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Typical(?) experiment/theory interaction

TC: “How many EDM experiments do we need?”

MJRM: “Only the one that discovers an EDM”

TC: “Oh — so now | know which one to work on...?”



Our motivation, and a sense of scale

The Universe in a pie:

all the matter all the ways it
in the universe | . ewany | COUld get here

Dark
Energy
2%

. W

— atoms — nuclei —{neutrons— new physics

(experimental challenges)
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Challenge the first: statistics

[s

tate of the art: catch/pou
...with 0.1% success

r]

New approach: catch them
all, directly in many bottles

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
6 t —_— Wavg optics,_with
v 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
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“resonance” “high energy” k=0

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



E <[P Orders of Magnitude

Some recent experimental EDM limits: 1 0_266’ cm X 1 hlv < 1 _ 2 4 HHZ
s m 2mh
n: |d] < 1.8 x 107 e cm (90% C.L.) — _/
29Xe: |d| <1.4x 107" e em (95% C.L.) I
ThO: |d| < 1.1 x 1072 ¢ em (90% C.L.) 1072? eV sensitivity
(cf. 10" eV for new physics scale)
Another example of jumping across several orders: Some handy conversion factors:
_ GeV
neutron capture — 10°77 eV products lneV=1——x1cmxyg
C
nEDM systematics — 1077 eV shifts 1 ecm= 10%e fm

... S0 how to get 1014 in energy (or equivalent in momentum)?



}.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 | ofpictures

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

Quantum eigenfrequencies:

hwp X —usS - B
p,d

Classical moments:

d = /rp(r)dr
p:%’/rxJ(r)dr

+S — FS

TpT !

ToT !

TrT ' =r
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s it different from a molecular dipole?

...or, “a warm-up for non-relativistic guantum methods”
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What happens in an electric field?




Find the eigenstates
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The energy eigenstates are:
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Check the limiting cases
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& Ey = Ey+ VA% + d?E?
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The energy eigenstates are:
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No surprises, actually
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The energy eigenstates are:
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So... is it different from a molecular dipole?
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The energy eigenstates are:
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New Physics, in Familiar Terms

ciﬂfermi(}n — _%’J}U‘uy uw T %21’00-#»1’ 5F Lﬂyb

| |

MDM EDM

i e
. £ >
—
~ .)'
.
[

* Non-conservation of Pand T

. I= _:\} Ev P
already apparent in EDM term
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e Consistency with zero vs.
consistency with SM
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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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d——Fs’S) Q) = F1(0)
L B(0) + F(0) o — Fu(0)




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

Problem: 1 extra baryon in every 10”

np—ng
® 1., comes from CMB decoupling

® Asymmetry: 1 =
® Actually normalize to entropy

density s, since universe expands
Requirements: Sakharov's criteria

® Baryon-number (B) violation
® (' and C P-violation

® Departure from thermal equilibrium

Solution: 777

® No complex antimatter nuclei
® No annihilation fronts

® No adequate symmetry-breaking
Prediction:

e New C'P-violating physics
® Coupling to Standard Model
baryons

® Polarization of bound states



Dimensional Analysis

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

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



Analysis: neutron in Global context

o . . . (TUTeeessEssssssssssssssERssssEssEsEEse. .. 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 l
r- b i

. A—
Standard Model CKM: 1032 e cm _ 18 & (&) | Cr GO
Standard Model QCD: ??? — d, ~ (1071%¢ cm)0

{ . !
' 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)

|



Analysis: neutron in Global context
Define a matrix &, accordingto d; = Z_aijCj , €.8.,

(M 1 1.5 x 107 ¥

T

dp ~ dF + 1.6 x 107150 — 8.6 x 107

T

for global analysis at the atomic/nuclear level.

