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at the Spallation
Neutron Source
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Standard Model Extension:
Mirror Matter

Introduce a new hidden sector SM copy M
Restore global parity with right-handed weak i I'i 'l | )

interactions

Mirror composite particles (p’, n')
Interaction through gravity

Normal and Mirror Model mixing

i% |P(t)) = (AE(AWEL’B’B V) E”(‘)”') W (1)) Standard Model

nn
Am from different Higgs VEV

In lab can control fields (B) and materials (V)
Look for resonance at AL = 0

More on this model:

Berezhiani, Z., and Bento, L., PRL 96 081801 (2006)
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Standard Model Extension:

Mirror Matter

Introduce a new hidden sector SM copy

Restore global parity with right-handed weak

interactions
Mirror composite particles (p’, n')
Interaction through gravity

Normal and Mirror Model mixing
AE(Am,B,B",V) €

‘d).s) b)

. d . nn'
ldt|l11(t)) = ( ., 0 >|lP(t)) Standard Model

nn
Am from different Higgs VEV

In lab can control fields (B) and materials (V)

Look for resonance at AL = 0

For B’ see:
P. Mohanmurthy
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More on this model:

Berezhiani, Z., and Bento, L., PRL 96 081801 (2006)



https://journals.aps.org/prl/abstract/10.1103/PhysRevLett.96.081801
https://agenda.hep.wisc.edu/event/1644/contributions/26240/

The Weak Interaction
and Neutron Decay
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The Weak Interaction
and Neutron Decay
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https://pdg.lbl.gov/
https://agenda.hep.wisc.edu/event/1644/contributions/25906/
https://agenda.hep.wisc.edu/event/1644/contributions/26018/
https://agenda.hep.wisc.edu/event/1644/contributions/26115/
https://agenda.hep.wisc.edu/event/1644/contributions/26366/
https://agenda.hep.wisc.edu/event/1644/contributions/26062/

How to Measure a Lifetime?
Count the Living or Count the Dead

“Bottle experiment”:
> Counting the living neutrons
o Y(t) — Yoe_t/fmeas

Number Observed
% 8

Store Count

. Time
z Credit: C-Y Liu

L

Systematics:
o Relative measurements of rates

© Unaccounted for sources of loss give a lower
lifetime!

“Beam experiment”:
° Counting the dead decay products

°oT — L N n / €n
meas :
vn Np/€p
alpha, triton
detector
precision _ broton
aperture —— 7 detector
@0 1
6 7 A5 neutron beam
d eLcl>sit mirror trap electrodes door open
* P (+800 V) (ground)

Schematic from:
o Nico, J. S. et al, Phys. Rev. C 71, 055502 (2005)

Systematics:
> Absolute measurements of p* and n rates

o Need to calibrate two detectors
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https://journals.aps.org/prc/abstract/10.1103/PhysRevC.71.055502

How to Measure a Lifetime?
Count the Living or Count the Dead

“Bottle experiment”: “Beam experiment”:
> Counting the living neutrons ° Counting the dead decay products
200 Histarical Plot of Neutron Lifetime Values
895 -
a90 Beam =888.0 2.0
Beam > Bottle (~40) < as |
820 - I I i
Bottle = 8784 205
BTS -
¥ Beam
}  Bottle
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Year of Publication
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How to Measure a Lifetime?
Count the Living or Count the Dead

“Bottle experiment”: “Beam experiment”:
> Counting the living neutrons ° Counting the dead decay products
200 Histarical Plot of Neutron Lifetime Values

Ba5 -

Beam = 8880 x 2.0

Beam > Bottle (~40)

UCNT Experiment:
o R. Pattie (Plenary)
UCNProBe(ing) the discrepancy:

T T T T T T T © Z. Tang (EW'3)
2002 2005 2008 2011 2014 2017 2020
Year of Publication Gonzalez, F. M. et al, Phys. Rev. Lett. 127, 162501 (2021)

Bottle = 8784 =05
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https://agenda.hep.wisc.edu/event/1644/contributions/26438/
https://journals.aps.org/prl/abstract/10.1103/PhysRevLett.127.162501

How to Measure a Lifetime?
Count the Living or Count the Dead

“Bottle experiment”: “Beam experiment”:
Counting the lving neutrons Counting the dead decay products
CEM Matrix Element V4

0977

bave | - Fan be explained if n — y, where y
< o is not a proton

1,975 . m But CKM Unitarity constraints
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0.973 - Vugl

0.972 - Appa

097l

21285 -1280 -1275 -1270 -1265 -1260 —1.255
A= galgy
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How to Measure Lifetime?
The Beam Lifetime

