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Baryon and lepton number violation

BN,LN ”"accidental” SM symmetries at perturbative level
— BNV, LNV in SM non-perturbatively (eg sphalerons)
— B-L is conserved, not B, L separately.

BNV needed for baryogenesis (Sakharov condition)

BNV, LNV generic features of SM extensions (eg SUSY)

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



BNV,LNV selection rules
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BSM processes combine in the SM

Symbiosis in the Standard Model between
* Proton decay, neutrinoless double beta decay, and n = n

* Electroweak sphaleron process:
— QQQQQQ QQQALLL~ (p = e + 1) X(n = 71) X(v = D)
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Observation of two processes implies the existence of the other
one.




Mass scale for new physcs from
dimensional arguments

Basic EFT approach

(qdd)?
A5

Dimension nine operator O~

Probe PeV scale with a search for
n — n at the European Spallation
Source
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Mirror 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.

Ty (8)

¥ Vv

Leptons

900 l
BEAM =

BOTTLE ®
895 |
890 ‘

888.0 +/-2.1s

885 | }
880 879.6 +/-0.8 s : * %
875

1990

1995 2000 2005
PUBLICATION YEAR

2010




S View

An experimentalist’

Forgetting theory...
A blue sky search for BNV — process in which only baryon number

lated.
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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;

Free neutron oscillation:
« Quasi-free limit : AEt~1 = P~(dm X t)?
* Slow neutrons, propagating over a long distance




Searching with bound neutrons

Nuclear disintegration after neutron oscillation

# #
2

om

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

AE ~ 100 MeV .

2
= S ion: |— | < 10760
uppression (AE)

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 2023/2024.

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

Cold neutrons after interaction
with moderators.




Beamlines and program

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

TDRs and small scale experiment at ESS test
beamline

HIBEAM

High precision induced:

n - n’, n > n (x10 improvement)

First search for free n — n at a spallation source
Eg at upgraded test beamline

v

NNBAR

High sensitivity free n — n (x1000
improvement)

At the Large Beam Port

v



NNBAR — start the Large Beam Port

Photograph of the frame of the Large Beam Port being installed in the ESS monolith. A superimposed CAD
drawing is showing the field of view of the LBP. The upper moderator, the inner shielding to avoid a direct view

of the target, and the space below the target where the high-intensity moderator will be placed, can be clearly
seen.



The NNBAR Experiment

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

NNBAR detector area
NNBAR optics

Target and Moderator =

- I b
Large Beam Port\
LBP
ballistic motion of neutrons
free from perturbing T
magnetic stray fields, interaction with walls
and ambient gas particles ‘
Reflector Optics

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

1) v KE: 150.14 MeV = 3 \

2) n* KE: 22.77 MeV

3) x 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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Eg double planar
reflector

TPC + scintillators and
lead-glass

Multi-disciplinary environment needed.




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 AEF Xt < 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



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.

— Low energy (1 MeV) but 10° photons/s are expected
—  Pile-up

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



Capability of the experiment

Gainin P,,;; ~ 103 compared with ILL.
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Increase in sensitivity for P,,; ~ 103 compared to previous experiment (ILL)
Stability of matter (7;;.) sensitivity ~ 103>yrs
Discovery or new stringent limit on models of new physics and stability of matter.




HIBEAM



Search for sterile neutron oscillations at HIBEAM

Disappearance
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KE [MeV]

Intensity [Count/s]

Pilot experiment for freen — n

NNBAR to have pile-up background from,
eg 10° photons/s

Measurements of spallation backgrounds
and benchmark of simulations

10*
I L L 1
n n n n n n " 10
- S - S S
10* T i i i i 10
AR T R R S S |
RN .
10-2 [ [ 1 1
[ I g
[ 1 | 4E
[l [l i i [] i [ 103
1075 [ [ 1 1 [ [ H @
A T L i
oo e o *
-8
SRR L ——
" " l ] 1 -
1g-11 i & & T & & 3 o
0 200 400 600 BOD 1000
Global time [ms]
1015
10]2
10°
1
)
10° 44
i
L
3 4
10° 18
II..
107 148
£
L
10-7 4

Global time [ms]

7. beam_shielding_endcap_tube2_S
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Getting to HIBEAM

* VR RFI

*ESS, LU, CTLL, LU, Sl

® Detector prototype development and testing
® Time Projection Chamber

* Hybrid Scintillator - Lead Glass Calorimeter
* Integrated DAQ design

* Annihilation detector design simulations

* Neutron detector choice

* Beamline design

McStas Simulations
Cold Neutrons propagated from
the butterfly moderator




HIBEAM/NNBAR
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Summary

* Neutron oscillations are a key but rarely explored portal for new physics
— baryogenesis, BSM physics, dark matter
 The ESS is opening a new discovery window

 HIBEAM/NNBAR is a multidisciplinary program to increase sensitivity by
~1000

* Such aleap in sensitivity in tests of a global symmetry is rare |

* A

an particle physics

The quest for dark matter and the exploration of flavour and‘ undamentz
ymmetries fre crucial components of the search for new physics. Ti
b6 gone m many ways, for example through precision measurements of 113

The 2020 Update to the European
physics and electric or magnetic dipole moments, and searches for axions| dark sector Par“Cle P hyS|CS Strategy
s o s oo conss. (‘ESsential activities”)

experiments. A diverse programme that is complementary to the energy frontier i Isan

essential part of the European particle physics Strategy. Experiments in

areas that offer potential high-impact particle physics programmes &
should be supported, as well as participation in such experiments in

other regions of the world.

* Prototype work ongoing
e CDRs for NNBAR (2023) and HIBEAM (2024) in preparation



Fitting into the European landscape

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

HIBEAM/NNBAR te StS
Neutron-sterile neutron:

n—n',0B=1AL=0 + sensitivity to many theories of

: physics beyond the SM (eg
. ”'§ hidden sector (dark matter),

n{ dvd} vy SUSY, unification models,

] , ”.g T neutrino mass models etc.)
N d
d J Neutron-antineutron: dr ug

Proton decay:

dp, ur

p — £ + meson n—f Neutrinoless double
AB=1,AL=1 AB=2,AL=0 beta decay, 0v2[
AB =0,AL =2

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 ang feebly rtn:F:u:ting particleg. There are many options to address such
physics tupicstlmnﬂmmmmtlliders 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,




