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Introduction

Probing LLPs with BBN/CMB observations

– BBN+CMB: robust messengers from
the Early Universe

– Observations may constrain/reveal the
existence of non-standard physics (NSP)
at T ... few MeV

– For this, we need to understand how
NSP would have affected MeV plasma

Talk’s goal: build this understanding for non-thermal particles injections
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Introduction

�=n decoupling I

– Neutrinos (nucleons) in the Early Universe were in thermal (chemical) equilibrium:

Neutrinos: � + �� $ e+ + e�; � + e�$ � + e� (1)

Nucleons: n+ e+$ p+ ��e; n+ �e$ p+ e (2)

– Temperatures T = 0:5� 5 MeV – �=ns decouple:

�int;�=n ’H (3)

– Neutrino dynamics defines the evolution of n=p ratio, and influences key quantities,
including

Ne� =
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�
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; (4)

Yp � 2(nn=np)
��
80 keV

(5)
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Introduction

�=n decoupling II

{ Standard cosmological scenario:

N e� � 3:044; Y p � 0:247 (6)

0.044 comes from fraction of e+ e� annihilation when neutrinos were in partial equilibrium

{ Past measurements:
� Planck: N e� = 2:99 � 0:34 at 2� [1807.06209]
� PDG-2024-recommended: Yp = 0:245 � 0:003 [review]

{ (As usual,) interpretation of fresh measurements is open:
� Planck+ACT&SPT: N e� = 2:81 � 0:12 [2506.20707]/3:031 � 0:13 [2511.04733]
� EMPRESS: YP = 0:2387 � 0:003 [2506.24050]

{ Future observations by Simons observatory: percent-level precision in Ne�

measurements [1907.08284]
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Introduction

How non-standard physics may a�ect BBN/CMB at � decoupling

{ Modi�cation of the n $ p rates
� Neutrino spectral distortions/EM

injections
� Metastable mesons (� � ; K)
� Lepton asymmetries
� Variation of interaction constants

{ Change of the expansion rate
� Modi�cation of N e�
� Matter-like contribution to the energy

density

Example: e�ect of mesons

{ Induce conversions � + + n ! p + � 0 ,
� � + p ! n + � 0=
, . . .

{ They drive n n =n p ' 1 { well above the
standard value ) results in an increase
of Yp

HNLs: [2008.00749]; ALPs: [2511.00157]
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Introduction

Focus of this talk I

Unstable non-standard physics injecting

� Non-thermal neutrinos with E � � T
� Metastable species h = � � ; K

Examples:

� Heavy relics (majorons, ALPs, HNLs, dark photons, Higgs-like scalars, etc.)

� Primordial black holes

� Defects
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Introduction

Focus of this talk II

Simple example

A particle X with m X � 2m � decaying
into � + � �

{ What happens with
�N e� = N e� � 3:044?

{ Naive expectation: pions decay, 70%
of pion's energy goes into �s
) �N e� > 0

{ Reality: non-monotonic behavior �N e� (� X ) ??? 0
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Introduction

Layer 1
Evolution of non-thermal neutrinos

[2409.15129]+[2409.07378]
[2508.08379]
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Introduction

Evolution of neutrinos around decoupling: key points I

Properties of neutrino equilibration

Feature Consequence
�s interact with themselves

and e� via weak interactions
Cross-section scaling: � / G F s.

�s with various energies equilibrate di�erently

EM rates � weak rates
EM plasma is always thermal

at the scales of � thermalization
� weak =H / T 3 � decoupling is not instantaneous

{ Microscopics of thermalization is important both
� Quantitatively (the value of j�N e� j)
� Qualitatively (sign(�N e� ))

{ These features can be captured by solving the equation on the neutrino distribution
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Introduction

Evolution of neutrinos around decoupling: key points II

{ Neutrino Boltzmann equation:

@t f � � � Hp@ p f � � = I coll;� [f � � ; p] (7)

{ Collision integral:

