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Tracing New Physics: 
From Symmetry to Observation
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“And now, the end is near  
And so I face the final curtain  
My friend, I'll say it clear  
I'll state my case, of which I'm certain  
I've lived a life that's full I traveled each and every highway  
And more, much more than this I did it …
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feat. Clara Murgui (JHEP, 2025)



1 in 1010
… humans is you! 

… photons is a baryon!

How unique are you?



The matter-antimatter 
 asymmetry
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N

10.000.000.001 vs 10.000.000.000

  ηB ≡ nB − nB̄

nγ
∼ 6 × 10−10
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The matter-antimatter 
 asymmetry
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N

10.000.000.001 vs 10.000.000.000

  ηB ≡ nB − nB̄

nγ
∼ 6 × 10−10

HOW DO WE MEASURE IT? 

- BBN 

 

- CMB 
Odd peaks enhancement

n(H) ∝ η n(He) ∝ η2
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The matter-antimatter 
 asymmetry
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N

10.000.000.001 vs 10.000.000.000

  ηB ≡ nB − nB̄

nγ
∼ 6 × 10−10

WHAT WE SEE …
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The matter-antimatter 
 asymmetry

19

N

10.000.000.001 vs 10.000.000.000

  ηB ≡ nB − nB̄

nγ
∼ 6 × 10−10

[Shakarov, 1967]

HOW DO WE MAKE IT?

-  B 

-   C, CP 

-   Out-of-equilibrium
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N

10.000.000.001 vs 10.000.000.000

  ηB ≡ nB − nB̄

nγ
∼ 6 × 10−10

[Shakarov, 1967]

IS SM ENOUGH?

[Gavela et al. , 1993]

ηSM ∼ 10−20

HOW DO WE MAKE IT?

-  B 

-   C, CP 

-   Out-of-equilibrium
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The matter-antimatter 
 asymmetry problem
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N

10.000.000.001 vs 10.000.000.000

  ηB ≡ nB − nB̄

nγ
∼ 6 × 10−10

[Shakarov, 1967]

IS SM ENOUGH?

[Gavela et al. , 1993]

ηSM ∼ 10−20

HOW DO WE MAKE IT?

-  B 

-   C, CP 

-   Out-of-equilibrium
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The Strong CP problem
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Meanwhile, in the QCD Lagrangian…
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Meanwhile, in the QCD Lagrangian…



The Strong CP problem

Samuel Patrone 24

Meanwhile, in the QCD Lagrangian…

  θ̄ ≲ 10−10



Leptogenesis in Nelson-Barr Models

Overview

Samuel Patrone

Nelson-Barr Models & Strong-CP Problem 

Quality issues & Automatic Nelson-Barr 

Leptogenesis 

Methods & Results 

Possible Signatures
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Nelson-Barr Models  
as solutions to the Strong-CP problem

θ̄ ≤ 10−10
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Ingredients: 
• CP is… spontaneously broken! 

⟨X⟩ = eiαvCP

[Nelson, 84] [Barr, 84] 

Samuel Patrone

Nelson-Barr Models  
as solutions to the Strong-CP problem

θ̄ ≤ 10−10
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Ingredients: 
• CP is… spontaneously broken! 

• Add an extra colored VL fermion  DL, DR

⟨X⟩ = eiαvCP

[Nelson, 84] [Barr, 84] 

[Bento, Branco, Parada, 1991]

−ℒY = Q̄LYdHdR + MDD̄LDR + Y′ Q̄LHDR + MdDD̄LdR + h.c.

⊃ (d̄LD̄L)
Yd

vH

2
Y′ i

vH

2
MdD MD

( dR
DR) + h.c.
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Nelson-Barr Models  
as solutions to the Strong-CP problem

θ̄ ≤ 10−10



29

Ingredients: 
• CP is… spontaneously broken! 

• Add an extra colored VL fermion  
• Charge  under  

DL, DR

X, DL, DR ℤ2

⟨X⟩ = eiαvCP

[Nelson, 84] [Barr, 84] 

−ℒY = Q̄LYdHdR + MDD̄LDR + (λi
d X + λ′ i

d X*)D̄LdR + h.c.

