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What is this talk about?

« A future baryon number violation experiment in Sweden using neutrons

VANV,
NNBAR
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Motivation in one minute

Baryon number violation (BNV) essential condition for baryogenesis
Baryon number an accidental SM symmetry and is broken in extensions
BNV in SUSY, dark matter (hidden sector), extra dimensions

Neutron oscillations to antineutrons or sterile neutrons unique probe of BNV
processes in which only BN is violated

An opportunity to test a global symmetry with three orders of magnitude
better precision than previously done is rare

AVZAVIAV,
NNBAR
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Free NNBAR search in 1 minute

Goal: observe neutron — antineutron (n — n)
Sensitivity 3 orders of magnitude greater than previous experiment
Strategy: let as many cold neutrons “fly” for as long as possible

Probability of free neutron transformation into an antineutron:
P(n,t)=(t/ 1) FOM= Nt?
t — neutron flight time; T — “oscillation time” (BSM predicted, model dependent)

T >8.710"s
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European Spallation Source (ESS)

e N
/ N
NN

Will be most powerful spallation neutron source ("($§) \) EUROPEAN

SPALLATION

Place: Lund, Sweden )/ source
Under construction: Beam on target in 2025, start of user program in 2027.




HIBEAM and NNBAR

« Staged experiment

1. HIBEAM (High Intensity Baryon Extraction and Measurement)
- late 2020’s
- world leading searches n — n’
-searchforn — n
- also search for 1 — n via sterile neutrons. First such search.
- search for axions-like particles
- R&D for full experiment.

« 2. NNBAR ~
- extremely high precision searches 1 — N
- improve sensitivity to oscillation probability by ~ 103
- After 2030
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HIBEAM
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NNBAR
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Detector V..V
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HIBEAM (top) and NNBAR (bottom) detectors

Aluminum tube

0.55 m inner radius
2 cm thick J

6 m long (z direction) 2 <‘
Time Projection Chamber *

Two different dimensions L{]
*+ 016mx0.73m
*+ 1.14mx0.16m

2m long (z direction)
80% Ar + 20% CO2
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Scintillator Modules L

10 layers of plastic scintillator
3 cm thick for each layer

T N
N !

S
Lead Glass Blocks /

Base: 8 cm x 8 cm
Height: 25 cm
Pointing towards the center of

T Target

Time Projection Chamber
Two different dimensions Requirements for the detector:

« 0.85mx187m
e 204mx0.85m

2m long (z direction) . Reconstruction of multi-pion final
80% Ar + 20% CO2
state
Aluminum tube i )
, . Invariant mass reconstruction

/ 1 m inner radius

. 2 cm thick
Silicon Tracker 6 m long (z direction)

. Particle identification

. Timing sensitivity to reject cosmics

Scintillator Modules and other out-of-time backgrounds

10 layers of plastic scintillator
3 cm thick for each layer

Lead Glass Blocks

Base: 8 cm x 8 cm

Height: 25 cm

Pointing towards the center of
the detector
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Event displays in Geant4
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Figure 4. Event displays with the NNBAR detector showing (a) a signal event with five pions (b)
a COSmIc muon.
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WASA detector (HIBEAM)

Cosmic veto Cosmic veto

Absorber
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GEM
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40 cm
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Bernhard Meirose - CHEP2024, October 23 2024 12



S. Silverstein (Stockholm University)

M. Wolke (Uppsala University)
H l B EAM P A. Oskarsson (Lund University)
ro o pes B. Rataj (Lund University)
E. Kemp (UNICAMP)
A. Kozela (IFJ PAN)
K. Pysz (IFJ PAN)
M. Holl (ESS)
T. Quirino (UERJ)

J. Amaral (UERJ)

il By

* The LEC front-end board is based on the
HRD design.

»  We will produce a revised version once
the HRD front-end is validated

FEB holder  Steel flange Wrapped lead-glass block

\

\

FEB and SiPM

24 CsI(T1) crystals equipped with PMTs
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HIBEAM Prototypes

S. Silverstein (Stockholm University)
M. Wolke (Uppsala University)
A. Oskarsson (Lund University)
B. Rataj (Lund University)
E. Kemp (UNICAMP)

A. Kozela (IFJ PAN) } Cosmic veto system being

K. Pysz (IFJ PAN) developed in Krakow!
M. Holl (ESS)

T. Quirino (UERJ)
J. Amaral (UERJ)

* The LEC front-end board is based on the

HRD design.

