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๏ Model Building:

๏ ℒSM ( + ℒBSM ? )

From Theory to Observables (and back again)
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๏ Experiment
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Credits: M. Strassler

Example: SM + Dark Sector (Hidden Valley)



๏ Model Building:

๏ ℒSM ( + ℒBSM ? )

From Theory to Observables (and back again)
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Fundamental parameters

Fields, Symmetries, Couplings, Masses, …

๏ Phenomenology:

๏ Compute observables: 

 ,   , …dσAB→X1…Xn
dΓA→X1…Xn

Can we measure this?

๏ Experiment

Can we measure this?

d�̂0

Example: top quarks

“Predict” probability distributions 
differentially in relevant phase spaces


➡︎ This is a  “event”tt̄

➠

๏ Is this a  event?tt̄
Complex final states, backgrounds; efficiencies, calibrations, …

➡︎ Measured result + uncertainties



d�̂0

๏ Phenomenology:

๏ Compute observables: 

 ,   , …dσAB→X1…Xn
dΓA→X1…Xn

๏ Model Building:

๏ ℒSM ( + ℒBSM ? )

Adding Detail: QCD Showers

4

Fundamental parameters

Fields, Symmetries, Couplings, Masses, …

Can we measure this?

๏ Experiment

Can we measure this?

“Predict” probability distributions 
differentially in relevant phase spaces


➡︎ This is a  “event”tt̄

Example: top quarks

➠

๏ Is this a  event?tt̄
Complex final states, backgrounds; efficiencies, calibrations, …

➡︎ Measured result + uncertainties



d�̂0

“Predict” probability distributions 
differentially in relevant phase spaces


➡︎ This is a  “event”tt̄

Example: top quarks

๏ Phenomenology:

๏ Compute observables: 

 ,   , …dσAB→X1…Xn
dΓA→X1…Xn

๏ Model Building:

๏ ℒSM ( + ℒBSM ? )

Adding Detail: Resonance Decays
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Fundamental parameters

Fields, Symmetries, Couplings, Masses, …

Can we measure this?

๏ Experiment

Can we measure this?

➠

๏ Is this a  event?tt̄
Complex final states, backgrounds; efficiencies, calibrations, …

➡︎ Measured result + uncertainties



d�̂0

“Predict” probability distributions 
differentially in relevant phase spaces


➡︎ This is a  “event”tt̄

๏ Phenomenology:

๏ Compute observables: 

 ,   , …dσAB→X1…Xn
dΓA→X1…Xn

๏ Model Building:

๏ ℒSM ( + ℒBSM ? )

Adding Detail: Showers in Decays
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Fundamental parameters

Fields, Symmetries, Couplings, Masses, …

Can we measure this?

๏ Experiment

Can we measure this?

➠

๏ Is this a  event?tt̄

Example: top quarks

Complex final states, backgrounds; efficiencies, calibrations, …
➡︎ Measured result + uncertainties



d�̂0

“Predict” probability distributions 
differentially in relevant phase spaces


➡︎ This is a  “event”tt̄

๏ Phenomenology:

๏ Compute observables: 

 ,   , …dσAB→X1…Xn
dΓA→X1…Xn

๏ Model Building:

๏ ℒSM ( + ℒBSM ? )

Adding Detail: QED and Weak Showers
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Fundamental parameters

Fields, Symmetries, Couplings, Masses, …

Can we measure this?

๏ Experiment

Can we measure this?

➠

๏ Is this a  event?tt̄

Example: top quarks

Complex final states, backgrounds; efficiencies, calibrations, …
➡︎ Measured result + uncertainties



MPIMPI

d�̂0

๏ Phenomenology:

๏ Compute observables: 

 ,   , …dσAB→X1…Xn
dΓA→X1…Xn

๏ Model Building:

๏ ℒSM ( + ℒBSM ? )

Adding Detail: Multi-Parton Interactions & Beam Remnants
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Fundamental parameters

Fields, Symmetries, Couplings, Masses, …

Can we measure this?

๏ Experiment

Can we measure this?

➠

๏ Is this a  event?tt̄

Example: top quarks

Proton Proton

➡︎ This is a  “event”tt̄
Complex final states, backgrounds; efficiencies, calibrations, …

➡︎ Measured result + uncertainties



MPIMPI

d�̂0

๏ Phenomenology:

๏ Compute observables: 

 ,   , …dσAB→X1…Xn
dΓA→X1…Xn

๏ Model Building:

๏ ℒSM ( + ℒBSM ? )

Adding Detail: Confinement
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Fundamental parameters

Fields, Symmetries, Couplings, Masses, …

Can we measure this?

