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Our motivation, and a sense of scale

The Universe in a pie:

all the matter all the ways it
in the universe could get here
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— atoms — nuclei —{neutrons— new physics



@ Challenge the first: statistics

State of the art: catch/pour|| New approach: catch them
...with 0.1% success all, directly in many bottles

Y Y

999 used 1 lost




@ Challenge the second: observation time

“Never measure anything but frequency”
—Arthur Schawlow (1981 Physics Nobel Prize)

A But... how to store or
6 ]. cool ensembles?
W ~~Y — p
6t —_ Wavg optics,.with
() massive particles!

“Ultracold” traps: O(5 m/s)

“Cold” beams: O(500 m/s)

particles stored for

particles fly through most
minutes (>10°> ms)

experiments in milliseconds




@ Challenge: does this approach even make sense?

Well, suppose the scale of new physics is far above the SM...

...or imagine we couldn’t access the heavy gauge bosons we already know

If the scale of new physics is >> TeV, it looks the same whether we probe it at TeV or neV!



}.l!" “Permanent Electric Dipole Moment” =7?

Quantum eigenfrequencies: Classical moments:
hwg x —dS - E d= / rp(r)dr
1
hwp < —uS - B =3 r x J(r)dr
p,d
S = FS | of pictures

like this!
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“Permanent Electric Dipole Moment” = 7?

Quantum eigenfrequencies:
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hwp X —usS - B
p,d

Classical moments:

d = /rp(r)dr
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s it different from a molecular dipole?

...or, “a warm-up for non-relativistic guantum methods”
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s it different from a molecular dipole?




IE<F s it different from a molecular dipole?

1) 12)
The energy eigenstates are:
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IE<F s it different from a molecular dipole?

i ; = ; E. = Fy+ VA2 + d2E?
1) 12)

The energy eigenstates are:
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IE<F s it different from a molecular dipole?
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s it different from a molecular dipole?
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The energy eigenstates are:
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New Physics, in Familiar Terms
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* Non-conservation of Pand T
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already apparent in EDM term
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* Consistency with zero vs.
consistency with SM




E){P

A Taxonomy of Form Factors*

ciﬂfermi(}n — %’J}J”VF,LLUTJJ _ ?:gT,BU’LW’}’E)Fgulb
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MDM

*which are not just for composite particles!
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L B(0) + F(0) o — Fu(0)




E <[P A Taxonomy of Form Factors
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E <[P Summary of Motivation

Problem: 1 extra baryon in every 10” Solution: 777
® Asymmetry: 1 = @ ® No complex antimatter nuclei
Y
® 1., comes from CMB decoupling ® No annihilation fronts
® Actually normalize to entropy ® No adequate symmetry-breaking

density s, since universe expands _
Y P Prediction:

Requirements: Sakharov's criteria e New C'P-violating physics

® Baryon-number (B) violation ® Coupling to Standard Model
e (' and C P-violation baryons

® Departure from thermal equilibrium ® Polarization of bound states



@@P Analysis: Dimensional vs. Global

Naive estimate for generic new physics:
m
g
dp X —— A2 - € Qcpv

Current experiments: 1026ecm — A ~ 10 — 100 TeV



|_ED}>P Analysis: Dimensional vs. Global

Naive estimate for generic new physics:
m
g
dp X —— A2 - € Qcpv

Current experiments: 1026ecm — A ~ 10 — 100 TeV

Standard Model CKM: 1032 e cm

Standard Model QCD: ??? — d, ~ (1071%¢ cm)0



|_ED}>P Analysis: Dimensional vs. Global

Naive estimate for generic new physics: Lo PSRt MuldHices TR-symmelry o
my l

5 "€ Pcpv e e o \
A | Cooer Cogas(1:8), Cpy d d i i

888> 4999 ud ““ud
Current experiments: 102%ecm — A ~ 10 — 100 TeV _‘1'
r- BEBEBESENy

Standard Model CKM: 1032 e cm L%l gj_fg-czz
Standard Model QCD: ???

e tiiana

Schlff momcnt '

»-.....___ - .‘..-..—_/

Diamagnetic

Solid state

Rev. Mod. Phys. 91, 015001 (2019)



|_ED}>P Analysis: Dimensional vs. Global

o . . . (TUTeeessEssssssssssssssERsssEEsEEsEEse.—..— i

Naive estimate for generic new phySICSI L?__EI_(M___S}_J?X___I_VI_EI_“ Ei_lggf-_ljl}_'fzrffr_lftfz__cff'_i
mg l

dn X == * € QcpV I e

A | Coger Cogqg(1,8), Cpyy d,q d,q  semileptonic  d, E

Current experiments: 1026ecm — A ~ 10 — 100 TeV |
r- b i

— —
Standard Model CKM: 1032 e cm 12 &' (&) | Cr GO

Standard Model QCD: ???

