The electric dipole moment
of the neutron

K.Kirch, ETH Zurich — PSI Villigen, Switzerland
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Complementary approaches
In fundamental particle physics

High Energy ngh Inten5|ty

Both test our current understanding of fundamental particles and interactions.
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The building blocks

The

Standard Y
Model o il
Quarks -
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Electro-
-~ magnetic
Interaction

L Strong interaction

Weak interaction

electron neutrino muon neutrino tau neutrino

Source: FNAL


http://www.psi.ch/ltp/theory

Search for new physics

High Energy High Intensity

For example:

direct production of new particle Search for p>ey
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PSI rlng cyclotron

« at time of construction a new
concept: separated sector ring
cyclotron [H.Willax et al.]

» 8 magnets (280t, 1.6-2.1T),
4 accelerating resonators
(50MHz), 1 Flattop (150MHz),
& 15m

* losses at extraction < 200W

* reducing losses by increasing
RF voltage was main upgrade
path [losses o« (turn number)3, Joho]

* 590MeV protons at 80%c
* 2.4mA x 590MeV=1.4MW
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High Intensity Proton Accel.

PSI ring cyclotron
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JPARC
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0 1 E [ 7
' r CSNS LP SPL ]
i CERN 10MW ]
O
@ IPNS @ P RC20GeV
0.01 S -
0.1 10 100
Ebeam [G eV] Courtesy: M. Seidel

HIPA at PSI is a leading machine at the intensity frontier.
It produces the highest intensities of muons and pions
at low momenta and of ultracold neutrons.
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The intensity frontier at PSI: &, p, UCN

Precision experiments with the lightest unstable particles of their kind

_1 — e
The most powerful ] A _ —
— NTRV v
proton beam to targets: | I S — FeaS|b|I|t3t/) study f_Orf]
590 MeV x 2.4 mA= 1.4 MW |y _ O@_&— HI muon beam wit
: ‘= 8 . 1010 +/3 below 30 MeV/c

\

% Epr / [Iﬂ‘7'pr|'—'l'e Iaser spectroscopy

*= The hlghest |nten3|ty
: pion and muon beams, e.g., |
Y+, |uptoa few 108 +/s at 28 MeV/c \

! The new high intensity

ultracold neutron source |

‘ ";Z"’;j‘_'! | R
| B f, NnEDM__ e

Swiss national laboratory with strong international collaborations
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Fundamental physics with muons

Bound state QED

The most precise value of the
proton charge radius via a
measurement of the Lambshift
in muonic hydrogen

* our value
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https://www.psi.ch/muonic-atoms/

R. Pohl et al., Nature 466 (2010) 213
A. Antognini et al., Science 339 (2013) 417
R. Pohl et al., Science 353 (2016) 669

Weak interaction

The most precise measurement
of any lifetime: MuLan’s u* and
a 0.6 ppm determination of the
Fermi coupling constant

1=2196980.3+2.2ps (1.0 ppm)

The most precise measurement (10ppm)
of the - lifetime in pure hydrogen yields
MuCap’s 1% determination of the

wp capture rate resolving the
longstanding issue with the
Pseudoscalar coupling g,,

D.M. Webber et al., PRL 106(2011)041803
V.A.Andreev et al., PRL 110(2013)012504

New physics search

The best rare decay limit:
A new search for p—>ey yields
a branching less than 4.2x10-13
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Ultracold Neutron Source & Facility
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Excellent performance of HIPA r—- A
and regular beam delivery to UCN | T
15ﬂ' UCH Gperation Statlstics .ﬂ.ﬂ’ﬂﬂ UCN Source
e | - 1st test: 12/2010 —
= 1 »
g [ scond - Safety approval: 06/2011
g p charge [mAh] - UCNstart 08/2011
9 - . .
EF pulses  cooon 8 - Reliable performa.nce 2012
% a0 5 - UCN to nEDM since 2012
£ B -> intensity 90x over 2010
E o 1 _ - Increased duty factor 2015+:

_ 20 = 40 pA average
2011 2012 - . 1016 - 2018: towards 60uA average === 11




The PSI UCN source

DLC coated
UCN storage vessel
height 2.5 m, ~ 2 m3

\

£
N
heavy water moderator

— thermal neutrons

N
Ultra Cold Neutron Source

)~ | cryo-pump

UCN guides towards
experimental areas

8.6m(S) / 6.9m(W)