๏ Experiment

Can we measure this?

➠

๏ Is this a  event?tt̄

Example: top quarks

Proton Proton

➡︎ This is a  “event”tt̄
Complex final states, backgrounds; efficiencies, calibrations, …

➡︎ Measured result + uncertainties



MPIMPI

d�̂0

๏ Phenomenology:

๏ Compute observables: 

 ,   , …dσAB→X1…Xn
dΓA→X1…Xn

๏ Model Building:

๏ ℒSM ( + ℒBSM ? )

Adding Detail: Strings (= our model of confinement)
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Fundamental parameters

Fields, Symmetries, Couplings, Masses, …

Can we measure this?

๏ Experiment

Can we measure this?

➠

๏ Is this a  event?tt̄

Example: top quarks

Proton Proton

➡︎ This is a  “event”tt̄
Complex final states, backgrounds; efficiencies, calibrations, …

➡︎ Measured result + uncertainties



MPIMPI
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๏ Phenomenology:

๏ Compute observables: 

 ,   , …dσAB→X1…Xn
dΓA→X1…Xn

๏ Model Building:

๏ ℒSM ( + ℒBSM ? )

Adding Detail: Hadrons + Decays
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Fundamental parameters

Fields, Symmetries, Couplings, Masses, …

Can we measure this?

๏ Experiment

Can we measure this?

➠

๏ Is this a  event?tt̄

Example: top quarks

Proton Proton

➡︎ This is a  “event”tt̄

(+ Detector Simulation, not touched on here)

➠

Complex final states, backgrounds; efficiencies, calibrations, …
➡︎ Measured result + uncertainties

Feedback and 
constraints.

Crucial to 

advance state of 
the art



A Conceptual Diagram
Energy

Inaccessibility

New Physics & Dark Matter 1: Hidden-Valley Scenarios
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PYTHIA HTML Manual:

Production

Either of two gauge groups,

1 Abelian U(1), unbroken or broken (massless or massive �v ),

2 non-Abelian SU(N), unbroken (N2 � 1 massless gv ’s),

with matter qv ’s in fundamental representation.
Number of colours and number of quarks are key parameters.

Three alternative production mechanisms

1 massive Z0: qq ! Z0 ! qvqv ,

2 kinetic mixing: qq ! � ! �v ! qvqv ,

3 massive Fv charged under both SM and hidden group,
so e.g. gg ! FvFv . Subsequent decay Fv ! fqv .
Fv spin either 0, 1/2 or 1 and matching qv either 1/2 or 0.

4 (No Higgs portal, but doable. Qualitatively similar to Z0.)

Torbjörn Sjöstrand Hidden Valleys in PYTHIA slide 4/15

M. Strassler
๏Hidden Valley ~ Dark Sector ~ Secluded Sector


•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 )

๏ Or Non-Abelian SU(N) (unbroken,  massless )

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


๏Three alternative production mechanisms in PYTHIA 8:

⟹ γV

N2 − 1 gV

qV

Based on Carloni & Sjöstrand 1006.2911, Carloni, Rathsman, Sjöstrand 1102.3795

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


Dark Showers
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LO NLO N2LO

Analogy of a cross section

๏Accelerated Gauge Charges  Bremsstrahlung

•In QFT: driven by propagator denominators  (IR singularities)


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
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Carloni & Sjöstrand 1006.2911

LO NLO N2LO

Parton Shower

Based on dominant 
all-orders singularity 
structures

Analogy of a cross section

๏Accelerated Gauge Charges  Bremsstrahlung

•In QFT: driven by propagator denominators  (IR singularities)


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 


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

•Collinear limits (emission parallel to radiator): DGLAP kernels

•Soft limits (emission of low-energy quanta): soft-eikonal factors 

•For massive radiators: collinear ones dampened [eg ALICE, Nature 605 (2022) 7910]

•For broken U(1)  massive   soft ones dampened


๏Pythia: a single interleaved SM  HV shower evolution

•Invisible sector emissions ➡︎ recoil effects in visible sector

→

⟹ γV ⟹

⊕

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


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

๏ https://gitlab.com/hnls/pythia — Main Contact: Phil Ilten

∃ τ

๏Dark-sector particles may remain invisible, or:

•Broken U(1)  Radiated ’s decay back,   


๏ BRs as photon ➡︎ lepton pairs!


