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* Baryon asymmetry of the Universe — CP violation
* Electric dipole moment (EDM):/P'/I’ —CP

H=—-d-E—pn-B

- dZ B2 B

[4 o]
For spin-1/2 neutron: H = =2 (d,E + punB) - o

Time reversal:  Hp = 42 (+d,E — inB) -0+ H
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(== CP violation and electric dipole moment
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(= Measurement principle

* Energy splits H =—-2(d,E+ unB) - o B e

— | -2u,B AETV=—4d,E

* Measure the Larmor frequency of the neutron under parallel/antiparallel E and B

hfﬁ - _lelEﬁ - Qﬁi'llBﬁ h (ng — Jl) — 2pin G_Bﬁ + B’N)
= dn - ;
hit = 42d, EW — 24, BT (BT BT \

Stability and uniformity! — Magnetometers
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* UCN properties
— kinetic energy < 300 neV
— temperature: 3-5 mK
— velocity < 8 m/s

— storable

Paul Scherrer Institute Switzerland | Ultra Cold Neutron Group | Pin-Jung Chiu

(= Ultracold neutron (UCN)

UCN guide

lead spallation target

Optical potential (Fermi potential)
V<180 — 300 neV
(e.g., Ni, Be, BeO, DLC)

Coolant and D, supply lines

UCN storage vessel

Shutter flaps

heavy water (D,0) moderator
solid D, converter

= proton beam
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RS Apparatus

Mu-metal shield HV feedthrough

Vacuum 7 S Magnetic-

Polarized UCN chamber VIS ’ a " field coils
and '""Hg atoms '

UV light
source

Photodetector

Al
support

UV ligh

magnet Switch ——
Spin Flipper 1
cylindrical . . .
shield Spin analyzers; Spin Flippers 2(a, b)
Ref.: S. Afach ef al., J. Appl. Phys. 116, 084510 (2014). NANOSC (A, B) neutron detectors
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one measurement “cycle”

polarized %
neutron @

B, .= sin(2nf .t

n,rf

=

B .= sin(2nf .0
-

-
external
clock
initial n/2-flip free n/2-flip final
state pulse precession pulse state

T=2S8 T=180s

in phase

Refs.: N. F. Ramsey, Phys. Rev. 78, 695 (1950),
S. Afach et al., Eur. Phys. J. A 51, 143 (2015).
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(= Ramsey’s method of separated oscillatory fields

Ramsey’s pattern

29.8 30 30.2 30.4 30.6

50 cm

NNt

Asymmetry: A= [T
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=]

_ Af;
A; = Ao+ a cos A0 + ¢

Af;: spin-flip frequency
Av = (2T + 8t/m) 1= 2.7 mHz

Free parameters to be fitted:
Aofr: offset

a: visibility

¢: phase
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Asymmetry

0.5

-0.5

Ramsey central fringe

/

Spin-flip pulses were alternated between
four frequencies at the “working points”

I I

& Data E-pos
¥ Data E-neg
= Fit E-pOS
= Fit E-neg

a
Blind E-pos 7
3 Blind E-neg
= Blind fit E-pos
Blind fit E-neg —
[ [ [ [ [ [
-1.5 -1 -0.5 0.5 1 1.5 2
Af (Hz) x107
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[HJ= “99Hg comagnetometer (HgM)

» Use ""Hg atoms to correct for 15-order magnetic-field drifts/noise

oR:f_n

ng

30.2230 —:

30.2229 &

—_

N

Polarized UCN L 30.2228
and ""Hg atoms i

—

30.2227 A

UV light|

= Photodetector 30.2226 -
source |

3.842445 A

fo/fig

= 3.842450

& 3.842455

0 100 200 300 400 500
Cycle number

Paul Scherrer Institute Switzerland | Ultra Cold Neutron Group | Pin-Jung Chiu EXA online conference | 14.09.2021 | 8



PAUL SCHERRER INSTITUT

(13 133Cs magnetometers (CsM)

* 16 optically-pumped Cs-vapor magnetometers
* Installed on three layers above and below the precession chamber

