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Outstanding questions NNEAR %, ¥

Standard Model (SM) of particle physics does not describe nature completely:

Matter/antimatter asymmetry

Dark matter

Dark energy

Grand unification (strong+electroweak)
Gravity



NNBAR

Matter/antimatter asymmetry

Standard Model (SM) of particle physics does not describe nature completely

Matter/antimatter asymmetry < Sakharov conditions

Baryon number B violation

C- and CP-symmetry violation
Interactions out of thermal equilibrium
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Baryon number violation

Standard Model (SM) of particle physics does not describe nature completely

Matter/antimatter asymmetry < Sakharov conditions

. .
Baryon number B violation (and lepton L)

O
Sphaleron processes,

Unification models
Supersymmetry
Hidden sector
[..]



Baryon number violation

Standard Model (SM) of particle physics does not describe nature completely:

e Matter/antimatter asymmetry < Sakharov conditions
o Baryon number B violation (and lepton L)
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Baryon number violation

Standard Model (SM) of particle physics does not describe nature completely

Matter/antimatter asymmetry < Sakharov conditions

. .
Baryon number B violation (and lepton L)
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EUROPEAN
SPALLATIO

World's highest intensity neutron source =28 SOURCE

e Lund, Sweden
e Operations from 2027/2028
e Neutron imaging material, lifescience

e Nominally 2 GeV protons,
3 ms pulse, 14 Hz, (2;5) MW
Rotating tungsten target

e Neutrons cold after moderators
15 beamlines/instruments (+ 227?)




Experimental setup
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[ Annihilation detector (n = i, n — n' — 7 (a,d))]

[ Neutron detector forn — n’, ALP, q,#0 (b)]

[ Neutron detector forn — n’ — n, (¢)]
Magnetic
Shielding

[Beam stop (n — n' — n, (¢)]
[Beam stop (n — n' — 71, (d)]

n-n

n-n', ALP, q,#0 (up to ~300m)

Neutron Extraction
system

Magnetically shielded 50 m beamline n-n

WASA (Csl) crystal calorimeter + TPC

axions
nEDM




Antineutrons n — n

e o e ] Neutron beam oscillating to antineutrons,

[ Neutron detector forn — n’, ALP, q,#0 (b)]

[ Neutron detector forn — n’ — n, (¢)] . . of o .
Magneti incident on annihilation detector
[Beam stop (n — n’/ -, ()] x |
[Beam stop (. — ' — 7, ()] (Mot recent search 1994 (ILL)
= . .
=7 — neutron lifetime 7a.2 > 8.6 x 107 s

Experimental setup Z

() n-n
| 0
n-n', ALP, q,#0
Scintillator crystals : Passive shield

(b)
© n-= n' n' -n
@ n- n' n ->n

10* n/s, runtime 3—4 yr

Sensitivity improvement x 10



Sterile neutrons n - n’

L e sl L G Magnetic field scan + 2 G (200 uT)

[ Neutron detector forn — n’, ALP, q,#0 (b)]

[ Neutron detector forn — n' — n, (c)] . .
weeie 10 find degeneracy with sterile sector

Shielding

[Beam stop (n — n’ — n, (c)] X

[Beam siop (n— =7 (@] Possible beam stop to allow
regeneration search

Experimental setup

@) n-n .

n-n', ALP, q,#0 fodera
® B ource
© n-n ] n' -n B
@ n-n | n'=n B N

Neutron Extraction
system

disappearance n — n’

regeneration n - n’ - n
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Sterile neutrons n - n’

[ Annihilation detector (n — 71, n — n' — 7 (a,d))]
[ Neutron detector forn — n’, ALP, q,#0 (b)]
[ Neutron detector forn — n' — n, (c)]

[Beam stop (n — n' — n, (¢)]
[Beam stop (n — n' — 7, (d)]

Experimental setup
@) n-n

(®)

! !
(¢ n—-n ,In—>n

n-n', ALP, q,#0

@ n-n | n'-n

disappearance n - n’
regeneration n - n’ - n

Magnetic field scan + 2 G (200 uT)
to find degeneracy with sterile sector

Possible beam stop to allow
regeneration search

T (s)

