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Final NNBAR

Large beam port
start ~2033
Sensitivity ~ 10°x ILL

Physics case

1) Search for Axion-Like Particles
2) Search for nn oscillations "
3) Portal to dark sector

4)

HIBEAM, Search for ALPS
NNBAR demonstrator

Adam Kozela Krakow, 01.12.2025 Sensitivity ~10x ILL



Physics case

1) Search for Axion-Like Particles

Pseudoscalar bosons
Canonical axion proposed in 1978 by Peccei, Quin to solve

Strong CP Problem
as not observed in high energy collisions abandoned
returned as Axion-Like Particle to solve Dark Matter Problem
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Dark Matter problem

* Gravitational lensing (Bulet cluster)

e Large-scale structure formation
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HIBEAM and axions or ALPs

Ultra low mass bosons - WIMPs
102 eV feVv eV GeV TeV

Wave-like signature

Particle-like signature

Inspired by EvgenyStadnik talk Lund 2025 &
Stadnik, Flambaum, PRD 89, 043522 (2014)

km Precession of oyaround
(Vi) 240~ S direction of ALP “wind” p.
Indistinguishable from Larmor
Axion-nucleon coupling: | Lw = ) 0, a Ny'y'N precession around magnetic
f field lines:
C a Hm(t) — _y GN-B
Ha(t = J2Vf . sin(ma t)GN-pa
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HIBEAM and axions or ALPsS

Free precession ~ 10 m

3He based
——neutron
detector
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3He polarizer *He polarizer
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HIBEAM and axions or ALP

Free precession ~ 10 m
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Experimental precision:
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where T is free precession
time, N number of neutrons
and a is the resonance
visibility:
— (C1_Cz]
(C,+C))

Adam Kozela

Neutron Counts

24000 =

i

220004 B R B £ i
A 3
20000 J i1

1
180004 | 14 ll
} 1

207 208 . f
Apgplied Frequency (Hz)

/

4 working points
w close to Larmor freq.

Krakow, 01.12.2025

*He polarizer



Adam Kozela

HIBEAM and axions or ALP

Free precession ~ 10 m

3He based
neutron
detector

New forces
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Up to 3 orders of magnitude
Improvement of current limits

P. Fierlinger, at al., Phys. Lett. 133 (2024) 181001



Neutron-antyneutron oscillations

* Would violate conservation of baryon number (AB=2, AL=0)

* Beyond Standard Model

* Oscillations of neutral mesons: K, B, D (composed patrticles)

* Neutrino oscillations violate family lepton number conservation

* Baryon number violation never observed, but badly needed as
necessary condition to explain another great problem of physics:
matter antimatter asymmetry of universe

 nn oscillations and stability of nuclei? 10% suppression factor...
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NNBAR: n- n oscillations
Two types of experimental approaches

Best experimental limits for n n oscillation :
* Super-Kamiokande, k.Abe et al. Phys. Rev. D91 (2015) 012008  Tnn > 2.7 - 10%s ,

* Super-Kamiokande, k.Abe et al. Phys. Rev. D103 (2021) 072006 Tnn > 4 - 10%s, ‘

but: Suppression factor must be accounted for — theoretical uncertainties
irreducible background from high energy cosmic neutrinos:

found 11 candidate events when expected ~ 943




NNBAR: n- n oscillations
Two types of experimental approaches

Best experimental limits for n n oscillation :

* Super-Kamiokande, k.Abe et al. Phys. Rev. D91 (2015) 012008: Thn > 2.7 - 10%s

* Super-Kamiokande, k.Abe et al. Phys. Rev. D103 (2021) 072006 Tnn > 4 - 10%s,

* |[LL, Grenoble, m.Baibo-ceolin at al. Z. Phys. C63 (1994) 409: Ton >0.86 - 10%s

3-10*8 neutrons within ~ 1 year
of average velocity ~600 m/s
Free flight ~ 60 m

Vacuum < 2-10*Pa, B <10 nT
Detection efficiency ~0.50
Found 0, expected 0 events
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NNBAR Large Beam Port has been constructed to provide sufficient intensity of 1.5X10*° n/s
there is no beamline currently available or planned at any other facility that could reach a flux_
even close to this number




HIBEAM-NNBAR @ ESS
measurement principle

Cold neutron source Magnetic shielding Vacuum chamber n annihilation
detector
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New high-sensitivity searches for neutrons
converting into antineutrons and/or sterile
neutrons at the HIBEAM/NNBAR
experiment at the European Spallation
Source

A Computing and Detector Simulation Framework for the
HIBEAM/NNBAR Experimental Program at the ESS
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Annihilation event signature -
extremely strong

* Huge energy release ~1800 MeV

* On average 4-5 pions (neutral or charged)

* Light fragments from carbon nuclei

* All tracks from common vertex

* Gammas from 1° decay

* Process at rest (well isotropic)

* Can not be mimicked by cold neutron
capture events (however they must
be considered as load in detectors)

e Cosmic background must be suppressed
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T Target
~ 0.1 mm Carbon foil

O-n(: = 4 kb

Onc=4 mb



Annihilation detector components

IFJ PAN

4 Cosmicvato detecier

Laad [hﬂ-_!;iluﬂlﬁ_lﬁlr“.m
Sciritillator calorimatar {HADY
Tim Frajection Chambsr {TPD

Boam tube -~
——— Aluminum beam tube

Carban [arger

Final version
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Annihilation detector components

IFJ PAN

| Cosmic vato detestor

inad glas calonmeter (LEC)
Scintiilator calommatar {HADY
Time Brajection Chamber (TP

Heam e |
“——— Aluminum beam twbe

B Curbon targer

Final version HIBEAM version
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Contribution to tasks:

Cosmic VETO detector
Neutron *H polarizer
Test of TPC

Adam Kozela Krakow, 01.12.2025



THANK YOU !
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