HIBEAM Project Status

Bernhard Meirose
(on behalf of the HIBEAM-NNBAR Collaboration)

VAN,
NNBAR

UNIVERSITET CHALMERS

UNIVERSITY OF TECHNOLOGY

Bernhard Meirose - Partikeldagarna, Nov 24 2025



A bit of history

HIBEAM: first stage of HHBEAM-NNBAR program

2014/2015 Round  Instrument Canstruction Proposal
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Why neutron oscillations?

Baryon number violation (BNV) only process

BN conservation is accidental symmetry of the SM (broken in extensions)
BNV is most obvious condition for baryogenesis

Last free neutron experiment at ILL in the 90's (t > 8.7 10’s)

NNBAR: ~10°x |[LL sensitivity

HIBEAM: ~10x ILL sensitivity (after new neutron optics simulations)
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European Spallation Source (ESS)

e N
/ N

« Will be most powerful spallation neutron source (,,($§> “) EUROPEAN

SPALLATION

 Place: Lund, Sweden \ 7/ SOURCE
» Under construction: start of user program in 2027
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HIBEAM
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Why HIBEAM? YV i

Open a new intensity frontier in particle physics
Magnetically-controlled beamline: searches for rare or forbidden processes
neutron < antineutron conversions, sterile neutrons, axions, exotic neutron decays

Only facility worldwide with required neutron flux, propagation length, and magnetic
control for these measurements

First fully Swedish-led ESS instrument — fills a gap in Sweden’s ESS leadership
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Physics Program
(beyond neutron-antineutron conversions)
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Searches for Ultralight Axion Dark Matter in HIBEAM

HIBEAM can search for ultralight axion dark ~ —

matter (using “short-HIBEAM (~ 10 m)) %
Unlike photon-based axion searches, HIBEAM &
probes the axion—neutron spin coupling. 3

axion field creates time-dependent modulation of
the Larmor frequency

This shows up as a shift in the central Ramsey
fringe, which oscillates in time

HIBEAM improves sensitivity to sub-eV axions by
2—3 orders of magnitude over existing laboratory
magnetometry.

One year of running already provides competitive
constraints, complementary to astrophysical
limits.
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PHYSICAL REVIEW LETTERS 133, 181001 (2024)

Proposal for a Ramsey Neutron-Beam Experiment to Search for Ultralight Axion Dark
Matter at the European Spallation Source

P. Fierlinger, M. Holl, D. Milstead, V. Santoro, W. M. Snow, Y. V. Stadnik
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Polariz

Ideal vs Axion-Shifted Ramsey Fringes (200 rad/s: for illustration only)
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HIBEAM discovery sensitivity
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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.
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Exotic neutron decays ¢ ¢

C

« Ultra-rare decays searched by large-volume experiments

* Lifetime for decay modes > 10* years

n—erm
n— ptro
n—ep
n— pup-
n — vm

n — vy

0 2.0 x 103 yrs. 13
0 1.0 x 10% yrs. 13
0 7.0 x 10%! yrs. 13
0 3.6 x 10%! yrs. 13
0(7),2(v) 1.1 x 10%3 yrs. 38
0(7),2(v) 5.5 x 102 yrs. 37

arXiv:1605.03235 [hep-eX]
Chalmers seminar - March 28, 2025 12



Searching for long-lived particles in free neutron
- experiments
Exotl c neutron deca s B Meirose, R Nieuwenhuis, R Pasechnik, H Gisbhert, L Vale Silva and D Milstead
Published 8 July 2025 » © 2025 The Author(s). Published by IOP Publishing Ltd
Journal of Physics G: Nuclear and Particle Physics, Volume 52, Number 7

Citation B Meirose et al 2025 J. Phys. G: Nucl. Part. Phys. 52 075001
DOI 10.1088/1361-6471/ade3f2

4 x 108
« Large detectors cannot see exotic 6 Discovery Region
neutron decays when the exotic w \ Exclusion Region
particle X is nearly mass-degenerate i 6 Allowed Region
with the neutron (mass gap < few keV). 2 **" gx VS Tx
b3
 HIBEAM-NNBAR: huge neutron flux, ';
long flight path + full reconstruction E o5
capability: uniquely able to probe these v
hidden decay channels. =
« Constraints from Super-Kamiokande o : i ‘ ,
(SK) allow long-lived X with lifetimes 0 4 5 6 7
10°-10° years if Mx = Mn. gx / (10-19)
« HIBEAM can probe low eff SK [y ~ &xg% v
channels (e.g., X — v+y, X — 11%+y). T
g=3x 1012 , <
X :\ ¥
Fit within dark portal scenarios linking dark/hidden sectors with SM \\
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Status
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HIBEAM Status & Progress