{ . !
| Schiff moment |

LT L e ——

Neutron EDM from CP-violating pion couplings:

n Y
-

Solid state

Diamagnetic

@- — \

Pospelov & Ritz, Annals of Physics 318 (2005): 119-169 Rev. Mod. Phys. 91, 015001 (2019)
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E <[P Many Parameters / Many Experiments

Sensitivity:

+ 199 129 225
Tl, Cs, PbO, HfF*, Hg, 129Xe, 22°Ra, Y Mi—
Fr, BaF, ... Rn, Pa, Rao, ...
YbF, ThO, WC TIF n (cold)
TaO* P p, d, 3He', u, ...

Other: solid state (Gd;Ga:0,,, Euy<Ba, sTiO;), colliders (T, A, v, ...), crystal (n scattering on quartz), ...



IE)<[P| Un-natural Units; Orders of Magnitude

‘ 1 MV 1
10~%%¢ cm x X - — 24 nHz 1 ecm=10%e fm
m TN
GeV
4 hotrs sV 1l neV =1 > X 1cm X g
1
— — 1 mHz | s
15 min Some recent experimental EDM limits:
1uT n: |d| < 1.8 x 107 e ecm (90% C.L.)
UN X a — & Hz 129%e: |d| < 1.4 x107* e cm (95% C.L.)
2mh ThO: |d| < 1.1 x 107*? e em (90% C.L.)
LT
U X B 14 kHyz

2mh
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How could you measure an EDM?

Hspz"n,

2UB |

N

u-B—d

O

B only

—

\

B and E

2UB-2dE

.

2uB+2dE

» External field strength

hlwy —w_) =4dE

...up to drift, gradients, etc.
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Remember it is “locked” to the spin

Spin-precession based magnetometry:

* E=—n-B "spin up"
* T=puxB ~
* p=7L s w,=—B e 2uB

Time evolution from Bloch equations:

spin down"

d’”” = v X B — (relaxation terms)

Sensitivity from: AEAt > h/2
® relaxation limits measurement time
® many particles — many measurements

Cornell and Wieman... Nobel 2001, Rev. Mod. Phys. 74, 875 (2002)

vious Initial step toward understanding dynamical be-
havior. Second, in experimental physics a precision mea-

IO surement is almost always a fr "y measur :

EDM fundamental sensitivity: surement is almost always a fu‘e‘quen:f} measurement
and the easiest way to study an effect with precision is to

|6w| — |hF| (A?TLF _ 1) find an observable frequency that is sensitive to that ef

fect. In the case of dilute-gas BEC, the observed fre-




|_ED}>P Time-Domain Interferometry

Ramsey’s method to measure frequencies™:

0 , 0 A
pid ) — cosg D +eisingll) L 101
0.9 -
- 0.8 -
> 0.7 1
— R phase evolution: ;o _ 0.6
305
o .- : RS e a
0.3 -
______________ 0.2 -
T I T 011
R e
| : ' | 0.0
O et 29.05 29.10 29.15 20.20 29.25 20.3
: > 1 w/(2m) [Hz]
0 T 7+T 27+T

*we'll come back to frequency vs. phase



L How could you measure an EDM?

E)<

—l = w2 Rgmsey, 1957
Ramsey’s method f jes*: |
dMSey S method to measure requencies—. )
A 0 . 0 ) \/\
wfd 1) — cos 1)+ e sin ) 3ok -
g, 10— (4V)y = 30KC
> s |-
phase evolution: i o L1 | | l__ !
18 330 18 305 18 280 B 265 18 250
af
olt) ~ [ dt it N e
1 I n I I 1
Data E-pos
3 BBERS PSI, 2020
______________ 05D, . — FitEmeg .
T T T z
Hl: .'-'—I"i—h] g
i | : : E O
| | | | > off
0+ -* = ‘seemmemmemmemmmmeememd e <
! — > ¢ o3 gmEm
07 T+T 24T = Gne e
T s 1 05 0 05 1 15 2

*we'll come back to frequency vs. phase




L How could you measure an EDM?

E)<

What if we could measure continuously?

