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Particle physics today in one slide

The Standard Model is complete
Neutrino masses are not understood.

Other outstanding problems remain e.g.
baryogenesis, dark matter...

The LHC has arguably given the most important
scientific result of the century (so far).

Discoveries of fundamental importance are no
longer assured (nor are they excluded) by
exploring at higher collision energy.

A strong need for a diverse field.



Baryon and lepton number violation

* BN,LN ”accidental” SM symmetries at perturbative level
— BNV, LNV in SM non-perturbatively (eg instantons)
— BNV Sakharov condition for baryogenesis

e BNV,LNV generic features of SM extensions

 Need to explore the possible selection rules:

AB +#0,AL =0,A[B—L]|#0
AB=0,AL #0,A[B—L]+#0
AL+0, AB+0,A[B—L]=0



S view

An experimentalist’

Partial mean life (x 103°yrs)

Decay mode
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Few searches for AB # 0,AL =0




Candidate BNV,LNV processes
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Electroweak sphaleron process:
QQQQQQ QQQl LL

(p = e+ m) X(n - n)xX(0v2p)

Unification models
Supersymmetry

Extra dimensions
Post-sphaleron baryogenesis
Hidden sector

Neutron oscillations are a key part of the landscape of new physics

Symbiosis with other processes



Neutron-antineutron oscillations

R-parity violating
supersymmetry

Extra dimensions
Post-sphaleron baryogenesis 4
Left-right symmetric models

etc. etc.
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Energy scale of new physics for
n-n?
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A search for n — n probes the PeV scale for new physics.



A combination of BSM signatures
in the SM

Symbiosis between proton decay, neutrinoless
double beta decay and n —» n in the Standard
Model:

Electroweak sphaleron process:

QQQQAQQQ QQAL LL

nJ

(p = e+ m) X(n - n) X(0v2p) -

Observation of two processes implies the existence
of the other one.



Sterile neutrons

"Hidden/mirror" sector
Restores parity symmetry.
Possible mixing for Q =0 particles, eg, n — n'

Mirror matter : dark matter candidates (m< 10 GeV

Can explain 5o neutron lifetime discrepancy
seen in bottle and beam experiments.
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n — 7N mixing formalism

— P, [ —

n n

g () = (om 52) )

dm = (ii|Hqpp|n) < 1072 MeV = nf mixing physics

sm\’ "
P,i= 7g ) sin (AE xt) ;AE = E, — E;

Two interesting cases:

e Free neutron oscillation: AE Xt < 1= P ~ (dm X t)?
e Bound neutron oscillation: AE Xt > 1

Quasi-free limit : AEt~1 = P~(6m X t)?




Searching with bound neutrons

Nuclear disintegration after neutron oscillation

—) —
2

om

P = <E> sin? (AE X t) )

AE ~ 10 — 100 MeV .

5 S ion: (6m>2 < 1060
uppression: | -

Best current limits (SuperKamiokande) = tf,0>4.7 X 10° s

Irreducible bg's prevent large improvements.
Model—dependent (nuclear interactions).




Free neutron search at ILL
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Institute Laue—Langevin (Early 1990's).
Cold neutron beam from 58MW reactor.
~ 130um thick carbon target

100m propagation in field-free region

Signal of at least two tracks with E > 850 MeV
0 candidate events, 0 background.
= T, > 0.86 X 108s.
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The European Spallation Source

High intensity spallation neutron
source

EUROPEAN
SPALLATION
SOURCE

Multidisplinary research centre with
17 European nations participating.

Lund, Sweden.
Start operations in 2027/2028.

Up to 2 GeV protons (3ms long
pulse, 14 Hz) hit rotating tungsten
target.

Cold neutrons after interaction with
moderators.

15 beamlines/instruments — none
are Swedish-led




Beamlines and program

R&D
Annihilation detector prototype
Conceptual design reports for HIBEAM/NNBAR

TDRs and small scale experiment

v

HIBEAM

: o . NNBAR
High pr,eC|5|on_|nducef1. High sensitivity free n — 71 (x1000
n - n', n - n (x10 improvement) improvement)

First search for free n — n at a spallation source

i At the Large Beam Port
Eg at upgraded test beamline

v



NNBAR



The NNBAR Experiment

Residual B field <10 nT
Residual vacuum< 10-5P

NNBAR optics

.

