Probing fundamental symmetries with ultra-cold neutrons: |
the measurement of the neutron electric dipole moment at PSI ‘
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Outlook

What is an EDM?

The neutron EDM in the standard model
The strong CP problem and the axion
Beyond the standard model

Cosmology, dark matter, baryogenesis

.... And how we searched for it at PSI!

d,=(00+£1.1,,+0.2,)102%.cm > 10 years, 34 PhD thesis, 55 persons at a given time

RAL/SUSSEX/ILL result, Phys. Rev. D 92 092003 (2015) based on data taken 1998-2002
d,=(-0.2+15 ., +1.0,) 10%e.cm



What is an EDM?

30Hzin 1uT

d =2/3 e*l|
1=0.1r, > d =4.10* e.cm

But d . <1.8 102 e.cm (90% C.L.)

58 nHz in 12 KV/cm




Symmetry

b,
2

We have this quantity, that is breaking
P, T and CP symmetries.

What is it interesting for?




CP violation in the standard model: the weak sector

The neutron EDM (from quarks’ EDM)

Naive (valence) approach: d, = %(--]_f — id_ <10 3%e.cm
:3 [ :?) u —_—

The neutron EDM (from “long” distance effect)

The largest Standard Model contribution to d,, comes not from quark | -
EDMs, but from a four-quark operator generated by a so-called “strong 5 e
penguin” diagram. This is enhanced by long distance effects, namely whe s 0
the pion loop, and it has been estimated that this mechanism ] : i

d, ~1073%% e.cm

The neutron EDM is essentially free of SM background!
Annals of Physics 318 (2005) 119-169



. * PRL(2015)062001
The strong CP problem and the axion

As
Lers = Locp + 6 —— e"PIGE,GY
eff QCD 3 €

- uwvYpo

From lattice calculations: d,, = —0.0039(2)(9)6 e. fm*
6 <1010
Experimental upper limit: |d,,| < 2.10713 e. fm

The strong CP problem
* One mass quark is exactly zero but PDG: m,, = 2.210% MeV
* Introducing a global chiral U(1) symmetry

This symmetry is necessarily spontaneously broken, and its
introduction into the theory effectively replaces the static CP-violating
angle 8 with a dynamical CP- conserving field- the axion. The axion is
the Nambu-Goldstone boson of the broken U(1) symmetry.




Axion detour

The axion is a well motivated dark matter candidate
Axion density relative to the critical density of the universe

7
6
Q, ~ (6 '“’ev> ~ Q. = 0.23 (m, ~ 20 ueV)

My

Entire dark matter density

The theory is quite predictive

Essentially all of the physics of the axion depends on a large unknown energy
scale

fa, at which Peccei-Quinn symmetry is broken.

] }6 . ] /
my ~ 6eV (l[ Gel )

fa

g~
)=

—

The axion has a two photons coupling, 7l
and g, is model dependant.

Annual Review of Nuclear and Particle Science Vol. 65:485-514 (2015) 8



Search for Axion-like dark matter

C
dn(t) ~ +2.4 x 10716 ZG20 (o6(mat) € - cm.

a
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C. Abel et al., Phys. Rev. X 7, 041034 (2017)
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Big-Bang Cosmology by the PDG
Matter/Antimatter Asymmetry of the Universe

ISTORY NDETHE | INIVERSE A

Dark energy
accelerated
expansion

Cosmic Microwave Strucl‘u're — B B
| Background radiation formation T’ —_——_———
Accelerators is visible

The abundances of the light elements depend
almost solely on the baryon-to-photon ratio

D/H measurements* + nucleosynthesis models

581071 < n<6.610710

The Planck result™*: fraction of cosmological
density contained in baryons:

t = Time (seconds, years)

E = Energy (GeV) l n = 6.09 (6) 10—10

@G quark .
neutrino 0‘5 ion ‘* star

74 bosons

gluon

W Z =
) electron a atom a  galaxy

meson

muon

black

baryon 4 photon @ 1o *Universe 3, 44 (2017)
Particle Data Group, LBNL © 2014 Supported by DOE **Astron. & AStrOphyS. 594’ A13 (2016) 10




Big-Bang Cosmology by the PDG
Matter/Antimatter Asymmetry of the Universe

ISTORY OETHE I INIIVERSE . A
q::elz:;e';%)’
Cosmic Microwave Structure " _ nB - nE
IC 8 Background radiation formation n —
Accelerators is visible . . ny
o (1) You prepare the system in thermal equilibrium with
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(2) Baryogenesis happens.

