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End-to-end

Motivations:

Compact and accurate representation of detectors

simulation
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Publicly available to the community

Simulation and storage cost of full simulations
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End-to-end simulation
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.. ° ? . oty
ad *“a ’ p ‘s
. .“ ... I. ‘ a0, ,o.,'
. . L v,
e @ '® g
@ A
] .

..
ok

Miotivations: How to directly map from gen. to reco. objects?
Compact and accurate representation of detectors (electrons, muons, photons, jets)

Publicly available to the community

Simulation and storage cost of full simulations

Luigi Favaro — To emulate or to differentiate? 1 15.09.2026



End-to-end simulation

Generator Detector
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Motivations: How to directly map from gen. to reco. objects?

Compact and accurate representation of detectors (electrons, muons, photons, jets)

Publicly available to the community

Simulation and storage cost of full simulations Delphes3 is a great example of modularisec

and simple detector modelling
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To emulate or to ?

Setting:

Access to paired data, CMS open data full sim Drell-Yan + 3 jets

Distance-based matching between gen. and reco. objects

Luigi Favaro — To emulate or to differentiate? 2 15.09.2026



To emulate or to ?

Setting:

Access to paired data, CMS open data full sim Drell-Yan + 3 jets

Distance-based matching between gen. and reco. objects

Matching:

® distance-based matching: AR < Rmax :
® p-matching: pr/pr <r

® exclusive selection

Data allows to use any other matching scheme
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To emulate or to ?

Setting:

Access to paired data, CMS open data full sim Drell-Yan + 3 jets

Distance-based matching between gen. and reco. objects

Differentiable simulator:

Turn Delphes into a differentiable simulator+:
® no hand tuning of detector cards

® directly differentiate through the simulator

V
@

Physics model ag/a @

with access to gradients

*similar work done with Parnassus in 2608.22873, A. Elabd et al.

Luigi Favaro — To emulate or to differentiate? 3 15.09.2026



To emulate or to ?

Setting:

Access to paired data, CMS open data full sim Drell-Yan + 3 jets

Distance-based matching between gen. and reco. objects

Generative emulator:

Generative network trained on paired data:

® removes limitations from simple detector cards
Neural network

encodes
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To emulate or to ?

Setting:

Access to paired data, CMS open data full sim Drell-Yan + 3 jets

Distance-based matching between gen. and reco. objects

Differentiable simulator: Generative emulator:

Neural network

Physi del £
ysicsS mode | ag/a @ oo

with access to gradients
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HEPMC data

Differentiable Delphes \@(
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HEPMC data

Tracker: Track efficiency
apply smearing and efficiency to

® charged hadrons
® clectrons

Differentiable Delphes ¥

® Mmuons
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HEPMC data

Tracker: Track efficiency

Differentiable Delphes \@(

apply smearing and efficiency to
® charged hadrons . .

Simple calorimeter
® clectrons

® Mmuons

Calorimeter:
detine and apply smearing to energy towers in ECal and HCal
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HEPMC data

Tracker: Track efficiency

apply smearing and efficiency to

® charged hadrons . .
Simple calorimeter

® clectrons

® MuonNs

Calorimeter:

detine and apply smearing to energy towers in ECal and HCal
Reco. smearing
Efficiency and isolation for electrons, photons, and muons

Differentiable Delphes \@(
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HEPMC data

Tracker: Track efficiency

apply smearing and efficiency to

® charged hadrons . .
J Simple calorimeter
® clectrons
® MuUONS
Calorimeter:

detine and apply smearing to energy towers in ECal and HCal

Differentiable Delphes \@(

Reco. smearing
Efficiency and isolation for electrons, photons, and muons

jet clustering
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Differentiable Delphes \@(

Smearing functional form: Log-Normal distribution

...(Drs 1) = \/ Oo(m)* + 0,(n)* p Delphes detault (pre-fit)

(total of 18 smearing parameters)
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Differentiable Delphes \@(

Smearing functional form: Log-Normal distribution

...(Drs 1) = \/ Oo(m)* + 0,(n)* p Delphes detault (pre-fit)

(total of 18 smearing parameters)
Example momentum smearing

# resolution formula for muons
set ResolutionFormula { (abs(eta) <= 0.5) * (pt > 0.1) * sqrt(0.0172 + ptr2*1.
(abs(eta) > 0.5 && abs(eta) <= 1.5) * (pt > 0.1) * sqrt(0.015%2 + ptA2*1.!