I coll;� =
XXX

k

ZZZ
d� k jMj 2F [f ]; (8)

where F [f ] is statistical factor and d� k is the phase space:

d� k =
1

2E � �

YYY

i=2

d3pi

(2�) 32E i

YYY

f=1

d3pf

(2�) 32E f
(2�) 4 � (4)

0

@
XXX

i=1

pi �
XXX

f=1

pf

1

A (9)

{ Processes:

� �� $ e + e� ; �e � $ �e � ; X ! n�; X ! jets; X ! l + jets; : : : (10)
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Introduction

Momentum discretization and its issues

Solving the Boltzmann equation explicitly: discretize y = ap

Feature Consequence

Sti�ness (expansion rate vs interaction rate)
Non-trivial to maintain

performance and accuracy

Momenta population: thermal tail y = const
+non-thermal tail F (p) = const

Complicated to de�ne
e�cient momentum binning

other than linear
Non-trivial phase space:

2 ! 3 scatterings, decays into jets, . . .
d� k cannot be

introduced/reduced analytically

{ Model dependence: cannot be applied for complicated jMj2

{ Performance issues: tsolve � E k+2
�;max ; k � 2;

k: dimensionality of the reduced d� k , E �;max is the maximal comoving � energy

{ Di�erent implementations qualitatively contradict each other [2103.09831]
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Introduction

Neutrino DSMC I

Idea: instead of solving explicitly, use Monte-Carlo simulations

� Start with a system of � s ; e� ; X
� Simulate their interactions throughout the evolution of the Universe
� Analog in physics of rare�ed gases: Direct Simulation Monte-Carlo (DSMC)

Advantages:

{ No need to discretize momentum
Interactions will decide on the momentum 
ow

{ Universal description of interactions, no need to analytically reduce phase space
May use phase space simulated in MC tools

{ Strong performance
DSMC may e�ciently handle billions particles
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Introduction

Neutrino DSMC II

Vanilla DSMC (utilizing so-called No-Time-Counter method)

1. Beginning of timestep �t: update particles' fr i ; v i g due to external forces

2. Split the system of volume V into cells containing Ncell particles

3. For each cell, sample Nsample pairs of particles to interact:

N sample =
1

2
N cell (N cell � 1)

! max
cell ��t

z }| {
(�v) max

Vcell
�t (11)

4. Iteratively: for each sampled pair, accept the interaction with the probability
Pacc = (�v) pair =(�v) max . If accepted, generate the kinematics and �nal state

[Prog.Astron.Aeron. 117, 211{226 (1989)]
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Introduction

Neutrino DSMC III

To apply it to neutrinos, DSMC requires signi�cant modi�cations (�DSMC):

1. Expansion of the Universe: redshift particles'
momenta and system volume

2. EM plasma properties: EM particles $
temperature TEM

3. Quantum statistics: �nal interaction approval
decision based on the blocking factors
1 � f �nal (E �nal ) for the �nal states

4. � oscillations: oscillate neutrinos due to the
averaged oscillation probabilities P�!� (T EM ; E � )

5. Decaying particles: introduce N X particles,
distribute their decay times throughout the
evolution, simulate decays (e.g., in Pythia8)
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Introduction

Neutrino DSMC IV

{ �DSMC incorporates O(e 3) QED corrections

{ In the standard cosmological scenario, it recovers the precision Ne� calculations:
N e� � 3:044 [2508.08379]

{ It also reproduces state-of-the-art methods for a set of well-de�ned non-standard
scenarios [2409.07378]:

� EM plasma heating
� High-energy neutrino injections

{ The computational time scales with O(E �;max ) { a huge speedup compared to
O(E 4

�;max ) for state-of-the-art approaches

{ C++ version & Mathematica-C++ hybrid are in preparation
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Introduction

N e� under non-thermal neutrino injection I

{ De�nition of N e� :

N e� =
�
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(12)

{ Dynamical analog:

�� � (T ) =
�

� EM

� �

�

�CDM

� �

� EM

�
�
�
�
T

� 1 (13)

{ To understand the behavior of ��, let us instantly inject high-energy neutrinos with
E � � 3:15T at T ' 1 MeV
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Introduction

