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I don’t suppose I have to dwell on those days as everyone 
here surely knows how things unfolded. But just in case:


Higgs Hunting 2010, 2011, 2012

https://events.lal.in2p3.fr/conferences/higgs_hunting/
https://events.lal.in2p3.fr/conferences/higgshunting2/index.html
https://events.lal.in2p3.fr/conferences/higgs-hunting-2012/index.html
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FROM SIGNAL STRENGTH TO HIGGS TOMOGRAPHY

16/09/2026 Higgs Hunting 2026 6

Differential Cross-Section Results 
• Pre fit yields and differential fiducial cross-section measurements for 1!"ℓ	and 4
• Good agreement with predicted XS observed across all bins 

• MG5 and NNLO predictions normalised to the YR4 N3LO cross-section for ggF

• Measurements are generally still statistical dominated. Dominant systematics are primarily from lepton efficiency 
and (for jet-related variables) jet energy calibration uncertainties 

1!"ℓ 4

Pre fitPre fit

16/09/2026 Higgs Hunting 2026 6

Differential Cross-Section Results 
• Pre fit yields and differential fiducial cross-section measurements for 1!"ℓ	and 4
• Good agreement with predicted XS observed across all bins 

• MG5 and NNLO predictions normalised to the YR4 N3LO cross-section for ggF

• Measurements are generally still statistical dominated. Dominant systematics are primarily from lepton efficiency 
and (for jet-related variables) jet energy calibration uncertainties 

1!"ℓ 4

Pre fitPre fit

Cuppini & Russel
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Combined results at $ = &' and $ = &'. ) TeV

• Combination with ! = 13 TeV analysis [1]:

• Most precise measurement by CMS to date of the CP nature of the Higgs to - lepton coupling, and the best 
expected precision by any experiment (ATLAS ! = 13 TeV: Obs. 9 ± 16°, Exp 0 ± 28° [2])

[1]: JHEP 06 (2022) 12
[2]: EPJC 83 (2023) 563

Background-subtracted ϕ)* distribution (combined) Likelihood scan of 3H!! (combined)  

CP in H→!! Decays – Higgs Hunting – lucas.russell@cern.ch16/09/2026
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• Tau Lepton Yukawa coupling can be parametrised in terms of CP-even and CP-odd couplings:

→ Define effective mixing angle: 

      CP-even: 'H!! = 0° (SM), CP-odd: 'H!! = 90°, CP-mixed: 0° < |'H!!| < 90°

• If |'H!!| is between ~ 5° and 15°, could generate enough CP violation to explain the baryon asymmetry, 
whilst remaining compatible with experimental constraints (model-dependent) [1]

→ Previous measurement [2] ( ! = 13 TeV): !H!! = -1 ± 19°

2

CP measurement in H→ !!

[1]: EPJC 82 (2022) 604
[2]: JHEP 06 (2022) 12
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The study of the Higgs sector has quickly shifted to a 
thorough analysis of its properties and coupling to 

SM particles, and an increasingly accurate 
knowledge of the kinematics of its decay products



Motivation: measuring the Higgs potential

In the Standard Model: 𝜆3 = 𝜆4
• Not given for a fact, needs to be measured
• New physics can affect the shape of the Higgs potential → large consequences for the Universe

2
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EXPERIMENTS ARE BITING INTO THE POTENTIAL
Mukherjee, Izumiyama, Geng, ChanonConclusion

Non-resonant : HHH → 6b  𝜇 < 588 (572)
First exclusion at 95% CL within the perturbative-unitarity-allowed (𝜅3 ​, 𝜅4 ​) region !
Boosted topologies improve sensitivity by around 30%
• QCD combinatorics remains challenging, while background-modelling uncertainties 

dominate the sensitivity.
• Challenges faced in HHH motivate developments of new tools: i.e jet-charge tagger 14
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H(125) self-coupling

Channel kλ 95% CL Observed kλ 95% CLExpected Reference

ATLAS+CMS Comb Run 2 [-0.71,6.1] [-1.3,6.7] arxiv:2602.23991

CMS 4b Run 2 + 62 fb-1 Run 3 [-4.1,9.6] [-3.2,9.8] arxiv:2604.27044

CMS 2b2𝛕 Run 2 + 172 fb-1 Run 3 [-2.5,9.4] [-1.5,8.4] CMS-PAS-HIG-25-008

CMS 2b2γ  62 fb-1 Run 3 [-6.1,12.8] [-3.6,10.5] CMS-PAS-HIG-25-007

ATLAS bb𝛕𝛕 Run 2 + 56fb-1 Run 3 [-3.4,2.6]U[5.5,10.1] [-1.7,8.5] arXiv:2607.26879

- Partial Run 3 measurements appearing gradually, and for some of 
them, along with their combination with Run 2 data 

- Searching for SM HH production, and decreasing the measurement 
uncertainty on the self coupling 

- Run 2 combination still provides the best sensitivity, compared to that 
of measurements in dedicated channels at Run 2+ partial Run 3

- Shown here: the channels measuring kλ discussed today  
- Not shown here: also measuring k2V with Run 3 data,  
- Work towards including full Run 3 is ongoing, e.g. CMS 2b2𝛕: 172 fb-1 at 13.6 TeV, including 2024 data 
- Expect also results expressed in the EFT framework and in BSM setups.

N. Chanon - H(125) self-coupling and pair production: Overview - Higgs Hunting 2026 - 3

(a) (b)

Figure 2: Expected negative log-likelihood (�2 ln⇤) values as functions of (a) ^
_

and (b) ^2V for ATLAS, CMS, and
the expected and observed values for the combination from both experiments. All the other Higgs boson couplings
are fixed to their SM predictions.

Figure 3: Observed and expected 95% CL contours for the simultaneous scan of the profile likelihood as a function
of ^

_
and ^2V . The expected constraints from the individual experiments are also shown. All the other Higgs boson

couplings are fixed to their SM predictions.
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arxiv:2602.23991



Transformers and scaling laws

N. Chanon - Analysis methods: Overview - Higgs Hunting 2026 - 4

Evolution of algorithms from Run 1 to Run 3

25

Figure 13: Evolution of the 
light- (udsg, yellow bars) 
and c-jet (red bars) 
rejection for a fixed b-jet 
identification efficiency of 
70% for taggers from Run 1 
to Run 3. The BvsAll 
discriminator is used to 
derive all numbers but the 
last one, where the 
weighted BvsAll 
discriminator with a factor 
of kc = 0.14 is used, yielding 
a good trade-off between 
light- and c-jet rejection.

5 Physics impact and TN25-86M

The impact of scaling on flavor-tagging performance is quantified by translating the loss values into jet
classification performance on a top-quark pair (CC̄) sample, as enumerated in [7] and briefly summarized
here. Considering our primary jets of interest as 1-jets, we fix the 1-tagging efficiency at 77% and
evaluate the mis-classification efficiency for background jets from charm (2), up and down (D3), gluon
(6), strange (B), and hadronic gs (g). We then evaluate the background rejection, which is the inverse of
the mistagging efficiency (so higher is better). As discussed in Section 3, jet datasets are generated a
priori at a fixed size, after which network optimization and training are performed, leaving considerable
surplus training-compute resources, generally utilized through repeated training on the same data. We
thus follow the loss-optimal trajectory (Section 3.2) when scaling model and dataset size, which implies
training until the validation loss reaches its minimum and selecting the model checkpoint corresponding to
that epoch. Figure 7 shows the dependence of background rejection as both dataset and model sizes are
scaled, highlighting the joint dependence of performance on data and model capacity.

Figure 7: Background rejection at 77% 1-jet efficiency as a function of loss for different jet flavors (2, D3, 6, B and
g). The dashed line represents an empirical exponential fit capturing the asymptotic improvement with scale. The
right-hand axis maps each loss level to the corresponding model and dataset sizes (# ,⇡) along the data-constrained
loss-optimal trajectory, indicating the resource requirements needed to reach a given physics performance. This figure
quantifies how scaling both data and model capacity drives systematic gains in flavor-tagging discrimination power.
Billion-parameter architectures trained on trillions of jets, are expected to yield order-of-magnitude improvements
in background jets rejection. This trend eventually reaches the performance floor (gray band) determined by the
current set of input features. Points marked with a star indicate TN25-86M, an optimally-sized model with 86 million
parameters trained on a 7.7 billion jets dataset.

The dashed lines represent an empirical fit of the form '(!) =
�
� 4⌫!

+ ⇠
�
. While this functional form is

purely empirical, it captures the trend at large dataset and model size. The right axis indicates the model and
dataset sizes required to achieve a given loss, and thus a corresponding level of background rejection, under
the loss-optimal regime. Notably, while scaling laws predict how raw performance increases with scale,
post-calibration performance on real data may be partially reduced [7]. At the same time, software and
resource limitations make model size a critical factor for current operational deployment, though ongoing
developments in Inference-as-a-Service (IaaS)-based frameworks are expected to ease these constraints.
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“A unified approach for jet tagging in Run 
3 at sqrt(s)=13.6 TeV in CMS,“ CMS 

DP-2024/066 “Carpe Datum: Scaling behavior of transformers for heavy hadron 
flavor identification,“ ATL-SOFT-PUB-2026-002

- Progresses arising from the NN architecture (GNN, Transformers), 
choice of inputs, but not only 

- Transformers are becoming ubiquitous: excellent performance, 
relatively easy to train, scalable 

- Employing lower level inputs is a key (from identification to low-
level reconstruction?) 

- Scalability: In order to get the best of the selected architecture, 
large datasets and number of parameters are neededThe previously derived loss-optimal scaling laws (Section 3.2) are used to predict the optimal size of the

TN25-86M2 model for a training on the full 7.7 billion jets dataset. Given that the flavor fractions and sample
composition of this large training dataset is different than the one used for deriving the expected rejections
(Section 2), TN25-86M is compared to a model, called TN25-12M, trained on the same dataset at current
flavor taggers scale, that is 12M parameters on 417M jets. The resulting relative improvement shown in
Figure 8 is consistent with the expected scaling-law behavior, as also illustrated by the extrapolated ROC
curves in Figure 9 in the Appendix. The TN25-86M training, performed on 160 NVIDIA A100 GPUs,
required approximately 4 ⇥ 1020 FLOPs. Notably, the ability to increase compute is once again limited by
available training data, as further training would cause the validation loss to increase.

(a) (b)

Figure 8: Background rejection of TN25-86M, an optimal 86M parameter tagger trained on 7.7 Billion jets, compared
to TN25-12M (12M parameters) trained on 417M jets for tagging 1-jets (a) and 2-jets (b) originating from CC̄ simulated
events. The ratio panels show the performance improvement obtained by pure scaling, with the curves indicating
the relative gain over a baseline model trained at current scales. The shaded bands around the curves indicate the
binomial uncertainty associated with the measurement.

Simply increasing scale, moving to billion-parameter architectures trained on trillions of jets, is expected to
yield order-of-magnitude improvements in the rejection of all background jet flavors. This trend eventually
reaches the performance floor (gray band in Figure 7) determined by the current set of input features;
beyond that point, further gains will require incorporating lower-level inputs into the flavor tagger. While
architectural and feature-level innovations play an essential role in improving performance, one of the
critical property of a given architecture is the ability to scale efficiently with increasing data and compute.
Ultimately, given a scalable architecture and a set of input features, the dominant driver of jet-tagging
performance is scale itself, achieved through larger models and datasets, highlighting the importance of
designing architectures that sustain efficient scaling behavior across downstream tasks.

2
TN labels the Transformer architecture, 25 designates the 2025 iteration, and 86M specifies the model’s parameters.
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- This example shows the 
improvement obtained by a 
x20 larger dataset and a 
transformer with 7x more 
parameters
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MORE INFORMATION PER COLLISION: EVOLUTION OF ANALYSIS TECHNIQUES

Analysis methods: overview
Higgs Hunting 2026 - 16/09/2026

Nicolas Chanon  - IP2I Lyon, CNRS/IN2P3 (France)

CMS: “All analyses show improvements exceeding luminosity gain” 
ATLAS: “Improvements in sensitivity no longer come only from larger datasets” 

H → γγ sensitivity studies using RooStats

H → γγ W.G. meeting
H → γγ W.G. meeting
Nicolas Chanon, ETH
Grégory Schott, KIT

Hugues Brun, Suzanne Gascon-Shotkin, Morgan Lethuillier, IPNL

ETH Zürich

11/02/2011

Nicolas Chanon H → γγ sensitivity studies using RooStats 1 / 7
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tW event display

multiplicity18,19. The majority of b-jets also contain a tertiary vertex
from the decay of the c-hadron produced in the b-hadron decay.

The traditional flavour-tagging algorithms developed by the
ATLAS Collaboration are based on a two-stage approach4,5,20. In the
first step, specialised low-level algorithms employ complementary
approaches to extract information from the trajectories of the
charged-particle constituents (‘tracks’) associated with the jet. These
specialised algorithms either rely on the properties of individual tracks
or leverage their correlations with properties of other tracks to expli-
citly reconstruct displaced vertices. In the second step, the outputs of
low-level algorithms are subsequently combined in a high-level mul-
tivariate classifier to maximise performance. The most recent algo-
rithm employed by the ATLAS Collaboration, following this paradigm,
is a deep neural network (DL1d) that leverages a low-level track-based
algorithm (DIPS)21 based on Deep Sets22. DL1d has already improved
the performance by a factor of 1.3 relative to the most advanced
algorithm used in published Run-2 physics analyses5.

The introduction of graph neural networks for object recon-
struction in particle physics experiments23 prompted a shift in the
design strategy of the ATLAS Collaboration. This led to the devel-
opment of the General Network (GN) series of flavour-tagging algo-
rithms, which directly process track and jet information and are
trained using target labels extracted from Monte Carlo (MC) simu-
lation. In parallel, the CMS Collaboration followed a similar trajec-
tory, evolving from two-stage approaches24,25 to unified, end-to-end
network architectures26–28.

The ATLAS GN tagger uses jet flavour prediction as its primary
training target and introduces auxiliary training objectives to recon-
struct the internal structure of a jet by grouping tracks originating
from a common vertex and by predicting the underlying physics
process from which each track originated. Such physics domain
knowledge is embedded in a combined loss function that enables a
simultaneous optimisation, instead of relying on manually optimised
low-level algorithms. This flexible structure allows the swift re-tuning
of the algorithms to suit alternativeexperimental conditions or physics
goals. A demonstrator version, GN1, achieves the above design goals
using a graph-neural-network29, while the deployment version, GN2,
applies a single transformer model30, illustrated in Fig. 1. Details of the

algorithm architectures are summarised in the ‘Methods’ section,
together with descriptions of the ATLAS detector, simulation samples,
physics objects, and analysis strategies.