3.6m3 D,O

SV-shutter

cold UCN-converter

pulsed

~30 dm3 solid D, at 5 K

1.4 MW p-beam
590 MeV, 2.4 mA,
2% duty cycle

spallation target (Pb/Zr)

(~ 8 neutrons/proton)

www.psi.ch/ucn/

(=1
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Ultra Cold Neutron Source




The Neutron

+2/3 +2/3

@ .-

1

* massive
* composite B
* NO net electric charge (’?)W
 unstable

* spin Y2, polarizable

» electric dipole (?)

« electrically polarizable

» takes part in all (known) interactions

5
"
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Ultracold neutrons

iIdeal gas with temperature of milli-Kelvin

move with velocities of few m/s

strong magnetic gravitation
Fermi potential V¢ V., =-uB V, =m,gh
200 neV 60 neV T+ 100 neV m
LV 3 3
E, <200 neVv 3.3 T field — 200 neV 2 m — 200 neV

—
—
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Nature has probably violated CP when
generating the Baryon asymmetry !?

T - ‘ObéérVed’}: 2
g Sk (nB-ﬂg) /n,=6x10"°
4 m 'SM expectatlon |
o (nB-nB) /n, 10 18

Sakharov 1967: .
B-violation™ B
C'& CP \/lolatlon R LS
non- et|U|I|br|um :
[JETP Lett. 5 (1967) 24]

3

L% * WMAP + COBE; 2003
& . .Ngln, = (6.1+53) x 1010




Neutrdns are tiny; - *
EDM.aretiny but violate CP.
UCN have very low energies.
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Neutr()ns- are tiny.: ’
EDM.aretiny but violate CP.
UCN have very low energies.-

”5 'Yet you will see that they are
m ‘sensitive te energies of TeV -
,, : ..and eveﬂ up to 1019GeV




EDM and symmetries

E B E B

A nonzero particle EDM
violates P, T and, assuming
CPT conservation, also CP

Purcell and Ramsey, PR78(1950)807; Lee and Yang; Landau

T
ETH Klaus Kirch GSI, June 5, 2018 EE—D 20



Caveat:

’CC% Experiment
[ecm] | O P
1E-19€ y T T I
®_| | Smith, Purcell, Ramsey
The strong CP problem %X\ PR108(1957)120
L.~ 1"+ g2/(3212) 0....GG E :
aocp ~ Locp T 9 (3219) QCD S 18y Ul
Q]
d,= 106 e cm - Ocp £
© 1E-23 4 N
10 o ] |
Oocp < 10 = \
L g §1E—24; |
T o ~\
. LL] 9
125 J| RAL-Sussex-ILL TR
no P Lo i| d,<3.0x1026ecm \A
1| Baker et al., PRL97(2006)131801
10-26 || Pendiebury et al., PRD92(2015)092003 <
Why is O5-p SO small ? N "R T e
y QCD 1950 1960 1970 1980 1990 2000

> accidentally small 1? Year of Publication

ETH Klaus Kirch




The SUSY CP problem

[e cm]
(for neutron and electron!) =03
2 -20 "
300 GeV/c?Y .. 10
~ -23
d,=1023ecm ( )Sln(l)SUSY
SUSsY I
1E-21 E
Why is Pgysysosmall 2| £
o 3
(this is testing M already to 10TeV and you =
may also ask: why are the masses so huge?) £ ]
— 1E-23 3
@ 3
Q
o)
S
S 1E-24 E
)
m -1
1E-25 *
3 A
10-26
A. Ritz, ' {o60 1670 1980 1990 |
update 2016 1950 Year of Publication 2000
[ ——
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Connecting experiments and theory

- yeV keV MeV GeV TeV 27

(quark EDM)

Neutrons

Nuclei:
p, d,3He

Diamagnetic
atoms: Hg, Xe, Ra

Y

B
<_[ atomic theory ]

nuclear theory

- (quark chromo-EDM
Paramagnetic

atoms: Tl, Cs

Molecules:
YbF, ThO, HfF *

FUNDAMENTAL THEORY

Leptons

>(|epton EDM)

Scheme: courtesy Rob G. E. Timmermans

See also: Pospelov, Ritz,
Ann. Phys. 318(2005)119

ETH Klaus Kirch GSI, June 5, 2018 (=)



How to measure the neutron
(or other) electric dipole moment ?

