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Mirror matter and mirror neutrons

e Decades of searches for dark matter: no confirmed
detection. New avenues needed!

* Mirror Matter: identical particles/forces,

OPPOSIte PALILY  [Phys.Usp. 50 (2007) 380389,
From Fields o Strings 3'(2015) 2147, Phys.Rev. 104 (1956) 254-258]

* Only interacts with known particles via gravity
[SovJ.Nucl.Phys. 3 (1966) 6]

* A “hidden sector” which could help explain

dark matter [PLB 503 (2001) 362, IIMPA 29 (2014) 1430013]

* Experimental observable: predictions of
neutron oscillations in Mirror Matter models prr 96 081801 2006); possibly
related to cobaryogenesis iy 33 1844034 2018y [Z. Berezhiani talk]

* Neutron could be one of a few portals to a dark sector!
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Neutron oscillations 1 — n’

* Consider the neutron, and its et mirror twin

Different Higgs VEV between n, n’ Local matter/mirror matter

* Two-state mixing Hamiltonian can be written as [Z. Berezhiani talk]

i%np(t)) _ (AE(Am,B — B, e%n,> W)

€
* As AL = 0, probability for oscillation resonantly enhanced
* Tune B or V to look for evidence of Am, B, €

nn'

nn,...
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Prior/ongoing searches for mirror neutrons

* Strong limits from 5 dependence of stored UCN
© Ty > 448 s (90% CL) assuming AE=0 (e.g. no mirror field B") i i1 ooos) 137

* Anomalies manifest on reanalysis when relaxing B "£0  EPIC72 2012) 1974, EPIC 78 (2018) 717, data of PRL 99 (2007) 161603

* Exclusions from recent searches [I. Rienacker talk], 107 g
V" o+ | T S U R
ZlISO PRD 80 (2009) 032003, PLB 812 (2021) 135993, Sym 14 (2022) 487 i b

* Similar: exclusions of hidden neutrons [M. Jentschel talk] 10—10%« ........... ........... |
107" :

E—‘ PSIn-n" [47] ——5.20: [43,44]¢[40,41] ==PS| nNEDM: This*.:! 0 12%
; s [44][42] —2.50: [44]_B2 3 12
PRD 80, 032003 (2009) —30: [43,44]‘_[39] " Global: [44] | E
, : — 10°
30: PRL 99, 161603 (2007) L0 ST 7 (201 E E

== UCN storage [1]

107 B2 MURMUR [2]
B8 STEREO[3]
1o BN sns[4)

t,,,,-l | Cos[Z]]| (s)

—@— UCN storage anomaly [5]
This work (preliminary)

10'®

i - i 10_19 i L HHHI L.l IIIIHI L.l IIIHI[ 1 IIIHHI L] l||l|l| L. l||l|l| L.} “U.UL__LJ_LUJJJ.IJ
107 — e oy 1072 10" 10" 10° 10* 107 10° 107 107
0.5 1 2 3 4 5 10 20 30 40 50 5m [eV]
Plot from P Mohanmurthy, CIPANP22 B (6T) Plot from M Jentschel, PSI22

Leah Broussard “New searches for neutron oscillations at ORNIL,” PSI 2022, October 16 — 21, 2022



https://doi.org/10.1016/j.nima.2009.07.041
https://doi.org/10.1140/epjc/s10052-012-1974-5
https://doi.org/10.1140/epjc/s10052-018-6189-y
https://doi.org/10.1103/PhysRevLett.99.161603
https://doi.org/10.1103/PhysRevD.80.032003
https://doi.org/10.3390/sym14030487