Lattice calculations would* also give us some control at the hadronic level:

d, = Q(Tn’u) dy, + Q(Tn’d) dq + gf(pn’s)ds FLAG 2021, 5-10% for u, d
—(055 T 028)€d~u — (11 T O55)€d~d *QCD sum rules

+ Weinberg + 4-fermion *Naive dim. analysis



“Global analysis” (hadronic/nuclear)

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

Define a matrix &, accordingto d; = ZiOZ@'jCj ,

dn dXe ng dRa
7(st)
1.0 1.6 x 10714 —8.6x 10716 1.5x 10718 d}”o)
] 19x107° —-86x107* —21x107" —6.1x107* | =
YWT 57x107% —1.3x1077 1.9x10°Y7  3.1x10720 [ gV
1.2x107%  2.2x107"° —-81x107" —84x107"*/ ¢l
..and invert it:
(™ 1.0 1.6x107  —86x10716 15x1078\ /d,
gV ] 19%x107°  —86x10721 —21x10719 —6.1x 102 | | dxe
1.9x 10717 31 x 1072 diig

=(1) —5.7x107*% —1.3x 1017
gTO) 1.2x1072 22x10°1°
\CT } . .

—8.1x107® —84x 1071/ \dg.




Status from 2019: (hadronic/nuclear)
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Global Analysis: T. Chupp, M. Ramsey-Musolf
Rev. Mod. Phys. 91, 015001 (2019)
Phys. Rev. C 91, 035502 (2015)

“Sole source” limits:

LE parameter System 95% u.l.

d, ThO 92 x 107¥ecm
Cs ThO 8.6 x 107
Cr 199Hg 3.6 x 10710
7 199 38 x 10712
75 1991g 38 x 10713
72 199g 2.6 x10-!
dsr Neutron 33 x107%ecm
ds TIF 8.7 x 10~ e cm
.f_ff,” 199Hg 20 x 10 ecm

Other parameters

d, ~3/4d, 25 x107%ecm
7 ~g") /(0.015) 2.5 x 10710
d;—d, 5 x 1[]"?@;”.9 cm 2 x 1077 ecm




Updates now in progress...

. | |
Since then:
E n: |d| < 1.8 x 1072 ¢ cm (90% C.L.) PSI: Phys. Rev. Lett. 124, 081803 (2020)
Z o 129%e: |d| < 1.4 x 10727 ¢ cm (95% C.L.) HeXe: Phys. Rev. Lett. 123, 143003 (2019)
l% ThO: |d| < 1.1 x 107%° e cm (90% C.L.) ACME: Nature 562, 355-360 (2018)
50 -
o “Qole sonirce” limits:
. : : | [ To.match constraining power of 19Hg (|d| < 7.4 x 107" e cm, 95% C.L.)
10x10” - —(0 . .
g% « 129Xe needs factor 100 (i.e., approaching 103° e cm)
] e 225Ra needs factor 500 (i.e., approaching 102¢ e cm)
10 e ..Or new species: 223/221Rp, 227Ac¢ even with worse sensitivity!
05 4 7 ’g s \\ ?;J‘T" 199Hg 38 x 1078
= > o 199Hg 26 x 107!
T 00 // L, \ dsr Neutron 33 x107%®ecm
= - \ s TIF 8.7 x 10~ B¢ cm
037 %ﬁ ds 199Hg 20 x 10 ecm
o 7 Other parameters
‘ q dy ~3/4d, 25 x 107 %¢cm
s . . | o0xi0™ 7 ~3\"/(0.015) 2.5 % 10710
10x10” 5 _(0) 5 10 ' 7'00 2(')0 4{'}0 E]‘d — E}‘“ 5 x ll]"ﬁlair”e cm 2 x 107 ecm

g~ 400 x10° -2 CT




Many Parameters / Many Experiments

Sensitivity:

+ 199 129 225
Tl, Cs, PbO, HfF*, Hg, 12°Xe, 2%°Ra, 3 (il
Fr, BaF, ... Rn, Pa, Rao, ...
YbF, ThO, WC TIF n (cold)
TaO* P p, d, 3He*, u, ...

Other: solid state (Gd;Gas0,,, Eu,:Ba, :TiO;), colliders (T, A, v, ...), crystal (n scattering on quartz), ...



How could you measure an EDM?
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» External field strength
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...up to drift, gradients, etc.