»  We will produce a revised version once

the HRD front-end is validated

\

\

FEB and SiPM

FEB holder  Steel flange Wrapped lead-glass block

24 CsI(T1) crystals equipped with PMTs
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Readout

Table 1: Estimated channel nmumbers and readout parameters for the HIBEAM subdetectors

Subdetector #channels Dvnamic range | Data size Readout

TPC 2600 ASICs 10 bits ~1.5 kbrtrack {F;zsmgm)
HRD ;ggg ;ﬁi 10-12 bits ~128-192 brhit/ch | Self-triggered
LEC iggg ;‘E;Tmﬁ 11-13 bits ~128-192 b/hit/ch | Self-triggered
Cosmic veto ;ggg zﬁi ~10 bits ~100 b/hit/chan Self-triggered

HRD, LEC and veto have “fast” channels (~ns

level) timing information critical for s/b. *  PANDA self-triggered DAQ readout

system is suitable for HIBEAM.

TPC track information arrives later and must be

matched to hits recorded in the calorimeters. «  The PANDA DAQ is a good paradigm for

calorimeter and veto data.

subdetectors

HIBEAM

Initial event candidate identification based on

* Also exploits existing investment within
the collaborating institutes

Separate TPC readout in parallel with the other

Bernhard Meirose - CHEP2024, October 23 2024
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Expected rates

Table 4: Simulated cosmic ray background flux at the detector using CRY. The data is sorted by ranges of kinetic
energy (KE) and shown for various particle types.

Cosmic Ray Background Particle Flux (m=2s~1)

KE(GeV) | Muon | Electron | Proton Neutron Gamma

0-0.5 20.9 48.7 2.49 522 292

0.5-1 23.7 1.26 0.570 1.72 1.44
1-5 94.2 0.68 0.448 0.855 0.552
5-10 32.1 0.25 0.0202 0.0196 0.0139

10-50 253 0.0 0.0121 0.0105 0.00204
=50 2.26 0.0 0.00810 | 0.000631 | 0.000150

Table 5: The expected number of incoming cosmic particles in 3 years of running time using CRY. The data are
split into different ranges of kinetic energy (KE) and shown for various particle types.

Expected number of cosmic ray background particles
KE(GeV) Muon Electron Proton Neutron Gamma

0-0.5 1.98x 107 | 4.60x10° | 2.36x10% | 4.94x10° | 2.76 1010
0.5-1 2.24x10% | 1.19x10% | 5.39x107 | 1.62x10% | 1.36x10%

1-5 8.91x10% | 6.41x107 | 4.24x107 | 8.09x107 | 5.22x107
5-10 3.03x10% | 2.40%10% | 1.91x10% | 1.85x106 | 1.31x106
10-50 | 2.39x10? 0.0 [.14%x10°% | 10.1x10% | 1.93x10°
~50 2.14x108 0.0 7.67x10% | 5.97x10% | 1.42x104

Bernhard Meirose - CHEP2024, October 23 2024

16



Computing
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Computing in HIBEAM-NNBAR

* As a “in development” stage experiment, computing and simulations
are core activities.

« Simulations play a role in defining technologies and experimental

design since ultimate decision is an interplay between cost and
performance.

 Future: Fast simulation development to use prototype-informed
resolutions and efficiencies due to the impracticality of generating
enough Monte Carlo events for three years of data.

AVZAVIV,

NNBAR
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Simulation Framework
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HIBEAM-NNBAR Simulation Framework

<_ COMSOL Magnetic Shielding_—>
/ Beam

| | EEEEE
Source_____ //

Captured In tensity JTarget @ - ‘

w / /,/
Cotlnatr |

=
Magnetic Shielding and Vacuum Tube

McStas PHITS/MCPL
_ MC|\_|P simulations of the Annihilation target Geant4
Simulationof |, reflector Detector
the ESS MCNP/PHITS beamline /|~ ™ \_simulations
moderator simulation Signal

Monte Carlo
Annihilation target

Bernhard Meirose - CHEP2024, October 23 2024



Fast Simulation in Geant4

VAN,
NNBAR

Bernhard Meirose - CHEP2024, October 23 2024
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Fast Simulation

A. Nepomuceno (UFF)

Goal: to develop a Geant4 application to perform fast simulation of a given
NNBAR detector model.