“phase noise” limit

8 I # +_: -
5, st 7 . ! ‘e P :ﬁ #
© U + o+ v+ d v ' ¥ l
g 1 - + * 4 S + + + ¥ N ot
%_ oy + Ty + + 1 * A " h’ ]‘
qE: 4 r ++|_+ + ++ + A ot + ++ hy + +"' T
-8 F * * ks CUR
: KA . o1 2ETy T
0 0.05 0.1 0.15 0.2 5d ~
Time [s] 2ET> S/N \ h 1
8 /
| | 3I]-|e comag;etometer] 2ET2 N
4 129%e signal N

I

“count rate” limit

Amplitude [pT]
o

|
N
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0 500 1000 1500 2000 2500 3000 3500 4000
Time [s]
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So which system should you measure?




L So which system should you measure?

E)<F

The one where you can discover an EDM, of course!

- M. Ramsey-Musolf



E <[P The HeXe Experiment

Use the best magnetic shields available (at least to start with...)

- e —— -
1 08 3 ._/ E 250
TE r""".’ / % i
D 106l
E 107 T
%ﬂ 105 é_ .’__,_...--./ f AN _g-E ] §.252 >
S a4 N
5101 _
2 103 [ —a— TUM-passive £ 20
4 —=— BMSR2-passive § o
2f " ./'/ —u=— BMSR2-active §-25°
07 eem o Commemial2lyr § N O 0w 20w =

10° 107 10" 10 10" 10> 10° 10" Rev. Sci. Instrum. 85, 075106 (2014)
Frequency (Hz) J. Appl. Phys. 117, 183903 (2015)
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The HeXe Experiment

Magnetic and RF shield

z
X
)/

SQUID cube

A= -
- Silicon wafer
EDMcell ji~ E = 4kV/cm
______ - —_—
- > >
+ —I / B0= 1.2 },lT
B
*He - 1

Altarev et al., Rev. Sci. Instr. 85, 075106 (2014)

Door




IE The HeXe Experiment

1021 Xe He
N
T
> 400
s 10
&
y A
y 4 O]
S .42
: / g - ‘ 210°
!_V [ &
o SQUID cube < |
-g | 10-4
© Z2 noise level~7 fT/VHz
Q QOY1 0 10 20 30 40 50
=)
@© |
=

X1 Frequency (Hz)
S Silicon wafer

EDM cell

E = 4kV/cm °
Bapid B — =t i _— <)
/7 —_— o
i / B,=1.2uT
OO B
o > °He - 1
T A —12x%e  High voltage
Y% /56‘
) P
< 7
& %
V'b |
|
Altarev et al., Rev. Sci. Instr. 85, 075106 (2014) ‘




E <[P The HeXe Experiment

10°[ Xe He
E ~4kV/cm =
7 ~ 4000 s 5100»
S ~ 20 pT %10-2
e ~ 8 fT/VHz 5‘10_4 il

noise level~7 fT/+vHz

10 20 30 40 50
Frequency (Hz)

1 €V JBW

ow = — Jd

- 7(S/n)VN  7SVN

— require nHz per run — few x107%" ¢ cm/V'N

o




B A rapidly-moving field!

additional rf shield

—1 DAQ 10 MHz clock 7 layer magnetic
| + 1 rf shield
22 5 z
— =
- Ly
] E xl—;‘r
&
x2 s -
v |0O)-[0] v2 —@
X1 R ) =+
} =]
B SQUID signal |
||| i E
|||| (i |||||||| ||| —
|I|||| I}|\|||||| ||| B
()
= Current -
+
monitor *HV supply l

Our result from HeXe:
da("Xe) = (1.4 £ 6.6, + 2.05) x 1072 ecm
Phys. Rev. Lett. 123, 143003 (2019)

c!f
ﬁ_‘c:\
cCﬂ! )

m—)

Turbo pump

Near-simultaneous from MiXed:
dxe = (—4.7£6.4) - 107 ecm
Phys. Rev. A 100, 022505 (2019)



L A rapidly-moving field!

B 150
E 40t I 1 § 100
o 20| I 1 g %0
?D I x (:IO— 0 . T2
e | 5300
S’ -20] I | - ol
= 0l | T 2017| - - 150¢
= I 2018 - 2004 .
60p 3 1 2 3 4 5 6 7 8 9
Runs run #
Our result from HeXe: Near-simultaneous from MiXed:
da("Xe) = (1.4 £ 664 + 2.055) X 10728 ecm dxe = (—4.74+6.4) - 107*° ecm
Phys. Rev. Lett. 123, 143003 (2019) Phys. Rev. A 100, 022505 (2019)



E <[P A United Future: collective experience

-5/2  -3/2 -1/2 +1/2 +3/2 +5/2

3 " F"=5/2
. 5 D, (J"=2) -
New magnetically . T
shield room @HD! i 7]
=]
Dedicated facility... -
Y (=) 2=
A
1
's, (J=0) F=1/2

Laser spectroscopy
may complement or
eventually replace

SQUIDS... new tools!