⊃ (d̄LD̄L)
Yd

vH

2
0

(λi
d eiα + λ′ i

de−iα) vCP

2
MD

( dR
DR) + h.c.

[Bento, Branco, Parada, 1991]
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Nelson-Barr Models  
as solutions to the Strong-CP problem

θ̄ ≤ 10−10



30

Ingredients: 
• CP is… spontaneously broken! 

• Add an extra colored VL fermion  
• Charge  under  

DL, DR

X, DL, DR ℤ2

⟨X⟩ = eiαvCP

[Nelson, 84] [Barr, 84] 

−ℒY = Q̄LYdHdR + MDD̄LDR + (λi
d X + λ′ i

d X*)D̄LdR + h.c.

⊃ (d̄LD̄L)
Yd

vH

2
0

(λi
d eiα + λ′ i

de−iα) vCP

2
MD

( dR
DR) + h.c.

[Bento, Branco, Parada, 1991]
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Nelson-Barr Models  
as solutions to the Strong-CP problem

θ̄ ≤ 10−10

δCKM ∼ 𝒪(1)
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Ingredients: 
• CP is… spontaneously broken! 

• Add an extra colored VL fermion  
• Charge  under  

DL, DR

X, DL, DR ℤ2

⟨X⟩ = eiαvCP

[Nelson, 84] [Barr, 84] 

−ℒY = Q̄LYdHdR + MDD̄LDR + (λi
d X + λ′ i

d X*)D̄LdR + h.c.

⊃ (d̄LD̄L)
Yd

vH

2
0

(λi
d eiα + λ′ i

de−iα) vCP

2
MD

( dR
DR) + h.c.

    @         - level  θ̄ = 0

[Bento, Branco, Parada, 1991]

Samuel Patrone

Nelson-Barr Models  
as solutions to the Strong-CP problem

δCKM ∼ 𝒪(1)
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≲ 10−10

The Nelson-Barr Quality (Problem ?)
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≲ 10−10

vCP < 108 GeV ( 1
ξ sin θCP ) (

Δθ̄QCD

10−10 ) ( MD /μ
1 )

*

ℤ2 : ( ξ1
Λ Q̄LHDRX + ξ2

Λ D̄LDRX2)

The Nelson-Barr Quality (Problem ?)

*= MFV case

5-dim operators

E [GeV]

108 vmax
CP
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Domain Walls from SSB 
 of a discrete symmetry 

• The energy density  
 it dominates over matter&radiation quickly  
 for , we have to destroy them

ρDW(t) ∝ a−1(t)
⇒
⇒ v > 1 MeV {dynamics

inflation

E [GeV]

108 vmax
CP

Inflation
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≲ 10−10

Automatic Nelson-Barr

•  such that the new fermions are chiralU(1)

[Fileviez-Perez, Murgui, Wise, 2023]

E [GeV]

108 vmax
CP

Inflation
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≲ 10−10

U(1) :

Automatic Nelson-Barr

[Fileviez-Perez, Murgui, Wise, 2023]

( ξ
Λ2

EFT
S D̄LDR XiX*j )

•  such that the new fermions are chiralU(1)

6-dim operators

E [GeV]

108 vmax
CP

Inflation



vCP ≲ 3 × 1011 GeV (
ΔθQCD

10−10 )
1/2

( 1
ξ sin θCP )

1/2
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≲ 10−10

Automatic Nelson-Barr

U(1) : ( ξ
Λ2

EFT
S D̄LDR XiX*j )6-dim operators

E [GeV]

108

vmax
CP

Inflation

1011
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Mirroring the quark sector… 

Leptonic sector

• We add 3  +  (5 HNLs)νR NL, NR



Samuel Patrone 39

• We add 3  +  (5 HNLs) 

• Mirroring the Quark Sector charge relations,                                                      
we assume the following simplified model

