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( §1 ) Theory of nn’ Oscillations I|Ii|-
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C §1 )Searches assuming B’ = 0 |||i|-

REVN

Eg(ts) = Zzgsg —

—_ mSAO
ts (t7)
(tf> T?%n’

1

ms = ts/(tr)
n=B/B’
B: magnetic field seen by SM particles, B ... (SM”) particles,

f: angle between B & E’: 1: ratio between B&B
mg: number of times neutrons bounced off the walls
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( §1 )Searches assuming B’ = 0
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(51 )General Techniques Mir

UCN Storage Experiment:
Store UCNs, apply 0 and >0 magnetic fields, check if some neutrons
vanished (into mirror realm)?

Regeneration Experiment
("Particle Through a Wall” kind of experiment):

Shoot cold neutrons through a magnetic field onto a wall, check if
neutrons can be detected on the other side of the wall under
magnetic field?
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( §1 )Existing Efforts

TRIUMF (Canada)—
P

T B
T

LANL (USA

N\ A

This*: C. Abel et. al., Phys. Lett. B. 812, 135993
(2021): T,v>125 (95 % C.L.), B'20, 1,,,>388s (90 %
C.L), B'=0 [@PSI]

G. Ban et al,, Phys. Rev. Lett. 99, 161603 (2007):
T,>103s (95 % C.L.), B'=0 [@ILL]

A. P Serebrov et al. Phys. Lett. B 663, 3, 181-185
(2008): T,,>448s (90 % C.L.), B'=0 [@ILL]

. Altarev et al., Phys. Rev. D 80, 032003 (2009):

T,y>125 (95 % C.L.), B'20 [@ILL]

UCN Storage

Experiments
CIPANP Sep "22

TUM (German
PSI (Switzerlanc
ILL (France)

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

Regeneration
Experiments

9



C §1 )Existing Efforts I|Ii|-

Dominated by: Disappearance Experiments

Look for magnetic field dependence of number of neutrons

stored for time: ¢,

B =0 PDG

VALUE (s) CL% DOCUMENT ID TECN COMMENT
52 95 1 ABEL 21 CNTR UCN, scan of B field
no(ts) 90 SEREBROV ~ 09A CNTR Assumes 8/ < 100 nT
EB (ts) = (t ) — e o ¢ We do not use the following data for averages, fits, limits, etc. ® o
Nplls ~ 17 05 2 BEREZHIANI 18 CNTR UCN, scan of B field
” <t]%> 12 95 3 ALTAREV 09A CNTR UCN, scan 0 < B < 12.5 uT
= — >414 90 SEREBROV 08 CNTR UCN, B field on & off

2
(tr) Ty 95 BAN 07 CNTR UCN, B field on & off

CIPANP sep 22 Z. Berezhiani, Euro. Phys. J. C 64, 421 (2009). 10



( s1 )INSIGNALS!!! M

Further analysis by Berezhiani et al., of storage type experiments:

457 Ratio Channel ; Dy: Asymmetry Channel
PNPIQILL PSl..Q@ILL

Dg—z0, Cos(B) = —(16.0 £ 3.2) x 1078

Dg—g,rCos(B) = (6.2 + 2.0) x 1077

Dg—12, Cos(B) = (16.6 £ 6.7) x 1078

CIPANP Sep 22 1



( 2 )nEDM@PSI Apparatus

CIPANP Sep 22
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Courtesy: C. Abel et al., PPNS 2018 (2019): arXiv [1811.04012].
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( §3 ) Data Collection Scheme |||i|-

B - Pattern t*. (t)/s Bra/MT | # Cycles Cycle Time:
01010107T010T010L0 | 180 (300) 10 1616 A: filling phase
01010107T010T01010 | 380 (500) 10 2908 B: monitor phase
0101040104070104L0 | 180 (300) 20 1296 C: storage phase, and
01010L010L0T0T0L0 | 380 (500) 20 1992 D: emptying phase
0 100 200(400) 300(500)
I 1 ] | I )

! I 1 | "
| i i 1 -110
i gl i : :
3
) A P8 ' T
> | [ i |
1 oy 1 . 1 =102
n i C I
n | 4
: U TN, T I
1l i [\l IM i
0 100 200(400) 300(500)
Cycle Time (s)
CIPANP
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( §3 )Mean Time of Flight i

<t> is dependent on the energy spectra of the UCNs.
* Energy spectra from a fit of a loss model to the measured storage curve.