/Idea: Parametrization of the overall response of each sensitive detector \

Smearing
F(p,E,0)

—>

particle momentum,
Kinetic energy

. /

The parametrization must accounts for physical effects, the detector
performance and the reconstruction procedure.

—

new momentum,
new Kinetic energy

tober 23 2024 22



Fast Simulation — Two App

Two Approaches have been developed:

/“Generic” Detector : the energy is smeared with a Gaussian distribution WhOSA
standard deviation are the resolutions of known HEP detectors, but using the
NNBAR geometry.

« NNBAR Detector: the energy is smeared according to a model derived from the full
simulation. Single particles events of specific energies are simulates in details
and response model is derived.

Both approaches use the same
simplified geometry (only lead
glass and scintillators for the time
been).

NNBAR FastSim

CHEP2024, October 23 2024 23



Fast Simulation — Generic Dete

A. Nepomuceno (UFF)
Model resolution for the Lead Glass Calorimeter

Model based on test beam data from

1. M P Budiansky et al NIMA 199 (1982) 453-460)
2. BB Bradson etal NIMAA 332 (1993) 419-443

3. The PHENIX Collaboration, NIMA A 499 (2003) 521-536

e [EB52 Data ®

30 4
0.041 mE FastSim

251
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Fast Simulation — NNBAR Lead

The Gaussian used for smearing in each event is randomly selected based on a probability
derived from the full simulation.
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Machine Learning

Bernhard Meirose - CHEP2024, October 23 2024
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Particle identification
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Reconstructed Pions
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8

True Pions

Predicted Number of Charged Pions per Event
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L. Astrand (Lund University)

icle identification
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Event selection with ML

HIBEAM-NNBAR focus on rare even searches
Requires zero background

Strategy different from usual “optimize S/B”
Attention to overtraining

Final result important but equally: what can be learned?

Bernhard Meirose - CHEP2024, October 23 2024
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W. Lejon (Stockholm University)

orrelations

49 detector variables (6 groups)
Decrease used variables: 49 — 18

Example of variables: number of pions, invariant mass, sphericity, transversal
energy of the lead glass modules, time difference between the first activation in the
top and bottom scintillator staves/lead-glass modules, etc.

Correlation matrix for Signal events
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ML event selection in HIBEAM

Train

Test

Model

Random
Forest (WL)

Random
Forest
(optuna)
XGB
(optuna)

LGBM
(optuna)

LGB(optuna)
+correlation
selection
(0.85)

LGB(optuna)
+PCA

Train and Seach for hyperparameters

Find the threshold

Performance on unseen data

Metric

Accurac

y
Custom

Custom

Custom

Custom

Custom

Variables
51
51 .
51 .
51 .
26 .

17 .

+ 50%

+ 50%

Rejection « Efficiency e
before » before

99.91 * 9945 .
99.88  99.44 .
99.86 « 99.71 .
99.88 99.70 .
99.73 « 99.76 .

99.74 « 98.55

Threshold

0.973

0.933

0.999

0.999

0.997

0.999
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J. Amaral (UERJ)

Rejection
after
100

100

100

100

100

100%

Efficiency
after
92.92

95.81

98.71

98,69

98%

74%
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What can we learn? ). Amaral (UERY

 SHAP (SHapley Additive

02 -01 00 01 02 0.3
feature SHAP value (impact on model output)

exPlanations) explains individual e
model predictions by calculating each T & oo e s
attribute's contribution. TRE lrack vertox cout £ S e
Inv_mass . H
« |tis based on Shapley Values, which TPC_track_vertex._resolution_count_200cm o
fairly distribute contributions among ST ———— 4
team members in cooperative games. — -
« SHAP ensures a fair assessment of [P et verterreselion count ot L
each attribute’s impact on the et s i
mOdel'S prediCtion. TPC_track vertex_resolution_count_20cm *--:-?ﬂ- "
Total_eDep wmo * . [E
) Importance Normalized — ' D I %
pic_num -'uf -
W Lead glass_hit_up arw }
. TPC_track vertex_resolution_count_35cm . *"‘J
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E o4 Timing_lg 0 '!‘"
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Summary and outlook

BNV is expected in Nature.
HIBEAM/NNBAR active experimental program for the ESS.
Addresses BNV (AB =1 and AB = 2)!