N e� under non-thermal neutrino injection II

{ Injected neutrinos put the energy to
� EM sector (where it instantly

thermalizes)
� Thermal neutrino sector (creating

long-lasting spectral distortions)

{ �� � drops much faster than if assuming that the injected neutrinos just heat the
neutrino bath (because � / s)
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Introduction

N e� under non-thermal neutrino injection III

{ At naive equilibrium �� � = 0, neutrinos
still have hE � i > 3:15T EM

{ The energy exchange balance � , EM
is still shifted in the EM direction

{ It results in further decreasing of
�� � < 0

Any heavy (m & && 50 � 100 MeV) relic decaying into SM particles at MeV
temperatures would decrease N e�
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Introduction

Example: neutrinophilic particles I

{ Heavy neutrinophilic decays:
� For lifetimes � ... 10 s may decrease

N e� , similarly to the electrophilic
particles

� Treating neutrinos as thermal would
increase it
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Introduction

Example: neutrinophilic particles II

{ Heavy neutrinophilic decays:
� Lead to an increase of He and D/H
� Treating neutrinos as thermal would

decrease them

Model-agnostic study in preparation
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Introduction

Example: neutrinophilic particles III

{ Non-thermality of neutrinos is
only a part of the story

What else?
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Layer 2
Evolution of metastable decay products

[2411.00892]+[2411.00931]
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Introduction

Evolution of metastable decay products I

{ Consider injection of metastable particles: Y = �; � � =K
{ Before decaying (a), Y s may participate in

{ Self-annihilations (b)
{ Interactions with nucleons (c)
{ Elastic scattering o� EM particles (d)

Reaction (c): dropped in the literature when studying the impact on neutrinos. Reaction (b):
dropped at all
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Introduction

Evolution of metastable decay products II

{ To trace the dynamics of metastables Y = f�; �; Kg, solve the system of integrated
Boltzmann equations:
8
<

:

dn Y
dt + 3Hn Y = n X

� X
N X

Y � n Y
� Y

� n Y n �Y h� Y
ann vi �

� dn Y
dt

�
N

+
P

Y 06=Y n Y 0� Y 0!Y ;
dn �Y

dt + 3Hn �Y = n X
� X

N X
�Y � n �Y

� Y
� n �Y n Y h� Y

ann vi �
�

dn �Y
dt

�

N
+

PPP
Y 06=Y n Y 0� Y 0! �Y ;

(14)
Here:

� Direct decays of LLPs
� Decays
� Self-annihilations
� Interactions with nucleons
� Produced secondarily from heavier Ys

{ When solving the neutrino Boltzmann equation with meson sources, account for
secondary production and reduced decay probability of Ys
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Introduction

Evolution of metastable decay products III

At MeV temperatures, Y s prefer to annihilate or interact with nucleons

{ Decays at t . � are suppressed

{ In terms of the energy deposition, Y s
behave like EM plasma particles

{ Interactions with nucleons are very
important for
BBN [1006.4172], [2008.00749]

{ K � particles: induce energy asymmetry between �s and ��s
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Introduction

Bringing together

{ Combined impact of metastable
dynamics and non-thermal neutrinos:
qualitative, huge di�erence in �N e�

{ Right panel: parameter space of
Higgs-like scalar
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Introduction

Summary

{ BBN/CMB observations are very precise

{ The presence of new physics at MeV temperatures treated in a simpli�ed fashion may
lead to both qualitative confusions and quantitative errors

{ Simpli�ed scenarios discussed in this talk highlighted the main features that have to
be carefully traced:

� Evolution of non-thermal neutrinos and
� Metastables' particles

{ Systematic approach to describe the impact of non-standard physics on BBN and
CMB: in preparation
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Neutrinophilic decays: does Ne� decrease? I

{ De�nition of N e� :

N e� =
�
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(15)

What happens if we add new physics particles decaying solely into
neutrinos?

