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NEDM@PSI

Our collaboration (50 people, 15 institutions, 7 countries) just finished
NEDM and starts assembling the n2ZEDM experiment aiming
at an |mprovement In sen5|t|V|ty by an order of magnltude

www.neutronedm.orq

nEDM coIIaboratlon in Bern May11 13,2017
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http://www.neutronedm.org/

NEDM@PSI

Later this afternoon: talk by Guillaume Pignol about the nEDM experiment.

Topic of this talk, nn’ is part of the PhD thesis of Prajwal Mohan Murthy

(doctoral student at PSI-ETHZ):

i I www.heutronedm.org
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( ' nEDM coIIaboratlon in Bern May11 -13, 2017
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http://www.neutronedm.org/

This talk

E Previous nn’ measurements

E The Berezhiani-Nesti signal

E PSI UCN source and nEDM experiment
E nn’ search experiment Aug-Oct 2017

E Sensitivity and preliminary sanity checks
E Outlook
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Mirror neutron experiments

o T 2 .
ny Toan'  +|B, n.,n, n, N, n’

E Conceptually | ——
very simple: B =B, B=0

B Search for neutron disappearance n—->n’ as a function of
B-field (in order to tune over degenerate states allowing
resonant transitions, maximal losses at B~B’)

E If disappearance found,

= n—>n’ signal frequency could point to the origin of B’
(not bound to Earth - sidereal modulation,
bound to Earth - static - experiments at various locations)

= Regeneration experiments would prove n - ‘dark state’ oscillations
- next talk
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Beam vs. storage experiments

Beam: 2
B Ratio: N=1- -

Tﬁn/

B N=1, t2 ~ 0.052 s2 (VCN), AN ~

B # of counts needed ~ 1013

Storage:
2
) trts tf ts
. Rat|0. N — _ D) — ]- _ D) i
Tran! Thn’tf

2
ty

Limit: 7en > % "Nt LG5AN

107 > 7., > 100 s

tsty
1 — N+ 1.66AN

L.“11it: Tnn' =

B N=1, tt ~0.1*150 s, AN ~103 — 1, .>100 s

B # of counts needed ~ 10°
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Mirror neutron experiments

!=0

B’#0

UCN disappearance experiments

G. Ban et al., PRL 99, 161603 (2007):
T >103s (95 % C.L.), B'=0 [PSI-ILL]

A. P. Serebrov et al., PLB 663, 181 (2008):

T >414s (90 % C.L.), B'=0 [PNPI-ILL]

A. P. Serebrov et al., NIMA 611 ,137(2009):

T,,,>403s (90 % C.L.), B'=0 [PNPI-ILL]
comb.: T,,,>448s (90 % C.L.), B'=0 [PNPI-ILL]

U. Schmidt, Proceedings of 2007 BLNV
Workshop: t,,>2.75s (90 % C.L.), B'=0
[FRM-TI]

Klaus Kirch

Seattle Oct 24, 2017

l. Altarev et al., PRD 80, 032003 (2009):
Ty >125 (95% C.L)@B'<13uT [PSI-ILL]

A. P. Serebrov et al., NIMA 611 ,137(2009):
T,y >200s (90 % C.L.), B'<1.2uT [PNPI-ILL]

NnEDM@PSI (2017) this talk

L. Broussard next talk,
see also Berezhiani et al., PRD96(2017)035039
B'#0 [ORNL(HFIR)]




Eur. Phys. J. C (2012) 72:1974
DOI 10.1140/epjc/s10052-012-1974-5

Letter

Magnetic anomaly in UCN trapping:

signal for neutron oscillations to parallel world?

