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Experiments at the energy and intensity
frontier to discover new physics
A
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Energy frontier

New physics
(matter/antimatter
asymmetry, dark matter,
origin of the Universe,
unification of forces, etc.)

Intensity frontier

Strength of interaction
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The motivation for pursuing experiments at @
the intensity frontier

» Highly sensitive experiments at the intensity frontier can provide an insight into
phenomena of new physics

« It can even probe phenomena at mass scales higher than the current circular
particle colliders

« Examples of experiments at the intensity frontier:

« Proton decay, neutrinoless double beta decay, electric dipole moments

* Free neutron oscillations <——— Our goal at ESS

The cleanest approach to search for a process that violates Baryon number (B) only
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What is the origin of matter/antimatter @

asymmetry in our Universe

* Fundamental question to understand the nature of our Universe
* How a tiny excess of matter over antimatter formed in the early Universe?

1,000,000,001

1,000,000,000
particles

anti-particles




What is the origin of matter/antimatter @
asymmetry in our Universe

« The scale of this tiny excess of matter of antimatter is challenging to visualize
B Plcture with about 100, OOO 000 particles fill up the whole Los Angeles Reservoir:
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What is the origin of matter/antimatter @
asymmetry in our Universe

« We search for processes that would satisfy Sakharov conditions to answer how the tiny
excess of matter over antimatter formed: [ \youq be violated by
* Baryon number B violation «— neutron oscillations
« C-symmetry and CP-symmetry violation
* Interactions out of equilibrium




@ SPALLATION
The European Spallation Source (ESS) &)
« Currently constructed in Lund, Sweden with construction budget of 1 843 M€

«  Will become the brightest source of neutrons that will be transported to 15 experiments
initially

Beam on target 2025
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I Reproduced from Nordeng, Perry.
europeanspallationsource.se/media-bank.
“Aerial View over ESS Site.” European

Spallation Source, April. 2022. LUNDS
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The European Spallation Source (ESS) @

« Drawing of the target area

Moderator located above the
spallation target o, Proton beam at 2_Gev
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From recent visit of the construction site at ESS
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@ EALLATION
From recent visit of the construction site at ESS
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@ SPALLATION
Basic outline of an experiment to search for &/)
free neutron oscillations

Either neutron detector or
annihilation event

Neutron guides and mirrors detector

_t—
.

Cold neutron
source (moderator)

As long flight path for cold neutrons as possible
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Basic outline of an experiment to search for &/)
free neutron oscillations

Neutron absorber only in case
of search for neutron

regeneration Either neutron detector or

annihilation event
Neutron guides and mirrors detector

Cold neutron
source (moderator)

As long flight path for cold neutrons as possible
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The search for free neutron oscillation at ESS

ESS instrument suite V

1. Stage: HIBEAM (2027-2030)
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The search for free neutron oscillation at ESS

ESS instrument suite V

. Stage: NNBAR (>2030)
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Search for free neutron oscillations at ESS:
the HIBEAM experiment

« HIBEAM is the first stage of the HIBEAM/NNBAR program
* Primary focus of HIBEAM:
« Search for neutron into antineutron oscillations (n — n)

« World leading sensitivity for this process

« Would violate B by two units
« Search for neutron into sterile neutron oscillations (n — n')
« World leading sensitivity in several search modes
* Would violate B by one unit
* May provide a probe into a dark sector
« The generic monolith insert that can be utilized by HIBEAM was approved in late 2023
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Modes of neutron oscillations searched
at HIBEAM — sterile neutron search

SN Disappearance
NBeutI’OI’l - , - ! Neutron
eam — > counter
n—n 7
Regenerationn »n' > n
Beam Stop
Neutron ., .I. ] Neutron
Beam r— I — g counter
n—n,n n,n —>n
Neutron antineutron conversion via sterile neutronn » n' - n
Beam Stop
Neutron Annihilation
t — — I Detector

n—n,n nin—-n
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Location of HIBEAM in the east sector of ESS
instrument hall
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First part of HIBEAM beamline: neutron @
extraction system

6.2 m

55m
Tapered guide

Elliptic
monolith
guide
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\ HIBEAM

beamport

Neutron Beam port
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Ongoing work on the engineering model of
HIBEAM — need new images

Experimenta
cave
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The search for neutron into antineutron &)

oscillations at ESS: the NNBAR experiment

« NNBAR experiment is designed to provide world leading sensitivity for n — n search

Sheds lights on baryogenesis that occurred in the early Universe

The goal is to exceed the sensitivity set by previous n — n experiment at ILL by the
factor of 1000

The current lower limit forn — n set by ILL: 0.86 x 108 s [1]

Increasing the sensitivity requires a higher flux of cold neutrons

A need for development of new intense cold neutron source for the ESS, highly-
efficient neutron reflectors, state-of-art annihilation detector and magnetic shielding
and many other key components

« A design study of these components was conducted within the HIghNESS project

[1] Baldo-Ceolin, Massimilla, et al. "A new experimental limit on neutron- bl GLER
antineutron oscillations." Zeitschrift fiir Physik C Particles and Fields 63 22
(1994): 409-416.



r/\ EALLATION
The search for neutron into antineutron @
oscillations at ESS: the NNBAR experiment
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Drawing of NNBAR experiment » Civil engineering for NNBAR
experiment
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The search for neutron into antineutron @
oscillations at ESS: the NNBAR experiment
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The search for neutron into antineutron @
oscillations at ESS: the NNBAR experiment