HIBEAM — world leading sterile neutron searches + pilot freen — n
search.

NNBAR — world leading neutron-antineutron oscillation searches.

HIBEAM-NNBAR computing program diverse, with simulation and
computing guiding efforts on many fronts, from data analysis to
hardware simulations.

LUNDS

UNIVERSITET

Bernhard Meirose - CHEP2024, October 23 2024
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TPC prototype simulation

*Simulating TPC prototype in Garfield++ to

J. Amaral (UERJ)

: Geometric Applied Material
study electron cloud arrival at readout parameters Voltages properties
pads. t , [
*Zig-zag pad geometry optimization aims
to improve resolution. Matlab ~ COMSOL
*Simulation combines Matlab (interface),

COMSOL (mesh, electric field), and
Garfield++ (electron cloud behavior). v
*Electron clpuq dispersion is 0.12 mm; Garfield+ +
Optuna optimizes pad geometry.
*Optimized zig-zag pads reduce mean
absolute error from 0.95 mm to 0.45 mm.
M Muon {1Gevi o
23.1cm nsxh----.f;.-t. ........ E|€Ctr0n
16.0 ¢m GEM -.ﬁ;:? ...... CIOUdS |n
ﬁ ----- the readout
10KV i 1 | —

Bernhard Meirose - CHEP2024, October 23 2024
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TPC prototype simulation A= o=

COMSOL/Garfield ++

Electron clouds in the readout

1

Optimizer

Function to optimize:
Mean Absolute error and
the percentagem of
electrons that reach the
readout pads.

Different zig-zag configurations
Try different geometric parameters for the zig-zag readout

~

Wil

For each electron cloud i do

Calculate the position _ _ .
X(i) Penalties: The algorithm penalizes

the number of tracks in excess.

Calculate the Error Result from the
Error (i)= X(i)- Xiye(i) optimization (zoom)

End for 27 tracks MAE: 0.45 mm

Calculate mean Absolute error

35
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Prototype simulations

Bernhard Meirose - CHEP2024, October 23 2024
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Dziekuije!

LUNDS CHALMERS

\ / UNIVERSITET UNIVERSITY OF TECHNOLOGY

STINT

Vetens ka ps réd et Stiftelsen for internationalisering av

hogre utbildning och forskning

The Swedish Foundation for International
Cooperation in Research and Higher Education
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Backup

Bernhard Meirose - CHEP2024, October 23 2024
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Readout simulations

GEANT4
Simulation

Define time and energy
probability distributions for
various event types

Simulator models signal
post-modifications by
sensors, amplifiers, and
circuits.

Includes electronic
noise from
measurement
interference.

Each energy deposit
creates a discrete pulse
with amplitude and ADC
duration.

Event intervals are
based on GEANT
simulations and a
probability distribution.

==y Combine PDFs

v

Timing
Simulation

t~ fr(t)

v

Energy
Simulation

A~ fy(a)

v

Readout system
interaction

Tracking, TPC, HDR or LEC

Electronic Readout
Simulation

@

v

Digital Signal
Processing

T. Quirino (UERJ)

« Simulator reproduces
pulse amplitude and

models system’s
impulse response.

« Final signal
combines energy,
system response,
and Gaussian noise
for evaluation.

Bernhard Meirose - CHEP2024, October 23 2024
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Data Transmission
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Hadronic Range Detector (HRD)
Signal Simulation

Normalized Amplitude [a.u]

Energy (MeV)
=

(2]
o

© Events
—=* Non-events

[=2]
o
T

[
(=)
T

10 20 30 40 50
Samples

Noise Amplitude (MeV)

(=]

T. Quirino (UERJ)

,‘JL.?.H_TTT _TTI -JT : Thﬁ
I I‘ 1] 7] 1M T

% )

—@— Readout Characteristic Pulse
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: ; ; —— Readout Signal
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Se0f
()]
2

+ ) Baof
@
c
w

207

0
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* is a convolutional operator, that
combines the readout models system's
|r_npullse response and energy deposit
sighal.
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Why Baryon Number
Violation?