νR NL, NR

Leptonic sector

Mirroring the quark sector… 

−ℒ ⊃ L̄L𝖸νH̃νR + (λν1X1 + λν2X2) N̄LνR + λNSN̄LNR + S νc
R 𝖸RνR + h . c . ,

→ L̄L𝖸νH̃νR + N̄Lμ νR + mNN̄LNR + νc
R 𝖬RνR + h . c . ,

⟨S⟩, ⟨X1,2⟩
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Type-I See-saw

( 03×3 𝖬3×5
D

(𝖬T
D)5×3 𝖬5×5

H )• The Neutral Lepton Mass Matrix

𝖬D =
0 0
0 (𝖸ν𝖮R) vH

2
0

0 0

𝖬H =

0 μ1 μ2 μ3 mN
μ1 mR1 0 0 0
μ2 0 mR2 0 0
μ3 0 0 mR3 0
mN 0 0 0 0

where
μ ∼ vCP ∈ ℂ
mRi ∼ vS ∈ ℝ
mN ∼ vS ∈ ℝ

and vH ≪ vCP ≤ vS

MN1
≃ Min mN, mR ( m2

N

m2
N + |μ |2 )

mνi
≃ 𝖸2

νv2
H

2mRi
≲ 0.1 eV𝖬̄L = − 𝖴T

L𝖬D𝖬−1
H 𝖬T

D𝖴L + 𝒪 ( |𝗆D |3

m2
Ri )

𝖬̄H = UT
HMHUH + 𝒪 ( |𝗆D |2

mRi )
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Leptogenesis: a crash course

ϵCP ≡ ∑
α

ΓN1→Hℓα
− ΓN1→H†ℓ̄α

ΓD
= ∑

j≠1

Im{[𝗁†𝗁]2
1j}

8π[𝗁†𝗁]11
floop

M2
Nj

M2
N1

• For Hierarchical HNL 𝗁iℓ ≡ (𝖸ν𝖮R)ik𝖴*kℓ
H
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Leptogenesis: a crash course

ϵCP ≡ ∑
α

ΓN1→Hℓα
− ΓN1→H†ℓ̄α

ΓD
= ∑

j≠1

Im{[𝗁†𝗁]2
1j}

8π[𝗁†𝗁]11
floop

M2
Nj

M2
N1

• For Hierarchical HNL 

• Davidson-Ibarra bound

𝗁iℓ ≡ (𝖸ν𝖮R)ik𝖴*kℓ
H

|ϵCP | ≤ 3
8π

MN1

v2
H

mheavy
ν

[Davidson and Ibarra, 2002]

ηB ∼ 10−10
TRH ≳ MN1

≳ {108 GeV thermal
109 GeV dynamical
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Wya,    ?vCP

Quality

Leptogenesis (DI)

E[GeV]

1011 vmax
CP

108
vCP ≳ TRH

Tmin
RH

to have leptogenesis 
(and erase DWs*)

102 vH

Is it possible to realize thermal leptogenesis?  
Is there any potential signature?
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Numerical study
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Checking quality for vectors… 
( )vCP < 108 GeV

    Vector-like Quality
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    Vector-like Quality

• NB models with vector-like heavy quarks face 
tension with leptogenesis [Asadi, Homiller, Lu, Reece, 2023]
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Checking quality for chiral 
fermions (automatic NB)…

    Chiral Quality
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    Chiral Quality

• NB models with chiral heavy quarks are high-quality solutions 
to the strong CP problem and achieve successful leptogenesis



Δθ̄QCD ≃ 10−17 × ( ξ sin θCP
1 ) ( vCP

108 GeV )
2

(1 + vS

vCP )
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Signatures
Leptogenesis & Quality
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Conclusion
• Automatic Nelson-Barr models provide high-quality 

solutions to the strong-CP problem, can successfully 
achieve leptogenesis, and are constrainable in the 
foreseeable future by experiments. 

