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Higgs central to the Standard Model
and a unique liaison to physics beyond it 



Higgs central to the Standard Model of par:cle physics
A very minimal quantum field theory describing 
strong, weak, and electromagne:c interac:ons, 
based on a local (gauge) symmetry

Strong interactions: gluons →	𝑚! = 0
Electromagnetic interactions: photon → 	𝑚"= 0
Weak interactions: 𝑊± and 𝑍 →	𝑀$, 𝑀% ≠ 0

Due to the presence of a scalar field whose potential 
spontaneously breaks the gauge symmetry of weak 
interactions and gives origin to massive gauge bosons (W,Z)

The Higgs boson (H) is the physical 
particle associated with such field 

SU(3)C x SU(2)L x U(1)Y → SU(3)C x U(1)Q



Higgs central to the Standard Model of par:cle physics

half of it is about Higgs!

The Standard Model Lagrangian depends on 
19 free parameters, 15 of which are in the 
scalar sector!

Higgs mass, Higgs self-coupling, 
fermion masses, CKM angles and phase 



Higgs central to the Standard Model of particle physics

The SM is a very predictive theory
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Lagrangian parameters all constrained by precision measurements:

{g1, g2, µ,�}
e.g.

�! {MZ ,MW , GF ,MH} or {↵,MZ , GF ,MH}

{yf , VCKM} ! {mf + flavour}

The SM arbitrarily postulates

But it could be an effective theory
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Couplings to gauge bosons:
Ø Minimal gauge invariant coupling
Ø Strict relaFons between masses and gauge couplings

Higgs central to the Standard Model of par:cle physics

Consistency of the SM at the quantum level requires 
a complex scalar doublet (𝝓) to
Ø Avoid unitarity viola/on in 𝑉𝑉 → 𝑉𝑉 sca2ering
Ø Account for loop-effects in W and Z propagators
Ø …

Crucial tests of this paradigm:
ü EW precision tests
Ø Direct measurement of Higgs couplings to W	and Z!
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Couplings to Fermions: 
Ø Yukawa interaction: Is this a new force? 
Ø Why the hierarchy of Yukawa couplings?
Ø Why the hierarchy of fermion masses?
Ø Rotation to mass eigenstates: origin of flavor dynamics! 

in charged gauge currents (CKM)

Higgs central to the Standard Model of par:cle physics

𝐿ABC =	𝑦DE -𝜓FD𝜙𝜓G
E + ℎ. 𝑐.

𝜙 → 𝐻 + 𝑣
Yukawa couplings

fermion masses

Arbitrary, intriguing, and unexplained!

𝑦#$ →
𝑚%
𝑣 	𝛿#$	



Thermal 
History of 
Universe

Higgs 
Physics

Origin of 
EWSB? Higgs Portal 

to Hidden Sectors?

Stability of Universe

CPV and 
Baryogenesis

Origin of masses?

Origin of Flavor?

Is it unique?

Fundamental 
or Composite?

Naturalness

Thermal History of 
Universe

Origin of EWSB?

The discovery of the Higgs boson  has sharpened the big open questions 
and given  us a unique handle on BSM physics.

Higgs central to exploring beyond the Standard Model

Snowmass 2021 Energy Fron/er’s 
Report  arXix:2211.11084

https://arxiv.org/abs/2211.11084
https://arxiv.org/abs/2211.11084


Higgs central to the LHC physics program
From Higgs discovery to Higgs precision physics



2012: discovery

2013: Nobel Prize

More than ten years later 
Where do we stand?



The LHC era: exploring the TeV scale

We are only here

Many years of HL running ahead of us

➔ 2-fold increase in sta0s0cs by the end of Run 3
➔ 20-fold increase in sta0s0cs by the end of HL-LHC!

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

Ø outperformed expecta0ons
Ø Run 3 to HL-LHC

Ø  Higgs precision program

Higgs physics has been at the core 
of the LHC physics program



SM Higgs produc:on and decay at the LHC 
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Higgs boson production modes
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𝜇H = ⁄𝑋 𝑋IJ
CMS, arXiv:2207.00043



From discovery to precision physics
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        Total      (Stat. only)

 Run 1ATLAS + CMS  0.21) GeV± 0.24 ( ±125.09 

 CombinedRun 1+2  0.16) GeV± 0.24 ( ±124.97 

 CombinedRun 2  0.18) GeV± 0.27 ( ±124.86 

 CombinedRun 1  0.37) GeV± 0.41 ( ±125.38 
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-1 = 13 TeV, 36.1 fbs: Run 2, -1 = 7-8 TeV, 25 fbs: Run 1
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Zooming in on couplings to probe the TeV scaleRun 2

Ø Couplings to W/Z at 5-10 %
Ø Couplings to 3rd generation to 10-20%
Ø First measurements of 2nd generation 

couplings

Ø HL-LHC projections from partial Run 2 data (YR):
Ø 2-5 % on most couplings 
Ø < 50% on Higgs self-coupling.