Time-Domain Interferometry

Ramsey’s method to measure frequencies™:

“’%d - 1) — COb‘g 1) + e™!sin = |])

' v

A

*we’ll come back to frequency vs. phase

phase evolution: ~ NN
o(t) ~ /dt w(t) el
SET S
0 T 7+T 27 +T

Plw)
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How could you measure an EDM?

Ramsey’s method to measure frequencies™:

A

0

0 :
pd 1) — cosgIt) + e sing )
|
phase evolution:
o(t) ~ /dt w(t) 0 e
.. T T
N Sl
0+ - e e 2 b ————
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How could you measure an EDM?

What if we could measure continuously?

1
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The HeXe Experiment: 12°Xe

Use the best magnetic shields available (at least to start with...)
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10° 107 10" 10° 10" 10> 10° 10" Rev. Sci. Instrum. 85, 075106 (2014)
Frequency (Hz) J. Appl. Phys. 117, 183903 (2015)




The HeXe Experiment

We do not expect a large Schiff enhancement in 12°Xe 2
2 Z
Y
19
Mg o SQUID cube
S = sydy + AER u}{;;) +u|{;_¢) + fh{;ﬂ _ T '
T g Z2
- — O/“\
: (0) ~(0 1) ~(1); ® ) Y1
—— dy(dia) = xsS — kY + kD)) g O
T © e X1
= e Silicon wafer
Octupole-deformed nuclei can have enhanced EDMs: EDMcell i~ E = 4kV/cm =
i i s s Vi it s i iy B - R O
/ = /_> a
S 77/815?2)A3T8 // + -I BO=1.2uT
EF, —FE 40290 *He - .
+ o O 129 :
i . /(é —>“Xe High voltage
o
...but new challenges for those. e}’° 7
% %
v |
1
Altarev et al., Rev. Sci. Instr. 85, 075106 (2014) |




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) ‘




The HeXe Experiment

102 Xe e
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 /BW

ow = — Jd

- 7(S/n)VN  7SVN

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

o




A rapidly-moving field!

additional rf shield

—1 DAQ 10 MHz clock 7 layer magnetic
| ‘J:I + 1 rf shield
- 5 z
— 2
™ ﬁ I—»Y
3 X
x2 ™~ -
a0 0
" -4
| =
B SQUID signal B
8 ‘ 'f" pu\an\l E
I||| i ||'|| i —
|||||| || I|| | ||| || | T
JIRLHALIIAL 0
= Current =
) THV supply
monitor ]7— Turbo pump

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

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




A rapidly-moving field!

—_ 150
g 40 | I - E 100
o 20| I 1 g %0
i il . Ei :
e g e ¥
S’ -20] I | - ol
= 10l | T 2017| - - 150}
5 ¥ 2018 D,
=60F 1 2 3 4 5 6 7 8 9
Runs run #
Our result from HeXe: Near-simultaneous from MiXed:
da("Xe) = (1.4 £ 6.6, + 2.055) X 10728 ecm dxe = (—4.74+6.4) - 107*° ecm
Phys. Rev. Lett. 123, 143003 (2019) Phys. Rev. A 100, 022505 (2019)



A United Future at the Pl

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

, F =5/2
| D, (J"=2) F=3/2
New magnetically |
shield room @HD! L i
. o -
Dedicated facility... %, (=) - =
A
27 | SEMINAR!
F=1/2

Laser spectroscopy
may complement or
eventually replace

SQUIDS... new tools!

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




By contrast: neutrons disappear faster!