Next order-of-magnitude
pursued by refining these 18
now-known methods




A contrast: neutrons disappear faster!

Storage constants: 249.8s (5 s)

102 L

Neutrons counted

—
o
=

0 500 1000 1500 2000
Holding time (s)

Magnetic fields would be good for loss... bad for systematics



@H}FP The PanEDM Experiment ED

B
S
% Polarized External clock
particles 0,;~ O,
O Bo

B,

Fiber Cs

EPJ Web of Conferences 219, 02006 (2019)
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E <[P The PanEDM Experiment EDM

Fiber Cs |

Double chamber Ramsey interferometer at
room temperature (but Ty-y ~ 5mMK)

19Hg magnetometers with few-fT resolution
Cs magnetometers (also at high voltage)
Magnetic shielding factor: 6x10° at 1 mHz

« Simultaneous spin detection for up/down

« SuperSUN UCN source at ILL in 2 phases:
Phase I: unpolarized UCN with 80 neV peak
Phase Il: polarized UCN, magnetic storage

« Ongoing installation of parts, commissioning
with UCN production in 2023-2024

EPJ Web of Conferences 219, 02006 (2019)



EP

Much lower statistics!

4 B | qi'.g
4[]
(. <> - B
E \ O UCN 2
ml[l[lllIllll[l[l[l[l[l[l[l
HV~ F—y

>Cs]

Fiber Cs

X

1

Statistical sensitivity:

Frequency measurement:

h
o (dy) 2 6| = Ll4E]
20¢|E|T VN
SuperSUN Phase |
Saturated source
density [cm™] 330
Diluted density [cm™] 63
Density in cells [cm™] 3.9
PanEDM Sensitivity [1o, ¢ cm]
Per run 55107 « AFEAt > h/2
Per day 3.8 x 10726

Per 100 days

3.8x 1077

EPJ Web of Conferences 219, 02006 (2019)



The PanEDM Experiment "EDM

HV supply | ... VAC chamber

leak,support

|

:
,
\-
8 . S~
2 B I
?
. s [ — 1 © S/, o172 1 .
N — S
= - - e
. Bl -Peeme— =
> e I e S e | —

e

=

| aser

y - 1 I Ax
K

Current measurement
housing (CMH) HV electrode GND electrodes

D. Wurm, PhD 2021
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D. Wurm, PhD 2021



The PanEDM Experiment EDM

A3

Extr.

He

D. Wurm, PhD 2021

Upper Cell

Three Way

Switches Lower Cell
Lowier Guida The recipe for an EDM measurement:
preparation Ramsey cycle counting
duration [s
DIA 50 > 80 uration [s] 30 80 80 110 60 30 50
neutron beam | on off on
Fe Foil Polarizer | 3-way switch | vac | fill = source 73 getectors detectors §~ cells
vac. pumping | cells guides
™. =’ DE cell valves open closed open
- spin flipper /2y various stability tests 1¢ 24 | 1} 2%
& Ramsey pulses ) -
Hg magnet. measure syst. tests
UCN detection background, detector & souce - stability UCN cnt
B, field measure
E field HV at setpoint




L The PanEDM Experiment "EDM

MM
1: EDM cells 2: Vac. Chamber
3: HV feed 4: B, & B, colil
5: Inner shield 6: Outer shield

7: Outer shield door

EPJ Web of Conferences 219, 02006 (2019)



Rev. Sci. Inst. 85(7), 075106 (2014)
J. Appl. Phys. 117(18), 183903 (2015)

EPJ Web of Conferences 219, 02006 (2019)
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The SuperSUN-PanEDM Installation EDM

*He cryostat

Vac. pumps

Lead shield

-

=15

Cold beam

UCN optics

D. Wurm, PhD 2021



Reality always looks messier!