• There’s still a lot to explore…  
Confining NB models 
GW signals from Leptogenesis 
Other signatures (PMNS phase,  ) 
Low-Scale leptogenesis (ARS, Late decays) 
Spontaneous baryogenesis 

Neff
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Long-lived ALPs from 
electromagnetic showers

feat. Nikita Blinov and Ryan Plestid 
(PRD, 2026)



Motivation

Samuel Patrone

• State-of-the-art ALPs Beam Dump Sensitivity projections do 
not include EM showers in the target [1904.02091, 2201.05170] 
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• State-of-the-art ALPs Beam Dump Sensitivity projections do 
not include EM showers in the target [1904.02091, 2201.05170] 

• EM showers provide an IR flux of  that can help produce slow 
ALPs and therefore probe smaller couplings

γ, e±



Motivation

Samuel Patrone

• State-of-the-art ALPs Beam Dump Sensitivity projections do 
not include EM showers in the target [1904.02091, 2201.05170] 

• Accurate sensitivity curves can change the selection criteria 
experiments should optimize for.

• EM showers provide an IR flux of  that can help produce slow 
ALPs and therefore probe smaller couplings

γ, e±



Long-lived ALPs from Electromagnetic Cascades

Overview

Samuel Patrone

ALPs in the wild  

ALPs-genesis 

ALPs in the dump 

ALPETITE 

Results 

 Conclusion & Outlook
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ALPs in the wild
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Axion-Like Particles 
In the Wild

[ChatGPT 4]

• Model building: Any dynamics 
with a spontaneously broken 
(approximate) global symmetry 
will produce light, spinless 
particles (Goldstone theorem). 

• Light New Physics: ALP (spin 0), 
dark photon, Z’ (spin 1),  HNL 
(spin 1/2), gravitino (spin 3/2)

• Model independent: Don‘t need to know the UV physics to study ALPs
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Axion-Like Particles 
In the Wild

ℒD≤5
eff = 1

2 (∂μa)(∂μa) −
m2

a,0
2 a2 + ∂μa

f ∑
F

ψ̄F cF γμψF

+cGG
αs

4π
a
f

Ga
μν G̃μν,a + cWW

α2
4π

a
f

WA
μν W̃μν,A + cBB

α1
4π

a
f

Bμν B̃μν .

[Georgi, Kaplan, Randall (1986)]

• Model independent: Don‘t need to know the UV physics to study ALPs
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Axion-Like Particles 
In the Wild

ℒD≤5
eff = 1

2 (∂μa)(∂μa) −
m2

a,0
2 a2 + ∂μa

f ∑
F

ψ̄F cF γμψF

+cGG
αs

4π
a
f

Ga
μν G̃μν,a + cWW

α2
4π

a
f

WA
μν W̃μν,A + cBB

α1
4π

a
f

Bμν B̃μν .

[Georgi, Kaplan, Randall (1986)]

Weakly - coupled

f

f

f f

• Model independent: Don‘t need to know the UV physics to study ALPs
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Axion-Like Particles 
In the Wild

ℒD≤5
eff = 1

2 (∂μa)(∂μa) −
m2

a,0
2 a2 + ∂μa

f ∑
F

ψ̄F cF γμψF

+cGG
αs

4π
a
f

Ga
μν G̃μν,a + cWW

α2
4π

a
f

WA
μν W̃μν,A + cBB

α1
4π

a
f

Bμν B̃μν .

[Georgi, Kaplan, Randall (1986)]

Shift symmetry -> derivatively coupled
∂μa

• Model independent: Don‘t need to know the UV physics to study ALPs
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Axion-Like Particles 
In the Wild

ℒD≤5
eff = 1

2 (∂μa)(∂μa) −
m2

a,0
2 a2 + ∂μa

f ∑
F

ψ̄F cF γμψF

+cGG
αs

4π
a
f

Ga
μν G̃μν,a + cWW

α2
4π

a
f

WA
μν W̃μν,A + cBB

α1
4π

a
f

Bμν B̃μν .

[Georgi, Kaplan, Randall (1986)]

ALPs: explicit symmetry breaking term 
QCD axions: generated by instantons, ma ≈ 1012 GeV/fa × μeV

m2
a,0
2 a2

• Model independent: Don‘t need to know the UV physics to study ALPs
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Axion-Like Particles 
In the Wild

μW

ℒD≤5
eff (μ ≲ μw) = 1

2 (∂μa)(∂μa) −
m2

a,0
2 a2 + ∑

f≠t

caff (μ)
2

∂μa
f

f̄ γμγ5 f

+cGG
αs

4π
a
f

Ga
μν G̃μν,a + caγγ

α
4π

a
f

Fμν F̃μν ,

SM  −(W, Z, h, t) +a

[ArXiv 2012.12272]
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Axion-Like Particles 
In the Wild