Ø Full Run2 results drastically improve partial Run 
2 results: better projections expected

reach for LBSM

CMS, arXiv:2207.00043
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PROJECTIONS FOR HIGGS COUPLINGS

S. Dawson

62

ILC250 ILC500
kg 1.1 1.0
kW 1.8 0.4
kZ .38 0.3
kg 2.2 0.97
kb 1.8 0.60
kt 1.9 0.80

Uncertainties in % with 2 ab-1
CLIC350 GeV, 

1 ab-1
3 TeV, 
5 ab-1

kg - 2.3
kW 0.8 0.1
kZ 0.4 0.2
kg 2.1 0.9
kb 1.3 0.2
kt 2.7 0.9

CLIC, uncertainties in %

Large theory errors 
at HL-LHC Energy critical at e+e- machines; negligible theory error

per-cent level systematic uncertainties

Dk/k ~ O(v2/L2)

Improved systematics 
probes higher scales

Theory could become the 
main limita:on

Theory need to improve modeling and interpreta:on of LHC events, in par:cular when new 
physics may not be a simple rescaling of SM interac:ons

For new physics at 1 TeV 
expect devia:ons of O(6%)

Run 2 and 
beyond



Run 2 and 
beyond

Beyond SM coupling rescaling

GGI - Tea Breaks - 9 June - On Line                                                             Fabio Maltoni 

One can satisfy all the previous requirements, by building an EFT 
on top of the SM that respects the gauge symmetries:

Searching for new interactions with an EFT 
A simple approach

L
(6)
SM = L

(4)
SM +

X

i

ci
⇤2

Oi + . . .

With the “only” assumption that all new states are heavier than 
energy probed by the experiment .


The theory is renormalizable order by order in , perturbative 
computations can be consistently performed at any order, and 
the theory is predictive, i.e., well defined patterns of deviations 
are allowed, that can be further limited by adding assumptions 
from the UV.  Operators can lead to larger effects at high energy 
(for different reasons).  


s < Λ

1/Λ

* Sufficiently weakly interacting states may also exist without spoiling the EFT.

.
Λ2 > s |ci | /δ

s |ci | /Λ2 < δ

 

 

SM

EFT in the tails

Rescaling

pT(t,H)

Illustrative plot

 

Energy helps precision

33

(6)

... generic BSM scenarios ...

Extension of the SM Lagrangian by d > 4 e↵ective field theory (EFT) operators:

L
e↵

SM = LSM +
X

d>4

1
⇤d�4

Ld = LSM +
1
⇤
L5 +

1
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L6 + · · ·
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Ld =
X

i

C(d)

i
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(d)

i
,

h
O

(d)

i

i
= d ,

under the assumption that new physics lives at a scale ⇤ >
p
s.

Expansion in (v, E)/⇤: a↵ects all SM

observables at both low and high-energy.

• SM masses, couplings ! rescaling

• shape of distributions ! more visible

in high-energy tails

Systematic, yet complex approach.

+

Studying correlations among operators

can point to specific BSM patterns.

[Figures from F. Maltoni]
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Framework: Extend SM Lagrangian by effective interactions (SMEFT)

Under the assumption that new 
physics leaves at scales Λ > 𝑠

Expansion in ⁄(𝒗, 𝑬) 𝜦:  affects all SM observables at 
both low and high energy

Ø SM masses and couplings →  rescaling
Ø Shapes of distribu1ons → more visible in tails of distribu1ons

Built of SM fields and respec:ng the SM gauge symmetry.



Beyond total rates
INDIRECT SEARCHES

S. Dawson 48

Precision calculation at low energy where rates are large or
Small deviations at tails of distributions

Ev
en

ts
/G

eV

Energy

SM process
EFT regime

Renormalizable 
SM Lagrangian

Higher
Dimensional
Operators

EFT 
breakdown

Resonance 
produced 
on-shell

off-shell precisionon-shell precision direct searches

EFT operators 
with HiggsesExamples: EFT operators 

with derivatives
EFT: light new 
physics

Need SM precision calcula:ons at differen:al 
level both at lower energy, where rates are 
large and at higher energy where rates are small 
but effects of new physics may be more visible.

Extending the SM via effec:ve interac:ons 
above the EW scale          SMEFT

Crucial to control EFT sensitive regions

dim=6

dim>8



Enabling the LHC Higgs precision program
Theory for percent-level phenomenology

Understand and reduce theoreFcal uncertainFes: a mul5-pronged challenge



Dissec:ng the challenge 
Shower Monte Carlo Event Generators

B
e
a
m

B
e
a
m

Hard
Scattering
Q ≈ 100GeV

Hadronization

Fixed-order calculations 

Parton shower

3

• Parton Showers are at the core of Shower Monte Carlo Generators, which contain all the ingredients 
to realistically describe complex collider events 

• Reproduce much of the data from LHC and its predecessors  
• Unknown or poor formal accuracy, especially of the Parton Shower component 

Herwig 

Sherpa 

3

From S. Ferrario Ravasio, 
RADCOR 2023𝑑𝜎 = ∑DE ∫𝑑𝑥K 𝑑𝑥L 𝑓M,D 𝑥K 𝑓M,E 𝑥L F𝑑𝜎 𝑥K𝑥L𝑠 + 𝑂(( ⁄ΛOPQ 𝑄)M)

Parton Distribution 
Functions (PDF)

hard-scattering partonic 
xsection (pQCD+EW)

Hadronization, 
non-p QCD



Mul:ple components to percent accuracy

QCD at 1% accuracy

QCD infrastructure 
for these calculations

N2LO and N3LO 
calculations

all-round standards 
for accuracy control

representative 
uncertainty estimates

• Parton-shower event generators
• Adap/ng theore/cal tools to 

experimental analyses 
   (ex: fiducial volume effects)

• Well-defined standards for theore/cal systema/cs
• Control theore/cal assump/ons/approxima/ons
• Sta/s/cal models for data analysis
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Examples to illustrate the path towards 
percent precision



gg fusion: the need for precision 
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Con:nuous progress on a crucial process  
• The main Higgs producFon mode, crucial to all measurements
• A benchmark test of QCD, and QCD+EW
• An excellent tes1ng ground to probe theore1cal accuracy

Anastasiou, Duhr, Dulat, 
Herzog, Mistlberger
1503.06056
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Higgs boson production modes
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… a clear map of residual uncertainties
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Figure 1: Relative cummulative contributions to the total cross section as a function of
the collider energy.

components of the cross section as a function of the collider energy; the data
for such a plot is readily obtained by running iHixs a few times for di↵erent
values of the collider energy.

