ML4JETS = VIENNA = 14-18 SEPTEMBER 2026

‘. >
?

SCIENTIFIC MACHINE LEARNING FOR FUNDAMENTAL PHYSICS

Group Equivariance in Infrared and Collinear
Safe Graph Neural Networks

JHEP 03 (2026) 219
: g !(I I P. Konar, VN, M. Spannowsky, D. Srivastava . I P
~
~

Karlsruher Institut fur Technologie Institute for Theoretical Physics

Vishal Ngairangbam

vishal.ngairangbam@kit.edu



Inductive Bias I: Infrared and Collinear safety

Int. J. Mod. Phys. A12 (1997) 5411-5529  JHEP 04 (2018) 013 JHEP 01 (2019) 121
Phys. Rev. D 103, 074022 (2021) JHEP 09 (2023) 135

Any IRC safe observable can be expanded in terms of C (calorimeter) - correlators

Nmax

O ~ Z C]J;N CfN ZZ ZEZlEZQ EZN fN<p217p227' pZN)

Zl ZQ Z

For hadron colliders: E; — pr;, pi = (y, @)

fn = Permutation invariant with respect to its arguments

lel .S — {Ppl’za ..... } (set of particles/calorimeter hits)

|S| finite but not fixed for each measured jet/event
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https://www.worldscientific.com/doi/abs/10.1142/S0217751X97002899
https://link.springer.com/article/10.1007/JHEP04(2018)013
https://doi.org/10.1007/JHEP01%282019%29121
https://doi.org/10.1103/PhysRevD.103.074022
https://doi.org/10.1007/JHEP09(2023)135

Inductive Bias II: Group Symmetries
0 '\ [ cos® sinf\ [z
R ')  \—sinf cosf) \y
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( SO(2) invariant target  f(z',y') = f(z,y) >

f(r,0) = Nobias  f(r) = SO(2) biased
ﬂ(" ML4Jets 2026 TP

Insttute for Theoretical Physics



IRC Safety + Symmetries on the rapidity-azimuth plane

¢ = tan™!(22)
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Inductive Bias: Function Space

Assumptions on the nature of the problem through which one biases
the possible solutions to always follow a certain property (Strong), or
prefer (Weak) some solutions over others

Y = Set of functions represented by a model class

W = Parameter space to tune to reach a viable solution 0,

1. The class of functions accessible via Xy

2. Given an initial point ©® ~ Py (©) prefer some ©( over others
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Inductive Bias: Input Domain

Target function: f: D — H  Approximator: f: D — H
lz] ; = Fibres of f

A strong inductive bias is the assumption of a partition [x].. on D such that
f : D — H cannot be unequal within a single [x]...

Assume a quotient topology on the domain 7 : D — D / ~
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Inductive Bias: Input Domain

D f:D—H

H
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Inductive Bias: Input Domain

D f:D—H

H

Target function’s value
Known domain partition where is unknown in most of
target function must be equal the domain
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Incorrect Inductive Bias
D D/~ ={f"Hy):y € Im(f)}

m:D— D/~ _
Target f: D — H

NoBiasf:D—)’H

Incorrectly Biased f : D/~ —H
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Correct Inductive Bias
D D/~p={f"'(y) : y € Im(f)}

7m:D — D/~

) T

Target f: D — H

No Bias f: D — H

Biased f : D/~ — H
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Compatible Inductive Biases
m:D — D/~ D/~ ={f"(y) :y € Im(f)}

Biased f D/~ —H Target f: D — H
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Strength of Inductive biases

Domain Partition [X]N Function Space Xy

x]s  [x]o [x]i Y1 22 X3

X1 & [x]2 & [x]3 212 iy 2 A
IT viasers 2026 TP



Infra-red and Collinear (IRC) Safe observables

E.
For an observable 0,, defined on n particles. <= ZE
> E;
0n+l(pa7 s Dby PryPsy Pey ) — On(paa s Dby Pgy Pes )
In the infra-red (z, — 0 or z; — 0) or collinear limits (Ars — 0) Dti
2

l - ijtj

For a splitting: ¢ — r + s

Calculable in pQCD!!
q T
§ %%} é)})} => concentrates on information

of the hard interaction

= (20, 7) => relatively insensitive to
Pr = Zr;Pr low-energy non-perturbative

Ps = (z37ps) effects
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Infra-red and Collinear (IRC) Safe observables

E
For an observable (0,, defined on n particles. R = ZE
> E;
0n+1(pa: . 7pb)pr7psapcr) — On(paa s Dby Dgs Pes )
In the infra-red (z, — 0 or z; — 0) orcollinear limits (Ars — 0) Dti
<3

l - ijtj

Calculable in pQCD!!

