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From Theory to Observables (and back again)

Model Building:
Zsm ("‘ ZLpsm ! )

Fundamental parameters

Fields, Symmetries, Couplings, Masses, ...
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Inaccessibility

Example: SM + Dark Sector (Hidden Valley)



From Theory to Observables (and back again)

Model Building:
Zsm ("‘ ZLpsm ! )

Fundamental parameters

Fields, Symmetries, Couplings, Masses, ...

1

Experiment

as
Is this a 77 event?

Can we measure this?

Can we measure this?

Complex final states, backgrounds; efficiencies, calibrations, ...

= Measured result + uncertainties

Phenomenology:
Compute observables:

dGAB—>X1...Xn : dFA—>X1...Xn Poee

Example: top quarks

"Predict” probability distributions
differentially in relevant phase spaces

= This is a tf "event”




Adding Detail: QCD Showers

Model Building:

Ly ( + Lpas ! ) Can we measure this? Compute observables:

Phenomenology:

dGAB—>X1...Xn : dFA—>X1...Xn'
Fundamental parameters

Fields, Symmetries, Couplings, Masses, ...

Example: top quarks

1

Experiment

Can we measure this?

"Predict” probability distributions
differentially in relevant phase spaces

= This is a tf "event”

as
Is this a 7 event?

Complex final states, backgrounds; efficiencies, calibrations, ...
= Measured result + uncertainties




Adding Detail: Resonance Decays

Model Building:

Ly ( + Lpas ! ) Can we measure this? Compute observables:

Phenomenology:

dGAB—>X1...Xn : dFA—>X1...Xn'
Fundamental parameters

Fields, Symmetries, Couplings, Masses, ... Example; top quarks

1

Experiment

Can we measure this?

"Predict” probability distributions
differentially in relevant phase spaces

= This is a tf "event”

Complex final states, backgrounds; efficiencies, calibrations, ...
= Measured result + uncertainties




Adding Detail: Showers in Decays

Model Building:

Ly ( + Lpas ! ) Can we measure this? Compute observables:

Phenomenology:

dGAB—>X1...Xn : dFA—>X1...Xn'
Fundamental parameters

Fields, Symmetries, Couplings, Masses, ... Example; top quarks

1

Experiment

Can we measure this?

"Predict” probability distributions
differentially in relevant phase spaces

= This is a tf "event”

as
Is this a 7 event?

Complex final states, backgrounds; efficiencies, calibrations, ...
= Measured result + uncertainties




Adding Detail: QED and Weak Showers

Model Building:
Ly ( + Lpas ! ) Can we measure this? Compute observables:

Phenomenology:

dGAB—>X1...Xn : dFA—>X1...Xn'
Fundamental parameters

Fields, Symmetries, Couplings, Masses, ... Example: tOp quarks

1

Experiment

Can we measure this?

"Predict” probability distributions
differentially in relevant phase spaces

= This is a tf "event”

as
Is this a 7 event?

Complex final states, backgrounds; efficiencies, calibrations, ...
= Measured result + uncertainties




Adding Detail: Multi-Parton Interactions & Beam Remnants

Model Building:
Zsm ("‘ ZLpsm ! )

Fundamental parameters

Fields, Symmetries, Couplings, Masses, ...

1

Experiment

, /
\ / /

as
Is this a 7 event?

Can we measure this?

Can we measure this?

Complex final states, backgrounds; efficiencies, calibrations, ...

= Measured result + uncertainties

Phenomenology:

Compute observables:

dGAB—>X1...Xn : dFA—>X1...Xn Poee

Example: top quarks

n

is’is a 11 “event

Proton




Adding Detail: Confinement

Model Building:

Ly ( + Lpas ! ) Can we measure this? Compute observables:

Phenomenology:

dGAB—>X1...Xn : dFA—>X1...Xn'
Fundamental parameters

Fields, Symmetries, Couplings, Masses, ... Example; top quarks
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Experiment

M Proton

Can we measure this?

f
1 | / //

as
Is this a 7 event?

o4l
X0

= This*is a 1 "event

Complex final states, backgrounds; efficiencies, calibrations, ...
= Measured result + uncertainties




Addlﬂg Detai\: Strings (= our model of confinement)

Model Building:
Ly ( + &£ ? ) e Compute observables:

Phenomenology:

BSM -

Fundamental parameters

Fields, Symmetries, Couplings, Masses, ... Exam

Experiment

Can we measure this?