S’)\\E}-\ RE!

(3) You find the system in thermal with
Np—Ng

==—==1,n=0
BB Np+Ng &

t = Time (seconds, years)

E = Energy (GeV)
Can we say anything general about what happens in
Step 27

quark .
neutrino c, ion ‘*

gluon
=74 ~ bosons P
) electron ° atom w

meson

baryon N’ photon

muon

Particle Data Group, LBNL © 2014 Supported by DOE 11




Matter/Antimatter Asymmetry of the Universe

How this asymmetry can be explained with particle physics?
—> Sakharov criteria for baryogenesis

1) There must exist an interaction that violates B-number.

2) The B-violating interaction must go out of thermal equilibrium.

3) There must be an interaction that violates C & CP.

Standard Model
1) OK (Sphalerons)
2) ~OK (Requires low Higgs mass)

3) Not OK (CKM)

12



Electroweak baryogenesis

Compatible with baryon
asymmetry

1 | K 1 I 1 | | 1 I 1
/fhlﬂ': e cm

New CP violating phases

contributes to
* baryonic asymmetry of the universe
* neutron EDM

Sin (¢1)

2
200 GeV
dp, = d$¥M + 1071 e.cm (0) + 107** e.cm <T> sin(@¢p)

d==3xm‘“ ecm

lllllll

V

The nEDM is the most stringent test of
electroweak baryogenesis

d=10"ecm

0'0}00 150 200 250 300
/ M, (GeV)

Another possibility is the leptogenesis Next generation
Li, Profumo, Ramsey-Musolf

neutron EDM 0811.1987

Picture by V. Cirigliano 13



Search for new physics

d,= di ™ +1071%e.cm (8) + 107** e.cm <

200 GeV

M

2
) sin(@cp)
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Search for new physics

2
200 GeV -
difM + 107 % e.cm (0) + 107** e.cm | ————— | sin(@cp) Ul

M
d, = —0.003(7)(20) e fm|0 + argdet M,| ~ Bhaptachanya etal

At D=6
z_;l Im N, ijlm L
Nuclear dipoles pick up many Orrr =d"y Pru'a' YuPrd’ Os1r = da V" P u'ﬁ uf‘%‘ Prd;,
contributions from many
CP violating operators;
even more when RG running is
taken into account
dy = (45 +27)CY5% + (210 £ 130) CY¥5% + (22 +14) C ‘f‘,{ﬁd + (110 + 70) Cydud

—(0.93 +0.05) &% — (4.0+0.2) &% — (0.8 +0.9) & * S o Fud
ife{sb}
: + (320 + 260)1;3(?@) x

—(3.942.0) &% — (16.8 + 8.4) & 10 efm,
. [ -

Adam Falkowski, lecture at —7,,%}”%‘ L0 Futty

et Alioli et al.
the Houches (I’]EDMZOZI) 1703.04751

_9 Z MMy, (“J 1w, L g (‘“ !“1.-:R _ 9 Z My, (“dd‘br:r-“”("“ t“d’ gS
b b
2 ije{u,c}l 2 ije{d,s,b} CG?J(‘G LGsva{)Gﬂ
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Milano detour

Eur. Phys. J. C (2017) 77:828 THE EUROPEAN

https://doi.org/10.1140/epjc/s10052-017-5400-x PHYSICAL JOURNAL C CrossMark

Regular Article - Experimental Physics

Electromagnetic dipole moments of charged baryons with bent
crystals at the LHC

E. Bagli], L. Bandiera', G. Cavoto?, V. Guidi', L. Henry?’, D. Marangotto4, F. Martinez Vidal®, A. Mazzolari',
A. Merli*, N. Neri*2@®, J. Ruiz Vidal’

I'INFN Sezione di Ferrara and Universita di Ferrara, Ferrara, Italy

2 INFN Sezione di Roma and “Sapienza” Universita di Roma, Rome, Italy
3 [FIC, Universitat de Valéncia-CSIC, Valencia, Spain