6 optically coupled CsM
on the HV electrode

Ref.: C. Abel et al., Phys. Rev. A 101, 053419 (2020).
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(13 Magnetic-field mapping

* 3-axis fluxgate magnetometer (7, @, z)
* Measure fields at thousands of points
* Decompose field into a basis consisting of 63 modes
* Corrects for:

— Transverse-field shift

— Higher-order fields in d@!se

Ref.: C. Abel et al., arXiv:2103.09039 [physics.ins-det] (2021).
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=]

Systematic effects
E

Cancelled in perfectly uniform and stable B

B —

secondarif effects
\

_Jn _ | | false ||
* R= f_Hg - E (1 + SEDM + 5EDM + 5quad + 5grav + 5T + 6Earth + 61ight + 5inc + 6other)
107%8¢ - cm
Effect Shift Error
Error on (z) X e 7
Higher-order gradients G 69 10 } .
. - -fiel
Transverse field correction (B7) 0 5 magnetic-field maps
Hg EDM (8] —-0.1 0.1
Local dipole fields e 4 —— measurements at PTB Berlin
e Total svst " v x E UCN net motion 2
otal sys erz12a6lc crror Quadratic v X E 0.1
0.18 X 107“%e - cm Uncompensated G drift 75 —» CsM
* 5 times improvement Mercury light shift 0.4

. ceatterino 199
Inc. scattering """Hg

TOTAL

from the previous result
* 1/5 of the statistical error

7 — not anticipated earlier

69 18
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(= Crossing-point analysis 102

dy1=(=0.09 + 1.03) x 10~2%ecm)|
Ry 1 = 3.8424546(34) ‘

60"
{z) = —0.39(3) cm (fixed)

x2/Ndof=106,1 / 97

. dn=h<ng)(RTT_RTL) | N + r M

—4E field maps 20 . \km ' T
/ 0 Al -

(e cm)

corr

dy
1 >
- H"_
Pic:
s

h ~ L
meas _— JCOITr | | 2( ) .
* - 5 -20
d d=®tt + ooz |Vn VHg RG + Ggray ki T i {
i A
—40 i
1 A 4
&
h ~
a5or = apess — |y, yiglR26 :
% A = s v v A v
4 0 v VoA % o Bg B anach oY
-1 VvV gARA A X,V Do A v Vg V¥
—2 A d oV - 3'3 VA

T T T T
3.84241 3.84243 3.84245 3.84247 3.84249 3.84251
RCDFV

> Ggray At the crossing point Ggray =0 ——> R =R/(1 + 61 + Sgartn)

field maps
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=]

Blinding and analysis strategy

* Add an E dependent shift to f,, by moving counts
between two detectors

1 T T
2 Data E-pos

¥ Data E-neg
e Fit E-pos
—— Fit E-neg

o
o

«
3

Asymmetry
o

0.5 Blind E-pos ]
_2_ B i £gos
Blind fit E-neg —
12 15 1 05 0 os " T5 2
Af (Hz) x10°
secondary blinding _,,  analysis result
. (west) (west) \ (west)
EUGAN > QI relative final
data blinding unblinding unblinding
secondary blinding analysis result
(east) (east) (east)
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Ref.: N. J. Ayres et al., Eur. Phys. J. A 57,152 (2021).
14000 ‘ , ,

T T T
12000 | /,/ : H\.\ / - \ i
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\
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Ny
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v / Hz

30.001 30.002 30.003 30.004

dy1 = (=0.09 + 1.03) X 10726 ¢ - cm

final
result

dy2 = (0.15+1.07) X 107%¢ ¢ - cm
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(ZJ» New result

¢ PreVIOus result Ref.: J. M. Pendlebury et al., Phys. Rev. D 92, 092003 (2015).

dy = (—0.2 £ 155t £ 1.05y5) X 10726 ¢ - cm — |dy| <3 X 10726 - cm (90% C.L.)