Can n — n' explain n lifetime anomaly?
p y

* “Bottle” t€ChﬁiqU.€ZZ usc a bOtde of ultra- 500 Historical Plot of Neutron Lifetime Values

cold neutrons, observe surviving neutrons

ga5 4
* “Beam” technique: use a beam of cold
] _ Beam = 8880 £ 2.0

neutrons, count decays into protons = T |
* 40 discrepancy persists between “beam” “*] | | I

and “bottle” measurements Aroms6 (2018)4  sso I L
—C._Y. Liu talk] e Bottle = 8784 =05
- - ¥ Beam
Z.. Berezhiani talk] o o{JE0R) - < e
B . 2002 2005 EUGEEEF Dl;:nl%&blica%?c:ll# 2017 2020
. Wietfeldt talk]

Daniel Savage for Quanta Maga

* Do neutrons disappear into something other than protons?
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n — n' in the NIST Beam Lifetime experiment

B=46T
Measure neutron flux
and proton decay rate: n=p |
! ! !
: n<—n n = n <—n
[E. Wietfeldt talk] P
o, t detector
- M+tpB=M
. Q (U) y precision proton
Np — Ep — aperture , detector
Tﬁ v '&\"\'x‘\"\"\"\"\"\'&\"\"\'A\"A\'A\"\‘ ‘ ‘ \
ﬁ,‘ 0 m [ NEIEIE T w """"""" 0
v (p(U) neutron
Nn — EnAvn dv SLiF deposit central proton beam
(% * trap —_ +800V
T
: . (LY € -
Np = Ny Landau-Zener transition: enhanced transition probability
g EnUn for non-adiabatic zero-crossing of energy difference
PRC 71 (2005) 055502, PRL 111 (2013) 222501 EPJC 79 (2019) 484

Leah Broussard “New searches for neutron oscillations at ORNIL,” PSI 2022, October 16 — 21, 2022


https://doi.org/10.1140/epjc/s10052-019-6995-x
https://doi.org/10.1140/epjc/s10052-019-6995-x

n — n' in the NIST Beam Lifetime experiment

B=46T
Measure neutron flux

and proton decay rate:

strong neutron

[E. Wietfeldt talk] absorber

0, t detector

] 1, (v) & precision - oroton
Np — Ep — aperture g o detector
‘B v Gy l‘\‘\'\'\'\'\_ “\‘\'\‘\'\'\"l
o (V) | aauauuuﬁ!&»uuuuuu L ———
’ d neutron
Nn — TlA n f SLiF deposit central proton beam
(% ® trap — +800V
T
: . (LY € =
Np = N Landau-Zener transition: enhanced transition probability
B EnUn for non-adiabatic zero-crossing of energy difference
PRC 71 (2005) 055502, PRL 111 (2013) 222501 EPJC 79 (2019) 484
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n — n' in the NIST Beam Lifetime experiment

* Calculated evolution through NIST beam

lifetime B profile pre 71 200s) 055502 | Landau-Zener transition when AF =0 |
d _ e~ . U H = ( m+V-—iWtu E) w0 Plot by F Gonzalez - \
ap=—l[H'p]=—al+lpH € 0 - 1_1 [,
Liouville-von Neumann equation p(0) = ((1) 8) —n %’0'8' / _ff ll
:E 0.6 Am =250 nev [ =
. . S — eu_z 1.0e-03 i . %
* Combine calculated shift in N,,, N, to N el - : :
find a lifetime shift : / “
= —— . \
Un Np/EPW S .
. . / . 05 . .' .' f
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n — n' in the NIST Beam Lifetime experiment

* Calculated evolution through NIST beam

lifetime B proﬁle PRC 71 (2005) 055502 I Landau-Zener tfﬂﬂ‘SiﬁOﬁ when AE =0 I

Fractional Shift in Tmeas

3 H=(Am+V—iWiuB E) —
aﬁz—i[ﬁ-ﬁ] = —iHp + ipHT € 0
Liouville—von Neumann equation p(0) = ((1) 8) =n 08
1073
* Combine calculated shift in N,,, N,, to 8

find a lifetime shift /
_ L N/ ;

vn N’p/fp_/ 104

Plot by F Gonzalez

. . 4
* Region of interest forn — n':
50 100 150 200 250 300
e When ~ 1% am (nev)
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The Magnetism Retlectometer instrument at
ORNL’s Spallation Neutron Source
kg .+ 1.4 MW, 1 GeV, 60 Hz proton

beam — spallation — neutrons
* 20 K liquid H moderator

1B - Disordered Mat’ls

2 - Backscattering Dl actomator =

17 - High Resolution

Spectrometer -
SNS Funded - DOE Funded (SING) - Chopper
Commission 2006 Commission 2010 Spectrometer -