GN2 achieves a remarkable performance boost compared with
theDL1d algorithm, with improvements by a factor of 1.5-4 observed in
its major experimental applications. The deployment of GN2 should
greatly enhance the physics reach of ATLAS in flagship analyses, such
as the search for Higgs pair production and the c-quark Yukawa cou-
pling measurement, for which the projected sensitivity at the High
Luminosity LHC is improved by up to 30%31. These improvements do
not comewith a strongdependence on the choice and configurationof
theMC event generator, and are confirmed bymeasured performance
in recorded collisions. The innovative auxiliary training objectives
bring excellent interpretability and opens up new avenues for future
applications.

To facilitate future developments and strengthen the connections
between collider experiments and the broader scientific research
community, a subset of the training sample with all the required
information to train GN2 can be acquired via the CERN Open Data
Portal32,33.

Results
Algorithm performance in simulation
The performance of a b-tagging algorithm is evaluated based on its
ability to reject c-, τ- and light-jets while maintaining a desired b-jet
tagging efficiency. Similarly, the c-tagging performance is assessed by
its capability to distinguish c-jets from the other jet flavours. The data
samples used for training and evaluation of the model must contain
jets from all flavour classes. This is achieved using jets sampled from a
mixture of simulated top quark pair (tt) and Z 0 events, where the latter
sample considers a hypothetical heavy BSM particle, Z 034, which can
decay into pairs of b-quarks, c-quarks, τ-leptons or light quarks, to
populate jets in the TeV regime. The samples are simulated with MC
event generators at centre-of-mass energies of both

ffiffiffi
s

p
= 13TeV andffiffiffi

s
p

= 13:6TeV. All simulated events are processed through the ATLAS
detector simulation35 based on GEANT436–38. Further details on the
simulation samples and the jet flavour labelling are discussed in the
‘Methods’ section. A mixture of samples generated at

ffiffiffi
s

p
= 13:6TeV

Fig. 1 | Illustration of the GN2 algorithm with jet and track input variables,
discriminatingbetween jetflavours by exploiting secondary vertices andother
properties stemming from the displaced decays of b-hadrons, in the
transverse plane. The jet features are copied for each track associated with the
jet. The combined vectors are then fed into a per-track initialisation network,

followed by a transformer encoder and a global representation of the jet. njf (ntf)
corresponds to the number of jet (track) features. The pooled jet representation
and output track embeddings are provided as inputs to the three task-specific
networks. Details of the GN2 architecture are summarised in the ‘Methods’
section.

Article https://doi.org/10.1038/s41467-025-65059-6

Nature Communications | ���������(2026)�17:541� 2

ATLAS Collaboration, 
“Transforming jet flavour tagging 
at ATLAS,” 
Nature Commun. 17 (2026) no.1, 
541 

Lawrence, Strebler,, Chanon

μ
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4T. Strebler – Higgs Hunting 2026

Objet reconstruction: b-jets ATL-PHYS-PUB-2026-005

• Studies of hadron-content dependence and interplay with tagging WP

• Potential game changer for multi-b-jets final states, e.g. HH→4b

• Steady developments for flavour-tagging ML-discriminants: 
Transformer architecture expanded with auxiliary tasks

• New charge ID for heavy quarks:
- works even for jets without leptons
- 50% eff. vs 13% mistag efficiency 

for b-quarks

e.g. jet tagging
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Couplings and cross sections : signal strength

5% precision :
Dominant uncertainty: signal theory uncertainty (on signal modelling 
affecting the measurement, and SM prediction)

slight upward deviation in WH, 
ZH, and tH of roughly 2(

)!! 	with <40% precision (3( evidence)
)"# gives an upward deviation (2.7()
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HIGGS PRECISION STARTS BECOMING A THEORY PROBLEM, TOO

Matthew Basso (TRIUMF) 27

Hot off the presses! Natural width from H→γγ
HIGP-2024-12● Natural width can also be extracted from 

signal-background interference effects on 
on-shell signal

○ Shift γγ invariant mass peak and modify its 
normalization (Backup)

○ More model independent than off-shell 
measurements

● Parameterize gg→γγ process in terms of 
width → report observed (expected) 95% 
CL upper limit of 307 (258) MeV

○ Limited by theory uncertainties (e.g. 
interference NLO→NNLO k-factor of 1.64)

High-Luminosity LHC projection: 
expected 95% CL upper limit of 21 MeV
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Talks by Tongguang Cheng, Matthew Basso
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STANDARD MODEL  STANDARD THEORY?→ David Gross @ Higgs Hunting ‘26



Is the Standard Model a model, a theory, or what ?

3

Several colleagues argue that, with the discovery of the Higgs, the SM must now be called Standard Theory

For the person on the street, “theory” sounds less robust, established and reliable than “model” (as in “in 
theory you are right, but …” or “well, this is your theory…”)… 

Eg, from the Britannica Dictionary
Theory


1.an idea or set of ideas that is intended to explain facts or events

2.an idea that is suggested or presented as possibly true but that is not known or proven to be true

Model 
a set of ideas and numbers that describe the past, present, or future state of something

So, I’d rather stick to Model…. 

But there is a deeper reason why I believe the SM still is a model. 

More precisely, I would actually define the SM as the theory of weak interactions, but just a model for 
electroweak symmetry breaking 

10

Michelangelo Mangano @ BNL/CERN FCC School ‘26 STANDARD MODEL  STANDARD THEORY?→

https://indico.cern.ch/event/1661010/contributions/7106801/attachments/3337686/5980906/MLM-FCC-BNLCERN.pdf
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Semantics aside, although so far the data suggests 
otherwise, it is hard/impossible to imagine that the minimal 

model for the SM Higgs potential is the end of the story (ditto 
for Yukawas). It is our duty to figure out where it comes from

A famous example from electromagnetism… 
Ginzburg, Landau Zh. Eksp. Teor. Fiz. 20 (1950) 1064-1082, Phys. Z. Sowjetunion

548 COLLECTED PAPERS OF L. D. LANDAU 

and which is greater than <5Α;?6/8π. There is no justification for introducing such 
a relatively enormous energy ans not connected with the field distribution. 
On the contrary one would expect any rational theory of superconductivity 
to lead automatically to an expression for an8 in terms of the ordinary para-
meters characterising the superconductor. 

The theory based on equation (1), even with the additional surface energy, 
does not enable the destruction of superconductivity in thin films by a current6 

to be considered, since this problem is not of a thermodynamic nature. 
The aim of the present work is the construction of a theory free from these 

defects. Incidentally, as we shall see, the theory leads also to a number of 
new qualitative conclusions which may be checked experimentally. 

2 . B A S I C E Q U A T I O N S 

In the absence of a magnetic field the transition into the superconducting 
state a t the critical temperature Te is a phase transition of the second kind. 
In the general theory of such transitions7 there always enters some parameter �  
which differs from zero in the ordered phase and which equals zero in the dis-
ordered phase. For example, in ferroelectrics the spontaneous polarisation 
plays the role of �  and in ferromagnetics the spontaneous magnetisation8. 
In the phenomenon of superconductivity, in which it is the superconducting 
phase that is ordered, we shall use �  to denote this characteristic parameter. 
For temperatures above Tc, �  = 0 in the state of thermodynamic equilibrium, 
while for temperatures below Tc, �  + 0. We shall start from the idea that �  
represents some "effective" wave function of the "superconducting electrons". 
Consequently �  may be precisely determined only apart from a phase con-
stant. Thus all the observable quantities must depend on �  and Ϊ7* in such a 
way that they are unchanged when �  is multiplied by a constant of the type 
eia \γΘ m a y n o t e a i s o tha t since the quantum mechanical connection between 
�  and the observable quantities has not yet been determined we may normal-
ise �  in an arbitrary manner. We shall see below how we must carry out this 
normalisation in such a way that \� \2 shall equal the concentration, n8, 
of "superconducting electrons" introduced in the usual way. 

Consider first a uniform superconductor in the absence of a magnetic field, 
and suppose that �  is independent of position. The free energy of the super-
conductor is then in accordance with the general theory of second-order phase 
transitions, dependent only on | � \2 and may be expanded in series form in the 
neighbourhood of Tc. Thus near Tc we may write for the free energy Fso, 

F80 = Fno + ocm*+^\W\*. (6) 

In equilibrium dFJd\W\2 = 0, 32
JP,0/32|5/|2 > 0, and in addition we must 

have that |!F|2 = 0 for T ^ Tc and \� \2 > 0 for T > Tc. I t follows there-
fore that occ = 0, ße > 0, and for T < Tc, oc < 0. Thus in equilibrium, 
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�  and the observable quantities has not yet been determined we may normal-
ise �  in an arbitrary manner. We shall see below how we must carry out this 
normalisation in such a way that \� \2 shall equal the concentration, n8, 
of "superconducting electrons" introduced in the usual way. 

Consider first a uniform superconductor in the absence of a magnetic field, 
and suppose that �  is independent of position. The free energy of the super-
conductor is then in accordance with the general theory of second-order phase 
transitions, dependent only on | � \2 and may be expanded in series form in the 
neighbourhood of Tc. Thus near Tc we may write for the free energy Fso, 

F80 = Fno + ocm*+^\W\*. (6) 

In equilibrium dFJd\W\2 = 0, 32
JP,0/32|5/|2 > 0, and in addition we must 

have that |!F|2 = 0 for T ^ Tc and \� \2 > 0 for T > Tc. I t follows there-
fore that occ = 0, ße > 0, and for T < Tc, oc < 0. Thus in equilibrium, 
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COULD SOMETHING SIMILAR HAVE HAPPENED TO EWPT? FOOTPRINTS IN ?V(H )

What kind of the Higgs sector can lead 
EW Baryogenesis? 

• 1st OPT  (Non-decoupling property)
• CP violation      

13

An extended Higgs sector, which realizes

Constraints from current experimental data 
EW Precision Tests
Flavor Changing Neutral Currents
EDMs
LHC  

2 Higgs doublet models
Singlet extension 
Real triplet extension 
…

Kanemura



The Higgs hunter’s program in the years

I II III

13

A new discovery toolExploring the HiggsPre-discovery era

HUNTING FOR 
 THE HIGGS SECTOR

HUNTING INSIDE 
 THE HIGGS SECTOR

HUNTING WITH 
 THE HIGGS SECTOR

WHY ARE WE STILL HIGGS HUNTING?

The field of Higgs physics has now undoubtedly reached the necessary 
level of maturity to promote the Higgs boson to a precision discovery 
tool. While this has been long awaited, the results at this conference 
establish the end of Run 3 as a clear transition point into this new era
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So far no compelling deviations from the SM. 
Does that make the Higgs less interesting?


Quite the opposite
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Higgs  
A scalar field responsible for EWSB 

leaves many open questions about NP

16

A WINDOW ON NEW PHYSICS

SM + Appelquist-Carazzone Theorem


Decoupling of NP at high scales  
(the Higgs looks SM like) 

 ℒEFT = ℒSM + ∑
i

Ci

Λ2
𝒪i → δσ ∼

v2, E2

Λ2

… and yet, NP leaves a fingerprint on the Higgs sector


⓵ Higgs mass remembers high scales even if NP decouples  
                   


                       (naturalness)


⓶ NP doesn’t decouple if most of its mass is from EWSB

  


          (NP not too heavy if perturbative)


⓷ Does nature have a linear Higgs doublet, and analyticity at 
 (SMEFT) or a more general EWSB sector (HEFT)?

→ δm2
H ∼

g2
∗

(4π)2
M2

∂ ln M
∂ ln v

M≫MW⏞↛ 0

H → 0



Figure 4. The parameter space of the three smallest multiplets in the absence of mass splitting,
shown as the fraction of mass gained from EWSB, f , against total mass M . The purple region is
excluded by unitarity constraints on the multiplet’s Higgs coupling (see Sec. 3). The green region is
probed by FCC-ee 2ω constraints on !W and !Y (see Sec. 4.1). Regions in which a strongly first
order phase transition can occur are denoted by the orange band. The red line denotes the lower
bound for a detectable GW signal in LISA, given by Eq. (5.4). The regions above dashed lines are
detectable by future Higgs measurements. An approximate 0.5% 2ω FCC-ee sensitivity to εh is
shown by the dashed blue line (see Eq. (4.24)). Approximate future sensitivities for εω are given
in the black dashed lines for the HL-LHC (100%) and FCC-hh (10%) (see Eq. (4.29)). Projected
sensitivity to εε at FCC-ee is shown as the pink line for charged multiplets (see Eq. (4.18)).

The points satisfying this bound are shown in Fig. 4. The allowed region for a detectable

GW signal closely follows the upper right boundary of the SFOPT region, which indicates

that SFOPTs occurring at lower nucleation temperatures produce stronger GW signals.

As shown in Eqs. (5.2) and (5.3), this corresponds to a shorter phase transition with more

energy released.

We stress again that the above analysis contains many approximations, and the bound-

aries of the SFOPT and GW regions drawn in this section may move in a fuller analysis.

However, this calculation should be su”cient to identify the approximate region of interest

in the (M, f) plane.

6 Results and discussion

In this Section, we consider how the combination of unitarity constraints (Sec. 3), future

electroweak (Sec. 4.1) and Higgs (Sec. 4.2) measurements, and SPOFT and GW regions

(Sec. 5) behave in the non-decoupling parameter space of electroweak scalar multiplets.

Assume there exists a BSM electroweakly-charged multiplet. Once the possibility of

tree-level mixing with SM particles is discounted, the e#ect of the Z/WW runs at a future

e
+
e
→-collider is to detect any mass splitting between the components of the multiplet via

the components’ loop-level oblique e#ects in S and T . We project a sensitivity of a few

tens of GeV of mass splitting for a TeV scale multiplet, loosening to a couple of hundred

GeV for a custodial multiplet. Note that there is less than an order of magnitude di#erence

between the custodially symmetric and violating cases. In the absence of tree-level mixing
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The absence/pattern of deviations in Higgs 
measurements informs us of how high-scale 

NP is connected to EWSB.  
 

There is immense value in scrutinizing the 
Higgs sector, esp. multi-H observables. 

Significant portions of parameter space left 
unexplored even at or below the TeV scale

Crawford, Sutherland ’24 
cf. also Banta, Cohen, Craig, Lu, Sutherland ‘21

A WINDOW ON NEW PHYSICS

e.g. Parameter space for sub-TeV Loryons, 
especially neutral scalars, remains rather 
unexplored, and it will be hard to probe it 

even at future particle colliders

excl. by unitarity

probed by FCCee ( )ΔW, ΔY

1st order PT allowed

fraction of mass from EWSB

bound detectable  
by LISA
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NP SEARCHES IN HIGGS PHYSICS NOW SPAN SEVERAL ORDERS OF MAGNITUDE IN MASS
The extended Higgs programme spans sub-GeV daughters, electroweak-scale states, and
multi-TeV parents.