Y 102

To-n ~975S 101
Tn.n ~185s
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: NNBAR %, ko
AXions arXiv:2404.1552 e

. op s i
[ Annihilation detector (n — 71, n — n' — 7 (a,d))] 2 ;—' pfe
[ Neutron detector forn — n’, ALP, q,#0 (b)] Guide i 4 || Polarizer Polarizer
o detactar for " : Y, 2 (] e
Neutron detector forn — n’ — n, (c Neutrons < m——
[Ne e ©] s [ - - = P
moderator pe 3,
o — = :
[Beam stop (n — n' — n, (¢)] o | 12| i
[Beam stop (n — n’ — 7, (d)] P2l % i P2 ip

Experimental setup
@) n-n

Ambient axions as pseudomagnetic field

n-n', ALP, q,#0

Moderator .
(b) source I Changes the Larmor frequency (magnetlc
( m=m| men moment precession)
@@ n- n' n ->n N
Neutron Extraction Detected thrOUgh Ramsey Interferometry
system
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AXions arXiv:2404.1552

[ Annihilation detector (n = i, n — n’' — 7 (a,d))]
[ Neutron detector forn — n', ALP, q,#0 (b)] Guide

[ Neutron detector forn — n' — n, (¢)] Neutrons == = | L F
, P— ——
From =
moderator . =
e |-
—

= _ =

Polarizer Polarizer

Jaddoyn
101 W10

J0090
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[Ream ston (n — n’ — n (A1
N P — Formic acid sidebands ' B o o il
I , Hg sidebands
Acetonitrile co-mag / . . .
— ] Ambient axions as pseudomagnetic field
% I Xe (res)
2 < 6l g Changes the Larmor frequency (magnetic
L (5 a .
S Ve /vK g moment precession)
— I energy—loss
& 8F - bound :
S SORETEERERERES Ay oune Detected through Ramsey interferometry
1oL  HIBEAM (50m)
. I PR S NS SR S I S S S SN S SN NN ST S IR S S SR E T S S R VI H 2_ 3
=== o o o i Sensitivity improvement x 10°—10° for
m, 1072 eV < ma< 1071 eV
loglo(_] "
eV



15m|
from source:

(with gn ~ 107%! ¢)

Neutron electric charge gn

beam deflection ~ 0.1 nm per 10 m

Sensitivity improvement x 700



NNBAR /G

\Am

x4 |larger beamport, 4 m diameter, 200 m beampipe
improved neutron optics,
magnetic beampipe shielding
TPC, plastic scintillator, lead-glass calorimeter

NNBAR optics
Target and Moderator

g an
‘ i 200m .
Large Beam Port e S
LBP i

ballistic motion of neutrons

free from perturbing ; ! HRD
magnetic stray fields, interaction with walls |
and ambient gas particles
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x4 |larger beamport, 4 m diameter, 200 m beampipe
improved neutron optics,
magnetic shielding of beampipe, HigeAw M. Y
TPC, plastic scintillator, lead-glass calorimeter | "

(up to ~“300m)

NNBAR detector area

NNBAR optics . = _
Target and Moderator ‘ (H H) Tn-n

M/— T sensitivity improvement x 10°
| | ; ' over ILL results
LargeBeamPort\ e e mmmamame

LBP — )

ballistic motion of neutrons

free from perturbing
magnetic stray fields, interaction with walls
and ambient gas particles 16



Conclusions

Enormous neutron flux at ESS
= fundamental physics

HIBEAM

n - n sens. x10
n-n r1~230s
axions sens. x 102-10°
gn sens. x 700

NNBAR
e 1N 1N sens. x10°

Experimental setup

[ Annihilation detector (n > f1,n — n' — 71 (a,d))]
[ Neutron detector forn — n’, ALP, q,#0 (b)]
[ Neutron detector forn — n’ — n, (¢)]

Magnetic
Shielding

[Beam stop (n — n’ — n, (c)]
[Beam stop (n — n' — 7, (d)]

(a) n-n
n-n', ALP, q,#0 Moderator
() source
© n=m | won |
) 7n1n;| Jl';>,ﬁ4,. > .
Neutron Extraction
system
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Thank you
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Abstract 7

One of the great open questions in modern physics is the origin of the matter-antimatter asymmetry. This requires
baryon-number violation, which has never been experimentally observed. Baryon-number violation may arise in the
neutron sector as the direct conversion between neutrons and antineutrons, or with a sterile/mirror neutron.