Storage constants: 249.8s (5 s)

102 L

Neutrons counted

—
o
=

0 500 1000 1500 2000
Holding time (s)

Much better at low temperature: Neulinger et al., EPJA 58, 141 (2022)



The PanEDM Experiment EDM

AT

L B | o -

_@_“ + T %_@_ * Double chamber Ramsey interferometer at

Y room temperature (but Ty-y ~ 5mMK)

‘ l ‘ \ ¥ g  199Hg magnetometers with few-fT resolution
|| UCN || Son X' i

E \ & & l « Cs magnetometers (also at high voltage)

e ESUTCUETTe o |

Magnetic shielding factor: 6x10° at 1 mHz
« Simultaneous spin detection for up/down

1l % uen % [)) « SuperSUN UCN source at ILL in 2 phases:
Phase I: unpolarized UCN with 80 neV peak
4 Phase Il: polarized UCN, magnetic storage

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

EPJ Web of Conferences 219, 02006 (2019)
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<
=
"4
A
S
[ J

Fiber Cs |



Much lower statistics! "EDM

4 B | qi@-@_.

S 1

<>
E o UCN g» X
mlllllIlIllIlIlIIIlIIIIIlII
—
P
HV >CS ]

Fiber Cs

Statistical sensitivity:

Frequency measurements:

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 55x 1075 < 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



E <[P The PanEDM Experiment

Upper Cell

Upper Guide

Lower Guide

Guide l - £ 2 Three Way
L =, ‘ Switches

¥ DIA 50 > 80

Fe Foil Polarizer

/

<« DE

He

D. Wurm, PhD 2021




The PanEDM Experiment EDM

EPJ Web of Conferences 219, 02006 (2019)

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

7: Outer shield door




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!
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UCN and Production in He-ll

/[ §

NEUTRONS
FOR SOCIETY
A heat/phonons — : ; .
free neutrons: E = Lmp? removed Z} go] . UCN extracted to
: Cryostat with — g 4 Dich ZELGDIEL D ~external detector
superfiuid *He superfluid 4He ‘He refrigerator O 107 ‘ 1
W E ~ 1 meV dispersion converter bath Heat Eﬁ} \
= : relation | (T ~ 500mK) exchanger 5 cold neutron
E H "rotons” 4He bath O beam "Gn ! .lll'll
2 : cold b B, m—l
L ' neutron‘”) c 10% T
E ultracold neutron S extraction
E” o (trapped) o | valve opens
y S )_ 2 |
UCN Momentum transfer, g Inot trappable: E~1 meV vs. U,,~200 neV % IDGH\(_- bﬂfl:kyrcl'undla’eveal’ |
0 1000 2000
Time (s)
Velocity “Temperature” m
—8 5
10°— 10! m/s Ultracold 5 neV — 500 neV P 5 x 10 dd Virap 2 _
~N T3 | X ax X 933 neV production
101 - 102 m/s Very cold 0.5 peV - 50 peV CI™ S 8.9A e
102—-103 m/s Cold 50 peV —5 meV 1 1 1
2.2x103m/s Thermal 25 meV — T+ + + —— -+ loss
Tup Tcapture Twall
2x103 - 2x10*m/s Hot 20 meV-2eV



NEUTRONS
FOR SOCIETY

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

SHe pumping

énoide additionnel

— cryogenic CN guide

' 4
UCN out Isotopically pure 4He



Proof-of-principle: quantum sensing

SEMINAR!

140
120 3H
100
80

| “He
60:

Integrated counts

40

20

=

0 2000 4000 6000

Energy (ADC channel)

8000,

Neutron
reflection, with
tunable transverse
momentum

Si detector

<

>

Capture products counted

with Si-detector

100 nm Cu
500 nm °LiF
100 nm Cu

Si substrate

.10—2 L

Reflectivity

100
Alpha and triton rates
80 | | |
S
—
g 60
2
C
1=
>
I8 20 i\l
1" Gamma background
st ML A A At g
0.35 0.40 0.45 0.50 0.55
Incidence angle, 0 (degrees)
10"

Relflecteld neultrons
counted
-~ Simultaneously

10
0.01

0.015

0.02 0.025 0.03 0.035 0.04
QAT
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“Quantum Sensing” for Neutrons

SEMINAR!