Zurab Berezhiani'->?, Fabrizio Nesti'

IDiparlimemo di Fisica, Universita dell’ Aquila, Via Vetoio, 67100 Coppito, L’ Aquila, Italy

ZINFN, Laboratori Nazionali Gran Sasso, 67010 Assergi, L’ Aquila, Italy
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Fig. 2 Global fit in the B’-t, 75 plane. The positive result (anomaly)
corresponds to the gray-shaded areas, which show the parameter space
allowed at 90 % CL (darker) and 99 % CL (lighter) by the global fit
of non-zero D, (6), with magnetic field marginalized over the un-
certain range B = 0.15-0.25 G (the zoomed inset displays the best fit
points assuming a constant field B = 0.15,0.20, 0.25, left to right).
For comparison, available constraints from earlier measurements are
also shown: the yellow-shaded area in the background is excluded at

B' [G]

99 % CL by the measurements of Ep from Refs. [48, 51]; the region
of T (1g) below the wavy solid (dotted) curves are disfavored by the
measurements of Refs. [47, 49, 50] (not included in the fit). Interest-
ingly, the data of Ref. [49] for Eg and Apg also imply a best fit value
B’ =0.11 G, with T = 14 s and 18 = 20 s, respectively. The blue-
shaded area peaked at B’ = 0.5 G is excluded by measurements in the
Earth magnetic field, illustrated for B” and Bgaqn parallel (lighter blue)
and antiparallel (darker blue) (Color figure online)
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measurements of Kets. |4/, 49, dU] (not included 1n the fit). Interest-
ingly, the data of Ref. [49] for Eg and Apg also imply a best fit value
B'=0.11 G, with T = 14 s and 1g = 20 s, respectively. The blue-
shaded area peaked at B’ = 0.5 G is excluded by measurements in the
Earth magnetic field, illustrated for B” and Bgaqn parallel (lighter blue)
and antiparallel (darker blue) (Color figure online)



Our previous result (prbso, 2009)
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FIG. 2 (color online). Contour plot of the minimal y? at the
point (B', 7,,,). The solid line denotes the 95% C.L. contour line
for an exclusion of 7,,,. We evaluated a lower limit on 7,,, at the
minimum of this contour for B’ between 0 and 12.5 uT.
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Ultracold Neutron Source & Facility
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Excellent performance of HIPA r—- | =
and regular beam delivery to UCN | IR
. 150 UEN Dperation Statistics -ﬂﬂlﬂﬂﬂ UCN Source ‘
Ry s - 1st test: 12/2010 —
g . - Safety approval: 06/2011 j
E [ ] :
g-';'k. p charge [mAh] [ e - UCN start 08/2011
: .. # pulses o § - Reliable performance 2012
|t . - UCN to nEDM since 2012
§ » e -> intensity 90x over 2010
- - Increased duty factor 2015:

2011 7% T T ¥ 016 20 > 40 pA average
ETH kiaus - 2016: = 53pA (60 allowed) =




The PSI UCN source

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

\

N
Ultra Cold Neutron Source

)= | eryo-pump

UCN guides towards
experimental areas
8.6m(S) / 6.9m(W)

£
N~
heavy water moderator
— thermal neutrons
3.6m3 D,O
2 SV-shutter

cold UCN-converter

pulsed

~30 dm3 solid D, at 5 K

1.3 MW p-beam
600 MeV, 2.2 mA,
1% duty cycle

spallation target (Pb/Zr)

(~ 8 neutrons/proton)
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Four-layer Mu-metal shield
to shield the experiment from
external magnetic fields

Vacuum chamber

Precession chamber
where neutron precession
is induced and measured

Photomultiplier tube
to detect the intensity modulation
of the mercury light

[ Mercury polarizing cell

where the mercury fs polarized _J

<
Mercury lamp

fo polarize the mercury
ultraviolet (253.7 nm)

— J

The nEDM spectrometer

High voltage lead

with a 1MX2 resistance

 Cesium magnetometer

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

Mercury lamp
to read out the
mercury polarization

Magnetic field coils

are wound around the vacuum
chamber to generate the holding
and compensating fields, as well
as the spin flipping fields

— Switch

‘ —

5 tesla magnet
to spin polarize the UCN:

to distribute the UCNs fo
different parts of the apparatus

Spin analyzer
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- n.sm = 1he NnEDM spectrometer
” -l:En- Four-layer Mu-metal shield
to shield the experiment from High VOHEIQE lead
external magnetic fields with a 1MQ resistance
Vacuum chamber /

