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Standard Model Shortcomings & the Higgs Boson

Typeset: Gian Giudice

… simultaneously, simplest solution providing EW symmetry breaking

SM seems right as of today, but still important issues it cannot address, many 
related to the physics of Higgs field:
• unification of interactions

• nature of dark matter

• connection to gravity

• nature of EW symmetry breaking

• origin of quark/lepton families

• masses and Yukawa couplings

• matter anti-matter asymmetry

DESY/designdoppel

Almost every problem in Standard Model (SM) arises from Higgs boson…
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The Higgs: a Mirror onto SM Shortcomings

Higgs “reflection” : the way Higgs physics may? might? should?! reveal hidden 
aspects of the SM

• The Higgs as the unique scalar in the Standard Model 

• Couples to everything with mass: universal gateway 

• Unstable to UV physics: hierarchy problem 

• Can mix with hidden sectors: portal models 

• Governs the vacuum structure: self-coupling 

• Controls unitarity at high energies (VV scattering) 

• Other sectors can hint at new physics, Higgs sector is the most 
theoretically motivated & experimentally sensitive window to 
whatever lies beyond Standard Model 

• The Higgs boson has the potential to be our preferential 
mirror onto new physics 

Key question: “Is the Higgs exactly as the SM predicts?”
“If the Higgs wasn’t the SM one, how would its reflections look like?”
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The Higgs: a Mirror onto SM Shortcomings

Higgs “reflection” : the way Higgs physics may? might? should?! reveal hidden 
aspects of the SM

• The Higgs as the unique scalar in the Standard Model 

• Couples to everything with mass: universal gateway 

• Unstable to UV physics: hierarchy problem 

• Can mix with hidden sectors: portal models 

• Governs the vacuum structure: self-coupling 

• Controls unitarity at high energies (VV scattering) 

• Other sectors can hint at new physics, Higgs sector is the most 
theoretically motivated & experimentally sensitive window to 
whatever lies beyond Standard Model 

• The Higgs boson has the potential to be our preferential 
mirror onto new physics 

Key question: “Is the Higgs exactly as the SM predicts?”
“If the Higgs wasn’t the SM one, how would its reflections look like?”

Focus on three main topics: 

“Lighter” quark Yukawa couplings 

Higgs dynamics at high Q2 

Higgs potential
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The Mirror and… the Subject

Better subjects… 

better observables

Better mirrors… 

better machines/detectors

better measurements

Wise evolution of observables, machines & measurements across eras  
may ensure the successful program we are aiming for…

Time

Time
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From discovery to precision

G. Salam

From discovery to precision: 
reflections of the Higgs 
boson across eras just 

started, 13 years after its 
discovery

• Higgs couplings vs. fermion masses: 
mi=giv

• After Newton and Einstein, establishing 

a new concept of “mass”!

• Proportionality: test of Yukawa mechanism 
• Any deviation would directly indicate new 

dynamics - e.g. compositeness, extra 
dimensions, or mixing with new scalar 
states


• beauty, charm, strangeness  
→ probes of increasing subtlety

H→ss?
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Is it the Standard Model Higgs?

Does the Higgs couple to other particles 
as predicted?

Measure deviation in 
coupling from Standard 

Model

Coupling of new physics to SM

Mass of new physics

Map deviation to new physics

coupling & scale
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Higgs & its Couplings to the “outer” World
2022 ATLAS comb  
vs. 2014(8) HL-LHC  

projections

AS & G. Artoni

• Current precision ~2014 HL-LHC projections (20x Run-2 data)!

• 2025 results updating Nature combination for 10th anniversary


• Impressive agreement with SM predictions

• But, is our current accuracy “good enough”? Anywhere ~1%?!

• How many couplings are yet to be explored? 


• Huge backgrounds make hadronic final states challenging
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“Beauty”: Third-Generation Couplings

• Milestone at the LHC: H→bb discovery in 2018

• 6 years after Higgs discovery, still a relatively young 

field!

• Witnessing challenges of hadronic channels, in 

contrast to less-common Higgs-boson decay 
channels observed earlier


• Huge improvements, entered precision era

• Historically driven by V(=W,Z)H production in “resolved” 

decay topology

• Other production modes (e.g. ttH) also contribute in 

a subleading way

• Main uncertainties are challenging to reduce

• Signal and background, mainly W/Z+jets, modeling

• Will be a main focus of full Run-3

0.65 < |κb| < 1.37 (95%CL)

JHEP 04 (2025) 075
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“Beauty”: Third-Generation Couplings… & more!
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Figure 11: Diagram showing the event categorization criteria. The columns (rows) are divided into 4 categories:
when the leading (subleading) jet is not a candidate jet (see Section 4.2), when neither of the first two pT-ordered
track-jet is b-tagged, when one of the track-jets is b-tagged and when both track-jets are b-tagged.

Table 15: Definition of the fiducial and di�erential volumes used in the analysis categories and the processes measured.

Category p
H

T Range [GeV]
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>1000
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0
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Figure11:Diagramshowingtheeventcategorizationcriteria.Thecolumns(rows)aredividedinto4categories:
whentheleading(subleading)jetisnotacandidatejet(seeSection4.2),whenneitherofthefirsttwopT-ordered
track-jetisb-tagged,whenoneofthetrack-jetsisb-taggedandwhenbothtrack-jetsareb-tagged.

Table15:Definitionofthefiducialanddi�erentialvolumesusedintheanalysiscategoriesandtheprocessesmeasured.

Categoryp
H

TRange[GeV]

Fiducial>450
>1000

p
0
T<300

p
1
T300–450

p
2
T450–650

p
3
T>650

March16,2021–13:0028

H→bb jetW/Z jet

• Combination of resolved & merged VH topologies allows for coverage of 
enormous phase space

• Great constraints on Higgs kinematics up to pT~600 GeV! 

• Enhanced sensitivity to new physics from large MNP 

ATLAS-CONF-2021-051

JHEP 04 (2025) 075
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Search for 𝑯 → 𝒄ത𝒄 and Measurement of 𝑯 → 𝒃ഥ𝒃
in Vector-Boson Fusion Production with the 

ATLAS Detector 

Austin Mullins, on behalf of the ATLAS Collaboration
Southern Methodist University 

LHCC Meeting November 17th, 2025

Analysis Strategy

Sample Event Display

Run-3 𝐻 → 𝑐 ҧ𝑐 event. The two c-tagged Higgs boson jet 
candidates, 𝑐1 and 𝑐2, are shown in purple. The two VBF jet 

candidates, 𝑗1 and 𝑗2, are shown in yellow. The value of 𝒎𝒋𝟏𝒋𝟐 = 
4.0 TeV and the value of 𝒎𝒃𝒃 = 124.9 GeV for this event. 

Combination

Results

Higgs Candidate Jet Mass Distributions

Includes all six SRs weight by ln(1+ Τ𝑠 𝑏) and summed for the 𝐻 → 𝑐 ҧ𝑐 and 𝐻 → 𝑏ത𝑏 channels. Signal (s) is 
calculated based on the observed Higgs boson signal for each region and background (b) is calculated 

based on the post-fit background yields in each region. 