A programme spanning five orders of magnitude

Status of deviations from the SM in the Higgs sector - HH2026 - Livia Soffi 
4/26

ATLAS & CMS

Lopez, Karapostoli, Toff

NEW PARTICLES NEW COUPLINGS NEW DECAYS

Light scalars

H / A / H±

X / Y

LFV

Dark-sector couplings

Exotic

Invisible

LLP

CASCADE DECAYS

NEW PHYSICS IN THE HIGGS SECTOR Categories containing at least one
retained feature (> 2.4 sigma local^^)

Final states with a retained
feature

  Light scalar resonances γγ; ττ

  Heavy neutral / scalar pairs γγ, VV, ττ, bb, tt/tb, e/μ, merged
jets

  Charged Higgs / LFV eμ, eτ/μτ, cb and WZ/WW

  A→XH cascades Zbb, ZWW, Ztt and Zhh→Z4b

  X→YH / HH γγbb, γγττ, 4b/bbττ, VV and 4ℓ

  Exotic H125 decays Zγγ, 4ℓ, μμττ, 4b/6b and bbμμ

Deviations and the extended Higgs sector

We start from a map of possibilities — and end with a map of priorities.

From possible manifestations of new physics to experimentally motivated priorities

The deviations are one output of a much broader programme of searches for new particles,
couplings, and decays.

1/26
LHC Beyond the Standard Model Working Group

ATLAS & CMS

Status of deviations from the SM in the Higgs sector - HH2026 - Livia Soffi 

^^https://indico.cern.ch/event/1651921/
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THE HIGGS AS A PORTAL TO LIGHT NEW PHYSICS: LIGHT ACCIDENTS

Extended 
Light scalars can emerge as accidental flat 
directions in the tree-level potential in a SB,  

for instance when there are more tree-level zero 
modes than Goldstone Bosons (N0 > NGB). 
Accidental scalar mass is loop suppressed 

 
e.g. large reps like SU(2) five-plet in a dark sector


Possible applications: 


⓵ Little hierarchy (second symmetry breaking)


⓶ Stable light(est) scalars as DM candidates


⓷ Accidentally flat potential could be exploited 
for inflation

Ferrante

The SU(2) five-plet

VEV:
→ϕ1⊃ = v sin μ
→ϕ3⊃ = v cos μ

5 massive + 

4 NGBs + 1 accident ,  (GD × I) α ≠ 0

3 NGBs + 2 accidents ,  (GD × U(1)− D) α = 0

ϕ = (ϕ1, ϕ2, ϕ3, ϕ4, ϕ5)1GD = SU(2)D ⟨ U(1)D :

No symmetry larger than GD

V (ϕ) = ⟩ λ2ϕ†ϕ + κ (ϕ†ϕ)2 + δ [(ϕ†ϕ)2 ⟩ |ϕTϕ|2] + α (ϕ†Taϕ)2



Theoretical mass vs experimental mass
[MeV]
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THE HIGGS AS A PORTAL TO LIGHT NEW PHYSICS: SEARCH FOR CP-ODD SCALARS IN QUARKONIA
ChevallierFlavor paths to pseudoscalar discovery

                        

  

A can be a mediator

                                                                                                                

A can mix with 
pseudoscalar mesons

       

New idea to search for light CP-odd scalars  
by exploiting their mixing with pseudo-scalar  

mesons. e.g. light  CP-odd Higgs in 2HDM


Search via theory (lattice) vs. data comparison: 


⓵ Masses, branching fractions & widths


⓶ Leptonic decays of pseudo-scalar quarkonia 


⓷ Radiative decays of quarkonium

(<mH /2)



21

AN INDIRECT DETECTOR HEAVY NEW PHYSICS

EFTs

E.Vryonidou HiggsHunting2026 3

Effective Field Theory 

Standard Model

Effective Field Theory

UV physics (heavy particles)Energy

Λ

Effective Field Theory reveals high energy physics through precise low-energy 
measurements.
SMEFT assumptions: Heavy New Physics and Standard Model Symmetries

LSM (�) + Ldim6(�) + . . .

LSM (�)

LNP (�,Z
0, X,Q, S . . . ){new

EFTs are the tool of choice to parametrize heavy NP 
in a model-independent way. Full structure of the 
theory, including important mixing across 
observables is provided. In practice, choices are 
made in global fits to reduce the size of op. basis, 
e.g.


⓵ Assumptions on Higgs and EWSB, e.g. linear  
     doublet and decoupling NP in SMEFT


⓶ Flavor symmetries of EFT basis & Yukawas


⓷ Typically fits remove flat directions in op.  
     space with little-to-no sensitivity


Backbone of indirect NP searches at LHC and 
future colliders, great progress in recent years

Vryonidou



A. Gilbert (LLR)17/9/26

Results

8

• Most correlations between EV parameters small (as expected) 

• Some larger: 
- Some approximations with deriving Hessian 
- Use of Asimov at SM point vs data at non-SM

22

AN INDIRECT DETECTOR HEAVY NEW PHYSICS
Gilbert & Veen

Often global fits performed by exp. collaborations cannot be 
directly compared to those of theory groups: different 

treatment of errors, principal component analysis, op. basis. 
Except perhaps that no deviation from SM is observed so far

MICHIEL VEEN, EFFECTIVE FIELD THEORY IN ATLAS, HIGGS HUNTING - 17 SEPTEMBER 2026 

HIGGS COMBINATION: CONSTRAINTS ON EFT OPERATOR COEFFICIENTS 
▸ Constraints not calculated on the full set, but 

first we identify the 20 experimentally accessible 
directions.  

▸ Unconstrained (“flat”) directions are removed. 

▸ Complementary production and decay 
measurements constrain different EFT directions 

▸ Uncertainty ranging from  to , 
corresponding to a sensitivity to EFT scales 
ranging from 10 to 30 TeV 

▸ This combination improves the constraints on 
several directions compared with previous 
ATLAS results 

▸ All results are compatible with the SM

10→2 10→3

5arXiv:2608.07332



E.Vryonidou HiggsHunting2026 7

LHC global fit results 

• Bounds varying between operators (~60 operators fitted)
• Most Wilson coefficient bounds below 1 for Λ=1 TeV
• Quadratic terms important (especially for 4-fermion operators)
• Least constrained coefficients are 4-top operators 

Linear Quadratic

Armadillo, Celada, ter Hoeve, Maltoni, Mantani, Rojo, Rossia, Tentori, Thomas, EV  arXiv:2604.16595 23

AN INDIRECT DETECTOR HEAVY NEW PHYSICS
Vryonidou

Impact of dimension-8 ops often significant (also 
encode additional kinematic information). There is no 

consensus on how to handle this: upper bound on 
? systematic uncertainty on the fit?…C/Λ2

Linear      Quadratic
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Vryonidou
RADIATIVE CORRECTIONS AND RG FLOW IN SMEFT

E.Vryonidou HiggsHunting2026 9

Aspects of EFT predictions

• Higher Orders in QCD/EW couplings and in the 1/Λ2 expansion
• EFT is a QFT, renormalisable order-by-order in 1/Λ2

• Higher-order terms in the EFT expansion can also be added by 
considering higher-dimension operators

• Renormalisation Group Running and mixing

Δ(μs, μew) + Δ ( 1
−2 ) + Δ ( μs

−2 ) + Δ ( μew

−2 ) Does this matter?

ΛObsn = ObsEXPn 𝒪 ObsSMn = ∑
i

c6
i (α)
−2 a6

n,i(α) + Δ ( 1
−4 ) How about this ? α

1-loop: (Alonso) Jenkins et al arXiv:1308.2627, 1310.4838, 1312.2014, 
2-loop: Born, Fuentes-Martin, Thomsen 2601.19974

In addition, as precision grows, 
corrections to the EFT parametrization 
start becoming relevant, with visible 

effects in recent global fits for specific 
classes of operators



25

E.G. IMPACT OF TWO LOOP RGE IN SMEFT FITS
Rossia
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Figure 3.4: Two-dimensional 95% credible regions in the c1Qt–cωG plane from a linear fit to

Higgs signal strength measurements at the HL-LHC, comparing absence of RGE, one-loop

and two-loop RGEs.

where its bound tightens by 15%. Further investigation suggests that at the HL-LHC, the

four-heavy operators gain additional sensitivity through their two-loop mixing into Higgs

production observables. At the FCC-ee, by contrast, these operators are already more

tightly constrained at one loop, and the two-loop e!ects introduce correlations with the

two-light-two-heavy octet operators. Thus, the latter absorb part of the constraining power

at two-loops and lead to a dilution of the four-heavy sector bounds.

When quadratic, O(”→4), corrections are included in the observables, many of the ef-

fects discussed above soften or disappear, as shown in Fig. 3.5. This mirrors the behaviour

observed with one-loop RGEs: the quadratic terms break correlations among WCs, reduc-

ing the impact of RGE-induced mixing [15–17]. The two-loop e!ects that survive, albeit

reduced in magnitude, include the worsening of the bounds on cωG at HL-LHC and FCC-ee.

4 Two-loop running e!ects in the Granada models

Having assessed the impact of two-loop RGEs on bottom-up SMEFT fits, we now adopt a

top-down perspective and study their e!ects within concrete UV models. We focus on the

scalar and fermionic extensions of the SM catalogued in the Granada dictionary [23]. For

two selected models of particular interest, we additionally perform a dedicated analysis to

disentangle the e!ects of one-loop matching from those of two-loop running. We consider

the heavy scalar doublet due to a noticeable two-loop e!ect in the bound of its couplings,

along with the U+Q1 vector-like fermion pair, motivated by a previous study [38] indicating

that two-loop RGEs may be relevant for this model. The section is organized as follows: we

begin with a systematic survey of all one-particle models in Section 4.1, and then present

the dedicated model studies in Sections 4.2 and 4.3.

– 12 –

Mantani, Olgoso, Rossia ‘26
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CAN SMEFT/HEFT BE A DISCOVERY TOOL?
Vryonidou

E.Vryonidou HiggsHunting2026 4

EFT pathway to New Physics

ΔObsn = ObsEXPn − ObsSMn = 1
Λ2 ∑

i
c6

i (μ)a6
n,i(μ) + 𝒪 ( 1

Λ4 )

Precise experimental measurements

Precise SMEFT predictions

Precise SM predictions

My view: We reached a point in time where global fits 
demand highly specialized expertise from both EP (e.g. 

uncertainties & correlations) and TH (e.g. higher orders, EFT 
aspects, dim-8, th. unc.) communities, both critical to the 

success of this program at HL-LHC. 


LS3 should be an opportunity to devise a framework for 
closer synergistic EP/TH collaboration on these aspects, so 

that legacy analyses will be performed optimally.



NLO EW corrections: gg → HH

[Bi,Huang,Huang,Ma,Yu’24]: Complete SM,
But: numerical (fixed input parameters) ✁ not flexible
Also: cross check needed

(Different) numerical approach(es):
[ Heinrich,Jones,Kerner,Stone,Vestner’24;Bhattacharya,Campanario,Carlotti,Chang,Mazzitelli,Mühlleitner,Ronca,Spira’25]

✁ Partial results: (yt , ω)

Asymptotic (analytic) expansions [Davies,Mishima,Schönwald,Steinhauser,Zhang’22’23’25’26]

✁ Complete SM, in high-energy limit: s, t ↑ m
2
t
, m

2
H

explicit dependence on all parameters, fast and flexible

Light quarks [Bonetti,Rendler,Bobadilla’25; Bonetti,Heinrich,Rendler,Bobadilla’26; Bhattacharya et al.’25]

Matthias Steinhauser — Advances in Higgs Boson Theory — Higgs Hunting 2026 16

5

FIG. 2. The left plot shows pp → ωωj cross sections at NNLO for di!erent rcut values decomposed into multiple contributions
(a precise definition can be found in Ref. [16]). The first two letters indicate contributions which are double-virtual (VV), real-
virtual (RV), double-real (RR), or a single-convolution with splitting kernels (C1). The following letters correspond to finite
(F), single-unresolved (SU), double-unresolved (DU), and finite-remainder (FR) contributions. The NNLO cross section and
the contribution of the qT subtraction terms, Eq. (1), is shown in the middle plot. Their sum converges to εpp→ωω

N3LO
as rcut → 0.

The right plot displays the results of the qT -slicing method additionally for NLO and NNLO, where the cross section can also
be directly calculated with STRIPPER for comparison. The numerical values can be found in the supplementary material to
this letter. It also contains a comparison to experimental data presented by ATLAS in Ref. [62]. The error bars correspond to
the statistical uncertainty of the Monte Carlo integration, whereas the shaded bands indicate the uncertainty from seven-point
scale variation for the theory predictions and the experimental uncertainty reported by ATLAS, respectively.

FIG. 3. The invariant-mass distribution of the photon pair
through N3LO. The top panel contains absolute predictions,
whereas the bottom panel is normalized to the NNLO val-
ues. While the distributions through NNLO are calculated
through direct computation with STRIPPER, the N3LO values
are obtained through qT slicing for fixed rcut. The remaining
dependence on rcut is included in the lower panel and lies well
within the statistical uncertainty.

frameworks and their application to N3LO slicing com-
putations. Turning this argument around, local N3LO
subtraction schemes might o!er improved e”ciency by
avoiding regions with extreme numerical cancellations.

ACKNOWLEDGMENTS

This work was performed in part using the Cam-
bridge Service for Data Driven Discovery (CSD3), part
of which is operated by the University of Cambridge Re-
search Computing on behalf of the STFC DiRAC HPC
Facility (www.dirac.ac.uk). The DiRAC component of
CSD3 was supported by STFC grants ST/P002307/1,
ST/R002452/1 and ST/R00689X/1. The authors grate-
fully acknowledge the computing time provided to them
at the NHR Center NHR4CES at RWTH Aachen Uni-
versity (project number p0020025 and p0020216). This
is funded by the Federal Ministry of Research, Technol-
ogy and Space, and the state governments participat-
ing on the basis of the resolutions of the GWK for na-
tional high performance computing at universities. The
work of M.C. and F.E. was supported by the Deutsche
Forschungsgemeinschaft (DFG) under grant 396021762
- TRR 257: Particle Physics Phenomenology after the
Higgs Discovery, and grant 400140256 - GRK 2497: The
Physics of the Heaviest Particles at the LHC. T.G.
has been supported by STFC consolidated HEP the-
ory grants ST/T000694/1 and ST/X000664/1. R.P. ac-
knowledges that this research was funded in part by NCN
2024/55/D/ST2/00934.