Existing approaches are contradictory

{ Integrated approach [2001.04466]: N e� increases
{ Discretization approach:

� Refs. [0008138], [2104.11752]: Ne� increases
� Refs. [2103.09831] [2109.11176]: Ne� may decrease

(for injected neutrino energies E� � T )

Maksym Ovchynnikov LLPs November 18, 2025 2/61



Neutrinophilic decays: does Ne� decrease? II

{ Setup: instantly injected 70 MeV
neutrinos at T = 3 MeV

{ Introduce dynamical analog of �N e� :

�� � =
�

� EM

� �

�

�CDM

� �

� EM
� 1 (16)

{ Study how it evolves

�� � drops from positive to negative ) �N e� < 0. Why?
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Neutrinophilic decays: does Ne� decrease? III

{ High-energy �s interact much faster
than thermal interactions (� int � s)

{ They will either redistribute the energy
in the neutrino sector or pump the
energy to the EM plasma

{ The EM plasma thermalizes instantly )
no fast inverse reactions

�� � quickly drops to zero
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Neutrinophilic decays: does Ne� decrease? IV

{ Let us look closer at the moment
�� � = 0

{ Thermalization causes characteristic
change in actual p2 f � (p) (compared to
p2 f FD ):

� Overrepresented at high p
� Underrepresented at low p

{ This change shift the balance in the
energy transfer � $ EM to the right

Any heavy (m & && 50 � 100 MeV) relic decaying at neutrino decoupling
would decrease N e�
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DSMC: cross-checks I

{ DSMC has been cross-checked against the integrated Boltzmann approach from
Ref. [2001.04466] and the unintegrated approach from Ref. [2005.07047]

{ For cross-checks, we have considered toy setups of the instant neutrino injections:
� At some temperature Tinj , we inject neutrinos with various properties
� They start equilibrating with the EM particles. We trace both the integrated evolution

�� � =
�

� EM

� �

�

�CDM

� �

� EM
� 1 (17)

and the energy distribution
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DSMC: cross-checks II

Setup 1:
� Start with the equilibrium shape of the

neutrino distribution but with
T� = 3:2 MeV, T EM = 3 MeV

� At each step, assume that the neutrino
spectrum gets rebuilt to acquire an
equilibrium shape

� Under this simpli�cation, the results
fully agree with the integrated
approach [2001.04466]
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DSMC: cross-checks III

Setup 2:

� Start with the same setup, but allow
distortions of the neutrino distribution

� The results disagree with [2001.04466],
but agree with the unintegrated
approach [2005.07047]

� They signal that the neutrino spectral
distortions develop even if one starts
with the equilibrium distributions { due
to the energy dependence of ��
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DSMC: cross-checks IV

Setup 3:
� Instant injection of � �;inj =� � = 5% at T = 3 MeV
� Results fully agree with [2005.07047]
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DSMC: cross-checks V

Setup 3:
� Instant injection of � �;inj =� � = 5% at T = 3 MeV
� Results fully agree with [2005.07047]
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Application of DSMC to realistic models I

{ Example: short-lived neutrinophilic particle with mass m

{ Cumulative �� � crosses zero if E�;inj = m=2 becomes � hE �;thermal i = 3T
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Application of DSMC to realistic models II

{ Kaonphilic particle { incorporated into
�DSMC

{ Decays into kaons would inequally inject
energy into neutrinos and antineutrinos

{ Introduce neutrino-antineutrino energy
asymmetry:

� � =
� � � � � �� �

� � � + � �� �

(18)

If LLPs have small lifetimes, � � would be erased by e�cient energy
redistribution
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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

� EM;e� (E inj
� ; T ) = � EM + � � � �(E inj

� ; T ); (19)

where � � = 1 � � EM is the energy fraction that LLPs directly inject into the
neutrino sector and � is the e�ective 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 = E non-eq!EM

� =E inj
� ) and an EMphe�ective contribution from thermal neutrinos

(� thermal = E thermal!EM
� =E inj

� )

{ If � > 0:5, then � EM;e� > 0:5, and N e� 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 Einj
� 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

� non-eq + � therm ! � non-eq + � non-eq (20)

� non-eq + � therm ! e + + e � (21)

� non-eq + e � ! � non-eq + e � ; (22)

{ Assume that in the processes (20) and (22) each non-equilibrium neutrino in the �nal
state carries half of the energy of the non-equilibrium neutrino in the initial state.

