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Outline

— Intensity frontier experiments: what are they
— One of their main goal: search for feebly-interacting particles (FIPs)

— Our understanding of the parameter space of GeV-scale FIPs: is it mature enough?
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Introduction

Introduction

Intensity frontier experiments and feebly-interacting particles
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Introduction

Intensity frontier experiments I

. - Euture
~ Mid-2030s: HL-LHC e, OGS,
“ Collider -~
— Mid 2040s: FCC-ee (7)

FCC image selection

Do we have something earlier?
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https://cds.cern.ch/record/2653532

Introduction

Intensity frontier experiments II

cms
— LHC: 4 main North area
experiments k\UCE L)Cb
— SPS: 400 GeV protons
ATLAS

SPS
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Introduction

Intensity frontier experiments II1

CMSs

MATHUSLA, FACET/PREFAC
SHIFT

SHIP,
North area ProtoDUNE,

NA62 Codex-b L)Cb
ICE

FASER/FASERV, SND@LHC,
ANUBIS, FPF, advSND

ATLAS

SPS

Intensity frontier experiments

[1901.09966], [2505.01715]

Maksym Ovchynnikov LLPs March 19, 2025 6/51


https://arxiv.org/abs/1901.09966
https://arxiv.org/abs/2305.01715

Introduction

Intensity frontier experiments IV

Decay volume

V7
>

T

Detector

Target FIP
]
Proton beam ’v Beamline z
~N

Typical intensity frontier experiment:

— Displaced large decay /scattering volume
— Low background environment
Main goals:
— Neutrino physics
— Kaon physics

— New physics at intensity frontier
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Introduction

SHiP experiment I

Access shaft (4x8m?)
(existing)

(existing)
Access shaft (8x8m?2)

Muon shield ’
Scattering and

Neutrino Detector (SND)
Decay volume

Spectrometer .

Particle ID LAr@SHiP placement

SHiP experiment — highlights:

— Proton beam with E), = 400 GeV and a large beam intensity: NpoT year = 4 - 1019,
Expected running time: ~ 2030 — 2045

— Background-free experiment for many scenarios

— May search for decays and scattering signatures See TDR
= = = ==

v
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https://cds.cern.ch/record/2878604?ln=en
https://cds.cern.ch/record/2878604?ln=en

Introduction

New physics at the intensity frontier I

— Consider a new physics particle with
mass m and coupling g

— Masses m < Agw: past experiments
excluded large g

— Such particles are called Feebly
Interacting Particles (FIPs)

coupling -»

B/K factories
e'e” colliders
Beam dumps

LLPs

‘ |
Cosmological boungs

mass -

— If the particle is unstable: ¢ o« m~®*g~2 = unexplored parameter space
corresponds to Long-Lived Particles (LLPs)
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Introduction

New physics at the intensity frontier II

“Portals” — lowest-dimensional gauge-invariant operators with LLPs:

Model (Effective) Lagrangian What it looks like

= = Heavy neutrino with
HNL N YLHN + h.c. interaction suppressed by U ~ Yv,/my < 1

A light Higgs boson with

oo 1i tH 2 t
Higes-like scalar S| er HTHS® + co HTHS interaction suppressed by 0 ~ cavp/my,

A massive photon/vector meson with

i _e pv w
Vector mediator V/ 2BV +gVidup interaction suppressed by €/g

A 7% /m/n’-like particle with the interaction
suppressed by frga

ALP a agaG’“’éw, + ...

Simple extensions of these models: couple N, S, V,a to dark sector (DM, dark QCD, etc.)
[1901.09966], [2305.01715]
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https://arxiv.org/abs/1901.09966
https://arxiv.org/abs/2305.01715

Introduction

GeV mass range: why is it special? I

Vv -

(a) Z < (0

Reason 1: huge production rates
— GeV-scale LLPs may be produced in

® Decays of mesons (w?, ..., B)
® Proton bremsstrahlung/fragmentation
® Primakov processes

Thousands of events with FIPs may be observed

It can be used to extract unique information about FIPs
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Introduction

GeV mass range: why is it special? II

Reason 2: complementarity of cosmological and lab proves

HNLs. Majorana nature, pattern = {1., 0., 0.}

— LLP lifetime scaling:
TLLP X M~ Yg 7%, a > 0

— Cosmological observations (BBN, CMB)
may probe lifetimes T p = 1072 s. N
They cross lab constraints at some small = 10-8

1074+ Excluded, lab

1076}

Target parameter space

mass 5
X
— Astrophysical constraints (like SN) may 10710} C/Ude"sS/v
also show up in the mass range “Crg
m < 100 MeV 0.5 1 2 5

Synergy between lab and cosmic/astrophysical probes in GeV range

Defines target parameter space from above and below
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Introduction

GeV mass range: why is it special? III

Reason 3: limitations of LHC searches

— Recently, a lot of new trigger schemes at
the LHC have been conducted to search Upstream track
for FIPs:

— Downstream algorithm at
LHCb [2312.14016]

Muonless showers in muon VELO
chambers [2402.01898] 0

T1 T2 T3

Long track

VELO track Downstream track

— These searches have limitations for
GeV-scale particles: small decay
volume, non-negligible backgrounds

T track

[

/
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https://arxiv.org/abs/2312.14016
https://arxiv.org/abs/2402.01898

Introduction

GeV mass range: why is it special? IV

Bonus: complementarity to the domain probed with FCC-ee

HNLs. Majorana nature, pattern = {1., 0., 0.}

— FCC-ee is not a B, D factory: 1074} Excluded

NFCC ee << Nlnten51ty frontier (1) 10_6-

So it cannot efficiently probe the
parameter space of FIPs produced by B
decays

— On the other hand, it may search for the
particles produced in Z decays

1078}

— Intensity frontier
107101 — FCC-ee
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Introduction

LLPs with intensity frontier experiments: what we can extract? I

0.14 1 )
N — mhu~ with mps = 1GeV/c?
0.12 1
By observing interactions of FIPs, we may: 0.10 1
® Reconstruct the FIP invariant mass
¢ Identify decay/scattering modes = 0.08 1
distinguishing various FIPs 0.06

10-1000 events are required, depending on
the signature (this is why we need large 0.041
intensity!)