4 . N
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Upper Cell
Upper Guide

Three Way

Switches Lower Cell

Lower Guide

=5 o
¥ DIA 50 > 80

e Foil Polarizer

Stimultaneous
spin detection

ID 50 guide ’le

Spin flipper : off

Spin flipper

Foil
polarizer

D. Wurm, PhD 2021



E) P The SuperSUN Neutron Source V[ /4

NEUTRONS
FOR SOCIETY

A _ heat/phonons
free neutrons: F = 1mu? USSR < =~ [ e
) Cryostat with 2 UCN accumulation e r ) fxr
. c
superfluid “He | superfluid “He 3He refrigerator S 107  external detector |
E ~ 1 mel dispersion converter bath Heat 3
il IR : relation (T ~ 500mK) h
= ' exchanger :ﬁ cold neutron
2 ‘He bath a lbeam "on" \
Q n o
c £ 102 /’" }
- 8 f extraction
ultracold neutron 's] i valve opens
(trapped) ; i
. (§] m-'— background level
UCN > Sqooll . T
Momentum transfer, g ()not trappable: E~1 meV vs. U,.;~200 neV 0 1000 2000

Time (s)

® Figure of merit for production: 7 - | >k (1 — 6_”’“!("")) %{8.%
® Note: partial mean free path A«ycn ~ 10 km, while Aot ~ 10 m
® |oss for a 3m converter: factor 10 (unused CN beam)

® |oss for ex-situ storage: factor 100 (UCN extraction/transport/detection)



NEUTRONS
FOR SOCIETY

[E){IP| SuperSUN Neutron Source: Cutaway — A#lll

3SHe pumping

énoide additionnel

Disque d’analyse fine
<z<0185m

NI= i o
NI/m = 3978874 A .tim sque
B, e = 50 mT 0.180m
SC Octupole ~2.1T
| |

— cryogenic CN guide

' 4
UCN out Isotopically pure 4He
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The next generation... scaling up! (mFF’D

’He cooling EDM Cell Detail: Field Directions and Detectors
circuit: _HV Alternating "+--+"
(T~400 mK) “He cooling +HV e and gradients
commercial Q_D circuit: e —
cold-head (TN]-'Z K) ,;r(;durct; are
etected n
(TN4K) superfluid, or
by solid-state
4 . readout
i He superfluid UCN structure
4 reserve, and Magnetic field direction, for EDM
He urifier stage measurement via spin-precession, "He—f_ﬂ L‘k—substrate
tank P 9 is shared across all cells in stack reflector superconductor
(TraK) ]]' | absorber insulator
cold neutron beam: T__ g supplementary cooling
' (for thermal screens)

guides, polarizer,
and spin-flipper

(T~500 mK),
remaining cold
neutrons continue

J into next cells

G
| EDM cell stack
G

=

3He/*He heat-exchanger, and
filling inlet to UCN converter




“Quantum Sensing” for Neutrons (k)5

Ultracold neutron (UCN) detection with polarization-
sensitivity, via applied magnetic fields partially
cancelling the neutron-optical potential for one spin
state. Various readout mechanisms to be explored.

Neutron-optical Magnetic Total potential

potential field barrier
reflection || B —ji-B<0
absorption S— - B |

: 0
L L " L 1

0 100 200 -50 0 50 0 100 200 300
neV




Thematic Recap

Invariant mass

@ Statistics are the first key!

"unknown"

Weak Scale

(coupling) ~*

@ Observation time is the second

... and yes, it finally makes sense
to follow the green arrow!



. Questions?

EXPERIMENT

OUR NEV TEtESERE (JILL
ANSWER TWO KEY QUESTIONS:

D WHY IS THERE ALL THIS MATTER?
— 2) CAN VE DO ANYTHING ABDUT [T?

P

T

what-if.xkcd.com

Special thanks to:

U. Schmidt, Heidelberg
Heidelberg mechanical workshop
Heidelberg technical design office

Institut Laue-Langevin, NPP division
Institut Laue-Langevin, SANE division

PanEDM collaboration
HeXe collaboration



Seeking students and Post-Docs!

WE WANT TO HIRE YOU TO
WRITE ON OUR COMPUTERS.

\
WE CAN OFFER YOU A
WNCHOFW!

xkcd.com

Faddeev-Popov?




Minimizing UCN Storage losses

UCN extraction guide

PHYSICAL REVIEW C 92, 015501 (2015)

dn(ep,t) (€0) — n(eop,t) A€
ar 0 T(€p) Ifs

V' VHe

‘0

Superfluid *He converter

< Neutronbeam

QII\O
Current bars of
multipole magnet

1500

1000

-3
nau.hfs 4 nx,h‘s (Cm )

500

! ! r < S
Y

W S A

UCN valve

Beam window

0.2 0.4 0.6 0.8 1




IE Neutron Delivery to SuperSUN

[ MIndustry INSTRUMENTS =
n Su | ILL22 m Oifraction grou
I perSUN’s converter vessel: WASE group

— Large Scale Structures group

* R ~15UCN/(cm?3s) expected low-background

| environment...