Two particle fluxes (Np,Nn) required:
L N,/e,

Un Ny /€

Tmeas —

alpha, triton

detector
& precision Bo46T broton
aperture detector
.)m ))m beam
deLcl)sit mirror trap electrodes door open
‘ P (+800 V) (ground)

Most precise beam:
o Yue,A.T. etal. PRL111, 222501 (2013)
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https://link.aps.org/doi/10.1103/PhysRevLett.111.222501

How to Measure Lifetime?
The Beam Lifetime

Two particle fluxes (Np,Nn) required:
L Nn/En +800V

Un Ny /€

Beam of n passes through electrodes <

Tmeas —

Nn measured at end with 6Li

alpha, triton

detector
P9 precision B=46T proton
aperture detector
Qi .)M))M beam
deposit mirror trap electrodes door open
* P (+800 V) (ground)

Most precise beam:
Yue, A. T. et al. PRL 111, 222501 (2013)

n — p"‘ 4+ e + v_e 7 GONZALEZ CIPANP 9/1/2022 7
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How to Measure Lifetime?
The Beam Lifetime

Two particle fluxes (Np,Nn) required:
L N, /e,

Un Ny /€

Beam of n passes through electrodes

N,, measured at end with °Li @
alpha, triton

Decay product p* trapped inside E field detector

recision
p B=46T proton
aperture detector

«o) MR

deposit mirror trap electrodes door open
* P (+800 V) (ground)

Tmeas —

A

Most precise beam:
Yue, A. T. et al. PRL 111, 222501 (2013)

n — p"‘ 4+ e + v_e 7 GONZALEZ CIPANP 9/1/2022
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How to Measure Lifetime?
The Beam Lifetime

Two particle fluxes (Np,Nn) required:

L Nn/En +800V
T = .
meas vn Np/Ep
Beam of n passes through electrodes p

o Nn measured at end with 6Li

p

alpha, triton
Decay product p* trapped inside E field detector

. pI'CClSlOI’l B 4 6 T pI‘OtOI’l
External detector to measure Np aperture detector

“o X . BN

de osi ¢ mirror trap electrodes door open
‘ P (+800 V) (ground)

Most precise beam:
o Yue,A.T. etal. PRL111, 222501 (2013)
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How to Measure Lifetime?
The Beam Lifetime

Two particle fluxes (Np,Nn) required:

L Nn/En +800V
T = .
meas vn Np/Ep
Beam of n passes through electrodes p

o Nn measured at end with 6Li

p

alpha, triton
Decay product p* trapped inside E field detector

. precision B=46T proton
External detector to measure Np aperture detector

> Guided to detector with B = 4.6 T ‘ ‘
> Compensation for energy difference AE'! ) A pisk neutron beam
Li

deposit mirror trap electrodes door open
‘ P (+800 V) (ground)

Most precise beam:
o Yue,A.T. etal. PRL111, 222501 (2013)
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n = n Inthe Beam Litetime
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n = n' in the Beam Lifetime
° 1.0 o i
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Landau-Zener Transitions
when AE =0

n counted after magnet

Fractional change in Nn
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Landau-Zener Transitions
when AE =0

n counted after magnet

Fractional change in Nn

50 100 150 200 250 300
Am (nev)

0.6

0.5

0.4

0.3

0.2

0.1

0.0



Experimental Apparatus:
Shooting Neutrons Through a WaH

MAGREF

, A
el . Neutr-orzg an'i
=1 1__£| ‘

N =
3
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Experimental Apparatus:
Shooting Neutrons Through a Wall

MAGREF

o \b

Neutron Detector =

=N £ ‘ﬂ:
Magnet (6.6T) M‘ - ' 7R
= | RS [ - e [~
— il Fe.t WA NG
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Experimental Apparatus:
Shooting Neutrons Through a Wall

MAGREF

3 ;‘v!Neutr-or-m éan'i ﬁl - F

| 16 -~
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Searching forn - n’ at ORNL

Double solenoid with B,C absorber inside
Absorber blocks transmission of n

Doesn’t block n'!

Neutron Detection Probability

1.0 .c"-\‘ O by =289 neV
1 1 \+ ! \‘. — Bp=5e-03 |
I \ v=500m/s | °
0.5 4 ! AN\ —- BField
/ \ [ \ 5
| - \
! & \
0.6 - i = i 4
. S \ E
! e \ o
! . \ -3
047 ! = \ .
/ m |
: \ "
\
0.2 _ \
/ AN L
' N '
. | *'-..___‘_
0.0 T T T T T T .‘_ 0
-0.3 -0.2 -0.1 0.0 0.1 0.2 0.3

Distance From Magnet Center (m)

Calculate the probability of n':

Use GPU codes to parameter sweep A1 and 6
Exclude regions without enough transmission

logio(p11)

1071 5

1074

10—5 i
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Doesn — n' Explain
the Neutron Lifetime Discrepancy?