0.02 A

0.00

085 090 095 100 105
Reconstructed Invariant Mass (GeV/c?)
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Introduction

LLPs with intensity frontier experiments: what we can extract? II

Example: HNLs may exist in pairs /V; ; forming a quasi-degenerate
particle

Motivated by HNL-induced BAU and neutrino oscillations [0605047]

— Seeing O(1000) events, it may be 10.0
possible to resolve oscillations z 737
N7 <> N3 and measure Am by S soq
distinguishing lepton number violating : 257
and lepton number conserving events jg 001 by
This information is encoded in the angular £ -25
distribution of the decay products (due to -50
helicity conservation) =75

0 2 4 6 8 10 12 14
Proper time 7[m]

[1912.05520]
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https://arxiv.org/abs/hep-ph/0605047
https://arxiv.org/abs/1912.05520

Introduction

LLPs with intensity frontier experiments: what we can extract? III

NH@SHiP
-
— By reconstructing HNL decay modes, we 0.A1. \)’Lee""’e«qf_y

may extract mixings with neutrinos
U2/u?
On the other hand, varying 6;;, dcp,

=
Am?j within uncertainty range, obtain \0\
the region of possible U2 /U? for the Q°
i hierarch N
given v mass hierarchy \‘b

— 100 — 1000 events are required to test
the neutrino hierarchy and extract the
Majorana phase

0. 0.2 0.4 0.6 0.8 1.
U2IU?
2312.05163
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https://arxiv.org/abs/2312.05163

Introduction

LLPs with intensity frontier experiments: what we can extract? IV

Another example: di-decays

— Consider a particle that couples linearly
and quadratically to SM fields

— At intensity frontier experiments, we
may observe mono- and di-decays
Di-decays may allow identifying LLP’s
production modes and distinguishing
from solely linearly coupled FIPs

R

1078

107"}

1078}

107°

10—10'

10—11

107"

Mono vs di-decays

3

Excluded

- - - Belle llnons
—— Belle llg

- - = SHiPmono
_ SHiIPdi

05 1

mgs [GeV]

Ezample: LLPs X having the hX X coupling [2503.01760]

Maksym Ovchynnikov

LLPs

March 19, 2025

18/51


https://arxiv.org/abs/2503.01760

Introduction

Compute the sensitivity to your model I

x
Select the experiments:
advSND CODEX-b FASER LAr-SHiP-ECN3 PREFACE
ANUBIS-shaft  DarkQuest FASER2 LHCb-downstream SHADOWS

BEBC DUNE-ND-LAr FASERv LHCb-muon-chamber SHINESS

Belle Il DUNE-PRISM  FASERV2 MATHUSLA SHiP

CHARM E137 FOREHUNT NA62-dump SNDatLHC

CMS-di-decays FACET HIKE-dump NuCal SND-SHiP-ECN3
oK

Recipe to calculate the sensitivity to your model:
1. Consider available event samplers with LLPs [2105.07077], [2201.05170], [2305.13383]

2. Implement experimental setup
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Introduction

Compute the sensitivity to your model II

X

Select LLPs for which acceptances will be computed:

O ALP-fermion Axion-like particle a with the phenomenological
B APl Lagrangian L = gjaBWEW, where g, is

@ ALP-photon 4

OB the coupling and B/, is the U(1)y field

O B-3Le-Lmus+Ltau strength. Below the electroweak scale,

O B-3Lmu the Lagrangian may be reduced to the

O B-L ALP interactions with photons, with the

0 B-Le-3LmusLtau replacement §;-9,. The model is known as
O Dop BC9 within PBC benchmarking (1901.09966)
O HNL

O Scalar

3. Directly calculate the sensitivity with event generators or translate the generated
events to the full simulation framework

Maksym Ovchynnikov LLPs March 19, 2025 20/51



Introduction

Challenges 1

Electron coupling dominance: UZ U7 U7 = 1:0:0

N

o~ 107

. = 107
10

107

10 107

10°®

10°
107
10°®
10°°

10°

= 4 L) FIPs 2022
T s 107
trarﬁnaﬁxm&}q; b cev
E- mma 3 0 )ZC 10711
- SN1987A
10 - el v L AMEPETERY EEPENE | 1022 "
107 10 10 1 10 102 101 1 10

10
my, (GeV)

Examples of nice summary plots with the LLP parameter space from [2305.01715]

Can we take these plots as they are? No
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https://arxiv.org/abs/2305.01715

Introduction

Challenges II

Can we take these plots as they are? No

Reason 1: status of the cosmological constraints

— How do they behave under the variation of the cosmic setup?