ﬁ I hva= 2 (uB+d,E)
hv, = 2 (uB- d,.E)

hAv=4d E
B, I lE I[B IE
<Sz> =+1/2 U h
hv(0) hv(TT) hv(Td) O-(d”) - Y oET \/ﬁ
<Sz> =-h/2 U —

I
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NEDM at PSI
2009 — 17

m ! : > ‘
. ! "j ‘.= L ] 3 —
Coming from ILL: & \ '
Sussex-RAL-ILL collaboration 8" =,

PRL 97 (2006) 131801
Upgraded by nEDM@PSI
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SC polarizer

NEDM setup at PSI

nEDM
apparatus

Ir conditioning
hermal stabilization

Compensation
coil system



~ nEDM at PS|
; ' / ¢ ' 4 ﬁ ‘ /Y
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neutron frequency [Hz]

Top CsM

25.1cm

vhAs
Hg lamp—q’u—
'4

12cm 1/V amplifier

photomultiplier
tube

Bottom CsM

t[h]
199Hg E

=(fUCN)_Y_n( _0B Ah (B?}) _ )

R = + +6 + SHo—lights
(ng> YHe 0z |Bol ' |B,|? Earth Hg-lights ...
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The nEDM spectrometer & E?'

n
. l"Th-

Four-layer Mu-metal shield P _m_:n_

to shield the experiment from
external magnetic fields

Vacuum chamber
[

High voltage lead

with a 1M<2 resistance

XX

Cesium magnetometer

Precession chamber
where neutron precession
is induced and measured

Electrode (upper)
charged up to 150 kV
electric field = 10° V/m

@— Mercury lamp

Photomultiplier tube to read out the

to detect the intensity madulation

mercury polarization
of the mercury light
Mercury polarizing cel Magnetic field coils
where the mercury is polarized are wound around the vacuum
chamber to generate the holding
Mercury Iamp and compensating fields, as well

to polarize the mercury o '
- ultraviolet (253.7 nm) T @ as the spin flipping fields

) & Switch
' ‘ to distribute the UCNSs to
different parts of the apparatus

5 tesla magnet S _
in analyzer
to spin polarize the UCNs Spin analyze

| «—— Neutron detector

ETH Klaus Kirch GSI, June 5, 2018 EED
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The nEDM spectrometer & f,_g

Four-layer Mu-metal shield P

to shield the experiment from High voltage lead
external magnetic fields with a TMQ resistance

Vacuum chamber .
Cesium magnetometer

Precession chamber
where neutron precession
is induced and measured

Electrode (upper)
charged up to 150 kV
electric field = 10° V/m

@— Mercury lamp
to read out the
mercury polarization

Photomultiplier tube
to detect the intensity madulation
of the mercury light

Mercury polarizing cell

where the mercury is polarized Magnehc field coils

are wound around the vacuum
chamber to generate the holding

Mercury lamp

to polarize the mercury and compensating fields, as well
ultraviolet (253.7 nm) as the spin flipping fields
— .
_ o—— Switch
— to distribute the UCNSs to
different parts of the apparatus
5 tesla magnet - Spi
in analyzer

fo spin polarize the UCNs P Y

| «4—— Neutron detector
E'H Klaus Kirch GSI, June 5, 2018 d;E_I} 36




01/06/2011

Klaus Kirch GSl, June 5, 2018



Acc. sensitivity (1) (1E-26 ecm)

Expect from SM:

-
o
i i

' d, < 103% ecm
T Experimentally:
o o <3.0x 10%® ecm
5 Pendlebury et al.,
3 ° | PRD92(2015)092003 |
ik
AR -
4B
@
&
i3
JPendiebury et al., PRD92 (2015) 092003 ! &
A e, .
. . . G, Yy,
4~ Analysis of blinded data in progress X //
-*’;’/ A /f" /f’/: f/{' ;”,:"f’ // x”'/x”'l o, ;‘:f‘?’ //:»" /xl’" /{?’ //’f “ ¢ . i A
1 10 100 1000
Days (since 01.08.15 without annual shutdown)
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- The energy budget of the’
Universe

