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“First wave” (?) of diffprog in HEP
• 2018+: first wave of interest in the topic around the time of INFERNO [arXiv:1806.04743] 

‣ gradient-based analysis optimization, later on also neos [arXiv:2203.05570] 

‣ 2020: Snowmass whitepaper 

- “a long-term goal of this effort is to optimize real physics analyses” 

- “achieving this goal is ambitious” 

- “not clear that gradient-based optimization will always be superior” 

• 2020+: related activity in IRIS-HEP blueprints 

‣ 2020: “Future Analysis Systems and Facilities“: what is technically possible / feasible? 

‣ 2021: “Differentiable Programming for the Analysis Grand Challenge” 

- “How far back will the backward pass extend?”, lead eventually to arXiv:2508.17802 

• Also: HSF activity area / gradHEP group, MODE whitepaper, MIAPbP workshop, lots more papers
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[2020: I wrote a very simple example 
demonstration which felt late to the party 

at that point, different in retrospect]
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https://gbaydin.github.io/assets/pdf/baydin-2020-differentiable.pdf
https://indico.cern.ch/event/960587/
https://indico.cern.ch/event/1096431/
https://arxiv.org/abs/2508.17802
https://hepsoftwarefoundation.org/activities-archive/differentiablecomputing.html
https://arxiv.org/abs/2203.13818
https://www.munich-iapbp.de/probabilistic-programming/schedule
https://indico.cern.ch/event/1096431/
https://gbaydin.github.io/assets/pdf/baydin-2020-differentiable.pdf
https://indico.cern.ch/event/960587/contributions/4070325/
https://github.com/alexander-held/differentiable-analysis-example/
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Fig. 1 Pictorial representation of a tt̄h event as produced by an event generator. The hard interaction (big
red blob) is followed by the decay of both top quarks and the Higgs boson (small red blobs). Additional
hard QCD radiation is produced (red) and a secondary interaction takes place (purple blob) before
the final-state partons hadronise (light green blobs) and hadrons decay (dark green blobs). Photon
radiation occurs at any stage (yellow).

on the understanding of LHC physics. The construction, maintenance, validation and extension of event
generators is therefore one of the principal tasks of particle-physics phenomenology today.

The inner working of event generators

Fig. 1 pictorially represents a hadron-collider event, where a tt̄h final state is produced and evolves by
including effects of QCD bremsstrahlung in the initial and final state, the underlying event, hadronisation
and, finally, the decays of unstable hadrons into stable ones. Event generators usually rely on the fac-
torisation of such events into different well-defined phases, corresponding to different kinematic regimes.
In the description of each of these phases different approximations are employed. In general the central
piece of the event simulation is provided by the hard process (the dark red blob in the figure), which
can be calculated in fixed order perturbation theory in the coupling constants owing to the correspond-
ingly high scales. This part of the simulation is handled by computations based on matrix elements,
which are either hard-coded or provided by special programs called parton-level or matrix-element (ME)
generators. The QCD evolution described by parton showers then connects the hard scale of coloured
parton creation with the hadronisation scale where the transition to the colourless hadrons occurs. The
parton showers model multiple QCD bremsstrahlung in an approximation to exact perturbation theory,
which is accurate to leading logarithmic order. At the hadronisation scale, which is of the order of a
few ΛQCD, QCD partons are transformed into primary hadrons (light green blobs) by applying purely
phenomenological fragmentation models having typically around ten parameters to be fitted to data.
The primary hadrons finally are decayed into particles that can be observed in detectors. In most cases
effective theories or simple symmetry arguments are invoked to describe these decays. Another impor-
tant feature associated with the decays is QED bremsstrahlung, which is simulated by techniques that
are accurate at leading logarithmic order and, eventually, supplemented with exact first-order results. A
particularly difficult scenario arises in hadronic collisions, where remnants of the incoming hadrons may
experience secondary hard or semi-hard interactions. This underlying event is pictorially represented by
the purple blob in Fig. 1. Such effects are beyond QCD factorisation theorems and therefore no complete
first-principles theory is available. Instead, phenomenological models are employed again, with more
parameters to be adjusted by using comparisons with data.
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Which gradients do we want?

3Alexander Held

parton shower zS

2. The Standard Model
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Figure 2.9: Exemplary Feynman diagrams for the gluon–gluon fusion (top left), vector boson fusion
(top right), V H (bottom left), and t t̄ H (bottom right) processes
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Figure 2.10: Dominant processes for Higgs boson production with associated cross-sections in proton–
proton collisions, shown as a function of COM energy. Bands indicate theoretical uncertainties in the
cross-section calculation [34].