From a single run of iHixs we also obtain estimates for the residual
uncertainty on the cross section. iHixs provides detailed estimates for the
various sources of uncertainty

�(theory) = +0.13pb
�1.20pb

�
+0.28%
�2.50%

�
�(scale)

+ ±0.56pb (±1.16%) �(PDF-TH)
+ ±0.49pb (±1.00%) �(EWK)
+ ±0.41pb (±0.85%) �(t,b,c)
+ ±0.49pb (±1.00%) �(1/mt)
= +2.08pb

�3.16pb

�
+4.28%
�6.5%

�
,

�(PDF) = ±0.89pb (±1.85%) ,
�(↵S) = +1.25pb

�1.26pb

�
+2.59%
�2.62%

�
.

(38)

17

Dulat, Lazopoulos, Mistlberger
1802.00827 (iHixis)LHC @ 13 TeV

Uncertainty removed by calcula/on 
of exact NNLO mt dependence and 
top-bo2om interference

Czakon, et al. 2105.04436, 
2312.09896, 2407.12413

Reduced uncertainty  to 0.26% by 
calcula/on of NLO mixed QCD+EW

Becchej, Bonciani, Del Duca, Hirschi, 
Moriello, Schweitzer, 2010.09451

Future challenges:
• N3LO PDF!  → d(PDF-TH)
• More EW corrections
• Large logs resummation (fiducial)?

4-loop splitting functions (low moments) – Moch, Ruijl, Ueda, Vermaseren, Vogt, 2111.15561 
DY@N3LO QCD – Duhr, Dulat, Mistlberger, 2001.07717, 2007.13313



Higgs 𝑝!  spectrum (H+j) 
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VBF (NNLO-QCD x NLO-EW)
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ttH (NLO-QCD x NLO-EW)

Total

Observing  the H in different kinema:c regimes: 
high 𝑝R region par:cularly interes:ng for new physics effects

In the high 𝑝,region:
Ø Need full 𝒎𝒕 dependence 
Ø Clear devia/on from HEFT, but 

similar K-factors

Jones, Kerner, Luisoni, arXiv:1802.00349

Kudashkin, Lindert, Melnikov, 
Wever, arXiv:1801.08226

Exact top+boNom contribuOons with on-shell and 
running masses:
Ø interference and NLO effects cancel at high 𝑝,
Ø non-trivial shape effects  at low 𝑝,.

Bonciani, et al., arXiv:2206.10490

Other channel matters at high 𝒑𝑻
Becker et al., arXiv:2005.07762



𝑉𝐻 𝐻 → 𝑏%𝑏 , access to 𝑦!  
Dominant at high 𝑝R  

Need to account for mass 
effects: both 𝒎𝒕	and 𝒎𝒃!

Order b quarks ωfid [fb] ωfid(boosted) [fb]

LO massive 22.623
+0.845
→1.047 3.735

+0.000
→0.016

massless 22.501
+0.796
→1.007 3.638

+0.000
→0.009

NLO massive 25.364(1)
+0.778
→0.756 4.586(1)

+0.158
→0.141

massless 24.421(1)
+0.852
→0.879 4.333(1)

+0.165
→0.154

NNLO massive 24.225(4)
+0.642
→0.742 4.530(2)

+0.071
→0.096

massless 22.781(3)
+0.791
→0.898 4.207(1)

+0.097
→0.116

Table I: Fiducial cross sections for pp → W
+
H(bb̄) at the 13 TeV LHC at various orders

of QCD perturbation theory calculated for massive and massless b quarks. The label

“boosted” implies that an additional cut is imposed on the W boson’s transverse

momentum, pt,W > 150 GeV. The uncertainty is estimated using scale variation. The

numerical integration error is reported in round brackets. See main text for details.

at NNLO the massive and massless cross sections di!er from each other even if their scale

variation uncertainties are accounted for.

We emphasize that the NNLO scale variation uncertainties shown in Table I are likely to be

too conservative [22]. Indeed, it was shown in Ref. [22] that upon including a perturbative

expansion of the H → bb̄ branching ratio in the definition of dωWH , see Eq. (3), the NNLO

scale uncertainty of the so-defined cross section reduces to a sub-percent level and becomes

close to the uncertainty that is associated with the scale variation in the WH production

process without the decay. With this in mind, when discussing kinematic distributions, we

only show results obtained with the central scale choice.

The O(5%) di!erences between massive and massless fiducial cross sections can be traced

back to gluon radiation in H → bb̄ decays. Indeed, it is well-known that the collinear

radiation pattern of massive and massless b quarks di!ers significantly. In case of massless

b quarks, we expect a logarithmic enhancement of the collinear gluon emission probability

dP ↑ dε
2
/ε

2, where ε is the relative angle between the b quark and the gluon momenta. This

feature leads to a logarithmic dependence of the fiducial cross section on the clustering radius

R. At the same time, when massive b quarks radiate, the probability distribution becomes

dP ↑ dε
2
/(ε2 + m

2

b/E
2

b ), where Eb is the energy of the radiating quark. This probability

8

10°3

10°2

10°1

dæ
/d

p t
,H

(b
b̄)

[
fb

/G
eV

] NNLO

massive, anti-kT , R=0.4

massless, flav-kT , R=0.4

0 100 200 300 400 500

pt,H(bb̄) [ GeV ]

0.50

0.75

1.00

1.25

R
at

io

O(6%) 𝒎𝒃 effect on total rates, up to O(25%) on high- 𝒑𝑻 
tail of distribu/ons, once fiducial cuts applied (2 b jets)

Due to 𝐻 → 𝑏W𝑏𝑔 radia/ve decays (different collinear 
paNerns) when combined with clustering algorithm.

