E. Mereghetti, JHEP 1602 (2016) 011 [1510.00725]

Picture by V. Cirigliano (PPNS2018)

Superpartner mass (TeV)

TUTI

Constraints on different SUSY type parameters

30

03

Shading shows progress since 2013 (LHC, ACME, *°Hg) —
from Ann. Rev. Nuc. Part. Scie 63, 351 (2019) adapted,
taken from N. Hutzler
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Four-layer p-metal shield

Quartz insulating
cylinder

Storage cell

Hg u.v.
lamp g

Vacuum wall

RF coil to flip spins

Magnet

UCN polarizing foil

UCN detector

Basic measurement method

High voltage lead

Magnetic field
coil

Upper
electrode

PMT for
Hg light

Mercury
prepolarizing
cell

\ Hg u.v. lamp

— [N UCN guide
changeover

Ultracold
neutrons

JIm————=-— (UCN)

Approx scale 1 m_

(Still) state of the art: ~ few trapped
neutrons / cm?®

Polarized External clock
particles 0,70,

(2 [as

hw, ~ uB+dE
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TUTI

Trapped ultra-cold neutrons
with nano-eV kinetic energy

material box

Statistical sensitivity:

7
" 2qETIN

Systematics: magnetic fields! ->
often used: a ‘co-habitating
magnetometer’

O,

12



RAL Sussex| PSInEDM| PSIn2EDM PanEDM| PanEDMII (EDM)*n LANL SNS PNPI PNPI TRIUMF

ILL
Temperature RT RT RT RT RT 0.7K RT 0.7K RT 0.7K RT
Comagnetometer 199-Hg 199-Hg 199-Hg none ? none 199-Hg 3-He none none[9-Xe, 199-Hg
Source Turbine| spall +D2 spall + D2 4He 4He| 4He(insitu)| spall +D2| 4He(insitu) Turbine 4He 4He
#ofcells 1 1 2 2 2 >100 1 2 2 >2 2
UCN density 2 3 5 6 >100 >1000 50 125 4 10000 700
goal [ecm] 3.00E-26 1.80E-26 1.00E-27 5.00E-27 <le-27 1.00E-29 E-27 2.00E-28 5.00E-26 <1E-27 1.00E-27
Date 2006 2020 20227 2022 2024 2024+ 2022 2022 2015 2022+ 2022+
Status completed| completed commiss. commiss. planned concept source install.| completed install.
ready ongoing ongoing
Comment upgrade of magnetic source| component first test magnetic first UCN
RAL/Sussex/ shield startup design |experiments| shield being from
ILL| completed summer 2021 installed prototype
2021 source2017

Beam:

Neutron EDM

* Approaches with trapped UCN:

TUTI

e Crystal EDM (Nagoya)
Beam EDM -> cold beam at ESS
« (EDM)”™n is also a beam experiment

Most approaches

use cooling process
to increases phase

space density:
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cold neutron

- [TE)

100 s

phonon

ultra cold neutror
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TUTI

New systematic issues are expected...

Geometric phase effect: Potentially new class of

M. Bales et al., EPL 2017

Aw = — Y2 systematics identified:
2(wo—wr)
- Non-gaussian spin distributions in traps
wfu _ (%}LQ)‘-’ G (4)-’ o 20%9;0 Exv with gradients or E-fields
o ‘ : s : - Time-dependent shape of distributions
B field requirements for . 0% E
108 ecm — level accuracy: * 2
2 31031 4
¢ <0.3nT/m gradient £, é :
* Max. 1 dipole with 5 pT < r—élozf ¥y | ]
in 2 cm distance oo oy Zaislszn Z:fg 7
* < 10 f-r drlft Stablllty -400-300-200-100 O 100 200 300 400 101:..:: 7 --.I- aB/aZTl#:7 ‘1:1|~3 \“ ‘tA‘
Gradient [nT/m] -4 =2 0 2 4

Normalized precession angle ¢y
™, 11 _1 - 4 1 Nl - n A a0 NINTINN /IANNAN 1 o R
rendicoury €t al., rnys. R€v. A /U, U321VUZ (£LUVU4) and 1many more...