 Cesium magnetometer

where neutron precession
- harged up to 150 KV
is induced and measured charg P
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L
= Mercury lamp
Photomultiplier tube to read out the
to detect the intensity modulation mercury polarization
of the mercury light I
N
{ Mercury polarizing cell _| Magnetic field coils
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\ §
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Expect from SM:
' d, < 103% ecm

Experimentally:

o o <3.0x 1026 ecm

Pendlebury et al.,
PRD92(2015)092003

-
o
i i

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

End of measurements 2( /

' v L ! ! L ! ! ' '
1 10 100 1000
Days (since 01.08.15 without annual shutdown)
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nn’ support measurements

25 30 35
———— 77—

E Use unpolarized UCN g o 30s

E Optimize filling and counting time
B found 30s filling and used 75s counting 2:_

E Optimize storage time e e

i

E Worked at 180s and 380s with cycle lengths between proton pulses
to UCN source of 300s and 500s, respectively

E Determine effective storage time (longer by roughly 2x11s due to
possible nn’ oscillations during filling and emptying)

B Measure storage time curve to fix W0 100200 300 4

—0.08

MC parameters for extraction of 5008 b os
(rf) Ls and Y, ( )55 50.04- J0.04
E Verify the performance of the o lo.02
UCN monitoring o0l o

100 200 300 400

B Verify magnetic field values (here 0, 10, ZOHT) foore ()
E’H Klaus Kirch Seattle Oct 24, 2017 [JT_E—D
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- - \\Vest-1 leakage measurement 0 L

I|® ® Westl

Nyp+Npown (x1Kk)

.

standard data taking
week - Sept. 2017

eSS

UCN counting

Raw counts without proper time cuts Monitor-counts

100230 260 280 300 320 340,

i | 30

| {60

%] 140

of T 00

240 260 280 300 320 340°
Cycle &

Klaus Kirch
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Statistics and normalization

Widthpistribution=1-2%, (1/«/ (Nup + Npown) )=0.62% Widthpistribution=1.1%, (1f Nutonitor ¥ 1=0.11%
-2 -1 0 1 2 -10 -5 0 5 10
40-I T T T I-40 40—1 T T T l_40
30} 130 30} /k\- Jao
H 20l 4/ J2o  Hool + { 120
10} o 10f i o
: j x\ + +\ |
-I L 1 1 |- -I I. +_J'4_l/ N_\ﬁ |-
) -1 0 1 2 0 o -5 0 10°
(Nup + Npown)* 1k Residual (Nnonitor) * 10k Residual
Widthp;stribution=0-73%
(RelDev[(Nup+ Ndown)/NMonitor])=0'73%
-0.004 -0.002 0.000 0.002 0.004
40- T T L} - L} T -40
[ ) :
30} 12 1\ 130
H 20l 1 ¢ To
I \ ]
[ /“I \"«! ]
10- q10
/] R
20.004  -0.002 0.000 0.002 0.004
(NUp + NDown)INMonitor Residual
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nn’ data collection

We took data Aug-Oct 2017.

Cluster Pattern t*, (t,) /s By /UT # Cycles
1 010,0,010/01010,0 180 (300) 10 1243
2 010/0,010/01010/0 380 (500) 10 1136
3 010/0,010/01010,0 180 (300) 20 864
4 010,0,010/01010,0 380 (500) 20 775

 There was a break in between 10 and 20uT cycles for a different

physics measurement

 The data was collected such that the potential signal could be
confirmed (or rejected) with just 10uT data and on addition of 20uT
data also at 150uT ... 1.5mT could exclude t below 1.5 ... 0.15s

* In addition to the main cluster of nn’ runs, there were data taken for
also t, scans, mainly to extract t(t,)
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In case we wouldn’t find a signal ...

0 20 40 60 80 100 120 140
200 1 I ] I 1 I ] I 1 L ] I L] ] I l 1 L] 1 l 1 ] | l 1 L] 1 l ] 200
~ 150(- -150
L i
@
E I
~ 100 -100
c _
2
E L
.G 1
m, a
© 50 b 50
38s
0 I | | I I —— S — — —(— — — — — 0
0 20 40 60 80 100 120 140
B (uT)
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In case we wouldn’t find a signal ...

