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DARK SECTORS | SM SINGLETS , PORTALS & NEW PHYSICS

e [f ight new physics
exists It must be a
gauge singlet.

* POSsIbly complex dark
sector (e.g. SM-like).

* ~ew singlet operators
available.
FOCUS on "portals”.




Motvation

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

A: Not many once you restrict to low-dim operators!
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phenomenological landscape
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* Broad & competitive
t]]]g al' C CS phenomenological landscape
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How Do These Experiments Work

detector



Option 1: Meson Decays
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Opton2: Primary Production

PROTON BREMMSTRAHLUNG
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Option 3 : Secondary Production
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Electromagnetic Secondaries

Electrophihic Light New Physics




Hadronic And Electromagnetic Cascades

Consider a particle propagating through medium

Characteristic length between collisions Ay pp




Hadronic And Electromagnetic Cascades

» Consider a particle propagating through medium

HADRONS * Hadrons "down convert" energy into pions.

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

* Multiplicity of interactions grows with energy.

NEW RESOURCE BUT HARD

TO STUDY SYSTEMATICALLY.

» Characteristic length between hard collisions X,



Hadronic And Electromagnetic Cascades

Consider a particle propagating through medium

Main reactions are

® ®© & © /- ete™Z e Z — e yZ
Multiplicity of interactions grows with energy.
O 00 O
0 00

Characteristic length between hard collisions X, * Hadiation lengih




Hadronic And Electromagnetic Cascades

» Consider a particle propagating through medium

* Main reactions are
_ + +
vZ —> e e/l e Z— e yZ

* Multiplicity of interactions grows with energy.

NEW RESOURCE FOR DARK SECTORS.

CAN BE COMPUTED PERTURBATIVELY.

» Characteristic length between hard collisions X, * Radiation length



Hadronic And | Electromagneu(: Cascades

» Consider a partlc\e propagatlng through medlum '

ELECTRONS & PHOTONS e Main reactions are

vZ — ete™Z e Z — e yZ

* Multiplicity of interactions grows with energy.

NEW RESOURCE FOR DARK SECTORS.

CAN BE COMPUTED PERTURBATIVELY.

» Characteristic length between hard collisions X, * Radiation length
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Previous Work On Electromagnetic Cascades

PHYSICAL REVIEW LETTERS 121, 041802 (2018) Fvent oceneration for beam dumbn exneriments

Despite multiple groups and a reasonable amount of

Novel Way 1

e ACTIVILY, NO systematic comparison between results nas
been made.

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

New pr

Want a systematic analysis to resolve discrepancies.
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Previous Work On EM Secondaries
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Dark fluxes from electromagnetic cascades ¢
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Challenges With Far-Forward Detectors

OG,E) for 0<0,

UNUSUALLY SENSITIVE TO ANGULAR SPREADING




Challenges With Far-Forward Detectors

LARGE HIERARCHY OF ENERGIES

By > £ > my > By

NEED TO WORRY ABOUT MANY GENERATIONS IN A SHOWER




Exphat Model: Dark Vector Boson

< D gey,eV”
gey,
» Vector boson of mass mi,, couples to the electron vector current.

BREMSSTRAHLUNG ~y DARK BREMSSTRAHLUNG v
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g nucleus g nucleus




Exphat Model: Dark Vector Boson
7z D gey,eV*¥

* Our goal is to compute the flux from an EM cascade at the

detector. -
(I)det(E V)




SM Event = BSM Event

y V
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> > >

nucleus nucleus

Consider an event in a How do we use this to
MC event record. generate BSM event?

(p,x), = (P’ %), +(q,%x), (P, X), = (P>X), +(q,X)y



SM Event = BSM Event

P, x), = (P,X), +(q,X),

do
d_H — (271')45(4)(2P) | ‘%e—lez

OBSM OBSM
BR = ~

— NN/

Otot OSM



What Not To Do

Y = ,
PETITE, my = 100 MeV | Reweighted SM v, my = 100 MeV |

= [Ebeem — 10.6 Gev
B

EPem — 10.6 GeV
EELT

101 1 10 1071 10Y 10t 1071 10Y 10*
E., [GeV] Ey [GeV] Ey [GeV]

108

* [rying to turn daughter photons into daughter dark
pohotons IS dangerous because of different distributions.