Journal of Physics G: Nuclear and Particle Physics

MAJOR REPORT - OPEN ACCESS
The HIBEAM instrument at the European spallation source

J. Phys. G: Nucl. Part. Phys. 52 040501 (2025)
Technical design work advanced; extensive CDR completed
ESS has invested 1 M€ for crucial beamline insert infrastructure

Prototype development underway:
magnetics, annihilation detector, TPC components, veto system

Early ESS data campaign planned:
axion search + beam background measurements

AVZAVI AV,
NNBAR
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Implementation Plan & Path to
Construction

Located at ESS E5 beam port; staged construction
possible "

Detector suite:

Time Projection Chamber (TPC)
WASA crystal calorimeter
Scintillator-based cosmic-veto system

Beamline constructed by ESS engineering teams; -
detector systems by collaboration

Long-term vision: HIBEAM as springboard to
NNBAR

Responding to an ESS call for new instruments
(deadline Feb 2025) — joint-proposal with ANNI

Bernhard Meirose - Partikeldagarna, Nov 24 2025
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HIBEAM Prototypes

HRD prototype

beam tests in Krakow, Poland, in December

* 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 Csl

4 7
P e
e

A

(T1) crystals equipped with PMTs

Bernhard Meirose - Partikeldagarna, Nov 24 2025
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WASA detector

Cosmic veto

Scintillator crystals _ \ | e, Passive shield

Beam stop

Bernhard Meirose - Partikeldagarna, Nov 24 2025



Lunps Management

UNIVERSITET

D. Mistead (SU) and G. Brooijmans (Columbia): co-spokespersons

Y. Kamyshkov (Tennessee): Lead Scientist

V. Santoro: Technical Coordinator (LU/ESS)

B. Meirose (CTU/LU): Detector Simulation and Computing Coordinator
M. Holl (LU): Prototype Coordinator

"\ I

NNBAR
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Summary and outlook

LUNDS
UNIVERSITET

HIBEAM is a Swedish-led flagship experiment at ESS, opening a new
intensity frontier with the world’s brightest neutron source.

Unique science reach: neutron—antineutron conversions, sterile
neutrons, ultralight axions, exotic decays

Technical readiness is high: major design work completed: prototypes
for magnetics, TPC, veto, and annihilation detector are in active
development.

Near-term program: axion search + background studies, within the
next few years (we expect to be able to use ESS test beam line)

Strategic importance for Sweden: cost-effective route to national " A
leadership at ESS NNEAR

Responding to an ESS call for new instruments

Outlook: HIBEAM stands as both a standalone long-term facility and
the required first step toward full NNBAR

Bernhard Meirose - Partikeldagarna, Nov 24 2025 20
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Backup

Bernhard Meirose - Partikeldagarna, Nov 24 2025
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Sterile neutron search

[ Annihilation detector (n = 71, n — n' — 71 (a,d)) ]
[ Neutron detector forn — n', ALP, q,#0 (b)]
[ Neutron detector forn — n’' — n, (¢)]

Magnetic
Shielding

[Beam stop (n — n' — n, (c)]
[Beam stop (n — n' — 7, (d)]

Experimental setup
(@) n—-n

(b)

© n-n' I n ->n

n -»>n', ALP, q,#0 Moderator

source

(d) n-n' ,I n-n

Neutron Extraction
system
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The future
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Avoiding Blindness in Baryon Number Violating Processes:
Free-Beam and Intranuclear Paths to Neutron-Antineutron Transitions

Joshua L. Barrow® ! Peter Fierlinger,” Yuri Kamyshkov,” Bernhard Meiroset 2
David Milstead,*” Rabindra N, Mohapatra,® and Valentina Santoro®”

"The University of Minnesota, Twin Cities

2 Physik-Department, Technische Universitét Minchen, 85748 Carching, Germany
* Department of Physics and Astronomy, University of Tennessee, Knozville, TN 37996, USA
‘nstitutionen for Fysik, Chalmers Tekniska Higskola, Sweden
-Ii')ljllU'n’Nl!PN‘ of Physics, Lund Unwversity, 22100 Lund, Sweden
"Department of Physics, Stockholm University, SE-106 91 Stockholm, Sweden
TOskar Klein Centre, Stockholm, Sweden
*Department of Physics, University of Maryland, College Park, MD 20742, USA
? Eurapean Spalfation Source ERIC, 22100 Lund, Sweden
(Dated: November 4, 2025)