=> concentrates on information
of the hard interaction

=> relatively insensitive to
low-energy non-perturbative
effects
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IRC Safety: quotient under indistinguishability of jets/events

Two Jets are equivalent if they can not be Observationally Distinguished*

Pt

T A

¢ = tan~'({*)

&)

T X — X/~

Continuity of O : X/~ — )

0n+1(paa yDbyDry Dsy Pey ) — On(paa +y Dby Pgy Pes )

In the infra-red (z, — 0 or z; — 0) or collinear limits (Ars — 0)
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Conservation of Collinearity

P — pl
= 2 P
hEO) = ﬁz Node update Operation hz(l) = @g(hgo),hgo), . .,hf,?))
IRC safe jet features
l
Node update conserves collinearity if: Hl = Zz Zj hz()
zq = zr + zs and pg = pr = Ps
1 1 1
— hf(l) _ h7(,) — hg ) JHEP 02 (2022) 060
Front.Artif.Intell. 5 (2022) 943135
Zq = 2Zr + 2z, and h(l) = h(l) = h(l) JHEP 01 (2024) 113
IRC safe q — At $ qg = Ny” = Ng
p— « 22 ). JHEP 07 (2024) 245 (*
H, Zz Zi Pi N h((]H—l) _ h£l+1) _ hgl+1) (2024) 245 (*)
JHEP 03 (2026) 219 (*)
4]}
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E(2) and O(2) equivariance and IRC safety

@) _ P
wj Zke/\/[i] plfr
I+1 l l i l
mEJ"‘) (D(H-l)(hg), () I () ()|2) ,
(1+1) (l)+ Z V[t]) (l) (l)) (I,(l+l)( (1+1))
JENTI]

(1+1) N (1)

Z s (4] m|}

JENTH]

h£l+l) (I)(l+1)(h(l) (H-l))

(-)

x,” = Vector node representation _
arxiv:2102.09844 Satorras et. al

hg') = Scalar node representation
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https://arxiv.org/abs/2102.09844

Hierarchy of Inductive Biases

On the Jet representation we have:
1. Permutation Invariant

2. Infrared and Collinear Safety [X]l C [X]z C [X]3 C [X]4
3. IRC Safety + O(2) Invariance

4. IRC Safety + E(2) Invariance

X = (zh Ayh A¢17 225 Ay27 A¢27 sy Rny Ayna A¢n7 . )
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ROC Variability: Quark vs Gluons

Recoil against a soft emission Additional wide-angle soft
outside the jet emission within the jet
True Jets Recoiled Jets Soft-added Jets
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AUC Variability

Quark vs Gluon (R=0.4) Top vs QCD (R=0.8)
Soft-added Jets Soft-added Jets
T ' 1.OFT ' :
08 g . B
1] I —- 1 0.0 i}
&) I &)
0.7 F ] I
E)t i 3 0.8} i
0.6 § _
- —8— E(2)-EMPN o7 L 4 EQ@)-EMPN i
| ——&—- O(2)-EMPN | -——#— O(2)-EMPN
§ EMPN L e i ...... EMPN
0.5 --§-- MPNN - --§-- MPNN
0.001 0.01 o1 0.001 0.01 0.1
Fractionf = p;_‘)ft/p%?l Fractionf — p;oft/p%et

Add wide-angle soft particle to jet
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AUC Variability

Quark vs Gluon (R=0.4) Top vs QCD (R=0.8)
Recoiled Jets Recoiled Jets
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Recoil against a soft emission
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Summary

yyyyyyyyyyyyyyyyyyyyyyyyyyyyyyy

Strong Inductive Biases can be viewed as an assumption of equivalence
IRC safe tagging algorithms in general reduce in raw performance

Gains on resilience [check out Pareto frontier studies on arxiv:2509.19431 and

arxiv:2510.06314]

Infrared and collinear safety coupled with E(2) invariance shows highest
stability under single particle soft recoil and emissions
o All order effects?

o Non Perturbative effects?
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https://arxiv.org/abs/2509.19431

