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Motivation  &   Context
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D A R K  S E C T O R S  |   S M  S I N G L E T S  ,   P O RTA L S   &  N E W  P H Y S I C S

SM

Dark 

Sector

Portal LHN

F′￼μνBμν

H†H |S |2

V E C T O R  P O RTA L

H I G G S  P O RTA L

N E U T R I N O  P O RTA L

• If light new physics 
exists it must be a 
gauge singlet. 


• Possibly complex dark 
sector (e.g. SM-like). 


• Few singlet operators 
available.  
Focus on "portals".



Motivation

𝒪[4]
singlet = ϕ2 |H |2 or LHN or BμνB′￼μν

• Q: How many ways can light new physics couple to the SM? 


• A: Not many once you restrict to low-dim operators!

Scalars H N Ls Z-Prime

𝒪[5]
singlet =

1
Λ

(∂μa) Jμ + …
A L Ps



Existing   Searches • Broad & competitive 
phenomenological landscape 

B E R RY M A N  E T.  A L .  ( 2 0 1 9 )  T H I S  W O R K  ( C R E D I T  J .  Z U PA N )   



Neutrino  Experiments

• One strategy is to precisely 
sculpt a signal. 


• The other is to just win with 
brute force.



Neutrino  Experiments

protons

• Produce huge flux pions.


• Powerful neutrino beam. 


• Powerful dark sector beam. 

B E A M

TA R G E T



Electromagnetic  Secondaries
Electrophilic   Light   New   Physics 



Dark  Sector  Production  At  Accelerator   Energies
• The  3 GeV beam at JSNS is a far cry from the 120 GeV for DUNE.


• High energy protons make high energy pions and kaons etc. 


• Many more production channels are available. 

protons

∼ (10 − 100) GeV

π±
K±

π±

π±

N E U T R I N O S  
M A D E  H E R E  



Option 1:  Meson   Decays

protons

∼ (10 − 100) GeV

π±
K±

π±

π±

N E U T R I N O S  
M A D E  H E R E  

K± → ℓ±X
π0 → γX

D+ → K+X
P R O M P T

L O N G  L I V E D



Option 2:  Primary   Production

protons

∼ (10 − 100) GeV

π±
K±

π±

π±

N E U T R I N O S  
M A D E  H E R E  

pp → ppX
P R O T O N  B R E M M S T R A H L U N G  



Option 3 :  Secondary   Production

protons

∼ (10 − 100) GeV

π±
K±

π±

π±

N E U T R I N O S  
M A D E  H E R E  



Hadronic   And    Electromagnetic   Cascades
• Consider a particle propagating through medium

• Characteristic length between collisions λMFP



Hadronic   And    Electromagnetic   Cascades
• Consider a particle propagating through medium

• Characteristic length between hard collisions XH

H A D R O N S

π

• Hadrons "down convert" energy into pions. 


• Every generation is a new chance to make a BSM 
particle. 


• Multiplicity of interactions grows with energy.  

N E W  R E S O U R C E  B U T  H A R D   
T O  S T U D Y  S Y S T E M AT I C A L LY.  



• Consider a particle propagating through medium

• Characteristic length between hard collisions X0

E L E C T R O N S  &  P H O T O N S • Main reactions are 


• Multiplicity of interactions grows with energy.  

• Radiation length 

γZ → e+e−Z e±Z → e±γZ
γ
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Hadronic   And    Electromagnetic   Cascades
• Consider a particle propagating through medium

• Characteristic length between hard collisions X0

E L E C T R O N S  &  P H O T O N S • Main reactions are 


• Multiplicity of interactions grows with energy.  

N E W  R E S O U R C E  F O R  D A R K  S E C T O R S .   
C A N  B E  C O M P U T E D  P E RT U R B AT I V E LY.

• Radiation length 

γZ → e+e−Z e±Z → e±γZ
γ

e±
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• Despite multiple groups and a reasonable amount of 
activity, no systematic comparison between results has 
been made. 