{ Thus, roughly speaking, the thermalization occurs during Ntherm ' log 2(E inj
� =3:15T )

interactions

{ In addition, the process (20) doubles the number of non-equilibrium neutrinos,
while (21) makes neutrinos disappear and (22) 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:

N (k)
� = N (k�1)

� (2P ��!�� + P �e!�e ) = N (0)
� (2P ��!�� + P �e!�e ) k ; (23)

with N (0)
� = 1, and the total non-equilibrium energy is:

E (k)
� = E (k�1)

�

�
P ��!�� +

1

2
P �e!�e

�
= E inj

�

�
P ��!�� +

1

2
P �e!�e

� k

; (24)

where P��!�� ; P ��!ee ; and P �e!�e are the average probabilities of the
processes (20)�(22), respectively, and their sum equals unity

{ We de�ne these probabilities as Pi = � i =� tot
� , where � i is the interaction rate of each

process and �tot
� 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

avours, we �nd:

P ��!�� � 0:76; P ��!ee � 0:05; P �e!�e � 0:19 (25)

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

� non-eq =
1

E inj
�

N thermXXX

k=0

�
P �e!�e

2
+ P ��!ee

�
E (k)

� (26)

{ 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 (20) and (21).
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Qualitative understanding of neutrino thermalization V

{ We assume that each reaction (20) transfers an energy amount of 3:15T from the
thermal neutrino sector to non-equilibrium neutrinos, which then via (21) ends up in
the EM plasma

{ Moreover, each reaction (21) contributes to another energy transfer of 3:15T from
thermal neutrinos to the EM plasma

{ The e�ective contribution coming from this transfer is therefore:

� thermal =
3:15T

E inj
�

N therm!EM
� =

=
3:15T

E inj
�

P ��!ee

 
N thermXXX

k=0

N (k)
� +

"

P ��!�� +
N thermXXX

k=1

(2P ��!�� ) (k)

# !

; (27)

where the �rst term in the round brackets is the contribution from the process (21)
and the terms in the square brackets are the contribution from the process (20)
Note that the factor of 2 in the second sum accounts for the doubling of non-equilibrium
neutrinos in the process (20).
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Processes with mesons and muons I

{ Consider �rst the case of muons �. They do not e�ciently interact with nucleons, but
may annihilate instead:

� + + � � ! e + + e � (28)

{ Annihilation cross-section:

� �
ann =

4�� 2
EM

m 2
�

(29)

{ Assume �rst that annihilation is irrelevant and decays dominate. Then, the muon
number density available for annihilations may accumulate during the muon lifetimes
� � :

n acc
� v � n LLP (t)

� �

� X
(30)
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Processes with mesons and muons II

{ Compare the annihilation and decay rates:

� decay
�

� ann
�

=
� X

n X � �2
� � �

ann v
(31)

{ Plugging in the numbers, we get

� decay
�

� ann
�

= 3:4 � 10 �4 �
� X

0:05 s
�

0:1n UR

n X

�
3 MeV

T

� 3

(32)

{ This means that annihilation is actually highly competitive to decay and dominate
until n X gets enormously suppressed
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Processes with mesons and muons III

{ 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:

� + + n ! p + � 0 
; � � + p ! n + � 0=
 (33)

{ Cross-section is [Phys. Rev. D 37, 3441]

h� nucl �i ' 1:5 mb ' 4 GeV �2 (34)

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

� decay
�

� nucl
�

=
1

� � n B X n � nucl v
'

�
3 MeV

T

� 3

�
10�9

� B
(35)

Maksym Ovchynnikov LLPs November 18, 2025 20/61



Meson-driven conversion and BBN I

{ � meson
p$n exceeds �weak

p$n by 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 � n n =n B :

dX n =dt = (1 � X n )� meson
p!n � X n � meson

n!p (36)