Doesn — n' Explain
the Neutron Lifetime Discrepancy?

NO!




Doesn — n' Explain

the Neutron Lifetime Discrepancy?

NO!

No counts observed above background!
> No transmission < 2.5 X 108 (95% CL)

> Excludes gray parameter space

Difference between Beam Lifetime and 7,, (red
band)

Mirror neutrons do NOT explain the lifetime
shift

o Broussard, L.J. et al. Phys. Rev. Lett. 128, 212503
(2022).

1071 3
10-2 4i
& 1077 3

1074 93
Ji

103
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https://journals.aps.org/prl/abstract/10.1103/PhysRevLett.128.212503

_ooking Forwards:
More Neutrons and Better Limits

Spallation Neutron Source (MAGREF)

> Different absorber, better shielding, different magnetic
fields

> Transmission < 4.35'x 1071% (95% CL)

1071 3 U R
] e Ee e ]
il
Pl
1072 § h I E—— 1
'J
\’/_ﬁ

— 95% CL
------ P=10"2
—-= P=107°
-—- p=10"8
-—- p=10"4

T T T T T
0 200 400 600 800 1000 1200
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_ooking Forwards:
More Neutrons and Better Limits

Spallation Neutron Source (MAGREF) High Flux Isotope Reactor {GP-SANS)
Different absorber, better shielding, different magnetic X 10 intensity of MAGREF
fields So intense we accidentally activated the steel in the
Transmission < 4.35 x 1071° (95% CL) detector...
New detector/beam characterizations at GP-SANS
1071 3 L R
3 R L 1.6
| i Iy = 3.2(1) Hz — I=le " +b
1072 I — 105 ] 1/t = 6.7(7) x 1075 s Fit Error
I - .-.\_ ”}—_7 i - Tl/z _ 288t8%§ hours 1 Zero-Field Data
7]
| (e e —— % 100 b = 7.6(1) Hz
=
2
9]
5 95
o
w
on
S 901
— 95% CL E
=
""" P=107* 2 g5
—-= Pp=107% o
-—- P=107% N
8.0
--- P=1074 M. Frost (ORNL)
=7 T T T T T T T T T T
10 0 200 400 600 800 1000 1200 0 10000 20000 30000 40000
Am (neV) Relative Time [seconds]
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Further n > n' Searches at ORNL:
Transition magnetic moment

Neutron Transition Magnetic Moment:

UCNt simplified model

e
w

) o E 1000'sn —» n’
°© Seee.g. X" > A" +y S 04 “decoherence” oo |-
- S o oints per sec =Y (3]
o (AE(Amn,B,V) €, +n0-B> £ 03 POTEP .Sk
_ > - purt E
€Epn’ tNO-B 0 @ 02 & oo
> For strong B, transition probability P,,,.,r — 2(n/u)? 5 01 V V
(@]
O
: . . ] © 0
Decoherence in sharp field gradient: ; o ) e ,
. AB 1 _ 1 Time, sec
Ax Qv (At)z ”(Ax)z Current UCN limits in terms of € Current UCN limits in terms of k - u,

For small, uniform B with AE = 0:

P in2(n & - BA ;
o ] = n o ‘_? &
nn! = Sin ( o t) o <
‘EOJOO J
v SN
/ Qs Ban 2007 Altarev 2009
0.010 .“ (RN - 1| (S — A.IiaLev__ZOQQ_;_ 106 Serebrov 2008 Berezhiani 2012
T= 1'00 s Serebrov 2008 Berezhiani 2012 Serebrov 2009 Berezhiani 2018
Serebrov 2009 Berezhiani 2018 107
0w1 1 1 1 1 1 = i . L . i
. . . 0.01 0.02 0.05 0.10 0.20 0.50 0.01 0.02 0.05 0.10 0.20 0.50
Berezhiani, Z. et al. Physics, 1(2), 271-289 (2019) i -
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https://doi.org/10.3390/physics1020021

Further n = n’ Searches at ORNL:
Searchesforn - n' - n

Extend Hamiltonian to account forn’ - n:
m+ uo - B

(a)