•SU(N)  full hidden-sector string fragmentation

๏ Up to 8 different  

๏ 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”)


Fraction = 

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


•↳ Displaced vertices (LLPs), by adjusting lifetimes

๏ ➤ Unusual signatures: displaced leptons; semi-visible jets, emerging jets, … 

⟹ γV γV → γ → ff̄

⟹
qV

≥

1/nqV

(Continued…): Dark-Sector Hadronization + Decays
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Carloni & Sjöstrand 1006.2911, 


Carloni, Rathsman, Sjöstrand 1102.3795

(e.g., Schwaller et al., 1502.05409)(e.g., Faucet et al., 2208.10062)

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


PYTHIA HTML Manual:PYTHIA HTML Manual:

General DM Capabilities of PYTHIA 1: Production at Colliders 

16

๏Many existing processes/models can be used straight away

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

•Recycle SUSY machinery for colour/EW charged mediators (“t-channel” models)


๏ Set decay by hand: e.g.  (for fermionic DM),  (scalar DM), etc.

•New resonances W’, Z’; can decay into new particles (not just SM)

•Set of Generic Dark Matter Processes


๏ (Axial-) vector resonance (+ jet) includes kinetic mixing

๏ Associated production of Z’ with SM Higgs (for mono-Higgs)

๏ (Pseudo-) scalar resonance (+ jet) 

๏ Also: Drell-Yan production of new mediators  


E.g. SU(2) N-plet fermions or scalar with U(1) charge.

๏ (Prompt or long-lived: displaced vertex; displaced leptons; disappearing tracks)


๏New particles, decays, hard processes can be added in user code 

•Using PYTHIA’s ParticleData scheme and/or SLHA scheme

•Masses and lifetimes of mediators can be set by user (e.g., long-lived signatures) 

•Semi-internal processes & resonance decays inheriting from existing ones

•Or: Les Houches Event Files (LHEF, e.g., from MadGraph)

ℓ̃ → ℓχ̃ W + ν̃

f f̄ → Z/γ* → χχ

Based on N. Desai, Collider signatures for dark matter and long-lived particles with Pythia 8, 1807.04240
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Figure 1: From left to right (a) Dark photon + mono-jet, (b) Mono-higgs and (c) Higgs-
portal production of DM.

Figure 2: Mono-jet production cross section for the pure axial vector Z0 with gZ0 = 0.1 and
m� = 10 GeV.

2.2 Scalar t-channel mediator

This scalar mediator model is inspired by the simplest co-annihilation assumption where a
dark matter fermion achieves the right relic density by co-annihilating with a charged scalar.
The mediator is assumed to have quantum numbers of a right-handed lepton (except spin)
and the flavour of which can be set by choosing which SM lepton it couples to. It is also
possible to have lepton flavour violation by choosing multiple non-zero Yukawas. Primary
production at the LHC is Drell-Yan, followed by decay into lepton and DM. The lagranigian
given by equation 3 also assumes a Z2 symmetry under which ` and the dark matter � are
odd.

L � |Dµ
˜̀|2 � 1

2
m2

˜̀|˜̀|2 + �̄(�µ@µ � m�)� + (yi�̄`Ri ˜̀+ h.c.) (3)
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Figure 2: Mono-jet production cross section for the pure axial vector Z0 with gZ0 = 0.1 and
m� = 10 GeV.
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2.2 Scalar t-channel mediator

This scalar mediator model is inspired by the simplest co-annihilation assumption where a
dark matter fermion achieves the right relic density by co-annihilating with a charged scalar.
The mediator is assumed to have quantum numbers of a right-handed lepton (except spin)
and the flavour of which can be set by choosing which SM lepton it couples to. It is also
possible to have lepton flavour violation by choosing multiple non-zero Yukawas. Primary
production at the LHC is Drell-Yan, followed by decay into lepton and DM. The lagranigian
given by equation 3 also assumes a Z2 symmetry under which ` and the dark matter � are
odd.
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Figure 4: From left to right, (a) Drell-Yan production of `± or �±(±) pairs, (b) production
of �±�2, (c) decay chain for �++ resulting in displaced leptons, and (d) decay of �2 resulting
in displaced vertex signatures.

constrained by supersymmetry. In the future, we plan to include production and decay of
heavy neutral leptons and associated production of charged and neutral partners.
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๏Annihilation spectra for indirect-detection experiments

•main07.cc: dummy production process + user-defined decay table 


For example: spectrum for  obtained by adding dummy 
resonance with mass  decaying into two gluons.  