4 INFN Sezione di Milano and Universita di Milano, Milan, Italy

5 CERN, Geneva, Switzerland



The search for the neutron EDM

Co-magnetometer era

[ -

OILL

ILL 1986-2009

RAL/Sussex/ILL collab.
dn<3.10-26 e.cm (2006, 2015)

EDM, ALP, mirror neutrons

Co-magnetometer +

PSI 2009-2017
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The search for the neutron EDM

Neutrons reflected for all incidence angles: UCNs

A,

~ 800 A;
=~ 5m/s;
=2mK;
= 130 neV

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

T ,

E
N~
heavy water moderator

— thermal neutrons
3.6m3 Dzo

pulsed

1.4 MW p-beam

590 MeV, 2.4 mA,
2% duty cycle

SV-shutter
\

| | L
’
St

Ultra Cold Neutron Source

| cryo-pump

UCN guides towards
experimental areas

8.6m(S) / 6.9m(W)

cold UCN-converter
~30 dm3 solid D, at 5 K

spallation target (Pb/Zr)
(~ 8 neutrons/proton)

www.psi.ch/ucn/




The search for the neutron EDM

24000

Polarized UCN External clock

I GJlAJUJL

Spin-Up Neutron Counts
3
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The Ramsey’s method of separated oscillating fields
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The search for the neutron EDM

Four-layer Mu-metal shield
High voltage lead
Vacuum chamber
| Ceslum magnetomater
Precession chamber Electrode {upper)
e Z Mercury lamp —}- =1 Photomuiltiplier
cylln.dncal Y or UV laser - or photodiode
shield
5
[Mercury polerizing cell 4 " Magretic field coils
. 7‘ Mercury lamp -_\\J
| e switch
[ §5 tesla magnet ] A
[] I:l Spln analyzers S Hadrons and Nuclei
'|& neutroen detector
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The search for the neutron EDM

First limitation ..... Magnetic field fluctuations
b fo (1) - 2 fin-B(1

h f, (11) 2 fin B0

h(fn (TT)' Jn (TJ/)) — Zﬁn-(B

____High voltage

Mercury co-magnetometer (1998)

Quartz insulating

cylinder R B fn B ’Y‘n Bn B ’Y‘n
Coil for 1uT - - _

—~X " magnetic field ng /.)/Hg BHQ ’YHQ

Mumetal shieldé;-{t-: /

Electrodes —f—

# .
PMT
Hg UV lamp
Cesium magnetometer array (2009)
Mercury
polarizing cell
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The search for the neutron EDM

3uIp|a1ys 211e1S

Dynamic shielding
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Stabilisation of the
ambient field
~100 nT

Stabilisation of the
inner field
~ 100 pT

Excellent stability
(dynamic SFC & 4 layer magnetic shield)

cylindrical
shield

Stability (AD) @400s: ~<400fT

Afach et al., J. Appl. Phys. 116, 084510 (2014)
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The search for the neutron EDM

30.2045/
30.204}
30.2035}

30.203!

30.2025

3.5 days

llIJI.lllllll]ll.lllII]lllIIllllJlllllllllllllll

0 100 200 300 400 500 600 700 800 900
cycle number

\'%

1dool

The Hg co-magnetometer

—
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The search for the neutron EDM

* Monitoring of the vertical gradient
* Homogenisation of the magnetic field

Top CsM

25.1 cm

A
it
Hg lamp —=&8 -

Bottom CsM

Precession
chamber

12 cm I/V amplifier

PMf.l

photomultiplier
tube

Hg polarization
chamber

24



The search for the neutron EDM

A non perfect Co-magnetometer

o
e @Gravitational shift S84z

L PSI

3.8426

Precession
— chamber

3.8425

12 em 1/V amplifier

PMT:

photomultiplier
. tube

3.8423
Bottom CsM

e

Hg polarization | — i T
Chambef 3_847, | 1011 [N N A A 1111 TN B A A .|
-300 -200 -100 0 100 200 300

Cs extracted gradient / (pT/cm)

