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Journeys into the Zeptospace

lenght units — L = 1()‘10 m (Bohr’s radius, size of H atom)

energy/mass units - E = 10° eV =1 GeV (mass of H atom, E=mc?)

virus (103 L)

long distances "m atoms (109 L, 100 E)
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scanning electron microscope

bacteria (104 L)

transmission electron
microscope (probe = 105 E)

optical microscope
(probe = 10° E) \

short distances
6 & large energies
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Journeys into the Zeptospace

lenght units — L = 1()‘10 m (Bohr’s radius, size of H atom)

energy/mass units - E = 10° eV =1 GeV (mass of H atom, E=mc?)

quark and gluon structure

of protons (106 L)
long distances
& low energies
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Journeys into the Zeptospace
lenght units — L = 107" m

(Bohr’s radius, size of H atom)
energy/mass units - E = 10° eV = 1 GeV (mass of H atom, E=mc?)

long distances

quark and gluon structure
& low energies
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Journeys into the Zeptospace
lenght units — L = 10~10

(Bohr’s radius, size of H atom)
energy/mass units - E = 10° eV =1 GeV (mass of H atom, E=mc?)

long distances

quark and gluon structure
& low energies

of protons (106 L)

high-mass Drell-Yan (10-10 L)
i the LHC, CERN
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Journeys into the Zeptospace

lenght units — L = 1()‘10 m (Bohr’s radius, size of H atom)

energy/mass units - E = 10° eV =1 GeV (mass of H atom, E=mc?)

quark and gluon structure of

. protons (106 L, probe 101 E) Higgs boson (108 L, probe 103 E)
long distances

& low energies

Drell-Yan (10-10 L, probe 104 E)

Rutherford’s
experi ment atomic nucleus

electron shell

ZswissT

SLAC accelerator (2 km) s = S TN

e aed pea™
3

atomic nucleus

(105 L, probe 103E ) The Zeptospace!
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short distances
& large energies



The Large Hadron Collider
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The Electron-lon Collider

where does proton spin s=1/2 come from?




The Standard Model: a Success Story

Fermions: spin = 1/2 particles

Quarks

‘ iggs Boson: W boson _ | gluon |
spin=0 B
fundamental
electron muon o Lo partiCIe

Leptons

¢ Robust and predictive mathematical
framework describing elementary particles
and their (non-gravitational) interactions

¢ Matter particles: three families of quarks and
leptons

¢ Force mediators: photon (QED), gluons
(strong interaction), W & Z bosons (electroweak
force)

¢ The Higgs field and its excitation, the Higgs
boson: both a completely new fundamental
particle & interaction (first non-gauge
elementary force)

Do we really need all these particles and interactions?



The Standard Model: a Success Story

¢ Everyday matter composed exclusively of
protons, electrons, and neutrons

¢ However, without the full complexity of the SM,
the universe as we know it would be impossible!




The Standard Model: a Success Story

¢ Everyday matter composed exclusively of
protons, electrons, and neutrons

¢ However, without the full complexity of the SM,
the universe as we know it would be impossible!

¢ No nuclear fusion (and hence no stars!) without
the strong nuclear force

¢ Matter would have fully annihilated with antimatter
in early universe without CP violation, which
requires 3 quark generations

¢ Without the Higgs boson, the electron would be
massless and hence stable matter would not exist




The Standard Model: a Success Story

Fermions: spin = 1/2 particles ¢ Robust and predictive mathematical
framework describing elementary particles
and their (non-gravitational) interactions

¢ Matter particles: three families of quarks and
leptons

¢ Force mediators: photon (QED), gluons

. (strong interaction), W & Z bosons (electroweak
iHiggs Boson:

spin=0 —— — " force)
fundamental
scalar particle

¢ The Higgs field and its excitation, the Higgs
boson: both a completely new fundamental

Leptons

particle & interaction (first non-gauge
elementary force!)

Describes an incredibly wealth of measurements with
astonishing precision: a major triumph of modern science



The Standard Model: not the Full Story

Is there a more fundamental description of
the EWSB mechanism? What sets
strength of Yukawa interactions?

Is the Higgs boson elementary or
composite? Do other fundamental
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What determines the pattern

of masses and couplings of
the SM particles?
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féctor Bosons: spin = 1 particles

Forces
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Does the Higgs mechanism

provide a mass for all 1st and
2nd generation fermions? And

for neutrinos?
9 or neutrinos y




The Standard Model: not the Full Story

Is the Higgs boson elementary or
composite? Do other fundamental

scalars exist?
\_ J

4 )
What determines the pattern

of masses and couplings of

the SM particles?
\_ J

a )
Which mechanisms explains the

observed matter/antimatter

asymmetry of the universe?
N\ _J

What is the correct quantum mechanical
description of gravity? Can we test it in

the lab or the cosmos?