Contradictory predictions of previously existing approaches on the impact of LLPs on
neutrinos

Reason 2: unaccounted theoretical uncertainties in the LLP
phenomenology

May be orders of magnitude and even not quantifiable
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Challenges

Challenge 1: from cosmology
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Introduction

Cosmological constraints/sensitivities I

— LLPs may be efficiently produced in the 101
primordial plasma B

— Cosmological probes/bounds: earliest
observable imprint of the LLP on the 100k
Early Universe (BBN, CMB) ﬁz i

— Crucial to understand the boundary of I
the constraint (when LLPs affected the 101k
Universe around neutrino decoupling i
time)

— Especially important in light of ongoing
observations by Simons observatory

1072

=] [ = = == DA
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Introduction

Cosmological constraints/sensitivities 11

— Example: short-lived HNLs with mass
mpy 2 My. The main impact on BBN:
meson-driven p <> n
conversion [2008.00749]

— The main impact on CMB: affect on

—— SBBN+HNLs

Neg via decays into neutrinos, mesons, —__ SBBN
and EM particles [2103.09831] ‘
5 10

— Effect on NNeg: requires solving neutrino Boltzmann equations
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Introduction

Relaxing cosmological constraints: varying cosmic setup

BBNaliowed, .. ow.1)

150 200 250 300 350 400 450 150 200 250 300 350 400 450
m; [MeV] ms [MeV]

— For the same HNL interactions at accelerators, one can relax BBN constraints by
varying the cosmic setup

— Example: add huge asymmetry in the sectors of neutrinos and HNLs — wash out the
impact of HNLs on the expansion of the Universe an n <+ p rates
Partially discussed in [2005.06721]

In preparation
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Introduction

Impact on neutrinos I

Previously existed solvers of neutrino Boltzmann
equation [0008138], [2103.09831], [2104.11752], [2109.11176]

— Used the same approach of solving the neutrino Boltzmann equation

— Delivered qualitatively contradictory results for LLPs decaying into high-energy
neutrinos (A Neg > 0 or < 07)

— In case of LLPs decaying into metastable particles (mesons/muons), missed
important processes governing their interactions with the plasma
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Introduction

Impact on neutrinos II

V ~ 7
M A L4
s nt \O/ -I-[O
.r[+ / P P’ ~ a X
W oo m°
(a) (b

— Consider LLPs decaying into metastable particles: p, nt /K
— Before decaying (a), they may participate in

Elastic scattering off EM particles (d)
— Interactions with nucleons (c)
— Self-annihilations (b)

— (b), (c) dominate at MeV temperatures, leading to non-trivial influence on neutrinos
In particular, decays into K+ may induce v-7 asymmetry in energy distribution
More information in companion papers [2411.00892], [2411.00931]
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Introduction

Impact on neutrinos III

Incorporate the metastable dynamics into existing neutrino Boltzmann
solvers — non-trivial task:

— Very sensitive to the analytic reducibility of the collision integral
The approach breaks down in case of, e.g., decays into jets or complicated NSI

— Extremely complicated to implement every model
Need to achieve stability of the solver and define the integration phase space case-by-case

— Unrealistic to use for heavy LLPs with mass m ~ 1 GeV decaying into neutrinos:

computational time scales as

teomp X EST2. , k>2 (2)

Maksym Ovchynnikov LLPs March 19, 2025 29/51



Introduction

Impact on neutrinos IV

— New approach to solve the neutrino
Boltzmann equation — neutrino DSMC

— Idea: replace the collision integral with
the system of vs, e*, LLPs, and
simulate their interactions
Account for the instant thermalization
of the EM plasma, v oscillations, Pauli
principle

— Cross-checked against existing methods
in the case of well-defined setups, very
fast and versatile

More information in companion papers
[2409.15129], [2409.07378]

Maksym Ovchynnikov LLPs

No

Cell with Tgp cer, Nem,ceu» and neutrinos

v

Randomly select pair to interact

v

Intermediate interaction acceptance

No

Based 0N Wpqir/Weelt,max

W Yes

extract neutrino's kinematics from particles' data

Determining pair's kinematics
Sample e* kinematics from fip (p, Tem,cer)

v

Simulate pair's collision
Select specific scattering channel,
generate final state kinematics Einq;

v

Based on quantum statistical weight Pyjock (Efinar)

Final interaction acceptance

Recalculate pgy ceir @and neutrino particle data

w Yes

Update local properties of the plasma

Update Tgy ceu and Npu,ceu Via ppuceut
Perform oscillations of final neutrinos

>I| Repeat Nygmpieqa times
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Introduction

Impact on neutrinos V

Neutrinophilic particles, 1= 0.03 s

5f i
0
S
&
=5F— myp = 0.04 Ge )
— myp =0.08 GeV
— myp =0.25 GeV
10 —m|_|_p:1AC‘;eV ) )
N 0.05 0.10 0.20
t[s]

— Application of DSMC: generic LLPs with mass m > 3T decaying into SM
species at MeV temperatures always decrease Neg

— May be applied to other systems (evaporating PBHs, SN)

In preparation
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Introduction

Challenges

Challenge 2. Theoretical uncertainties in LLP phenomenology
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Introduction

LLP phenomenology: outline I

(a) Z 1y “ Q)

— LLP’s phenomenology: production and decay/scattering modes
— Complexity 1: variety of modes, depending on the LLP interactions

— Complexity 2: mprp ~ 1 GeV is around Aqcp
We have to match two descriptions of their production and decays: perturbative QCD and
hadronic bound states (mesons, nucleons)
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Introduction

Mixing I

Main challenge — mixing with mesons

— Interaction Lagrangian of a LLP X:
L=X" Oulthsm] (3)

— Expansion of Og4[1psnm]| in terms of bound states Y:

1-particle 2-particle

Oa:Cl(yaayaazy)a+62(y25(ay)zyyay)a+"- (4)

- X%y, — induced resonant mixing. Every process with Y may involve X by replacing

&1

Yy = Oyxx, Oyx = — (5)

- + ...
mX—mg,—'Lmyl"y
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Introduction

Mixing II

Main challenge — mixing with mesons

LLP Mixing with Y
Dark photon pY,w, ¢ and their excitations
V coupled to J g w, ¢ and their excitations
Higgs-like scalar S fo and its excitations
ALP a 70, m,n’ and their excitations
HNL N -