Bernhard Meirose - CHEP2024, October 23 2024
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Baryon number in the SM

Even within the SM, B is subject only to approximate conservation law.
In fact only B-L is exactly conserved.
BNV exists in the SM baryon due to nonperturbative effects (tHooft [Phys. Rev. Lett. 37 (1976) 8] .

Baryon number can be violated by triangle anomaly, where left handed quarks
annihilate with leptons.

Ol 1, = s WA WL

L T 3207t Cuvpo

Q

Le
Ly . : AB= AL= +3
LT

Q,

» 1. Tiny effects imply that the minimal Standard Model already has B violation.

L
NNBAR

« 2. However: SM B violation too small to produce observed baryon asymmetry!
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Precision tests of the equivalence principle

Electromagnetic gauge invariance leads to electric charge conservation — true
local symmetry with associated gauge boson (photon).

Baryon number is only global symmetry — no associated mediator.

Precision tests of equivalence principle offer no evidence for a long range force
coupled to baryon number.

Test of the Equivalence Principle Using a Rotating Torsion Balance

S. Schlamminger, K.-Y. Choi, T. A. Wagner, J. H. Gundlach, and E. G. Adelberger
Phys. Rev. Lett. 100, 041101 — Published 28 January 2008

Meaning:

Suppose there is a small Coulomb-like force coupling to B=number of
protons+neutrons in a nucleus.

Different chemical elements would fall at a different rate because the B per
kilogram is a bit different due to the binding energies.

Key (missing!) requirement for hypothetical local gauge symmetry forbidding BNV.

" v

NNBAR
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Sakharov conditions for
baryogenesis
Baryogenesis: hypothetical physical process that took place in the early
Universe responsible for baryon asymmetry.
Necessary ingredients needed to create a baryon asymmetry:
1. Baryon number violation (BNV)
2. Loss of thermal equilibrium

3. C, CP violation
These principles have come to be attributed to Sakharov (JETP Lett. 5 1967).

Violation of CPinvariance, C asymmetry, and baryon asymmetry of the universe
A.D. Sakharov

(Submitted 23 September 1966)
Pis’ma Zh. Eksp. Teor. Fiz. §, 32-35 (1967) [JETP Lett. 5,24-27 (1967).
AlsoS7, pp. 85-88]

AVZAVI AV,
NNBAR
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Sakharov conditions for
baryogenesis
Baryogenesis: hypothetical physical process that took place in the early
Universe responsible for baryon asymmetry.
Necessary ingredients needed to create a baryon asymmetry:
1. Baryon number violation (BNV)
2. Loss of thermal equilibrium

3. C, CP violation
These principles have come to be attributed to Sakharov (JETP Lett. 5 1967).

Violation of CPinvariance, C asymmetry, and baryon asymmetry of the universe

Need for BNV is obvious. o=

Pis’ma Zh. Eksp. Teor. Fiz. §, 32-35 (1967) [JETP Lett. 5,24-27 (1967).
AlsoS7, pp. 85-88]

"\ v

NNBAR
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Testing selection rules

« Neutron oscillations provide clean channel to probe BNV-only process.

 From a purely experimental point: test different selection rules for BNV and LNV.

e d
. | ‘/

Neutrinoless e A AR
double beta decay

\j y 0v2p ” 0 e

u
Proton decay & o -
d

p—>e+—|—7ro

AB #0,AL # 0 AB =0,AL # 0
......................... NeutronOSci”ation I I I R NI R I R A
* Neutron antineutron Neutron sterile u u’

. oscillation neutron oscillation d
n—n n—n' d d’

AB =1,AL =0
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List of backgrounds

Cosmic rays

Neutron capture in the annihilation target - gammas
Neutron capture at the neutron guide — gammas
Accelerator skyshine

Neutron cross-talk from neighboring beamlines

Free neutron background (if neutrons decay inside tracker)