Behring, Bizoń, Caola, Melnikov. Röntsch. 
arXiv:2003.08321

Baglio, Duhr, 
Mistlberger, Szafron, 
arXiv:2209.06138

Scale uncert.: <1%
PDF+𝛼0: 2 − 3% 

Higgs boson production modes
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𝐻 + 𝑏 jets at N3LO, measuring 𝑦!
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Table 1: Representative diagrams contributing at di!erent orders in perturbation theory

in the 4FS and 5FS.

unlike in the 4FS, the cross sections in the 5FS do not include any finite-mb non-logarithmic

e!ects.

The 4FS and 5FS start to contribute at di!erent orders in the perturbative expansion in

the strong coupling constant ωs. Indeed, in the 4FS (and under the assumption that there

is no intrinsic bottom quark in the proton) the bottom quarks are generated perturbatively

from gluon splittings, and therefore the perturbative expansion in the 4FS starts at order

ω2
s. In the 5FS, instead, the bottom quark is considered a parton, and the leading-order

cross section is proportional to ω0
s. Representative Feynman diagrams that contribute to

each of the two schemes are shown in tab. 1.

The inclusive cross section in the 4FS can be written as

ε(4) = ϑ ε̂0(y
2

b
,m2

H)
4∑

i,j=→4

L (4)

ij
(ϑ, µ2

F ) → ϖ(4)
ij

(
ϑ, Lf , Lr,mb,ω

(4)

s

)
. (2.2)

Here ϑ =
m

2
H

S
, with S the hadronic center-of-mass energy, and yb ↑ yb(µ2

R
) and ω(4)

s ↑

ω(4)

s (µ2

R
) denote the Yukawa coupling of the b-quark and the strong coupling constant

for Nf = 4 massless quark flavours. In the 4FS computation, the strong coupling is

renormalised in the mixed scheme of ref. [17] in which the contribution from the four

massless quark flavours is subtracted in the MS scheme, while the contribution from the

massive bottom and top quarks running in the fermionic loop of the one-loop gluon self-

energy is subtracted on-shell. We define the normalisation factor

ε̂0(y
2

b
,m2

H) =
m2

b
ϱ

2ncv2m2

H

, m2

b
= y2

b
v2. (2.3)

Here, v is the vacuum expectation value of the Higgs field and nc refers to the number of

colours. The renormalisation and factorisation scales are denoted by µR and µF respec-

tively. Unless specified otherwise, all coupling constants are evaluated at a renormalisation

scale µR. The partonic luminosities are defined as the convolution of the corresponding

four-flavour PDFs,

L (4)

ij
(ϑ, µ2

F ) = f (4)

i
(ϑ, µ2

F ) → f (4)

j
(ϑ, µ2

F ) , (2.4)
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Ø A long history of calcula/ons in both 4FS and 5FS, 
matched using various recipes.

Ø At N3LO possible consistent matching through third 
order in 𝛼0. TheoreOcal predicOon well understood.

Higgs couplings to b quark modified in many BSM models
(also background to pp → 𝐻𝐻 → 𝐻𝑏-𝑏)

Resumma/on of collinear 

log(1
!

2"
!) in b-PDF

b quark in final state star/ng 
at LO (be2er for H+b jets)

Duhr, Dulat, Hirschi, Mistlberger, 
arXiv:2004.04752



… deploying new techniques to interpret complex signatures

ratios �(y
2

b )

�(y2b )+�(2

Z)
⌘

�NLOQCD+EW

�NLOall

�(y
2

b )

�(y2b )+�(y2t )+�(ybyt)

�(y
2

b )

�(y2b )+�(y2t )+�(ybyt)+�(2

Z)

(yb vs. Z) (yb vs. yt) (yb vs. Z and yt)

NO CUT 0.69 0.32 0.28
Njb � 1 0.37 (0.48) 0.19 0.14
Njb = 1 0.46 (0.60) 0.20 0.16
Njb � 2 0.11 0.11 0.06

Table 4: Fraction of the cross section scaling as y
2

b
for different phase-space cuts. The first

column is based on the results from our calculation in Tab. 2. The second column is based
on results from Ref. [55]. The third column is based on the numbers in the first and second
column. Details are explained in the text.

to specific Higgs couplings:

LOQCD =) O(y2
b
) , (16)

NLOMS

1
|yt=0 =) O(y2

b
) , (17)

NLOMS

2
=) O(y2

b
) , (18)

LO3 =) O(2

Z
) , (19)

NLO3 =) O(2

Z
) , (20)

NLO4 =) O(2

Z
) , (21)

where adopting the -framework notation [101] we denote the HZZ interaction as Z . Relations
(16)–(21) also imply

NLOQCD =) O(y2
b
) , (22)

NLOQCD+EW =) O(y2
b
) , (23)

NLOall � NLOQCD+EW =) O(2

Z
) . (24)

Clearly, as also pointed out in Sec. 2.2, the NLOMS

2
and NLO4 terms involve contributions

that depend on additional couplings and that can even not depend at all on yb and Z , respec-
tively. However, one can understand from the discussion of Sec. 3.2.1 that the numerical impact
of NLOMS

2
and NLO4 terms, and therefore of such contributions, is negligible w.r.t. the other

perturbative orders involved in the calculation. Moreover, as it will become more clear in the
following, taking into account a more realistic and more complex coupling structure in a given
perturbative order would make our argument even stronger. In other words, relations (16)–(24)
are devised for simplifying the discussion, but our conclusions do not depend on them.