Experimental searches for neutron-antineutron (n — i) transitions can be considered via two
Hl)])l'f)“l'hl"': conversion in free-neutron I)C‘l\lllﬁ lill(l iulrm]m'h‘m lmllhf\)mlﬂllun h'ﬂdil]g to matter
instability in large-mass detectors. Plans for next-generation searches make it timely to highlight the
complementarity, necessity, and limitations of each method. Converting the bound neutron limit into
one for free neutrons traditionally utilizes nucleus-specific estimates of the in-medium suppression of

n — i, obtained within mean-field theory under a single-operator assumption. This paper highlights

how this suppression can be seenario-dependent, which can lead to deviations from the standard
approach that can span several orders of magnitude. A further goal of the paper is to point out the
need for a broader phenomenology program for n — 7 that is akin to those developed for electric
dipole motments and other systems for which short-distance new physics must be studied in-medium

INTRODUCTION

the strong nuclear field inhibits the n - n transition

A nucleus-specific parameter, R = T, s generically

applied to any experimentally determined intranuclear

OFf all of the hitherto observed conservation laws, the
apparent protection of baryon number (B) is ||l‘1'h.‘l|h
the most fragile. Theories of baryogenesis |1-5] require
baryon number violation (BNV) as a Sakharov condi-
tion [6]. Similarly for the conservation of lepton number
(L), barvon number (B) is conserved in the Standard

(bound) lifetime lower limit (T,) to recover the associ-
ated square of the oscillation period for free neutrons
(77). Estimations of R are based on phenomenologically
mature mean-field /optical potential models assuming a

contact interaction and lm)lm'lltllln-Lluh'pz\llclz‘ul nucro-
oot [CENPRL I S R S

Free neutron-antineutron searches offer strong sensitivity
Increases
Limits from free and bound searches are "apples and pears”.
Multi-operator interference and non-locality can radically

shift sensitivities between the two methods.



HIBEAM discovery sensitivity
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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.
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Sterile neutron search

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, [ Neutron
focusing 7N n’, n' nr, 7' n counter
Neutron (b)

disappearance

source + . . Neutron
focusin ’ counter
2 n—n
Neutron (c) n-nbar via sterile neutron states
Annihilation

source + -- -I. |.
¢ _ detector
ocusing [ — [ -

n—-n,n n.n —>n
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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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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!
Bernhard Meirose - Partikeldagarna, Nov 24 2025 28



Comparison with past and future

Limit/sensitivity for oscillation time (s)
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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)
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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
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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
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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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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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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 - Partikeldagarna, Nov 24 2025
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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
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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 - Partikeldagarna, Nov 24 2025 ambient
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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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Neutron detector design

. - . Neutron regeneration
n' n' n',n' n for scanned B-field
Beam stop Neutron detector A

Neutron disappearance
p for scanned B-field

Neutron detector B
Two very different experiments with very different neutron detector
requirements!
e detector A: low-flux, large area position-sensitive neutron detector

e detector B: high-flux, high-efficiency neutron detector sensitive to
intensity variations of 107/

Goal of WP4: technology review, candidate selection, costing model(s)
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AXxion-neutron coupling effect in
Ramsey interferometry

Cn
Lint = 0 aN'y v5 N

2y "

Start: spin up along z.
11/2 pulse: tip spin into x-y plane (say along x).

Precession: spin rotates in x-y plane — relative phase accumulates (phase = detuning
x time).

Axion field: adds a tiny, oscillating effective magnetic field along some direction —
modulates the precession frequency, so total phase = phase + axion-induced phase.

Second 11/2 pulse: maps total phase onto z-axis population.

Measure z-population over many neutrons — interference pattern shows tiny
oscillatory shifts — possible detection of axion interactions.

Bernhard Meirose - Partikeldagarna, Nov 24 2025 40



Bound vs. free neutrons

e Large-volume experiments use bound neutrons

« Blind to decays in certain kinematic regions

Super-Kamiokande detector inside view

Bernhard Meirose - Partikeldagarna, Nov 24 2025
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Bound vs. free neutrons

t p
d

Free-neutrons decay in ~ 15 minutes

udd
n

But bound neutrons are mostly stable

Energy gained from neutron decay lower than energy
needed for extra proton in nuclear core.

Neutron in shallow potential well

Direct consequence of semi-degeneracy between proton
and neutron in standard beta decay (n - p+e+v )
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Exotic neutron decays

Semi-degeneracy argument restricted to protons (in Standard Model)
But equally valid in non-standard decays (n —» X + ...)
As long as X's mass is close to the neutron...

...there are kinematically suppressed decays for which large-volume
experiments are virtually blind

Full decay must preserve charge and Lorentz invariance
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Neutron decay to dark matter?