{ Dynamical equilibrium solution (valid until the amount of LLPs is hugely
exponentially suppressed):

X n (t) =
� meson

p!n

� meson
p!n + � meson

n!p

(37)
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Meson-driven conversion and BBN II

{ Meson-driven rates:
� meson

N!N 0 = n meson � h� meson
N!N 0vi (38)

{ Number density of mesons given by dynamic equilibrium:

n meson �
n LLP

� LLP
� Br LLP!meson � P conv ; Pconv '

n B h� meson
N!N 0vi

n B h� meson
N!N 0vi + � �1

meson
(39)

{ Depending on the meson, Pconv = O(0:1 � 1) at MeV temperatures

{ Cross-sections h�meson
N!N 0vi:

h� meson
n!p vi ' � meson

p!n vi (40)

due to isospin symmetry

{ As result, X n ' 1 { much higher than in �CDM
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Meson-driven conversion and BBN III

Meson-driven p $ n conversion and impact on BBN

{ Strong hierarchy between meson- and
weak-driven p $ n conversion:

� meson
p$n

� weak
p$n

�
m �2

p

G2
F T 2

' 10 16
�

1 MeV

T

� 2

{ If present, meson-driven e�ect
dominates over all other e�ects of LLPs
on BBN

{ Once mesons disappear, weak processes
try to tend X n to its �CDM value.
Unsuccessful if they start decoupling

{ It leads to an increase in the helium
abundance

[1006.4172], [2008.00749]
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Meson-driven conversion and BBN IV

{ Meson-driven processes (incl. nuclear dissociation) dominate the other e�ects until
T ' 5 keV, where photodisintegration becomes important

PhD thesis
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Dynamics of metastables and neutrinos I

{ Introduce fraction r � = E LLP!� =m LLP

{ Relevant until LLP lifetimes � ' 10 s: � ann=nucl / T 3
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Dynamics of metastables and neutrinos II

Special case: charged kaons

{ Threshold-less interactions of K � with nucleons:

K � + N ! 
=� + � ! N ( 0) + 2� (41)

{ Does not exist for K + [Phys. Rev. D 37, 3441]

{ Much less K � decays ) asymmetry in the neutrino-antineutrino energy
distribution
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Proton bremsstrahlung [2409.09123], [2409.11096]

{ Quasi-real approximation: � pp!V +X �
RRR

d�P p!p 0V � � pp!X

{ Parametrized by the virtuality of p 0

{ Additional source of uncertainty: proton EM form-factor in the timeline region

{ Uncertainties may be a two orders of magnitude and larger
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More on hadronically coupled ALPs I

ALP Lagrangian:

L a = c G
� s

4�

a

f a
Ga

��
~G ��;a +

@� a

f a

XXX

q

cq �q
 � 
 5q + 
avor-changing (42)

1. Perform the chiral rotation

q ! e �i
 5 cG � q a=f a q; q = u; d; s (43)

with tr[� q ] = 1
It converts the gluonic coupling into the second term of Eq. (??)

2. Make a correspondence between the resulting theory and ChPT Lagrangian
L ChPT+a [� q ] [2012.12272]

{ Supplement the interactions with phenomenological Lagrangians describing
interactions with other mesons (�; K 0 ; f 2 , etc.)
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More on hadronically coupled ALPs II

{ The ALP-ChPT Lagrangian implies mixing of ALPs with pseudoscalar mesons
P 0 = � 0 ; �; � 0:

P 0 ! P 0 + � P 0 a a; � P 0 a =
f(m P 0 ; m a )

m 2
P 0 � m 2

a � im P 0 � P 0
+ g(� q) + : : : (44)

Phenomenologically, a light ALP is an admixture of P 0s
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More on hadronically coupled ALPs III

{ Resulting Lagrangian must predict � q-independent observables [2102.13112] and
include all pseudoscalar excitations

{ In practice: cancellation of � q contribution from the ALP-meson mixing (right) and
many-�eld interactions (left)