M Nuclear & Particle Physics group
M Spectroscopy group

M Three-axis & Time-of-flight
M High-resolution

SuperSUN ————— -

= === CRG instruments

End of guide H523:

T 7= | l“.f‘ ,‘-‘: ILL instruments
~ 10 2 N Gl v
¢ @ 2 X 10 n/(cm S) =il i t:“ H Hot neutrons BUIDES )
I, — IN15 . 7::{? PF2 Thermal neutrons
J, ; g E [LLS 7|_‘ 3 Eold rveutrofll'ls "
irs amma or fission fragments
. i level D
Horizontal Cold Source: Vi
° CD ~ 1014 n/(cm2 S) - ‘ > D9 GR:?NIT SHARP \wz
‘ SUN ”.': ' IN5 D7 DiB K
— I H,” ILL7 E :‘Ii
In ile: INT-LAGRAN . M‘ i A pr: ,,}:‘x 24 : L — -
R e . _, L_ e i i — : 8- — :“ _.,_‘I“;’T ]
e @ ~1.5%x10% n/(cm?s) = NS Fib

/=T \A level C N W ’ NN/
[ ' " P " f \ W \ \
/ | i 1) " " " \ -
D20 ! D2B STEREQO PANTTHER 318 IN3 A S R IN’I&E2

"oNz2 / D10 k
{ ‘ HE EUROPEAN/NEUTRON, SOURGE ‘ ONS
INg D19 IN20 D23 PFIB IN13 CYCLOPS ORIENTER®RESEIETEpps
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“Quantum Sensing”: Spin and Energy (EEFHD

350

115 neV, 50 neV modulation, t=0.3 :m

high edge determined

5

| e—

by reflector thickness

250

200

low edge  mp |
determined by /

150

100

time until N wall collisions in a 100mm cell (s)
%)
o

detector current K
_ | detectable
UCN energy |[---
range
20 40 60 80 100

UCN energy (neV)

10°

107"

amplitude at absorber surface




|_EH}|P A digression on childrens’ toys...

The SuperSUN Tapered Transition Guide
with Irreqular Octagonal Cross-Section,

of,

-

How to Fit
Square Pegs
into Round Holes

.




77

...or the ILL22 cold neutron guides

1600
© 3155
4930 (A)

- 5803 (B)

7286 (C)
8020 (D)

Gap A:
12 vacuum
0.8 Al
12 vacuum

Gap B:
12 vacuum

Gap C:
10 vacuum

Gap D:
75 vacuum
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5. duperSUN Instrument Zone
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...or admittance matching

3SHe pumping

Solénoide additionnel
centré surz =0.1825 m
ooy = 43.65 mm
t=05mm
1 =20 mm
NI= 159155A1
NI/m=2x39788.74 At/m
B.pe= 22.45mT

Solénoide axial (JullO 4/90 - )
Py = 43.65 mm
L =345mm
t=05mm
NI =13727.114 At
NI/m =39788.74 A.tim
B e =50 mT

SC Octupole ~2.1T

Disque d’analyse fine
0.180m <z <0.185m

e e A e e, S S R0

- T NI

' 4
UCN out Isotopically pure 4He
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We are still missing a tool...




“Hammer”

...or brute force solution
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The complete toolset
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Optimize the remaining parameters...

H323 Output Spectrum
Simulation Adjusted to Measurements of 12/2015
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What would a finite neutron EDM mean?

 CP violation from three sources (ignoring neutrinos):

Lepy = Lexm + L + Lpsm

 CKM CP-violation (Standard Model):

 Strong CP-violation (Standard Model):

Lp=—

(0 0y

672

oTr(G* G

I .rx)

details:
Rev. Mod. Phys. 91, 015001 (2019)
Phys. Rev. C 91, 035502 (2015)
Prog. Part. Nucl. Phys. 71, 21 (2013)
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General Effective Lagrangian:

Cc®) 5 O'(ﬁ) (6)
Lo = Lo+ =00+ — 07 + .

Dimension-Six terms for the neutron:

Prog. Part. Nucl. Phys. 71, 21 (2013)

?: Wilson coefficient ~ Operator (dimension) Number
Dﬁg) — —— E dqggﬂyf}/E‘F”Vq i Theta term (4) 1
2
o Electron EDM (6) 1
L e
_ 4 Im Cé‘;;?i’, Im Cgega Semi-leptonic (6) 3
5> d 5
L d i ‘ 1% dq Quark EDM (6) 2
) ¢9s49 v G q 8 Quark chromo EDM (6) 2
q
2 q C: Three-gluon (6) 1
N Im Cé;;;,’ Four-quark (6) 2
_|_ dW %GGG _|_ E O(4f) O(4f) Im Cyyq Induced four-quark (6) 1
6 : ﬁ ' Total 13
(!
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“Global analysis”

Define a matrix a according to d, = é,ay.cj ,

ng dXe
2-2.0’10-20 ~387107%
, =& 40710% -297107"
/ g 11710 12710
8 0 15710

...and invert it:

O

0
-227107%
-1.67107"

1.47107"

d

n

R, O O O
<o N N e i e el
!