A'\"'
llll

Complex final states, backgrounds; efficiencies, calibrations, ... e
= Measured result + uncertainties

///
////////////////

dGAB—>X1...Xn : dFA—>X1...Xn'

Proton




Adding Detail: Hadrons + Decays

Model Building: Phenomenology:
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Complex final states, backgrounds; efficiencies, calibrations, ...
= Measured result + uncertainties




New Physics & Dark Matter 1: Hidden-Valley Scenarios

M M. Strassler

Hidden Valley ~ Dark Sector ~ Secluded Sector A Gonceptual Diagram

New sector decoupled from SM at low energy

General framework in PYTHIA » study variety of exp signatures

Abelian U(1) (broken or unbroken = massive or massless yy))
Or Non-Abelian SU(N) (unbroken, N> — 1 massless gv)

Key parameters: # of colours, # of valley-quarks gy, masses

---------

Inaccessibility

Three alternative production mechanisms in PYTHIA 8: PYTHIA HTMIL Manual
V¥ Process Selection
o MasSIive Z/: qc_l — Z/ — qqu, Standard-Model Parameters
Couplings and Scales
Q@ kinetic mixing: qq — 7 — v — qvqy, " Hard GGD
-- Electroweak
© massive F,, charged under both SM and hidden group, - Onis
so e.g. gg — F,F,. Subsequent decay F, — {q,. T i enerten
F, spin either 0, 1/2 or 1 and matching q, either 1/2 or 0. D New Cotoe Boacns
-- Left-Right Symmetry
0 = Compranonees

> Hidden Valleys
-- Extra Dimensions

-- Dark Matter

Based on Carloni & Sjostrand 1006.2911, Carloni, Rathsman, Sjostrand 1102.3795 ﬂ



https://arxiv.org/abs/1006.2911
https://arxiv.org/abs/1102.3795

Dark Showers

Accelerated Gauge Charges — Bremsstrahlung /c\

In QFT: driven by propagator denominators (IR singularities)

Analogy of a cross section

Pole structure is universal, same for QED/QCD/...

Numerators depend on spins of radiators and of emitted quanta

All-orders quasi-fractal structure captured by Parton Showers




Dark Showers

Accelerated Gauge Charges — Bremsstrahlung /c\

In QFT: driven by propagator denominators (IR singularities)

Analogy of a cross section

Pole structure is universal, same for QED/QCD/...
Parton Shower

Numerators depend on spins of radiators and of emitted quanta

All-orders quasi-fractal structure captured by Parton Showers

Valley-gluons/photons have IR (soft/collinear) singularities

Based on dominant
all-orders singularity

Collinear limits (emission parallel to radiator): DGLAP kernels

Soft limits (emission of low-energy quanta): soft-eikonal factors
-or massive radiators: collinear ones dampened (eg ALick, Nature 605 (2022) 7910 / /i

—or broken U(1) = massive y,, = soft ones dampened 7%‘5

Pythia: a single interleaved SM @ HV shower evolution

Invisible sector emissions = recoil effects in visible sector
Carloni & Sjdstrand 1006.2911 T v

Note: also nice poster (& papers!) by E. Bernreuther; Also: Snowmass Summary on Dark Showers: 2203.09503



https://arxiv.org/abs/1006.2911
https://arxiv.org/abs/2203.09503

(Continued...): Dark-Sector Hadronization + Decays

. o« e o o Carloni & Sjostrand 1006.2911,
Dark-sector particles may remain invisible, or: Carloni, Rathsman, Sigstrand 1102.3795

Broken U(1) = Radiated y,/'s decay back, yy, = v —>ff
BRs as photon = |epton pairs!

SU(N) = tull hidden-sector string fragmentation >—<

Up to 8 different gy,
Many different valley mesons & baryons (PYTHIA 8.307@

(Baryons mainly for N=3; some applicability for N>4; so far no dedicated model for N=2)
Flavour-diagonal valley mesons can decay back to SM

(Here assuming mediator(s) conserve “valley flavour”) f\f/A%LRoAJS
: _ — .
Fraction 1/nqV .......... 7,—®

Can set masses of different flavour mesons + decay tables incl lifetimes

:

b Displaced vertices (LLPs), by adjusting litetimes

) o nuguaasignatures: displaced leptons; semi-visible jets, emerging jets, ...
(e.g., Faucet et al., 2208.10062) (e.g., Schwaller et al., 1502.05409)

(Also Note: 3 experimental repo for HNL production using t decays in Pythia:)

https: itlab.com/hnls thia — Main Contact: Phil Ilten



https://gitlab.com/hnls/pythia
https://arxiv.org/abs/1006.2911
https://arxiv.org/abs/1102.3795
https://arxiv.org/abs/1502.05409
https://arxiv.org/abs/2208.10062