↑ mczakon@physik.rwth-aachen.de
† felix.eschment@rwth-aachen.de

A SENSITIVE PROBE REQUIRES A PRECISE BASELINE: PRECISION THEORY
5

0

10

20

30

40

50

�
(
p

v
e
t
o

T
)

[p
b
]

RadISH+NNLOJET

NNPDF4.0 (NNLO)

13.6 TeV, pp ! H + X, R = 0.4, anti-kt jets

uncertainties with µR, µF, µL, µM variations

N3LL+N3LO

N3LO

10 20 30 40 50 60 70 80 90 100
p

veto
T

[GeV]

0.8

0.9

1.0

1.1

1.2

R
a
t
io

t
o

N
3
L
L
+

N
3
L
O

0

10

20

30

40

50

�
(
p

v
e
t
o

T
)

[p
b
]

RadISH+NNLOJET

NNPDF4.0 (NNLO)

13.6 TeV, pp ! H + X, R = 0.4, anti-kt jets

uncertainties with µR, µF, µL, µM variations

N3LL+N3LO

NNLL+NNLO

NLL+NLO

10 20 30 40 50 60 70 80 90 100
p

veto
T

[GeV]

0.6

0.8

1.0

1.2

R
a
t
io

t
o

N
3
L
L
+

N
3
L
O
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→
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Figure 9: Same as Figure 8, but for observables sensitive to spin-correlation e!ects.

4.4.2 Semileptonic setup

In this section we present simulations in the semileptonic channel. By setting the input-

card options topdecaymode 22022 and semileptonic 1, we select events that feature one

charged lepton ω → {e, µ} and a light quark q → {u, d, c, s} in the final state. The correspond-

ing event weights are rescaled by the leptonic branching ratio, specified in Section 4.4.1,

and by the hadronic branching ratio BR(t ↑ bqq̄
→) = 0.676.

For the definition of the fiducial region we follow the analysis of Ref. [114]. We accept events

that feature one charged lepton with pT,ω > 30 GeV and |εω| < 2.4. We reconstruct jets via

the anti-kT algorithm [113] with R = 0.4, requiring transverse momentum pT,jet > 25 GeV

and pseudorapidity |εjet| < 2.5, as in the dilepton case. Jets are tagged as b-jets when

they contain at least one bottom quark. We then select events with at least two b-jets

and two light jets. The reconstruction of the top-quark momenta is not unique and we

follow the procedure used in top-quark analyses [114, 115]. More precisely, for each set

of momenta related to the missing energy component (pmiss), the charged lepton (pω), two

b-jets (pb1 , pb2) and two light-jets (pj1 , pj2), we compute the following quantity, known as

distance-to-the-resonances:13

ϑr = ((pmiss + pω + pb1)
2
↓m

2

t )
2 + ((pj1 + pj2)

2
↓m

2

W )2 + ((pj1 + pj2 + pb2)
2
↓m

2

t )
2
.

(4.4)

13
Notice that we reconstruct pmiss directly from the neutrino momentum present in our generated events,

while in the experimental analysis of Ref. [114] it is reconstructed by imposing on-shell conditions on the

top quark and the W boson.

– 32 –

dσ/dme,µ [fb/GeV] tt(̅eμνeνμbb)̅H@LHC 13 TeV

NLO+PS (exact)
MiNNLOPS (CA)
MiNNLOPS (CA, 2l-unc)

0.01

0.02

0.03

dσ/dσNLO+PS (exact)

fiducial cuts (dilepton)

0.9

1

1.1

1.2

1.3

dσ/dσNLO+PS (exact)

NLO+PS (CA)
NLO+PS (CA, 1l-unc)

0.9

1

1.1

1.2

1.3

0 50 100 150 200
me,µ [GeV]

dσ/dΔφe,µ [fb] tt(̅eμνeνμbb)̅H@LHC 13 TeV

NLO+PS (exact)
MiNNLOPS (CA)
MiNNLOPS (CA, 2l-unc)

0

0.1

0.2

0.3

0.4

0.5

0.6

0.7

0.8

0.9

dσ/dσNLO+PS (exact)

me,µ<80 GeV
fiducial cuts (dilepton)

0.9

1

1.1

1.2

1.3

dσ/dσNLO+PS (exact)

NLO+PS (CA)
NLO+PS (CA, 1l-unc)

0.9

1

1.1

1.2

1.3

0 0.5 1 1.5 2 2.5 3
Δφe,µ

Figure 9: Same as Figure 8, but for observables sensitive to spin-correlation e!ects.

4.4.2 Semileptonic setup
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card options topdecaymode 22022 and semileptonic 1, we select events that feature one

charged lepton ω → {e, µ} and a light quark q → {u, d, c, s} in the final state. The correspond-

ing event weights are rescaled by the leptonic branching ratio, specified in Section 4.4.1,

and by the hadronic branching ratio BR(t ↑ bqq̄
→) = 0.676.

For the definition of the fiducial region we follow the analysis of Ref. [114]. We accept events

that feature one charged lepton with pT,ω > 30 GeV and |εω| < 2.4. We reconstruct jets via

the anti-kT algorithm [113] with R = 0.4, requiring transverse momentum pT,jet > 25 GeV

and pseudorapidity |εjet| < 2.5, as in the dilepton case. Jets are tagged as b-jets when

they contain at least one bottom quark. We then select events with at least two b-jets

and two light jets. The reconstruction of the top-quark momenta is not unique and we

follow the procedure used in top-quark analyses [114, 115]. More precisely, for each set

of momenta related to the missing energy component (pmiss), the charged lepton (pω), two

b-jets (pb1 , pb2) and two light-jets (pj1 , pj2), we compute the following quantity, known as

distance-to-the-resonances:13
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Notice that we reconstruct pmiss directly from the neutrino momentum present in our generated events,

while in the experimental analysis of Ref. [114] it is reconstructed by imposing on-shell conditions on the

top quark and the W boson.
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e.g. MINNLOPS for ttH  
Biello et al. ‘26

e.g. jet-veto XS at N3LL+N3LO 
Abreu et al.  (coming soon)

e.g.  at N3LO 
Czakon et al. ‘26

γγ

e.g.  NLO EW for HH 
Bi et al. ’24, Heinrich et al. ’24, Bhattacharya et al. ’25,  

Davies et al. ’22-’26, Bonetti et al. ’25-‘26

Steinhauser

NLO EW corrections: gg → HH

[Bi,Huang,Huang,Ma,Yu’24]: Complete SM,
But: numerical (fixed input parameters) ✁ not flexible
Also: cross check needed

(Different) numerical approach(es):
[ Heinrich,Jones,Kerner,Stone,Vestner’24;Bhattacharya,Campanario,Carlotti,Chang,Mazzitelli,Mühlleitner,Ronca,Spira’25]

✁ Partial results: (yt , ω)

Asymptotic (analytic) expansions [Davies,Mishima,Schönwald,Steinhauser,Zhang’22’23’25’26]

✁ Complete SM, in high-energy limit: s, t ↑ m
2
t
, m

2
H

explicit dependence on all parameters, fast and flexible

Light quarks [Bonetti,Rendler,Bobadilla’25; Bonetti,Heinrich,Rendler,Bobadilla’26; Bhattacharya et al.’25]
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Figure 1: Illustration of the collinear factorization theorem in Eq. (3.2).

M3hω →

[ N∑

n=1

snQn

] ↑
2e

32ω2M3
Pl

↓12↔4[34]2[3|p1p2|3]

s3
tu

s2
F3hω(s, t),

F3hω(s, t) →

{
t2 ↗ 10tu+ u2

3tu
log

(
t

u

)
↗

t↗ u

s

[
log2

(
t

u

)
+ ω2

]}
|u=→s→t. (2.8)

Much as its 3-photon-1-graviton counterpart, this vanishes in a non-chiral theory by Furry’s
theorem. In a chiral theory it is proportional to the mixed U(1)-gravitational anomaly [11].

Finally, consider a non-abelian gauge theory coupled to gravity and to nR
R (nR

L ) right(left)-
handed massless fermions in the representation R. The one-loop 3-gluon-1-graviton ampli-
tude then reads

M
(1)

[
1→a 2

→
b 3

+
c 4

+
h

]
= M3gh +R3gh,

M3gh =
g3

16
↑
2ω2MPl

↓12↔2[34]2[4|p1p2|4]

[
inR

+CRf
abcG3gh(s, t) + nR

→d
abc
R F3ωh(s, t)

]
,

G3gh(s, t) →
1

s3

{
t2 + u2

s2

[
log2

(
t

u

)
+ ω2

]
+

4s2

3tu

(
1

ε
+ 2 logµ+ 2

)

+ 2 log(↗t)
2s2 + 3st+ 6t2

3st
+ 2 log(↗u)

2s2 + 3su+ 6u2

3su

}
|u=→s→t. (2.9)

where fabc = ↗
i

CR
Tr

[
[T a, T b]T c

]
with CR = 1/2 for the fundamental representation, and

dabcR = Tr
[
{T a, T b

}T c
]
. Furthermore, ε is a dimensional regulator defined as d = 4 ↗ 2ε,

µ is the renormalization scale, and nR
± = nR

R ± nR
L . Notice that the kinematic function

multiplying dabcR coincides with the one in Eq. (2.7), and with the one occurring in the
4-gluon amplitude in Ref. [8].

3 Collinear factorization and unitarity

Amplitudes in gauge and gravitational theories display a universal behavior in the limit
where two momenta become collinear, pa = zP , pb = (1 ↗ z)P , P 2 = 0. At tree level,
amplitudes factorize into the so-called splitting function and lower-point amplitudes:

M
(0)
n

[
. . . aεabεb . . .

] a↑b
↗↗↘

∑

x,ε=±
Split(0)

x→ω

[
aεabεb

]
M

(0)
n→1

[
. . . P ε . . .

]
, (3.1)

where one should sum over the species x and the helicities ϑ of the splitting state with mo-
mentum P . The splitting functions Split(0) = ↗limP 2↓0

M[ab(→P )]
P 2 [17] encode the singular
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Fix R
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no
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Choose a 
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Figure 2: Sketch of our algorithm to detect anomalies in on-shell 5-point amplitudes using
the collinear factorization theorem of Eq. (3.2).

to fabc) scales di!erently. Using

G3gh(s, t) =→
2

s3
+O(s→2), (3.5)

one sees that it scales as 1/
√
|s|. Both of these scalings are in line with Eq. (3.2) and the

presence of a one-loop gluon splitting function proportional to fabc.
One concludes that 4-point amplitudes, even those proportional to anomalies, do not

display pathological collinear behavior. In the following, we will turn to higher-point am-
plitudes, where kinematics is less constraining and allows for more flexibility in the study
of singular limits. In fact, proofs of collinear factorization at one loop require the number
of external particles to be n ↑ 5 [13, 22]. To be specific, we will study certain one-loop
5-point amplitudes obtained by bootstrapping the one-loop 4-point amplitudes calculated
in Section 2. With the 5-point amplitudes at hand, we will study their collinear limits to
detect pathologies due to anomalies. If factorization fails, we will try to restore Eq. (3.2)
by a judicious choice of the rational term. When that is not possible, the theory is deemed
anomalous. Our algorithm is sketched in Fig. 2.

4 Gauge anomalies as collinear factorization breakdown

There are several 5-point amplitudes where factorization breakdown in an anomalous theory
can be demonstrated. Consider, for example, the one-loop amplitude M

(1)[1→ω 2
→
ω 3

+
ω 4

→
εk
5+
ε̄k
],

where ωk is one of the chiral fermions in the theory (here chosen to be left-handed for
concreteness).4 By unitarity, it contains a contribution from the graviton exchange with
the residue proportional to the anomalous amplitude in Eq. (2.7):

M
(1)[1→ω 2

→
ω 3

+
ω 4

→
εk
5+
ε̄k
] ↓ →

M
(1)[1→ω 2

→
ω 3

+
ω K

+
h ]M[(→K)→h 4

→
εk
5+
ε̄k
]

s45
, (4.1)

4The fermion ωk may be one contributing to the 3-photon-1-graviton amplitude in Eq. (2.7), but it
could also be “dark", that is to say Qk = 0, which would simplify the structure of the considered 5-point
amplitude.
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SHARPENING THE TOOLS

New 
Alviani and Steinhauser

gluon-Higgs-boson interaction in the HTL and its origin in the Standard Model (SM) from
top-quark loops is shown in fig. 1.

Figure 1: In the heavy-top limit the top-quark loops (left) are replaced by an e!ective
interaction vertex (right).

At leading order in the HTL the e!ective couplings Le! between the Higgs-field and the
gluon field-strength tensor (Ga

µω = ωµGa
ω → ωωGa

µ + gsfabcGb
µGc

ω) as part of the Lagrangian
read [30–32],

L = LQCD + Le! , Le! = → C

4v
H Ga,µωGa,µω , (2.1)

with the standard QCD Lagrangian LQCD. v is the vacuum expectation value of the Higgs
field and C is the Wilson coe"cient of the e!ective operator Le! . Matched to the SM, the
Wilson coe"cient C is given as a series in εs [74–79].1 Currently, it is known up to four-loop
order [80, 81]. Similar e!ective interaction terms with more than two gluon field-strength
tensors are suppressed by inverse powers of the top mass. In this paper we neglect such
terms and consider only the leading e!ective interaction terms in the HTL as spelled out in
eq. (2.1). This heavy top-quark approximation is valid if the energy of the produced gluons
lies below top-quark mass [82, 83], which was demonstrated in refs. [26, 33].

Secondly, we adopt the leading-color (LC) approximation (LCA), which keeps the lead-
ing terms in the large number of colors Nc limit, with the ratio of Nc to the number of light
flavors Nf fixed. Unlike the LCA in QCD where only planar diagrams contribute, Higgs
amplitudes in the HTL include contributions from non-planar diagrams. An example of
such a leading-color non-planar contribution is shown in fig. 2. Nevertheless, the computa-
tion in the LCA is simplified because only diagrams with a strict ordering of the colored
external states contribute.

Figure 2: The leading-color four-gluon scattering with a Higgs boson includes planar (left)
and non-planar (right) two-loop diagrams.