Target and Moderator

\

Large Beam Port

LBP

Reflector Optics
collect large solid angle of emitted
neutrons and re-focus to detector
area

Eg double planar
reflector

ballistic motion of neutrons

NNBAR detector area

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

TN I T 0

1) * KE: 150,14 MeV
2) x* KE: 22.77 MeV
3) v KE: 62.3 MeV
4) v KE: 554.17 MeV
5) % KE: 365.99 MeV
6) “C KE: 4.44 MeV

* 2y from = decay
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TPC + scintillators and
lead-glass



The need for magnetic shielding

n(ul)
nwl) au) t £
2iL* B
B~0 |
n(u 1)

Degeneracy of n,n broken in B—field due to
dipole interactions: AE = 2ji B

Flight time < 1s
For quasi—free condition AF X t < 1
= B < 10nT and vacuum < 107° Pa.

Outer and inner
octagon-shaped
passive shield of 1-2
mm thick sheets of
mumetal.

COMSOL

Residual B field <10 nT



NNBAR detector

~2 GeV invariant mass pionic final state
Lead-glass em calo
Scintillator staves

TPC

Cosmic veto (scintillators)




Geant-4 detector simulation

Pion multiplicity
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Backgrounds

Cosmic rays (neutral and charged - dominant at ILL)
Thermal neutrons, beta-delayed neutrons

Low energy photons - from the activation of the target + beamline. While these
are low energy (1 MeV), pile-up happens.

Spallation bg -high energy, can be removed with timing
Nuclear fragments

Geant4 and MCNP study for different beamline configurations and neutron
poisons



Mechanical assembly/design

Design study by Julich engineers/Sam S./Anders
Oskarssson

The given weight loads are just estimated based on

N N BAR DRAFT D ESI GN the draft design and assumptions on each

,,,,,,,,,,,,,,,,,,, component’s individual weight. The valuss can

WEIGHT OF THE COMPONETS (1/2) Sonmwarcs, when 3 move aetaied desgh of 1

components is available.
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Presentation
Working platforms Sam Silverstein, Stockholm Univarsity
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Capability of the experiment

Background suppression selections.

Selection Signal  Non-muon background Muon background
Scintillator energy loss € [20, 2000] MeV 0.89 (0.008 0.3
TPC track cut 0.87 2.3 % 107 0.0 x 10~
Pion count = 1 0.82 7.8 %107 5.9 x 1074
Invariant mass W = 0.5 GeV 0.8 TR =107 1.5 % 104
Sphericity = 0.2 0.71 1.8 x 10~ 1 7.8 %1077
Eecint v = 0. filtered = 320MeV & Eoint v < 0. fillered = 930 MeV 068 -

1,00E+10

1,00E+09

103 increase in discovery potential
compared to previous experiment
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HIBEAM



- HIBEAM optimal beamline: E6

Moderator
Monolith

Bunker

Bunker Wall

Identified
available room
and designed
HIBEAM to fit.

ESS is no

longer a ‘blank
= canvas’ for
beamline
design.
Investment by ESS for beam extraction system of HIBEAM design

(1.1MEuro). Without this, impossible for any new instrument to
operate before 2030’s.




HIBEAM neutron conversions searches

[ Annihilation detector (n — i, n — n’ — fi (a,d)) |

[ Neutron detector forn — n', (b))

[ Neutron detector forn — n' — n, (c)]
Magnetic
Shielding

My + jin B fan Qnn! Cnq! [Beam stop (n — n' — n, (c)]
= Enn My — fin B Gna’ Cnn! [Beam stop (n — n' — 7, (d)]
it Qpqt Mp + ﬁniB’ Eprnt
it [ Epr My — i B

Experiment

a) n-n

~

Sensitive to the full mixing [

Hamiltonian for n,nn, n’, n’ ®) A
(c) —2=2n | n-n .
Can use bespoke annihilation @ "="4"="—n
detector or WASA (Csl)
crystal calorimeter co-owned

by UU.

Can exceed ILL experiment
by factor 10




Sterile neutron searches
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* Order of magnitude improvement in
sensitivity.




