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“And now, the end is near

And so I face the tinal curtain
My friend, I'll say it clear e
[l state my case, of which I'fagcertdin
I've lived a life that's fulH traveled eac
And more, much more thanthis 1 did it ..
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f - ACDM Cosmolo gy

A successful model with open windows to new physics

o
SN —+ THE ACDM PARADIGM +— T
| L Dark matter:
¢ @ particle identity
k“/ ' unknown
. ™
Cosmic Dark energy:
energy ‘ - @ origin of A
budget Inflation? Primordial CMB + ACDM unexplained !
' fluctuations Large-Scale fit ; N
9 Structure i Inflation:
i ' Y mi.ctophyslical
Primordial \g origin unclear
non-Gaussianities e
(O Dark Energy ~68% ‘ i = probe of . lt\lon.-Ciaussi:anities:
~279, inflationary physics est interactions
(O Dark Matter ~27% _ Yyp y | { > beordite
O Baryons ~5% | ( ) it \ minimal picture
| O Radiation ~0.01% A nearly s - mostly { \ nearly e 3
-V scale-invariant N\ adiabatic '\_ Gaussian *(@ LS.S Can. re\{eal
RSN Y 57, | \=—=7* primordial signatures
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. TheStandard Model ¢

A powerful theory of ordinary matter — but only 5% of the Universe \
- O
—~+ The cosmic energy budget « . N
+ What the Standard Model describes + ’ Observational facts
+
el M
1. Matter fields 2. Forces 3. Higgs e Neutrino masses
Quarks & Leptons Gauge bosons Mass generation e Dark matter
| Gluons !
000 | @i * Baryon asymmetry
Zoom into | | | L
the 5% | +\ W bosons
: @ @ @ @ (Weak)
(ordinary ' 7

Higgs boson

| m 7. boson e " .
| mattes) G Q 9 L) Weald - I'heoretical puzzles
0.01% @ @ e @ Photon _ e Flavor structure
L (EM) '

O Dark Energy ~68% I Y * Hierarchy problem
O Dark Matter ~27% Explains ordinary matter and its interactions * Strong CP problem
O Baryons (ordinary matter) ~5% \ 8 /A :

- O Radiation ~0.01% T4 4
S|
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,. - Where new physics hides

Long ago / Far away High energies
Regularization Scheme Finite Naturalness and
Dependence of the Quark-Lepton Unification

Counterterms in the

i i Phys. Rev. D (2024
Galaxy Bias Expansion ys. Rev. D ( )

JCAP (2023)

Weak coupling High precision

Long-lived Axion-like Leptogenesis in

Particles from - Automatic Nelson-Barr e
Electromagnetic Cascades | Models - &~ 5 3
Phys. Rev. D (2026) _— | JHEP (2025) + %

Y From symmetry principles to observable signatures
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How unique are you?

1in 10!

... humans is you!
... photons is a baryon!



¢ matter-antimatter
asymmetry

WATTER  ° 7% / |

B

10.000.000.001 VS 10.000.000.000

e
Np = e L

Samuel Patrone ”



The matter-antimatter
asymmetry

o0 ?‘g\\MATrg,P' HOW DO WE MEASURE IT?
(LS | ~ °°N

n(H) xn n(He) ;72

- CMB

Odd peaks enhancement

10.000.000.001 VS 10.000.000.000

., =
Np = e L
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The matter-antimatter

Lo WA,

RN
e

N £ s
‘‘‘‘‘‘‘‘‘‘

10.000.000.001 VS 10.000.000.000

ip = — it 1
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asymmetry

WHAT Wi SEE ...

baryon density parameter (2ph?

102

0127 T T T T T T [

0.26 F ]
0.25F+ -
0.24F ]
0.23F ]
10-3F 3
104

107

o

10—10

10-10 ' ' B & 10-°
baryon-to-photon ratio n = n;/n,



The matter-antimatter
asymmetry

eial ! @Mmf © HOW DO WE MAKE IT?
NTERp

[Shakar

10.000.000.001 VS 10.000.000.000

T
Np = = B~6X10_1O‘
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The matter-antimatter
asymmetry

oo, @MATT{ HOW DO WE MAKE IT?