This process will be probed with the proposed HIBEAM/NNBAR program, a two-stage experiment at the European
Spallation Source. The initial stage of the program, HIBEAM, will present opportunities to search for baryon-number
violation in neutron conversion to antineutrons, or to sterile neutrons (as a disappearance search) or to sterile
neutrons and into neutrons/antineutrons, with discovery potential reaching a factor of ten higher than previous
experiments. HIBEAM also presents unprecedented sensitivity for direct searches for low mass axions as a dark
matter candidate, surpassing previous results by two-to-three orders of magnitude for axion masses between 10*-22
eV to 10*-16 eV. Additionally, HIBEAM presents opportunities to search for a nonzero neutron electric charge as well
as an electric dipole moment of the neutron with world-leading sensitivity.

In this talk we present the fundamental physics opportunities of HIBEAM at the European Spallation Source.
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HIBEAM prototype

Swedish Research Council infrastructure grant to :
Stockholm U, Lund U, Chalmers TU, ESS e
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e Prototype development / A

o Time projection chamber

o WASA crystal calorimeter \ —

o Scintillator/lead-glass calorimeter e
e Annihilation detector
e Neutron detector
e Beamline design
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Electric dipole moment nEDM

-

Priority for neutron community

NnEDM@SNS cancelled viBEAM S e
— possible at the ESS? | j> :

VESPA - o o o & @ o o ofo oo o g

Investigations ongoing to reach
the 107%° e cm sensitivity! H

SKADI
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NNBAR

Outer and inner

octagon-shaped
passive shield of 1-2
mm thick sheets of
mumetal. Residual B field <10 nT
Residual vacuym < 10-5P
e NNBAR detector area
- vand derd NNBAR optics
arget and Moderator _
/_- el 2
===
Large Beam Port T e T
LBP S— ———
ballistic motion of neutrons
free from perturbing
magnetic stray fields, interaction with walls
and ambient gas particles

Reflector Opti | e T, D
eflector Optics lf"// v\}

collect large solid angle of emitted LEC
neutrons and re-focus to detector .
area
Eg double planar : g — TPC
reflector == PR s = JJ/
‘ .‘ HRD ol o
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NNBAR

x4 |larger beamport, 4 m diameter, 200 m beampipe
improved neutron optics,
magnetic beampipe shielding HigeAw M. Y
TPC, plastic scintillator, lead-glass calorimeter | "

(up to ~“300m)

Neutron exotic decays
n - X+e/v - [SM]

NNBAR detector area

NNBAR optics
Target and Moderator

arh
200m

Large Beam Port
LBP — ——
ballistic motion of neutrons

NNBAR sensitive,
discovery potential in 3 yr

o ™ ™

tmsiiompatiation Studies underway!

magnetic stray fields, interaction with walls i
and ambient gas particles arXiv:2506.08701 23
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Conclusions NNBAR %3
- Enormous neutron flux at ESS
= fundamental physics
[ Annihilation detector (n = 71, n — n' — 71 (a,d)) ]
H I B E A M [ Neu11r(ili1 (;:?ectz: ‘f:'o(;rn : n’,n AZP, q::=0 (b)r]l @
° n - n sens. x 10 [ Neutron detector forn — n’ — n, (¢)] VA
) Shielding
® n _.> n T~ 230s [Beam stop (n — n' — n, (c)]
e axions sens.x10%-10° e spinee nln
e (n sens. x 700
Y nE DM und eI.‘Nay| Experimental setup
’ @) n-n
, ]
(b) n-n', ALP, q,#0 . ls\gﬁf,:;ator
NNBAR © non frion g L
e 1.1 sens. x10° @ norn | won g ~ 1
o EXOU (4 de CayS Neutron Extraction

system

underway! 24