1.48x10"
~-1.85x10"
—241x10'"
| 2.78x10°

1.83x10%
—9.64x10"
5.36x10"
1.44x10°

-2.52x10"
1.32x10"

~6.32x10"
~1.90x107"




So what is the situation today?

50 +

(ecm)

dﬂ

50

100 x10™*

-10x10"

0.5 1

T 0.0

-0.5 1

-1.0 1

S15x10”
9
10 x10

Ex

100 -
50 -
E \
5
¢ 0
50
100 %107
I | | I |
Iseg’ 10 05 00 05 10 15
En

50+

(e-<cm)

ar
dy

=50 4

100 x10™*

[
400 x10°

“Sole source” limits:

LE parameter System 95% u.l.

d, ThO 92 x 107¥ecm
Cy ThO 8.6 x 1077
Cr 199Hg 3.6 x1071°
7 199 38 x 10712
gy 199 3.8 x 1071
72 199g 2.6 x 101!
dsr Neutron 33 x107%ecm
ds TIF 8.7 x 1075 ecm
.f_ff,” 199Hg 20 x 10 ecm

Other parameters

dy ~3/4d, 25 x107%ecm
7 ~g") /(0.015) 2.5 x 10710
d;—d, 5 x |U_IS_~‘.'_,I'£;”€ cm 2 x 1077 ecm




So what is the situation today?

100 100 -
50 50
E E
g 0 £ o \
'z_dc " - \\ \
504 TABLE XIL  Revised values and ranges for coefficients for diamagnetic systems and the neutron. The first three moows give the 68% C.L. range
allowed by expaiment combined with the best values of the coeflicients a;; covenng the reasonable range “E“Hs-;f"' withay, oo = —8 = 10 4.
. the fourth row gives mnges of coeflicients for the entire reasonable ranges of the coeflicients a;; given in Table IV, and the botom row presents
-100 X107 the 95% C.L. upper limits on the coefficients for the full reasonable mnges of the coefficients.
-10 ;Icm'q s dy (ecm) & W CE'-J:I
s Range from best values (=4.8-9.8) = 10r= (=6.6-3.2) = 1077 (=1.0-0.5) = 107* (=3.5-1.6) = 107
' with a, (Hg) = +1.6:x 107"
Range from best values (=4.3-34) < 107= (=2.3-29) = 1077 (=0.6—1.3) = 1077 (=3.2-4.0) = 107
07 with a, (Hg) = 0
Range from best values _ (=93-2.6) = 107r= (=1.8-63) = 107" (=1.2-0.4) = 10—* (=11-3.8) = 1077
0.5 with a, (Hg) = —4.9 < 107"
Range from full varation of a;, (=12-12) % 1075 (=7.9-7.8) = 107* (=1.3-1.1) = 107" (=6.6-4.6) = 107"
00 Upper limits (95% CL.) 24 % 1002 1.5 x 10-% 2.4 % 107~% 1.1 % 1076
0.5
=50 -
1.0
N -100 x10°*
-1L5x10 B | | ' | I i T |
10 x10 S ;ﬂ > 10 J00x10” 200 0 200 400




What does it mean, if we see it?

)
le-18 § m I i | I I I 3 i 6 CKM SUSY Multi Higgs LR-symmetry etc. E
- b -
1le-20 f " .
I E:xv r s 1
le-22 f s S I b Mttty goemenee- meesmmeemeeny
_ g a i ] :\ Coeer Coged(1,8), Cpy dyy 4,4 semileptonic  d, i
Ele-24y iy 1 TN ey §
E‘ E ..n 7a - ° | E
= le-26 F m A ) . |
= : Neutron EDM SUSY predicti 4 ‘ : R TR By
E 19—28 E_ eutran preqaicuons A g _! 1 g-[ g-t (g12) : CT CSO(I) |
o I A ] SoSpmmemape! Ssspassge -
S1e-30 F 1
= Neutron ELRM SM {upper imil) Seng, Phys. Rev. C 91, 025502 (2015)
E le-32 : Zenon EDM SR {upper Timil] Shushkov, Sov. Phys. JETP 60, 873 (1984) 3 =  eie—y® cessmeseehnees
le-34 F Mercury ELIM ST (upper Timit) Donoghue, Phys. Lett. B 19m """""" ‘
le-36 ¢ 1
1le-38 § !
o | | 1 | | | 1 | d
Diamagnetic Paramagnetic
S 0 O & P SRS
$ F & P F & P
f N ™ % Y Vv Vv Vv
Year of punlicati{::-n

Purcell et al, Phys. Rev. 78, 807 (1950)



E <[P t’s not so simple after all...