• Naive comparisons suggest large differences (orders of 
magnitude in some cases) 


• Want a systematic analysis to resolve discrepancies. 
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Challenges   At   Neutrino   Experiments
S M A L L  A N G L E S  

Φ(θ, E) for θ < θc

U N U S U A L LY  S E N S I T I V E  T O  A N G U L A R  S P R E A D I N G  



Challenges   At   Neutrino   Experiments
L A R G E  H I E R A R C H Y  O F  E N E R G I E S  

Ebeam ≫ Eπ ≫ mX ≫ Ethr

N E E D  T O  W O R RY  A B O U T  M A N Y  G E N E R AT I O N S  I N  A  S H O W E R



Explicit   Model :  Dark  Vector  Boson
ℒ ⊃ gēγμeVμ

• Vector boson of mass  couples to the electron vector current.mV

e± e±

V

nucleus

e± e±

γ

nucleus

B R E M S S T R A H L U N G D A R K  B R E M S S T R A H L U N G



Explicit   Model :  Dark  Vector  Boson
ℒ ⊃ gēγμeVμ

• Our goal is to compute the flux from an EM cascade at the 
detector. 

Φdet(EV)



S M   Event     B S M   Event→

e± e±

γ

nucleus

• Consider an event in a 
MC event record.

(p, x)e → (p′￼, x)e + (q′￼, x)γ

e± e±

V

nucleus

• How do we use this to 
generate BSM event?

(p, x)e → (p′￼, x)e + (q′￼, x)V



S M   Event     B S M   Event→
(p, x)e → (p′￼, x)e + (q′￼, x)γ

F O C U S  O N  PA R E N T

D R AW  K I N E M AT I C S   
F R O M  B S M  D I S T.

dσ
dΠ

= (2π)4δ(4)(ΣP) |ℳe→eV |2

C O M P U T E  
B R A N C H I N G  R AT I O  BR =

σBSM

σtot
≈

σBSM

σSM



What   Not   To    Do 

• Trying to turn daughter photons into daughter dark 
photons is dangerous because of different distributions.



P E T I T E   In    A   Nutshell 

γ

e±

• Static nuclear centres source 
Coulomb fields. 


• Electrons treated as a homogeneous 
gas of electrons at rest. 


• Atomic screening included for 
bremsstrahlung and pair production.

P R O C E S S E S  I N C L U D E D

• 


• 


• 


• 


•

e±Z → e±γZ

γZ → e+e−Z

e±e− → e±e−

γe → γe

e+e− → γγ

Continuous energy 
loss  
&  
Multiple Coulomb 
scattering.



S M   Event   Record     B S M   Event  Record→
γ

e+e−

γ e− γ γ

γ e−
e− e+

C O M P T O N

A N N I H I L AT I O N

PA I R  P R O D U C T I O N

B R E M S S T R A H L U N G



S M   Event   Record     B S M   Event  Record→
γ

e+
e−

γ e− γ γ

γ e−
e− e+

C O M P T O N

A N N I H I L AT I O N

PA I R  P R O D U C T I O N

B R E M S S T R A H L U N G

D A R K  B R E M S .

e+

e+ V

Some subtleties 
about conditional 
probabilities



Implemented    In   P E T I T E   

H T T P S : / / G I T H U B . C O M / K J K E L LY P H Y S / P E T I T E



Example   Of    Standard   Model   Uncertainty

• We can quantify how different models of multiple Coulomb scattering 
affect BSM flux predictions. 


• Alters angular distribution and therefore acceptance at detector. 



Dark Annihilation  Angular  Distributions

• We find that  is very sensitive to multiple Coulomb scattering. 


• One has to properly (i.e. carefully) sample the distance travelled by a positron. 

e+e− → V(nγ)



Bremsstrahlung   Mismodeling  
With    Spurious   Correlations



Comparison With  Past  Literature

• We find  that we can reproduce, to within a factor of a few, all existing predictions by 
reproducing analysis choices within PETITE. 


• Find that Celentano et. al.  are closest to our predictions. 


• PETITE is setup to easily support studies of systematic uncertainties. 



Conclusions  &  Outlook



Conclusions
• Neutrino experiments are powerful factories for particles lighter than 

a few GeV. 


• Reliable flux predictions are needed if one wants to go beyond 
conservative "rate  background" constraints.


• We have a new framework for electromagnetic secondaries that is


(I) Systematic.


(II) Flexible.


(III) Monte Carlo friendly.

≫