1
This disregards electroweak e!ects as we do here.
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e.g. Rational reconstruction of H+jj amplitudes (LC) 
De Laurentis, Ita, Kuschke, Ruf, Sotnikov ’26

e.g. Exploitation of scale hierarchies for accurate/fast approximations

e.g. Collinear factorization as a probe of gauge anomaly cancellation

gg → HH: Towards NNLO QCD
NLO

10-20% uncertainty
from mt renormalization scheme
[Baglio,Campanario,Glaus,Mühlleitner,Ronca,Spira’20]
[Bagnaschi,Degrassi,Gröber’23]
[Davies,Schönwald,Steinhauser,Stremmer’25]

NNLO

[Davies,Schönwald,Steinhauser’23’25]

✁
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e.g.  towards NNLO QCD for HH 
Davies, Schönwald, Steinhauser ’23-‘25

gg →

gg → HH: Towards NNLO QCD
NLO

10-20% uncertainty
from mt renormalization scheme
[Baglio,Campanario,Glaus,Mühlleitner,Ronca,Spira’20]
[Bagnaschi,Degrassi,Gröber’23]
[Davies,Schönwald,Steinhauser,Stremmer’25]

NNLO

[Davies,Schönwald,Steinhauser’23’25]

✁
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Figure 13: E!ective field theory diagrams with scaling of internal lines indicated by
labels (ci), (hci), (s), and (sci) corresponding to a collinear→qi, hard → collinear → qi,
soft, and soft → collinear→ qi scaling, respectively. (left) Power suppressed contributions
to the amplitude with time-ordered product insertions of subleading power Lagrangian
terms and hard-collinear fields in the operator. This type of contribution reproduces the
(ω1, ω2) = (s, s) diagrams in Fig. 6. (right) Sample three-loop diagram (corresponding to
one on the right-hand side of Fig. 7) power suppressed diagram with a new dynamical
soft-collinear mode appearing at three-loop order, see cascading modes in [70]. In this
process we expect that this contribution enters only at NNLP due to decoupling of
leading power soft-collinear interactions.

interesting consequences in the case of gg ↑ H amplitude studied in [86] since this pro-
cess begins at NLP. Therefore, in case of non-cancellation of this type contributions from
cascading modes appearing at higher orders, the process would receive corrections at the
first order in the power counting. In general, for the derivation of the NLP factorisation
formula for our process under consideration, all possible operators and structures need
to be included. The explicit derivation of the NLP factorisation for gg ↑ HH amplitude
and resummation of the NLP corrections in mt is left for future work.

3.3 Resummation

Having understood the structure of the amplitude, we are now ready to discuss the
leading power resummation of the large logarithms of mt contributing to the gg ↑ HH

amplitude in the high-energy limit. We discuss their numerical impact in Section 4.
Resummation of the large logarithms is performed using renormalisation group equations
(RGEs). At leading power, the RGE structure is remarkably simple due to the fact that
the full leading power amplitude is equivalent to the hard-matching Wilson coe”cient
C

LP
[i] (s, t, µ). From the anomalous dimension of the leading power SCET operator given

in (3.8) it follows that CLP
[i] (s, t, µ) obeys the RGE

d

d lnµ
C

LP
[i] (s, t, µ) =

(
#cusp ln

s

µ2
+ ε

)
C

LP
[i] (s, t, µ) . (3.44)

The relevant anomalous dimensions are given by

#cusp =
ϑs

2ϖ
2CA + O(ϑ2

s
), ε = 0 + 2εm + O(ϑ2

s
) , (3.45)
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e.g.  EFT for HH amplitudes at high energy 
Jaskiewicz, Jones, Szafron, Ulrich ‘24

Advancements in the understanding of QFTs 
and its perturbative structure has been the 
backbone of these critical developments. 

Paramount to continue the exploration
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equations (now containing also the extra relations) and count the number of master integrals
associated to each of the six-point topologies. The on-shell number of master integrals for
each of the six-point topologies is recorded in Table 1, and agrees with the results of [21].
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each of the six-point topologies is recorded in Table 1, and agrees with the results of [21].
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Abreu, Monni, Page, Usovitsch ’24; Henn, Matijašić, Miczajka, Peraro, Xu, Zhang ’21-’25  
+ Carrôlo, Chicherin, Yang ‘25

Chicherin, Wu, Wu, Xu, Zhang, Zhang ‘25

+…

e.g. H+j:  
Guan, Mistlberger, Ruf ‘262 Calculation of RVV → V contributions to N4LO Drell-Yan and Higgs-

boson production

One of the main results of this article is the computation of contributions to the inclusive,

partonic production cross sections of a Higgs boson or Drell-Yan pair due to the interference

of two-loop with one-loop scattering amplitudes. We denote this contribution to the par-

tonic cross section as "single-real double virtual cross single virtual" or RVV→V. We start

this section by providing a general setup and definition for these contributions. Next, we

discuss the analytic computation of the scattering amplitudes that are the ingredients for

our result. Finally, we discuss the interference and integration of these scattering amplitude

over the one-parton phase space.

Figure 1: An example contribution to the Higgs (Drell-Yan) cross section via g+g → H+g

(qg → γ∗+q) is shown on the top (bottom). The dashed vertical lines represent phase space

integration, and the double line represents the Higgs boson. The propagators cut by the

dashed line are on-shell (or set to a fixed off-shell mass Q in the case of the photon.) The

left side of the dashed lines show contributions to the one-loop amplitude, and the right side

of the dashed lines show contributions to the (complex-conjugated) two-loop amplitude.

2.1 Setup

The focus of this article are QCD corrections to the hadron collider processes for inclusive

production of a color singlet B (i.e. the Higgs boson or a virtual photon) with invariant

mass Q.

Proton(P1) + Proton(P2) → B(Q) +X, (2.1)

where the incoming protons have momenta P1 and P2. Using the parton model and factor-

ization of long and short interactions via the partonic cross section σ̂ij→B+X and parton

distribution functions fi, we can express the hadronic cross section as a sum over all con-
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e.g. RVVxV corrections: 
Mistlberger, Suresh ’25

AN EXAMPLE: QCD AMPLITUDES FOR  SCATTERING AT LHC2 → n

e.g. ttH: Febres Cordero, Figueiredo, Kraus, Page, Reina ’23;  
Agarwal, Heinrich, Jones, Kerner, Klein, Lang, Magerya, Olsson ’24

g

g

gH

Figure 2: Representative non-planar three-loop topology, corresponding to the most in-
volved integral family in Table 1 of Ref. [55].

numerical IBP probes in the first finite field to find the BT form, and 624 direct IBP
probes in each subsequent finite field. The reconstruction data are then generated from the
BT form, requiring 692301 BT evaluations per finite field for the same spanning sector. This
separation is crucial in practice: across the spanning sectors, one direct numerical IBP probe
costs 50–350 seconds, whereas one BT evaluation costs only 0.7–2 seconds with negligible
memory overhead. The rank-6 reconstruction is completed with 8 primes, together with
one additional prime used for validation. The rank-6 reduction required approximately
(3 → 104) core-hours, while the complete reduction is estimated to have required several
hundred thousand core-hours. These results demonstrate that state-of-the-art techniques
make such reductions feasible with moderate computational resources.

After the reductions are performed family by family, we further exploit external-
momentum symmetry to reduce all permutations of master integrals in each family into
a minimal set of master integrals, which contains 2185 elements. At this stage, the am-
plitudes can be expressed in terms of this minimal basis by substituting in IBP tables
and applying the permutations. Flint [100] and Ratracer [101] are frequently used for
intermediate symbolic manipulations.

3.3 Master Integrals

After the IBP reduction, we map the master integrals to a canonical basis. The di!erential-
equation setup follows the standard chain of Refs. [68, 69, 71, 72]. A representative non-
planar topology in this setup is illustrated in Fig. 2. For one-mass three-point kinematics at
three loops, several integral subsets were computed previously in Refs. [50–54], with recent
function-space organization for one-leg-o!-shell amplitudes given in Ref. [50]. Additional
integrals were computed by us for the purpose of Ref. [55] and find their use in the results
of this article.

To obtain a canonical form we use a hybrid approach combining the Lee alogorithm
[102] with ideas introduced in CANONICA [103]. To this end the Lee algorithm is run on
an univariate slice (t, u) = (t0 + aω, u0 + bω) of the di!erential equation A. After this stage
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Figure 1. Genuine three-loop five-point integral families.

recently, one of the integral families was computed in
Ref. [50]. However, the remaining families, which are
significantly more complicated, remain to be computed.

In this article, we present for the first time the com-
plete results of all massless planar three-loop five-point
Feynman integrals, arranged in the so-called PBB, BPB,
BHB and PBP families listed in figure 1. For each fam-
ily, we construct a complete pure integrals basis which
made the di!erential equation simple [46, 47]. Thanks to
the conjectured three-loop planar pentagon alphabet [29],
and the development of the state-of-the-art integration-
by-parts (IBP) program NeatIBP 1.1 [43], we analyti-
cally reconstruct the di!erential equation in its canonical
form. Furthermore, we determine all boundary values an-
alytically to the order weight six. Thus all these integrals
can be e”ciently calculated by solving the di!erential
equation, and their symbols are determined as well.

This article is organized as follows: In section III, the
massless five-particle kinematics and four planar three-
loop five-point families are introduced. In section IV,
the techniques for e”ciently performing IBP reduction
is discussed. The complete pure basis for each fami-
lies are given in V, which leads to the CDE in sec-
tion VI. The boundary value is extracted from CDE in
section VII. The complete symbol space will be identified
in section VIII. In section IX, we validate our computa-
tion by numeric approach. Finally, section X provides a
summary remarks and an outlook for the future.

III. INTEGRAL FAMILIES

The complete set of planar three-loop five particle in-
tegral families is displayed in the figure 1. In the previous
literature [50], the CDE and functions in Euclidean re-
gion of the Pentagon-Box-Box (PBB) family shown in

figure 1(a) was determined.
We consider the five particle scattering in general D =

4 → 2ω dimensional Minkowski space. The five external
momenta ki, i ↑ {1, 2, 3, 4, 5} are on–shell and satisfy the
momentum conservation, i.e. k2i = 0,

∑
5

i=1
ki = 0. We

adapted the standard parity-even cyclic variables:

X := {s12, s23, s34, s45, s15}, sij = 2ki · kj , (1)

and one parity-odd invariant:

ε5 = 4iεµωεϑk
µ
1
kω
2
kε
3
kϑ
4
. (2)

For planar scattering at three-loop level, there are only
four integral families, which are listed in Figure 1. It is
useful to introduce dual coordinates xi with ki = xi →

xi→1, where the indices take cyclic values x6 ↓ x1, and
xij denotes (xi → xj)2. The dual coordinates for three
loop momenta ϑ1, ϑ2, ϑ3 were denoted by y1, y2, y3 with
yi = xi+6 → x5. Thereby, the inverse propagators were
defined as follows

{Di} =
{
x2

17
, x2

27
, x2

37
, x2

47
, x2

57
, x2

18
, x2

28
, x2

38
, x2

48
,

x2

58
, x2

19
, x2

29
, x2

39
, x2

49
, x2

59
, x2

78
, x2

79
, x2

89

}
. (3)

With these propagators, all integrals families under con-
sideration can be written as:

Iω1,...,ω18(N ) = e3ϖϱE

∫ 3∏

j=1

d4→2ϖϑj
(iϖ)2→ϖ

N (ϑ, k)
∏

18

i=1
Dωi

i

, (4)

where ϱE is the Euler–Mascheroni constant, ςk are the
propagator powers and N is a possible numerator. One
can specify a particular family by restricting some of
the indices ςi to be non–positive, e.g. ςi ↔ 0, i ↑

{4, 6, 7, 9, 11, 12, 17} holds for the PBB family in fig-
ure 1(a).

IV. IBP REDUCTION VIA COMPUTATIONAL
ALGEBRAIC GEOMETRY

IBP reductions constitute a major bottleneck in most
state-of-the-art multi-loop Feynman integral computa-
tions. Consequently, typical three-loop five-point integral
family problems remain challenging using IBP reduction
tools based on traditional methods [40, 41, 44, 45]. We
found that the public program NeatIBP [42, 51]. It em-
ploys computational algebraic geometry techniques [52–
58] to generate IBP equations and helps to address the
challenges dramatically. Using this package, we find that
the number of master integrals (MIs) for the four fami-
lies are 316, 367, 431 and 734 respectively. The number
of genuine five-point integrals and inequivalent five-point
topologies are also identified as listed in table I. Hence,
the tennis-court topologies (BHB and PBP) turn out to
be considerably more formidable than the ladder-type
topologies (PBB and BPB). Thanks to the recent de-

integrals contributing to five-particle processes involving an external massive top-quark

pair and one massive propagator [14].

A particularly important five-point process is that of tt̄H production at hadron col-

liders, which gives a direct constraint on the top-quark Yukawa coupling. First observed

at the LHC in 2018 [15, 16], this process has by now allowed to constrain deviations from

a Standard-Model-like Yukawa coupling at the 10% level—an impressive achievement that

already challenges the precision of existing theoretical predictions. It is expected that by

the end of the high-luminosity run at the LHC, measurements will be able to constrain such

coupling at the 3-5% level and will be dominated by theory uncertainties [17, 18]. This

creates a pressing need for next-to-next-to-leading-order (NNLO) QCD corrections [19–21].

The tt̄H production process been studied extensively, with the leading-order (LO)

predictions known since the mid-eighties [22, 23]. Next-to-leading order (NLO) QCD cor-

rections were first computed in Refs. [24–29], and subsequently further improved by the

resummation of soft-gluon e!ects [30–36], the inclusion of first-order electroweak correc-

tions [37–39], the study of NLO o!-shell e!ects [40–42], and the NLO QCD matching to

parton-shower event generators [43–46]. Recently, the first NNLO QCD calculation has

appeared [47], where the two-loop amplitudes were approximated by a soft expansion in

the momentum of the Higgs boson (pH → 0). Obtaining the exact two-loop scattering

amplitudes is thus of great importance for the completion of the NNLO QCD corrections

to tt̄H production at hadron colliders.

As a first step towards this goal, in this work we compute a set of two-loop master

integrals contributing to the production of a top-quark pair in association with a Higgs

boson at hadron colliders. We focus on the Feynman integrals arising in the calculation

of the leading-color two-loop QCD scattering amplitudes for the parton-level processes

gg, qq̄ → tt̄H including a closed light-quark loop. Examples of related Feynman diagrams

are given in figure 1 (see [48, 49] for a discussion about the color decomposition of related

scattering amplitudes). The corresponding amplitudes and Feynman integrals depend on

t̄

H

t

t̄

H

t

t̄

H

t

Figure 1: Examples of two-loop Feynman diagrams proportional to the number of light

flavors nf contributing to leading-color two-loop scattering amplitudes for the process

gg → tt̄H. The red double lines represent top quarks and the external cyan dashed line the

Higgs boson. Light quarks are represented by black solid lines and gluons by black wavy

lines.

seven di!erent kinematic scales, including the mass of the top quark (which also enters
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5

FIG. 3: Representative planar (a1,2) and non-planar (b1,2)

diagrams contributing to the tripole (a1, b1) and Cgg (a2, b2)

operators present in Eq. (20) .