Higgs boson decays to charm and bottom quarks was investigated in the VBF production mode using a partial 
Run-2 dataset at 𝑠 = 13 TeV and a partial Run-3 dataset at 𝑠 = 13.6 TeV for a combined integrated 
luminosity of 89 fb-1

. Combinations were performed with the Run-2 VH, 𝐻 → 𝑐 ҧ𝑐 result as well as the Run-2 
VBF, 𝐻 → 𝑏ത𝑏 and the Run-2 VBF+𝛾𝛾, 𝐻 → 𝑏ത𝑏 result. 

𝑯 → 𝒃ഥ𝒃
o 𝜇 𝐻 → 𝑏ത𝑏 = 𝟎. 𝟗𝟕 −0.50

+0.57

o Observed (Expected) significance of 𝜇 𝐻 → 𝑏ത𝑏 :  𝟐. 𝟎𝝈 (𝟐. 𝟏𝝈)

𝑯 → 𝒄ത𝒄
o 𝜇 𝐻 → 𝑐 ҧ𝑐 = 𝟏𝟖 −13

+13

o Observed (Expected) significance of 𝜇 𝐻 → 𝑐 ҧ𝑐 : 𝟏. 𝟑𝝈 𝟎. 𝟎𝟕𝟔𝝈
o Observed (Expected) upper limit on 𝜇 𝐻 → 𝑐 ҧ𝑐 : 𝟒𝟏 𝟐𝟕

The 𝐻 → 𝑐 ҧ𝑐 result is further interpreted in kappa framework by 
reparametrizing 𝜇𝑐 ҧ𝑐 in terms of the charm Yukawa coupling 
modifier 𝜅𝑐:

o Expected 95% CL constraint on 𝜿𝒄: 𝜿𝒄 < 𝟏𝟏
o Observed 68% CL constraint on 𝜿𝒄: 𝟐. 𝟑 < 𝜿𝒄 < 𝟏𝟖
o No observed constraint can be set at 95% CL due to large 
saobserved value of 𝝁𝒄𝒄.

VBF is the second largest production 
mode of Higgs bosons behind 𝑔𝑔 → 𝐻. 

BR (𝑯 → 𝒄ത𝒄): ~2.9%
BR (𝑯 → 𝒃ഥ𝒃): ~58%

Τത𝑏 ҧ𝑐

b/c

Searching for small signals on top of dominant 
multijet background

VBF 𝑯 → 𝒄ത𝒄/𝒃ഥ𝒃
VBF 𝐻 → 𝑐 ҧ𝑐 search is possible starting in 2018 
thanks to the introduction of the Inclusive VBF 
Trigger. This analysis also makes use of the NEW 
GN2 tagger for selecting b- and c-jet candidates. 

First result to exploit GN2 2D b/c tagging with 
dedicated calibrations for resonant contributions.

Distribution of ANN output scores for Run-2 and Run-3 𝑐 ҧ𝑐 channels 
and Run-3 𝑏ത𝑏 channel.

o Dedicated control regions (CRs) are defined to check subdominant 
resonant backgrounds and to measure trigger efficiency.

o Adversarial neural network’s (ANNs) are trained to obtain signal (s) 
vs. background (b) discriminant fairly decorrelated from 𝑚𝐻.

o Classifier is used to categorize events into more s-like or more b-like 
regions (6 total signal regions) and the 𝑚𝐻 is fit in each region 
simultaneously.

Observed (Expected) significance of 
(A)+(B)+(C): 3.3𝝈 (3.7𝝈).

GN2 Paper

SCAN ME!

5% 
improvement

in expected 
constraint on 𝜅𝑐
relative to the 

Run-2 VH 
result.

Run 2 𝑽𝑯 → 𝒄ത𝒄
Result

Run 2 𝑽𝑩𝑭 → 𝒃ഥ𝒃
Result

Run 2 𝑽𝑩𝑭𝑯 → 𝒃ഥ𝒃 + 𝜸
Result

Reference: 
CERN-EP-2025-247

10

“Beauty”: Third-Generation Couplings… & more!

Being H→bb the most frequent decay, it probes 
high Q2 production (more later)

• Recently, first evidence of VBF H→bb production by ATLAS


• Channel dominated by Higgs pT>~200 GeV


• Great prospects for high momentum in VBF too!

STXS Stage 1.2

CERN-EP-2025-247

https://indico.cern.ch/event/1607507/#74-search-for-h-cc-and-measure
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“Charm”: Second-Generation Frontier

H+c production

arXiv:2504.13081

• Hunt for charm Yukawa coupling

• Different approaches keep changing landscape

• Direct & indirect probes, dominated by direct search 

for H→cc decay

• Trying to squeeze out sensitivity: now probed in all main 

production modes!

• Far from discovery, very challenging channel

• ~3.5x lighter than bottom, ~20x smaller BR, more 

difficult to identify

• Once thought “impossible” attempt at the LHC… 

Diff measurements 
ggH cross-section JHEP02(2025)045
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Search for 𝑯 → 𝒄ത𝒄 and Measurement of 𝑯 → 𝒃ഥ𝒃
in Vector-Boson Fusion Production with the 

ATLAS Detector 

Austin Mullins, on behalf of the ATLAS Collaboration
Southern Methodist University 

LHCC Meeting November 17th, 2025
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• Direct: not only statistics, need to identify charm jets!

• Constant improvement in performance, new techniques 

(e.g. finer & finer b/c-tagging…)

• Historically, business started in VH production mode

• Impressive new result by CMS probing ttH 
• Huge boost from dedicated discriminant to reduce 

background

• Fresh off the press: VBF H→cc! ~1 VH→cc channel

• Promising, statistically dominated

“Charm”: Second-Generation Frontier

CERN-EP-2025-247

JHEP 04 (2025) 075

arXiv:2509.22535 
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“Charm”: Tools for 2nd Gen Frontier
• Charm tagging based on:

• Decay length ~150-300 μm, displaced vertices/tracks

• Relatively large invariant mass

• Specific track multiplicity: ~3 charged particles on 

average

• Non-isolated charged leptons from semileptonic 

decays: BR~10%

• Challenges of charm tagging 
• Modelling uncertainties in fragmentation & 

semileptonic BR

• Intermediate E profiles, between b & light

• Many b-jets contain c hadrons from b→c


• 2D tagging 
• No clean, abundant data samples of 

prompt charm jets to calibrate on

• Systematic uncertainties larger than those 

for b-jets by x2-5

arXiv:2509.22535 
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“Charm”: Second-Generation Frontier
• Best limit on H→cc to date by CMS, combining VH & ttH

• Impact of κc on simultaneous determination of Higgs couplings

• Re-analysis of ATLAS Run-2 data allowed for reduction of 43% on 

exp. κc uncertainty 
• Reached enough sensitivity to solve loose constraint on Higgs 

width when H→cc (𝜅c) is included (free) 

• New channels, explored in Run-3, will team up to further constrain κc

• Future ahead of us: Can the HL-LHC measure κc?

arXiv:2509.22535 

|κc| < 3.5 (2.7 exp.) @95%CL ATLAS-CONF-2025-006

𝜅c as fit  
parameter
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The Path Forward: The HL-LHC Era

LHC design  
1 x 1034 cm-2 s-1 

1.15 x 1011 ppb 


30 fb-1 /year

LHC today  
2.2 x 1034 cm-2 s-1 


1.6 x 1011 ppb 

120 fb-1 /year

HL-LHC 
6 x 1034 cm-2 s-1 

2.2 x 1011 ppb 

300 fb-1 /year

Detector upgrades for same (or better) performance at 200 PU as in Run-3 with 60 PU

• HL-LHC kicks off in Run-3, currently expected June 2030

• Expect up to 3 ab-1 @14 TeV, i.e. 180M Higgs bosons!