{ Widely adopted descriptions [1811.03474], [2201.05170], [2305.01715]: many-�eld
� q-terms were missing in production and decay rates

Maksym Ovchynnikov LLPs November 18, 2025 30/61



ELSM I

{ Extended linear sigma model (ELSM) [2407.18348], [1612.09218]

{ ELSM adds a heavy pseudoscalar octet and identi�es the \
avorless" excitations with
� 0(1300); �(1295); �(1440)

{ ALPs may be added to ELSM Lagrangian completely similarly to the ChPT case
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ELSM II

Incompleteness of ELSM and limited knowledge of properties of heavy
excitations [2407.18348]:

{ Ref. [1612.09218] dropped various operators with heavy pseudoscalars that may
severely contribute to the cG terms

� Including them, however, requires full re-analysis of the ELSM �t to data
� A study including these terms: in preparation

{ � 0(1300) has poorly measured width

{ It is not clear whether the �(1295=1440) are 2-quark bound states or also include
4-quark admixtures

Maksym Ovchynnikov LLPs November 18, 2025 32/61



SensCalc I

{ SensCalc { a Mathematica-based sensitivity evaluator

{ Input: experimental setup (geometry, selection cuts), LLP model (branching ratios,
matrix elements, lifetimes), tabulated distributions of mother particles

{ Output: tabulated number of events N ev (m LLP ; gLLP ) that may be converted into
exclusion/discovery limits Based on 2305.13383
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SensCalc II

{ Semi-analytic approach to compute the number of events

N ev =
XXX

i

N (i)
prod

ZZZ
dEd�dz f (i) (�; E)�� az (�; z)�

dPdec

dz
�� dec(m; �; E; z)�� rec (45)

� N (i)
prod ; f (i) (�; E): total number of produced LLPs, � � E LLP distribution

� � az is the azimuthal acceptance for the LLP to decay inside the decay volume

� dP dec
dz = exp[�z=(cos(�)c�

p

 2 �1)]

cos(�)c�
p


 2 �1
is the di�erential decay probability for the LLP to

decay
� � dec is the decay products acceptance
� � rec (must be computed externally) is the reconstruction e�ciency
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SensCalc III

{ SensCalc has been cross-checked with independent MC codes for experiments at SPS
and LHC: FairShip, SensMC, FORESEE, ALPINIST, LHCb simulation framework
(see details in backup slides and in the accompanying preprint)
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SensCalc IV

Implemented experiments:

{ SPS
� NA62dump , SHiP
� CHARM, BEBC
� Some dead experiments

{ Fermilab BD
� DUNE/DUNE-PRISM, DarkQuest

{ LHC
� FASER/FASER2/FASER�,

SND@LHC/advSND,
� FACET, MATHUSLA, CODEX-b
� Downsream@LHCb, muon

chambers@LHCb
{ FCC-hh

� Analogs of the LHC-based experiments
{ (semi)Leptonic experiments

� Belle II
� E137

Implemented LLPs:

{ Dark photons

{ Dark scalars (with mixing and quartic
couplings)

{ HNLs (with arbitrary mixing pattern)

{ ALPs coupled to

� gluons
� photons
� fermions

{ Anomaly-free mediators (B � L,
B � 3L � ,. . . )

{ MCPs

{ Inelastic dipole dark matter

Other LLPs (including DM) exist in private
implementations
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Launching SensCalc I

N ev =
XXX

i

N (i)
prod

ZZZ
dEd�dz f (i) (�; E) � � az (�; z) �

dPdec

dz
� � dec(m; �; E; z) � � rec (46)

Modular structure:

{ In 1. Acceptances.nb, specify the geometry of the experiment and selection
criteria for the decay products to produce the tabulated �az; � dec

{ In 2. LLP distribution.nb, specify the facility and the LLP to generate the
distributions of LLPs produced by decays or scatterings

Maksym Ovchynnikov LLPs November 18, 2025 37/61



Launching SensCalc II

N ev =
XXX

i

N (i)
prod

Z
dEd�dz f (i) (�; E) � � az (�; z) �

dPdec

dz
� � dec(m; �; E; z) � � rec (47)