2000 .2.0. | .4.0. | .6|0. | .8,0. | .190. | |12|0| | .1‘,"’. 200
F ... we would exclude the
O relevant signal region(s) Leo
ke E ... improve significantly on
g | the previous B'-t-limits
~ 100 —100
5 E ... add another comparable
= | limit at B'=0 around 400s :
© 50 150
38s ]
% 20 40 60 8 100 12 140 °

B (uT)
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In case we wouldn’t find a signal ...

2000 .2;0. | .4,0. | .6|0. | .8,0. | .190. | |12|0| | .1‘,"’. 200
F ... we would exclude the
relevant signal region -
'61“150_ . - - —150
ke E ... improve significantly on
g | the previous B'-t-limits
= 100( -100
5 E ... add another comparable
2 U b limit at B’=0 around 400s
6 . . ]
) Otherwise, you should definitely 1>
| 3 do aregeneration experiment! |
% 20 40 60 8 100 12 140 °
B' (uT)
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NEDM Is presently being taken apairt
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We'll be back with n2EDM shortly

—
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PAUL SCHERRER INSTITUT

Particle Flavour Fever

https://www.psi.ch/particle-zuoz-school

Adrian Signer, Michael Spira, Anita van Loon-Govaerts, zuoz2018@psi.ch

== Zuoz Summer School 12-18 August 2018

Dmitry Budker (Mainz)

Exotics searches in atoms and molecules
Augusto Ceccucci (CERN)

Exotics searches at low energy
Sacha Davidson (Lyon)

Exotics and flavour
Tobias Golling (Geneva)

Exotics searches in ATLAS and CMS
Francis Halzen (Wisconsin)

IceCube: building a new window on the
Universe from Antarctica
Matthias Neubert (Mainz)
Flavour physics in the SM and beyond
Barbara Storaci (Zurich)
Status of B anomalies
David Straub (TU Munich)
Interpreting B anomalies
Frederic Teubert (CERN)

Future opportunities in flavour physics

. a
. sc|nat
Swiss Academy of Sclences
Abademie der Naturwissenschafren
Swiss Institute of Accademia di soenze naturali

Particle Physics Académie des scences naturelles



Backup

Klaus Kirch Seattle Oct 24, 2017



Optimizing t',

Sensitivity per cycle ~ /tS\/N , but also N decreases exponentially and
for longer cycle times less cycles can be performed.

200
T I T

400 600
T T T T T T T

800 1000
T T T T

- -
(=) (%))
T T T T

Length of Experiment (days)
———

N
o
L

120

110 —

400 600
Storage Time, {5 (s)
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800 1000
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H# UCN Counts

Optimizing temptying

We'd want tg,wing tO0 be the longest time possible to amply
measure all the neutrons remaining.

;=363 s, NemptyingEXP[-0.0914044(t-£5)] t; = 383'S, NempyingEXp[-0.0898492(t-t;)] f;=323s, NempyingEXP[-0.0859616(t-t,)]
107 10° 107
4 4 4:
107 P @ 10 @ 10 H
1[]00: 1 g 1000 % 1000: |
I N O l S IJ I
1DUﬁ l % 100 1 % 100@ 1
10 Bogf gy ) B 10
ol o F ol o el b b 2o ot [t H] ..'I.. e l":' kol :i. . f
1 ﬁ'ii' |||i||l-' l:i||| |'|l||"u|-'| ||'|i' '|I 1 i‘illl.hﬁﬂ Iill 1l ”rli LIpE it l 1 1] ] |
0 100 200 300 400 500 60O 0 100 200 300 400 500 600 0 100 200 300 400 500 600
Time (s)

Time (s) Time (s)

temptying=19S. They can be accommodated with t;={180, 380}s, into cycles t={300,500}s long.
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Cycle Plan

t.=180s to replicate old experiment, t;.=380s for maximum sensitivity

| 1 SC VAT -
I Open | Closed
52(52)
0(0) 300(500)
t y UCN Shuttey :
¢ Open | Closed ! Open
32(32) 204(424)  290(490)
. 290(490)
v 9262 Switch
Filling | Direct-Shot/Monitor 1Pump

30(30) 289(489)

I
ETH Klaus Kirch Seattle Oct 24, 2017 (=)



What is the Magnetic Field Inside?