• Among main “Higgs” goals:

• Percent-level accuracy on modifiers for dominant couplings

• Measurements of rare Higgs boson couplings to fermions and vector bosons 

• Precise measurements of differential cross-sections
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The HL-LHC Era - Steps Forward for the Higgs

• Combined LHC input to ESPPU2026

• Scenarios considered for projections 

of physics deliverables from actual 
analyses

• Scaling luminosity

• Efficiency of object 

reconstruction, identification & 
resolution assumed as Run-2 → 
detector upgrades compensate 
harsher conditions


• Cross-section rescaled to 14 TeV

• HL-LHC will shrink Higgs coupling 

uncertainties by roughly x2-3 
compared to Run-2 

• Expect observation of H→μμ/Zγ

• Percent-level loop-induced 

couplings sensitivity to BSM effects

• Theory uncertainties become 

dominant!

arXiv:2504.00672
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The HL-LHC Era - Bottom & Charm

• Most recent VH(bb/cc) HL-LHC projections (by 
ATLAS) for ESPPU2026


• Coupling to bottom improved to ~5% level 

• Decay to charm known ~1σ 

• Dependence on performance of taggers:  
we will do better than that!

κb with fixed κc=1 
0.89 < |κb| < 1.15 (95%CL)

κc with fixed κb=1 
|κc| < 1.84 (95%CL)

ATL-PHYS-PUB-2025-012

Excluded to be smaller than 
ratio of b-to-c quark masses 

|κc|/|κb| < 2.58 (5σ)

http://cds.cern.ch/record/2927842
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From HL-LHC to e+e- Collider

Unique at 240 GeV
Higgs recoil

• To meaningfully exceed HL-LHC, need to measure Higgs couplings to 
O(0.1)% 

• Effectively: produce millions of Higgs bosons in a clean e+e- 
environment “shovel ready”


• Apart from couplings, many “Higgs” opportunities…


• Model independent total width, H→invisible, rare decays
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The FCC-ee case
• FCC-ee : 91 km circular collider with 4 

interaction points for 15 yrs, start around 
2045


• Amazing potential for precision Higgs. Goals:

• O(10) improvements in Higgs couplings 
• Currently challenging/“impossible” 

decay modes like cc/gg & ss 
• Absolute gZ coupling 
• Higgs self-coupling from ZH cross 

sections at 240 & 365 GeV

• Unique opportunity to test electron 

Yukawa 
• QCD & EWK physics, quark-flavor physics, 

searches for FCNC, top-quark properties 
(with √s = 345 - 365 GeV), etc…


• Exquisite luminosity for ultimate precision:

• 200k Z bosons / second (LEP/minute)

• 20k W bosons / hour

• 4k Higgs bosons / day 
• 6k tops / day

Courtesy of P. Janot
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Higgs Production @FCC-ee

20

Patrick Janot 
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Fig. 7: The Higgs boson production cross section as a function of the centre-of-mass energy in unpolarized e+e�

collisions, as predicted by the HZHA program [38]. The thick red curve shows the cross section expected from the
Higgs-strahlung process e+e� ! HZ, and the thin red curve shows the fraction corresponding to the Z ! ⌫⌫̄

decays. The blue and pink curves stand for the WW and ZZ fusion processes (hence leading to the H⌫e⌫̄e and
He+e� final states), including their interference with the Higgs-strahlung process. The green curve displays the
total production cross section. The dashed vertical lines indicate the centre-of-mass energies at which TLEP is
expected to run for five years each,

p
s = 240 GeV and

p
s ⇠ 2mtop.

Table 3: Integrated luminosity and number of Higgs bosons produced with TLEP at
p
s = 240 GeV (summed

over four IPs), for the Higgs-strahlung process and the WW fusion. For illustration, the corresponding numbers
are also shown for the baseline ILC programme [39] at

p
s = 250 GeV, with beams polarized at a level of 80% for

electrons and 30% for positrons.

TLEP 240 ILC 250
Total Integrated Luminosity (ab�1) 10 0.25

Number of Higgs bosons from e+e� ! HZ 2,000,000 70,000
Number of Higgs bosons from boson fusion 50,000 3,000

with the scan of the tt̄ threshold, at
p
s around 350 GeV, where the background from the Higgs-strahlung

process is smallest and most separated from the WW fusion signal.

3.1 Measurements at
p
s = 240 GeV

At
p
s = 240 GeV, the TLEP luminosity is expected to be 5 ⇥ 1034 cm�2s�1 at each interaction point,

in a configuration with four IPs. The total integrated luminosity accumulated in five years, assuming
running for 107 seconds per year, is shown in Table 3, together with the corresponding numbers of Higgs
bosons produced.

From the sole reading of this table, it becomes clear that TLEP is in a position to produce enough
Higgs bosons in a reasonable amount of time to aim at the desired sub-per-cent precision for Higgs boson
coupling measurements. Detailed simulations and simple analyses have been carried out in Ref. [35] to
ascertain the claim, with an integrated luminosity of 500 fb�1 (representing only one year of data taking
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Motivation

• BR( ) estimated as  
➡  , 

PDG 
➡ from theorists

H → ss̄
BR [H → ss̄]SM ≈ (ms /mc)2 ⋅ BR [H → cc̄]SM

BR [H → ss̄]SM ≈ 0.024 %

First Look at the 
Physics Case of TLEP 

arXiv:1308.6176

24 I.3.1. Update of branching ratios and decay width for the Standard Model Higgs boson
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Figure 9: Higgs boson branching ratios and their uncertainties for the mass range around 125 GeV.

While about half of this shift is due to the change in ↵s, the remaining part comes from improvements
in HDECAY, in particular from the inclusion of charm-quark-loop contributions and NLO quark-mass
effects. The partial widths for the other bosonic decay modes change at the level of one per mille or
below. The total width increases by approximately 0.5%. Correspondingly, the relative increase for the
central value of the H ! bb BR is approximately 1%. The relative decrease in the other fermionic
modes is below 1%. For H ! gg, the relative decrease of the BR is approximately 4%. The relative
decrease of the other bosonic BRs is below 1%, only.

The error estimates on the BRs also change as discussed in the following: The total error on
the H ! bb BR decreases to below 2% due to the reduced errors on ↵s and the bottom quark mass
and the reduced THU. Since the error on H ! bb is a major source of uncertainty for all the other
BRs, their error is reduced by more than 2% due to this improvement alone. In addition, the other
fermionic modes benefit from the reduced THU after the inclusion of the full EW corrections, such that
the corresponding errors are reduced roughly by a factor of 2 to below 2.5% for the leptonic final states
and to below 7% for H ! cc. Also the error estimates for the bosonic decay modes are decreased,
mainly due to the improvements in H ! bb. In particular, the error for the decay into massive vector
bosons is approximately 2%, i.e. half as big as before. The errors on the partial widths are discussed in
Section I.3.1.c.