DOE Funded (SING) -
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A

e
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Diffractometer -

T/
DOE Funded (SING) - Q., e
Commission 2007 M B

4A - Magnetism '
Reflectometer -
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* Magnetism Retlectometer: _
polarized neutrons for GI-SANS, — i
study magnetism in materials

14B - Hybrid

Spectrometer -
DOE Funded (SING) -
Commission 2011

- Fundamental
Physics Beamline -
IDT Funding TBD -

ommission TBD

12 - Single Crystal
Diffractometer —
LW L9 DOE Funded (SING) —
a }@, Commission 2009
At

? — Chemical
Spectrometer

9 - Engineering
Diffractometer -

IDT CFl Funded —
Commission 2008

6 - SANS -
SNS Funded -
Commission 2007

| Home of Nab + NEDM@SNS
[B. Plaster talk]

* 20X20 cm? position sensitive
detector

W)’
~ 11A - Powder

d
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n = n @SNS experiment approach

* Technique of cold neutron =2 & I
. f | Position sensitive \ NEo 2 10B beam-catcher
regeneration - = nheutron detector ol R

n-n' -n S

* Thick "B,C beam-catcher:
n blocked, n’ pass

* Compare transmission
through superconducting
“split coil” magnet

6.6 TvsOT

* 2 short beamtimes in July
and August 2019

Magnetic Field Profile

o B, N W B 00 O N

Leah Broussard “New searches for neutron oscillations at ORNL,” PSI 2022, October 16 — 21, 2022




Neutron beam characterizations

Time of Flight

. . . G \| Bragg edges
* Neutron beam extent/divergence inside magnet

characterization important for sensitivity .

@ 1074
2 ]

* Proton charge used for normalization. Beam stability
excellent but linearity of neutron production poor | Promp peak (fas

neutrons) vetoed

T T T T T T T
12000 14000 16000 18000 20000 22000 24000 26000

. Spectral 1nten51ty calibration, TOF:A calibration

Proton Charge [arb. unit]

1 ‘ 1
1566.15
Time [arb. unit]
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Absolute Horizontal Position (mm)
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Neutron beam intensity

* Challenge: main detector unable to accept full beam
intensity & calibrated neutron monitor unavailable

* Attenuate beam: (C,,O;H,,), polycarbonate sheets

* F, = (1.35 £ 0.31) X 10° n/C between 2.2A — 5.1A
* reduced by 78 + 2% to (1.05 £ 0.31) x 10° n/C

Intensity extrapolation to zero PC thickness

Thickness: 1.270 mm * 0.0173 mm
Density: 1.1947 £ 0.0085 g/cm?

- 0.775 - .
160 B Extrapolation vs TOF Cross sections from NIST
E Measurement errors 0.750 A g2
e arewithin poin e o o Neate = 0.6790 + 0.0036
o . _g ~ . 1 _
o | i ; [ Nmeas = 0.675 + 0.008
€ 1647 4 ~ - '!i,;_f 1 {H]i ! l
8 F \ 0.675 'iLH I L[ | l}] [}[ [
O 1546 + N 650 s | [
« c  F. = F.nk 577 e 062 !h*nl . ¥ T[I [ . . .
- = Fon sl A A T PHITSs simulations and later comparison
1E+5 + R ] ~—— Theoretical f f 11} . .
: 0600] I 2019Ft .[K} studies suggest extrapolation approach
[ Plot by Y Kamyshkov I 2020Fit Plot by MIKline . . .
Lba 0 5 1'0 1'5 2'0 2'5 20 12500 15000 17500 20000 22500 25000 27500 underestlmates 1nten81ty.