— Most of the “simplest” LLPs have mixing

— It makes it necessary to carefully know the meson spectroscopy in the mass range
M < 2 GeV, which is far from being true [2407.18348]
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Introduction

Mixing ITT

Main challenge — mixing with mesons

How to (partially) overcome the problem:
— Use experimental data from which it is possible to extract the production/decay rate

— Use phenomenological Lagrangians incorporating as many mesonic resonances as
possible
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Introduction

LLP phenomenology: examples I

0.100

0.010¢

BR(B-X+N)
o
o
<

myunL[GeV]

HNLs [1805.08567]:

— Production: aka massive neutrinos — via leptonic/semileptonic decays of
w, K, D, B, W, with form-factors calculated using lattice QCD or light-cone sum rules
calibrated on data

— Decays: CC/NC leptonic decays N — ll’v + semileptonic decays N — mO%v/ m*EIF

Maksym Ovchynnikov

LLPs

—— B*-e+N

- — - B'>D+e+N
------ B*-»>D%+e+N
—-—. B*'s>m%+e+N
— .- B'sp+e+N
- — - B°sD*+e+N
------ B’-»D"™+e+N

—-—- Bsrt+e+N

—--- B'>sp*+e+N
— = = Bg»Dg+e+N
------ Bs—»Di+e+N
—-—- Bs»K*+e+N
—--- Bg»K*+e+N
B.oe+N
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Introduction

LLP phenomenology: examples 11

R .
— 2K
050 —wn == /|\|] = -----4
- ---
x 4
/I\ et
% 0.10+ Otherexq
[a] Y
0.05r --- e-pair
——— p-pair
- = = T-pair
---- Jets
0'001.05 0.10 0.50 1

my [GeV]

Dark photons [1801.04847], [2409.09123], [2409.11096]:

— Decays may be extracted from ete~ — hadrons the using the VMD-+HLS
framework

Maksym Ovchynnikov LLPs March 19, 2025
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Introduction

LLP phenomenology: examples III

H:“”

____)___

(a)

Dark photons [1801.04847], [2409.09123], [2409.11096]:

— Production: decays of w%,n,n" — V + 4, Drell-Yan process (heavy V&), proton
bremsstrahlung (light Vs, ISR), fragmentation (light Vs, FSR)
— Fragmentation:
® Tmplemented in Pythia8 ([2409.11096] + to appear)
® Automatically tuned to data

® Main problem — no heavy resonances in Pythia’s fragmentation chain, so the flux is
conservative
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Introduction

LLP phenomenology: examples IV

N y /\/X
Px /\\ P \ \\
P b
i 5 S 5
a) b)

Bremsstrahlung [2409.09123]:
— Quasi-real approximation a-la Altarelli-Parisi [1904.10447]

— Free parameter — virtuality of the intermediate proton. Complicated to constrain it it
by fitting data (e.g., inclusive p® production) because fragmentation also contributes
— Elastic proton form-factor in the ppV vertex: need to extrapolate the available data
q? <0,q% > 4m12, to the “unphysical region” 0 < g% = m%, < 4m12,
Heavy uncertainty from varying masses and widths of resonances contributing to the form
factor within their measurement errors
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Introduction

LLP phenomenology: examples V

Production probabilities of DP at SPS

| — Bremsstrahlung
— DrellYan
— Eta
10'67 — EtaPr
— Mixing
— Pi0

0.05 0.10

myp [GeV]

— Impact of theoretical uncertainties on the production is large

Maksym Ovchynnikov LLPs

050 1 5

[2409.11096]

March 19, 2025

41/51


https://arxiv.org/abs/2409.11096

Introduction

LLP phenomenology: examples VI

Lower bound of production Upper bound of production

Prompt signatures uu L‘- Prompt signatures umw L,.
— Daeru;st:pr:a;—1 A 10_7 o Poufidi

— DarkQuest-phase-1

— FASER2-FPF _— — FASER2-FPF

10-10 — NA62-dump 10-10f NA62—dump
— SHIP-ECN3 — SHIP-ECN3

v 10-13}._Beam dump v 10-13 Bea
10710 =" 10-16 \‘."‘\
SN1987A SN1987A
-19 -19
10 0.05 0.10 050 1 5 10 0.05 0.10 0.50 1 5
my [GeV] my [GeV]

— This translates on the dark photon parameter space — both constraints and
sensitivities

[2409.11096]
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LLP phenomenology: examples VII

e aD(mX/mV)4

Y=

my/my =1/3, ap = 0.1

BaBar

107°
10710
10—11
10712
10-13 — SND@SHIP
— NAG4++,,,
-14 7 N N N " 1
100.001 0.005 0.010 0.050 0.100 0.500
m, [GeV]

— The uncertainties translate to the parameter space of dark sectors whose interactions
are mediated by dark photons
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Introduction

LLP phenomenology: examples VIII

Mediators coupled to the baryon current [1801.04847]:

— Similar status to the dark photon, but + 1 problem: no data for the elastic proton
form factor to be used for extrapolation
In progress

Maksym Ovchynnikov LLPs March 19, 2025 44/51


https://arxiv.org/abs/1801.04847

Introduction

LLP phenomenology: examples IX

SPS. 62 =1.x107"°, Brj,ss = 0.01
T T ™ T

1 0—12 |
I
1 0—15 |
8
QQ
107 "8} — Bremsstrahlung
— B-mixing
— B-quartic
-21| — Bs-quartic
10 [ — K-mixing
0.05 0.10 0.50 1

myp [GeV]

Higgs-like scalars S [1904.10447]:

— Production is dominated by exclusive processes: h — SS and FCNC decays
B — X,,q+ 8/8S, Bs — S8, which are well understood