๏PYTHIA: full fragmentation modelling

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


•Main/best constraints:  spectra in  annihilation (by sospin); + a few more: mainly LEP

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

DM + DM → g g
2mDM

π± e+e−

Dark Matter Physics 2: Annihilation Spectra

17
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Figure1:Fromlefttoright(a)Darkphoton+mono-jet,(b)Mono-higgsand(c)Higgs-
portalproductionofDM.

Figure2:Mono-jetproductioncrosssectionforthepureaxialvectorZ0withgZ0=0.1and
m�=10GeV.

2.2Scalart-channelmediator

Thisscalarmediatormodelisinspiredbythesimplestco-annihilationassumptionwherea
darkmatterfermionachievestherightrelicdensitybyco-annihilatingwithachargedscalar.
Themediatorisassumedtohavequantumnumbersofaright-handedlepton(exceptspin)
andtheflavourofwhichcanbesetbychoosingwhichSMleptonitcouplesto.Itisalso
possibletohaveleptonflavourviolationbychoosingmultiplenon-zeroYukawas.Primary
productionattheLHCisDrell-Yan,followedbydecayintoleptonandDM.Thelagranigian
givenbyequation3alsoassumesaZ2symmetryunderwhich`andthedarkmatter�are
odd.

L�|Dµ˜̀|2�
1

2
m

2
˜̀|˜̀|2+�̄(�

µ
@µ�m�)�+(yi�̄`

R
i˜̀+h.c.)(3)
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QED bremsstrahlung QCD fragmentation and hadron decays
↵EM

�

↵S

g

f(z)

Hadron with

Further hadrons, with

total energy fraction 1 � z

energy fraction z

Dominates at high x� Photons from ⇡0
! �� dominate bulk (and peak) of spectra

Figure 1. Illustration of the main parameters that affect the x� distributions in jets. From left to
right: the electromagnetic coupling ↵EM, the strong coupling ↵S , and the nonperturbative fragmen-
tation function f(z). For coloured final states, all three processes are active. QED bremsstrahlung
is then only dominant at very high x� where the total rate is low, while the QCD fragmentation
parameters govern the bulk of the photon spectrum, via ⇡0

! �� decays. (We note that ⌧⌧ final
states will also have some contributions from ⇡0

! �� decays but these are controlled by the ⌧
decay branching fractions and phase-space distributions and are independent of the ↵S and f(z)
parameters.)

If X includes short-lived resonances such as Z/W or H bosons, then the narrow-width
approximation allows us to factorise the complete physics process into a production part,
�� ! X1 . . . Xn, and a decay part, Xi ! Yi1 . . . Yin. This factorisation is reliable up to
corrections of order �i/Mi, and is hence a good approximation for states with � ⌧ M such
as the SM gauge and Higgs bosons. Note that at wavelengths above (~c)/�i, we would still
expect interference effects between the decay products of different resonances, suppressed
by boost effects if the resonances have non-zero relative velocities.

If X (or decay products Y ) includes photons or electrically charged particles, then those
will undergo QED bremsstrahlung showers. Additional photons are produced via X±

i
!

X±

i
� branchings, which are enhanced for both soft (low x� = E�/m�) and (quasi)collinear

photons. Note that the latter type of photons can have high energies (the only requirement
for the enhancement being a small angle between the photon and its parent particle) and
tend to dominate the ultra-hard tail of the final-state photon spectra towards x� ! 1.
Charged fermion-antifermion pairs can also be produced, at a subleading level, via � ! ff̄

branchings, which are enhanced at very low values of Q2/m2
� = (pf + p

f̄
)2/m2

�. The main
modeling parameter that governs the rate of both types of QED processes is the effective
value assumed for the QED fine-structure constant, ↵EM, illustrated by fig. 1a. Nominally,
this parameter is of course extremely well constrained by measurements, but it may still
be useful to subject its effective value to variations, as a poor man’s way to estimate the
possible effects of missing higher-order or non-universal (process-dependent) contributions
to the spectra. Since this work focuses on DM annihilation to coloured particles, however,
variations of ↵EM are quite subleading with respect to the larger variations in the QCD
sector we shall discuss below, and are not considered further.