For the same Njb
categories of Tabs. 2 and 3, in the first column of Tab. 4 we report the ratio

of the NLOQCD+EW and NLOall predictions, here denoted as �NLOQCD+EW
and �NLOall

. Both of
them are our best predictions for respectively the O(y2

b
) cross section, denoted in the following

also as �(y2
b
), and the sum of it with the O(2

Z
) cross section, denoted in the following also

as �(2

Z
). Via the ratio �NLOQCD+EW

/�NLOall
we can determine the fraction of the measured

cross section that actually depends on yb. Once again, we remind the reader that the case
“NO CUT” is purely academic, since the signal from inclusive ggF Higgs production exceeds
the one of Hbb̄ production by a factor of 100. Thus, one needs to tag at least one b-jet and
we already know that also after that the ggF+bb̄ contribution is large, so we should at least
suppress the ZH and VBF topologies, which yield �(2

Z
). The category Njb

� 2 has very small
rates (see Tab. 2) and the lowest �NLOQCD+EW

/�NLOall
ratio, due to the large contribution of the

ZH topology, therefore it is not expected to be the best option in order to gain sensitivity on

16

The case of bbH production including QCD+EW corrections 
The extraction of yb seems lost
``RIP Hbb’’  [Pagani et al., arXiv:2005.10277]

A kinemaFc-shape based analysis based on game theory 
(Shapley values) and BDT techniques opened new possibiliFes
“Resurrec1ng Hbb with kinema1c shapes”
[Grojean et al., arXiv:2011.13945]

New techniques will open the possibility of turning problema/c  
processes into powerful probes of the quantum structure of the SM 



𝑡 ̅𝑡𝐻	(and 𝑡 ̅𝑡𝑊)	 at NNLO: measuring 𝑦"
First NNLO results for mulF-scale processes: 𝑡 ̅𝑡𝐻, 𝑡 ̅𝑡𝑊

3 massive final-state parFcles
Buonocore,  Devoto, Grazzini, Kallweit, 
Mazzitelli, Rotoli, Savoini , 2306.16311

Catani, Devoto, Grazzini, Kallweit, 
Mazzitelli, Savoini , 2210.07846

Major bottle neck: 2-loop 5-point amplitudes
Evaluated in 𝑡 ̅𝑡𝑊, 𝑡 ̅𝑡𝐻 calculation by soft-W/H approximation

Very recently first results for 
exact 2-loop amplitudes 

Febres Cordero, Figueiredo, Krauss, Page, Reina, 2312.08131
Buccioni, Kreer, Liu, Tancredi, 2312.10015
Agarwal, Heinrich, Jones, Kerner, Klein, 2402.03301
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𝑡 ̅𝑡𝐻 and 𝑡 ̅𝑡𝑊	at NNLO

μ0=M /2

μ0=M /4

μ0=HT/2

μ0=HT/4

LO NLO NNLO
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++ ++ ★★ATLAS CMS NNLOQCD+NLOEW
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σttW+[fb]

σ
tt

W
-
[f

b
]

4

� [pb]
p
s = 13TeV

p
s = 100TeV

�LO 0.3910+31.3%
�22.2% 25.38+21.1%

�16.0%

�NLO 0.4875+5.6%
�9.1% 36.43+9.4%

�8.7%

�NNLO 0.5070 (31)+0.9%
�3.0% 37.20(25)+0.1%

�2.2%

TABLE II: LO, NLO and NNLO cross sections at
p
s = 13TeV andp

s = 100TeV. The errors stated in brackets at NNLO combine
numerical errors with the uncertainty due to the soft Higgs boson

approximation.

expected to be smaller than these values. We multiply
this uncertainty by a tolerance factor that is chosen to
be 3 for both the gg and the qq̄ channels, taking into
account the overall quality of the approximation and the
e↵ect of the µIR variations discussed above. To obtain
the final uncertainty on the full NNLO cross section, we
linearly combine the ensuing uncertainties from the gg

and qq̄ channels. As we will see, the overall uncertainty
on the NNLO cross section estimated in this way is still
significantly smaller than the residual perturbative un-
certainties.

Results. We are now ready to present our results for
the inclusive tt̄H cross section. In Table II we report
LO, NLO and NNLO cross sections. The scale uncer-
tainties are obtained through the customary procedure of
independently varying the renormalisation (µR) and fac-
torisation (µF) scales by a factor of 2 around their cen-
tral value with the constraint 0.5  µR/µF  2. Since,
as can be seen from Table II, such scale uncertainties
are highly asymmetric, especially at NNLO, in the fol-
lowing we will conservatively consider their symmetrised
version as our estimate of perturbative uncertainty. More
precisely, we take the maximum among the upward and
downward variations, assign it symmetrically and leave
the nominal prediction unchanged.

The errors stated in brackets at NNLO are obtained
by combining the uncertainty from the soft Higgs bo-
son approximation, estimated as discussed above, with
the (much smaller) systematic uncertainty from the sub-
traction procedure. Comparing NLO and LO results
we see that NLO corrections increase the LO result by
25% at

p
s = 13TeV and by 44% at

p
s = 100TeV. The

impact of NNLO corrections is much smaller: they in-
crease the NLO result by 4% at

p
s = 13TeV and by

2% at
p
s = 100TeV. The NNLO contribution of the

o↵-diagonal channels [43] is below the permille level atp
s = 13TeV, while it amounts to about half of the com-

puted correction at
p
s = 100TeV. Perturbative uncer-

tainties are reduced down to the few-percent level. The
uncertainty from the soft Higgs boson approximation
amounts to about ±0.6% at both values of

p
s. We point

out that this uncertainty, although not negligible, is still
significantly smaller than the remaining perturbative un-
certainties.

FIG. 1: LO, NLO and NNLO cross sections with their perturbative
uncertainties as functions of the centre-of-mass energy. The

experimental results from ATLAS [3] and CMS [4] at
p
s = 13TeV are

also shown. The lower panel illustrates the impact of NNLO
corrections with respect to the NLO result. The inner NNLO band
denotes the uncertainty from the soft approximation combined with

the systematic uncertainty from the subtraction procedure.