P. Fierlinger — Electric Dipole Moments & Fundamental Symmetries ECFA Detector R&D Roadmap Symposium —12.4.2021 14



Future neutron EDM

Combining (independently) existing technologies: h
3He cryostats to cool
superfluid converter
(multiple cooling towers
along the beam axis)

 UCN production + trapping in superfluid He

¢ Magnetic Shleldlng cold heads provide
additional cooling power

for thermal screens

* Avoiding most loss channels: in-situ UCN
production + in-situ detection

+++++++++++++++++

e Suitable for the best existing beams (ILL)
 Modular design, fits future sites (ESS)

* 1.10%° ecm sensitivity in principle possible
(factor 1000 compared to now!)

SC wire
Absorber

wor

See S. Degenkolb presentation
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Magnetic Shielding
(Rev. Sci. Instrum. 91, 035117 (2020)




Figure: world’s largest shield
(2020): ~ 100 pT in 30 m3(to be
published) ’m

Top

Technology drivers, e.g.:

 Many precise measurements need small
magnetic fields & gradients: sample sizes,
systematic issues (geometric phase),
polarization life-times

* Quantitative numerical modeling

* Factor 1000 improvement in residual
gradient in last 20 years

Bx bottom (pT)

By bottom (pT)

Bzbottom (pT)

27 15.6 27.0 204 139 15.6 139  12.1

78 38 01 ﬁ- 2.3 80 62 45

229 -19.4 -15.9 229 -185 [Zed 211
Bx center (pT) By center (pT) Bz center (pT)

-1.9 7.1 -12.4 7.7 0.3 7.1 17.4 7.7/ 1.9

6.3 7.1 8.0 2.5 -1.9 2.3 11.2 7.3 3.4

-10.6 7.1 3.6 2.8 0.1 2.5 5.1 6.9 8.6

Bx top (pT) By top (pT) Bz top (pT)

14.9 9.7 4.4 19.3 12.3 5.3 237 149 6.2

7.9 1.7 8.8 0.8 8.7 9.7 1.8 6.1

0.9 -13.1 .70 -12.2 N 43 113 183

©IMEDCO




Improving the sensitivity

Schiff moment: suppression for 2°Xe, 1**Hg: ~ 102, enhancement for e ~ 73
* Enhancement due to nuclear deformations for 22°Rn, 22*Ra - enhancement ~ 10%*
* Enhancement due to large E-fields in molecules: YbF, ThO, HfF* - enhancement ~ > 10*

- ACME | - Basic experiment principle: ThO substructure of the ‘science state’ A with J = 1:
T
'\é idegmol
. Optical State Detection
w pgmping‘preparation laser HZBZI 11,1, -1)
= L L 11, —1; 1) peBy + « Alignment of E-field,
= — lt'i%';t mr || e oot molecular axis and angular
— B-field coil []r |1,0;1)—|1,0;—1) . ”
o V2 momentum optically
=t [ ]
; E— 0) L0 +]1,0:-1) 1« Co-magnetometer
i . L v « Small lab E-field
Beam source E-field plate - Ur mall Ia elas
a ’ Light B .m""""""m‘”””””1degmol ‘1 1' +1> .
S pipe  PMT e 5 - v * Modest B-field problems
S — I ) .
5 _ L—Lith) g Vefmot o Science state is metastable
o Interaction Ma?gngtlc . . . H H
E length shielding Flsgure 3. Schematl'c level structure aJ.ld energy shifts of the ThO ( N t h IS Syste m )
> -— H’A(J = 1) manifold of sublevels, in the presence of the applied
3 L=30cm external fields £ = £Z and B = B2 (not to scale). States are labelled

by their quantum numbers |J, M;; ), where N = sgn(# - €)
describes the orientation of the fully polarized molecules. Note the
different signs of the eEDM shift in the A = +1 Q-doublet levels.