Not first time argument is explored

In Phys. Rev. Lett. 124, 219901 (2020) Fornal and Grinstein explored
scenario where neutron to decay to dark matter + vy

Dark matter particle very close to neutron mass
937.900 < m, < 938.783 MeV (~ 1.7 MeV “mass gap” from °Be stability)

X is a stable fermion
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Neutron lifetime puzzle

e Goal of Fornal and Grinstein was explaining "beam vs. bottle" anomaly

 The anomaly: Measurements of the neutron lifetime using two methods
—counting decay products in a neutron beam and tracking ultracold
neutrons in a trap—differ by about 9 seconds

200 .

895 |

890 »
885 +
880

875 —

888.0+/-21s

Ty ()

879.6 +/-0.8s

¢

BEAM =
BOTTLE e

.8

+

1990 1995 2000 2005
PUBLICATION YEAR

2010

 However, dark neutron decays excluded (40) as an explanation of the
neutron anomaly by D. Dubbers et al (Phys. Lett. B 791:6 2019)

* This is, however, not the end of exotic neutron decays

Bernhard Meirose - Partikeldagarna, Nov 24 2025
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Exotic neutron decays revisited

Free-neutron-exclusive exotic decays still allowed.
Uncertainty in free neutron decay is large (~ 0.1%)
While not an explanation for neutron lifetime anomaly
Neutrons might still decay to dark matter

... or to some other long-lived exotic particle

Bernhard Meirose - Partikeldagarna, Nov 24 2025
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Exotic neutron decays revisited

lfn— X+....and 937.900 <m_<938.783

Condition is met
As long as X's width (I') not too large
otherwise: neutron can decay off-shell

With large I, exotic decays of X become allowed also at large-volume
experiments (the larger T, the larger the rates)

... Wwhich is NOT observed.
So, X may decay as long as its I is small enough (long lifetime)
But how small is small enough?

v NN”YARFV
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Maximum width estimation

« Considern — X+ ....and 937.900 < m, < 938.783

 What is maximum I consistent with zero events observed in
Super-K?

937.9 MeV 1 FX
P(Xoﬁ“—shell) f - T2 dMX
0 T (MX L M;)(n—shell )2 + X

4

' = Fn . Br ‘ P(Xoﬁ—shell)

B, = 103
[, = 1/878 Hz
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Maximum width estimation
 Data collected by Super-K (1996-2016) ~ 250 kiloton.yrs (~ 10°° n)

Ndecays — NSK -1 Tear ’

' = Fn . Br ) P(Xof’f—shell)

T

year 3.2 x 107s Ngx = 1035

g True for many hadronic channels, e.g.,
e = 5%, 10%, and 20% channels with one or more charged pions
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Maximum width estimation

Require: P,_< 0.1 (in 90% of experiments SK below 30 )

P(Xosishen); = 8 x 10779
P(Xoff—shell)m = 3 X :~O_36
P(Xoff—shell)t =1 X :—0_36

Iy, $4.2x 107" MeV; 7y, ~ 5.0 x 10° yrs
Iy, <1.7x107° MeV; 7x, ~ 1.2 x 10°yrs
Iy, <59x107°MeV; 7y, ~ 3.6 x 10° yrs

Compared to ~ 10* years limits imposed by SK!
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Can such lifetime be measured?
(NNBAR)

 Number of X particles that decay inside detector tube:

Ntotal — (:DX . (1 — e_ttube/TX) . T

1" = 2 yrs s
. i
Oy =1.1x 10° X/s
_ diube g
ttube — oy | | | |
diype = 6 M v_is determined from the kinematics of n — X +y

N ~ 70 events (assuming 0 — '°0)

total

Bernhard Meirose - Partikeldagarna, Nov 24 2025
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Theoretical parameter space in an

effective theory

4 x 10°
Discovery Region
o~ 3x10° . .
0 \ Exclusion Region
© Allowed Region
g 2 x10°
> gx VS Tx
X
9
£
6
= 10
)
=
-
6 x 10°
3% 109 4 5 6
gx / (10~19)
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Motivation for long-lived ~ 1 GeV
particles

Fit within dark portal scenarios linking dark/hidden sectors with SM.
Natural extension of particle dark matter hypothesis.

Mass range fairly unconstrained, from MeV to GeV.

Hidden Sector models:
Suppressed couplings to SM, enabling long lifetimes.
Can evade high-energy collider detection (e.g., displaced vertices at LHC).

Experimental opportunities in rare decay processes (e.g., NNBAR).

Exotic ~1 GeV long-lived patrticles predicted in many models.
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Two-body Decay Final States

« Given low mass-gap:
n — X + vy (fermionic X)
n—-X+v (scalar/vector X (indistinguishable for low stats))

 if Xis a fermion:

X — PT+ e, where P =7n", K=, p*

« if Xis a boson:

X > a0 40
X —s pE0 4 g F0
Xy K50 T 0
X =7+
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