S /M AL

[Shakar

10.000.000.001 VS 10.000.000.000 IS SM ENQOUGH?

fg — N 20
Ny = 2B s 610710 ] sy ~ 10

lLUavela €
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The matter-antimatter
asymmetry problem

[Shakar

10.000.000.001 VS 10.000.000.000 IS SM ENQOUGH?

ng — ng 20
p = ——L < 6x 1071 Nsp ~ 10

I_U av CIA

Samuel Patrone »



The Strong CP problem

Meanwhile, in the QCD Lagrangian...
2

P ~

Js a v
Eg/p(ﬁ) # — 293 (arg(Det M) + 6qcp) G, G,

0

Samuel Patrone »



The Strong CP problem

Meanwhile, in the QCD Lagrangian...

2
= gs a® @y
Lop(0) = 302 (arg(Det M) + 6qcp) G, G,
0
, , ;_;:E ¢ J\/\ 7 Hook, TASI 1 8]

d, = 0(1)0 x 10® e fm

Samuel Patrone
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The Strong CP problem

Meanwhile, in the QCD Lagrangian...
2

P ~

9s a v
Lop(0) = 39,3 (arg(Det M) + 6qcp) G, G

0
T E \N7 'A. Hook, TASI 18|

instead

d, = 0(1)0 x 102 e fm

|d,, [P < 3.0 XelhR el

Samuel Patrone
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Overview

Leptogenesis in Nelson-Barr Models

Nelson-Barr Models & Strong-CP Problem
Quality issues & Automatic Nelson-Barr
Leptogenesis

Methods & Results

Possible Signatures

Samuel Patrone



Nelson-Barr Models

as solutions to the Strong-CP problem

2

gs a YUV
Ec/vp(ﬁ) =35 (arg(Det M) + 0qcp) G, G

9 <1010

IA
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Nelson-Barr Models

as solutions to the Strong-CP problem

gs a Y,
Lop(0) = 39,3 (arg(Det M) + 0gtp) G, G,
: 0 <1010
Ingredients:
(X) = evep

Samuel Patrone -



Nelson-Barr Models

as solutions to the Strong-CP problem
2

9s a YUV
E(}/P(H) = 39,2 (arg(Det M) + HQCD) GW/GZ

Ingredients:
e CPis... spontaneously broken! [Nelson, 84] [Barr, 84]

(X) = evep

é —10

I/\

~-%y=0Q,Y,Hd, + MDDLDR +Y'Q,HD, + M,;,D,d, + h.c.

o - Y=/ d,
> (d, D) \/_ V2 ) +he
MdD MD R

Samuel Patrone 08



Nelson-Barr Models

as solutions to the Strong-CP problem
2

gs a YUy
EQIS(H) =253 (arg(Dét M) + HQCD) GGy

Ingredients:
e CPis... spontaneously broken! [Nelson, 84] [Barr, 84]

(X) = evep

e Add an extra colored VL fermion D, , Dy

é —10

I/\

—&Ly= Q,Y,Hdg +MpD; Dp + (A, X + 1 X*)D, dy + h.c.

Yd'vi_ 0
. d
> (d,D,) v ( R) + h.c.
[ o T _—ig " CP D
(/1 +/1 ﬁ MD R
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Nelson-Barr Models

as solutions to the Strong-CP problem

2

gs a YUy
EQIS(H) =253 (arg(Dét M) + Ogtp) GGy

Ingredients:
e CPis... spontaneously broken! [Nelson, 84] [Barr, 84]

(X) = evep

9 <1010

IA

e Add an extra colored VL fermion D, , Dy

—&Ly= Q,Y,Hdg +MpD; Dp + (A, X + 1 X*)D, dy + h.c.

| YL 0
Sy ~ O(1) o d /5 d
N > (dDy)| \\{;P (DR> + h.c.
(e + Ale™™ 2™y M, R

NG

Samuel Patrone %



() Nelson-BarrModels

as solutions to the Strong-CP problem

Ingredients:
e CPis... spontaneously broken! [Nelson, 84] [Barr, 84]

(X)=¢e iaVCP

o Add an eXtra COlOred VL fermiOn DL, DR [Bento, Branco, Parada, 1991]
e Charge X, D;, Dy under Z,
—&Ly= Q,Y,Hdg +MpD; Dp + (A, X + 1 X*)D, dy + h.c.