(ACME proposal)
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Improving the sensitivity T

. . . . PolyEDM Experiment (Hutzler, Caltech):
Improving statistics and systematics:

* Polyatomic molecules like YoOH (many choices!) /
* internal co-magnetometer AND suitable structure for laser

cooling
* Internal field saturation already at low lab fields
e Spin-off: first MQM measurements

I. Kozyryev and NRH, PRL 119, 133002 (2017)

Recent advances in preparing high intensity cold _ , o ,
lllustration of MOT / optical lattice with EDM E-field

molecule beams: electrodes (Hinds, Imperial):
* Possible laser cooling / trapping / fountain e.g. with YbF:
* Line width ~ dispersion of sample in space ~ coherence time. clectrodes @
* Numbers from proposal: 10° trapped YbF molecules; T =10 s; 55
18 kV/cm ... shot noise limit of 1032 ecm / day. gprieal

Note: more physics with molecules etc. see M. Safronova’s talk
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Phys. Rev. Lett. 120, 123201 (2018)
Quantum Sci. Technol. 6 (2021) 014006



* High intensity slow beam (using all recent advencements)

Molecules: BaF

5103% ecm level in first generation of experiment:

* Relatively low E;, ~ 6-8 GV/cm at saturation

* Efficient laser cooling due to light weight & suitable el. structure /
ground state

Planned full experiment:

Approach:

Status: a) Fast beam to demonstrate control of systematics

cryogenic source

al

1 1 L ]
fast source  state preparation

guide decelerator laser cooling

state preparation

TUTI

Ground state as science state:

me=-1 mg=0 me=1

E 3 - =%
~10 kV/cm Pl -- -- ¢ 2de8eff $

" 7, <

B ’ rf ~70 MHz

~600 pT QS
0 —@—
X2Z+(N=0)

interaction

optical detection

0000000000000 00000000

]

I 0000000000000 0O00O0000
<

»
>

A

~45m

| — I_m—_l
interaction optical detection

Eur. Phys. J. D 72:197 (2018)

- ~05m

b) Slow beam for full statistics

L
cryogenic source  guide

1
Eece erator laser cooling

0000000000000 O0000000

000000000000 0O00000000

I
1

<
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>

A

~4.5m

Figures: S. Hoekstra, Gropingen



129-Xe EDM — Example: HeXe Tum

Experiment scheme: EDM data extraction:

1 n 1 1

~ —— — “_

%=2ET SIN 132

PRL 123, 143003 (2019)

ppol [ LT Tl | | L| |—I
° 3He comagnetometer Iilf; Eiz:
E 4 1€é,9Xe signal + By
E B
E' 4 g 40 l
Hpﬁgiﬁmm —
* Hyperpolarized 3He and 1>°Xe, B~ uT, E ~ few kV/cm §_20_ H } t IH I H * 1
* Spin precession in low field detected with SQUIDs 5;-40_{ el
* Potential: 103% ecm <8061 2 gy manssssmsn g SEUUN N v s
* Important contribution to joint EFT parameter analysis dy(129Ke) = (1.4 £ 6.6y & 2.05,5) X 10728 e
* Other efforts: MIXed, Liquid Xe, Active Maser, Xe-comag |ds("¥Xe)| <1.4 x 10727 ecm (95% C.L.),
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Muon EDM

Basic idea: frozen spin method, out-of-plane
polarization due to EDM

Solenoid

E Scintillators <

HV-MAPS
pixel detector

SC channel

Letter of intent: arXiv:2102.08838 [hep-ex]
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TUTI

e Testing CPV in a second generation lepton, clean
of nuclear and atomic background

* Expected sensitivity using existing PSI beamlines:
d, < 6x107*3ecm

Further advances in future: HIMB and muCool.

80/ [\
Flavor violating models:
pu

EFT phase of Wilson parameter cp
hardly constrained

(o2}
o

A. Crivellin et al.,
PRD 98 (2018) 113002

arg[ck] []

N
o

Other physics motivations: New =

scalars and fermions, MSSM,
Leptoquarks

Aa, [1079]

P. Schmidt-Wellenburg

21



(ST02) T009S0 T6 ‘@A “['V ‘SBSIBA 29 "Y'A ‘AY09[21S0Y

(6661) LSTTSTT ‘78 TAd “N ‘[[9sSY 29 “A “A09[1s0Y “Y ‘wynig

Antihydrogen spectroscopy

Standard Model Extension SME:

CPT & LORENTZ

VIOLATION
(i'y'uDu, — Me — a;,y,u. - bzﬂ)’Sy'ur

2HE, oM + ict,yED” + id,ysy*D" )¢ = 0.