A new source of neutrons designed for ESS optimised to deliver intense beam of
cold neutrons to NNBAR

Neutron spectra from MCNP simulation:

~ upper moderator
f \ e ~—— lower moderator NNBAR side
~— lower moderator NS side
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The search for neutron into antineutron @
oscillations at ESS: the NNBAR experiment

* A recent model of cold neutron source with engineering detail
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The search for neutron into antineutron
oscillations at ESS: the NNBAR experiment

« A large beam port has been built at the ESS to deliver unprecedented intense beam of
cold neutrons (0.36 meV — 13.09 meV) to NNBAR to reach the world leading sensitivity
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The search for neutron into antineutron
oscillations at ESS: the NNBAR experiment

« Advanced neutron optics to focus cold neutrons on the NNBAR annihilation detector:

Distribution of cold neutrons at the
NNBAR detector simulated with McStas:

Vertical Positson [m)
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Development of annihilation detectors for @
HIBEAM/NNBAR

« Development of the zero-background annihilation detector for the n -> i search
« N - ~5m ,/s~1.9 GeV

Cosmic veto

WASA

J £
calorimeter Beam Dump 2
TPC__|

Lead glass blocks

Scintillator modules

Time Projection Chamber (TPC)

JGEM

Working platforms and stairs ——|

Silicon tracker

Vacuum tube pipe 8
40 cm ) ©

n

Concrete shielding ———— End cap

Aluminum beam tube

Carbon Target

/7
Beam tube

Steel support structure

Aluminum support structure

Csl
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Development of annihilation detectors for @
HIBEAM/NNBAR

* Prototype of TPC for HIBEAM at Lund University

Data collection

Module: 5120ch

———————
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Development of components for
HIBEAM/NNBAR requires a broad expertise in
simulation codes

Pt g ' | | T
Sourcg__, Captureqd fntcnsity Tzrrct o A ‘
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Magnetic Shielding and Vacuum Tube 1\’

MCNP McStas Geant4
Simulation of simulations of the s P:I;I'S;/ MCt:L : Detector
the ESS reflector R Simulations
moderator MCNP/PHIITS neutron

transport simulation




HIBEAM/NNBAR collaboration

Wide international base of supporters

« ~ white paper: 100 authors from 50 institutes in 8 countries

Combines experts in neutronics, magnetics, nuclear and particle physics.
Developed into the multi-stage HIBEAM/NNBAR program

Development of HIBEAM supported by the Swedish Research Council (1.4M €)

« Preparing grant application to cover actual construction and operating costs of
HIBEAM

Development of NNBAR within HIghNESS supported by 3M € H2020 program
(financed by the European Union) — finished in September 2023

« March 2024 - Submitted grant application for continuation of HIghNESS

Co-ordinated by Valentina Santoro

EUROPEAN
SPALLATION
SOURCE
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We are developing highly sensitive experiments to search for free neutron oscillations
at ESS

« n—n and n — n' are the cleanest and most sensitive ways to observe B violation

e Ourgoals:

« World leading search forn — n and n — n’ at HIBEAM — Recent approval of first
part of the beamline at ESS

« World leading search for n — nn at NNBAR (increase in sensitivity by factor 1000)
* An ongoing development of key components and engineering models:

« Development of HIBEAM/NNBAR detector prototypes

« HIBEAM: Technical design report to be delivered in 2024

« NNBAR: Recent delivery of the conceptual design report (available at
https://github.com/highness-eu/CDR)

« We benefit from a wide international collaboration of scientists and engineers LUNDS
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HIBEAM/NNBAR collaboration - backup
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How can be a new moderator for ESS installed @iﬁﬁ#‘?”
- backupx

Plug for upper moderator
Plug for lower moderator

Reproduced from: ESS. “Progress reports from the ESS site." Available online:
https://europeanspallationsource.se/construction-update/2023/04/05 and
https://europeanspallationsource.se/construction-update/2023/03/20 (2023).



Installation of target monolith at ESS - The @
heart of ESS = backup
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HIBEAIVI/NNBAR collaboration - backup

g117

General HIBEAM/NNBAR meeting
January, 2023
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Ongoing work on the engineering model of
HIBEAM - backup

 GSI/FAIR will donate WASA detector for n — n at HIBEAM
« HIBEAM will utilize the He-3 neutron detector for n -> n’ at HIBEAM
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Formalism for neutron — antineutron
OSC|IIat|ons -back

n —1 formalism q\/llxmgmass term depends on
L scale of new physics

n 51 ()= M)

= (f1|HgfrIn) < 107%° MeV = nn mixing physics
2

om\~
Pn—>ﬁ — (E) Sin (AEXt) ,AE — En—Eﬁ

e Free neutron oscillation: AEXt < 1 = P ~ (§mXt)?

Pra(t) = (tfref)z

Tn-n

o
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Sterile neutrons — backup slide

* Neutrons are electrically neutral quasi-stable Quarks SM

- -
particles that can be produced at high fluxes d|s|b|

« A portal into dark sector via mixing into sterile 3_9
neutrons ST ]
% ViV

Leptons

= ¥ - . ————
Adapted from Malewar, A. (2022) Most precise measurement to date of the
mass of the W Boson, Tech Explorist. Available at:
https://www.techexplorist.com/precise-measurement-date-mass-w-boson/.
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