Higgs boson production

There are four major Higgs boson production modes accessible in proton–proton collisions at the LHC

[34]. Figure 2.9 shows exemplary LO Feynman diagrams for these four modes, while the respective

cross-section as a function of the center-of-mass (COM) energy are presented in figure 2.10 for a Higgs

boson mass of 125 GeV.

The loop-induced gluon–gluon fusion is the dominant production mode. Due to its large Yukawa
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“normal” analysis-level ML

∂/∂x

[take advantage of (approximate) factorization -> SBI / mining gold]

 (object definition) 
“what is a jet / b-tag?”
∂/∂

[physics objects ]f (zD)

 (energy deposit in cell) 
“Hits to Higgs“

∂/∂  (PS parameter) 
“let’s tune our PS!”
∂/∂  

full end-to-end
∂/∂κλ

 (GEANT parameter) 
“let’s tune Geant4”

∂/∂

https://doi.org/10.1088/1126-6708/2009/02/007
https://cds.cern.ch/record/1505342
https://atlas.web.cern.ch/Atlas/GROUPS/PHYSICS/PAPERS/HIGG-2018-13/
https://arxiv.org/abs/2508.19190


Status quo

• Autodiff in HEP = “standard ML” = optimize NN wrt. proxy metric, not the final number in the paper 

‣ established, accepted, and works very well 

• The “differential programming” perspective has not (yet?) significantly changed the way we work 

‣ will / should it?
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Challenges and key questions
• Not everything can be easily differentiated through: sometimes technically difficult, sometimes conceptually 

‣ see e.g. Annalena’s talk and Frederic's talk 

‣ can we replace (all) non-differentiable pieces with suitable alternatives (without a lot of manual intervention?) 

• How computationally feasible is this for an HL-LHC scale analysis? 

‣ pass gradients through large, complicated, distributed differentiable programs 

‣ can we store all the gradient tape we need (in memory)? 

‣ parts of pipeline are increasingly expensive -> unlikely to re-optimize per analysis 

‣ what software stack do we need, where can we harmonize? 

• How computationally efficient is this compared to non-gradient blackbox optimization? 

‣ can we tell without needing to implement things fully?
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[arXiv:2203.13818]

[ATL-SOFT-PUB-2026-002]

https://indico.cern.ch/event/1633539/timetable/#3-differentiating-discrete-ope
https://indico.cern.ch/event/1633539/timetable/#6-everything-that-can-go-wrong
https://arxiv.org/abs/2203.13818
https://cds.cern.ch/record/2953659


Model misspecification
• Our model of nature is wrong in ~all interesting use cases 

‣ how can gradient-based optimization avoid optimizing the wrong thing 

‣ what is the right loss to optimize (“avoid overconstraints” etc.)? 

‣ how to fold in the the “misspecification loop”?
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all possible data-generating processes in 
some extremely high-dimensional space

our effective model

nature

model 
misspecification

see [VERaIPHY talk] for more

“misspecification loop”

https://indico.cern.ch/event/1617006/contributions/6877651/


• Our pipeline factorizes into established steps 

‣ avoid duplication of effort, benefit from single central calibration 

‣ object reconstruction as “foundation model” (fine-tune by picking working point) 

• How does calibration work when we optimize jointly? 

‣ need to calibrate high-dim latent space [arXiv:2507.08867, ATLAS FTAG example]

Sensitivity gains and calibration
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sensitivity gains with fine-tuning 
[arXiv:2401.13536]

ML models high-level 
observable analysis-level ML result

calibration

joint optimization?

OT-based latent space calibration 
[arXiv:2507.08867]

https://arxiv.org/abs/2507.08867
https://arxiv.org/abs/2505.13063
https://arxiv.org/abs/2401.13536
https://arxiv.org/abs/2507.08867


Analysis choices
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lots of other considerations

nothing else to think about

small 
sensitivity 

impact

large 
sensitivity 

impact

binning 
(MC stats)

good place for AD

region definitions / cuts* 
(model misspec)

object 
definitions 
(calibration)

observable 
(model misspec)

anything prior to 
calibrated objects

misspec-corrected 
impact

??

is there anything up here?