High energy spallation backgrounds

Bernhard Meirose - CHEP2024, October 23 2024
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Invariant mass

10

W

2 2
Z E 7 - Z ﬁ;
3 3

Final state

Counts (per 100,000 events)

10° =

: 2 , '
2 V. / — « B - ‘). 4 . !
E,=+\m2+p2 Pn= \/I\En_ + 2-KE, - m, 102

Initial state

0= il \\‘i\
“ O TS A 14 15 16 17 1.8 1.9
Total invariant mass (GeV)
1 signal
107 [ cosmic
1'}—2 .
% 104
- ___I_L ]
ilﬁ -6
I 10
1'}—3 =
1029 -
I I

0.0 0.5 10 15 20 25
Invariant Mass [GeV]
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Sphericity

101 4
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1ds
WdN

10—? 4

1079

10—11 -

10—13 -

[ signal
1 cosmic

0.0

0.2 0.4 0.6 0.8 1.0
Sphericity
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Event selection

Table 6: Survival portion of annihilation signal events, cosmic ray background, and muon after each consecutive

cut with globally optimized thresholds.

Selection Signal Non-muon background Muon background
Scintillator energy loss € [20, 2000] MeV 0.95 0.15 1.8 x 10—
TPC track cut 0.92 7.1 x 1073 1.2 x 1076
Number of pion > 1 0.86 6.1 x 1078 1.1 x 108
[nvariant mass W > 0.5 GeV 0.83 1.4 x 1078 9.5 x 1072
Sphericity > 0.2 0.73 8.1 x 10~ 6.1 x 1077

Escint, y > 0, filtered < 320 MeV & Egcint, y < 0, filtered < 930 MeV 0.73

We reach our goal within the limits of our statistics...

Bernhard Meirose - CHEP2024, October 23 2024

50



Control of fields in which the neutrons propagate

Eg Freen — n state

Y= (:) H= (Eﬂ € ) £ =mixing mass term

Probability to find an antineutron at time ¢is given by

2
Eﬂﬁ

Pilt) = — sin” [1\/[(AE /)2 + €] e/,
(AE/Z)z + gr?ﬂ \/

AE = E - E5; Require degeneracy between n, n
= Zero magnetic field (<10 G)
Similarly forn — n’

Magnetic field in dark sector
= Scan for -1G <B<+1G in “mG steps

Bernhard Meirose - CHEP2024, October 23 2024
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n — i probability via sterile neutron

in? 4 2.2 \2
nn(l‘)——ﬂf ;&-;I sin B_smﬁ( ! )(10 S ) % 1078

4 0.1s

Tun’ Tnin’

Magnetic scans for HIBEAM is analogous to magnetic shielding for
NNBAR — reach quasi-free condition

For NNBAR,AE < t (achieved via B <10 nT)

For HIBEAM, that's |B — B'| ~0

B field necessary to compensate B' field to allow

n—->n —n

Note: FOM ~ Nt4

Bernhard Meirose - CHEP2024, October 23 2024 52



Search for neutron oscillations

e Neutrons are bound in nuclei — several MeV for liberation

— fission
— spallation (can be kept under full control)

protons l

Spallation

1 1
202 LYY

1
1P squg - © [ <]
© 7 3 ©
% | %,
¢
©
&

Extract of figure from Mads Ry Viogel Jergensen, Aarhus Universify

 To increase probability of n — n

view H,O

e t large — slow (a.ka. “cold” — few meV) Ll
need lots of collisions — moderators C; N\
 We also want as many neutrons as possible. <§
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ESS - a neutron factory

EUROPEAN
SPALLATION

High intensity spallation source SOURCE

2 GeV protons (3ms long pulse hit rotating
tungsten target)

Cold neutrons after interaction with
moderators (~ 1012-13 n/s)

protons I

; Protons

Neutrons

view H,O
Bernhard Meirose - CHEP2024, October 23 2024 ambient
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Antineutron annihilation signal

Model of . annihilation in experimental searches for i
transformations

° Energy release Of ~ Z*mn ~ 1.88 Gev E.S. Golubeva, J. L. Barrow, and C.G. Ladd

Phys. Rev. D 99, 035002 — Published 5 February 2019

Lo

- Distributed over several pions (5 in average),e.g.: n +71 — 17 + 71 + 37

« However: in a real experiment antineutron would annihilate inside a nucleus — this
is NOT the same as annihilation in free space.