Samuel Patrone



-@-The Nelson-Barr Quality (Problem ?)

| ( On
@ 2 ARET

M, = M, + M,

ABgcp = Im{Tr{M_ 16 M,}} + O(6M?2) | <1071

Samuel Patrone 9



-@-The Nelson-Barr Quality (Problem ?)

a E1GeV]
2 Kok
My = My  + M,
ABqcp = Im{Tr{M_ 6M,}} + O(6M2) | <1071
vep
/. :  5-dim operators <%QLHDRX+%DLDRX2>

B | *=MFV case

Samuel Patrone

33



Domain Walls from SSB
of a discrete symmetry

As the universe cools (//:

D |
g L
-é | E
—p — iV 0= — ~U
i | A
- | )

e The energy density ppy(f) a=\(¢)

a B 1GeV]

Ing \tloh

= it dominates over matter&radiation quickly

q .
= forv > 1 MeV, we have to destroy them < YHAMHES
inflation

Samuel Patrone -



-@- Automatic Nelson-Barr

o F [GeV]

On
2 ARET

n>4

M, = M, + M,

ABgcp = Im{Tr{M_ 16 M,}} + O(6M?2) | <1071

max
Ver
A e U(1) such that the new fermions are chiral
Inriation
‘ “No.bf—).re-mass” .policy E> Cha,rge 'Em All! @
exceptions: the bridge term [A. Valenti, L. Vecchi, 2021]

[P. Asadi, S. Homiller, Q. Lu, M. Reece, 2022]
[Fileviez-Perez, Murgui, Wise, 2023]

Samuel Patrone 35



-@- Automatic Nelson-Barr

o b 1GeV]

On
2 ARET

n>4

My, = M, + M,

ABgcp = Im{Tr{M_ 16 M,}} + O(6M?2) | <1071

e [U(1) such that the new fermions are chiral

max
Ver

“No-bare-mass” policy |:> Charge 'Em All! ® e
exceptions: the bridge term [A. Valenti, L. Vecchi, 2021] '

[P. Asadi, S. Homiller, Q. Lu, M. Reece, 2022]
[Fileviez-Perez, Murgui, Wise, 2023]

EFT

[J(1):  6-dim operators ( Af SDLDRXi)(j*)

Samuel Patrone 36



-©- Automatic Nelson-Barr

o b 1GeV]

max Mq — Mq +

ABgcp = Im{Tr{M_ 16 M,}} + O(6M?2) | <1071

[J(1):  6-dim operators < = SDLDRXi)(j*)

EFT

Samuel Patrone
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L Leptonic sector

Mirroring the quark sector...

e We add 3 vy + N;, Ny (5 HNLSs)

Samuel Patrone 38



L Leptonic sector

Mirroring the quark sector...

¢ Weadd3 vy, + N,, Ny (5 HNLs)

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

—~ZDL,Y Hupg+ (A X, + 4,,X5) Nyvg + AySN  Ne + Sv5 Yerp +hi.c.,
— LY Hvg+ N pvg + myN; Np + v Mprp +h . c.,

(8), (X12)

Samuel Patrone 39



 The Neutral Lepton Mass Matrix

Samuel Patrone

(0
Hq
Hy
H3

1N

I )
mp; O

0 mp,

0 0

40

H3
0

0
0 0 mpy

0

L Type-1Se¢e-saw

O3><3 M13)><5
(MIY;)SX3 M?—IXS

\

0 where 4 Mg, ~ v¢ € R

My )
0 p~vepel
0 ) and Vy < YVep S Vg




Leptogenesis: a crash course

 For Hierarchical HNL  h" = (Y,0p)*U,**

'0H ')"H
A
r‘
gLa éLa

B FN1_>Hf I'n—niz, Im{[h"h]] } Mz%lj
€cp = 2 — Z SE[hTh] loop M2
a j#1 11 I N, |

Samuel Patrone "



Leptogenesis: a crash course

e For Hierarchical HNL ~ h" = (Y,0p)*U,;*

'0 H -)-- H
A
N —« 4+ Ny %]\El n
r‘
gLOt KLO:

-
. = Z FN1—>HK N—>HV B Z Im{[hTh] } MNj
CP = loop )
a i1 Sﬂ[hTh]ll _MNl_
e Davidson-Ibarra bound
3 My :
heav 108 GeV  thermal
[ecp | < m,~ T > M., >
1= 8 v RH~TNi ™~ ) 10° GeV dynamical

ng ~ 10717

Samuel Patrone 4o



m Wya, vep ?