Once we ramp to £20uT (max) and down to OuT, do we any residual field?
This residual field must be <420nT. Using Hg co-magnetometer...:

15 4824 +4 07057 @_0'00127911 t
o) 200 400 o600 800 1000 1200 1400

20 120
19} 119
— _
S 1 :
f—‘fIJ 18F {18 We are
< I interested in the
é 17L 117 average <B(l,)>
Lo ] during storage.
16} 116
151 15

0O 200 400 600 800 1000 1200 1400
Time (s)
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What is the Magnetic Field Inside?

We used Hg-199 to measure the magnetic field in-situ.

0.45591710-0.225181
| .200. _ .250. _ .300. _ .350. -

l1go  f(llol) is

] obtained from
;160 Hg-fit, where I,
1140 Is the input
1120 current read

_ by the
1100 ammeter
180

160

200 250 300 350
ly
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What is the Magnetic Field Inside?

We used Hg-199 to measure the magnetic field in-situ.

0.0600671 lo - 0.0296676
~Aro 200 225 290 275 500 9o

120

115

110

975 200 225 250 275 300 325
ly
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B(lo)=t(l1o])/Ygs
where |, is the
input current
read by the
ammeter




Effective mass scale from nn’

1 ﬂﬁQCD
L mix 1 gt gt mixy
150 6™ ~ —=(uud)(w'd'd) (O7) /5
125 W ﬁﬁQCD 1[}Tev)J 10-15 6V |
y V ~ — ~ X e
- 100f MO M -
=
= h 066( -
Taw = — ~0.
] R 10 TeV _ 1
~ ¢/ ——10TeV
25 V 0.665 ]
D D I'1 I2 aaal 3 I4 I5 E
10 10 10 10 10 10 10
Inn' [s]

A. Knecht, PhD thesis, 2009, UZH
Figure A.5.: The figure shows the effective mass scale .# corresponding to a given limit
on the oscillation time 7, as given in Eq. (A.48).

R. N. MOHAPATRA, S. NASRI AND S. NUSSINOVA, Some implications of neutron
mirror neutron oscillation, Phys. Lett. B 627, 124 (2005).

7. BEREZHIANI AND L. BENTO, Neutron-Mirror-Neutron Oscillations: How Fast . nn’ Iimits prObe effeCtive mass Scale 1 O Joc 1 OOTeV

Might They Be?, Phys. Rev. Lett. 96, 081801 (2006).

7. BEREZHIANI AND L. BENTO, Fast neutron-mirror neutron oscillation and ultra . Mass Of eXChange boson Can be mUCh |OWer

high energy cosmic rays, Phys. Lett. B 635, 253 (2006).
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PSIrlng cyclotron

* at time of constructlon 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 oc (turn number)3, W.Joho]
* 590MeV protons at 80%c
« 2.4mA x 590MeV=1.4MW
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High Intensity Proton Accel.

PSI ring cyclotron

20.0MW e T T T
0°C o, FTEF R
5.0°C - T 10 L ) ADS ]
2211 i C = ]
I MYRRHAC) EURIS® O study
@ planned
e " . ‘ggiupgr @ operating
1‘?j'2f Prcdu:ctlon | O FRIB ESS
e — o O s
: idle < LANSCE Project X _
fin Gg}pulse/ﬁ()(ls E 1 P = 100kW o @ Frojec O I-éIESII\D‘lL ]
C ower
The most powerful R P o . P
JPARC
proton beam to targets: & | =
_ - 100kW o MW P =10MW
590 MeV x 2.4 mA=1.4 MW ISl
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 Ilghtest unstable partlcles of their kind

_ E - -

The most powerful
proton beam to targets:
590 Mer24mA 14MW

o

. h‘lTRV a7 | Feasibility study for
- @— — HI muon beam with
& O10 +/s below 30 MeV/c

V
\-

b Epr / ;Iﬂ“7'prr—'|'e Iaser spectroscopy
JEC.MEG Il, MT3e[

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

! The new high intensity

ultracold neutron source ‘

|

Swiss national laboratory W|th stronq mternatlonal collaborations
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