The BRs for the fermionic decay modes are shown in Tables 174–175. The BRs for the bosonic
decay modes together with the total width are given in Tables 176–178. Besides the BRs, the tables list
also the corresponding theoretical uncertainties (THU) and parametric uncertainties resulting from the
quark masses (PU(mq)) and the strong coupling (PU(↵s)). The PUs from the different quark masses
have been added in quadrature. The BRs (including the full uncertainty) are also presented graphically
in Figure 9 for the mass region around the Higgs boson resonance.

Finally, Tables 179–181 list the BRs for the most relevant Higgs boson decays into four-fermion
final states. The right-most column in the tables shows the total relative uncertainty of these BRs in
per cent, obtained by adding the PUs in quadrature and combining them linearly with the THU. The
uncertainty is practically equal for all H ! 4f BRs and the same for those for H ! WW/ZZ. Note that
the charge-conjugate final state is not included for H ! `+nlqq.

• At  Higgs boson is produced in 
association with a Z boson measure couplings ! 

• Use the analysis to study and optimise the tracker  
design and performance

s = 240 GeV
→

Higgsstrahlung

VBF

H Decay BR (%)
mH = 125.0GeV

bb̄ 58.24
cc̄ 2.891
ss̄ 0.016
gg 8.187
⌧ ⌧̄ 6.272

BR [H ! ss̄]
SM

⇡ (ms/mc)
2 ·BR [H ! cc̄]

SM

Process Cross-section
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Signal ZH 0.2032195
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e
+
e
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e
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e
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e
+
e
� ! Z(⌫⌫)H(gg) 0.003782

e
+
e
� ! Z(⌫⌫)H(ss̄) 1.109 ·10�05

e
+
e
� ! Z(⌫⌫)H(⌧ ⌧̄) 0.002897

Background e
+
e
� ! ZZ 1.35899

e
+
e
� ! W

+
W

� 16.4385
e
+
e
� ! Z/�

⇤ 52.6539
e
+
e
� ! Z(⌫⌫)H(W+

W
�) 0.00994

e
+
e
� ! Z(⌫⌫)H(ZZ) 0.00122

e
+
e
� ! qq̄H, q = u, d, s, c, b 0.13635

Sample Generator Events

e
+
e
� ! Z(⌫⌫)H(bb̄) wzp6 1,200,000

e
+
e
� ! Z(⌫⌫)H(cc̄) wzp6 1,100,000

e
+
e
� ! Z(⌫⌫)H(gg) wzp6 1,055,845

e
+
e
� ! Z(⌫⌫)H(ss̄) wzp6 1,008,052

e
+
e
� ! Z(⌫⌫)H(⌧ ⌧̄) wzp6 1,200,000

e
+
e
� ! ZZ p8 56,162,093

e
+
e
� ! W

+
W

� p8 373,375,386
e
+
e
� ! Z/�

⇤ p8 100,559,248
e
+
e
� ! Z(⌫⌫)H(W+

W
�) wzp6 400,000

e
+
e
� ! Z(⌫⌫)H(ZZ) wzp6 200,000

e
+
e
� ! qq̄H, q = u, d, s, c, b wzp6 5,400,000

1

Handbook of LHC Higgs cross sections 
arXiv:1610.07922 

H Decay BR (%)
mH = 125.0GeV

bb̄ 58.24
cc̄ 2.891
ss̄ 0.016
gg 8.187
⌧ ⌧̄ 6.272

BR [H ! ss̄]
SM

⇡ (ms/mc)
2 ·BR [H ! cc̄]

SM

Process Cross-section
[pb�1]

Signal ZH 0.2032195
Z(⌫⌫)H 0.046191
e
+
e
� ! Z(⌫⌫)H(bb̄) 0.0269

e
+
e
� ! Z(⌫⌫)H(cc̄) 0.001335

e
+
e
� ! Z(⌫⌫)H(gg) 0.003782

e
+
e
� ! Z(⌫⌫)H(ss̄) 1.109 ·10�05

e
+
e
� ! Z(⌫⌫)H(⌧⌧) 0.002897

Background e
+
e
� ! ZZ 1.35899

e
+
e
� ! W

+
W

� 16.4385
e
+
e
� ! Z/�

⇤(qq̄) 52.6539
e
+
e
� ! Z(⌫⌫)H(W+

W
�) 0.00994

e
+
e
� ! Z(⌫⌫)H(ZZ) 0.00122

e
+
e
� ! qq̄H, q = u, d, s, c, b 0.13635

Sample Generator Events

e
+
e
� ! Z(⌫⌫)H(bb̄) wzp6 1,200,000

e
+
e
� ! Z(⌫⌫)H(cc̄) wzp6 1,100,000

e
+
e
� ! Z(⌫⌫)H(gg) wzp6 1,055,845

e
+
e
� ! Z(⌫⌫)H(ss̄) wzp6 1,008,052

e
+
e
� ! Z(⌫⌫)H(⌧⌧) wzp6 1,200,000

e
+
e
� ! ZZ p8 56,162,093

e
+
e
� ! W

+
W

� p8 373,375,386
e
+
e
� ! Z/�

⇤(qq̄) p8 100,559,248
e
+
e
� ! Z(⌫⌫)H(W+

W
�) wzp6 400,000

e
+
e
� ! Z(⌫⌫)H(ZZ) wzp6 200,000

e
+
e
� ! qq̄H, q = u, d, s, c, b wzp6 5,400,000

1

arXiv:1308.6176
• At 240 GeV Higgs boson is produced in 

association with a Z boson 


• Tag Z and measure Higgs 
couplings! 

• Used the analysis to study & optimise 
the tracker design and performance 
(more later)

• Higgs boson reconstruction:


• Particular focus on hadronic decays, e.g.   
H→bb/cc/gg/ss(?)…

• Z-boson reconstruction:


• Explore several decay modes


• Usage of “recoil mass”

https://arxiv.org/abs/1308.6176
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Relative uncertainty (in %) at 68% CL on signal strengths in the various Higgs decay channels

• CAVEAT: exploiting parametric simulation 


• Signal & most background processes: free normalisations correlated across 
categories determined by the fit


• Meet physics goals:


• Improve precision by O(10) wrt HL-LHC 

• Extend to couplings that are (probably) impossible at HL-LHC (strange above all)


• Opportunity to fully establish Higgs couplings!

Z(→ll,vv,jj)H - Expected Precision @240 GeV

21

6 References

simulation. The normalisation of the signal processes is floating, expressed as the product of a signal strength
µi (i=bb, cc, ..) times the SM expected yield for the corresponding Higgs boson decay in the targeted Z boson
decay channel. The background normalisations are constrained to the expectations within a 5% uncertainties.
Statistical uncertainties in the templates from the limited amount of simulated events are included. In the
leptonic analysis also an alternative fit was investigated, yielding similar results. The fit uses analytical shapes,
empirically chosen to describe signal and backgrounds in the simulation, whose parameters (including the
background normalisation) are floating in the fit. For the analysis at

p
s = 240 GeV, the results are combined

by performing a simultaneous fit to the categories of the three different final states, correlating the signal
strengths and the normalisation parameters of the same background processes across the categories; for the
analysis of

p
s = 365 GeV simulations, further optimization of the individual channel is ongoing, and will be

followed by their combination.
The results are given in Tables 2 and 3.