μW

ℒD≤5
eff (μ ≲ μw) = 1

2 (∂μa)(∂μa) −
m2

a,0
2 a2 + ∑

f≠t

caff (μ)
2

∂μa
f

f̄ γμγ5 f

+cGG
αs

4π
a
f

Ga
μν G̃μν,a + caγγ

α
4π

a
f

Fμν F̃μν ,

SM  −(W, Z, h, t) +a

[ArXiv 2012.12272]

 dominated 
  

e−

caee(μw) = 1“Hadrophobic” ALPs  dominated 
  

γ
caγγ = 1

 dominated 
  

e−

caee(μw) = 1
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Axion-Like Particles 
In the Wild

μW

ℒD≤5
eff (μ ≲ μw) = 1

2 (∂μa)(∂μa) −
m2

a,0
2 a2 + ∑

f≠t

caff (μ)
2

∂μa
f

f̄ γμγ5 f

+cGG
αs

4π
a
f

Ga
μν G̃μν,a + caγγ

α
4π

a
f

Fμν F̃μν ,

SM  −(W, Z, h, t) +a

[ArXiv 2012.12272]

c̃aγγ(μ) = caγγ + ∑
f

NcQ2
f caff (μ)Θ(μ − mf )

≡ caγγ + caee(μ)

“Hadrophobic” ALPs

γ a
γ

c̃aγγ

 dominated 
  

γ
caγγ = 1

 dominated 
  

e−

caee(μw) = 1
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Axion-Like Particles 
In the Wild

μW

ℒD≤5
eff (μ ≲ μw) = 1

2 (∂μa)(∂μa) −
m2

a,0
2 a2 + ∑

f≠t

caff (μ)
2

∂μa
f

f̄ γμγ5 f

+cGG
αs

4π
a
f

Ga
μν G̃μν,a + caγγ

α
4π

a
f

Fμν F̃μν ,

SM  −(W, Z, h, t) +a

[ArXiv 2012.12272]

c̃aγγ(μ) = caγγ + ∑f NcQ2
f caff (μ)Θ(μ − mf )

caee(μL) = caee(μH) +
3c̃aγγ(μH)

βQED
0

α(μH) − α(μL)
π

“Hadrophobic” ALPs

{
c̃aγγ(ma) ≈ 1
caee(ma) ≈ 3.6 × 10−5 {

c̃aγγ(ma) ≈ 1
caee(ma) ≈ 1

ma
(3 MeV - 1 GeV)

 dominated 
  

γ
caγγ = 1

 dominated 
  

e−

caee(μw) = 1
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Axion-Like Particles 
In the Wild

μW

ℒD≤5
eff (μ ≲ μw) = 1

2 (∂μa)(∂μa) −
m2

a,0
2 a2 + ∑

f≠t

caff (μ)
2

∂μa
f

f̄ γμγ5 f

+cGG
αs

4π
a
f

Ga
μν G̃μν,a + caγγ

α
4π

a
f

Fμν F̃μν ,

SM  −(W, Z, h, t) +a

[ArXiv 2012.12272]

c̃aγγ(μ) = caγγ + ∑f NcQ2
f caff (μ)Θ(μ − mf )

caee(μL) = caee(μH) +
3c̃aγγ(μH)

βQED
0

α(μH) − α(μL)
π

“Hadrophobic” ALPs

{
c̃aγγ(ma) ≈ 1
caee(ma) ≈ 3.6 × 10−5 {

c̃aγγ(ma) ≈ 1
caee(ma) ≈ 1

ℒEFT = 1
2 ∂μa∂μa − 1

2 m2
aa2 + α

4π
caγγ

f
aFF̃ + caee(ma)

f
(∂μa)ēγμγ5e

ma
(3 MeV - 1 GeV)

 dominated 
  

γ
caγγ = 1

 dominated 
  

e−

caee(μw) = 1
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Axion-Like Particles 
In the Wild