(abs(eta) > 1.5 && abs(eta) <= 2.5) * (pt > 0.1) * sqrt(0.025%2 + ptAr2*3.!
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Differentiable Delphes \@(

Smearing functional form: Log-Normal distribution

Ores(PT> 11) = \/ o) + 6,(1)° 7 Delphes post-fit

(total of 18 smearing parameters)
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Differentiable Delphes \@(

Smearing functional form: Log-Normal distribution

Ores(PT> 11) = \/ o) + 6,(1)° 7 Delphes post-fit

(total of 18 smearing parameters)
Example momentum smearing

4

# resolution formula for muons
set ResolutionFormula {
(abs(eta) <= 0.5) * (pt > 0.1) * sqrt(0. 23272 + ptAr2*0.

(abs(eta) > 0.5 && abs(eta) <= 1.5) * (pt > 0.1) * sqrt(
(abs(eta) > 1.5 && abs(eta) <= 2.5) * (pt > 0.1) * sqgrt(
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Differentiable Delphes \@(

Efficiency functional form: surviving probability

q(x;0) = {)(; Ii]]: Z i Z where a ~ %(0,1),60 € [0,1) Delphes detault (pre-fit)
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Differentiable Delphes \@(

Efficiency functional form: surviving probability

q(x;0) = {)(; Ii]]: Z i Z where a ~ %(0,1),60 € [0,1) Delphes detault (pre-fit)

Example efficiencies

4

# efficiency formula for electrons

set EfficiencyFormula { (pt <= 10.
(abs(eta) <= 1.5) * (pt > 10.

(abs(eta) > 1.5 && abs(eta) <= 2.5) * (pt > 10.

(abs(eta) > 2.5)

}
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Differentiable Delphes \@(

Efficiency functional form: surviving probability

q(x;0,pr) = G(1 + 0, 1og(py)) 2 learnable parameters (post-tit)

Free to use more complex cards
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Differentiable Delphes \@(

Efficiency functional form: surviving probability

q(x;0,pr) = G(1 + 0, 1og(py)) 2 learnable parameters (post-tit)
Free to use more complex cards
Example efficiencies

//fficiencyForﬁQ}a
jobs(eta) <= 0.5)%* (0.981: L. .008235)*log(pt/50.0))) + \
£abs(eta) .5 &8 abs(eta) . . 5%(1.0 + . )*log(pt/50.0)))
{abs(eta) .0 &&Qabs(eta) ! . 18%(1. . 52)*log(pt/50.0)))

“abs(eta) .5 &&Jabs(eta) 2 . L, 97574%(1. . Y*Llog(pt/560.0)))

fabs(eta) 2 . ¥ abs(eta) Zn . *(1, . Y*log(pt/50.0)))
\ybs(eta) 2.5 &% abs(eta) ' 92506 * (1.0 + (-0.042945) * log(pt/50))
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Differentiable Delphes \@’
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Differentiable Delphes \@(

Efficiency: Bernoulli likelihooad Z o(0) = <x log g(x; 0) + (1 — x)log(l — g(x; 9)>x

~Pdata
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Differentiable Delphes \@(

Efficiency: Bernoulli likelihooad Z o(0) = <x log g(x; 0) + (1 — x)log(l — g(x; 9)>x

~Pdata

Smearing: Log-Normal likelihood

b? = log(1 + 62.(6))

I'eS

/ ) o
Z smear(0) = <%10g(2ﬂb2) (log(x'(0)/x) + b°/2) >

2b?

X~Pqdata
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Differentiable Delphes \@(

Efficiency: Bernoulli likelihooad Z o(0) = <X log g(x; 0) + (1 — x)log(l — g(x; 9)>x

~Pdata

Smearing: Log-Normal likelihood

b* = log(1 + 62 (0))

/ ) o
Z smear(0) = <%10g(27ﬂ92) (log(x (9)2/2+ b</2) >

X~Pqdata

The optimization is a maximum likelihood estimate (MLE): negative log-likelihood loss*

gjoint = Z geff T gsmear

SPECIES *when intermediate states are available
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Delphes closure tests
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Delphes:

we correctly recover the original values of the Delphes cara
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CMS full sim DY ¥
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CMS full sim DY ¥
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ratio
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Limitations due to the simple card functional form
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Generative Delphes

Emulate the detector response through a generative network

Generator-level Inputs:
® for each generated object: {log p;, 1, sin ¢, cos ¢, m}
® object type: electron, muon, photon, jet

® cvent-level input: number of objects, MET, H;

Luigi Favaro — To emulate or to differentiate? 15 15.09.2026



Generative Delphes

Emulate the detector response through a generative network
Generator-level Inputs:
® for each generated object: {log p;, 1, sin ¢, cos ¢, m}

® object type: electron, muon, photon, jet

Shared transtformer backbone

® cvent-level input: number of objects, MET, H;

Generated gquantities: i's reco.
| # of fakes reco. fakes MET
® # of unmatched and reco. objects {0,1}

® kinematics: {log p;, 1, sin @, cos ¢, m}
of reco., fakes, and MET

discrete output CFM network

Luigi Favaro — To emulate or to differentiate? 16 15.09.2026



Generative Delphes

Emulate the detector response through a generative network ..

Generator-level Inputs:
® for each generated object: {log p;, 1, sin ¢, cos ¢, m}
® object type: electron, muon, photon, jet

® cvent-level input: number of objects, MET, H;

Generated gquantities:

® # of unmatched and reco. objects
® kinematics: {log p;, 1, sin @, cos ¢, m}
of reco., fakes, and MET
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Generative Delphes

Emulate the detector response through a generative network ..