Table 2: Uncertainty (in %) at 68% confidence level on the signal strengths in the various Higgs boson decay
channels at

p
s = 240 GeV, for the three analyses and their combination.

Analysis H ! bb H ! cc H ! gg H ! ss H ! ZZ H ! WW H ! tt

Z ! l+l� 0.68 4.02 2.18 234 13.7 1.78 4.1
Z ! qq 0.32 3.52 3.07 409 52.1 8.74 110
Z ! nn (I) 0.36 2.18 1.10 151 15.3 1.51 11
Z ! nn (II) 0.33 2.27 0.94 137 19.8 1.89 22

comb (I) 0.22 1.65 0.93 121 9.6 1.11 3.8
comb (II) 0.21 1.66 0.80 105 10.1 1.16 4.0

Table 3: Uncertainty (in %) at 68% confidence level on the signal strengths in the various Higgs boson decay
channels at

p
s = 365 GeV, for the three analyses.

Analysis H ! bb H ! cc H ! gg H ! ss H ! ZZ H ! WW H ! tt

Z ! l+l� 1.74 11.3 5.74 116 44 5.61 13
Z ! qq 0.65 3.87 2.48 305
Z ! nn (I) 1.09 5.53 3.17 28 3.88 19
Z ! nn (II) 0.78 4.55 2.93 460 53 4.15 128

5 Conclusion

With an integrated luminosity of 10.8 ab�1 ee collisions at
p

s = 240 GeV, collected by four detectors in three
years of data-taking, FCC-ee could measure the signal strength of Higgs boson decaying to bb, gg, cc with
precisions close to 0.2%, 0.8% and 1.7%. The signal strength for Higgs boson decays to ßcould be probed
with an uncertainty close to the SM expected value of that quantity. A precision close to 1% could also be
obtained for the H ! WW decays, while larger uncertainties close to 4% and 10% could be reached for
H ! tt and H ! ZZ. Additional constraints on these decays could come from the analysis of semileptonic or
fully-leptonic final states. The analysis of 3.0 ab�1 of ee collisions at 365 GeV could lead to measurements of
the signal strengths with uncertainties around 3–4 times worse than at 240 GeV.

6 References

[1] B. A. Erdelyi, R. Gröber, N. Selimovic, How large can the Light Quark Yukawa couplings be? (2024),
arXiv: 2410.08272 [hep-ph].
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Data from PDG 2024 
PLB 775 (2017) 233-238

Sensitivity to few-percent effects from 
running of b/c-quark mass across 

electroweak scales  
(e.g. mb down to ~33% mb→mH)

https://pdg.lbl.gov/2019/reviews/rpp2019-rev-quark-masses.pdf
https://doi.org/10.1016/j.physletb.2017.11.002


[ Andrea Sciandra | Reflections of the Higgs     | November, 18 2025 ]

0 0.2 0.4 0.6 0.8 1 1.2 1.4
/SMssBR

1

10

210

310

410

510

610

N
b.

 o
f p

M
SS

M
 p

oi
nt

s

0 0.2 0.4 0.6 0.8 1 1.2 1.4
/SMccBR

1−10

1

10

210

310

410

510

610

N
b.

 o
f p

M
SS

M
 p

oi
nt

s

22

“Strangeness” - ULTRA Rare Decays

Developments of work in PRD 106, 055002

LHC: attempt by CMS

• May new physics subtly hide into targeted 
couplings?

• E.g. range of H→cc/ss BR values allowed 

within 68%CL by current constraints on 
“pMSSM” parameters


• Attempts to tag strange jets at LHC

• H→ss hopeless: relatively small mass/

coupling/Higgs decay BR (~14x lighter 
than charm)


• We might do this at FCC-ee 

• Evidence for H→ss, provided sufficient 

statistics/optimal search?

H→cc

H→ss

Black: Run-2 
Blue: HL-LHC

Black: Run-2 
Blue: HL-LHC

https://doi.org/10.1007/JHEP11(2021)173
https://doi.org/10.1103/PhysRevD.106.055002
https://indico.fnal.gov/event/44835/contributions/193561/attachments/132592/163045/StrangeTagV10.pdf
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Strange Tagging & PID @FCC-ee

23

• Strange tagging, exploiting large Kaon content 


• Charged requiring K/π separation, neutral KS→ππ, ΚL


• Benefitting from good Particle IDentification (PID): timing detectors, 
Cherenkov detectors, charged energy loss (silicon/gas)


• Count number of primary ionisation clusters along track path


• Time-of-Flight results in good K/π separation at low momenta


• Dedicated modules developed in Delphes  



[ Andrea Sciandra | Reflections of the Higgs     | November, 18 2025 ]

Higgs Couplings & Detector Requirements @FCC-ee
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Precision of H ! ss̄ vs. Particle ID assumptions

• From full propagation through the ZH 
analyses:

• IDEA detector concept PID performance 

close to “perfect” PID

• Impact of dN/dx >> ToF


• Observe factor ~3 degradation in H→ss 
when lacking dN/dx information 

• PID really crucial for H→ss 
determination

Eur. Phys. J. C 
82, 646 (2022)

• PID: crucial ingredient for strange-quark jet identification 
(H→ss)


• Need:

• Cluster counting (dN/dx) measurement at high 

momentum - Cherenkov detectors (RICH)

• Time of Flight (ToF) measurement at low momentum (~1 

GeV)

Truth MC info

• Our measurement goals determine our machines… and our detectors!

• Among Higgs couplings, strange is most stringent in terms of detector requirements

AS et al., PRD 112 (2025) 5, 052002

https://doi.org/10.1140/epjc/s10052-022-10609-1
https://doi.org/10.1140/epjc/s10052-022-10609-1
https://doi.org/10.1103/m2zr-26yf
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Precision of H ! ss̄ vs. Particle ID assumptions

• From full propagation through the ZH 
analyses:

• IDEA detector concept PID performance 

close to “perfect” PID

• Impact of dN/dx >> ToF


• Observe factor ~3 degradation in H→ss 
when lacking dN/dx information 

• PID really crucial for H→ss 
determination

Eur. Phys. J. C 
82, 646 (2022)

• PID: crucial ingredient for strange-quark jet identification 
(H→ss)


• Need:

• Cluster counting (dN/dx) measurement at high 

momentum - Cherenkov detectors (RICH)

• Time of Flight (ToF) measurement at low momentum (~1 

GeV)

Truth MC info

• Our measurement goals determine our machines… and our detectors!

• Among Higgs couplings, strange is most stringent in terms of detector requirements

AS et al., PRD 112 (2025) 5, 052002
Beyond couplings, the Higgs  

reflects its own dynamics

https://doi.org/10.1140/epjc/s10052-022-10609-1
https://doi.org/10.1140/epjc/s10052-022-10609-1
https://doi.org/10.1103/m2zr-26yf
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From precision BACK to discoveryFrom discovery BACK to precision

Intermezzo
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From precision BACK to discovery

JHEP11(2019)034 

4 Higgs production at large transverse momentum

The HL and HE LHC upgrades would allow for in-depth analyses of the high-pt tail of the Higgs boson
transverse momentum distribution. This region is particularly interesting as it is very sensitive to BSM
physics in the Higgs sector. For example, measurements in the boosted region would allow one to lift
the degeneracy between ggH and ttH couplings, and in general probe the internal structure of the ggH

interaction.
We first present results for the 13 TeV LHC. In Fig. 2(left) we show the cumulative Higgs trans-

verse momentum distribution, defined as

⌃(p
H

t ) =

1Z

p
H

t

d�

dpt

,

for the main production channels. The ggF prediction is obtained by rescaling the exact NLO [48,
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Fig. 2: Boosted Higgs prediction at the 13-TeV LHC. Left: cumulative transverse momentum distribution. Right:
relative importance of different production mechanisms. See text for details.