« Neutron is strongly interacting particle - '2C nucleus acts as strong medium

Initial Annihilation (all zones) |
Zona 8
Zone 7
Zona 6
£ong 5

Final State

Counts
3

3

Total Momentum of Final State Mesons and Pholons (Galf)

107 I _
J
0 0.z 0.4 D& 0.8 1 1.2 1.4 1.6 1.8 2 . . 1.74 1.76 1.78 1.8 1.52 1.84 1.B6 1.88
Total Invariant Mass of Final State Mescns and Photons (GeV) Invariant Mass of Mesons and Photons (GeVic™)
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* Final states extrapolated from antiproton-nucleon:

Antineutron annihilation

pC —» " Spectrum Matches Experiment Well

40

35

30

N/(10 MeV)/annihilation

25

20

15

10

Figure by J. Hewes

+ Calculation #1

—=—— P. L Mcgaughey et al., 1986

Calculation #2

. E. D. Minor et al., 1990

.“ %
800 900
Momentum, MeV

600 700

1000

Based on 10,000
events
See here and here

pernhard Meirose - CHEP2024, October 23 2024

Antiproton Star Observed in Emulsion*

0. CaamMBERLAIN, W. W. CHUPP, G. GOLDHABER, E. SEGRE, AND
C. WiEGcAND, Radiation Laboratory, Department of Physics,
University of California, Berkeley, California
AND
E. Amarpr, G. Barony, C. CasragnoLr, C. FRANZINETTI, AND
A. MAaNF¥REDINI, Istituto di Fisica della Universitd, Roma
Istituto Nazionale di Fisica Nucleare,

Sezione di Roma, I'taly
(Received December 16, 1955)
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Technology and Material choices

Target: 100 ym carbon foil

Tracking: TPC (+ silicon strips inside vacuum tube: multiple scattering)
H cal: hadronic range detector (HRD)

EM cal: lead glass calorimeter (LEC)

Timing: all sub-detectors

active cosmic veto: scintillating staves + passive shielding: concrete

Scintillator calorimeter (HRD)

Time Projection Chamber (TPC)

e JConcrete shielding T Cosmic veto detector
g . j Lead glass calorimeter (LEC)
Tl ¥

Beam tube
Aluminum beam tube

Carbon target

Bernhard Meirose - CHEP2024, October 23 2024 57



Annihilation target

e Target: 100 um carbon foil Ju.nmmmtwn ~ 4Kb

* Low cross section for absorption

Calorimeter

P

Tracker >TOF

—

_—
Neutron—— Target

beam —— membrane

Vacuum
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Time Projection Chamber (TPC)

3D charged particle tracking: event vertex identification + track matching.
PID through dE/dX measurements.

From ALICE TPC: straight track efficiency of 99%, 5% dE/dX resolution.
8 rectangular chambers (70 cm deep, 200 cm long, 280 cm wide)

Gas composition: 80:20 Ar/CO, mixture.
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Hadronic Range Detector

Multi-layer calorimeter with plastic scintillator staves
— active material and absorber

|ldentify and measure minimume-ionizing energy deposits from low-energy charged
pions traversing the scintillator

Staves in each layer run perpendicular to those in neighboring layers
Distinguish between proton and pion tracks by dE/dX.
Total thickness of 30 cm; 10 layers of scintillating staves (width 6 cm, thickness 3 cm)

Material \

Plastic
Scintillators | -©2d 9lass

150 MeV p

200 MeV pi+ <.

Scintillation | Cherenkov
photons ' photons

Readout
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Lead Glass Calorimeter (LEC)

> 32000 instrumented glass blocks.

High granularity to cope with flux of gammas from neutron capture.

measure gammas from neutral pion decays

+ higher-energy charged pions not stopped in HRD.