μW

ℒD≤5
eff (μ ≲ μw) = 1

2 (∂μa)(∂μa) −
m2

a,0
2 a2 + ∑

f≠t

caff (μ)
2

∂μa
f

f̄ γμγ5 f

+cGG
αs

4π
a
f

Ga
μν G̃μν,a + caγγ

α
4π

a
f

Fμν F̃μν ,

SM  −(W, Z, h, t) +a

[ArXiv 2012.12272]

 dominated 
  

γ
caγγ = 1

 dominated 
  

e−

caee(μw) = 1

c̃aγγ(μ) = caγγ + ∑f NcQ2
f caff (μ)Θ(μ − mf )

caee(μL) = caee(μH) +
3c̃aγγ(μH)

βQED
0

α(μH) − α(μL)
π

“Hadrophobic” ALPs

{
c̃aγγ(ma) ≈ 1
caee(ma) ≈ 3.6 × 10−5 {

c̃aγγ(ma) ≈ 1
caee(ma) ≈ 1

ℒEFT = 1
2 ∂μa∂μa − 1

2 m2
aa2 + α

4π
(1,0)

f
aFF̃ + (10−5,1)

f
(∂μa)ēγμγ5e

ma
(3 MeV - 1 GeV) 1 110−50
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ALPs-genesis
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Production
ℒ ⊃ α

4π
caγγ

fa
aFF̃ + caee

fa
(∂μa)ēγμγ5e
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Production
ℒ ⊃ α

4π
caγγ

fa
aFF̃ + caee

fa
(∂μa)ēγμγ5e

∝ c̃aγγ

Primakoff

γ a

Z Z
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Production
ℒ ⊃ α

4π
caγγ

fa
aFF̃ + caee

fa
(∂μa)ēγμγ5e

∝ c̃aγγ

Primakoff

γ a

Z Z

Photon-fusion

e−e−
a

Z Z
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Production
ℒ ⊃ α

4π
caγγ

fa
aFF̃ + caee

fa
(∂μa)ēγμγ5e

∝ c̃aγγ

Primakoff

γ a

Z Z
Bremsstrahlung

a

e− e−

Z Z

∝ caee

Photon-fusion

e−e−
a

Z Z
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Production
ℒ ⊃ α

4π
caγγ

fa
aFF̃ + caee

fa
(∂μa)ēγμγ5e

∝ c̃aγγ

Primakoff

γ a

Z Z
Bremsstrahlung

a

e− e−

Z Z

∝ caee

Compton

a

γ

e−

e−

Annihilation

a

γ

e−

e+

Photon-fusion

e−e−
a

Z Z
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Production
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4π
caγγ

fa
aFF̃ + caee

fa
(∂μa)ēγμγ5e

(e.g. π0)p

Target

e−

[Zhou]

Proton Beam Dump 
(SHiP)
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[Zhou]
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• Primary process: 
Primakoff [1904.02091, 2201.05170] 
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Production
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fa
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[Zhou]
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Production
ℒ ⊃ α

4π
caγγ

fa
aFF̃ + caee

fa
(∂μa)ēγμγ5e

p γ

γ

(e.g. π0)

Target

e−
e−

[Zhou]

Proton Beam Dump 
(SHiP)

Electron Beam Dump 
(BDX)

• Primary process: 
Primakoff

• Primary process: 
Brem/Photon-fusion

[1904.02091, 2201.05170] 

[This Work] 
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Production
ℒ ⊃ α

4π
caγγ

fa
aFF̃ + caee

fa
(∂μa)ēγμγ5e

p γ e+
e−

e−

γ

e−

(e.g. π0)

Target

e+
e−

e−

γ

e−

e−

e+

e−

e−

[Zhou]

Proton Beam Dump 
(SHiP)

• Primary process: 
Primakoff 

• Shower: Primakoff, 
Brem, Ann, Compton

• Primary process: 
Brem/Photon-fusion 

• Shower: Primakoff, 
Brem, Ann, Compton

Electron Beam Dump 
(BDX)

[1904.02091, 2201.05170] 

[This Work] 

[This Work] 

[This Work] 
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[ArXiv 1810.06880]ℓ0