In Fig. 1 we show the LO, NLO and NNLO cross sec-
tions and their perturbative uncertainties as functions
of the centre-of-mass energy

p
s. The lower panel illus-

trates the relative impact of the NNLO corrections with
respect to the NLO result. The inner NNLO band de-
notes the combination of the uncertainty from the soft
approximation with the systematic uncertainty from the
subtraction procedure. We see that NNLO corrections
range from about +4% at low

p
s to about +2% atp

s = 100TeV. The perturbative uncertainty is reduced
from ±9% at NLO in the entire range of

p
s to ±3%

(±2%) at
p
s = 8TeV (

p
s = 100TeV). We observe that

the NNLO band is fully contained within the NLO band.
The experimental results by ATLAS (Fig. 04a in the aux-
iliary material of Ref. [3]) and CMS [4] at

p
s = 13TeV

are also shown for reference in Fig. 1. We point out
that for a sensible comparison with experimental data
NLO EW corrections should be considered as well. Atp
s = 13TeV, NLO EW corrections increase the cross

section by 1.7% with respect to the NLO result [28].

Summary. The associated production of a Higgs bo-
son with a top–antitop quark pair is a crucial process
at hadron colliders since it allows for a direct measure-
ment of the top-quark Yukawa coupling. In this Letter
we have presented first NNLO QCD results for the tt̄H

cross section in proton collisions. The calculation is com-
plete except for the finite part of the two-loop virtual
amplitude that is computed by using a soft Higgs bo-

Catani et al., 2210.07846

Buonocore et al., 2306.16311

Theoretical uncertainty 
reduced to 3% level
(not counting approx. 2-loop)

NNO QCD+NLO EW within at 
most 2s of exp. measurement. 

Comparison in fiducial 
volumes may give further 
insight
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Modelling full process crucial to 
match experimental fiducial cuts 
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… exploring boosted kinema2cs and off-shell signatures 
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Poin:ng to the need for precision in modelling signatures from b+X processes in regions where 
on-shell calcula:ons may not be accurate enough
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tion. In particular, we have checked the scale depen-
dence of the finite part in the two-loop amplitudes with
two e!ective vertices [78] by the renormalization group
equation that the hard function should satisfy. The one-
loop amplitude can also been extracted from the scale-
dependent part of the two-loop amplitudes, and it has
been compared against the analytical result we calculated
with the assistance of fire [96] and to the numerical re-
sult from MadLoop. Again, we find perfect agreements.
Moreover, we have checked the independence of the final
NNLOb results for class-b on the values of pvetoT over the
range from 4 GeV to 20 GeV, as shown in Fig.2.

NUMERICAL RESULTS

In our numerical calculations, we take v = 246.2 GeV
and the Higgs boson mass mh = 125 GeV. The top-quark
pole mass, which enters only into the Wilson coe”cients,
is mt = 173.2 GeV. We use the PDF4LHC15 nnlo 30

PDF [97–100] provided by LHAPDF6 [101], and the as-
sociated strong coupling ωs. The default central scale is
chosen to be the invariant mass of the Higgs pair divided
by 2, i.e. µ0 = mhh/2, and the scale uncertainty is eval-
uated through the 9-point variation of the factorization
scale µF and the renormalization scale µR in the form of
µR,F = εR,Fµ0 with εR, εF → {0.5, 1, 2}.

Order

→
s

13 TeV 14 TeV 27 TeV 100 TeV

LO 13.80+31%
→22% 17.06+31%

→22% 98.22+26%
→19% 2015+19%

→15%

NLO 25.81+18%
→15% 31.89+18%

→15% 183.0+16%
→14% 3724+13%

→11%

NNLO 30.41+5.3%
→7.8% 37.55+5.2%

→7.6% 214.2+4.8%
→6.7% 4322+4.2%

→5.3%

N3LO 31.31+0.66%
→2.8% 38.65+0.65%

→2.7% 220.2+0.53%
→2.4% 4438+0.51%

→1.8%

TABLE II: The inclusive total cross sections (in unit of fb)
of Higgs boson pair production at di!erent center-of-mass en-
ergies from LO to N3LO. The quoted relative uncertainties
are from the 9-point scale variations µR,F = ωR,Fmhh/2 with
ωR, ωF ↑ {0.5, 1, 2}. The errors due to the numerical Monte
Carlo integration are well below 1!.

We present the inclusive total cross sections (from LO
to N3LO) of the Higgs boson pair production at di!erent
center-of-mass energies in Table II and Fig. 3. Similarly
to the single Higgs case, the QCD higher-order correc-
tions are prominent. The NLO corrections increase the
LO cross section by 87% (85%) at

↑
s = 13 (100) TeV.

The NNLO corrections increase the NLO cross section
further by 18% (16%), reducing the scale uncertainty by
a factor of 2 to 3 to be below 8%. Finally, the N3LO
corrections turn out to be 3.0% (2.7%), which lies well
within the scale uncertainty band of the NNLO result.
Now, the scale uncertainty at N3LO is less than 3% (2%),
with another significant reduction of 2-3 times. For the
purpose of the comparison, the PDF parameterization
uncertainty at 13 TeV amounts to ±3.3%, which is larger

σ
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FIG. 3: The inclusive total cross sections for Higgs boson
pair production at proton-proton colliders as a function of the
collision energy. The bands represent the scale uncertainties.
The bottom panel shows the ratios to the N3LO result.

than the current scale uncertainty. Such an improvement
can be more clearly seen in Fig. 4, where we have varied
the scale by a factor of four around the default choice
with imposing µR = µF . The plot illustrates the impor-
tance of the choice of scales in a lower order perturbative
calculation. If one chooses a scale to be larger than mhh,
the higher-order QCD corrections are very sizable. In-
stead, if one chooses a judicious scale between mhh/4
and mhh/3, the perturbative corrections to the inclusive
cross section is small from NLO to N3LO.