PETITE In A Nutshell

PROCESSES INCLUDED

ce 7 — e yZ

v/ > eTe 7

+ — + —
e € — e e
e Static nuclear centres source

Coulomb fields.

Continuous energyj
loss
& :
Multiple Coulomb |
scattering.

rye — ye

* Electrons treated as a homogeneous

f elect t rest. —
gas of electrons at res . €+€ — yy

* Atomic screening included for
bremsstrahlung and pair production.




SM Event Record - BSM Event Record



SM Event Record - BSM Event Record

€




Implemented In PETITE

(1] README

PETITE

PETITE: Package for Electromagnetic Transitions In Thick-target Environments Monte Carlo generator for
production of dark sector abjects in thick-target experiments PETITE generates electromagnetic showers for
iIncoming electron, positron or photon propagating through a dense medium, and includes the possibility of dark
sector particle production.

Installation

To install, from the top directory run

pip install .

Dependencies

PETITE, its tutorials and tools require the following packages: numpy 1.24, vegas (>= 5.4.2), cProfile, pickle,
matplotlib, scipy, datetime, tgdm, copy, sys, random and functools. Using pip install . should install all
requirements, but if needed, you can manually install these packages with

pip install <package_name>==<version_required>
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Decay volume

Scattering and

neutrino detector
Muon shield

The Lifetme Fronuer

Lower Energies And Shorter Lifetames

-

Particle 1D
Decay spectrometer




Parucle Mulaphcity

PETITE Track Length vs Analytics (Bremsstrahlung and Pair Production Only)
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Lifeames & Production Spectra

Secondary, tertiary, etc. particles have lower energies.

This means they have decay taster in the lab frame

A= cpyr x Lky,
In the long-lifetime limit the probability of decay goes like
L

pipe

P decay = J) _

Lpipe




Lifeames & Production Spectra
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Dark Photon, my = 30 MeV, % =1
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Impact For LLP Searches

1011 1011
my = 30 MeV my = 30 MeV
= 10T meV 109 —— m =9V
ol etZ — e*ZV exZ — T2V
8@ 10— e — eV 10— e — eV
; ete” — (7)V ete” = (V)V
~ 10° 10°
-
=107 107
E
= 101 101
an
T 10! _ 10!
Dark Photon
10—3 - A 10—3 , - - - - ;
10—1Y 10°* 102 1071 1072 10°® 1007 107° 10™ 107* 10~
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Apphcagon To SHiP

Enhancements At The Lifeame Fronuer




Quick Intro To SHiP

PROTON BEAM

400 GeV

PROTONS ON TARGET

~ -~
M Particle ID
Decay spectrometer

Scattering and
neutrino detector

Muon shield
Target and
hadron absorber

20
6 X 10 e Uses SPS beam at CERN.
DECAY PIPE

* Excellent sensitivity to long-lived particles.

~/ 30 — 80 11 * Also has a scattering detector and tau-neutrino
program.



Dark Vector Production In
A Proton Beam Dump

PRIMARY MESONS

) — yV
n—yV
PROTON BREMS. ete” — V(}/)
H
pA — pAV Ze* — Ze*V
PERTURBATIVE QCD
yve~ —> eV

qq —> V



Dark Vector Production In
A Proton Beam Dump
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Gains In Sensitivity
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Huge Shift In Flux

~ FACTOR OF 10 IN g,
4
RATE ~ gt

~ FACTOR OF 10* IN RATE!




o o o o
Enhanced Sensiovity At SHiP
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Other Leptophilic Models
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Energy Threshold
Dependence

ete” — V(y)
my;

EI'GS — 2
m€

Motivates exploring lower
thresholds at SHIP
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Conclusions

* SHIP can substantially extend its sensitivity to dark vectors
oy adding EM cascade production.

* [here Is an open source tool PETITE that can be used
immediately to run simulations.

» (Gains are per—ﬂo —> robust against hadronic modelling.

* Biggest gains In sensitivity come at long-lifetimes.

* The smaller boost helps particles decay in the decay pipe.