L

P(adet |beam) = P(adet |adecay)P(adecay |aprod)P(aprod |beam)



P(adet |beam) = P(adet |adecay)P(adecay |aprod)P(aprod |beam)

Axion-Like Particles 
In the dump
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[ArXiv 1810.06880]ℓ0

L

σa

σSM
∝ 1

f 2



Axion-Like Particles 
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[ArXiv 1810.06880]ℓ0

L

Geometric 
Factor & 

Energy cutoff

P(adet |beam) = P(adet |adecay)P(adecay |aprod)P(aprod |beam)



Axion-Like Particles 
In the dump
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[ArXiv 1810.06880]ℓ0

L

to be detected/excludedλ−(ℓ0, L) < λ < λ+(ℓ0, L)

P(adet |beam) = P(adet |adecay)P(adecay |aprod)P(aprod |beam)
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[ArXiv 1810.06880]

L

[ArXiv 1904.02091]

Axion-Like Particles 
In the dump
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[ArXiv 1810.06880]

L

[ArXiv 1904.02091]

λ ∼ λ−

gaγ ∝ m−2
a

Axion-Like Particles 
In the dump

Decay 
too 
early



Samuel Patrone 87

[ArXiv 1810.06880]

⟨Ndet
a ⟩ ∼ P(adet |beam) NbeamL

[ArXiv 1904.02091]

Axion-Like Particles 
In the dump

λ ∼ λ+

gaγ ∝ m−1
a

Decay 
too late
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[ArXiv 1810.06880]

⟨Ndet
a ⟩ ∼ P(adet |beam) NbeamL

[ArXiv 1904.02091]
What about EM 
showers?

Axion-Like Particles 
In the dump

λ+ ∼ βγ
Γdec

∼ βγ
g2aγm3a
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[ArXiv 1810.06880]

⟨Ndet
a ⟩ ∼ P(adet |beam) NbeamL

[ArXiv 1904.02091]
What about EM 
showers?

Axion-Like Particles 
In the dump

• Smaller  
• Smaller  probed

βγ
gaγ

λ+ ∼ βγ
Γdec

∼ βγ
g2aγm3a
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[ArXiv 1810.06880]

⟨Ndet
a ⟩ ∼ P(adet |beam) NbeamL

[ArXiv 1904.02091]
What about EM 
showers?

Axion-Like Particles 
In the dump

Exp are 
sensitive here!

λ+ ∼ βγ
Γdec

∼ βγ
g2aγm3a

• Smaller  
• Smaller  probed

βγ
gaγ
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Aluminum 

10.6 GeV electrons 

10^22 EOT 

l0 = 20 m  

Lpipe = n/a 

Ecut = 300 MeV 

Jefferson Lab

BDX SHiP

Experiments

Molybdenum  

400 GeV protons 

6 x 10^20 POT 

l0 = 33 m  

Lpipe = 50 m 

Ecut = 200 MeV 

CERN
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• ALPETITE is an extension of the PETITE package 

•

ALPETITE
https://github.com/spatrone/ALPETITE

Fast and lightweight Monte Carlo generator for production of dark sector objects in 
thick-target experiments.

Target

e−, e+, γ

[Zhou]

Package for Electromagnetic Transitions In Thick-target Environments (PETITE) 
[Blinov, Fox, Kelly, Machado, Plestid 2401.06843]
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• ALPETITE is an extension of the PETITE package 

•

ALPETITE
https://github.com/spatrone/ALPETITE

Fast and lightweight Monte Carlo generator for production of dark sector objects in 
thick-target experiments.

Target

e−, e+, γ

Running…
[Zhou]

Package for Electromagnetic Transitions In Thick-target Environments (PETITE) 
[Blinov, Fox, Kelly, Machado, Plestid 2401.06843]
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• ALPETITE is an extension of the PETITE package 

•

ALPETITE
https://github.com/spatrone/ALPETITE

Fast and lightweight Monte Carlo generator for production of dark sector objects in 
thick-target experiments.