In the precession chamber

R =<fUCN)=V_n(1$a_BA_h+ ) ¢ Mercury
(ffg) YHg 0z |By| &




The search for the neutron EDM

29.1650

vy I12n/(MHz/T)

n

29.1645

PSI result with UCNSs:
anyHg = 3.842457(3)

GREENE 1979

CAGNAC 1960

Y‘|99 H

S/ 2m/ (MHz /)

7.5902

Effect

By T

By |

Counting statistics
Gravitational shift
(3.84 X dGrav)

+0.5x 107°
(-8.9+2.3)x 10°°

+0.5 x 10°°
(-1.8+2.7)x 107

Intermediate Ry

3.8424580(23)

3.8424653(27)

Transverse shift
(3.84 X 61)
Light shift
(384 X 5Lighl)
Earth rotation
(384 X 5Earth)

(3.7+0.8)x107°
(1.3+£0.7)x 107°

-53 %10

(3.0£1.2)x10°°
(0.8 £0.6) x 10°°

+35.3x 107

Corrected value

3.8424583(26)

3.8424562(30)

Combined final y, /yn

- ) <

1’()) _‘\ 6 L‘ :;' ./’.—;"/'1;. -
&

3.8424574(30)

S. Afach et al., PLB 739, 128 (2014)
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The search for the neutron EDM

A non perfect Co-magnetometer

* Gravitational shift
* Geometrical phase shift

—> Frequency shift correlated with electric field

ﬁa’
2c?
({False _ h Yo YH 2 %
1 = 5o 5 In"THg p
" 32¢2 0z

dﬁalsc YnVHg <$B.L + 'yBy>

At 1st order in gradients

S. Afach et al, EPID 69, 225 (2015)

Motional (transverse) field

d,, e (10%*e.cm)

Magnetic transverse field

By z

friat

Co
1000
g, (pT/cm) 27



The search for the neutron EDM

The analysis strategy (RAL/Sussex/ILL like) and associated systematic errors

EDM dFalse — h N A D2 aB
AT 32¢2 " ME T 92

In the case of an inhomogeneous B-field

h

False PV .

False __ h Vo VH 2 JB
. - 9 /n [Hg ‘
" 32¢2 "8 0z

At 1st order in gradients

Bdown
'ﬂ'
-
-"
- ' OB Ah (B2
’_,—-""' R:(_fuc:hl): Yn (1—_' ! +< ¢2>+ )
- > (fw) rHg\  9z1Bol " 1Bl
“hh.‘
h"l“
~~. Bup
."""‘r.

Indirect systematic effect due to local dipoles

Pignol et al, PRA 85 042105 (2012)
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The search for the neutron EDM

Chamber
Diameter (cm)
Neutron/cycle
E(kV/cm)

T(S)

a
Sens/day(e.cm)
Sens (500 days)

Pushing the limit of the technique at room temperature

NnEDM@ILL nEDM@PSI

2006 2016

1 1

47 47

14 000 15 000
8.3 11 (15)
130 180

0.45 (0.6)  0.75 (0.80)
30*1028 11*1028
1.3*10%¢  5.0%107%

World record for sensitivity

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

Statistical sensitivity

2015: 1.7 1026 e.cm
2016: 1.1 1026 e.cm

J

100 1000

Days (since 01.08.15 without annual shutdown)

h
o(d,) = Total: 0.94 1026 e.cm
(dn) 20ET/N
g
. 2015: 112 days — 311
‘ 2016: 139 days %!
104 - %E il
| L &
¢ @ =
o, © @ <p -4
760 o o %gj‘ :
/)4, %o Q‘ ) !
‘\%% " i
4Pendlebury et al., PRD92 (2015) 092003 \ : |
. v’//// "/"
* /////////// ///M/
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The search for the neutron EDM

Raw dat
aw data Add a shift to the value of the neutron EDM without

impacting any other observable

\ 4

lllll

First blinding stage

blinded data <N
2nd blinding stage 2nd blinding stage h
West blinded data East blinded data .
West analysis East analysis

2 independent analysis teams and 2 blinding stages



The search for the neutron EDM

Raw data

\ 4

First blinding stage
blinded data

—

2nd blinding stage 2nd blinding stage
West blinded data East blinded data

West analysis East analysis

2 independent analysis teams and 2 blinding stages

Paper submitted Dec. the 18t 2019
Analysis on raw data + full unblinding
Nov. the 28t 2019