FEB holder Steel flange Wrapped lead-glass block

\

150 MeV p

Material

Plastic
Scintillators | -¢ad glass

200 MeV pi+

FEB and SiPM
6 x 6 cm area and 20 cm depth (15 radiation lengths)

Bernhard Meirose - CHEP2024, October 23 2024

e

Scintillation - Cherenkov
photons ' photons

Readout
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HIBEAM searches

n — n’ possible with a non-zero B-field that must be scanned/optimized to match the B-field in the dark sector

Neutron (a) regeneration
source + . .I, [l Neutron
focusing 7N n’, 7' n', 7' 3 n counter
el (b) disappearance
source + . : Neutron
focusin / counter
| n—n
Neutron (c) nn-nbar via sterile neutron states
source + , 'I Annihilation
f : - I I. detector
ocusin [— [ -
° n—>n,n n'.n —>n
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HIBEAM discovery sensitivity

Regeneration
N 3D magnetic control coils 3D magnetic control coils R
Br— (154) Brsr (4001 I
0 0 20 0 40
n->n’ n'->n
Disappearance
M 3D magnetic control coils &
= Bra(1-4) |H
10 20 30 40 T ED
700
600
5 HIBEAM (one year
52 500 | running @ 1MW)
2 £ 400
=3
Eé 300
£ 200
Jo
100 UCN L
0
0.01 0.1

Magnetic field (Gauss)

cillation Time Lower Limit (s)

Figure 22. Excluded neutron oscillation times in blue for n — n’ disappearance from
UCN experiments [40, 42, 44—47] as a function of the magnetic field B'. The projected
sensitivity for HIBEAM (disappearance mode) is also shown in magenta for 1 year’s
running at the ESS assuming a power of 1 MW.
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Figure 21. Sensitivity at 95% CL for the discovery of 7%

(disappearance, ‘dis’)

'

and 7% (regeneration, ‘reg’) for various detector radii for the nominal 1 MW
HIBEAM/ANNI flux at 50 m. A background rate of 1 n s is assumed for the
regeneration search. Plots have been smoothed.

"\ v

NNBAR

63



Magnetic control beam line

Full 3D control of the magnetic field will be needed
Level of ~2 mG.
Achieved with 3D current coils

Non-uniformity reduced with mu-metal shielding

Transverse field coils
(x,y) Longitudinal coils (z)

Y e e L N

— v A'nln' y T ",I g I-“‘a f‘i,ll II,F[.:"Elllr 1", ,-'rh\F' l".lu'r ",I 'h".l ".
[ |'II ' I'I/ k \ ‘\' {| "Il'l I\ | 'ul \

{ |

TV

L) | -
WAVAVAVAVAVA Wi /A A VAVA
\_Y_X_Y) 'A'a'a'A

-
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Comparison with past and future

Limit/sensitivity for oscillation time (s)

1.0E+09

1.0E+08

1.0E+07

experiments

. DUNE

Super-Kamiokande .
Kamiokande Soudan-2 SNO

IMB ' IBEAM
. .FI"E-JUS . H
- i

Nlﬁi(. Kef L2

A A Freen—>n
- Homestake . . Bound 1 - 7

1980 1990 2000 2010 2020 2030
Year
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Searches for Ultralight Axion Dark Matter in HIBEAM

HIBEAM can search for ultralight axion dark
matter (DM)

Traditional searches focus on axion DM's coupling

to photons, but HIBEAM targets its coupling to
neutron spins.

-2

\%cetm
An axion DM field causes spin-polarized neutrons 7~ | X Vo Vite

>
to precess in response to the DM momentum, an © |« |
effect measurable using Ramsey’s method of SN

separated oscillating fields.

-8

log,

-10

The precession alters the Larmor precession

New forces

itrile co-mag

-
-
-----------------

HIBEAM (50m)

%

€ (res)

Formic acid sidebands
Hg sidebands

Supernova
energy—loss
bounds

frequency, providing a detectable signal. I

The HIBEAM search probes ultralight axions with
sub-eV masses and improves sensitivity by 2-3
orders of magnitude compared to other lab-based
magnetometry searches.

The axion-neutron coupling is parameterized by
fa/CN, where fa is the axion decay constant and
CN is a model-dependent constant.

One year of run time at HIBEAM can yield
significant constraints, with astrophysical bounds
from supernovae providing additional context.
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