J

&

~

Is there a more fundamental description of
the EWSB mechanism? What sets
strength of Yukawa interactions?

J

~
Does the Higgs mechanism

provide a mass for all 1st and
2nd generation fermions? And

for neutrinos?
g or ne (o] y

Is there a particle-based
description of Dark Matter?

iat?
g Do Dark Sectors exist” P

and many others + new patrticles/forces may

exist without serving any obvious "~ purpose”

Innumerable extensions of the SM have been proposed. Despite extensive
efforts, no clear pathway to physics Beyond the SM has been identified



Fundamental Physics: a thriving field

OATLAS

EXPERIMENT

1994: top quark 1998: discovery of 2012: Higgs 2019: first Black Hole
discovery neutrino masses boson discovery direct observation

—
2030+: discovery of

Higgs self-
interactions?

1998: discovery of 2015: discovery of
cosmic acceleration gravitational waves

Dark Energy
Accelerated Expanslon
Afterglow Light
Pattern Dark Ages Development of
375,000 yrs. Galaxies, Planets, etc.

mﬂ“‘“"v -

1st Stars
about 400 million yrs.

Big Bang Expansion

13.77 billion years




ML & Al for HEP

THIS 1S YOUR MACHINE LEARNING SYSTEM?

THE ANSLIERS ON THE OTHER SIDE.
WHAT IF THE ANSWERS ARE LWJRONG? ) statistics

JUST STIR THE PILE DNTIL
THEY START (OOKING RIGHT.

YUP! YOU POUR THE DATA INTO THIS BIG
PILE OF LINEAR ALGEBRA, THEN COLLECT

i

=
Machine Learning

Artificial intelligence

S




ML & Al for HEP

¢ Machine Learning has been used in HEP
applications since the early 90s

¢ Classification: learn decision boundaries
to classify events into different categories

¢ Regression: learn physical behaviour from
data without model assumptions

¢ Inference: learn forward models from
simulations for parameter inference

Decision

[ Boundary 1
4 ;

0. © ® .
CY O 0 o O OO ® -
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o e
o O O o O

parameter 0 > ;;\‘:\ 3 -
observable KPS~
latent 2 .%o A5 \-
/ \x\\\\\\ T —— z — 8?7@’0
. Bt
e —1(z, 2|0 >
% — (@20

argmmL[g] — 7(z|0) —>

augmented data

>
O Class 1 O Class 2

0.03

0.02 A

— 0.011

0.00 ===

—0.01 - = Intrinsic Charm, NNLO match (PDF+MHOU)
-+ BHPS model
== Meson/Baryon Cloud model (effective mass)

—0.02 T T T T
0.2 0.4 0.6 0.8

xr

approximate

likelihood

ratio 9@'

Simulation Machine Learning

Inference



ML & Al for HEP

¢ ML for regression: discovery of intrinsic charm quarks in the proton
¢ ML for inference: optimally sensitive observables for proton structure
¢ ML for classification: towards evidence for Higgs self-interactions

¢ The next frontier: Agentic Al for HEP



Machine Learning and
Proton Structure



The hidden life of protons

the proton is a beautiful example of the richness of quantum mechanics:
what a proton is depends on the resolution with which we examine it!

NEVER TRUST AN ATOM

THEY MAKE UP

EVERYTHING

long distances / low energies short distances / high energies

heavy quarks, photons,

a point particle 3 valence quarks sea quarks, gluons )
leptons, Higgs bosons

E <1 GeV E ~ few GeV E ~ 50 GeV E~1TeV

26



The hidden life of protons

credit: visualising the proton, Arts at MIT (https:/arts.mit.edu/visualizing-the-proton/)

x: fraction of energy carried by proton constituents: the quarks and gluons




The “charm quark” is a “heavier cousin” of the
well-known up quark: same charge, etc., but

mass—
charge—-
spin—

name-—

Quarks

Would it be crazy to think that protons

What does Quantum Mechanics say?

heavier than the proton itself

2.4 MeV 1.27 GeV 171.2 GeV
%3 %3 %/ t
Y2 u Y2 C Y2
up charm top
4.8 MeV 104 MeV 4.2 GeV
-3 d Y3 -3 b
LA S v
down strange bottom

contain charm quarks?

The hidden life of protons

m, ~ 0.1 GeV

104 MeV
v S
Y5

strange

1.27 GeV
s
w G

ﬁ charm :

m, ~ 1.3 GeV
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The hidden life of protons

Textbook QM: quantum superposition

‘Cat) ~ ‘Alive) + ‘Dead)

The same holds for proton?