Obviously, there are also cases in which resonance decays and QED showers occur
together, such as in �� ! W+W�; in an MC model like Pythia, this will be treated by
first allowing the W bosons to undergo QED showers, i.e. allowing for W ! W� branchings,
with a phase space that is vanishing at the WW threshold and proportional to �m�W =

– 4 –

⇡0
! ��

Figure 2. In hadronic jets, ⇡0 decays are the main source of photons.

dominated by the quality of the available constraints on pion spectra, as well as the model’s
ability to reproduce them. A crucial component of this description is the fragmentation
function, f(z), which parametrises the probability for a hadron to take a fraction z 2 [0, 1] of
the remaining energy at each step of the (iterative) string fragmentation process, cf. fig. 1c.
While f(z) cannot be calculated from first principles by current methods, its functional
form is strongly constrained by self-consistency requirements (essentially, causality) within
the string-fragmentation framework, so that its general form can be cast in terms of just
two effective parameters, called a and b:

f(z, m?h) = N
(1 � z)a

z
exp

✓
�bm2

?h

z

◆
, (2.1)

where N is a normalisation constant that ensures the distribution is normalised to unit
integral, and m?h =

q
m2

h
+ p2

?h
is called the “transverse mass”, with mh the mass of the

produced hadron and p?h its momentum transverse to the string direction. For non-experts:
if f(z) is peaked near 1 (low a and/or high b), then QCD jets will tend to consist of only
a few hadrons, each taking a rather large fraction of the energy of the jet. Conversely, if
f(z) is peaked near zero (low b and/or high a), then the prediction is for jets which consist
of very many hadrons, each taking only a small fraction of the total available energy. An
illustration of this is given in the left-hand pane of fig. 3, which shows the average number
of charged particles produced in Z ! dd̄ decays, after hadronisation, as a function of the
a and b parameters, with all other parameters fixed to their Monash 2013 tune values [29].
(The Monash values StringZ:aLund = 0.68 and StringZ:bLund = 0.98 are indicated by
the white cross hair in the centre of the plot.)

Since the average number of charged particles in jets is one of the most salient constrain-
ing observables, this plot also illustrates an oft-encountered problem; in tuning contexts,
the a and b parameters are extremely highly correlated. This makes it meaningless to assign
independent ± uncertainties on them; likewise sensitivity estimates and the like cannot be
interpreted without taking the correlation into account carefully. Therefore, in the context
of the current work, we have implemented an alternative parametrization of f(z), with
b replaced by a parameter representing the average z fraction taken by a typical hadron
(specifically, primary ⇢ mesons),

hz⇢i =

Z 1

0
dz zf(z, hm?⇢i) , (2.2)

which we solve (numerically) for b at initialisation when the option StringZ:deriveBLund

– 6 –

π0/η0 → γγ

Example:

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

+ small other contributions, 
e.g., B * → Bγ

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


•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)
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Personal Comment: I would kind of hope next year’s generator would be closer to Nature, not further from it…



QCD meets the Dark Sector
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๏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 


๏Same done for antiprotons, positrons, antineutrinos 

•Tables with uncertainties available on request. Also the spanning tune parameters of course.

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)