General DM Capabilities of PYTHIA 1: Production at Colliders

PYTHIA HTML Manual:
Many existing processes/models can be used straight away ¥ Process Selection

Standard-Model Parameters

General 2HDM model (couplings between scalars and SM can be set by hand)  couplings and Scales

Hard Processes

for colour/EW charged mediators (“t-channel” models) - Hardaco

-- Electroweak

Set decay by hand: e.g. £ — £ (for fermionic DM), W + U (scalar DM), etc. - ?O";a
' * New resonances W', Z’; can decay into new particles (not just SM) - 1igs
7Ny : » SUSY
): — Set of Generic Dark Matter Processes * New Gauge Bosons
q 9 . . . . . .. -- Left-Right Symmetry
, L (Axial-) vector resonance (+ jet) includes kinetic mixing " Leptoquark
. . . , . . ) -- Compositeness
~«z . Associated production of Z' with SM Higgs (for mono-Higgs) ~ Hidden Valleys
7 . _ -- Extra Dimensions
) . (Pseudo-) scalar resonance (+ jet) q ) w Dark Matter
X Also: Drell-Yan production of new mediators ff—= ZIy* = yy 20 V Interfaces to External
S , , Hard P
§>*‘< — E.g. SU(2) N-plet fermions or scalar with U(1) charge. ~ ACTIDEESSES
. . . . . q 0t /) Les Houches Accord (LHA)
X (Prompt or long-lived: displaced vertex; displaced leptons; disappearing tracks) Les Houches Event Files
Semi-Internal Processes

MadGraph5 Processes
HelacOnia Processes

New particles, decays, hard processes can be added in user code Alpgen Event Interface

. , : > Parton Sh
Using PYTHIA's ParticleData scheme and/or SLHA scheme arton Showers
» Matching and Merging

Masses and litetimes of mediators can be set by user (e.g., long-lived signatures) 'y particies & Decays

Semi-internal processes & resonance decays inheriting from existing ones '»;ertffﬁe[;zfdem adron
Widths
Or: Les Houches Event Files (LHEF, e.g., from MadGraph) Resonance Decays

Hadron & Tau Decays
Semi-Internal Resonances

External Decays
Based on N. Desai, Collider signatures for dark matter and long-lived particles with Pythia 8, 1807.04240 a


https://inspirehep.net/literature/1681773
https://arxiv.org/abs/1807.04240

Dark Matter Physics 2: Annihilation Spectra

Annihilation spectra for indirect-detection experiments
main@7.cc: dummy production process + user-defined decay table *
For example: spectrum for DM + DM — g g obtained by adding dummy -
resonance with mass 2myp,; decaying into two gluons. S
X

PYTHIA: full fragmentation modelling

For example, tor gamma-ray spectra from annihilation to final states with quarks:

QED bremsstrahlung QCD fragmentation and hadron decays
QEM as f(z) z°n° = yy
> > > @~—> —@— 0 Hadron with O
‘R %bab} energy fraction z <
<+ . + small other contributions,
o g Further hadrons, with e.g., B* — By
total energy fraction 1 — z
Dominates at high z., Photons from 7 — v+ dominate bulk (and peak) of spectra

Main/best constraints: 7™ spectra in ete™ annihilation wysespin); + @ few more: mainly LEP

(+ you also want to know sources & ranges ot QED bremsstrahlung in the modelling)

See, e.g., PS et al., “The Monash Tune”, 1404.5630, and S. Amoroso et al., 1812.07424 a


https://arxiv.org/abs/1404.5630
https://arxiv.org/abs/1812.07424

Uncertainties (e.g., on DM Annihilation Spectra)

Borrowed slide from A Ghosh, Tuesday < Machine Learnlng of/for Theory Models
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Nature
Natl:,l re ®
Pythia Ov sh Sherpa
® o\ @ Sherpa

Sherpa Next year’s
generator Next year’s

generator

Next year’s
generator

\ Personal Comment: | would kind of hope next year's generator would be closer to Nature, not further from it...

Instruction to ML: “Please shrink Pythia vs Herwig ditference” Model will learn to fool you !