The dipole Glauber phase of Eq. (17) is the first source
of factorization violation at amplitude level. At two
loops, a second source is given by

!(2)
ωε

= 2iω µ̄
2ϑ

∑

I→out

T3,1,I

[(
2

ε2
→ 2ϑ2

)
(ln |zI |

2 + 2iω)

+8ϑ3 + hωε

2

3

(
ln2

zI

z̄I
+ 4ω2

)
ln

zI

z̄I

]
, (18)

where hωε = ±1 depends on the helicity configuration.
Since their explicit values are irrelevant for the discus-
sion, we provide explicit assignments in the supplemental
material. Here Ti,j,k defines the color tripole

Ti,j,k ↑ [Ti ·Tj ,Ti ·Tk] . (19)

The last source of factorization violation that we observe,
which is unique in QCD and it is flavor dependent, is
encoded in the operator R(2). For a collinear pair (a, b)
we obtain

R(2)
ab = (2ωi)R1,εA(a

εa , b
εb)Tb,1,a ·T

c
ab

+ (2ωi)R2,εA(a
εa , b

εb)Cc,e
ab ·Te

1 . (20)

The operator Cc,e
ab vanishes when the outgoing collinear

parton b is a quark, namely, Cc,e
qq = Cc,e

gq = 0, whereas
when b is a gluon we find

Cc,e
gg = Nf [Tr (T

a2T
e
T

a3T
c) + Tr (T c

T
a3T

e
T

a2)] , (21)

Cc,e
qg =

(
T

d
T

e
T

a3T
d
)
ci2

+
1

N2
c

(
T

d
T

[e
T

a3]T
d
)

ci2
, (22)

where Nf is the light-quarks multiplicity. Examples of

diagrams contributing to the operatorR(2)
gg are illustrated

in Fig. 3. The functions R1,2 in Eq. (20) are IR finite,
and they are flavor and helicity dependent. To highlight
their simplicity, here we report as an example the case of

the g
±
↓ g

±
g
± splitting. We find

R1,±(g
±
, g

±) =
4z

(
11z2 + 21z + 12

)

3(1 + z)3
(Li2(→z)→ ϑ2)

+
22

3
ln2(1 + z)→

4z(3 + 2z)

3(1 + z)2
→

8z ln(1 + z)

3(1 + z)2
(23)

R2,±(g
±
, g

±) = R1,±(g
±
, g

±)

→
12z

1 + z

(
ϑ2 →

(1 + z)

2z
ln2(1 + z)→ Li2(→z)

)
. (24)

Remarkably, R1,2 are analytic at z = 0. They vanish
in the soft limit, z ↓ 0, and in the high-energy limit,
z ↓ ↔, they both reduce to constants,

R1 =
8

3
+

44ω2

9
, R2 =

8

3
+

8ω2

9
. (25)

Results for the remaining partonic channels and helicity
configurations are given in the supplemental material and
in the ancillary files.
As a further check of our results, we compare them

with the two-loop MRK limit of [40], focusing on non-
power-suppressed amplitudes, namely g

±
↓ g

±
g
± and

q
±

↓ g
↑
q
±. By suitably rescaling the collinear kine-

matics to the high-energy limit, and vice versa, the two
limits can be taken consecutively. We find full agreement
and, moreover, observe that the operators !(2) and R(2)

contribute only to a very restricted set of signature am-
plitudes in MRK, namely those involving a one-loop cor-
rected impact factor with two Reggeon emissions studied
in [68]. In this context, the operatorCab contributes only
when such impact-factor correction is associated with the
(2, 3) projectile. We leave more in-depth investigations
to future work.
In summary, we observe that the generalized splitting

amplitudes, Eq. (14), take a simple form in QCD. Up to
two-loop order, they can be organized in terms of uni-
versal building blocks: an exponentiated Glauber phase
comprising of dipole and tripole terms, along with a two-
loop IR-finite remainder that emerge in QCD while ab-
sent in N = 4 sYM. The dipole phase in G can be eas-
ily extracted from the discontinuity of two-loop timelike
splitting amplitudes [46, 47]. The tripole contribution
!(2), which is the same as in N = 4 sYM [34, 35], en-
codes a non-trivial dependence on both color charge and
kinematics of spectator partons, and on the spin of the
collinear partons. The two-loop remainder R(2) is an ab-
sorptive term describing non-dipole-like Glauber phases.
Similarly to the dipole phase, it depends on quantum
numbers of the collinear partons and the color charge
of the incoming spectator. Inspecting the color struc-
tures of R(2), we identify that they originate from loop-
induced non-planar corrections which vanish in Drell-
Yan-like processes, hence cannot be determined from the
timelike splitting amplitudes in Ref. [47]. For g ↓ gg

scattering in particular, the color operators Tb,1,a and

e.g. 2-loop splitting amps: Buccioni, Fang, Yan ‘26
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33

Precision 
dσ = ∫ dxa dxb fa|A(xa) fb|B(xb) d ̂σab(xa, xb) + 𝒪 ( Λn

Qn )

HOW FAR CAN WE PUSH THEORY PRECISION AT THE LHC?

However, many open challenges on the path to %-level pheno


⓵ Non perturbative (power) corrections 


⓶ Violations of collinear factorization


⓷ Parametric uncertainties & parton densities


⓸ Theory uncertainties
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E.G. HOW WELL DO WE KNOW THE GLUON PDF IN HIGGS PRODUCTION?

11

Public  PDFsaN3LO

 vs  PDFs has a large impact on the 
total cross-section around LHC energies
aN3LO NNLO

Using matched order for PDF and matrix element 
gives smaller shifts except at higher collider energies

Higgs Hunting 2025Gavin Salam

number of gg collisions @mH, limited rap

31

At NNLO, 1-2% differences between 
PDF4LHC 
Conclusions can differ for total cross 
section and central rapidities

Total σ

most LHC  
sensitivity

Fiducial σ

Higgs Hunting 2025Gavin Salam

number of gg collisions @mH, limited rap

31

At NNLO, 1-2% differences between 
PDF4LHC 
Conclusions can differ for total cross 
section and central rapidities

Total σ

most LHC  
sensitivity

Fiducial σ

At aN3LO, differences between sets 
much larger, especially at central 
rapidities (~6%). Methodological 
differences still to be resolved?

Status in Mid 2025  

Differences between sets larger at  (3-4%) than at 
 (1-2%), adding rapidity cuts further increases the 

size of the differences (~6%) 

Needs to be studied for Higgs production not just 
luminosity

aN3LO
NNLO

Salam (Higgs Hunting 2025)

(aN3LO PDF ⌦ N3LO HTL) vs (NNLO PDF ⌦ N3LO HTL)
aN3LO vs NNLO aN3LO vs PDF4LHC21 NNLOp

s [TeV] MSHT20xNNPDF40 MSHT20 NNPDF40 MSHT20xNNPDF40 MSHT20 NNPDF40
7 �4.2% �6.0% �2.0% �5.2% �6.8% �3.2%

13.6 �3.8% �5.2% �2.1% �4.2% �5.9% �2.2%
100 �0.7% +0.6% �1.6% �1.0% �0.7% �1.0%

(aN3LO PDF ⌦ N3LO HTL) vs (NNLO PDF ⌦ NNLO HTL)
aN3LO vs NNLO aN3LO vs PDF4LHC21 NNLOp

s [TeV] MSHT20xNNPDF40 MSHT20 NNPDF40 MSHT20xNNPDF40 MSHT20 NNPDF40
7 �0.8% �2.6% +1.5% �1.8% �3.5% +0.3%

13.6 �0.5% �1.9% +1.3% �0.9% �2.6% +1.2%
100 +3.1% +4.4% +2.1% +2.8% +3.1% +2.8%

Table 5: Impact of the aN3LO PDF sets vs NNLO PDF sets on the total cross section when using the
N3LO HTL matrix element for (top) all predictions or (bottom) the N3LO HTL matrix element for N3LO
predictions and the NNLO HTL matrix element for NNLO predictions . In the left columns the combination
and individual aN3LO PDF sets are compared to their corresponding NNLO variants. In the right columns
the aN3LO PDF sets are compared to the PDF4LHC21 NNLO baseline prediction.

We note that this definition of �(PDF–TH) is twice that reported in the previous recommendation, this
change is motivated by the study of the impact of approximate N3LO PDFs discussed below. For the
computation of �(PDF–TH) we rely on the PDF4LHC15 [75] combination PDF, which is available at both
NLO and NNLO.

Beyond NNLO, at present, two approximate N3LO PDF sets are available, produced by the MSHT [37]
and NNPDF [38] collaborations. A combined aN3LO PDF set, MSHT20xNNPDF40 aN3LO, has also been
produced by the two fitting collaborations and was presented in Ref. [36]. The approximate N3LO PDF sets
contain exact N3LO information for the massless DIS coe�cient functions [76], while the massive neutral-
current DIS coe�cients are approximated. The fits approximate the four-loop splitting functions using the
Mellin moments known at the time they were performed supplemented by large/small-x limits [77, 78, 79,
80, 81, 82, 83, 84, 85, 86, 87, 88, 89, 90]. Each fit includes the massive operator matrix elements (a.k.a
transition matrix elements) known at the time it was performed [8, 91, 92, 11, 9, 10, 93, 94, 12, 13, 14],
with the remaining matrix elements approximated. The N3LO hadronic coe�cient functions are largely
unknown and are approximated in the fits using either K-factors with nuisance parameters (for MSHT) or
NNLO scale variations (for NNPDF). In Ref. [39], a benchmarking exercise was undertaken to understand
the impact of the di↵erent splitting function approximations used in the global fits. Recently, additional
Mellin moments of the splitting functions have been computed and used to produce a new estimate of the
four-loop splitting functions [89]. Furthermore, the computation of all operator matrix elements has been
completed [14]. Including this new information in the aN3LO PDF fits reduces the NNPDF prediction for
the gluon-fusion Higgs total cross section by around 0.5% and increases the MSHT prediction by around
0.5% relative to the fits used in the combination set MSHT20xNNPDF40 which enters this recommendation,
bringing the two fits closer together by a shift that falls within their respective PDF uncertainties [95, 96].

In Appendix A, we provide tables which can be used to convert the recommendations produced with the
NNLO PDF4LHC21 set to the aN3LO MSHT20xNNPDF40 aN3LO combination set. The tables present
the conversion summand,

�aN3LO =�(MSHT20xNNPDF40 aN3LO)� �(PDF4LHC21) (27)

which corrects the PDF set used to compute the rescaled N3LO HTL result (see first line of Eq. 7), as well as
a �(PDF+ ↵s) uncertainty obtained using the aN3LO set. When utilising the MSHT20xNNPDF40 aN3LO
set the �(PDF + ↵s) uncertainty should be taken from the aN3LO PDF set tables and the �(PDF–TH)
should not be included, as this term is only necessary when there exists a mismatch between the matrix
element and PDF set order.

10

Credits: Stephen Jones @ PDF4LHC/HXSWG meeting ‘26

Impact of aN3LO PDFs on ggH XS is 
substantial (further from QED). 

Difference between sets larger at 
aN3LO (3-4%) than at NNLO (1-2%),  

and increase at fiducial level

≃ − 1%

https://indico.cern.ch/event/1668234/timetable/#20260616
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E.G. HOW WELL DO WE KNOW THE GLUON PDF IN HIGGS PRODUCTION?

Pattern of discrepancies probably not 
due to fit methodology. Choices 
related to data sets and theory 
aspects (e.g. masses, VFNS,  

treatment of HOs, …) likely the culprit.  
Are PDF errors assessed robustly?

Figure 2: Gluon and singlet distributions at NNLO, NNLO+MHOU and aN3LO+MHOU for the fixed parameterisa-
tion and NNPDF methodologies. Fixed parameterisation uncertainties are calculated using the dynamic tolerance
criterion.

Figure 3: Comparison between parton luminosities at aN3LO+MHOU for the fixed parameterisation and NNPDF
methodologies. Fixed parameterisation uncertainties are calculated using the dynamic tolerance criterion.

11

Figure 1: Parton luminosities at NNLO, NNLO+MHOU and aN3LO+MHOU for the fixed parameterisation and
NNPDF methodologies. Fixed parameterisation uncertainties are calculated using the dynamic tolerance criterion.

10

Figure 1: Parton luminosities at NNLO, NNLO+MHOU and aN3LO+MHOU for the fixed parameterisation and
NNPDF methodologies. Fixed parameterisation uncertainties are calculated using the dynamic tolerance criterion.

10

FPPDF project Cruz-Martinez, Giani, Harland-Lang ’26 
Fixed-Chebyshev polynomial PDFs + Hessian vs. NNPDF method
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Figure 1: Parton luminosities at NNLO, NNLO+MHOU and aN3LO+MHOU for the fixed parameterisation and
NNPDF methodologies. Fixed parameterisation uncertainties are calculated using the dynamic tolerance criterion.

10

FPPDF project Cruz-Martinez, Giani, Harland-Lang ’26 
Fixed-Chebyshev polynomial PDFs + Hessian vs. NNPDF method

Central gluon and aN3LO shift 
stable under change of method,


uncertainty smaller with NNs
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A HUNTING TOOL IS AS GOOD AS ITS CALIBRATION

BSM  Missing New Physics

9

SMEFT Fit with True PDF SMEFT Fit with BSM Biased PDF
- Misses new physics

Higgs Hunting, Orsay 2026

Flexible PDF 
parametrizations can absorb 
heavy NP effects washing out 

any signal in observables 
(e.g. DY mass spectrum). 

Crucial to avoid this pitfall to 
maximize HL-LHC sensitivity

Cole
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A HUNTING TOOL IS AS GOOD AS ITS CALIBRATIONPDFs for New Physics searched in HMDY

13Higgs Hunting, Orsay 2026

PDFs for New Physics searched in HMDY

13Higgs Hunting, Orsay 2026

BSM  
Simultaneously extracting Wilson coefficients and 

PDFs seems optimistic, but avoids potentially 
conservative PDF errors by cutting out relevant 

datasets. Differential measurements to 
disentangle the effect of NP might be preferable, 
though harder from a statistics PoV. Either way, 

understanding PDF errors is paramount! 