E [G eV]

: vmax

P VP -

. to have leptogenesis
>

vep R Tru (and erase DWs*)

min
TRH

Is it possible to realize thermal leptogenesis?

Is there any potential signature?
e~ e

Samuel Patrone 43



Numerical study

nm+1x:-

’UCP/T;' VS MNl—TlA UCP/fTi VS MNl—D|A
10° N o logY ~U(-5,0)
. . e logY ~U(-2,0)
et o o logY ~U(-1,0)
L0t - AL
< 103 4
< 107
~
o
O
=
102 4
10* 5
100__"[ N AL | ! AL | .' I""'?'I ! LR | .' L | i T 100-"I ! LIRS | ! L | ! III"'.'I ! LI | i LA | ! T
108 10° 1019 101! 1012 1013 10* 108 10° 1019 10! 1012 1013 10t
My, [GeV] My, [GeV]
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n+1x-

’UCP/T@' VS ]\4]\[1 - TIA

Vector-like Quality

UCP/Ti VS ]\4]\]1 - DIA

e logY ~U(-5,0)
. ) o logY ~U(-2,0)
et o logY ~U(—1,0)

10°7 = o log¥ ~U(=5,0) 10° 5
o logY ~U(-2,0) ]
Wt ek o logY ~U(—1,0)
104 LFe 10%
- 3 . 3
3 10° 5 5 107 5
~ ~~—
A A
@) O
IS IS
102 - 107 ;
¥ XA
10" 4 AL 10! -
100 -"l ' LR | ! '."."l. I"'?.'I . L | : N LA | ' ML 100 -"l ' N
108 10° 10" 10" 102 10 10! 108

BT T T Tt T TRt

M N, [GGV]

O
Checking quglitﬂor vectors...

Vep <108 GeV)



vep/ T

vep/T; vs My, - TIA - Vector Quality

Vector-like Quality

vep/T; vs My, - DIA - Vector Quality

o logY ~U(-5,0) 10° o logY ~U(-5,0)
o logY ~U(-2,0) ] o logY ~U(-2,0)
e logY~U(-1,0) Z e logY~U(-1,0)
10 5
“1s intentionally
left blank
10% 5
-"I ' L | ! LA | ! LA | ! LA | ! LA | ! L 100-—"] ! LA | ! LA | N LAY | ! LR | ' LA | ! L
10® 10° 101" 10M 1012 1013 10! 10® 10° 101 10 1012 1013 10
My, [GeV] M, [GeV]

e NB models with vector-like heavy quarks face
tension with leptogenesis [Asadi, Homiller, Lu, Reece, 2023

46



n+1 %

Chiral Quality

’UCP/T;' VS MNl—TlA UCP/T;; VS MNl—D|A
10° 1 7 e logY ~U(-5,0) 10° 3 .o e logY ~U(-5,0)
o logY ~U(-2,0) : Ce o logY ~U(-2,0)
Wt ek o logY ~U(—1,0) I et o e logY ~U(—1,0)
10* ; ' 10* - N e ]
-0 - 103 -
5 1079 < 107
= =
S S
102 - 102 -
¥a XA
10" 4 AL 10! -
100 -"l ' LR | ! '."."I . I"'?.'I . LRI | : ' | ' T 100 -"l N L) ! | ' ' II"'.'I ' .' ".""l ' L | ! L
103 10” 1010 101 1012 1013 10! 103 10” 1010 101 1012 1013 101

M N, [GGV]

o ®
Checkingquali& for chiral
fermions (automatic NB)...



vep/T; vs My, - TIA - Chiral Quality

nm+1x:-

Chiral Quality

10° 4 ® logY ~U(-5,0)
o logY ~U(-2,0)
e logY ~U(-1,0)

vep/T;

102 4

10*

10V -

vep/T; vs My, - DIA - Chiral Quality

logY ~U(-5,0)
logY ~U(-2,0)
logY ~U(-1,0)

M N, [GGV]

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

48
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% Signatures

Leptogenesis & Quality

AQ_QCD VS Ucp - TIA

AéQCD VS Ucp - DIA

10-® 107°
i1 e logY ~U(-5,0) e logY ~U(-5,0)
10-9 ] o logY ~u(-2,0) o logY ~U(-2,0)
1 e logY~U(-1,0) o logY ~U(-1,0)
10 : excluded excluded
10 E projections projections
10711 -
a ;
S ]
S =12 AR | 1S 1012 b e
910 :
1013 ___________________ 2 IS S R g T & J SIS S S S
10—14 _ -
10_15 ' 10—15 J
T T Tt L AT

vep [GeV]