Besides the inclusive total cross section, we are also
able to obtain the exact N3LO results for a di!erential
distribution, i.e., the invariant mass mhh distribution
shown in Fig.5. As in the total cross section case, the
inclusion of the N3LO corrections dramatically stabilizes
the perturbative calculation of the invariant mass di!er-
ential distribution. It can also be seen that the higher-
order QCD corrections do not change the peak position,
and the K factor of N3LO over NNLO is almost flat over
a large region of mhh. The N3LO result with small scale
uncertainty is completely enclosed within the NNLO un-
certainty band. Such a feature consolidates that the per-
turbative expansion of this di!erential cross section in a
series of ωs is converging up to this order.
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Chen, Li, Shao, Wang, arXiv:1909.06808

De Florian, Fabre, Mazzitelli.arXiv:1912.02760

Sensitive to 𝜆$

Sensitive to 𝜆#

Higgs boson production modes
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µ0 = Q 14 TeV 27 TeV 100 TeV

LO 0.0462+31%

→22%
0.235+26%

→19%
3.29+20%

→15%

NLOBi 0.0833+18%

→15%
0.408+16%

→13%
5.12+14%

→11%

NLOdBi 0.0831+18%

→15%
0.407+16%

→13%
5.09+14%

→12%

NNLOBi 0.105+8%

→9%
0.503+7%

→8%
6.11+6%

→7%

NNLOdBi 0.104+8%

→9%
0.498+7%

→8%
6.02+6%

→7%

µ0 = Q/2 14 TeV 27 TeV 100 TeV

LO 0.0605+34%

→24%
0.295+28%

→20%
3.88+21%

→16%

NLOBi 0.0983+18%

→15%
0.473+16%

→14%
5.75+15%

→12%

NLOdBi 0.0982+18%

→15%
0.471+17%

→14%
5.72+15%

→12%

NNLOBi 0.114+5%

→8%
0.540+5%

→7%
6.47+5%

→6%

NNLOdBi 0.113+5%

→8%
0.534+5%

→7%
6.36+5%

→6%

NNLOBest 0.103+5%

→8%
0.501+5%

→7%
5.56+5%

→6%

Table 1: Results for the inclusive cross-section (in fb) of triple Higgs boson production for di!erent
collider energies, calculated at di!erent orders and with the di!erent reweighting procedures. The
results are shown for central scale values of Q (top) and Q/2 (bottom). The dependence on ω in
the dBiω reweight procedure is below the per-mill level and therefore omitted. The last row shows
our best available prediction for the di!erent collider energies. The uncertainties correspond to
the scale variation.

section level can only be a lower bound on the expected finite top mass e!ects, and from the
results obtained at NLO within the FTapprox (which are → 10% smaller than the dBi prediction)
it is clear that they are expected to be much larger. What we can conclude from this exercise
therefore, is that the systematic uncertainties related to the choice of the reweighting procedure
(among the choices presented here) is expected to be marginal compared to the full size of the
finite-mt e!ects.

In order to provide the best possible estimate of the triple-Higgs production cross section, it
becomes necessary to include the partial finite-mt e!ects obtained in Ref. [16] within the FTapprox.
To this end, we use the predictions presented therein and in Ref. [45] for the total cross section,
and encode the finite mass e!ects in the parameter εt defined by

ϑ
NLO

FTapprox
= ϑ

NLO

dBi
(1 + εt) , (18)

and we define our best prediction as

ϑ
NNLO

Best
= ϑ

NNLO

dBi
+ εtϑ

NLO

dBi
. (19)

This procedure is similar to the prescription that was implemented in Ref. [45] for double-Higgs
production. The values that we obtain for εt at the di!erent collider energies are εt = -0.107,

12



Beyond specific processes



PDF – first approximate N3LO  sets

aN3LO →	MSHT20aN3LO

• Including PDF uncertainty from 
missing higher-orders (MHOU) as 
theore/cal uncertainty in the fit

• Making use of all available 
knowledge to constrain PDF 
parametriza/on, including 
both exact, resummed, and 
approximate es/mates of 
N3LO results

• Based on N3LO approxima/on 
to structure func/ons and 
DGLAP evolu/on

Ø Gluon fusion to H: the increase in the cross section prediction at N3LO is 
compensated by the N3LO PDF, suggesting a cancellation between terms in the 
PDF and cross section theory at N3LO → matching orders matters!

Ø Vector Boson Fusion: no relevant change in going from N2LO to N3LO PDF, 
due to different partonic channel involved.

McGowan, Cridge, Harland-
Lang, Thorne, 2207.04739



Parton-shower event generators

Radcor, backup slidesSilvia Ferrario Ravasio

It’s time for better Parton Showers!

44

DGLAP splitting functions
LO NLO NNLO [parts of N3LO]

1980 1990 2000 2010 20201970

Drell-Yan (γ/Ζ) & Higgs production at hadron colliders
NLOLO NNLO[……………….] N3LO

transverse-momentum resummation (DY&Higgs)
NLL[……]LL NNLL[…] N3LL

fixed-order matching of parton showers
LO NLO NNLO […….] [N3LO]

parton showers
[parts of NLL…………………………………………..]LL

(many of today’s widely-used showers only LL@leading-colour)

Slide from G. Salam

From S. Ferrario Ravasio, RADCOR 2023

Crucial ingredient to reproduce 
the complexity of collider events

Oven unknown or with poor formal 
accuracy (built in approx., tunings, etc.)