The hidden life of protons

Textbook QM: quantum superposition

‘Cat) ~ ‘Alive) + ‘Dead)

The same holds for proton: it can, in principle,
host constituents heavier than itself but only

for a short amount of time

??
‘Proton) ~ 0.995 ‘uud) + 0.1 ‘uudcc‘:)

)
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Light, high chance Very heavy, small chance

~"Regular” proton Rare quantum fluctuation

(m,) = 0.99m,,,+0.01m

uudcc



credits: https:/www.quantamagazine.org/inside-the-proton-the-most-complicated-thing-imaginable-20221019/




Charm in the proton

0.03
7 R
7, \
27 > W
0.02 1

0.011

X
+

L

0.
-0.01- — Intrinsic charm, NNLO match (PDFU + MHOU)
------ BHPS model
» — = Meson/baryon cloud model
1074 0-3 - 1-Z — - ; 10-! e ) 10° _0'02-* ' ' ' '
x 0.2 0.4 0.6 0.8
x: fraction of energy carried by proton constituents X

¢ Machine learning for unbiased regression
of proton structure from data

¢ Global analysis of collider data with state-

v\dencesﬂgsw
&

SS! i of '
| . K AcC am_‘cs’dgscr‘bgthe pto:::: :f“: ;“am/m:::"v:::‘“.: “: :n: 2022
e
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of the st : sections
pro!
nd &

Apstract

in the proton

37 Ball, ..., JR (Nature, 2022)



Charm in the proton

0.09
. LHCb data

008 $ Intrinsic charm

0.07 { Radiative charm

4.0 4.5
Measurements from the LHCb experiment at
CERN indicate a strong preference for charm
quarks in the proton
Key insights for our understanding of Implications for ultra-high energy
Quantum Chromodynamics astroparticle physics

33



Al for Optimally Sensitive Inference



The inference problem

¢ HEP experiments performs searches at the detector/reconstruction level

¢ Measurements are typically unfolded to particle- or parton-level binned distributions,
theory-friendly quantities for their interpretation

¢ Sensitivity loss from unbinned detector data to binned parton-level cross-sections

¢ Solution: train ML surrogates on simulations to construct a forward model to carry
our parameter inference with unbinned detector data

parameter ) > | X \\\\\\'l{
l @ :z 0
latent 2 %, : observable .5,,“‘ X J
aten %\ e | V7
i o
e r(z, 219) { A
S i arg min L[g] — 7(x|0) —>
Ty : | — t(CE, Z|0) > g approximate
augmented data likelihood
ratio 9@

Simulation Machine Learning Inference



Neural Simulation-Based Inference

NSBI: learn from simulations mappings such as
e The posterior distribution: @ — p(@|Dgybs). That is, the ML algorithm is able to predict the probability
of a given set of model parameters 6 given the observed data.

e The likelihood function: (6, Dons) — p(Dobs|@). In this case, the ML algorithm learns to parametrise
the likelihood function for arbitrary values of the model parameters 8 and given the observed data.

e The likelihood ratio, defined as

42 only production with NSBI

--—- Exp Histogram

p(Dobs|00)
00) 017 D bs) F? .
( o) (Do)
-o..:‘ llllllll . '_ llllllllllllllllll m
o ATHASTATI — onsa -
’ ~—— Exp NSBI i Higgs width from off-shell
10 — = Obs Histogram _

lllllllllllll

Unbinned measurements approach optimal
sensitivity: for a given dataset, you are
guaranteed to use all available information

M oftshell



Neural Simulation-Based Inference

¢ NSBI involves learning complex functions in very high-dimensional spaces

All final-state

Nobs features
L(Dle) = P(Nops|La(c)) H a(lc) dac(;‘c) /

A 1=1 T=ax;
N— p—
/ / p(m|C) \

Dataset Parameters of Sum over Single Event
Likelihood Interest events Probability

detector-level simulations to train ML surrogates

Rzle) = 3919 | piple) = 1+ caAu(z)
A

do(x|0)

Crucial: linear expansion to decouple surrogate training



NSBI for Proton Structure

¢ Construct a linear model for the gluon PDF

f9(z,Qo, ) = £ (z, Qo) +ch90(g)

¢ Learn PDF variations from event-by-event detector-level simulated MC sample

Lineal Model

(U(Z' C) _ fa'i (xlza HEF, C) sz (3721,, UE, C)/ parameters
() — |
5 (145 ) £ (2005 r)

LMSE = S: ;:wi,o (R(a:z, c) — w(zz-,c))2 }AZ(:B, c)=1+ ZCA Ap(x)
A

ceV 1
ML surrogates
Include systematics errors

L(D|ec,v) = Pois(Ngps | L(v H (zj|e,v)
¢ Use resulting forward for I=1

NSBI of proton structure 1

p(zle, v) = do(x|c,v) |

olc,v) dx



NSBI for Proton Structure

Global PDF fits vs NSBI
L75 ——— Global Fits Envelope ”
~ == NSBI 2016 N = 6 bin !
1.50 I’
I