Generator-level Inputs: L I (L
® for each generated object: {log p;, 1, sin ¢, cos ¢, m} e e — CMSfullsim |
0.025 1077 5 _:'_-._ —== Delphes :-j:::L
® object type: electron, muon, photon, jet F g, GenDelphes |
: : : ;z > 1077 5 ;J=_ """"""
® cvent-level input: number of objects, MET, H; g . )
= 10—4—- -‘:‘T-.
. entum
e : it
Generated quantities: : i
— 107 - | ovs fulsim
® # of unmatched and reco. objects YL | i [t
, , : . [ o 127 T ot Il | 1=
® kinematics: {log py, 7, sin ¢, cos ¢, m | - e AR T
of reco., fakes, and MET 02] 0 50 100 150 200 e
s Ems [Gev]
g1 A e——— T | L il
081 ™ | | 06 08 10 12 14
10 15 20 gBe(I)l pTS[OGeV:| 100 > 100 jet pr /pT
muon efficiency jet smearing

Luigi Favaro — To emulate or to differentiate? 17 15.09.2026



Pileup

Delphes has a pileup model — it can be varied (set by (u))

%E\_ —— CMS full sim
' -==Delphes
~1
10 —— Pileup <100>
£ 1072 =
=
3)
o
1073 j ]
- ] —— CMS full sim
| 1 === Delphes |
10~ i 107° — Pileup <100> | Mmoo
: — ] : . vy
3T T,
TR
i
________________________________ r____________________
|
|
B
0 2 4 6 0 50 | 100 150 200
. . qe . miss
jet multiplicity EZ" [GeV]

A generative network uses the pileup seen in the training data ( < 25 > )
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Conclusions/Outlook

Emulation and differentiation are two approaches to solve the same problem
Differentiate:

® make use of already efficient simulators

® simple and portable: new detector cards can be effortlessly deployed

® interpretable: explicit smearing formulas and efficiencies

® fastest

® best agreement with CMS full sim
® still fast (on GPU)

Luigi Favaro — To emulate or to differentiate? 19 15.09.2026



Conclusions/Outlook

Emulation and differentiation are two approaches to solve the same problem
Differentiate:

® make use of already efficient simulators

® simple and portable: new detector cards can be effortlessly deployed

® interpretable: explicit smearing formulas and efficiencies

® fastest

® best agreement with CMS full sim
® still fast (on GPU)

Good reconstruction of downstream DY observables in both case

Pileup is treated differently
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Conclusions/Outlook
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Differentiate:
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® simple and portable: new detector cards can be effortlessly deployed

® interpretable: explicit smearing formulas and efficiencies

® fastest

® best agreement with CMS full sim
® still fast (on GPU)

Good reconstruction of downstream DY observables in both case
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Context

Simulation chain
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Inverse

Madgraph/Sherpa ~ Geant4/Delphes
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® MCMC samplers are the foundations of HEP simulations.



Context

Simulation chain
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B this talk

Forward

e

Inverse

Madgraph/Sherpa Geant4/Delphes

® MCMC samplers are the foundations of HEP simulations.
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Context

® High-Luminosity LHC will produce unmatched amount of data;

® simulations need to match the collected statistics.

Luigi Favaro — To emulate or to differentiate?

ATLAS Preliminary

2022 Computing Model - CPU: 2031, Conservative R&D
24%

Tot: 33.8 MHSO06*y

7%
7% Data Proc
MC-Full(Sim)
MC-Full(Rec)
MC-Fast(Sim)
MC-Fast(Rec)
EvGen
Heavy lons
Data Deriv
MC Deriv
Analysis

8%

1%

8%

LHC HL-LHC

LS2 13.6 TeV LS3 13.6 - 14 TeV
Dlodes Consolidation
LIU Installatl -
neiEren inner triplet . HL LH(_.:
Clvil Eng. P1-P5 pilot beam radiation limit installation
IIIIIII@
ATLAS - CMS —
upgrade phase 1 » _ 5to75
- g S ATHILﬁS ra%g’ls x nominal Lumi
ALICE - LHCb : 2 x nominal Lumi . P9
upgrade ' '

2026: end Run3  ~3xincrease in Iminosity
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Context

ATLAS Preliminary

2022 Computing Model - CPU: 2031, Conservative R&D
24%

Tot: 33.8 MHSO06*y

7%

® High-Luminosity LHC will produce unmatched amount of data;

I Data Proc
8% s MC-Full(Sim)

® simulations need to match the collected statistics. ' o hCred

e MC-Fast(Rec)
Bl EvGen

Heavy lons
Bm Data Deriv
Bam MC Deriv

Analysis

Overarching goal: e

Maximise LHC potential

ESe 13.6 TeV S 136-14Tev
® find BSM physics; LU mstaation — HL-LHC
Clvil Eng. P1-P5 pilot beam radieatiog ﬁmit installation
® understand LHC data w/ SM. EEN IIIIIII@
! ATLAS - CMS —

upgrade phase 1 ATLAS - CMS 5to75

X nominal Lumi

ALICE - LHCb ' 2 x nominal Lumi 4 HL upgrade
upgrade '

Requires better and faster simulators

2026: end of Run3  ~3xincrease in Iminosity
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CMS full sim evaluation

Nf  More validation plots
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