Neutron-optical Magnetic

Spin-dependent shifts of the wall potential
(magnetic field increased for visibility)

potential field barrier
reflection || B —Ji -
s absOIption —SCEREC R ji-

Total potential

0

100 200 -50 0 50 O 100 200

300
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n
The next generation... scaling up! (EBFFD

’He cooling EDM Cell Detail: Field Directions and Detectors
circuit: Alternating "+--+"

-HV
. pattern compensates
(TN400 mK) ‘He COO|I|’"|§| +HY drifts and gradients
commercial @ circuit: UCN capture
cold-head (T~1.2 K) products are
detected in
(TN4K) superfluid, or
by solid-state
4 . readout
5 He superfluid 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 oGl D e
(T~4K) ]]' | absorber insulator
cold neutron beam: T__ g supplementary cooling
. ) ' (for thermal screens)
guides, polarizer,
and spin-flipper
L
[ EDM cell stack
(T~500 mK),
remaining cold
neutrons continue
CEEEEE—— _| into next cells

=

3He/*He heat-exchanger, and
filling inl N . .
llling inlet to UCN converter ...see arXiv:2211.10396 for details




|_ED}>P Thematic Recap

Invariant mass

Energy vs. intensity vs. precision

"unknown"

Weak Scale

(coupling) ~*

@ Statistics are the first key!

@ 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?

what-if.xkcd.com
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Faddeev-Popov?




EDMs in the SM do not vanish

* CP violation from three sources (ignoring neutrinos):

Lepy = Lexm + L + Lpsm

 CKM CP-violation (Standard Model):

l;f"J — ¢
2N "vraU Wi DY + He.
V253

EC]GLM _

 Strong CP-violation (Standard Model):
L5 = ——20Te(G"G,,)
167~ details:
Rev. Mod. Phys. 91, 015001 (2019)
Phys. Rev. C 91, 035502 (2015)
Prog. Part. Nucl. Phys. 71, 21 (2013)




EDMs in the SM do not vanish

* CP violation from three sources (ignoring neutrinos):

Lepy = Lexm + L + Lpsm

 CKM CP-violation (Standard Model):

.!'.r"J — ¢
2N "vraU Wi DY + He.
V253

EC]GLM _

e Strong CP-violation (Standard Model)*:
L5 = ——20Te(G"G,,)
167~ details:
Rev. Mod. Phys. 91, 015001 (2019)
Phys. Rev. C 91, 035502 (2015)

*recently called into question: arXiv:2205.15093, 2001.07152, 1912.03941, 2106.11369 Prog. Part. Nucl. Phys. 71, 21 (2013)




Effective Field Theory for EDMs

General Effective Lagrangian:

6 Global Analysis: T. Chupp, M. Ramsey-Musolf
-
') C.e( ) Rev. Mod. Phys. 91, 015001 (2019)

ZLog = L + TO(F)) + Z FO;EG) + ... Phys. Rev. C 91, 035502 (2015)

Dimension-Six terms for the neutron: Prog. Part. Nucl. Phys. 71, 21 (2013)

?: Wilson coefficient ~ Operator (dimension) Number
E.Efi,ﬂ({_{;) = — = E dqgﬂ'#y"}/'SF”Vq 2 Theta term (4) ]
2 l,q de Electron EDM (6) 1
; ’ Im Cé;éij, Im Cgega Semi-leptonic (6) 3
i 7 - 5 v dq Quark EDM (6) 2
9 Z dq‘gsqgﬁyfy G q 8¢ Quark chromo EDM (6) 2
q C: Three-gluon (6) 1
Js N 4 4 Im Cé;;?? Four-quark (6) 2
-+ dw_é’GGG + E O( f)O( f) Im Cyyq Induced four-quark (6) 1
6 : ﬁ ‘ Total 13

()




Interpreting EDM bounds

ah Nucleon Nucleus
High-energy, CP- Oqcp level level .
odd physics... Coee TR .polarizes
C QCD S low-energy
| (CKM) d::dp "l (MOM) bound states
1,2 -
QCD Ex
HIGGS
SUSY
LR
7 —(0 —(1 . .o
neutron: & g () o = N [0 R gm0y B 7o) N
d' 10 _(0?1) 031 8Gp I \7 (0) (1)
iamagnetic: gr 7, Cr Ly = —Zeoew, N |CF) + O] S,N

. 0 Gr
paramagnetic: d,, C g ) Ls = —Zeinse N o + | N



'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



'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 U ( Add constituent EDMs dJE ot = d::; (sum over constituents)
0 — I + I') As a perturbation... .
¢ 1



'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

o — P U Add constituent EDMs dJE ot = d:,; (sum over constituents)
0 — I + (I‘) As a perturbation... ‘
i '

2
— H{) + Z — [d ‘P, Hg] Now see what effect this has...