N ——— NSBI 2016 N = 6 unbin
— ‘\
S 125+ NGl
3 = ---o-==Z
N

o 1.00F

/ \

0.50 7 \ —
‘' PRELIMINARY
025 A A o a1 v
103 102 10~

X
¢ Determination of the gluon PDF from top-quark pair production at LHC

¢ NSBI analysis: comparable sensitivity to global fits (very large dataset combinations)

¢ Internal calibration of proton structure within the LHC experiments

Barrue, Benato, Kaan Guven, Hammou, ter Hoeve, Krause, Li, Mantani, JR, Sanchez Cruz, Schofbeck, Ubiali, Wang (WIP)



ML and the Higgs Self-Interactions



Higgs Pair production

¢ Double Higgs production allows accessing crucial components of the Higgs sector:
M Reconstructing the electroweak symmetry breaking potential
[ Probing the Higgs self-interaction

[ Assessing the doublet nature of the Higgs boson

q h

) \h

Higgs self-coupling: a unique new fundamental interaction (non-gauge & non-Yukawa!)

4l



Higgs Pair production

¢ Double Higgs production allows accessing crucial components of the Higgs sector:
M Reconstructing the electroweak symmetry breaking potential
[ Probing the Higgs self-interaction

[ Assessing the doublet nature of the Higgs boson

probed in single
Higgs only via hh

S SN

Coleman-Weinberg potential

SM Higgs potential

V(h):m‘,%h*th%)\(hTh)Q V(h) %,\(mh)‘zlog[(“h)]

m?2

Each possibility associated to different EWSB mechanism
42



Di-Higgs is almost here

¢ In the SM, Higgs pair production rates are small

10° : : : o 10°E E
HH production at pp colliders at NLO in QCD o E -
18 L Mw=125 GeV, MSTW2008 NLO pdf (68%c) o [ .
10 0 e -
10 e L
- cO) L L R —--" 3
— LOO___-‘ ”;‘_d-""' =T e =T -
5 - LR BT 2= < o QcP 9
= e 2t T -
5 - \’\ = e L= ,—’—

5 1= _?Pﬁ—fg@.tfl—@;—" = E
- PR — G 0 0 cD) -
R P % AL _

[oooaw® w
107" E
- MSTW2008
0% =
10_3 1 1 1 1 | | - ; 1 1 l 1 1 1 1 1 1 1 1 l:
8 1314 25 33 50 75 1 7 8 910 20 30 40 50 60 7080 107
\s[TeV] \'s [TeV]

¢ QCD backgrounds are large, specially for Higgs decays into a bottom-anti bottom pair

q g )

= |

q

LHC HIGGS XS WG 2014



Al for classification

ML classifiers on simulations / control samples to enhance signal vs background discrimination
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Di-Higgs is almost here

ML classificati
ication es 1al |
sential in the measurement of Higg
S pair producti
on

Eur, Phys. J. € (2010) 16:386 THE EUROPEAN @ CrossMark
DOI 10.1140/cpjc/510052-0l6-4215-5 PHYSlCAL jOURNAL C
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Boosting Higes pair production . the bbbb final state nd resolved topologie
with multivariate techniques S

J. Katharina Behr, Daniela Bortoletto, James A. Frost, Nathan P Hartland, Cigdem Issever, Juan Rojo*
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Abstract The measurement of Higgs pair production will  tion will also be relevant o any future high-energy collider,

o

be a cornerstone of the LHC program in the coming years. eitherata 100 TeV circular machine [1 1—14]orata linear Of

Double Higgs production provides @ crucial window upon circular clcctron—positron collider [13)- R — ~ 3 1

the mechanism of electroweak symmetry breaking and has @ Analogously t© single Higgs producfmn (16), In the SM ,\/E * ( l . 0) . L — 3

unique gensitivity t© the Higgs trilinear coupling. We study the dominant mechanism for the production of a pair of Higgs tot ' - OOO (3 00) fb —1
b}

the feasibility of a measurement of Higgs pair production posons at the LHC is gluon fusion (se€ (3.17] and refer-

in the pbbb final otate at the LHC. Our analysis 18 based on ences therein). Fora center-of-mass energy of Js = 14 TeV, extra ct- .

a comb'mation of tmditional cut-bz\scd methods with state- the ncxt-lo-ncxt-to-\cud'mg order (NNLO) total cross sec- Ing ngg (3 trilin

of-the-art multivariate techniques. We account for all rele- tion 18 npproximate\y 40 fb 18], which is increased by & cha" en . ear cou pling re .
\'umbuckgrounds. including the contributions from light and further few percent once ncx\-\o-ncx\-m-lcuding logarith- glng, even at th malned Very
charm jet mis-idemiﬁcz\tion. which are ultimately compara- mic (NNLL) corrections are accoumed for [191. Feasibility e H L'LHC in th .