Samuel Patrone 49
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Conclusion

e 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.

e There’s still a lot to explore...
Confining NB models
GW signals from Leptogenesis
Other signatures (PMNS phase, N ;)

Low-Scale leptogenesis (ARS, Late decays)
Spontaneous baryogenesis

Samuel Patrone -
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Long-lived ALPs from

@ﬂ@@ttmmagn@{j@ showers

[eat, Nikita Blinov and Ryan Plestid
(PRD, 2026)

/
/
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Motivation

. State-of-the-art ALPs Beam Dump Sensitivity projections do
not include EM showers in the target [1004.02001, 2201.05170]
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Motivation

. State-of-the-art ALPs Beam Dump Sensitivity projections do
not include EM showers in the target [1004.02001, 2201.05170]

. EM showers provide an IR flux of y, e* that can help produce slow
ALPs and therefore probe smaller couplings

Samuel Patrone



Motivation

. State-of-the-art ALPs Beam Dump Sensitivity projections do
not include EM showers in the target [1004.02001, 2201.05170]

. EM showers provide an IR flux of y, e* that can help produce slow
ALPs and therefore probe smaller couplings

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

Samuel Patrone



Overview

Long-lived ALPs from Electromagnetic Cascades

ALPs in the wild
ALPs-genesis
ALPs in the dump
ALPETITE
Results

Conclusion & Outlook

Samuel Patrone



Samuel Patro




() Axion-Like Particles

In the Wild

@ PARTICLE LICENSE ¢ Model building: Any dynamics

with a spontaneously broken
(approximate) global symmetry
will produce light, spinless
particles (Goldstone theorem).

NAME: Axion-Like Particle |
(aka ALP)

SPIN: O
PARITY: -1

MASS: peV-GeV o . .« . .
FUTURE ADDRESS: Espl. des Particules 1, nght New PhYSlCS. ALP (spm 0),

1217 Genéve, Switzerland dark photon, Z’ (spin 1), HNL

RELATIVES: pions, pseudo-Goldstone bosons

h

[ChatGPT 4]

¢ Model independent: Don‘t need to know the UV physics to study ALPs

Samuel Patrone =



Axion-Like Particles
In the Wild

¢ Model independent: Don‘t need to know the UV physics to study ALPs

Samuel Patrone .



Axion-Like Particles
In the Wild

Lo = —(a a)(0"a) —

s @4 G* G’v,uv,a % WA WﬂUA aj B B,uv
+CGG4_71'_ +CWW4_T +CBB__

¢ Model independent: Don‘t need to know the UV physics to study ALPs

Samuel Patrone 0



Axion-Like Particles

In the Wild
2
PP = l(a a)(0"a) — a0 2 +— Z C
eff T oM f WECF Y, WF
+c &EG“ GHva 4 ¢ 2£WA WHYA 4 ¢ ﬂﬁB B+
GG A UU wWw A UL BB A f UV y

¢ Model independent: Don‘t need to know the UV physics to study ALPs

Samuel Patrone o



Axion-Like Particles
In the Wild

explicit symmetry breaking term

generated by instantons, m, ~ 10" GeV/f, X ueV

a

Lo = —(a a)(0"a) —

¢ Model independent: Don‘t need to know the UV physics to study ALPs

Samuel Patrone -



Axion-Like Particles

In the Wild

Samuel Patrone

2
m
a,0
a2

+c &EG“ G"4 + ¢
GG 471'f Uv

63

ayy

Cor() oMa
N M Pyt

f#i /

oy
dr fom



Axion-Like Particles

In the Wild

2

y dominated

“Hadrophobic” ALPs

Cayy = 1

Samuel Patrone o

1 my g Caf(H) 0Ha
LS s ) = (0,a)(0%a) ——=a’+ ) Frarsf
2 f
ft
+C &ﬁGa Gﬂyaa_l_c iﬁF FMU
GG 47_[ f 122 ayy 471. 124 ’

e~ dominated
Caee(luw) — 1



Axion-Like Particles
In the Wild

2
m Car() oMa -
a,0 a2+ Z aff

gDSS < — 1 0 oM
(S p) = 5( ,a)(0"a) — 7 frsf
ft
+c % 2 ga Gwaye — 2@
GG A f uv ayy A Uv ’
« . dominated e~ dominated
Hadrophobic” ALPs 4
Cayy = 1 caee(:uw) =1
EGW ~ 2
Y AN\ st - - - a Carf (W) = Capy+ D, NQFCuyr (O = my)
f
Y = Chpy + Choe( M)