* I believe looser is ~always better, this is only interesting with “advanced” loss functions



What are the most promising use cases?
• Some applications are very well motivated, feasible and / or already in use for a while 

‣ they are typically localized to a specific step in an analysis chain 

• Full spectrum of “standard” ML S-vs-B discrimination, background estimation techniques, SBI, … 

‣ we use AD-optimized pieces all throughout the pipeline! 

• Statistical inference 

‣ likelihood minimization with exact gradients 

‣ Hessian calculations without numerical problems 

‣ sensitivity analysis / uncertainty decomposition [arXiv:2307.04007] 

‣ and “next order” corrections like binning optimization [arXiv:2601.07756, Nitish's talk] 

• And maybe LLMs-based agents?
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[Jonas Rembser]

https://arxiv.org/abs/2307.04007
https://arxiv.org/abs/2601.07756
https://indico.cern.ch/event/1633539/timetable/#23-differentiable-binning-opti
https://github.com/scikit-hep/pyhf
https://indico.cern.ch/event/1600676/contributions/6899045/


Possible future scenarios

• How much inductive bias / physics-informed design vs blackbox optimization do we want? [see also Lukas' talk] 

‣ we have decades of experience factorizing the problem 

‣ factorization also helps with interpretability and talking to theory colleagues
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theory

data

ϕ

result

“maximalist” 
everything is one big network

theory

data

ϕ1

result

physics + targeted ML 
differentiable programming pipeline

ϕ2

inspired by: L. Heinrich, ACAT 2024

calibration

https://indico.cern.ch/event/1633539/timetable/#2-automatic-differentiation-in
https://indico.cern.ch/event/1330797/contributions/5776133/


• Lots of interest in an “AI-native” future (e.g. [arXiv:2602.17582]) 

• Think about this as physicists = agents -> collaboration of agents? 

‣ this is how we work as humans, should agents do too? 

‣ formalized exchange protocol (papers, algorithms, …), meetings as synchronization points, high-level planning

How will the future look?
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AI orchestrator

physicist (?)

https://arxiv.org/abs/2602.17582
https://arxiv.org/abs/2602.17582


Conclusion / what to focus on?

• “End-to-end” optimization through a large part of the full pipeline is probably not the right target 

• Good calibration strategies are key and beneficial not just for any new differentiable programming approaches! 

‣ this seems increasingly important 

• Consensus for some areas 

‣ “traditional” ML approaches are integral part of HEP 

‣ autodiff gradient-based likelihood fitting makes a lot of sense 

• It remains interesting to think about non-gradient-based optimization approaches, including the role of LLMs 

‣ clever injection of domain knowledge remains very powerful, e.g. factorization in SBI
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Backup



Systematics + ML: wrong vs suboptimal

• Model misspecification and (lack of) systematic uncertainties can make our results wrong and / or suboptimal 

• Avoiding wrong results 

‣ incorporate and propagate all relevant sources of systematic uncertainty through chain 

- requires understanding which sources are relevant 

• Striving towards optimal results 

‣ possible limitations due to training dataset size, model capacity, domain shift 

‣ e.g. “are we using a good summary statistic?” 

‣ often ML training + systematic uncertainties are factorized, generally non-optimal 

- instead: e.g. data augmentation, parameterized models, …

14Alexander Held

target f (x)

̂fw(x)

family of fw(x)

learn w



Systematic variations
• Need to model  for any value of nuisance parameters  encoding systematic uncertainties 

• Ideal case: just run simulator for any value of  
‣ not computationally feasible in practice 

• Instead: pick some values & interpolate 

‣ in practice we use on-axis variations 

‣ variations typically are “one at a time” 

• Lots of assumptions here that we rely on in practice 

‣ where to simulate 

‣ interpolation choice 

‣ effects factorize

ν( ⃗k, ⃗θ ) ⃗θ

⃗θ
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θ1

θ2

 via interpolationν(θ1)

 via interpolationν(θ2)

new unseen point

nominal simulation

simulation with alternative ⃗θ



• Sometimes have cases where variations in simulator chain are discrete 

‣ e.g. choice of one simulator vs alternative 

• Typical treatment: interpolate to treat as continuous, symmetrize 

‣ lots of assumptions here, but need to make a choice to profile 

• Especially tricky to deal with when these play a large role 

‣ concerns about overly constraining uncertainty of nuisance parameter 

‣ best-fit model prediction may lie away from both choices

Complication: two-point systematics
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modeling choices for main background of ttH(bb)

θ

PP8

symmetrize

PH7“anti”-PH7?

nature?

https://cds.cern.ch/record/2812088