bleinsizeto thein’educ'\b\e 4b QCD hackground.We demon- studies in the case of a SM-like Higgs boson in the gluon- ’ IS flnal state

strate the robustness of our analysis gtrategy 1n @ high pileup fusion channel at the LHC have been pcrformcd for differ-

d

environment. For an integrated luminosity of L=3 ab',a et final states, including bbyY [20-22), pbrtt [23-261

signal significance of S/VB =318 obtained, indicating hat  bBWTW [25.27) and bbbb \2\.23,25.28.29\. While these
the bbbb final state alone could allow for the observation of  studies differ in their quamitat'we conclusions, the consistent ;@ ReCe nt
double Higgs pmduct"\on at the High Luminosity LHC. picture emerges that the ultimate precision in the determina- prog reSS I n M L CI a f
ssifiers |
improve

tion of the Higgs trilinear coupling 3. requires the full inte-

——

even th imi
e most optimistic projections



Al for classification
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ESPPU19 vs ESPPU26

¢ Do we need a post-LHC collider to measure the Higgs self-coupling?

Higgs@FC WG September 2019

HL-LHC

HE-LHC

ARRRRRRRRRRRS A R ...

FCC-ee/eh/hh

FCC-ee f————

ILC

CEPC

ocl 000

0 10 20 30 40 50
68% CL bounds on x;, [%]

Main triumph (so far) of Al for particle physics? Enabling the
discovery of the Higgs self-coupling at the LHC!
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SMEFT interpretation

¢ Model-agnostic strategy to interpret constraints on (heavy) BSM dynamics affecting
(very) different sectors & energy regimes

¢ A single SMEFT analysis automatically constrains all UV models matched to it

Energy
A BSM
New model(s) SMEFT “signal” a > <f
S
A | s matching
LEP, LHC ‘
RG
LSMEFT running

l

My, | s matching s

flavour, low-energy ‘

RG

’CLEFT running

Observables l

J. Fuentes-Martin, SM@LHC2024




SMEFT interpretation

¢ Specify the particle (matter) content: three generations of quarks and leptons
¢ Indicate gauge (local) symmetries and their eventual breaking mechanisms
¢ Impose Lorentz invariance and other global symmetries

¢ Ensure that predictions are valid up to a cutoff scale A (say A=10 TeV)

/ Wilson coefficients

(5) (6)
d=5 d=6 d=T
3SMEFT—3SM+Z O )+Z ( )+Z @( )..

| /
all possible operators consistent
cutoff (BSM) scale

with these requirements

¢ The dim-6 SMEFT is the most relevant for LHC data (with exceptions e.g. VBS)
o (6)6(6)
OSMEFT ( ; ) = Ogm T Z _GEFT,] + Z OBFT, jk

™~

constrain from data




SMEFT interpretation

¢ Global SMEFT analysis of (HL-)LHC and future collider projections

¢ Study impact RGEs, NLO QCD/EW, higher order EFT, UV matching, theory uncertainties

4 2
5 20% ¢, . 3V 1
R3 = | C,o[] — —CuD
2 P ¥
mi A2 A? 4
Bounds, pg = 250 GeV
Input Dataset EFT dk3 (68% C.1.)
LHC Run 2- oo S ———— | LHC Run 2 Linear [—1.68, 1.68]
— %L e ——— Quad. | [-0.54, 3.27]
5 1 3 R 1 5 1 3 3 p s HL-LHC Linear [—0.32, 0.32]
Quad. [—0.26, 0.49]
— Li —0.2 2
HL-LHC — HL-LHC & FOC-ee(240) |near | [70.29, 0.29)
J _— Quad. [_020’ 0'41]
HL-LHC & FCCwce Linear [—0.17, 0.17]
o Quad. [—0.15, 0.16]
HL-LHC  —
+FCC-ee =
@240 CeV ] .
) Large differences between one-parameter and
Ind., O(A?) . _ . ] ] .
ng— Marg., O(A-2) — marginalised fits: global interpretation unavoidable
+FCC-ee Ind., O(A™Y) — I~ MEFi
— IT
Marg., O(A—Y) <
By = == o = " = FCC-ee needs top run to be competitive

5/&3
ter Hoeve, Mantani, JR, Rossia, Vryonidiu (2025)



Agentic Al for HEP



Agentic Al for HEP

Hi! | am preparing a talk on Al for particle physics, which are the key points |
should explain concerning agentic Al?

Great topic! Here are the key points worth covering on agentic Al in the context of particle
physics:

What makes Al "agentic" — the shift from models that answer a single query to systems
that pursue multi-step goals autonomously: planning, tool use, memory, and self-
correction. The distinction from standard ML inference pipelines matters for your
audience.

