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Symbolic Regression in Particle Physics

Applications:

• discovering CP-sensitive observables

• jet substructure observables

• EFT parameter estimation

• anomaly detection

• interpretable ML observables



Standard Model Effective Field Theory
❖ Lack of experimental evidence of new physics indicate a mass gap between SM and BSM scales

❖ SMEFT Lagrangian 

❖ Any differential cross section follows: 

❖ New physics effect can be seen as deformation of these distribution 



Observable effects at LHC

Leading order deviation from SM comes from interference terms

CP Sensitive Observables – angular observables, matrix-element method

Exploits full-kinematic information but very time/resource consuming



Gauge-Higgs sector in SMEFT

❖  Operators Introduce new source of CP violation

❖
    

❖ Operators that affect the electroweak interactions of the Higgs boson
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Dim-6 Lagrangian

Higgs-Gauge EW boson interactions



ML constructed CP-odd observable

❖ With the ability to learn kinematic correlations, the NN can be used to 

❖ Construct a near optimal CP-odd observable for each dimension-six 
operator

❖ Design new analyses based on the correlation between the angular 
observables and other kinematic quantities.

❖ Extend to multi-class models, with the pure-SM prediction included 

❖ Allow the NN to learn the phase-space regions for which the SM is 
relatively suppressed 

[Andrei V. Gritsan et al ,Phys. Rev. D 102, 056022 (2020)]




Artificial Neural Networks
Deep Learning=>Automatic feature extraction, domain-experts design data representation, 

architecture, training methods etc.

The core of most ML algorithms is to learn a parametrized function                       
and tune the parameters        for a particular objective f(x, Θ) Θ



Machine Learning
Broadly, estimate a function given data samples.

{(x1, y1), (x2, y2), …, (xn, yn)}

̂y = f(Θ, x)

ℒ( ̂y, y)

̂y = θ1x + θ0

loss =
1

Nbatch

Nbatch

∑
i=1

( ̂yi − yi)2loss = −
1

Nbatch

Nbatch

∑
i=1

yi ln( ̂y(xi))

Linear RegressionClassification:

Optimize a Loss function



ML constructed CP-odd observable

❖ CP observable from NN output (of either model)
❖

Andrei V. Gritsan,

Binary (two-class) models

Trained to distinguish + and - interference effects 

                      Multi-class models

Trained to distinguish SM, +, and - interference 

 

[AB, Christoph Englert, Robert Hankache, Andrew D. Pilkington,. PLB`23]



Application of NN constructed CP-odd observables

❖ Two of the main search channels for CP-violation in the Higgs sector: the  decay 
channel and in the vector-boson fusion production channel (VBF h + 2 jets).



Application to 
Differential cross section as fn of  Binary class NN output

[AB, Christoph Englert, Robert Hankache, Andrew D. Pilkington,. PLB`23]



Application to 

[AB, Christoph Englert, Robert Hankache, Andrew D. Pilkington,. PLB`23]



Limits on CP-odd operators for 

[AB, Christoph Englert, Robert Hankache, Andrew D. Pilkington,. PLB`23]



Symbolic Regression

Input Space x ∈ ℝd {(xi, yi)}N
i=1

g(z) ∈ {sin z, tanh z, zizk, zi/zk}

z(ℓ) = W(ℓ)h(ℓ−1) + b(ℓ), h(0) = x

fθ(x) is built from {sin, tanh, × , /, + }

Primitive function library

Linear mixing

Training dataset

NN selects and combines mathematical primitives

ϕ(ℓ) = [g1(z(ℓ)), g2(z(ℓ)), …]
Symbolic 

feature vector



Information Flow (Forward Pass)

h(ℓ) = A(ℓ)ϕ(ℓ)

̂p(x) = σ(fθ(x))

fθ(x) = w⊤
outh

(L) + bout

h(ℓ) = A(ℓ) g(W(ℓ)h(ℓ−1) + b(ℓ))

Output score

Sparse symbolic combination

Deep symbolic network (compact form)

ℒ = −
1
N

N

∑
i=1

yi log ̂p(xi) + λ∑
ℓ

∥A(ℓ)∥1

Classification probability Loss with sparsity

Training & Interpretability



CP-Analyses with Symbolic Regression



CP-Analyses with Symbolic Regression

Now the ML output looks more interpretable to a physicists !!

Opens Many possible direction to study!!