SM processes 

Bremsstrahlung   
Pair production .  
Compton scattering  
Pair-annihilation  
Moller/Bhabha Scattering  
Continuous energy loss for electron/positrons,  
Multiple-Coulomb scattering for angular deflection 

e±Z → e±γZ
γZ → e+e−Z

γe− → γe−

e+e− → γγ
e∓e− → e∓e−

|dE /dx |

Target

[Zhou]

e+
e−

e−

γ

e−

e−

e+

e−

e−, e+, γ

Package for Electromagnetic Transitions In Thick-target Environments (PETITE) 
[Blinov, Fox, Kelly, Machado, Plestid 2401.06843]
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• ALPETITE is an extension of the PETITE package 

•

Target

ALPETITE

e+
e−

e−

e−

e−

e+

e−

V

V

V

https://github.com/spatrone/ALPETITE

Fast and lightweight Monte Carlo generator for production of dark sector objects in 
thick-target experiments.

[Zhou]

e−, e+, γ

Dark Vector processes 

Bremsstrahlung   

Compton scattering  

Pair-annihilation 

Ze± → Ze±V

γe− → e−V

e+e− → (γ)V

Package for Electromagnetic Transitions In Thick-target Environments (PETITE) 
[Blinov, Fox, Kelly, Machado, Plestid 2401.06843]
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• ALPETITE is an extension of the PETITE package 

•

Target

ALPETITE

e+
e−

e−

e−

e−

e+

e−

a

a

a

https://github.com/spatrone/ALPETITE

Fast and lightweight Monte Carlo generator for production of dark sector objects in 
thick-target experiments.

e−, e+, γ

Dark Vector processes 

Bremsstrahlung   

Compton scattering  

Pair-annihilation 

Ze± → Ze±a

γe− → e−a

e+e− → (γ)a

By rescaling wV × dσa

dσV

Axion

Package for Electromagnetic Transitions In Thick-target Environments (PETITE) 
[Blinov, Fox, Kelly, Machado, Plestid 2401.06843]
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• ALPETITE is an extension of the PETITE package

• Montecarlo generators were implemented to sample ALPs from 
the SM shower 

• Brem/Compton/Annihilation were obtained by rescaling the dark 
vector fluxes produced by PETITE (pre-trained VEGAS generators) 

• Primakoff(-like) was obtained from scratch, using the photons from 
the SM shower/primary electrons

ALPETITE
https://github.com/spatrone/ALPETITE

Package for Electromagnetic Transitions In Thick-target Environments (PETITE) 
[Blinov, Fox, Kelly, Machado, Plestid 2401.06843]
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Fluxes
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Primaries

Shower

Photon-fusion, Brem Primakoff

Ann+Comp, Primakoff, Brem Ann+Comp, Primakoff, Brem

BDX SHiP
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Fluxes
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Primaries

Shower

Photon-fusion, Brem Primakoff

Ann+Comp, Primakoff, Brem Ann+Comp, Primakoff, Brem

𝒪(102)
𝒪(102)

BDX SHiP



102

Fluxes

Samuel Patrone

BDX SHiP



103

Fluxes

Samuel Patrone

𝒪(104)
𝒪(104)

𝒪(102)

𝒪(102)

BDX SHiP



104

Fluxes
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𝒪(104)
𝒪(104)

𝒪(102)

𝒪(102)

Eres = m2
a

2me

BDX SHiP
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Fluxes
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a
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BDX Sensitivity
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ALPs Bounds
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Conclusion
• Electromagnetic cascades significantly enhance the 

hypothetical flux of ALPs in beam dump experiments and 
must be taken into account -> Old bounds can be recasted 

• Primakoff production is the dominant channel, together 
with Resonant Annihilation (for e-dominated benchmark) 
when  

• Future directions:  
• improve angular selection criteria 
• study interplay with hadronic production  
• extend the framework to other BSM particles (HNL, Higgs-mixed Scalar) 

ma < 100 MeV
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“For what is a man, what has he got?  
If not himself, then he has naught  
To say the things he truly feels  
And not the words of one who kneels  
The record shows I took the blows  
And did it…  my way! ”



Samuel Patrone 

PhD Defense 
May 27th, 2026

Thank you!
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(Dr. ?) 



Tracing New Physics

Question Time

From Symmetry To Observation