Maksym Ovchynnikov LLPs March 19, 2025  45/51


https://arxiv.org/abs/1904.10447

Introduction

LLP phenomenology: examples X

6% =1.x10""2

104
5000F

— 1809.01876
— 2407.13587

cts [m]
N
o
o
o

100¢

mg [GeV]

— Decays: no data to extract directly, but the scattering data 77w — 7w, 7w — KK
may be used to calculate the width using dispersion relation methods

— Issues: systematic uncertainties in the scattering phase shift significantly affect the
calculations + only simplest decays modes (S — 7w, KK) can be studied this way
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LLP phenomenology: examples XI

ALPs a [2012.12272], [1811.03474], [2310.03524], [2501.04525):
— Start with the Lagrangian

a o ~ o,a _
L=——"Gu.G"+-"L ci fyH s f 6
fa477 # fa zf: ! > ( )

— Perform the chiral rotation g — e~*¥5%4%/faq with tr[kq] = 1 eliminating the gluon
coupling

— Make a correspondence between the resulting theory and ChPT Lagrangian
ﬁChPT+a[Rq] [2012.12272]

— Supplement the interactions with phenomenological Lagrangians describing
interactions with other mesons

— Add FCNC couplings generated by the RG flow
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Introduction

LLP phenomenology: examples XII

O~ O*

— Resulting Lagrangian must predict kq4-independent observables [2102.13112] and
include all pseudoscalar excitations

— Recipe when including arbitrary interactions [2501.04525]:

L[X,P]—> L [exp (—icG;n(I) Y exp <—icG;mq) , P+ cGanq] (7)

a a
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Introduction

LLP phenomenology: examples XIII

Pro'duction' probabilities of ALP—gllfon at SPS Proclluction Probabilities of AII_P—ferrTlion at SPS
1000} 1 1000} l
3 15 —
S 0.001 1 0.001 -
IR {5 0
@ gl e | I \ﬁ g e
- ey e
10 S 010 050 1 5 1005010 050 1 5
my.p [GeV] myp [GeV]

— For solely gluonic coupling, £ = cgag/4ma/ faG”,,C:"“’ , the same issues in the
production as for the dark photon [2501.04525]

— For the ALPs having coupling to fermions, FCNC decays of Bs dominate [2310.03524]
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Introduction

LLP phenomenology: examples XIV

— Decays: use phenomenological Lagrangian of interactions of various mesons
from [1811.03474] and [2407.18348]

— Problem: mixing of ALPs with heavy pseudoscalar mesons
(w9(1300),7(1295),1(1440)) is very sensitive to the operators for simplicity
dropped in [2407.18348] when fitting to the data

— Theoretical uncertainties cannot be properly quantified without including these
operators in the fits

[2501.04525]
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Introduction

Conclusions

Intensity frontier experiments allow directly seeing new physics particles with tiny
couplings

— It is possible to observe thousands of events with GeV-scale new physics particles at
these experiments and identify their properties

— However, it may be non-trivial to match the observed particle with some particular
model because of theoretical uncertainties in the phenomenology

— Efforts from the theory community are needed to improve the situation
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Lower and upper bound of the sensitivity of intensity frontier
experiments I

Detector
Decay volume |

Target FIP |
6
Proton beam ’v Beamline z

The event rate at the lower bound:
Neyents o< Nprod X €geom X Pdecay X €decay X €reco X

2 xg?

D e e
-1 4
X Npp . Ppp—)LLP X €geom X Azgq <7LLP> X €decay X €reco X g (8)

xg

Nyp: number of protons. Xmother: Tate of mother process per pp. €geom: fraction of LLPs pointing
to the detector. Azgq: length of the decay volume. €gecay: decay products acceptance
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Lower and upper bound of the sensitivity of intensity frontier
experiments 11

Detector
Decay volume
/

_—7

Target . FIP
| 6
Proton beam ’v Beamline z

~N

— The decay probability at the upper bound:

Pdecay(’)’) =~ exp[_Lmin/CT’Y] (9)

L.yin: distance from the LLP production point to the beginning of the decay volume

— e < g~ 2 = the position of the upper bound grows as ggpper bound € Ymax / Lin
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What if not excluded but discovered? 1

— Let us assume that we are not going to simply exclude the parameter space but
actually discover a LLP. What can we learn about it?

A closer look on HNLs

— Two observable v mass differences = at least two different HNLs Ny 2 are required.
— HNL mass difference Am = mpy, — mpn, may be arbitrary

~ Small Am L mpy, , ® my and similar U2 N 2 form quasi-particle

— However, there are N7 <> N> oscillations with frequency wese = Am ™1

— Small Am leads to a resonant enhancement of the lepton-violating processes in the
Early Universe = HNL-driven BAU becomes possible

Depending on the mixing pattern U2 : U, ﬁ : U2, may also provide masses to active
neutrinos [0605047]
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What if not excluded but discovered? 11

A closer look on HNLs

— N effectively behaves as a particle and Ny as an anti-particle, so oscillations lead to
the lepton number violating (LNV) processes

— Three different types of behavior of IN; — N3 system depending on the scale L of the
experiment (lose = 27 /WoscC):
— losc K L: N1 — N3 behaves as a single Majorana particle
— losc > L: N7 — N3 behaves as a single Dirac particle
— losc ~ L: oscillations may be resolved within the experiment

Resolving HNL oscillations — insights on their relation to BAU
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What if not excluded but discovered? 111

0.144 .
N — ¥~ with mys = 1GeV/c*
0.12 1
0.10 A
— HSDS:
® Reconstruct invariant mass 0.08 1
® Identify decay modes = distinguishing
various LLPs 0.06 -
10-100 events are required (this is why
we need large intensity!) 0.04 1
0.02 A
0.00

085 090 095 100 105
Reconstructed Invariant Mass (GeV/c?)