49] with the NNLO K�factor in the mt ! 1 approximation [50–52], and it does not contain EW
corrections. The VBF prediction includes NNLO QCD and NLO EW corrections, while the VH and
tt̄H predictions include NLO QCD and EW corrections [14, 53–56]. For ggF , the factorization and
renormalization scales are chosen to be µ

2
F = µ

2
R = m

2
H + p

2
?,H . For VBF, we use µ

2
F = µ

2
R =

(mH/2) ⇥

q
(mH/2)

2
+ p

2
?,H , see [14]. For VH, we use µ

2
F = µ

2
R = (pV + pH)

2, while for tt̄H we

use µ
2
F = µ

2
R = (m?,t + m?,t̄ + m?,H)

2
/4.

In Fig. 2(right), we show the relative importance of the different production mechanisms.3 As it
is well known, at high pt the ggF channel becomes somewhat less dominant. Still, radiative corrections
strongly enhance this channel, which remains the dominant one in the TeV region. A very similar picture
is expected for the HL-LHC.

Figs. 3 and 4 show similar predictions for the HE-LHC. In Fig. 3, all predictions are LO. At
high pt, the ggF channel become subdominant compared to the other ones. VBF becomes the dominant
channel around pt ⇠ 1 TeV, and VH around pt ⇠ 2 TeV. In the TeV region, the tt̄H channel becomes
larger than ggF .

3 The small feature around pt ⇠ 750 GeV in the ggF channel is due to lack of statistics in the theoretical simulation and it
is not a genuine physical feature.

12

arXiv:2005.07762

• And, yet, once we get precise enough… we enter discovery mode again

• Rare decays, new prod modes, subtle corners of phase-space once inaccessible!


• Among them: Higgs production at extremely high momentum, shifting interest from 
static to dynamic properties of the Higgs boson


• All production modes contribute similarly towards pTH ~ 1 TeV

• Enhanced by powers of E/Λ 
• Loop-level modifications

From discovery BACK to precision

Dynamic Higgs

https://doi.org/10.1007/JHEP11(2019)034
https://arxiv.org/abs/2005.07762
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High-energy: What do Experiments tell us?

What do 
experiments tell us?

New physics seems 
to be relatively 

heavy!

…aka what we will not be able to “directly” probe at e+e- colliders
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• Exploring Higgs high-energy dynamics in all main production modes


• Fully hadronic final states to enhance acceptance


• Cope with large challenging backgrounds


• Deep understanding of H→bb taggers & jet mass/pT calibration required

High-energy dynamics of the Higgs

CMS ggF/VBF ATLAS Incl.

JH
EP

 1
2 

(2
02

4)
 0

35

PR
D 

10
5 

09
20

03
PRL 132, 131802

ATLAS VH

Similar by 
CMS:  

CMS-PAS-
HIG-24-017, 

2025
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uncertainty bands (calculated with a binomial model) are denoted. The distribution is shown for the SM evaluation
samples.

Figure 4: The 𝑀 (𝑁𝑁̄) signal e"ciency as a function of the jet 𝐿T at a 50% working point. Statistical uncertainty
bands (calculated with a binomial model) are denoted. The distribution is shown for the SM evaluation samples.
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29

Tagging Boosted Higgs

Figure 6: Large-𝐿 jet mass distributions for 𝑀 (𝑁𝑁̄) and mult!et samples, before and after applying a 70%
𝑀 (𝑁𝑁̄) e"ciency 𝑂GN2X

Hbb cut. The distribution is shown for the SM evaluation samples.

Close to the peak of the 𝑀 (𝑁𝑁̄) mass distribution there is little change in the shape of the mult!et distribution,
as desired. However, at both high and low mass values changes in shape of the mult!et distribution begin
to become more significant. This is expected due to the low training statistics for jets in this kinematic
regime. Extending the training distribution to higher masses is expected to reduce sculpting in the high
mass region. These conclusions also hold for stricter requirements on the discriminant. Sculpting of
the signal distribution is not considered a concern for most physics use cases, but does provide useful
information on the population of 𝑀 (𝑁𝑁̄) jets that are not tagged.

5.2 𝜴(𝜶𝜶) performance

Since GN2X outputs the likelihoods of the jets being identified as 𝑀 (𝑁𝑁̄), 𝑀 (𝑃𝑃), top and mult!et, it can
also be used for 𝑀 (𝑃𝑃) tagging. The likelihoods can be combined similarly as to 𝑂GN2X

Hbb in Section 5 to
obtain a discriminant, 𝑂GN2X

Hcc , defined as:

𝑂GN2X
Hcc = ln

(
𝑄Hcc

𝑅𝐿𝑀𝑀 · 𝑄Hbb + 𝑅top · 𝑄top +
(
1 → 𝑅Hbb → 𝑅top

)
· 𝑄QCD

)
,

where, 𝑅Hbb is a free parameter, similar to 𝑅Hcc, that determines the relative rejection weight of 𝑄Hbb to
the rest of the backgrounds. For the following performance studies, 𝑅Hbb = 0.3 and 𝑅top = 0.25 were used,
which were obtained via an optimisation procedure identical to the one used for 𝑂GN2X

Hbb .

Figure 7 shows the background rejection as a function of the 𝑀 (𝑃𝑃) signal e"ciency in the range relevant
for most physics analyses. As the previous 𝑂Xbb tagger was not designed for 𝑀 (𝑃𝑃) identification, only
the 2-tag VR track-jet baseline can be compared to. The minimum discriminant value of the leading two
VR track-jets must pass a 𝑃-tagging requirement. For 𝑀 (𝑃𝑃) identification, in addition to the top and

12

• Inputs: O(100) tracks associated with large 

jet containing all decay products (+secondary 

vertices in CMS)


• Transformer network architecture with 

multiple scores for multiple final states


• Mass decorrelation: training with flat mass 

spectrum to prevent alg from learning mass

ATLAS GN2X
ATLAS GN2X

CMS GloParT
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Perspectives for Improvements on Run-3 Data

ATL-PHYS-PUB-2024-015

ATL-PHYS-PUB-2023-021

JH
EP

 1
2 

(2
02

4)
 0

35

• Improvements on: 

• H→bb tagging, ATLAS: ~x3 background rejection for same signal efficiency!

• Jet mass/pT resolution 

• Mass resolution determines significance ~linearly 

• pT resolution determines magnitude of off-diagonal elements 

• Measurable in-situ and/or in dedicated control samples

• ~30% relative improvements from dedicated regression techniques


• Data-driven estimate of main non-resonant backgrounds

• Improvable by better constraining bkg shape, thanks to better H→bb taggers


• All in all, with a factor ~3.5x more data by June 2026, we may expect to get ~an order 
of magnitude better towards & beyond 1 TeV! CMS ggF/VBF
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• Improvements in knowledge of Higgs dynamics at high pT


• Impressive constraints on effects from BSM physics 


• As an example, projections on gluon-Higgs point-like & 
chrmomomagnetic EFT operators


• Improving constraints by orders of magnitude!