n

LORENTZ

D. Colladay and V.A. Kostelecky, PRD 55, 6760 (1997) VIOLATION

* Minimal SME: CPTV only in hyperfine
splitting
* Non-minimal SME: ... also in 15-2S

* HFS meas. precision: 1S-2S at 10 level in
trapped anti-H (no effect doe to mag. field)

&

Widmann, E. et al. Hyperfine Interact. 240:5 (2019)

TUTI

SME coefficient (GeV)
10727 10724 102! 107'® 10-15 10°'? 10° 10°¢ 103 10°

H-H HFS

H-H 1S -2S
K°-K® mass
p-p magneti momnt
u= magneti momnt

e* magnetic moment

10727 10724 1072! 107'® 107'> 1072 10° 10°% 103 10°
Relative precision

PDG, Kostelecky & Bluhm arXiv:0801.0287
Dark blue: measured for particle and antiparticle
Light blue: measured for particle only
Orange: measured SME coefficient
Yellow: potentially reachable accuracy

E. Widmann
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Gravity resonance spectroscopy Ll

e Ultra-cold neutrons are put into a
superposition of gravitational quantum states;
typical scale: micrometers

* Mirror oscillations provide transitions
between states: Rabi & Ramsey spectroscopy

e Future: e.g. storage on top of mirror = long
,exposure times’

n=11: L=

« CPT, Lorentz invariance ~ofe—e oo _
! o e
Phys. Lett. B 798 134819 (2019) _87 O
ne7ilem e o 1460.50 Hz
° n=61 —— 1312.49 Hz
Dark matter T
* Axions s E = 4.0832 peV  987.24 Hz
* Chameleons . Ry
* Symmetrons . ' - 24595 pev 594.66 Hz
Nature Physics 14, 1022 (2018) S
h=1 B s ____E =1.4107 peV 340.12 Hz
H. AbE|e 10 20 30 40 50 60 height z [Lim]
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Neutron decay: PERC Tum

* Physics case:

Precision unitarity test of CKM'’s first row Search for New Physics through EFTs, reach ~ 10-100 TeV
1/2 >
Vv d= 5099.34 s / i SUsY, Z',
“ Ta(143A2)(1+ Ag) X* — - charged Seee.g. ,

= 0.97301 ( IU)RC {44)7 (35))\ - T 'erfl.“"k' M. Gonzalez-Alonso

U : ( >- < for low-energy EFTs
0.0) 10) = 0.97301(58), . |
Seng, Gorchtein, Ramsey-Musolf Phys. Rev. Lett.121 (2018) Mirkisch ez al., Phys. Rev. Lett. 122 (2019)

 PERC instrument at FRM-II (TUM) - future: ESS - improvement x 30
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Neutron-antineutron oscillations

Idea: free neutron converts to antiparticle in flight: n - n H

Physics case: Baryogenesis (eg post-sphaleron baryogensis), RPV-SUSY,
LR symmetric models, Extra dimensions ...
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Detector basic 1m radius means ~4 m length for 80% acceptance (25-155 degrees)

concept Time of flight
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* Neutron optics with large angular acceptance
* Magnetic shield around free neutron flight path

e Annihilation target + detector

| Tracker + dE/dx TPC 75cm |

Two stations Si Strip
In vacuum

Two target discs. All annihilations in the first (kB in crossection)

* Potential: factor 1000 improvement compared to previous generation experiment

V. Santoro
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Neutron-antineutron oscillations
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TUTI

Where are we in 20 years?

* EDM experiments are
* long-term efforts: historically 8 years per order of magnitude (eEDM: now faster!)
* very difficult, subject to unexpected problems

* Itis dangerous to promise and predict EDM results.
* My naive guess: surviving/novel efforts reach PeV-scale

* New concepts to improve EDM sensitivities in many areas:
* nucleon, atom, electron, muon, tau
* Close connection between EDM/low-energy symmetry tests and HEP through EFTs: naively
irrelevant cases might become more interesting through this
* Polyatomic molecules, electrostatic storage rings... AMO and nuclear/particle techniques
will be closely connected
* New facilities online and available, e.g. for fundamental physics at ESS
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