'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
_ p
Hﬂ - % T U(I‘) Eigenstates receive an energy shift due to the perturbation:
H:H{]—ZdE | |U>—>|6>_|0>+Z|ﬂ><n|zq[dp}HU] |U>

EU _ En.

q —(1—|—qu-p)|0)




'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 [ZQT;Z;d'P} 0




But some details can save us!

e Schiff’s theorem assumes:

* pointlike particles — incorrect for nuclei

S = & (r2d) — & () (d)

10 6Z
...see Prog. Part. Nucl. Phys. 71, 21 (2013)
* non-relativistic treatment — incorrect for atomic electrons

Y
Ua — _da .E — _drea * E - * d .E
lab lab t + T+ ,}/(ﬁ )(B - FE)

...see American Journal of Physics 75, 532 (2007)



A Key Systematic Effect @

] o 1 102 PSI: Phys. Rev. Lett. 124, 081803 (2020)
Motional magnetic field: B = —E x v a9 = (0005103 x10 Tecm
C 60R .1 =3.8424546(34)
(z) —0.39(3) cm (fixed) v
x2/Ndof=106.1/ 97 +‘ |
- | ROB Mk
Magnetic field gradients: B, = > 7 ?
<

Leading false EDM effect at 2" order:

2 : R

d(slow) o h U aBz o . 7 S : | v VIVQA

false - 402 B 3,2 Adiabatic (UCN) 3.84241 3.84243 3.84245Rc0r§.84247 3.84249 3.84251

VA
ReorT YUCN 1+ 5T + 5Earth + 5EDM + 553,]1332/1
(f t) h’ aB ; 'YHg 1+ 5T + 5Earth
as

d 2R2 Diabatic (atomic magnetometer)

false 8 02 Oz



Baryon asymmetry

Consider Statistics of the photon gas
p+pery+y W
Ny = /dw T?w( )
Np — Np eBT — 1
Nlp =
Ny )
Vw
Threshold energy/temperature: g(w) = 32
2 GeV
ki E) = [ o
0 ekBT — |

After freeze-out:

> dw w? kgT 3
— = 16 — 3
nfy /0 2 hw q n ( hC ) C( )




Baryon asymmetry

Consider Statistics of the photon gas
p+psry+y
N, = /dw gw(w)
np TLp ekBT L 1
Nlp =
N~y ,
Vw
Threshold energy/temperature: g(w) = 3.0
2
rs 28V ox 108K ©  glw)
kB (E) = / hw—=—
0 ekBT — 1

After freeze-out:

©dw W kpT\’ 1 oS
= = 167 | — 3 — = —
Tl /0 32 e 1 71'( . ) C( ) T <8E>V




Baryon asymmetry

Consider 0°F  a  https://arxiv.org/abs/1802.03694
_ ,7‘ COB
p+pory+y N ﬁ
10°} .
N — e - f i
Ny = ———— 5| X8
n 7 1010} CRB 4
8 o ; i ngw
Threshold energy/temperature: %10“? 5 ‘QTP ceB ]
S 1072 Iq}‘?{q‘ .
2 GeV 13 12135 r Mx
T > ~2x 108 K 102}
kB 10} ;
After freeze-out: 107! 10° 107 100 10 107 10° 10 102 10% 7
v [Hz]
> dw w? k
B
My :/ =5 o = 167r( ; ) ((3) Photons: 411 /cm?® (observed)
0 C7T7 okgT _1q ¢ Protons: 10/ m3 (predicted

0.2/ m3 (observed)