Projections for High-energy dynamics

Our knowledge of Higgs dynamics may remain unbeaten for a while after HL-LHC

Pr
oj

ec
tio

ns
 o

f m
ai

n 
EF

T 
pa

ra
m

et
er

s 
(c

g,
ct

g)
 

co
ns

tra
in

ts
 fr

om
 A

TL
AS

 b
oo

st
ed

 g
gH

(b
b)

 

140 fb-1
300 fb-1

3000 fb-1

Eur. Phys. J. C (2018) 78 :808 Page 3 of 9 808
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originating from the O1 operator
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Fig. 3 Generic diagrams induced by the chromomagnetic operator O3

The contributing generic SM diagrams are shown in Fig. 1.
The contribution from the modified Yukawa coupling can

be straightforwardly obtained by rescaling the SM result. The
effective Higgs-gluon coupling gives rise to the diagrams in
Fig. 2. When considering the insertion of the chromomag-
netic operator we obtain 54 additional diagrams (see Fig. 3)
out of which just 2 types are topologically equivalent to the
SM ones.

The amplitude can be cast into the form

Tgg→gH (p1, p2, p3)

= ig3
Sm

4
H

12π2v
fabcMµνρ

gg→gH εµ(p1)εν(p2)ε
∗
ρ(p3), (15)

where ε(pi ) are the gluon polarisation vectors. The amplitude
can be decomposed into four independent tensor structures
[47]

Mµνρ
gg→gH (p1, p2, p3) = F1(p1, p2, p3)Qµνρ

1

+ F2(p1, p2, p3)Qµνρ
2

+ F3(p1, p2, p3)Qµνρ
3 + F4(p1, p2, p3)Qµνρ

4

(16)

where

Qµνρ
1 = pρ

1 p
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2 pν

3 − pν
1 p

ρ
2 p
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3
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ρ
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1 ]
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Briefly… Self-Reflections
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Briefly… Self-reflection: Higgs Potential

The Higgs field beautifully breaks symmetry - and 
catastrophically breaks our understanding of the vacuum

• What is the shape of Higgs potential?


• We’ve only measured the minimum of this potential, gives us harmonic oscillator term 
mH2 = 2μ2 = 2λν2


• Taylor series expand around the minimum
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Briefly… Self-reflection: Higgs Self-Coupling
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• Current status & HL-LHC projections

• How precise has to be our 
knowledge of Higgs potential?


• New physics may modify it 
significantly! 

• Compositeness, new scalar 
singlets, heavy loops, etc…

Physics 
scenario

Shift in κλ Required 
precision

Composite 10-30% <10%

Singlet scalar 50-100% <20%

EFT dim-6 36-4%  
(Λ:1-2 TeV)

5-10%  
for Λ=2-3 TeV

Heavy weakly-
coupled scalars 10% 5-20%

3 ab-1/exp. 
30% precision

Run-2 
300% precision
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Mapping Higgs Potential: Self-Couplings Across Colliders
• To test whether the Higgs field truly gives mass - or hides new dynamics - we 

must measure λ₃ at 10% level, λ₄ at 50% level

• HL-LHC will tell us if the Higgs potential is roughly SM-like

• FCC-hh (had version of FCC-ee) will finally let us measure its shape

• μ colliders: clean environment of e⁺e⁻ machine with E reach of hadron collider

G. Salam

• Quadrilinear coupling (λ4)

• Essentially unmeasurable at 

HL-LHC (HHH σ~0.01 fb)

• @100 TeV (FCC-hh+μ coll.) 

HHH σ~0.1 fb: 1000 events

• O(50%) if λ₃ constrained
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Summary of the Future

Observable Current HL-LHC FCC-ee FCC-hh 
(+μ coll.)

κb 15-20% 10% 0.5-1% -

κc(s) 150%(-) <90%(-) 2(30-100)% -

High-pT 
dynamics limited 1-10% - TBD

λ3 300% 20-30% indirect 3-5%

λ4 - - - 300(50)%
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Many Open Questions

Dark matter

• A LOT more on the way than what we’ve seen today! A LOT remains mysterious!

• Plenty of opportunities: our exploration of the Higgs boson has just started!

Vacuum stability & high-scale Higgs potential
Neutrino masses and mixings

Origin of flavor
The 

hierarchy 
problem/

naturalness

Matter–antimatter asymmetry

Strong CP problem

No quantum gravity in the SM

APS/Alan StonebrakerJHEP 08 (2012) 098

Symmetry Magazine

http://alanstonebraker.com/
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Recap of Higgs reflections:


• Beauty → established


• Charm → emerging


• Strangeness → still hidden


• Self-reflection → on the horizon


• Dynamics → still so much to explore, at hadronic colliders… 

unique opportunity!

38

Conclusion

Each era sharpens the mirror in which we see the Higgs - 
and perhaps, new physics



Thanks for your attention

ChatGPT
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BACKUP
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LHC - Couplings
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LHC - Couplings accessibility

42
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LHC - Couplings accessibility

42

κg

κγ,Ζγ

Loop-induced processes! Use effective parameterization or (for example): 



[ Andrea Sciandra | Reflections of the Higgs     | November, 18 2025 ]

CMS ttHcc background rejection

43
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CMS ttHcc background categorisation

44
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CMS boosted ggHcc

45

Phys. Rev. Lett. 131 (2023) 041801

Zcc

Hcc
<47(39)xσSM

http://dx.doi.org/10.1103/PhysRevLett.131.041801
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HL-LHC b/c
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HL LHC: VHbbcc more plots

47
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HL LHC: VHbbcc more plots
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HL LHC: VHbbcc more plots

49
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FCC-ee
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Loukas GouskosLoukas Gouskos RD_FCC Collaboration meeting; Dec 2021

Input variables
● Comparison of input distributions for different jet flavors

4

Constituent relative energy Impact parameter (d
0
)

Loukas GouskosLoukas Gouskos RD_FCC Collaboration meeting; Dec 2021

Input variables
● Comparison of input distributions for different jet flavors

4

Constituent relative energy Impact parameter (d
0
)

51

FCC-ee Tagger - Input Variables

• Comparison of input distributions for different jet flavours

Impact parameter (d0) Constituent relative energy
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Particle ID: Cluster Counting & Time-of-Flight

• Count number of primary ionisation clusters along 
track path


• Time-of-Flight results in good K/π separation at low 
momenta


• Dedicated modules added in Delphes  
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The ParticleNet Tagger

From this article

[O(50) properties/particle] 
x [~50-100 particles/jet]

~O(1000) inputs/jet

• Graph-based tagger, where each jet is treated as a “cone” of 
reconstructed particles traversing the detector


• Particle-flow (PF) principle: particle candidates are mutually 
exclusive and have lots of info associated with


• E/p, position


• Impact parameters, particle type


• Timing


• Experiments at the LHC moving(ed…) towards particle-based 
jet tagging, exploiting the whole information directly related to 
PF candidates