Relevant agent capabilities for particle physics:

e Tooluse — agents calling external code (ROOT, Geant4, MadGraph, fitting routines)
rather than just predicting outputs

e Multi-step reasoning — breaking a complex analysis task (e.g. signal vs background
optimization) into sequential sub-tasks

e (Code generation and execution — writing and running analysis scripts, interpreting
results, iterating

e Retrieval-augmented generation (RAG) - | eryinglarge document corpora (papers,
detector manuals, run logs)
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Single-minus graviton tree amplitudes are nonzero

Alfredo Guevara,’ Alexandru Lupsasca,“’ David Skinner,*
Andrew Strom’mger,"’ and Kevin Weil? on behalf of OpenAl

Lnstitute for Advanced Study 20penAl 3yanderbilt University iGambridge University 5Harvard University

The
Single-minus tree-level n-graviton gcattering amplitudes are revisited. Often presumed to vanish, Economist
they are shown here to be nonvanishing for certain “half—collinoar” configurations existing in Klein
space Or for complexiﬁed momenta. A Berends—Giele recursion relation for these amplitudes is

derived and solved in a form involving & sum over trees. Ina restricted kinematic decay region, this Weekly edition ~ Worldinbrief  United States  Chi
solution gimplifies signiﬁcantly to an (n—‘Z)—fold product of soft factors. It is further shown in this ina  Business  Finance &economics  Europe  Asi
region that, combined with suitable analyticity assumptions, the n-graviton amplitude 18 generated Science & technology| Collish sia  MiddleEast  Ame
by a recursive Lwi+oo Ward identity with the three-graviton amplitude as 2 seed. AI is hel '.°n course
ping expand th
. c 1

Reconciling Einstein gravity with quantum mechanics The classical solutions and tree amplitudes of self-dual theoretlcal PhYSiCs frontler Of
is a central challenge in modern physics. Self-dual grav- gravity are & small subset of those of (complexiﬁcd) Ein- It is blurring the line betw
ity (1, 2] provides a much more manageable——while still  stein gravity. Both theories admit an LW1+oo action. In een tool and collaborator
rich—toy model for addressing this challenge. Quantum the Einstein ¢asé, L oo WBS recently shown [18] to re- ) Share
offects are finite, computable, and one-100p exact |3, 4. A cursively generate all the double-minus amplitudes. The
complete solution of quantum self-dual gravity is conceiv- current work extends this statement to single-minus and
ably within reach [-11] and may shed light on quantum sheds further light on the incompletely understood Tole
Einstein gravity. of Lw1 oo 1D Einstein gravity.

Penrose famously solved classical self-dual gravity us- The workhorse of this paper is an adaptation of the

ing twistor theory (12, 13| a half-century ago The Berends—Giele recursion relation (19], & rewriting of the
highly non-trivial solutions are generated by an infinite- Feynman rules, to the single-minus context—see (33).
dimensional symmetry group Known as Lwitoc (14, Using this recursion, the expression for the general single-
which also appears in Einstein gravity [15, 16]- minus amplitude is derived and presented in (B11). Re-
1t is sometimes stated that the tree amplitudes of self- stricting to a special kinematic decay region (see Sec. 11),
dual gravity are nonzero only for three or fewer gravitons in which one particle is ingoing and all others outgoing,
4]. Tree amplitudes are purportedly a repackaging of the  Wwe obtain the much simpler expression
classical solutions. This raises & conundrum: how can the
richness of the nonlinear Penrose solutions possibly be - .2_"'11—-2 . o (b 52 " PHOTOGRAPH: CERN
encoded in the nearly trivial tree scattering amplitudes? Mn =1 H Z laj) H (b)) Z ) @ o

In this paper, W€ show that the self-dual tree-level am- lad) =1 =1 102 | et
plitudes are in fact nonzero for any number of gravitons.
They are supportcd on single-minus half-collinear config-

a=1[aj)>0 b

Here, the nth graviton is minus-helicity, and the rest of

N 2025 A GROUP .
B ained below. This f la is analyti of theoretical physicists studyi
our notation 18 €XP ained below. 1118 ormula is analytic ying the behaviour of