AN
= X
| N
PNy -
\M\inimumionizing s | \\ rigger
L N
Ll
W
“. -Q : Data collection
| ///\h\ Module: 5120ch
VR RFI il R e
NG
5
N
~500
T 400 _aple
0 00 Time ™
Stockholm, Lund, Chalmers R
H H 1)
E S S Cs-137 Spectrum
¢s137_hist
Entries. 403026
Mean 383
Std Dev 0

Mean: 550.891 = 0.157
Sigma: 73.075 £ 0.190

¢ TPC _—
« WASA crystal calorimeter
« Scintillator/lead-glass

calorimeter \

c—D
Annihilation detector e W e ANdeer
Neutron detector

500(—

H L POV S B |
200 400 600 800 1000 1200 1400 1600 1800

. . 10° 33 s MeV gamma - 2 cm | Channel A0 amplitude Channel A1 amplitude
= ., 500 ¥ oy 1
Beamline design g e || | =S BT
.
'3 ] 100 MeV proton - 2 cm 0 s %o, o1 1
9 102 . %o 2104 . *
u>J 10 -500
~6 -1000 o 750 1 3
a—, ° S 10 15 20 0 5 10 15 20
.g 101 Channel AD CFD timing filter Channel Al CFD timing filter
. .
£l Y R e
| ﬂ f 1 . P E—
200 -
oL Y |
10 0 jese® 'l 0999 .
0 2 4 6 8 10 12 14 16 069" %0 00000 ®e9%0ts00gen!
1 S9%] Yoy 0% Toueteed)
Energy Deposited [MeV] ) 015 20 0 0 15 20




Axions@HIBEAM

Dark matter candidate - axion.
Coupling of axions to a nucleon
Axions act as a pseudomagnetic field

Change in Larmor frequency due to axions

Ramsey set up for Lar

Fringe shifts
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Arxiv:2404.15521 (hep-ph)

A small-scale pilot experiment at the ESS is funded.

Many uses for HIBEAM beyond neutron-antineutron — neutron charge, nEDM



HIBEAM/NNBAR

Started as an Expression of Interest for a neutron-antineutron search at the ESS (2015)

Signatories from 26 institutes, 8 countries.

Developed into multi-stage HIBEAM/NNBAR project

Co-spokespersons: G. Brooijmans (Columbia), D. Milstead (SU)

Lead scientist: Y. Kamyshkov (Tennesee)

Technical Coordinator (V. Santoro)

Prototype coordinator (M. Holl)

Many active institutes: SU,CTU,UU,LU (SV), TMU (DE), Tennessee, Columbia, ORNL (US), Krakow (PL), Brazil

(Rio), Poland (Krakow)....

HIBEAM is supported by the Swedish Research Council (1.4MEuro (completed), 0.48Euro), the Swedish
Foundation for Research Strategy (1.5MEuros), Olle Engkvist Foundation (0.4MEuro)

+ VR grant for collaborating with Italian institutes

NNBAR was supported as part of a 3MEuro H2020 grant for an upgraded ESS with a new lower moderator.

STINT award for collaboration with Brazilian institutes (B. Meirose).

Synergy Grant (SU, LU, TMU, Indiana) for ~construction of HIBEAM and first nnbar, nn’ searches.



Selection of HIBEAM/NNBAR publications
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https://inspirehep.net/conferences/2106296

Fitting into the European landscape

Relatively
u - - .’ lored “ ”
— . : ; e s Plug the “observable gap” for B,L

HIBEAM/NNBAR tests

Neutron-sterile neutron:

n—n,AB =1,AL =0 + sensitivity to many theories of
physics beyond the SM (eg

‘' ”'§ hidden sector (dark matter),
n{ d\/d} v SUSY, unification models,

; , ”.g neutrino mass models etc.)
R | = Neutron-antineutron: d ug,

Proton decay: i
p — £ + meson n—f Neutrinoless double

AB=1,AL=1 AB=2,AL=0 beta decay, 0v2[
AB =0,AL =2

dp, ur

The 2020 Update to the European Particle Physics Strategy (LEssential activities

A The quest for dark matter and the exploration of flavour and fundameantz|
| symmetries Iare crucial components of the search for new physics. THIS search can
‘ € qone in many ways, for example through precision measurements of 1l
physics and electric or magnetic dipole moments, and searches for axions| dark sector
candidates ancl fesbly rtn:F:u:ting p-ﬂniclet. There are many options to address such
physics topics - liders, accelerator and non-accelerator
experiments. A diverse programme that iz complementary to the energy frontier is an
essential part of the European pariicle physics Strategy. Experiments in s

an:-as that offer potential high-impact particle physics programmes 2
dhould be supported, as well as participation in such experiments in

pther regions of the world,




Summary

Neutron oscillations are a key but rarely
explored portal for new physics

— baryogenesis, BNV physics, dark matter
The ESS is opening a new discovery window

HIBEAM/NNBAR is a multi-stage program to
increase sensitivty by ~1000

— From prototype development to physics

HIBEAM offers a wide range of applications
(neutron oscillations, axions, rare decays etc. ).

Always on the look-out for new collaborators!!
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