• Full info, reco potential & detector granularity


• kT jet-reconstruction algorithms to reco jets: unordered sets 
of particles with correlations & relationships. Graph-Neural-
Network architecture for ParticleNet:


• Identify properties of “particle cloud”, represented as a 
graph 

• Each particle: node of the graph; connections between 
particles: the edges


• Learn local structures → move to more global ones

https://arxiv.org/pdf/1801.07829.pdf
https://inspirehep.net/literature/1721352
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Full list of input variables

54

Full List of Input Variables
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b/c-tagging Performance
b-tagging c-tagging
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s/g-tagging Performance
strange-tagging gluon-tagging
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Loukas Gouskos

● ParticleNet-ee trained using Pythia 8 samples
● tested on Pythia 8 [solid lines]

● tested on WZ-Pythia6 [dashed lines]

● Modest dependence on choice of generator

● More parton showers coming up (Herwig, Sherpa…)

Robustness

FCC Physics Workshop, Krakow 2023 13

gluon -taggingb-tagging

Loukas Gouskos

● ParticleNet-ee trained using Pythia 8 samples
● tested on Pythia 8 [solid lines]

● tested on WZ-Pythia6 [dashed lines]

● Modest dependence on choice of generator

● More parton showers coming up (Herwig, Sherpa…)

Robustness

FCC Physics Workshop, Krakow 2023 13

gluon -taggingb-tagging
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Eur. Phys. J. C 82, 646 (2022)

• ParticleNet-ee trained using Pythia 8 samples


• Tested on Pythia 8 samples (solid lines)


• Tested on WZ+Pythia 6 samples (dashed lines)

Robustness against Modeling

• Modest dependence on choice of generator


• More parton showers being explored (Sherpa, Herwig, etc…)

b-tagging

gluon tagging

https://doi.org/10.1140/epjc/s10052-022-10609-1
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Loukas Gouskos

14

Tagger update(up and down)

Up -tagging Down-tagging

● Up vs Down discrimination seems possible thanks to jet charge
● 30% bkg eff at 50% signal (better than random coin toss)

Loukas Gouskos
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Tagger update(up and down)

Up -tagging Down-tagging

● Up vs Down discrimination seems possible thanks to jet charge
● 30% bkg eff at 50% signal (better than random coin toss)
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The Future: Up & Down Tagging!

Up-tagging Down tagging

• Up vs. Down discrimination seems ~possible thanks to jet charge


• 50% signal efficiency for 30% bkg efficiency (better than random coin toss)
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Current Detector Concepts

From Marc-André's talk

https://indico.cern.ch/event/1307378/contributions/5720992/attachments/2789048/4863359/Detector%20Concepts-Annecy-Pleier.pdf
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The (IDEA) Tracker as an Opportunity

• Different possible detector scenarios, tracker particularly 
relevant to flavour-tagging


• PID capabilities: timing, energy loss (gas/silicon)


• Amount (e.g. n. of layers) & quality of material 

• Hit resolution 

• Baseline IDEA detector as a well-established reference for 
detector-performance studies


• Opportunity to access impact of detector configurations/
properties on physics performance


• A lot already studied in the past [Eur. Phys. J. C 82, 646 
(2022)]


• More & refined studies conducted for Final State Report 
[Phys.Rev.D 112 (2025) 5, 052002] 

• Current IDEA pixel/tracking system: 


• beam pipe at 1cm, 3 innermost VTXD barrel layers: 1.2cm, 
2cm, 3.15cm


• PID: dN/dx + 30ps ToF system

IDEA tracker  
layout from F. Palla’s talk

https://doi.org/10.1140/epjc/s10052-022-10609-1
https://doi.org/10.1140/epjc/s10052-022-10609-1
https://doi.org/10.1103/m2zr-26yf
https://indico.cern.ch/event/1244371/timetable/#71-mechanical-integration-of-t
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• Obviously, given a detector configuration, ParticleNet would be trained against it


• Re-training allows recovering of (a significant) part of drop in performance


• Need re-training for fair & meaningful performance assessment of each 
point in the detector-configuration space

61

Why is Retraining Necessary?
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Precision of H ! bb̄ vs. Vertex Detector assumptions

Requirements on the Vertex detector
▪ Measurement of impact parameters, reconstruction of primary/secondary 

vertices, flavor tagging, lifetime measurements 
▪ Cover an angle range of about |cos|<0.99
▪ High resolution (~3 µm single point resolution), light material for vertex and 

beam pipe (MAPS, 0.3-0.5% X0 per layer), radial distance of the first layer 
of the vertex detector (1.2~1.5 cm from the IP)

9

a ~ 5 µm, b ~ 15 µm·GeV (FCC-ee)
a ~ 25 µm, b ~ 70 µm·GeV (LEP)
a ~ 12 µm, b ~ 70 µm·GeV (LHC)

CLD: a~2.4 µm
b~20 µm·GeV

Relative loss of precision on H→bb and 
H→cc couplings when the IP resolution is 
degraded by a factor shown on the x axis
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• The IP resolution is the major driver of charm and 
bottom jet identification

• B (D) mesons travel a finite decay length of 500 

(150) μm

• Worse impact on H→cc vs H→bb due to smaller 

displacement and smaller S/B

Impact Parameter Resolution & Vertexing

• Precise IP determination driven by:


• Single point resolution 

• Radial distance of first tracking layer (high p)


• Material budget (low p) - eventually limited by 
beam-pipe material


• Studied these effects through full propagation:

• Simulated each detector response through 

Delphes

• Re-trained jet-flavour tagger 

• Evaluated Higgs couplings performance 


• Small effects observed in H→bb (and H→cc)

Phys.Rev.D 112 (2025) 5, 052002

https://doi.org/10.1103/m2zr-26yf
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Charged Hadron Particle Identification

• Tagger retraining shows that:


• IDEA detector concept PID performance 
close to “perfect” (i.e. truth) PID


• Impact of dN/dx >> ToF on strange tagging

Eur. Phys. J. C 
82, 646 (2022)

• Particle Identification (PID) is a crucial ingredient for strange-
quark jet identification (H→ss)


• Need:


• Cluster counting (dN/dx) measurement at high momentum - 
Cherenkov detectors (RICH)


• Time of Flight (ToF) measurement at low momentum (~1 GeV)

Larger rejection 

(i.e. better)

Phys.Rev.D 112 (2025) 5, 052002

https://doi.org/10.1140/epjc/s10052-022-10609-1
https://doi.org/10.1140/epjc/s10052-022-10609-1
https://doi.org/10.1103/m2zr-26yf
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H→bb/cc/ss/gg Analysis Strategy in a Nutshell

Phys.Rev.D 112 (2025) 5, 052002

• Signal signature: H→jj, j=b,c,s,g,τ


• Main background processes: WW/ZZ/Z, qqH, 
H→WW, H→ZZ 

• Key ingredients:


• Leptons, missing E & jets


• Jet reconstruction: N=2 Durham kT exclusive 
algorithm


• ParticleNet jet tagger with 4 categories: b,c,s,g 

• Analysis:


• Event pre-selection: lepton veto, cos(𝜗)


• Categorisation based on tagger scores


• Fit with floating 10% background normalisation 
uncertainty (to be constrained) & 4 signal 
strengths (i.e. H→bb,cc,ss,gg)

https://doi.org/10.1103/m2zr-26yf
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Potential
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