Main Contact: adil.jueid@gmail.com

x� (dN/dx�)T2 ± �had. ± �shower

0.00125 7.59+0.05%
�0.0%

+8.1%
�4.8%

0.002 13.79+0.18%
�0.26%

+8.3%
�4.9%

0.003 22.29+0.13%
�0.0%

+8.2%
�4.9%

0.005 31.95 +0.2%
�0.04%

+8.1%
�4.8%

0.008 40.74+0.12%
�0.05%

+7.7%
�4.6%

0.0125 45.83+0.08%
�0.09

+7.1%
�4.3%

0.02 45.01+0.13%
�0.02

+6.5%
�4.0%

0.03 39.43+0.13%
�0.0%

+5.2%
�3.3%

0.05 30.73 +0.0%
�0.15%

+3.1%
�2.1%

0.08 21.36 +0.0%
�0.06%

+0.4%
�0.5%

0.125 12.98+0.13%
�0.23%

+1.6%
�3.0%

Table 7. Scaled momentum of photons in the process �� ! gg for m� = 25 GeV where only
the peak region of the spectra is shown. In this table, we show the predictions from the weighted
tune denoted by T2 (the central values of the parameters and their eigentunes are shown in Tables
2 and 5). The 68% CL on hadronisation parameters are shown as first errors for each bin while
uncertainties due to shower variations are the second errors.
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Figure 15. Photon energy distribution for dark matter annihilation into W+W� with m� = 90.6
GeV (left) and into tt̄ with m� = 177.6 GeV (right). In the two cases, the result corresponding to
the new tune is shown in black line. Both the uncertainties from parton showering (gray bands)
and from hadronisation (blue bands) are shown. Predictions from Herwig7 are shown as a gray
solid line.

(gray bands) and hadronisation (blue bands) uncertainties. We can see that the predictions
from Pythia and Herwig agree very well except for E� 6 2 GeV where differences can
reach about 21% for E� ⇠ 0.4 GeV. Furthermore, one can see that uncertainties can be
important for both channels. Particularly, in the peak region which corresponds to energies
where the photon excess is observed in the galactic center region. Indeed combining them
in quadrature assuming the different type of uncertainties are uncorrelated, they can go

– 24 –

Photon 
spectra


χχ → W+W−

mχ = 90.6 GeV


χχ → tt̄
mχ = 177.6 GeV

Grey band: showers


Blue band: hadronization

Grey band: showers


Blue band: hadronization

https://arxiv.org/abs/1812.07424
https://arxiv.org/abs/2202.11546
https://arxiv.org/abs/2303.11363
mailto:adil.jueid@gmail.com
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Cosmic-Ray Air Showers
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๏New: PythiaCR     [Based on Sjöstrand + Utheim, 2005.05658 & 2108.03481]

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


(Air ~ 14N + 16O; 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 for 

๏ 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 of ANGANTYR


๏So far limited comparisons with data - interested in feedback

•A positive technical note: native C++ simplifies CORSIKA 8 - PYTHIA 8 interfacing

⊕ ⊕

s > 10 GeV

• Single incident particle ➡︎ billions of final-state particles (forget about GEANT). 

•Recently started a collaboration with CORSIKA 8 fast/optimised air-shower tracker

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



Future Research Directions relevant to Flavour Physics

22

๏1. State of the art for B decays: PYTHIA + EVTGEN (M. Kreps, Warwick U)

•PDG far from complete. Also need differential distributions: ME or simply flat phase space

•+ Many modes modelled via   string fragmentation


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

•Energetic photons affect mass,  reconstructions (e.g.,  + )

•HERWIG and SHERPA have dedicated hadron-level QED (YFS) showers

•For PYTHIA, external PHOTOS lib: Fortran, static variables: multi-threading bottleneck


๏ ➡︎ VINCIA has novel (& unique) multipole QED showers & interleaved cascade decays

b → c ⊗

q2 B → μ+μ−K+π− γ

B mesons: 1/3 of all decays


 baryons: 1/2 of all decaysΛb

PS & R. Verheyen 2002.04939 H. Brooks, PS, R. Verheyen 2108.10786 

New grant with Warwick U (LHCb):
“Beautiful Strings”


incl investigating these decays

Schonherr & Krauss 0810.5071

Hamilton & Richardson 0603034

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


Come to Australia
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๏ Poster Submissions still Open
Australia’s Top 5 Most Dangerous Animals:

1. Horses (7.7 fatalities / yr)

2. Cows (3.3)

3. Dogs (2.7)

4. Kangaroos (1.8)

5. Bees (1.6) (tied with sharks)



Unique feature of SU(3): Y-Shaped 3-String “Junctions” (Low-mass limit = baryons)

A recent hot topic in Non-perturbative QCD: A string with 3 ends

24

๏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
Charm hadron composition – 1

EPS-HEP 2021 | Highlights from the ALICE experiment | K. Reygers

Charm hadronization in pp (1):

26

More charm quarks in baryons in pp than in e+e– and ep collisions

Charm quarks hadronize into baryons 40% of the time

~ 4 times more than in e+e–

arXiv:2105.06335 talk Luigi Dello Stritto

K. Reygers, EPS-HEP 2021

EPS-HEP 2021 | Highlights from the ALICE experiment | K. Reygers
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Charm hadronization in pp (3)