ML methods don't often generalise the way you would hope

17

Another Aspect of the Problem: Pythia, Herwig, Sherpa all tuned to ~ same data

No guarantee that they span the experimental uncertainties (similar issue as of old with PDFs)




QCD meets the Dark Sector

Based on A. Jueid et al., 1812.07424 (gamma rays, eg for GCE) and 2202.11546 (antiprotons, eg for AMS) + last week: 2303.11363 (all)

QCD uncertainties on Dark-Matter Annihilation Spectra

Compare different generators? Problem: all tuned to ~ same data
No guarantee that they span the experimental uncertainties (similar issue as of old with PDFs)

Instead, did parametric refittings of constraining data within PYTHIA's modelling

12 | | T 25 T T I T 1T T 11

| — PYTHIAS +Yr7/— | — PYTHIA8 -
| —  HERWIGY )0( — W W | — HERWIGY )()( — tt
10 + -
l m, = 90.6 GeV T m, =177.6 GeV
o [ ; ; :
Lﬂ?‘ i | m?‘ 15 j j
T i St i
= 6 r B = u i
e B B e o i
=0 ] 90 F i
4 | — i 1
Grey band: showers _ - Grey band: showers i
2 | — |
. Blue band: hadronization i Blue band: hadronization |
O_""'I L1t ||_ 0 Lt [ A I |—
10° 10! 102 10° 10! 102
E, [GeV] E, [GeV]

Same done for antiprotons, positrons, antineutrinos
Tables with uncertainties available on request. Also the spanning tune parameters of course.

Main Contact: adil.jueid@gmail.com ﬂ


https://arxiv.org/abs/1812.07424
https://arxiv.org/abs/2202.11546
https://arxiv.org/abs/2303.11363
mailto:adil.jueid@gmail.com

Uncertainties (e.g., on DM Annihilation Spectra)

Borrowed slide from A Ghosh, Tuesday < Machine Learnlng of/for Theory Models
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Pythia Ov sh Sherpa
® o\ @ Sherpa

Sherpa Next year’s
© generator Next year’s
Next year's generator
generator

\ Personal Comment: | would kind of hope next year's generator would be closer to Nature, not further from it...

Instruction to ML: “Please shrink Pythia vs Herwig ditference” Model will learn to fool you !

ML methods don't often generalise the way you would hope

17

Another Aspect of the Problem: Pythia, Herwig, Sherpa all tuned to ~ same data

No guarantee that they span the experimental uncertainties (similar issue as of old with PDFs)




Cosmic-Ray Air Showers

Single incident particle = billions of final-state particles (forget about GEANT).
Recently started a collaboration with CORSIKA 8 fast/optimised air-shower tracker

New: PythiaCR  [Based on Sjéstrand + Utheim, 2005.05658 & 2108.03481

Provide hadron-air cross sections @ perform collisions @ simulate hadron decays

(Air ~ 14N + 16¢Q; currently also 40Ar, 208Pb; few hours of manual labour to add more)

Cosmic-ray “beams” are heterogenous and not mono-energetic:
Achieved by initialising multiple beams in energy grids + rapid beam switching

CR (re-)interactions “fixed-target”; can probe low CM energies (by HEP standards)

Standard (collider) Pythia only applies tor \/E > 10 GeV

New extensive low-energy (re)interaction models
= Arbitrary hadron-hadron collisions at low E, and arbitrary hadron-p/n at any energy)
Extend to hadron-nucleus using nuclear-geometry part ot ANGANTYR

So far limited comparisons with data - interested in feedback
A positive technical note: native C++ simplities CORSIKA 8 - PYTHIA 8 interfacing

See also M. Reininghaus et al. Pythia 8 as hadronic interaction model in air shower simulations, 2303.02792 a



Future Research Directions relevant to Flavour Physics

1. State of the art for B decays: PYTHIA + EVTGEN (M. kreps, Warwick U)
PDG tar from complete. Also need difterential distributions: ME or simply flat phase space

+ Many modes modelled via b — ¢ @ string fragmentation

B mesons: 1/3 of all decays

A,, baryons: 1/2 of all decays

New grant with Warwick U (LHCb):

“Beautiful Strings”
incl investigating these decays

2. Electromagnetic Corrections (QED FSR) in B hadron decays:

Energetic photons affect mass, g reconstructions (e.g., B — utu Kz~ +7y)
HERWIG and SHERPA have dedicated hadron-level QED (YFS) showers Sehorhert & Krauss 08105071

-or PYTHIA, external PHOTQOS lib: Fortran, static variables: multi-threading bottleneck