Combine data to
generate constraints

upon: T,

Simulate energy
distribution and obtain
<t> distributions

Obtain E; or A UCN
counting distributions

50 100 150 200 250 300 350 400

nO(ts) ------------------------------------ :

Ep (t5) = ) 1 .08} ] oo
= ts 7’2(3_772)

(tr) 20222 ,(1-12)?2 0_07:_ | _:0-07

J0.06

0.05

100 150 200 250 300 350 400
ts (s)
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( §4 ) UCN Counting Statistics |||i|-

Combine data to
generate constraints

upon: T, s

Simulate energy
distribution and obtain
<t> distributions

Obtain E; or A UCN
counting distributions

* Each run has a characteristic {~ B__, /uT. t*./s } setting.

max

* The normalized emptying counts are histogrammed for each run.

* Eg. here the run corresponds to {~B_ .. t*.} = {10 uT, 180 s}.

0.0336 0.0338 0.0340 0.0342 0.0344 0'0.336 0.0;38 D.0§40 0'0.342 0'0.344 - 0. 0336 0.0338 0. 0?40 00342 003445
32'(}%')' =0.03395%6 ., 3§‘ 250(n,)=0.033961 | 25 '(n,)=0.033951 | b
15=0.000107 | ptas ” 2015=0.000107 [ ba :s=0.000107 | +{
2% Total[H]=147 i = Al 2 Totalfm)=14717 | | 25
20k = i 20 15_T0ta|[tt]=1 10 | 1 . hs 20;_ "4’ \ 120
B s i i i \ | B s 15
e N |T 15 10 10 ;
10f | / T 110 10} f 10
0% 0. 0336 0. 0333 0. 0340 0. 0342 0. ()3440 2 0. 0336 0 0338 0. 0340 0. 0342 0. 0344 0 0. 0336 0 0338 0. 0340 0. 0342 0. 03440
N+t{B=10 uT,t*=180 s} No (B=0 uT,t=180 s} Ny{B=10 uT,t:=180 s}

_ 2(ny) B _(ng) — ()
(Eg) = : Ap) = (ny) + (ny)
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( §4 ) Combine Counting Data with <t.> Illil-

Combine data to
generate constraints

upon: T, s

Simulate energy
distribution and obtain
<t> distributions

Obtain E; or A UCN
counting distributions

{~ Bmax/uT,t’/s} arg(B) (ng) (Eg)(x10™%) (Ap)(x10™%)
1 0.033956(88)
{10,180} 0 0.033961(102) (+2.2+3.4) (+0.7+1.8)
| 0.033951(88)
w20t \| ' L
0 ; 0 8 ':c’—_- 1 g ........ 9180 s — , \\ :
3 a0 3305/1’ TéETOS q
E0.07 &~ g0
<0.06
0.05 _‘ __ N R S 10 a
50 100 150 200 250 300 350 400 3

AP PR L I P R P
2 4 6 8 32 34 36 38 40 42 44
ts (S) Time (Day)

C. Abel et al., Phys. Lett. B. 812, 135993 (2021).
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( §4 > nn’ Oscillation Assuming B'=0 Illi I-

Combine data to
generate constraints

Simulate energy
distribution and obtain
<t> distributions

Obtain E; or A UCN
counting distributions

= A zo[
79 > 3525 (95% C.L.) ¢ 10f...4--180s
n 2 F_
= ¥ o ol
10° 10° 10" | < -10E-
i Lol 1
10 {95, L fe)O/o <t2> 1% = 10
99%; | ts f o $—180 s {— rrwan Y
0T ' () —E T = 2
it 10°F -1/8o Yo} -10
10°F 10?
10" 10’
FEE N P . n nfl_~nonn L ;
10° 3,1_23 10° 2 4 6 8 32 34 36 38 40 42 44
T (S) Time (Day)
([PANP C. Abel et al., Phys. Lett. B. 812, 135993 (2021).
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( 84 ) nn’ Oscillation Assuming B'#0 Illi I-

Combine data to

Simulate energy
distribution and obtain
<t> distributions

Obtain E; or A UCN
counting distributions

generate constraints

ts 1 n*(B-n?%)
(tr) (Ep) 20'2(1-n?)?
1/Ap fEg(M)

1 n3
() (A 2 (1 — 1)
1/Dp fag(m

Asymmetry . [ ]

AT TTL TIPT PO PRI PO PP I
2 4 6 8 32 34 36 38 40 42 44
Time (Day)

I11>>> Assuming the angle B is fixed <<<!!!