M Dark Energy
Dark Matter

)| @ Free Hydrogen & Helium

O Stars
B Neutrinos

Heavy Elements

Courtesy: James Schombert




| 1022eV 10eV 1keV 1GeV .. 1TeV
- ALP / axion sterile v WIMP




300 ~ —— R array periodogram, ET TB

g 200 A periodogram without gradient-drift correction
@) - mean of MC periodograms
Y 100 1,...,50 false-alarm thresholds

18
20 - w
...-50uHz 1/300 Hz ...+50uHz
6- |
3 "
3 | ,‘ ‘
|

1077 10°° 107> 10~4 10-3
frequency (Hz)

oscillation amplitude (1072°
[
o

1 —22 1 16
d,(t) = 5.9 x 10722 CG< L eV) < 0" GeV

i ) cos(mgt) e - cm

Mq
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Search for nEDM oscillations with time
PHYS. REV. X 7, 041034 (2017)

95% C.L. limits

60 -
40 -
30 -
20 -

long time-base

oscillation amplitude (1072% ecm)

10 -
] short time-base
6- PhD theses
] N. Ayres, Sussex
4 inverse year inverse day M. Rawiik, ETHZ
3 T T ?"""I LR | T III:-Iq{ T T
nHz 108 1077 10®° 10— 10~* mHz
nEDM data from Frequency The Universe appears to roughly contain
ILL (1998'200_2) and ?Sl_(2015'16) has been 5% ordinary matter (H, He, stars, us, ...),
analyzed for time varlatlons.of the nEDM. 27% Dark Matter and 68% Dark Energy.
No.ne have b(.een .found, sejctlr.mg the most The nature of the Dark components is yet
stringent oscillating EDM limits so far. unknown.
ETH Klaus Kirch GSI, June 5, 2018 (= 43
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NEDM search for ultra-light axion dark matter

Oscillation frequency (Hz)
"Hz  y0-6  10-3 100 10° 108 ©CHZ
103
Supernova energy-loss
el cxcluded
Big Bang
10-2 nucleosynthesis
T
2 1012
<
W 5
:o 10™23
10—18
- ] l Super-Planckian {
1074 i ILL axion decay constant
Gala- |
xies
].0_24 T : T T T T T T
1024 1072+ 10-*% 107> 107 107 10-6
Axion mass [eV]
Oscillating nEDM data could come from nEDM places the first laboratory limits.
the interaction of ultralight axions which on axion — gluon couplings

could be the Dark Matter in the Universe.

Abel et al., PRX7(2017)041034

ETH
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NEDM collaboration moves on to n2EDM

N o f'e
nEDM collaboration: Constructing n2EDM
50 researchers from 15 institutions Meanwhile UCN area South has just been cleared
and 7 countries. Part of the of the nEDM setup and is being prepared for
collaboration in front of nEDM. n2EDM which will be 10 times more sensitive.
ETH Klaus Kirch GSI, June 5, 2018 EE—D 45
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phase 2016 average meas. meas.
ID (cm) 47 30 100
coating dPS dPS iC
v 0.75 0.8

E (kV /cm) 11 15

T (s) 180 180
N 15000 121000

o(dy) (e-cm)
per day

11x 1026 26x10726 | 1.4%x10°26

o(dy) (e-cm)

o E . [] W l[]_j.‘..
500 data days ,
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Zuoz Summer School

August 12-18, 2018

&:, «l o ? 1.3 T o
v . 4.,, P ,.¢y - e - 2 PAUL SCHERRER INSTITUT
5 » Y ﬁ %bees" g s B . B - : LJ__ —
PSI Summer School
Swiss Institute of

Particle Physics

Particle Flavour Ij

Swiiss Acadeny of Sciences
Akademie der Naturwissenschatten
Accademia di stienze naturali

Lyceum Alpinum, Zuoz, August 12-18, 2018 At 6 scencs: oatumae:

https://Iwww.psi.ch/particle-zuoz-school/ltp-zuoz-summer-school
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