= VINCIA has novel (& unique) multipole QED showers & interleaved cascade decays
PS & R. Verheyen 2002.04939 H. Brooks, PS, R. Verheyen 2108.10/86



https://arxiv.org/abs/2002.04939
https://arxiv.org/abs/2108.10786
https://arxiv.org/abs/0810.5071
https://arxiv.org/abs/hep-ph/0603034
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Australia’s Top 5 Most Dangerous Animals:
. Horses (7.7 tatalities / yr)
Poster Submissions still Open . Cows (3.3)
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A recent hot topic in Non-perturbative QCD: A string with 3 ends

Unique Ir'eCIfUI‘e Of SU(3): Y-Shdped 3'S'|Ting IlJunCﬁOnS” (Low-mass limit = baryons)

Christiansen & PS (2015): Toy model of “Colour reconnections” based on stochastic sampling of SU(3)
group probabilities: allows for random (re)connections in colour space, guided by string area law

For example: ALICE 2021: huge A rates

@ @ CDD 0_8 | | | | | | | | | | | | | | | | vI_I | | | | | | | |
@O—@ @ @ o ALICE o pp,Vs=5TeV
< 0.7 y| < 0.5 e pp, s=13TeV
(@ @
064 o PYTHIA 8.243, Monash 2013

------------------------------

.

PYTHIA 8.243, CR-BLC:
R EETEE Mode O ---- Mode 2

- o

0.5

------------------------------

SHM+RQM

*
New source of Catania

baryon + antibaryon
production

III?*’-IIIIlIIII|IIII|IIII|IIII|IIII|IIII

5 10 15 20 25
P (GeV/c)

Note: Same appears to be the case for A,

Based on Baryon Number Violation & String Topologies: Sjdstrand & PS hep-ph/0212264; String Formation Beyond Leading Colour: Christiansen & PS 1505.01681 ﬂ


https://arxiv.org/abs/1505.01681
https://arxiv.org/abs/hep-ph/0212264

Perturbative QCD: Matching & Merging

Simplified analogy of a “cross section”: Parton Shower

Include more orders

LO
Using a “Koch snowflake” as a Combine
stand-in for perturbation theory Without double counting

Improve
accuracy & detail

PYTHIA HTML Manual:

¥ Matchingand Merging  Combinations well established for first few orders

Matching and Merging : : /) .
- POWHEG Matching Fixed-order QCD for the first few orders; then shower “takes over
— aMC@NLO Matching -
- MLM Jet Merging .
-- CKKW-L Merging o—— :
— MESS Meraing (Vincia) — » standard in PYTHIA for 2 — 1 processes and SM resonance decays

-- L’\JJICA(EZS Merging — ~—— - 1st-order NLO matched calculations (MC@NLO, POWHEG '00s)
- erging

Merging Variations - Multiple LO merged calculations (CKKW & Lonnblad, ‘00s + more recent)
Implement New Schemes

Note: PYTHIA also has many example programs showing how to do this in practice: main80.cc - main89.cc a

1st-order LO matrix-element corrections (MECs) (Sjostrand et al., 80s)




Perturbative QCD: The Cutting Edge

State of the art (for LHC phenomenology right now):

Merging several NLO + PS matched calculations

» NL3, UNLOPS (POWHEG-based), FxFx (MC@NLO-based), ...

Next Step: NNLO + PS matching

Conceptual issue:

LL PS # full NNLO singularity structure
GENEVA & MINNLOPS:
Supply analytical NNLL Sudakov factors

VINCIA (arXiv:2108.07133): ;

New type of shower: interleaves

iterated ordinary 2 — 3 branchw oo

with new "direct” 2 — 4 ones

Does describe the full (differential) NNLO
singularity structure!

(Interesting also for NNLL showers) 10~

main88.cc

¥ Matching and Merging

Matching and Merging
-- POWHEG Matching
-- aMC@NLO Matching
-- MLM Jet Merging
-- CKKW-L Merging
- MESS Merglng (Vincia)

“WMerging. Varlaon
Implement New Schemes

FEmissions (Zoom) ete” — 45 @ /s = 240 GeV

100 5

3 x 1071

Vincia default
Vincia default + MECs
Vincia 2to4

to = s, te = (b GeV)?, 2-1oop ayg

Proof of concept \
foreTe™ — qgggg —

Campbell, Hoeche, Li

107t ;
| 61072 \\M Preuss, Skands: 2108.07133

—0.1 0.0 0.1

VINCIA+COMIX

—(I).4 —(I).2 0.0
log(p? 4/P7 3)

0.2

0.4


https://arxiv.org/abs/2108.07133
https://arxiv.org/abs/2108.07133
http://main88.cc