Modular structure:

{ In 3. LLP sensitivity.nb, compute the tabulated number of events and sensitivity

{ 4. Plots.nb produces sensitivity plots
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Launching SensCalc III

{ SensCalc itself does not produce event
record { only calculates the event rate
and produces some di�erential
distributions

{ Monte Carlo event generator based on
SensCalc { EventCalc

1. Mathematica-based: distributed
together with SensCalc [2409.11096]

2. python-based: made for SHiP and is
integrated into SHiP software
framework
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Launching SensCalc IV

{ If the experiment and LLP have
already been implemented: just
launch the notebook and pass through
dialog windows

{ If something is not implemented:
add by analogy or compute from scratch

Running time (from scratch):
< 1 hour
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Launching SensCalc V

Users may:

1. Specify the setup of the
experiment
Either use already implemented setups or
add your
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Launching SensCalc VI

2. Select LLP production and decay modes, and detectable particles
Important when considering speci�c experiments/analyzing details of the sensitivity
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Launching SensCalc VII

3. Specify
selection
criteria and
select the
detection
signature
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Launching SensCalc VIII

4. Compute the e�ects of theoretical
uncertainty in LLP phenomenology
on sensitivity

Example: how the uncertainties in the production of dark photon in
uence the domains constrained
by NuCal and NA62 searched for leptons, and the sensitivity of SHiP
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Launching SensCalc IX

5. Generate events record and have
access to various event
distributions
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HNL-anti-HNL oscillations I

{ Two observable � mass di�erences ) at least two di�erent HNLs N 1;2 are required.

{ HNL mass di�erence �m � m N 1 � m N 2 may be arbitrary

{ Small �m � m N 1;2 � m N and similar U 2 : N 1;2 form quasi-particle

{ However, there are N1 $ N 2 oscillations with frequency ! osc = �m �1

{ Small �m leads to a resonant enhancement of the lepton-violating processes in the
Early Universe ) HNL-driven BAU becomes possible

{ Depending on the mixing pattern U 2
e : U 2

� : U 2
� , may also provide masses to active

neutrinos [0605047]
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HNL-anti-HNL oscillations II

A closer look on HNLs

{ N 1 e�ectively behaves as a particle and N2 as an anti-particle, so oscillations lead to
the lepton number violating (LNV) processes

{ Three di�erent types of behavior of N 1 � N 2 system depending on the scale L of the
experiment (losc = 2�=! oscc):

{ l osc � L: N 1 � N 2 behaves as a single Majorana particle
{ l osc � L: N 1 � N 2 behaves as a single Dirac particle
{ l osc ' L: oscillations may be resolved within the experiment

Resolving HNL oscillations { insights on their relation to BAU
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HNL-anti-HNL oscillations III

{ 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� ! l � + N, N ! l � + � �

{ 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, a�ects the angular distribution of HNL decay products
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HNL-anti-HNL oscillations IV

{ So the analysis requires reconstructing
the ratio of LNC/LNV events as a
function of the decay length

{ Given the complexity of HNL
production modes, simple analytic
arguments are not enough to distinguish
the LNC and LNV events

{ Multivariate analysis based on boosted
decision trees has been performed
in 1912.05520

For l osc ' L, O(1000) events are required to extract �m
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SHiP I

SHiP: beam dump experiment to explore GeV-mass LLPs
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SHiP II

{ Location: CERN SPS. Proton beam
E p = 400 GeV

� North Area !
� TCC8 target hall !
� ECN3 cavern
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SHiP III

HI-ECN3:

{ Beam intensity T4 wobbling-magnet
upgrade, dilution sweep magnets, P42
temporary dump, and three in-vacuum
stoppers are all engineered and
reviewed, with drawings/ECRs issued or
imminent

{ No show-stoppers identi�ed for
delivering the 4 � 10 13 PoT/spill beam
to TCC8 after LS3

{ N PoT,year = 4 � 10 19 ) 15-year
running time: N PoT,year = 6 � 10 20
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