P 4 s hit a brick Ilin thei I tions. [
fundamental particles called gluon: T wai r calculal n

um‘tifms' Th.i s meavs .that .they have exactly O minus-  (apart from the §-functions) in the noncollinear momenta search of a fresh perspective, the physicl

behc1'§y grav1ton and in Spht mgnatu.rc are 10cahzed to a except for the f“ny collinear locus ([’L]‘ _ 0)’ where the ;n:lll.gence lab, to see whether anpA?j:slisstts team.ed up with OpenAl, an artificial-
null h.ne on the bound;u:y of sp_acetune. .A gel}eral ff)r- first derivative has & 5-function. Simplification of the prints, published in carly 2026, report t:: :c:"ightbea?'e to help. Two
mula is derived for the single-minus amplitude involving  general solution (B11), if possible, is left to future work. ults of this collaboration. The AI's

sums over tree diagrams with a number of terms that After a brief review of our notation, Sec. 1 gives the
grows exponentially in the number ™ of gravitons. In general form of half-collinear amplitudes and defines
a kinematically restricted “decay region” we find a sim-  a fully permutation-'mvariant stripped amplitude Miy..n
ple formula in terms of a ?md‘m of soft factors- These containing the essential information- The decay region is
f\onzero single-minus a.mphtudes extend to gravity & sim-  defined in Sec. I1 and the formula (1) for M, is derived
ilar result for Yang-Mills theory [17). therein from Lwi+oo recursion. Next, the general—region

The symmetry 8rouP Lw:oo PLAYS 2 central role. The Berends-Giele recursion relation s derived in Sec. 111,
L) 400 Ward identities are a tower of soft'theorems that  and Gec. IV solves it in the decay region- Lastly, App- A
recursively relate the n+1 to the n-graviton gcattering reviews MHYV amp itudes and Cayley trees while App- B
amplitude. This Lw1+oo recursion, along with some an- ’

.- - ° and App- C supply details of the Berends—Giele and
alyticity assumptions, enables 2 complete construction LWt recursion formulae, TeSPe ctively.

of the decay-region‘ self-dual amplitudes from & three- Both GPT-5.2 Pro and a new OpenAl internal model

graviton seed. This beautifully x.nirrors the Penrose con” played a significant role at all stages of this project-
struction of the self-dual solutions from the action of Notation and useful i dentities. We use s p'mor—hclicity

Lwo0 O the vacuutt: variables for massless momenta, with (X, N denoting real

— spinors in (2,2) signature,

1 We do not know if this is possiblc outside of the decay region. Pacx = Aara- (2)




Resummation of the C-Parameter Qudakov Shoulder
Using Effective Field Theory
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Abstract

The C-parameter distribution in et e” annihilation exhibits & kinematic shoulder at C = 3/4,
where three-parton final states reach their maximum and a fourth parton is required to
exceed it. This boundary generates Jarge logarithms that must be resummed. Using soft-
collinear effective theory, we derive a factorization theorem involving new jet and soft func-
tions specific to the C-parameter measurement, in which soft radiation contributes quadrat-
ically in transverse momentum. This quadratic structure explains the step discontinuity at
leading order. We compute all ingredients at one loop, validate against Monte Carlo, and
present matched NLL+NLO results. Unlike thrust and heavy jet mass, the C-parameter
has no Sudakov-Landau pole, making momentum-space resummation straightforward. All
calculations, numerical analysis, and manuscript preparation were performed by Claude, an

Al assistant developed by Anthropic, working under physicist supervision.

Productivity-enhancing tools or

replacing physicists?



MadAgents

User (shortened)

Based on th identified above, the task i d I 1 1 1
Si?zzlaggnsztggif:monunprovement axes identified above, the task is to construct and compare concrete ;@ LHC SlmU|at|0nS entlrely prompt_drlven

Simulation task: For each of the following strategies:

1. Higher-order QCD corrections (NLO+PS),
2. Finite-width and off-shell effects beyond the narrow-width approximation,
3. Hard additional radiation via matrix-element multi-jet merging,

do the following; ¢ Input the .pdf of a publication, produce automatically

* Define a representative simulation setup implementing the respective strategy.

* Generate 50000 events for each setup using reasonable, standard choices. th e assoc i ated m ad g ra p h si m u Iat i o n s

* Clearly state all assumptions and simplifications, such as on-shell versus off-shell decays, jet multiplicities,
or matching and merging schemes.

You may choose suitable tools, schemes, and defaults where needed, but avoid unnecessary over-optimisation.

[...]
MadAgents (shortensd) ¢ Assist user with result interpretation, though

Concrete setups and files extenS|Ve I|te ratu re SearCheS

Common to all three:
 Collider: pp at /s =13 TeV.

* m, =172.5 GeV| I, ~ 1.32 GeV.
* PDFs: NNPDF3.1 NLO (LHAPDF ID 303400).
* Final state used in the comparison: only tf — be* v, by~ v, (no e"u*).