(IPANP C. Abel et al., Phys. Lett. B. 812, 135993 (2021). 18



( §4 ) Constraints in Ratio Channel I||.|-

Combining the scaling function, f;_(n), with constraints on Tf;TO‘EB/ “fEB (n)| in appropriate range of B’

Dashed constraint for PSI nEDM neglects errors from uncertainty in energy spectra (like all the other constraints)

95% C.L. constraints

10° 10’
I , | | | | | | | | t 1 | | 2 3_. 2 | | I | | | | | | | I | | | | | I | | | | | | | |
103 TB #0,Ep __ s n-(3-n°) — PS| nEDM 103
!/ - 2
nn (tr) (EB) 2w'%2(1-n?)° gy 99, 161603 (2007) i
_________ y PLB 663, 181 (2008)
107piiiinge,. N /45 fE 51 10
DTN e TR 10'
c B T
3 PRD 80, 032003 (2009)
10°F 10°
101 10"
:- I | | | | | § i | I [ | [ | i | “'."
0.5 1 2 3 4

I11>>> Assuming the angle B is fixed <<<!!!

(IPANP C. Abel et al., Phys. Lett. B. 812, 135993 (2021). 19



( §4 ) Constraints in Asymmetry Channel Illi I-

B'#0,4p

The signals shown here from further analysis of the data indicated Tnn’ — ts 1 ; n’ —
in the papers shown in the legend by Berezhiani et al. in 2018 Jcosp (tf) (4p) @2(1 —1?)

105 Tagm

95% C.L./C.I.
10
L | I T T I T T ] .__5
—— PSInEDM

1103

EPJ C 78, 717 (2012)
EPJ C 78, 717 (2018)

i l xlnl.l.l.l i L i 1L s 1L i l xl.lnlnlnl i L L 1 i L i l- La L s Lo
0.5 1 2 3 45 10 20 30 40 50
B (uT)

I11>>> Assuming the angle B is fixed <<<!!!

(IPANP sep 22 C. Abel et al., Phys. Lett. B. 812, 135993 (2021). 2



( §4 ) Constraints in Asymmetry Channel Illi I-

. . B'#0,nEDM 5 1
New constraint uses precession frequency of T’ _ [9@
neutrons in {B, -B} Jcosp ® w?nm? -1

fa(m

95% C.L./C.I.

E |
PSIn-n": [47] ~—5.20 [43,44]-[40,41] ==PSI nEDM: This«3

PRD 80, 032003 (2009) —30 [43,44](_[39] '""GIObaI [44]

410°

3o: PRL 99, 161603 (2007)

Symmetry 14, 487 (2022)
102

10"

~ 3
50: EPJ C 78,717 (2012) EETTv
1
—10
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L L i fAir . ) .
e L bt A : 3
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st /””IIII | | ..
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EPJ C 78, 717 (2012) e
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r,m-l \( | CosLAl]| (s)

I11>>> Assuming the angle B is fixed <<<!!!

CIPANP P. Mohanmurthy et al., Symmetry 14, 487 (2022)



( §4 )Constraints on fixed angle -

-

TRIUMF (Canada)/ -

— '—,(USA)%“*?;\

DB=1 COS(ﬁPSI) = (14 i 31) X 10_8

DB=20HTCOS(ﬂPSI) = (19 i 39) X 10_8
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( §4 )Constraints on fixed angle - Illil-

Allowed regions

%]

BPSI

2.889°

DB=6/,LTCOS(ﬂ1LL) = (62 i 20) X 10_7

oL

DB=12[LTCOS(ﬁILL) = (166 i 67) X 10_8

Sl

DBZZOHTCOS(ﬁILL) = _(16.0 i 3.2) X 10_8

0¢

o ©
N o

80

o
i =N
By (17)

111> >> Assuming the angle B is fixed <<<!!!

CIPANP Assuming all the vectors lie in the same plane
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(5 )Summary Mhir

[A] C. Abel et al., Phys. Lett. B. 812, 135993 (2021).

[B] P. Mohanmurthy et al., Symmetry 14, 487 (2022)

Relevant Result Papers:

[1] G. Ban et al,, Phys. Rev. Lett. 99 (2007) 161603.
8, > 65V B’ € (0.38,25.66) uT @ 95 % C. L. Bl A o SEitE0e albkl:lys\./lf\e?g.1é1ég3,1?§1((220809;).
. Altarev et al., Phys. Rev. D 80, 032003 (2009).
/. Berezhiani, EP) C 64 (2009) 421.

Z. Berezhiani and F. Nesti, EP) C 72, 1974 (2012).
/. Berezhiani et al., EP) C 78, 717 (2018).

E.,
T 550 >352s@95%C.L.
nn

'8, > 95V B’ € (5.04,25.39) uT @ 95 % C.L.
Qg
'8, >7sVB' € (4.40,24.43) uT @95 % C.L.

%%, > 575V B' € (0.36,1.01) uT @95% C.L.

—— — —

3
4
5
6

| ISR Ry NN S S—

First reported detailed annual and sidereal modulation study

Best constraints around B’ ~ 10 uT, and also in the range of B’<1.5uT and B’>37 uT

We excluded 3/5 portions where at least 2 signals overlap

Need further tests of these signals in the range of B’ € (4, 37) uT
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