Maksym Ovchynnikov LLPs March 19, 2025 6/35



What if not excluded but discovered? IV

Total s, =0

H
| «—e—> N
- —>

| gl =)n

H frame — >z

CM
ell

N frame

Tl

—_—

—ain (05
1;(/|%)N—sm< i )
0Cl\4)
u

= 1= = cos (%

P ol Fcos (05M)

Resolving oscillations requires distinguishing LNV and LNC (lepton number

conserving) decays

It would be easily done if one could get access to the production vertex
via, e.g., the leptons sign correlation in the chain B* —1* + N, N — I+ + 1T

This is impossible at SHiP. However, the information about the primary vertex is
conserved by HNL helicity, which is related to the lepton number

Helicity, in turn, affects the angular distribution of HNL decay products

Maksym Ovchynnikov
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What if not excluded but discovered? V

— So the analysis requires reconstructing
the ratio of LNC/LNV events as a 10.0 4]
function of the decay length |A> 7.5 4

— Given the complexity of HNL ‘F 5.0
production modes, simple analytic § 2.5
arguments are not enough to distinguish I/:g 0.0 i'l o
the LNC and LNV events R

-5.0
— Multivariate analysis based on boosted s

decision trees has been performed
in 1912.05520

2 4 6

8

10 12

Proper time T [m]

For losc ~ L, O(1000) events are required to extract Am
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What if not excluded but discovered? VI

Comparison of two models (Ney, Xe, X)

I (26, 0.0, 0.0)
1251 mm (29, 0.08, 0.36)
— Are (would-be) discovered HNLs 10.0
consistent with the normal or inverted '
hierarchy of neutrino masses? 7.5
— The quasi-HNL pair is characterized by 5.0
its mixing pattern Ue, U, Ur
2.5
0.0 HE

ee eu MU hNC ehCC puhCC

— In the limit myxU? > m,,, the relative ratios o = UO% / U? depend only on the
active neutrino parameters: measured 6;;, dcp, Am?j, and a single unknown
Majorana phase
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What if not excluded but discovered? VII

NH@SHiP

A proof-of-principle analysis 2312.05163:
~ Varying 6;;, dcp, Amfj within
uncertainty range, obtained the region
of possible U2 /U? for the given v mass
hierarchy
— 100 — 1000 events are required to test

the neutrino hierarchy and extract the
Majorana phase

0. 02 04 06 08 1.
u3iu?
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How LLPs affect BBN I

— Ratio X, = np/(nn 4 nyp) defines the helium abundance:

ny
® =2X,,(TsBN) (10)
B

Yo, =~ 4
— Evolution of X,,: conversion n <+ p driven by weak interactions+neutron decays

T = ek (T() (1 Xa) — TR (T() X (1)
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How LLPs affect BBN 11

T = Ty (T(1) (1~ Xp) — TS(T () X (12)

1. Modifying time-temperature relation

— Dark radiation

— Decaying massive relic

Maksym Ovchynnikov LLPs March 19, 2025 12/35



How LLPs affect BBN III

dXx, _ Fweak(T(t))(l - X,) — I‘Weak(T(t))Xn

dt p—n n—p

2. Disturbing properties of neutrinos

— Changing the neutrino-to-EM ratio:
pl’e g*yue _ 7

PEM | T>>me. Gx,~ + g+, EM 22
— Neutrino spectral distortions:

fv.(p,T) # !

exp[p/T,.] +1

— Neutrino-antineutrino asymmetry:

1
fv.(@,T) =

exp[(p + pw.)/Tv] + 1

Maksym Ovchynnikov LLPs
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(16)
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How LLPs affect BBN IV

Xn _ pesk (D (1)) (1 — X,,) — TV (T(£)) X an

dt pP—n n—p

3. Modifying “constants” at MeV temperatures

— Varying the weak scale [2402.08626]
— Changing the neutron-proton mass difference [1401.6460]
— Variations of the gravitational constant [1910.10730]

Maksym Ovchynnikov LLPs March 19, 2025 14/35


https://arxiv.org/abs/2402.08626
https://arxiv.org/abs/1401.6460
https://arxiv.org/abs/1910.10730

How LLPs affect BBN V

% — (Fweak + Tnew )(T(t))(l . Xn) _ (I\weak + Thew )(T(t))Xn (18)

dt p—n p—n n—p n—p

4. Add new p <> n processes

— Decays into metastable particles such as muons and mesons [1812.07585] [2008.00749]
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Meson-driven conversion and BBN 1

meson

pon . exceeds aveak

- 0o poam Dy many orders of magnitude
— As far as even tiny amounts of LLPs are present in the plasma, we may drop the

weak conversion rates

— Evolution for X,, = n,/np:

X /dt = (1 — X,,)Tmeson _ X, pmeson (19)
— Dynamical equilibrium solution (valid until the amount of LLPs is hugely
exponentially suppressed):

meson

X, (t) = p—n 20
n( ) I‘meson _|_ I‘meson ( )

p—n n—p
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Meson-driven conversion and BBN 11

— Meson-driven rates:

NN’ = Mmeson * (TN NV) (21)

— Number density of mesons given by dynamic equilibrium:

Mmeson ~ nLLP - BroLp—meson * Peonvs  Peonv =~ e <U%ejﬁ{;ﬂ»—l (22)
TLLP np (Uﬁe_S)ONn/U> + Tmeson
— Depending on the meson, Peony = O(0.1 — 1) at MeV temperatures
— Cross-sections (o NSN/v):
(onSp v) = 0,50 ) (23)

due to isospin symmetry
— As result, X,, ~ 1 — much higher than in ACDM
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Meson-driven conversion and BBN 111

— Once mesons disappear, weak processes

<

try to tend X, to its ACDM value X
— If weak reactions start decoupling, it is |
unsuccessful — SBBN+HNLs
--- SBBN
5 10
2008.00749
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Qualitative understanding of neutrino thermalization I