Cole



fa|A(xa) fb|B(xb)

�̂ab

X

xaPA xbPB

PA
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PB
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f

parton distribution functions 
(non-perturbative, universal) 

in principle, improvable

hard scattering 
(perturbation theory) 

systematically improvable 

�AB =
X

ab

Z 1

0
dxa

Z 1

0
dxb fa|A(xa) fb|B(xb) �̂ab(xa, xb)

�
1+O(⇤QCD/Q)
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non-perturbative effects 
(power suppressed) 

ultimately, limiting factor?

THE MASTER FORMULA [Collins, Soper, Sterman '84]
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Precision 
dσ = ∫ dxa dxb fa|A(xa) fb|B(xb) d ̂σab(xa, xb) + 𝒪 ( Λn

Qn )

HOW FAR CAN WE PUSH THEORY PRECISION AT THE LHC?

However, many open challenges on the path to %-level pheno


⓵ Non perturbative (power) corrections 


⓶ Violations of collinear factorization


⓷ Parametric uncertainties & parton densities


⓸ Theory uncertainties
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CAN WE CONTROL THEORY UNCERTAINTIES AT % LEVEL?

TH 

As LHC theory predictions reach few-percent 
precision, conventional uncertainty estimates (e.g. 
scale variation) become increasingly inadequate. 

More robust uncertainty models will be essential to 
exploit the HL-LHC precision physics program
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e.g. Ongoing discussions within the EWWG, soon to reach the Higgs too

e.g. Boosted Higgs-Strahlung cross section in STXS setup

Steinhauser

https://indico.cern.ch/event/1712421/


From	Kick-off	to	TDR

2

http://cepc.ihep.ac.cn	

2013	

2023	2018	

2015	

2

2025	

CEPC	physics	white	papers: 
1.	Higgs	physics,	arxiv:1810.09037 
				Chin.	Phys.	C	43(2019)	043002 
2.	Flavor	physics,	arxiv:2412.19743 
3.	New	Physics	Search	arXiv.2505.24810	
4.	Electroweak	physics,	to	be	published 
5.	QCD,	to	be	published

40

THE FUTURE OF THE HIGGS MICROSCOPE Reina, Wilkinson, Wang

This is what the FCC project will realize in a synergistic way over the span of 40+ years.

Based on the LHC legacy, which is where the roadmap to the FCC starts …

Ø Run 1: Higgs discovery
Ø Run 2: Higgs couplings

Ø outperformed expectations
Ø Run 3 to HL-LHC

Ø  Higgs precision program

We are here
Many years of HL running 
ahead of us

20-fold increase in statistics 
by the end of HL-LHC!



Figure 11: A scheme-ball illustration of the constraints on and correlations between all
the e�ective couplings with and without a Z-pole run at CEPC and FCC-ee.

and 240+365 GeV), respectively. All of the large correlations between the e�ective Higgs
couplings and the EW couplings drop o� leaving only correlations between ”Ÿ“ and ”ge‹

W

for all energies. Correlations between ”gZZ

H
and ”g1,Z remain as significant correlations

between the e�ective Higgs couplings and the aTGCs for the 240 GeV runs at both CEPC
and FCC-ee .

The change in the correlations from one EW scenario to another for both CEPC and
FCC-ee can also be seen from figure 12. For both the colliders at 240 GeV, meshes of
significant correlations can be identified between the Higgs and the EW sectors. With the
inclusion of the Z-pole projections these two sectors get decoupled. While we see from
table 1 that the assumption of perfect EW measurements and the case for the inclusion of

– 32 –

Future 
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THE FUTURE OF THE HIGGS MICROSCOPE

The precision reached in several key Higgs couplings 
and width will be instrumental to clarify the structure of 
the Higgs sector and corner many BSM scenarios (e.g. 

flavour, compositeness)


Full structure of the theory must be under perfect control 
to exploit the data. Mixing between processes is critical 

to constrain the pattern of deviations: e.g. Tera-Z and top 
runs are vital to constrain the Higgs sector

Reina
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Impact of theory uncertainties

Better theory predictions are 
essential to make the most of 

future colliders

Operators sensitive to Z-pole 
observables are strongly afected 

by theory uncertainties

Mass reach

Individual ffit Marginalised ffit

9Marion Thomas Higgs Hunting 2026 - 17/09/26

ThomasA NEW STANDARD FOR PRECISION COLLIDER THEORY



Future 

43

E.G. HIGGS TRILINEAR COUPLING

4
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FIG. 1. Marginalised SMEFT likelihood for the Higgs self-coupling, ωεω, under various assumptions for flavour symmetries.
The single-operator and bosonic-only scenarios are also shown for reference. For comparison, vertical solid grey gridlines denote
the fully marginalised HL-LHC sensitivity at 68% CL.

Scenario ϑH [TeV→2] 68% CL ωεω

CH Only 0.39 18%

Bosonic Only 0.52 24%

U(3)5 0.57 27%

U(2)q → U(2)u → U(3)3 0.61 29%

U(2)5 0.62 29%

U(2)3q,u,d → U(1)3e,µ,ε 0.68 32%

U(2)5 (3rd-gen. dominance) 0.54 25%

TABLE III. Higgs self-coupling sensitivities at FCC-ee switch-
ing on CH only, bosonic operators only, or imposing the
flavour symmetries listed in Table II.

HL-LHC, we use the S2 scenario of Ref. [8] with 3 ab→1,
which yields ωεω = 0.36 for a CH -only fit. The appar-
ent discrepancy with the quoted ωεω = 0.3 is due to the
running of CH up to ! = 1 TeV. We emphasize that di-
Higgs data is not included in our global fit for FCC-ee.
Our key result, shown in Fig. 1, is that FCC-ee is able
to achieve better sensitivity on ωεω than the HL-LHC for
all flavour symmetries considered in our analysis, namely
ωεω ↭ 30%.

To examine the dependence of our results on the
choice of the theoretical prior imposing an upper limit
on all Wilson coe”cients, we vary CBC in the range
(350 GeV)→2 < CBC < (150 GeV)→2. Under this varia-

low variations in all operators entering double-Higgs production.
This is true for all symmetries we consider except U(3)5.

tion, ϑH changes by about 5% in the U(2)q,u,d→U(1)3
e,µ,ε

scenario, while it is ↭ 2% in all others. If the boundary
condition is removed entirely, we find ωεω ↭ 37% at 68%
CL in the least symmetric case, demonstrating the sta-
bility of our fit.

Restoring the boundary condition and examining the
two least symmetric cases U(2)5 and U(2)3

q,u,d
→U(1)3

e,µ,ε
,

we find the most poorly constrained directions involve
four-fermion operators with all 3rd-generation fields
that do not enter single-Higgs production at NLO,

namely Q(1)
qd

, Q(1)
ud

, Q(1)
qu , Q

(8)
qu , Qld, Qed, Qeu, Qlu, which

have poorly-lifted flat directions in our datasets. Of the
operators entering in single-Higgs production, the weak-
est constraints are on the top Yukawa and EW vertex
correction [CuH ]33, [CHu]33 ↭ 1/(900 GeV)2 at 95% CL.
While eett operators are allowed the most variation of
the semileptonics, they are overall well constrained in our
fit—the weakest bounds are [Cl,eu]1133 ↭ 1/(1.4 TeV)2 at
95% CL. This is because a flat direction in ϑ(e+e→ ↑ tt̄)
at 365 GeV is broken by the At

FB as well as the large NLO
contribution of these operators to EWPO proportional to
y2
t
Nc.

4. Implications for BSM models

We now discuss the implications of our results in the con-
text of explicit BSM scenarios. Interestingly, Table III
shows that the sensitivity in the U(2)5 scenario can be-
come better than U(3)5, ωεω ↭ 25%, if new physics is
dominantly coupled to the 3rd generation. This is the
case for a large swathe of well-motivated new physics sce-
narios addressing the flavour and/or EW hierarchy prob-

e.g. Relative bounds on  in SMEFT (w/ different flavour assumptions):

EW corr.ns and RGE flow in SMEFT affect actual bounds,  

which may turn out to be milder than in a single-operator scenario.  
Control over EFT  global fits must be perfect

κλ

Maura, Stefanek, You ‘25

photon-exchange diagrams, sensitive to SMEFT HZ! interactions. As the same operators gen-
erating these effects also contribute to the Higgs couplings to vector bosons, polarisation at
energies of 250 GeV helps to improve the precision on HZZ with respect to the case of non-
polarised beams.

The HL-LHC expects to obtain a precision on the Higgs cubic interaction, ∀3, of 27%.
For e+e→projects running below a centre-of-mass energy of roughly 450 GeV, ∀3 can be de-
termined via single-Higgs boson measurements, where it contributes via loop-level corrections;
at energies above this threshold, it can be determined via HH production threshold, where it
contributes at tree level. The former method requires precision Higgs bosons measurements
obtained at two different centre-of-mass energies, to break degeneracies. Furthermore, a wide
range of measured observables, especially those involving top quarks, are needed to constrain
other, non-∀3, loop-level contributions. Being sensitive to different types of effects aside from
∀3 brings an interesting complementarity between HH and single-Higgs determinations, where
a non-SM signal observed in one process and not confirmed by the other would be evidence of
additional BSM corrections.

0 5 10 15 20 25 30
δλ3[%]

68% probability sensitivity - All scenarios combined with HL-LHC

HL-LHC

LHeC

LCFZ250

LCFZ250550

LCFZ2505501000

CLIC380

CLIC38015003000

LEP3

FCC-eeZ/WW240

FCC-eeZ/WW240365

FCC-hh

MuC10

Fig. 3.7: 68% probability sensitivity to
modifications of the Higgs trilinear cou-
pling in the dimension-six U(2)5-symmetric
SMEFT framework. The uncertainty band
in the figure reflects the result obtained from
single-Higgs measurements under the aggres-
sive/conservative scenarios for the theory un-
certainties considered in this study.

Figure 3.7 shows the projected preci-
sion on ∀3 for the different collider options.
As clearly seen in the figure, e+e→colliders
running at only an energy around 230 GeV,
e.g. LEP3, LC at 250 GeV, FCC-ee 240 GeV,
yield no significant improvement in ∀3 com-
pared to the HL-LHC. The combination of the
HL-LHC and the FCC-ee, which includes a
second energy point below the HH threshold,
would yield a precision ↑17-20%. When run-
ning at an energy above the HH threshold, the
precision on ∀3 improves. At linear colliders
with energies of 550 GeV and 3 TeV a preci-
sion of 7-11% could be obtainable [52]. (The
precision reported in the figure takes into ac-
count both the HH determination and the one
from single-Higgs measurements.) However,
high-energy machines like a hadron collider
or a muon collider are needed to reach the few
percent-level precision. Both machines could
obtain a precision on the self-coupling 3-4%
for the SM value.

The value of ∀3, which is assumed in
this fit to be the SM value, affects the cross-
sections of the different HH processes (see
Sect. 4.4. of Ref. [ID141]). At the HL-
LHC, due to the negative interference be-
tween the ∀3 and box diagrams, the absolute
precision deteriorates for 1.5 < ∀3/∀ SM

3 <
4.5 (although the relative precision still im-

proves) [ID170]. At the LC above 550 GeV, for ∀3 > ∀ SM
3 the pattern of interference in ZHH
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Figure 9. Strange quark jet tagging performance. Signal (s) e!ciency versus b, c, and light (u
d) background pass-through rate for three di”erent scenarios: with the full set of input features
(solid lines), omitting the reconstructed K0

S and #0 candidates (dashed lines) and omitting the
dE/dx-based input features (dotted lines).

jection. To the best of our knowledge, this represents the first assessment of strange quark

jet tagging performance using LEP data, so no comparison to a benchmark from the LEP

experiments is made for this channel. The signal e!ciencies and corresponding background

rates in Figures 8 and 9 are summarized in Table 1 for a selection of representative working

points.

Next, we cast the per-jet flavour tagger to a per-event flavour tagger by multiplying the

per-jet scores per event, and calculate the signal purity as a function of selection e!ciency.

Table 2 shows the background contamination (i.e. 1 → signal purity) for bb, cc and ss

events as a function of the signal e!ciency.

The b-jet tagging performance relies primarily on impact parameter based features, which

identify tracks from the displaced decay vertices of long lived b hadrons. The c-jet tagging

benefits in particular from the explicit secondary vertex reconstruction. The s-jet tagging

is improved significantly by the inclusion of dE/dx measurements and the derived particle

identification variables, exploiting the enhanced kaon content of strange quark jets. The

tagging performance for the latter category remains limited however, and further improve-

ments are discussed in Section 9.

8 Application to data

We then apply the developed jet flavour tagger to data in order to demonstrate the usabil-

ity of the tagger in a realistic scenario. A comparison between data and simulation for a

number of relevant input features is shown in Figure 10, while Figure 11 (left) compares per-

event probabilities per Z boson decay channel obtained by multiplying the corresponding
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benefits in particular from the explicit secondary vertex reconstruction. The s-jet tagging

is improved significantly by the inclusion of dE/dx measurements and the derived particle

identification variables, exploiting the enhanced kaon content of strange quark jets. The

tagging performance for the latter category remains limited however, and further improve-

ments are discussed in Section 9.

8 Application to data

We then apply the developed jet flavour tagger to data in order to demonstrate the usabil-

ity of the tagger in a realistic scenario. A comparison between data and simulation for a

number of relevant input features is shown in Figure 10, while Figure 11 (left) compares per-

event probabilities per Z boson decay channel obtained by multiplying the corresponding

– 15 –

Future 
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STRANGE YUKAWA COUPLING

ML-based jet taggers open up tantalizing prospects for  
constraining the strange Yukawa, with recent studies  

indicating a sensitivity to O(<100%) deviations from SM. 
Understanding of taggers and their training (e.g. modelling) is critical

Defranchis et al. ’26

Better

Table 3: Expected 68% CL relative precision of the ω parameters (Higgs couplings relative to the SM) and of
the Higgs boson total decay width !H, together with the corresponding 95% CL upper limits on the untagged
(undetected events), Bunt, and invisible, Binv, branching ratios at HL-LHC, FCC-ee (combined with HL-LHC), and
the FCC integrated programme. For the HL-LHC numbers, a |ωV | → 1 constraint is applied (denoted with an
asterisk), since no direct access to !H is possible at hadron colliders; this restriction is lifted in the combination
with FCC-ee. The ‘–’ indicates that a particular parameter has been fixed to the SM value, due to lack of sensitivity.
From Ref. [59], updated with 4 IPs, the baseline luminosities of Table 1, and the most recent versions of the data
analysis. For some of the entries, the ω precision starts being limited by the projected SM parametric uncertainties,
e.g. in mb [40]. For these entries, the precision obtained by neglecting such parametric uncertainties is also
reported (separated by a /).