* New result x5

Ref.: C. Abel et al., Phys. Rev. Lett. 124, 081803 (2020).

dp = (0.0 £ 11500 £ 0.25y5) X 10726 e - cm — |dyy| < 1.8 X 10726 ¢ - cm (90% C.L.)
{ 1/5 )

10719
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10~20}— scattering
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[H» n2EDM coming soon!

* A new double-chamber apparatus
«  Sensitivity goal: d, ~10727 e - cm

Coil systems

MSR

V. |
UCN guides acuum vesse
UCN switch Precession chambers

Collaboration meeting, November 2019, Mainz TRIGA Reactor

F - ——— ey GONGES"
4 — e /

n
Polarizing magnet - ’ P
UCN detectors

o
y x

Thank you very much~
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(== Hg free-induction-decay signal

* Pure Hg measurement

1
i
T

il
L

't | 5 _

10 | 20 . 30 4|o | 50
E F

1
[$)]
T

)
T

DC coupled PMT signal (V)

~
T

)

o

Ref.: S. Komposch, PhD thesis (2017).

00—
0——0
(w)
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(H}= nEDM vs. n2EDM

nEDM 2016 n2EDM
Chamber DLC and dPS DLC and dPS
Diameter D 47 cm 80 cm
N (per cycle) 15,000 121,000
T 180 s 180 s
E 11 kV/cm 15 kV/ecm
o 0.75 0.8
o (fn) per cycle 9.6 wHz 3.2uHz
o (dy) per day 11 x 1072 ¢ cm 2.6 x 1072° ¢ cm
o (dy) (final) 9.5 x 1077 ¢ cm 1.1 x 10727 ¢ cm

Ref.: N. J. Ayres et al., Eur. Phys. J. C 81, 512 (2021).
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== Systematic effects --- B terms

+ 5quad + 5grav + 5T + 5Earth + 51ight + 5inc + 5other)
\ |

) szf_nz 22| (1 + Sgpm + SEban
" |/
|
E B
Hg UCN Gravitational shift
(2
yHg

12 Ograv = 755G
— = — =~ 30Hz/uT grav = p | “8rav
o~ BHz/uT o z/| |Bol

Uhg ~ 170 m/s U & 4m/s

Center-of-mass offset of UCN
(z) = —-0.39(3) cm

Deduced from an auxiliary analysis
from the slope of AR/ Ggray

— CsM + offline field maps
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|

secondary effects

Transverse-field shift

(BF)
S =
T 2B,

(B3) = (B, = (B + (B, — (B,))")

(Bn) * (BHg)

— offline field maps
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== Systematic effects --- E terms

_ /n false
* R= _g YHg (1 + SEDM + 5EDM + 5quad + 5grav + 5T + 6Earth + 611ght + 51nc + 6other)
|
secondary effects
True EDM term False EDM term Quadratic in E term
« nEDM * relativistic motional field + random motion of UCN and Hg
Bn =E X ¥/c? . . :
« Hg EDM * consider only dominant shift on fy,
oF * magnetic-field gradient
Sgpm = ————= (dn + dm—Hg) Squad = Yug R*E?/(4c?)
hlynlBO false 2k t fal
SEpM = — (dpet + dflse)
hlynlBO

dn®t: net motion of UCN
df1se; random motions of UCN and Hg atoms
in a nonuniform B
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(= Dominant systematic effects §£55¢ = — —2 (dpet + a'alse)

hlynl|Bo
xlo 26
false | ( ) 6o g 1= 5-8312935:61(3043)) x 10-2%ecm|
. — _]_ X
A7 =5zl Vgl grav N S
t £ | !
crossing-poin £ £
analysis 2 & T
) \ 1 |
offline field maps Y b oy
A
deorr — gmeas _il |R26 h v
n — Un acz |/n YHg
A
2 A A v A v
1 A - v by
IS R— MW’%F H”‘;“ v“ oy w2
R B - A T T
3.84241 3.84243 3.84245 3.84247 3.84249 3.84251
RCQI’r

> Ggrav At the crossing point Ggray = 0 ———> R =R/(1 + 61 + Sgartn)

. dnet ne - . 6.7 X 107 23¢ . cm/(m/s) 7: mean net velocity
€: misalignment angle
g g
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