* Schiff’s theorem: the field due to an EDM induces a displacement of
the bound charges, which exactly cancels it*

2
D
Hy = 5— + U (I‘) Hamiltonian of the charge-system (no EDM)
T

*Schiff: Phys. Rev. 132, 2194 (1963)
J. Engel: elegant formulation used here
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't’s not so simple after all...

* Schiff’s theorem: the field due to an EDM induces a displacement of

the bound charges, which exactly cancels it

Hy =

2
)
24U

2m

(r)

Add constituent EDMs
As a perturbation...

dmt — Z d,.,;

(sum over constituents)
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't’s not so simple after all...

* Schiff’s theorem: the field due to an EDM induces a displacement of

the bound charges, which exactly cancels it

Hy =

p*
2m

— 4+ U(r)

Add constituent EDMs
As a perturbation...

dmt — Z d:::

Now see what effect this has...

(sum over constituents)
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't’s not so simple after all...

* Schiff’s theorem: the field due to an EDM induces a displacement of
the bound charges, which exactly cancels it

p*
2m

Hg: —+U(P)

Eigenstates receive an energy shift due to the perturbation:

n) (n| 32 7 [d- p, Hol |0)

- 10) — [0) :|0)—|—Z 5 L.
— (1+Z;d-p) 10)




E <[P t’s not so simple after all...

* What is the total, observable, dipole moment after this shift?

d=Y "d+(0) qr|0)
= d+(0 (1_Z§d-p)2qr(l+zgd-p) 0)
=>» d+i{0 [qu;Z;d-p} 0
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But some details

can save us!

e Schiff’s theorem assumes:

* pointlike particles — incorrect for nuclei

S = 35 (r*d) — gz (r*) (d)

10

62

...see Prog. Part. Nucl. Phys. 71, 21 (2013)

* non-relativistic treatment — incorrect for atomic electrons

Ulab — _dlab - B = _drest

Y
'E‘|‘m(ﬁ'd)(/@'E)

...see American Journal of Physics 75, 532 (2007)
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More on HeXe and “complementarity”

Cells, spin-polarization, co-
1

magnetometry

PP1
Pp2
PP3
High pres.

Low pres.

Analysis methods

_|1

=)

|

[]

2017 4
2018

; ;ﬂwigiﬂlxﬁ

(]

Runs
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HeXe EDM @TUM/PTB...

..laid groundwork for SuperSUN/PanEDM @ILL

* Gave a reference point for what it takes to go from concept to result in a
new type of EDM experiment... obviously less complex than nEDM, but still

with significant equipment and technique overlap

2017
2018 L
PP1 -
PP2 L
PP3 -
High Pressure |
Low Pressure +

2017 o T

Tt
2 kV/s

1 kV/st

0.5 kV/s

+V start |

—V start |

seg = 400 -

seg < 400

oq, < 3.0x 10777 ¢
af > 30% 1072 [

2018 B0 TIL

-10

-8 -6 -4 -2 0 2 4 6
d4(**Xe) [107% e cm)|

TABLE I. Summary of EDM results and systematic effects

discussed 1n the text.

2017 (e cm)

2018 (ecm)

EDM 7.2x 107238
Statistical error 23.5x 10738
Svstematic Source

Leakage current 1.2 x 10728
Charging currents 1.7 x 1072
Cell motion (rotation) 42 x 107
Cell motion (translation) 2.6 x 10728
Comagnetometer drift 2.6 x 1073
|E|? effects 1.2 x 107%
|E| uncertainty 2.6 x 107%
Geometric phase <2 x 1073
Total Systematic Error 3.9 x 1073

0.9 x
6.8 %

4.5 %
1.2 x
4.0 x
1.9 x
4.0 x
2.2 %
94 x
<2 x

2.0 x

10-28
10~28

10731
1072
10-29
1028
1072
] (}—3{}
1 (}—3{}

1031
10-28




Measuring the 12°Xe EDM at Heidelberg Pl
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