Samuel Patrone o5



Axion-Like Particles

In the Wild

2
a,0

-

= — 2
Cayy(/’l) = Cayy + Zf Nch Caff(:u)@(,u _ mf) ay;/(m ) ~ 1 ayy(m ) ~ 1
l 3Cay (M) apy) — a(uy)
aee(ﬂL) — Caee(/uH) QED o T < aee(m ) ~ 3.6 x 10~ 2 aee(m ) ~|
L 0
m, ——
(3 MeV -1GeV)

Samuel Patrone 56

Caff(ﬂ) ota -

LPOS(u S i,)) = —(a a)(@"a) - ——a*+ )’ frarsf
f# /
+c % 2 ga Gwaye 2@
GG A f U ayy A Uv ’
“Hadrophobic” ALPs y dominated e~ dominated
Cayy = 1 Caee(:uw) =1



Axion-Like Particles
In the Wild

(3 MeV -1GeV)

Samuel Patrone

2

Ca (ﬂ) G”a -
0a2+z iff

IO S ) = —(0 a)(0"a) — 7 fryst
f
& a ., Yuv,a G [ UL
+CGG4_T[?G//U/G ’ +Ca7/7/4_n__F//H/F s
“Hadrophobic” ALPs y dominated e~ dominated
G = 1 Cooe(ty,) =1
2
ch Caff(ﬂ)®(ﬂ — mf) a}/}/(m )~ 1 aw(m )~ 1
3¢ H/ Q) — OLH
ay(;(zﬁ) (u)ﬂ (pr) aee(m)N36X105 ¢ (m)~1

a € - C (m
;WaFF + aee](C % (0,@)er"yse

= —0d ad’a — —m>a* +
2 2 4r

67



Axion-Like Particles

In the Wild

2

LOS(u < ) ——<a a)(0*a) — —=

a2+z > ff

Caf(ﬂ) ota -

IME /

f#t

+c % 2 ga Gwaye 2@

GG A f U ayy A Uv ’
“Hadrophobic” ALPs y dominated e~ dominated

Cayy = 1 Cooe(ty,) =1
([~ _ 2
< Cayy(/’l) — Ca;/y + Zf Nch Caff(:u)@(,u _ mf) ay;/(m ) ~ 1 ayy(m ) ~ 1
3Cayy () auy) — apy,
Cacelip) = Coelptgy) + e Kt~ ) ¢ (m)~3.6x107 ¢ (m)~ 1
md
(3 MeV -1GeV) | | (1 O) (10_5 1)
o
L = —0,a0ta — m2a2+—-4~~ FF + —M—aae”e

EFT = % A 7 (0,a)eytys

Samuel Patrone a8



ALPs-genesis

Samuel Patrone



Production

Caee

a ~
F > ——LuFF +

dr f, g

(d,a)ey"yse

Samuel Patrone 5



Production

Caee

a ~
F > —LuFF +

dr f, g

(d,a)ey"yse

Primakoff

Samuel Patrone -



Production

Caee

a ~
F > —LuFF +

dr f, g

(d,a)ey"yse

y ——--a
/ : : 4
Primakoff
e . —
________ a
/ - - 4

Photon-fusion

Samuel Patrone -



Production

a ~ C _
<L D — aydeF"‘ ;ee (aﬂa)e}///l}/se

dr f, ;
X C
ayy ) /

Y ——=-=-a e ., g
Z > > Z Z > >

Primakoff Bremsstrahlung
e e

_______ a

V4 > > 7

Photon-fusion

Samuel Patrone .