28

 ratio in pp significantly different than in e+e–�+c /D0
arXiv:2011.06079

Charm quark fragmentation not universal!

e+e�
Standard PYTHIA 8 below data

Fair description by 
‣ PYTHIA 8 with CR 
‣ Coalescence + fragmentation (Catania) 
‣ SH mode + RQM  

(T = 170 MeV, additional states crucial)

Measurement of charmed hadrons down to 
unprecedentedly low pT at midrapidity

�+c (udc) � pK��+
� pK0s

arXiv:2106.08278

⇤+
c /D0 four times higher

than in e+e�!
But e+e� result recovered
at large p?.

Torbjörn Sjöstrand Nonperturbative models in PYTHIA slide 6/23

Pythia Default 
(Monash) ~ LEP High pT ~ LEP

ALICE 2021: huge  ratesΛ+
c

×
10

Generic Prediction!

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

Figure 2.6. Junction system, involving a Y-shaped string topology between three quarks.

Figure 2.7 shows the formation of junctions due to CR, showing the reconfiguration

of three qq̄ pairs into a junction and antijunction.

(a) (b)

Figure 2.7. (a) Strings spanning qq̄ pairs. (b) A reconfiguration of the strings instead forming

a junction and corresponding antijunction. This junction configuration can only form if the

overall qqq (and thus also q̄q̄q̄) are in an overall colour singlet state.

The string-fragmentation mechanism for junctions can be formulated as an exten-

sion (albeit a complicated one) of the model for a simple string stretched between a

qq̄ pair [17]. The inclusion of junction fragmentation results in a higher number of

baryonic final states as the baryon number of the junction topology is preserved by the

fragmentation process, as seen in Figure 2.8. It should be noted that though the total

number of baryonic final states increases (i.e.
P

|B| increases where B is the baryon
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Second Stage: Leg C

Figure 15: Illustration of the two main stages of junction fragmentation. Left: first, the junction
rest frame (JRF) is identified, in which the pull directions of the legs are at 120� to each other.
(If no solution is found, the CM of the parton system is used instead.) The two lowest-energy
legs (A and B) in this frame are then fragmented from their respective endpoints inwards, towards
a fictitious other end which is assigned equal energy and opposite direction, here illustrated by
gray dashed lines. This fragmentation stops when any further hadrons would be likely to have
negative rapidities along the respective string axes. Right: the two leftover quark endpoints from
the previous stage (qA2 and qB3) are combined into a diquark (qq

AB
) which is then used as endpoint

for a conventional fragmentation along the last leg, alternating randomly between fragmentation
from the qC end and the qqAB end as usual.

describe the spacetime picture for qq pairs, based on methods developed in ref. [293].
From the linear potential V (r) = r, the equations of motion are

����
dpz,q/q

dt

���� =
����
dpz,q/q

dz

���� =
����
dEq/q

dt

���� =
����
dEq/q

dz

���� =  . (304)

The sign on each derivative is negative if the distance between the quark is increasing, and positive if
the distance is decreasing. After sampling Ehi and phi for each hadron, these equations lead to simple
relations between the space-time and momentum-energy pictures, zi�1�zi = Ehi/ and ti�1� ti = phi/,
where zi and ti denote the spacetime coordinates of the ith breakup point (note that zi�1 > zi since
points are enumerated from right to left). In the massless approximation, the endpoints are given by
z0,n = t0,n = ±

p
s/2. This specifies the breakup points, but there is still some ambiguity as to where the

hadron itself is produced. The default in Pythia 8.3 is the midpoint between the two breakup points, but
it is also possible to specify an early or late production vertex at the point where the light cones from the
two quark-antiquark pairs intersect.

A complete knowledge of both the spacetime and momentum pictures violates the Heisenberg un-
certainty principle. This is compensated for in part by introducing smearing factors for the production
vertices, but outgoing hadrons are still treated as having a precise location and momentum. Despite not
being a perfectly realistic model, there is no clear systematic bias in this procedure, and any inaccuracies
associated with this violation are expected to average out.

There are several further complications to these process. One is more complicated topologies such as
those involving gluons or junctions. Another is the fact that the massless approximation is poor for heavy
qq pairs. For massive quarks, instead of moving along their light cones, the quarks move along hyperbolae
E

2
� p

2

z = m
2
+ p

2

? = m
2

?. Both these issues are addressed in more detail in ref. [293].