TOF

# PC plates
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n = n'(@SNS sensitivity

I Probability for neutron regeneration, B=0, absorber only I | Probability for neutron regeneration at max field I
0 ] 0

Reduction in
V compensates Am

sensitivity where
V compensates

Am + uB

Plot by F Gonzalez
100 200 300 400 500 600 700 800 0 100 200 300 400 500 600 700 800

Y

H1/2=2 #1.2=4 H#I1.2=0

—10

Neutron oscillations in matter Sym 14 (2022) 230
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Impact for neutron lifetime anomaly

B Field at | B4C Total Cts | Charge | Cts / 5C 07 N S

+4.8°T center 7748 £88  138C 2805+ 32 f ___ probability ~ const*

48T center  4976+70 88C 2823 % 40 |

0T center 6631 +81 11.9C 2791 + 34 | d

333 T center  1017+32 1.8C 2817 + 88 e

+6.6'T peak B 1010+32 18C 2804 + 88 ég;:mset S D

66T peak B 1120 £33 20C 2863 + 86 400 < hm < 600y —-- P=10"

0T peak B 4916+70 87C 2815 40 I ijl

* Excluded transmission < 2.5 x 10 (95 | | P T
C.L.) (grey region) ambe  F. Gonzalez, ORNL

. . : :
Conclulsyon. this €X(.)t:clc. process d(ies Gray — Excluded region from our experiment (95% CL)
not explain neutron lifetime anoma y Red — 1% + 0.2% difference in neutron lifetime

PRI 128 (2022) 212503 .
Dashed — Probability bands

*Caveat: see [Z. Berezhiani talk]
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Improved search for n = n'(@ SNS

* 32 mm thick B,C: overall reduction in — — |
Sensltlvlty dU:€ tO nl atteﬁuatloq lnslde l(!!l -I'O ap1 ty Ofileuthﬂ regeneratlon Wit eamstop
absorber; void near compensating Vi E | | |

(already excluded)

Svm 14 (2022) 230

* Important for comparing limits to 10-2 4 L 2
STEREO :
* Minimize L0-3
impact — —
1 mm »»
. 5 1074
thick Cd . l.}
beamstop !I 1
K. 10~
4/" Using B4C 8
- | lD_E 100 20 30 40 SD 60 70 800 _1{]
* November 2020 beamtime: 8X I
. . Plot by F Gonzalez
statistics 10-7 -12

0 200 400 600 200 1000 1200
Am (neV)
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Improved search for n = n'(@ SNS

Attenuation Runs

* Higher intensity after optimizing beamline, improved ™"

understanding of scattering backgrounds: |
(2.95 £ 0.10) X 10? n/C (+ add’l correction TBD) .
* Improved shielding for 10x reduction in detector P
background count rate =
* Improved sensitivity — uniformity and time | ooty F aoaiee. — 2
dependence become important 12000 14600 16600 18{_”::_(’)0 iﬁg_{)ﬂht (22;)00 24600 26600
- Before
g After
0f % ﬂhMMJ‘sﬁthMMWﬂdmmw 1 AL ||‘I’I )

[=)
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Improved search for n = n'(@ SNS

* Statistics only limit on transmission < 4.35 x 1071V (95% C.1..)

& o = 4 o & o 4 e 3 o

E L e
ot Lt G
Py ==
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Next: searches for n = n' (@ HFIR

1X1 m?