— The amount of energy that ends up in the EM plasma right after the injection of
high-energy neutrinos is

EeM,et (B2Y,T) = Eum + & X €(EXN, T), (24)

where £, = 1 — &€g is the energy fraction that LLPs directly inject into the
neutrino sector and € is the effective fraction of &, that went to the EM plasma
during the thermalization

The latter quantity can be split in a contribution from non-equilibrium neutrinos

(€non-eq = BTV EM | Find) and an EMpheffective contribution from thermal neutrinos
(ethermal — E]t}hermal—)EM/Elilnj)

— If € > 0.5, then £gm,er > 0.5, and Neg may become negative
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Qualitative understanding of neutrino thermalization II

— A simple estimate of € as a function of the injected neutrino energy EM and
temperature T. We start with describing the thermalization process of a EMphsingle
injected neutrino, which causes a cascade of non-equilibrium neutrinos. Such a
cascade can result after the injected neutrino participates in the processes

Vnon-eq T Vtherm — Vnon-eq T Vnon-eq (25)
Vnon-eq + Vtherm — et +e (26)
Vnon-eq + ei — Vnon-eq 1 eia (27)

— Assume that in the processes (25) and (27) each non-equilibrium neutrino in the final
state carries half of the energy of the non-equilibrium neutrino in the initial state.

— Thus, roughly speaking, the thermalization occurs during Niherm =~ logs (Eli,nj /3.15T)
interactions

In addition, the process (25) doubles the number of non-equilibrium neutrinos,
while (26) makes neutrinos disappear and (27) leaves the number unchanged
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Qualitative understanding of neutrino thermalization III

— Therefore, after the k-th step in the cascade, the average number of non-equilibrium
neutrinos is given by:

ngk) = lek_l) (ZPVV—HIV + PVe—)ue) - NISO) (2Puu—>uu + Pue—)ue)k: 9 (28)

with N,SO) = 1, and the total non-equilibrium energy is:

_ 1 o 1 k
El(/k) = E}Sk: 1 (Puu—>1/u + 2P1/e—>ue> = Ezl/nJ <P1/u—>w/ + 2P1/e—>ue> 5 (29)

where P,y—suvs Poy—sees and P, e are the average probabilities of the
processes (25)—(27), respectively, and their sum equals unity

— We define these probabilities as P; =T';/ I‘,tf’t, where I'; is the interaction rate of each

process and 't is the total neutrino interaction rate.
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Qualitative understanding of neutrino thermalization IV

— Assuming a Fermi-Dirac distribution for neutrinos and averaging over neutrino
flavours, we find:

Py, =0.76, Poy_yee = 0.05, Pe_yye~0.19 (30)

— Finally, the value of €non-eq that accounts for the energy transfer from
non-equilibrium neutrinos to the EM plasma is given by:

1 Nenorm Piesve (k)
€non-eq = il — + Pvu—)ee EV (31)
Ey ’ k=0 2

— In addition to the transferred non-equilibrium energy, the non-equilibrium neutrinos
catalyze the energy transfer from thermal neutrinos to the EM plasma via the
processes (25) and (26).
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Qualitative understanding of neutrino thermalization V

— We assume that each reaction (25) transfers an energy amount of 3.157" from the
thermal neutrino sector to non-equilibrium neutrinos, which then via (26) ends up in
the EM plasma

— Moreover, each reaction (26) contributes to another energy transfer of 3.157 from
thermal neutrinos to the EM plasma

— The effective contribution coming from this transfer is therefore:

€ _ 3.15T therm—EM __
thermal — Einj v -
N, N;
3.15T =" ~—"
=g P 5N+ [Pt 8 R ). 00
v k=0 k=1

where the first term in the round brackets is the contribution from the process (26)
and the terms in the square brackets are the contribution from the process (25)
Note that the factor of 2 in the second sum accounts for the doubling of non-equilibrium
neutrinos in the process (25).
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State-of-the-art approach to solve the Boltzmann equation I

Special properties of neutrinos and EM particles

— Neutrino interaction cross-sections grow with energy:

2 2 _ — _+
ovx(sux)v~Ggsyx -v°, X =v,p,e

— Neutrino thermalization rates are much smaller than the EM:

I'yin N n, G2 (s) N G2 T4N10_20< >4
I'em,th neagm/T? QEM 1 MeV

EM plasma is always in equilibrium while neutrinos thermalize slowly
What happens if heavy LLPs decay into neutrinos (so E, > 3.15T)?
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State-of-the-art approach to solve the Boltzmann equation 11

Answer is in solving the unintegrated neutrino Boltzmann equation:
8t.fl/a - Hpap.fl/a = ICOII (35)

State-of-the-art approach discretizes the comoving momentum space
y(t) =p-a(t) = {y;}, where i =1, n [9506015]:

l n

Icoll = /G(j’)dl_‘: H Z é’ l 2 2 (36)

k=11,=1

Past studies are contradictory

— Some predict an increase of Neg [0008138], [2104.11752]
— The others show a (mass- and lifetime-dependent) decrease [2103.09831] [2109.11176]
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Direct simulation Monte Carlo |

— Idea: instead of solving Egs. (35) explicitly, start with N > 1 particles — neutrinos,
EM particles, new physics — and simulate their interactions

— In the physics of rarefied gases, the approach is known as Direct Simulation
Monte Carlo, or DSMC [Physics of Fluids 31, 067104 (2019)]
— Immediate advantages of using Monte Carlo approach:

® Free from E, max dependence

® Phase space of decays/scatterings using accelerator particle physics (independently of
the matrix element): MadGraph, PYTHIA, SensCalc