7.1.5 Junction topologies

Junction topologies in their simplest form arise when three massless quarks in a colour-singlet state move
out from a common production vertex, a textbook example of which is given by a baryon-number-violating
supersymmetric decay �

0
! qqq. In that case it is assumed that each of them pull out a string piece,

a “leg”, to give a Y-shaped topology, where the three legs meet in a common vertex, the junction. This
junction is the carrier of the baryon number of the system: the fragmentation of the three legs from the
quark ends inwards will each result in a remaining quark near to the junction, and these three will form a
baryon around it.

120

Illustration from Pythia 8.3 manual

“Junction baryon”

New source of 
baryon + antibaryon 

production

Note: Same appears to be the case for Λb

Cool Discovery! String Junctions?

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


Perturbative QCD: Matching & Merging

25

๏Combinations well established for first few orders 

•Fixed-order QCD for the first few orders; then shower “takes over”


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

➤ standard in PYTHIA for  processes and SM resonance decays


๏ 1st-order NLO matched calculations (MC@NLO, POWHEG ‘00s) 

๏ Multiple LO merged calculations (CKKW & Lönnblad, ‘00s + more recent) 

2 → 1

๏Simplified analogy of a “cross section”:

LO NLO

N2LO N3LO

Using a “Koch snowflake” as a 
stand-in for perturbation theory

Parton Shower

Based on dominant all-orders singularity structures

Combine 

Without double counting

Improve 
accuracy & detail

PYTHIA HTML Manual:

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

Include more orders
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Figure 1: Ratio of the evolution variable of the four-parton and three-parton configuration log
⇣
p2
?,4/p

2
?,3

⌘
in e+e� ! 4 j. The region > 0 corresponds

to unordered contributions not reached by strongly-ordered showers.

defined as

d�>+2 =
X

j

⇥>j/IK⇥
sct
j/IK d� j

+2 . (32)

For 2 ! 4 emissions o↵ quark-antiquark and gluon-
gluon antennae, we use the double-real antenna func-
tions in [44, 45, 47]. We note that NLO quark-gluon
antenna functions appear in the Standard Model at low-
est order for three final-state particles and are hence not
of interest for our test case of e+e� ! j j. We wish
to point out, however, that the NLO quark-gluon an-
tenna functions in [46, 47] contain spurious singularities
which have to be removed before a shower implementa-
tion is possible.

As a validation, we show in fig. 1 the ratio of the
four-jet to three-jet evolution variable for e+e� ! 4 j at
p

s = 240 GeV. To focus on the perturbative realm, the
shower evolution is constrained to the region between
t0 = s and tc = (5 GeV)2. The region > 0 corresponds
to the unordered part of phase space to which strongly-
ordered showers cannot contribute. Due to the use of
sector showers, there is a sharp cut-o↵ at the bound-
ary between the ordered and unordered region, as the

sector criterion ensures that the last emission is always
the softest and therefore, no recoil e↵ects can spoil the
strong ordering of the shower. As expected, the inclu-
sion of direct 2 ! 4 branchings gives access to the un-
ordered parts of phase space, a crucial element of our
matching method.

4.3. LO Matrix-Element Corrections

In order for the shower expansion to match the fixed-
order calculation, we need (iterated) 2 7! 3 tree-level
MECs and (direct) 2 7! 4 tree-level MECs. Both take
a particularly simple form in the sector-antenna frame-
work, as will be shown below.

At leading-colour, tree-level MECs to the ordered
sector shower can be constructed as [55, 67]

wLO,LC
2 7!3,i (�2,�+1) =

RLC
i (�2,�+1)

P
j ⇥

sct
j/IK Asct

j/IK(pi, p j, pk)B(�2)
,

wLO,LC
3 7!4,i (�3,�+1) =

RRLC
i (�3,�+1)

P
j ⇥

sct
j/IK Asct

j/IK(pi, p j, pk)RLC
i (�3)

,
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๏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  branchings 
with new “direct”  ones


๏ Does describe the full (differential) NNLO 
singularity structure! 


๏ (Interesting also for NNLL showers)

≠

2 → 3
2 → 4

main88.cc

Proof of concept 
for e+e− → qq̄gg

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