Enn Xnn' Onn’
Enn m—ue - B 87! Ay
* Hine = , ro 57
Ay O’ m +uo-B Enit
S B [ - ﬁ
nn' Ann! Enn m—-—uo
Big difference in transition limits!
°© Tpn > 4.7 X 108s
° T > 4.5 % 10%s
Low. Beam Veto SySt. m
Efficiency = /
monior Skop ' Anti-neufron
Cold n Magnetic coils Magnetic coils detegtor
AANANNNAANANNNANAANNANAN NANANANANANAANANANAANAAAA AANAANANAAANAAAANANAAANAANAAAAAAAAAAAAAAA

beam

= |

n-n',na

e —>,
Vacuum vessel B =5

AAAAANAANAAAAAAANAAAANANAAAAAAAAAAAAAA

|
-

NN .\v"\\/\ NVAAANAAAASY
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Berezhiani, Z. Eur. Phys. J. C 81, 33 (2021).



https://doi.org/10.1140/epjc/s10052-020-08824-9

Further n = n’ Searches at ORNL:
Searchesforn - n' - n

Extend Hamiltonian to account forn’ — n:

I
m+ uo - B Enit ! O
Enn m—ue - B 87! Ay
; }[int - ; 1> 57
! O’ m +uo-B Ent
5 —Wd-B
nn' Xnn' Enn m —po-

Big difference in transition limits!
°© Tpn > 4.7 X 108s

More on the staged program to HIBEAM+NNBAR:

2
(o] / .
Tnn' > 4.5 X 10%s o L. Broussard (HI-3) -
a
Veto systgm

Low Beam 4
Efficiency = /
e M stop Anti-neufron

Cold n Magnetic coils Magnetic coils detegtor

bea o AAAAANAAAAANAAAANAAANNAAAAAAAAAANAAAA ANANANASANANANANAAANANNANANAANAANAAAANAAANAAANAA

n N n" ﬁl nl’ 7—1[ N ﬁ
— —>, -,
B=8B ~R

ANANASAMNANSAAAAAANAAANAANAAAAAAAAAAAAAAA ANAAAANANNANANANNAAAAN NN NNANANANAAANAANAAA

Berezhiani, Z. Eur. Phys. J. C 81, 33 (2021).
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https://agenda.hep.wisc.edu/event/1644/contributions/26130/
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Dark Neutron Decay Limits

Quickly followed by experimental searches for W |
\

UCN-Background

exotic neutron decay channels

n->xy+y
Tang, Z., etal. PRL. 121, 022505 (2018).

n-y+ete”

- Capture gammas

¥ | | m —— UCN-Background-Capture
“ | “ 4 Proposed DM peak
[
V| ‘
0.2 ¥ r‘ \
i Iy f I\

Counts/10s/2.1keV bin

Sun, X. et al., Phys. Rev. C 97, 052501(R) (2018). »M ’wf‘ |
Additional nuclear decay limitations oo Enefjfim oo
Neutron star masses require self-interacting y 10-2 - - | :55
Baym, B. et al. PRL. 121, 061801 (2018)
Cline, J. and Cornell, J., JHEP 81, 13180 (2018). . S :5
Proposals to search in !Li, 'Be decays 5l 2 To
Ejiri, H. and Vergados, J. D., J. Phys. G, 46.025104 (2019). .- ’
Riisager, K. et al. Eur. Phys. J. A 56, 100 (2020). =110+ 3 25
, 90% Confidence 2
Bottle measurement agrees with 1/, ;! 15
10_50 260 400 660

Fornal, B. and Grinstein, B. Mod. Phys. Let. A 35, 31 2030019 (2020). E.e (keV)
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https://journals.aps.org/prl/abstract/10.1103/PhysRevLett.121.061801
https://link.springer.com/article/10.1007/JHEP07(2018)081
https://doi.org/10.1088/1361-6471/aaf55b
https://doi.org/10.1140/epja/s10050-020-00110-2
https://doi.org/10.1142/S0217732320300190

Energy Dependence of n » n’

Write a two-state mixing Hamiltonian and solve the
Schrédinger equation:

H,(m,,B, .. Different Higgs VEV between n, n'’
iy = (Ml ) ) 1wy 68
dt /(mn ,B

€nn'

Equivalent to difference between energy states

, AE(Am,B,B’,...)
) lE ¥(0)) = ( €. ) %n ) ¥ () Local matter/mirror matter

nn

o AE = Am+un(5-§)—unr(o_"-ﬁ)+ V-V
Traditionally, diagonalize the matrix with a rotation:

Solving for th bability of n = n't ition:
olving 1or € proobapllity ot n n ran25| on tan 260 = 2 nn

— 46 2 AE AE
1(t) = sin? 260 [1 — cos(AEL)] = o 5 —2’ gin (2 t)

Tl—>TL

When AE = 0, we expect a resonance!
> Tune B to look for evidence of Am, B, €,,,,/ ...