® Rarefied gases field: high performance in the case of huge IN
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Direct simulation Monte Carlo 11

Vanilla DSMC (utilizing so-called No-Time-Counter method [Prog.Astron.Aeron. 117,

211-226 (1989)]): at each time iteration,
0. Update the coordinates and velocities of particles due to external forces!
1. Split the system of volume V into cells containing Ncep particles

2. For each cell, per timestep At, sample

wmax, At

cell

(V) max

At 37
Veell (37)

1
Nsample == ENcell(Ncell - 1)
pairs of particles to interact

3. Iteratively: for each sampled pair, accept the interaction with the probability
P,.c = (0V)pair/(0V)max, generate the kinematics and final state if accepted

1Good news: no need to include the spatial degree of freedom for neutrinos
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Neutrino DSMC 1

Expansion of the Universe: redshift particles’
momenta and system volume

EM plasma properties: represent the EM
particles globally and at cell level by Ten; update
it after any interaction involving EM particles

Quantum statistics: final interaction approval
decision based on the blocking factors

1 — fanal(Egnal) for the final states

Decaying particles: introduce Nrpp LLPs, decay
ANLLp = Nipp(t)At/T particles per each
timestep At, simulate decays e.g., in
SensCalc/PYTHIA8

Maksym Ovchynnikov LLPs

To apply it to neutrinos, DSMC requires fundamental modifications:

Cell with Tgp ceir, Ngm,cer, and neutrinos

Randomly select pair to interact

v

No

Intermediate interaction acceptance
Based on mpalr/wcell.max

@ Yes

Determining pair's kinematics
Sample e* kinematics from fip (p, Tem cerr):
extract neutrino's kinematics from particles' data

v

Simulate pair's collision
Select specific scattering channel,
generate final state kinematics Efinq;

v

Final interaction acceptance
Based on quantum statistical weight Pyiock (Efinar)
Recalculate pgy o and neutrino particle data

Yes

Update local properties of the plasma

Update T ceur and New,cen Via Pem cett
Perform oscillations of final neutrinos

>I| Repeat Nygmpiea times
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Neutrino DSMC 11

We have developed a neutrino DSMC prototype written in Mathematica+C++

— Cross-checks: comparing with the state-of-the-art approaches in the case of a few
well-defined setups
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Processes with mesons and muons |

Consider first the case of muons u. They do not efficiently interact with nucleons, but
may annihilate instead:

pt+p~ s et +e” (38)
— Annihilation cross-section: N
AT agn
O-gnn = o (39)
my

— Assume first that annihilation is irrelevant and decays dominate. Then, the muon
number density available for annihilations may accumulate during the muon lifetimes
Ty

T
nzccv ~ NLLP (t) i (40)
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Processes with mesons and muons 11

— Compare the annihilation and decay rates:

ercay _ x (41)
ramn  pxr 2ok
— Plugging in the numbers, we get
[decay T 0.1n 3 MeV )3
h__ _—34.1074. X ZTUR ( ) (42)
I‘zn“ 0.05 s nx T

— This means that annihilation is actually highly competitive to decay and dominate
until nx gets enormously suppressed
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Processes with mesons and muons 111

— Now, consider pions. Their lifetime is two orders of magnitude smaller, but the
annihilation cross-section is larger in a comparable way (proceeds via strong
interactions)

— In addition, there is the (thresholdless) interaction with nucleons:
mt+n—op+ny, T +pon+a’/y (43)
— Cross-section is [Phys. Rev. D 37, 3441]

(Opua1B) ~ 1.5 mb ~ 4 GeV~? (44)

Compare the decay rate with the rate of the interaction with nucleons:

I'decay 1 3 MeV\® 107°
— ~ . (45)

lerucl TaNB XpnOnucl? T nB
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Impact of neutrino non-thermality and mesons disappearance I

Equal injection of 70 MeV neutrinos, p, i/, = 5%

5— DSMC
— 2005.07047
4r___ 2103.09831
. 3
RN
)
S
1
G___________——gs”"—r,—‘
| S
25 26 2.7 2.8 2.9
Tem [MeV]

3.0

dn,,/dE,, [MeV?]

0.100f
0.050¢

0.010
0.005

0.001}k
5x 1074F

1x107

The moment 6p, =0

— Consider a toy scenario: instant injection of high-energy neutrinos F, > 3T at a
temperature when neutrinos start decoupling

~ Introduce the quantity 6p, = (pv/pEM)/Pv = (Pv/PEM)sM — 1
— dp, is positive right after injection but quickly drives to negative values. Why?
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Impact of neutrino non-thermality and mesons disappearance 11

® Interactions of high-energy vs when
dp > 0: much faster than thermal
interactions (orin; ~ S)

® They will either pump the energy to the
EM plasma or interact with thermal
neutrinos

® The EM plasma thermalizes instantly =
no fast inverse reactions

e Characteristic change in actual p3 £, (p)
compared to p3 frp:

® Overrepresented at high p
® Underrepresented at low p

Distribution at the moment when p,/pem = (0./Pem)eq

0.08r

0.06-

dp,/dE, [units]

0.00

0.04r

0.02-

— DSMC
— E%plE, Tewl

10

20

30 40 50
E [MeV]

At 6p, = 0, distortions cause the shift v — EM = §pfi® < 0
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Impact of neutrino non-thermality and mesons disappearance 111

AN

Toy model. Solid: all processes, dashed: Pgecay = 1

1.0p
0.5f

— my = 282 MeV

— my =550 MeV i

0.0

-0.5¢
-1.0F
-1.5¢

0.01

050 1 5
Tx [s]

0.050.10

Combined impact of metastable

dynamics and non-thermal neutrinos:

A Ngg changes sign

— Effects of mesons disappearance: severe

quantitative impact
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