Coupling HL-LHC FCC-ee FCC-ee + FCC-hh

ωZ (%) 1.3→ 0.10 0.10
ωW (%) 1.5→ 0.29 0.25
ωb (%) 2.5→ 0.38 / 0.49 0.33 / 0.45
ωg (%) 2→ 0.49 / 0.54 0.41 / 0.44
ω! (%) 1.6→ 0.46 0.40
ωc (%) – 0.70 / 0.87 0.68 / 0.85
ω∀ (%) 1.6→ 1.1 0.30
ωZ∀ (%) 10→ 4.3 0.67
ωt (%) 3.2→ 3.1 0.75
ωµ (%) 4.4→ 3.3 0.42
|ωs| (%) – +29

↑67

+29

↑67

!H (%) – 0.78 0.69
Binv (<, 95% CL) 1.9 ↑ 10

↑2 →
5 ↑ 10

↑4
2.3 ↑ 10

↑4

Bunt (<, 95% CL) 4 ↑ 10
↑2 →

6.8 ↑ 10
↑3

6.7 ↑ 10
↑3

cent precision is a clear necessary target to expose such deviations. As mentioned in Section 1.1, the
Higgs precision programme at 240 GeV (365 GeV) can be achieved within three (eight) years of opera-
tion with FCC-ee, while other colliders considered at CERN would need half a century to reach a similar
precision [14].

These phenomenological projections are now being confirmed by independent experimental stud-
ies, with different detector set-ups [63–65]. Further directions in the Higgs precision programme also
need to be more systematically investigated beyond what was done so far, in particular in the context of
specific flavour scenarios or considering BSM sources of CP violation. This document, instead, empha-
sises the benefit of the interplay between Higgs and electroweak measurements, a specificity of FCC-ee
that was not discussed in detail in the FCC CDR [10, 11] and has been studied afterwards [60, 61].

The interpretation of current Higgs boson measurements at LHC is so far not hindered by the
limited precision of the electroweak measurements at LEP and SLC. With FCC-ee targeting an order-
of-magnitude improvement in the precision of Higgs boson properties in the main channels, the current
(experimental and theoretical) precision on electroweak quantities would become a limitation. The Z-
pole run of FCC-ee is instrumental in avoiding contamination from electroweak coupling uncertainties
in the Higgs boson characterisation. If the electroweak symmetry is linearly realised in the SM fields,
the interplay between the Higgs and electroweak sectors is even deeper [66]. Indeed, e

+
e
↑ ↓ W

+
W

↑

production is then sensitive to some of the same new-physics effects as Higgs boson production and
decay processes, making both types of measurements complementary.

The Standard Model Effective Field Theory (SMEFT) framework is adopted, truncated to opera-
tors of dimension six [67,68]. The SMEFT is an appropriate framework for enumerating and quantifying

17

Physics Briefing Book 2511.03883



45

A NEW STANDARD FOR PRECISION COLLIDER THEORY

prospects for theoretical improvements of relevance to EW, Higgs, jets, and top quark measurements,
including the MC event-generator perspective, and the actions under way to support and coordinate such
efforts.

3.1 Electroweak corrections
To meet the precision goals of FCC-ee, significant advances in calculations of higher-order radiative cor-
rections and in MC generators will be needed [38,40,316]. For instance, electroweak NNLO corrections
for various pair production processes (e+

e
→ → f f̄ , e

+
e
→ → !! , e

+
e
→ → W

+
W

→, e
+
e
→ → ZH) are

needed, as well as MC tools for the simulation of multiple photon radiation beyond leading-logarithmic
(LL) approximation. Even higher perturbative orders, including three-loop corrections in the full SM and
leading four-loop corrections, are required to interpret precision measurements at the Z pole. Table 10
provides a few illustrative examples of precision quantities and the theory calculations required to extract
them from data.

Table 10: A few sample precision quantities of interest for the FCC-ee programme, their current and projected
experimental uncertainties, and the required theory input for their extraction from the data. The last two columns
show the current state of the art for calculations of this theory input and higher-order calculations needed to reach
the FCC-ee precision target. More details can be found in Ref. [40].

Quantity Current
precision

FCC-ee stat.
(syst.) precision

Required
theory input

Theory status
as of today

Needed theory
improvement†

mZ (MeV) 2.0 0.004 (0.1) non-resonant
e
+
e
→ → f f̄ ,

initial-state
radiation (ISR)

NLO,
ISR logarithms
up to 6th order

NNLO for
e
+
e
→ → f f̄!Z (MeV) 2.3 0.004 (0.012)

sin
2 ωωeff 1.6↑10

→4 1.2 (1.2) ↑ 10
→6

mW (MeV) 9.9 0.18 (0.16) lineshape of
e
+
e
→ → WW

near threshold

NLO
(e+

e
→ → 4f

or EFT
framework)

NNLO for
e
+
e
→ → WW,

W → f f̄
↑

in EFT setup

HZZ

coupling
– ↓ 0.1% cross section for

e
+
e
→ → ZH

NLO EW plus
partial NNLO
QCD/EW

full NNLO EW

mtop (MeV) 290 4.2 (4.9) threshold scan
e
+
e
→ → tt

N3LO QCD,
NNLO EW,
resummations
up to NNLL,
O(30 MeV)
scale uncert.

Matching fixed
orders with
resummations,
merging with
MC, εS (input)

† The necessary theory calculations mentioned are a minimum baseline; additional partial higher-order contributions may also
be required.
→ No absolute value for the HZZ coupling can be extracted from the LHC data without additional assumptions.

Additional theory input is necessary for the interpretation of the experimentally determined values
of these quantities, i.e., to test the validity of the SM and probe possible physics beyond the SM, as
illustrated in Table 11 for some of the same examples as above. In this context, the three-loop ε3

S

corrections to the semileptonic b → c decay [317] and the three-loop QED corrections to the muon
decay [317, 318] were recently calculated in the Fermi approximation. These results are a milestone in
perturbative calculations and an important step towards precision calculations for FCC-ee. In particular,
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Table 11: Required theory calculations for the prediction of the listed precision quantities within the SM. These
predictions are needed for comparison with the quantities extracted from data (Table 10), for the purpose of testing
the validity of the SM and probing BSM physics. More details in Ref. [40].

Quantity Required theory input Theory status
as of today

Needed theory
improvement‡

!Z vertex corrections for
Z → f f̄

NNLO + partial
higher orders

N3LO EW + partial
higher orderssin

2 ωωeff

mW SM corrections to the
muon decay rate

NNLO + partial
higher orders

N3LO EW + partial
higher orders

‡ The mentioned needed theory calculations are a minimum baseline;
additional partial higher-order contributions may also be required.

the ε3 QED contribution translates to a shift of the muon lifetime of (↑9 ± 1) ↓ 10
→8 µs. With the

current measurement of ϑµ = 2.1969811 ± 0.0000022 µs, the new correction terms are almost two
orders of magnitude smaller than the experimental uncertainty. Thus, an updated value of GF can only
be extracted once the latter has been improved.

The Fermi constant GF is one of several fundamental parameters that need to be precisely deter-
mined in order to make quantitative predictions for electroweak precision observables (EWPOs) within
the SM or concrete BSM realisations through data-theory comparisons. Other examples of such quan-
tities include the strong coupling εS and the top-quark mass mtop. Many of these parameters can be
obtained from FCC-ee data with much reduced uncertainty compared to today (Table 2), but their extrac-
tion from the experimental measurements requires significant theory input (as shown in Section 3.2 for
εS and in the last row of Table 10 for mtop).

Similarly, the interpretation of cross section measurements requires the precise determination of
the luminosity through measurements of small-angle Bhabha scattering and/or large-angle photon-pair
production (Section 6.13). For this purpose, the rates for these processes need to be computed at least
with NNLO QED corrections, logarithmically enhanced higher-order effects, and a careful treatment of
virtual hadronic corrections (which appear at NLO for Bhabha scattering and NNLO for two-photon
production) [319, 320].

To achieve the precision goals outlined in Tables 10 and 11, significant improvements in calcula-
tion techniques for higher-order radiative corrections are required, including full two-loop corrections for
2 → 2 scattering processes, as well as decay processes with full three-loop corrections and approximate
four-loop contributions in a large-mass expansion.

Recently, significant progress has been achieved in semi-numerical multi-loop calculation tech-
niques based on dispersion relations [321, 322] and on series solutions of differential equations [323–
328]. These techniques have enabled the first calculations of electroweak two-loop corrections for the
main Higgs boson production process at FCC-ee, e

+
e
→ → ZH [322, 329], and they are expected to be

useful for calculations of NNLO corrections for other pair production processes as well.
The approach of Refs. [321,322] exploits dispersion relations and Feynman parameters to express

one subloop of a two-loop diagram in terms of integrals with up to three variables. Then the second
subloop becomes a simple one-loop integral, with well-known analytical results. For divergent diagrams,
the singularities can be removed with systematically constructed subtraction terms, which can also be
evaluated analytically. These procedures lead to two- or three-dimensional finite numerical integrals that
can be evaluated with good precision within minutes on a single CPU core for a single diagram class.
The method does not use any reduction to master integrals, which saves computing resources.

Another powerful method for multi-loop integrals is the method of differential equations [330–
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What does this require from theory
Precision for extraction from data

Precision for prediction
FCC feasibility study report – 2505.00272

FCC feasibility study report – 2505.00272

Several building blocks:
Ø Initial state  soft+collinear (#) radiation (ISR)
Ø EW+QCD corrections (h.o. + resummed)
Ø QCD at Z-pole: multijet xsec ($!(&"))
Ø Improved parton-shower event generators
Ø Non-perturbative hadronization effects

All need to be pushed beyond LEP experience
Lots of experience from LHC, but h.o. EW is new territory 

 threshold scanW+W≫
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several delicate theory issues and great challenges to get to such uncertainty

ΛMW

Λ→W

[Azzurri 2107.04444]

[Actis et al hep-ph/0807.0102]

EFT approach for unstable particles, i.e. v2 ≳ α ≳ →W

MW
∼ 1

 uncertainty on XS: 
not enough for FCC-ee

⇒(0.3%)
mandatory
[Schwinn in 1905.05078]

missing relevant contributions:

≪ 0.1% ⊥ πBorn• residual uncert. on resonant part

• non-resonant effects and 
kinematic corrections ≪ 0.02% ⊥ πBorn must be under control

sub-MeV on mW

theory control on XS at 
threshold well below permille

in order to address both:

2-loop EW effects to WW production

extremely challenging

Electroweak Physics at the Z-pole

23

Delicate relation EWPOs ↔ real observables
[Table 11 of 2505.00272]

quantities of interest are defined in terms of a resonant 
(on-shell) Z boson

Higher-order EW and QCD x EW corrections to  vertex requiredZ ≫ ff̄

The complete  process receives also non-resonant contributions, eg.eΛe+ ≫ ff̄

Highly challenging 
multiloop-multiscale 

calculation

(need to be properly taken into account)

•  interference α* Λ Z

• box diagrams

beyond state-of-the-art 
technology required

❌ ❌

❌

Electroweak Physics at the Z-pole
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Delicate relation EWPOs ↔ real observables
[Table 11 of 2505.00272]

quantities of interest are defined in terms of a resonant 
(on-shell) Z boson

Higher-order EW and QCD x EW corrections to  vertex requiredZ ≫ ff̄

The complete  process receives also non-resonant contributions, eg.eΛe+ ≫ ff̄

Highly challenging 
multiloop-multiscale 
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•  interference α* Λ Z

• box diagrams

beyond state-of-the-art 
technology required

❌ ❌

❌

Electroweak Physics at the Z-pole

23

Delicate relation EWPOs ↔ real observables
[Table 11 of 2505.00272]

quantities of interest are defined in terms of a resonant 
(on-shell) Z boson

Higher-order EW and QCD x EW corrections to  vertex requiredZ ≫ ff̄

The complete  process receives also non-resonant contributions, eg.eΛe+ ≫ ff̄

Highly challenging 
multiloop-multiscale 

calculation

(need to be properly taken into account)

•  interference α* Λ Z

• box diagrams

beyond state-of-the-art 
technology required

❌ ❌

❌

2nd order EW corrections 
↪ Extremely challenging 

Higgs factory: , cross sectione≫e+ Λ Z H
 events → XS measurement with expected  accuracy106 ZH →(0.2% ≫ 0.5%)
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Perturbative second-order EW corrections are definitely in this ball park: mandatory

Technically extremely 
challenging 

Great recent progress exploiting numerical approaches [Chen et al. 2209.14953, Freitas et al 2209.07612]

(multi-loop multi-scale 
problem)

Open (technical) issues:

• implementation for real-events simulation

• numerical reliability, efficiency

• large-scale deployment

Higgs physics at FCC-ee and NNLO EW

Federico Buccioni Ringberg 10/05/2024 15

Measurement of ZH cross-section with expected precision of 0.4%
NNLO electroweak corrections of commensurate size (although calculations are monstruos)

Complete two-loop amplitudes calculation a' la AMFlow: [Chen et al 2209.14953]

NNLO EW with nf-enhanced contributions [Freitas, Song 2209.07612]

Impact at cross section level for s ~ (240 GeV)2
increase NLO-EW prediction by 0.7%

Computed for fixed ratios of invariants/masses
Stil l hard: full-fledged NNLO EW implementation for real-events simulation

Numerical approaches to 
Higher-order EW corrections to ZH

numerical reliability, efficiency, large-scal usage, etc

Dreaming big (and crazy): H in VBF : e-e+ → Hνν

Two-loop electroweak
corrections to 5-point amplitude 
with one off-shell leg

possibly beyond current technology:

Bosonic contributions could be significantly harder• in fully decayed process also contribution from  e≫e+ Λ Hα≫α+ (π π̄)

Beyond current
state of the art

Reina
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OUTLOOK

The experimental and theoretical progress of the last few years has been remarkable, 
and the opportunities ahead of us at the HL-LHC are correspondingly rich. 


But many of the questions we now want to answer sit precisely at the interface 
between theory and experiment: design of new observables; control and 

interpretation of theory uncertainties/correlations at the % level; optimal use of 
differential information; combination of measurements; EFTs; ensuring that 

increasingly sophisticated analyses remain both powerful and interpretable; …


The time is therefore mature to (re)consider a stronger framework for this interaction, 
e.g. within the LHC WGs: a new layer of collaboration between the LHC experiments 
and the theory community, where cutting-edge analyses, theoretical developments 

and open questions can be discussed early, openly and constructively.
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OUTLOOK Right outside the auditorium 

Let’s keep hunting!