Frozen analysis + final systematic error budget
Analysis on single blinded data + first unblinding
+ direct comparison

Oct. the 2372019

Analysis comparison

Late 2018
- @@

‘b ) 10%e.cm

Analysis task
Ongoing since 2011
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The search for the neutron EDM

Raw data

\ 4

First blinding stage
blinded data

—

2nd blinding stage 2nd blinding stage
West blinded data East blinded data

West analysis East analysis

2 independent analysis teams and 2 blinding stages

Paper submitted Dec. the 18t 2019
Analysis on raw data + full unblinding
Nov. the 28t 2019

Frozen analysis + final systematic error budget
Analysis on single blinded data + first unblinding
+ direct comparison

Oct. the 2372019

Analysis comparison
Late 2018

d, = ( u +1.1 /st) 102%e.cm

Analysis task
Ongoing since 2011
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The search for the neutron EDM

Raw data

\ 4

First blinding stage
blinded data

—

2nd blinding stage 2nd blinding stage
West blinded data East blinded data

West analysis East analysis

2 independent analysis teams and 2 blinding stages

Analysis on raw data + full unblinding
Nov. the 28t 2019

Frozen analysis + final systematic error budget
Analysis on single blinded data + first unblinding
+ direct comparison

Oct. the 2372019

Analysis comparison
Late 2018

d,=((U £1.1,+0.2,)10%%.cm

n

Analysis task
Ongoing since 2011
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The search for the neutron EDM

Raw data

\ 4

First blinding stage
blinded data

—

2nd blinding stage 2nd blinding stage
West blinded data East blinded data

West analysis East analysis

2 independent analysis teams and 2 blinding stages

Analysis on raw data + full unblinding
Nov. the 28t 2019

Frozen analysis + final systematic error budget
Analysis on single blinded data + first unblinding
+ direct comparison

Oct. the 2372019

Analysis comparison
Late 2018

d,=(00£11,+0.2,)10%%.cm

Analysis task
Ongoing since 2011
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The search for the neutron EDM

TABLE I. Summary of systematic effects in 1072% ¢.cm. The
first three effects are treated within the crossing-point fit and are
included in d,.. The additional effects below that are considered
separately.

Effect Shift Error
Error on (z) X 7
Higher-order gradients G 69 10
Transverse field correction (B7.) 0 5
Hg EDM [8] —-0.1 0.1
Local dipole fields fe 4
v X E UCN net motion 2
Quadratic v X E 0.1
Uncompensated G drift 7.5
Mercury light shift 0.4
Inc. scattering '’Hg 7
TOTAL 69 18

d, = (0.0+ 1.1y, +0.2

(0 + 68)
(33 + 14)

(-71 + 81)

(-38 + 99)

Sys

-

Systematic error budget:

e Divided by a factor of 5
 Dominated by “new” effects

* QOpens the door to a new generation

of experiments

~

/

) x 10726 e.cm.
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Outlooks

Co-magnetometer era

& -

ILL 1986-2009

RAL/Sussex/ILL collab.
dn<3.10-26 e.cm (2006)

EDM, ALP, mirror neutrons

Co-magnetometer +

PSI 2009-2017
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Outlooks

Co-mag netometer era

_—

ILL 1986-200

RAL/Sussex/ILL collab.
dn<3.10-26 e.cm (2006)

EDM, ALP, mirror neutrons

4.7'2017
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Outlooks

EDM, ALP, mirror neutrons

>-magnetometer +
aghetometer era

" |1 f—

n2EDM

ILL 1986-200 PSI 2020-????

4.7'2017
RAL/Sussex/ILL collab.

dn<3.10-26 e.cm (2006)
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Merci

* Probe the Electroweak baryogenesis
* Probe physics beyond the standard model at the multi-TeV scale

* Different EDMs will probe the source of CP violation

One might stop measuring zero!

* A first measurement at PSI dy = (0.0 + 1.1 +0.2,,) x 1076 ¢.cm

* A new era is beginning

X ) EDN
() REPEAT
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