High Flux Isotope Reactor - 85 MW h@ghest reactor- | b | position
based source of neutrons for research in US WP

* New program of searches using General-Purpose Small
Angle Neutron Scattering instrument

* ~10,000X more neutron intensity than SNS Mag Ret

* Lower backgrounds: "He neutron detector in Cd
shielded tank

* 15 m and 20 m long beamguides for “disappearance”

and “regeneration”
GP-SANS beam line

LRSS IRARAT I LTI N
HM'IIIMHII WO TR R R

|
1om {.Sm/ 20m
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First search for n —» n'(@ HFIR

* 2020-2022: Short beamtimes to study how
to improve limit on n = n’ with small Am

B P

* Intensity for collimated beam
e Calibrated monitor: 9.93 x 108 n/s

* Au Foil: 7.4x108n/s

* Reactor off background: 3 cps / m GP-SANS =

1es detector S Calibrated ,f

: =] LS tarkc [P monitor

> MCcSTAS 7 o

4 simulated 5

3 spectrum P L

i Plotby M Frost | | : : s

D 55 se 75 wWo @5 Bo  ws o R NC Attenuator scan

activation

MNeutron Wavelength [Angstrom]
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Pasition {m}

First search for n - n'@ HFIR

* July 2021: First beamtime to search forn = n'

* First use of “white beam” (no velocity selector)

* Intensity studies introduced activation
background — limited sensitivity to physics
* 2022: optimized hardware thresholds (n vs v)

reduces effect

All Counts, Run 24883

04

0oz

0oa

-0.2

-0.4
-0.4 —0.2 00 02 04

Position {m}

TLeah Broussard
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Plot by M Frost

— I=le" T+ b
Fit Error
I Zero-Field Data

I, = 3.2(1) Hz
T1/, = 2.881333 hours
b = 7.6(1) Hz

Consistent with 2%
>6Mg in SS tubes

T
0 10000

T T T
20000 30000 40000
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Decay/Background Corrected
Detector Countrate [Hz]

Cd beamstop
inside magnet

0.3

0.2 [

0.1 [ [ I

ol [ LTI [T \
-0.1 I
—02 4 [ stable Field

' Plot by M Frost I Ramping Field
039 10000 20000 30000 40000

Relative Time [seconds]

Background rate ~ 0.1 Hz / ROI achievable
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Upcoming at HFIR

* Beamtime proposal for n = n' search with small Am at HFIR, goal 2023
* Next stage: Search for Transition Magnetic Moment uoei phys 1 2019271280 USING
(1) split coil magnet [ref] and (2) custom coil assembly —
N L oo UCNT Halbach array
e = AE(Amy, B, V_)> €/ TNO B |Z. Berezhiani talk] N | '
€, +NaG-B 0

* Explain bottle lifetime discrepancy: n/u~10"* — 107>

o . . . e _4_ . r
* Initial goal sensitivity: n/u < 10 . UCNt simplified model
E 1000'sn - n’
\- 18 i g . points per sec %0 )
GP-SANS beam line 10G 10G S y el
LW A A Vaaass S88FES - g 02 { & oo
e A1 AN RO (TR0 L0TAnT] W i E - !, ..
A U A0 EIN VAR /A
_ B \
S
/ ] 0
16m 15m 20m 0 0.5 1 15 2

Time, sec  Plot by Y Kamyshkov
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Upcoming at HFIR

* Back to the beginning — anomalies observed in UCN searches based on
tuning B ~ B’ to achieve AL = 0 and P(n -» n') « (Ennrtfree)z

* Cold neutron regeneration complementary, robust approach
PRD 96 035039 (2017)

Appearance of neutrons

* Leverage the full GP-SANS instrument arxiv:1710.00767

- ;
Absorber / high T i
efficiency detector St 4 T ity $
GP-SANS beam line D = - = % T T Tis
© .
ey 3 Dlsappearance of neutrons
lll’l’l"l’llill’l'lll ----------------- { lll"llllll"lll"llv_k E B { *
: : : = + ‘
£ - * 4
/ // ! / IR . 0
16m 15m m - ; ! 2
" o5 o1 0.0 0 0.0 0.1 .15

Add 3D B field control Magnetic field Scan
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Mirror neutrons and antineutrons

n
!/
n
|¢n) - T_l’
e Straightforward extension of formalism to consider n = i, n’;n’ n
* Shortcut for neutron-antineutron oscillations \
EPJC 81 (2021) 33 m+ uo - B Enin —
e New Avenue for search for I, = Eni m-—uo-B , 5m,1 , “nn
baryon number violation Tnn! Oni! m +uo-B Enit
O ! Enii m —u'o-B’