X C ayy
y e -
/ > .
Primakoff
e —., .
/ > >

Photon-fusion

Samuel Patrone

Productlon

a
<D ——aFF+
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Production
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ALPs in the dump
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Q Axion-Like Particles

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

In the dump

[ArXiv 1810.06880]

P(a,,|beam) = P(a,,,,| beam)
o, 1
osy  J*
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Q Axion-Like Particles

In the dump

Target/Magnetised hadron absorber

/

p @300 GeY

Active muon shield

[ArXiv 1810.06880]

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

Greomebric
Factor &
Enhergy cubtotf
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Q Axion-Like Particles

In the dump

p @

[ArXiv 1810.06880]

P (adetl beam) — P (adecayl rOd)

to be detected/excluded
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Q Axion-Like Particles
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In the dump

[ArXiv 1904.02001]
L) L] . LELELJ ll L] L) L . LI} 'l L] . L L) LI

e'e —>yy

E141 <— PrimEx
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SeaQuest, Phase |
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Q Axion-Like Particles
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In the dump
[ArXiv 1004.02001]
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Axion-Like Particles

In the dump

[ArXiv 1004.02001]
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Axion-Like Particles

In the dump

[ArXiv 1004.02001]
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Axion-Like Particles

In the dump

[ArXiv 1904.02001]
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<- PrimEx

What about EM 10-2s

showers?
1073
T Py N Py

1ﬂafec gé%’mg - 10—4
>
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Axion-Like Particles

In the dump

[ArXiv 1004.02001]

What about Em 1072 '” o

showers?

Y

2 m3
1ﬂafec 8 ayma

Pr Py Py

- Smaller Sy
- Smaller g, probed

E’ixp are
sensikive here!
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Experiments

BDX SHLP
Aluminum Molybdenum
106 GeV electrons 400 GeV protons
10722 E0T & x 10720 POT
lo = 20 m lo = 33 m
Lpipe = n/a Lpipe = §© m
Ecut = 300 MeV Ecut = 200 MeV
Jefferson Lab CERN
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ALPETITE

- ALPETITE is an extension of the package

ackage for Flectromagnetic ' ransitions In Thick-target \nvironments (PETITE)

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

¢ & & &
e o

S & & s
¢ & &
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ALPETITE

- ALPETITE is an extension of the package

ackage for Flectromagnetic ' ransitions In Thick-target \nvironments (PETITE)

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

é Rénhning...
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ALPETITE

- ALPETITE is an extension of the package

ackage for Flectromagnetic ' ransitions In Thick-target \nvironments (PETITE)

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

SM processes

Bremsstrahlung e*Z — e*yZ

Pair productionyZ — e*e™Z.

Compton scattering ye~ — ye~
Pair-annihilation ete™ — yy
Moller/Bhabha Scattering ete™ — eTe™

Continuous energy loss for electron/positrons, |dE/dx |

Multiple-Coulomb scattering for angular deflection
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ALPETITE

- ALPETITE is an extension of the package

ackage for Flectromagnetic ' ransitions In Thick-target \nvironments (PETITE)

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

Bremsstrahlung Ze™ — Ze™
Compton scattering ye~ — e~

Pair-annihilation ete™ — (y)
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ALPETITE

- ALPETITE is an extension of the package

ackage for Flectromagnetic ' ransitions In Thick-target \nvironments (PETITE)

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

Bremsstrahlung Ze™ — Ze™
Compton scattering ye~ — e~

Pair-annihilation ete™ — (y)

By rescaling
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ALPETITE

- ALPETITE is an extension of the package

ackage for Flectromagnetic ' ransitions In Thick-target \nvironments (PETITE)

- 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
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ﬁ Fluxes

BDX SHLY

Axion Event Rate for m, = 100 MeV, e-dominated couplings

, Axion Event Rate for m, = 100 MeV, y-dominated couplings
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BDX

Axion Event Rate for m, = 100
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Axions x f* / POT [GeV*]

ﬁ Fluxes

BDX SHLY
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ﬁ Fluxes

SHiP LLP Event Rates Comparison: Shower vs. Primary
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BDX Sensitivity

BDX sensitivity projection, e-dominated couplings
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BDX sensitivity projection, v-dominated couplings
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SHiP Sensitivity

SHiP sensitivity projection: e-dominated couplings
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SHiP sensitivity projection: ~-dominated couplings
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SHiP sensitiv

SHiP Sensitivity

SHiP sensitivity projections, v-only coupled ALPs
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ALPs Bounds

Bounds and Projections for v-only coupled ALPs

1073 -
1 R XPmnE\; ---------- ‘
)
=
()}
O,
-
S
=
10—8 _
10_9 E
10‘10------. : S . S —
102 101 100
mg |GeV]

Samuel Patrone 109



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

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

whenm_ < 100 MeV

e Future directions:

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