Kamvshkon et al., Symmetry, 14(2), 230 (2022)
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Simulating The Beam
Lifetime

o
'S
-

(S !
tan 260 = 2™
AE

Parameter sweep over Am, 6 with known v

£§ 0.8 i %
: _, i ’
Amplitude of transitions depends on AE, 6, v: A i £
S — Bp=1.0e03 i s
AE = Am + u, B §oal = orew /

o
]

distribution o0

Numerically integrating density matrix with
Liouville-von Neumann equation:

2 p=—i[A-p|=—ilip+ipAt
GPU (CUDA) parallelized code

Undergraduate project! Michael Kline, OSU
Determine change in measured rates

Region of interest forn —» n':
When 0 Teas/Tn ~ 1%

Lower shifts possible for dark matter, baryogenesis }

6o

1073

1074

!
i J . L,
: \
/ .
L~ F \
— N

T
0.0 0.5

Hacﬁonalchangeinﬁb

100

150 200 250
Am (eV)
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Pn'n' (8y=10"2)

Improvements at the
SNS: Material Potentials

Pn'n’ (8,=10"3)

Pnn (8p=10"2)

Recall:
Hy = 1+ 2t (6 B) 4V = i W — - Pom @=t0™
o = o - —1 —_—
n nt om, Un 27,
. ! 0 200 400 600 800 1000 1200 1400 1600
> Looking at AE(n,n") An& Y
C

Q
<

Lower sensitivity when AE (Am, B) Retll SN MM I I A IV I I

1.E-3 E\/k Ppin 8o = 1072
© VB4C = 199.2 neV 1E4 4

= 1 Pnint 8o = 1073
° Veq = 58.8 neV = E\/K e
F LEG 4
3 _ 10-2
T 1E7 _i Pnn 0o = 10
© 2
= 1E8 4
More data taken at SNS: ERTR
Q
> Lower material potential 1E-10 - .
1.E-11 4 pnn QU = 10_3
> Lower background (x 10)
1.E-12
0 200 400 600 800 1000 1200 1400 1600
Kamyshkov Y. et al., Symmetry, 14(2), 230 (2022) Am, neV
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Staged Program from
ORNL to NNBAR

ORNL:
> Uses existing neutron scattering facilities (MAGREF, GP-SANS)

> GP-SANS has long, large area beam guides with low background detector

Move to HIBEAM experiment at ESS T % e i)

SOURCE
%OAK RIDGE ? Early Stage: Middle Stage:
National Laboratory ¢ { &5 | 20m+15m long beamline + low ge: o _
| v [ ies background detectors available n->n'/n ->n/n

TR _
Ca R “regeneration” search

- ‘ gl :j .':: T T n2'~0l Y éo. Y .io Ty
Up to 50 m available for flexibility
in experimental geometry

via ORNL User Program

AAAAANAASNAAANAAANAAANAAANAAAAAANAAN AAAANNANAANAAANSINAANAANAAAANAA

—_ — —
S 10 20] 30/ 40
Q ANAANNAANAAAANNAAANAANNAAAAAAAAAANAAY ANAANVANAAANAAANAANAAANAAAAAA
__________ [ I H ”
-------- = disappearance” search
Neutron a

. ;
n—-n /Tl' Slide Courtesy L. Broussard

source
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Another Type of B Violation:n = n

n — nn Annihilation and Knockouts

Sim”ar idea tO n— Tl’: ° +« Noncontinuous

- (mn + B e ) pe . SmSlopeon

€.~ m. — ,Ll B ®. T . |n;/raor|a:)n;mass
e " " \ / iom(tenttu[m

Nuclear transitions: 10 Ay *_—_—E"

° Thn > 4.7 X 1085 (90% C. L.) / \

° Use n = 71 in oxygen nucleus o< T R &

> Super Kamiokande, Phys. Rev. D 103. 012008 ‘plonstar” "o

(2021). - -

3
 — ——326m

“Free” n beam limit:
© 7, > 0.86 X 108s (90% C. L)

Drift Vessel  nfy-Metal Shield

HS3 2
> Baldo-Ceolin, M. et al., Z. Phys. C - Particles and " ——— — Target Dump
Fle|dS 63, 409_416 (1994). “ \—l)i\-wgcnl Neutron Guide
=

Golubeva, E. S., Barrow, J. L. and Ladd, C. G., Phys. Rev. D 99, 035002 (2021).
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