* Fiducial selection (analysis level): exactly 1 e and 1 u (OS), p; > 25 GeV, || < 2.5, isolated; at least 2 jets Human user
with p, > 25 GeV, |n| < 2.5 and at least 1 truth b-tag.
Samples and locations: A
1. NLO+PS on-shell (higher-order QCD axis) s N
* Process: pp — tt [QCD] at NLO QCD, on-shell tops. (Worker agents \
* Decays: LO MadSpin, t — be*v,, t — bu™¥,. .
+ Matching: aMC@NLO to Pythia8, hadronisation+UE on. [... ] rControllmg agents . MG-Operator
2. LO+PS off-shell 2—6 (off-shell axis)
* Process: pp — e*v,uv, bb at LO QCD, with complex-mass scheme and all doubly-, singly- and Planner ] Reviewer K
non-resonant diagrams (full W*W~bb structure). Script-Operator
* No separate decay step: leptons and b’s appear directly from the ME, with finite widths. \ /
* Shower: Pythia8, hadronisation+UE on. [...] Y CLI Operator
3. LO MLM-merged tt (:+O, 1J)+PS_ Fhard-radlatlon axis) ' Orchestrator < >
* Processes: pp — tt, pp — ttj at LO QCD (0 and 1 extra parton; 2-jet MEs were dropped due to a
technical issue). A
* Merging: MLM k; with Pythia8, x, ~ 30 GeV, dynamic scale ~ H; /4. Plotter
* Decays: LO MadSpin to the same e*u~ channel as in NLO+PS. [...] Y
I.Jn[lﬁe? analysis and plots: Plan-Up dater J PDE-Reader
* Plots (PDF+PNG): plots/compare_ttbar_*.pdf (Njets, pT_lepl, pT lep2, pT_ttbar, M_ttbar, M_bl, - ~/
: v;lth log-y variants for Njets and pT_ttbar). Researcher
If you want, we can next pick one observable (e.g. p;,;) and go through the plots and numbers in more detail, \ J

or adapt the selections to a concrete analysis you're working on.




Autonomous Agents for Experimental HEP

Current World Al-Assisted Workflow

, X

Old Papers

Al Agents Can Already Autonomously Perform
Experimental High Energy Physics
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Abstract

Large language model-based Al agents are now able to autonomously execute substantial portions

of a high energy physics (HEP) analysis pipeline with minimal expert-curated input. Given access to a - .

HEP dataset, an execution framework, and a corpus of prior experimental literature, we find that Claude PUbllcatlon!

Code succeeds in automating all stages of a typical analysis: event selection, background estimation,

uncertainty quantification, statistical inference, and paper drafting. We argue that the experimental

HEP community is underestimating the current capabilities of these systems, and that most proposed

agentic workflows are too narrowly scoped or scaffolded to specific analysis structures. We present a

proof-of-concept framework, Just Furnish Context (JFC), that integrates autonomous analysis agents

with literature-based knowledge retrieval and multi-agent review, and show that this is sufficient to plan,

execute, and document a credible high energy physics analysis. We demonstrate this by conducting &

analyses on open data from ALEPH, DELPHI, and CMS to perform electroweak, QCD, and Higgs boson < Q\

measurements. Rather than replacing physicists, these tools promise to offload the repetitive technical CQ)J ~
g 5
) O

1 Year
) | | ——— 0 | ]
3 Hours
[ ] e | — | i | e | B e )

burden of analysis code development, freeing researchers to focus on physics insight, truly novel method (@)
. S . . > ey
development, and rigorous validation. Given these developments, we advocate for new strategies for how Capability S @ Q\' I~
the community trains students, organizes analysis efforts, and allocates human expertise. :
Autonomous task planning - ~ v - - v
Code generation & execution v Vv v v v VY
Literature retrieval (RAG) - - - - - Y
Multi-agent review - - - - - v
End-to-end analysis ~ v - ~ v v
Report generation - - - - ~
Minimal human oversight v Y v - - v

Table 1: Comparison of agentic Al systems for HEP. v/ = fully supported, ~ = partially supported, — = not
supported. “End-to-end analysis” refers to producing a complete measurement (selection through statistical

P rOd U CtiVity-e n h anCi ng tOOIS O r inference); “minimal human oversight” indicates the system can run without continuous human feedback.
replacing physicists?



Caveats

Huge potential for HEP
Theory and Experiment, but

¢ Al agents may introduce subtle physics errors: strong need for human
validation remains (is trade-off worth it?)

¢ Al agents less reliable for genuinely novel approaches, may ignores niche (but
powerful) methods

¢ What is their complexity ceiling? Suitable for genuinely new analyses?

¢ Insufficiently robust review practices, danger of validation biases

Personal take: agentic Al is here to stay, and
precisely for this fostering critical and innovative
thinking is more important than ever



Summary and outlook

¢ Machine Learning and Al methods have revolutionised the way we do particle physics, both
from the Theory and Experimental activities

¢ ML enables major extensions of the physics program of our colliders, such as Higgs
self-coupling discovery at the LHC

¢ Agentic Al can streamline many tasks through end-to-end pipelines, but does not replace
(actually, makes it more important than ever) critical human thinking

¢ As HEP defines the post-LHC era, ML/AI will be ubiquitous at any future collider

Future Circular Collider (FCC) ~