* Connection to cobaryogenesis
IJMP 33 1844034 (2018)

Veto system

Low Beam i
Efficiency . G L
beam stop Anti-neutron |,
monitor — &

Cold n Magnetlc coils Magnetic COIIS detecto ¥

beam

=4

* Bonus: R&D for a high sensitivity n = n search NNBAR [R. Wagner Friday]
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e o . [
HIBEAM sensitivity ton > n "
5 HIBEAM (one year
E.@ 500 | rynning @ 1MW)
. 2 £ 400
* ESS: World’s most powertful spallation source 55,
* Assume ESS@1MW, 50m, 1 year operation, 58 o L
1 n/s bkgd, 2 m detector 0
o h . !/ / —_— ool ?\)Ilagnetic field (Gauss)
Searches:n > n > n,n—->n —>n R
. imulated example o
% wE n-regeneration spignal
8
Regeneration E
»3D magnetic control coils 8 3D magnetic control coils R
B (151) B (1, 4;10) ||
n->n’ n'->n ”:“’*é
Disappearance & o
3D magnetic control coils C 8 essoss
B (1.4) 2’5‘*’"— Simulated example of
: 2067 disappearance signal
10 20 30 40 " 29-50662— ‘. when B = B’
B. Meirose, COSM022 e
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Summary

* Searches for dark matter and baryon number violation strongly
motivated

* Neutrons are under-explored territory in worldwide BLV/dark matter programs

* We have performed a search for neutron oscillations with small mass
splitting; excluded the possibility that n —n' causes the neutron lifetime
anomaly 1n NIST Beam Lifetime

* Future searches leverage ORNL’s High Flux Isotope Reactor for this and
other mechanisms for neutron oscillations, higher sensitivity comes from
dedicated instrument at ESS

e Searches forn - n' = 7 enable unique opportunity for early R&D for tuture
high sensitivity search forn = n

I gratefully acknowledge support from the Laboratory Directed Research and Development Program of Oak Ridge National Laboratory, managed by UT-Battelle, LLC, for the U. S. Department of Energy [project number
8215] and the U.S. Department of Energy, Office of Science, Office of Nuclear Physics [DE-AC05-000R22725]. This research used resources at the Spallation Neutron Source and the High Flux Isotope Reactor, DOE
Office of Science User Facilities operated by the Oak Ridge National Laboratory.
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Parallel universe breakthrough:
Scientists begin work on findi
a ‘mirrorverse’
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BOI]U.S [ have a Google new alert setup for @leahjbroussard and every time it goes
off I am excited and scared all at the same time.
Did she do it7??
Did she do it and now we are all going to die??

. . .
AbOU.t 100 (ﬁlOSdY Cthbﬂlt) @leahjbroussard have you considered what might come through the
StOfi@S on the CXpefimCﬁt portal?... regardless, please proceed.
@leahjbroussard Not that [ don't doubt you'll make excellent progress with
* Hundreds of thousands of your experiment, but I hope that you'll be taking every precaution should
tWCCtS/OthCI' social media ‘'something’ try to follow the particles back. Be really cautious and have

failsafes to shut it down If need be.

* 2 posted letters

I'm an excited hobbyist (sharing with my & year old son and 4 year old

. daughter) and wish you the best.
* 1 plece of art

Hello Goodmaorning, [ saw your experiment recently and just
wanted to let you know if you ever reach a point you want
to see if you can mirror humans. I volunteer as a guinea pig.

* Response from the public
* 1/3 enthusiastic public
* 1/3 “alternative physicists”

A Find us a better timeline! You're our only hope @leahjbroussard

[ really encourage you and your team to watch Stranger Things
before attempting to open the gate to a mirror universe.
Sent from my iPhone

* 1/3 volunteers to go through the
portal
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