Ø Standard PS are Leading Logarithmic (LL) → becoming a limitaFon
Ø Several groups aiming for NLL hadron-collider PS  
Nagy&Soper, PanScales, Holguin- Forshaw-Platzer, Herren-Höche-Krauss- Reichelt-Schönherr 

Shower Monte Carlo Event Generators

B
e
a
m

B
e
a
m

Hard
Scattering
Q ≈ 100GeV

Hadronization

Fixed-order calculations 

Parton shower

3

• Parton Showers are at the core of Shower Monte Carlo Generators, which contain all the ingredients 
to realistically describe complex collider events 

• Reproduce much of the data from LHC and its predecessors  
• Unknown or poor formal accuracy, especially of the Parton Shower component 

Herwig 

Sherpa 

3



More challenges: non-perturba3ve effects O((Λ#$%/Q)p) 

Estimate of “p” for all relevant processes crucial to LHC precision program

Ferrario Ravasio, Limatola, Nason, 2011.14114

Caola, Ferrario Ravasio, Limatola, Melnikov, Nason, 2108.08897, same+Ozcelik 2204.02247

A few tens GeV < Q < a few hundreds GeV ⟶	 ( ⁄ΛOPQ 𝑄)M~(0.01)M−(0.001)M 

Perturba:ve predic:ons at percent level will have to be supplemented with non-
perturba:ve effects if p = 1 for a par:cular process or observable.

No general theory. Direct calcula:ons have shown that there are no linear non-pert 
power correc:ons in:

Ø Z transverse-momentum distribuFons

Ø Observables that are inclusive with respect to QCD radiaFon

The pT of the Z: a kinematic argument

The soft radiation pattern is not azimuthally symmetric

A IR linear renormalon is strictly related to soft emissions

If we model a IR linear renormalon as due to the emission of a soft particle with
transverse momentum ⇠ ⇤QCD, we may assume that it can also a↵ect the p

Z

T
by

recoil!

Giovanni Limatola — July 7th, 2022 Linear Power Corrections in Collider Processes 8/17



Summary

• The Higgs discovery has been fundamental in opening 
new avenues to explore physics beyond the SM and the 
Higgs-physics program ahead of us  promises to start 
answering some of the remaining fundamental 
questions in particle physics.

• Collider physics remains as a unique and necessary test 
of BSM scenarios, both via direct and indirect evidence 
of new physics effects.

• Both direct and indirect searches for new physics effects 
will rely on the percent level precision of the HL-LHC and 
of the necessary theoretical predictions.

• Matching the precision expected by the HL-LHC (and 
future Higgs factories) is a remarkable challenge that 
brings theoretical prediction to a multi-component new 
level of accuracy.
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Beyond the HL-LHC: proposed future colliders   

MulO-TeV 
colliders

Higgs Factories



Higgs-boson factories 
(up to 1 TeV c.o.m. energy)

Mul$-TeV colliders 
(> 1 TeV c.o.m. energy)

40

Timelines are taken from the Collider ITF 
report (arXiv: 2208.06030)Snowmass EF wiki: https://snowmass21.org/energy/start

Snowmass 21: 
EF Benchmark Scenarios

https://arxiv.org/abs/2208.06030
https://snowmass21.org/energy/start


Proposals emerging  from Snowmass 2021 for a US based collider

CCC

  Muon Collider

2020 207020402030 2050 2060

Proton collider
Electron  collider
Muon  collider

2080 2090
UB

Preparation / R&D

 U
SA

CCC: 250 GeV 
2 ab-1

550 GeV
4 ab-18 km tunnel 

2 TeV
≈ 4 ab-15 years

muC:Stage1
3 TeV 

OR 4km+6km km ring 

Stage2
10 TeV; 
≈ 10 ab-1

13 years

RF upgrade

10km & 16.5 km tunnels

4km & reuse Tevatron ring
Note: Possibility of 
125 GeV or 1 TeV at Stage 1

2045 start physics

2040 start physics

Construction/Transformation

Original /meline from ESG 
Updated during Snowmass 2021 

(see EF Report)

Renewed interest in lepton colliders:
need suppor/ng R&D in near future



Beyond the HL-LHC: projec>ons for Higgs couplings

From C. Vernieri – Snowmass 21 EF Workshop - Brown U. - March 2022



Initial stages of future 
e+e- machines

Final reach of all 
considered 
future colliders

Reach of future colliders for Higgs couplings: a closer look
From

 Snow
m

ass 2021 EF
Higgs Topical G

roup Report
arXiv:2209.07510

Based on full Run 2 dataset analyses



Constraining BSM via global EFT fits

GGI - Tea Breaks - 9 June - On Line                                                             Fabio Maltoni 

Global fits: EWPO+H+EW+Top
Global fits

• Already now and without a dedicated experimental effort there 
is considerable information that can be used to set limits:


•Fitmaker [Ellis et al. 2012.02779]

•SMEFiT  [Either et al. 2105.00006]

•SFitter [Biekötter, Corbett, Plehn, 2018] +  [Brivio et al., 1910.03606]  (separated)

•HEPfit [de Blas, et al. 2019]

•  30+ operators, linear and/or quadratic fits, Higgs/Top/EW at 
LHC, WW at LEP and EWPO.

44

EFT connects different processes with large correla:ons: pabern of 
coefficients give insights on underlying BSM model

EW + Higgs 
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imposed U(2) in 1&2 gen quarks

arXiv:2206.08326

https://arxiv.org/abs/2206.08326


Stress testing the SM  and 
exploring anomalous couplings 
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Interplay with top-quark 
precision measurements



Disentangling models from EFT paNerns

bb cc gg WW ττ ZZ γγ µµ
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: Composite example-1 + 500 GeV, 4 ab-1ILC 250 GeV, 2 ab

ILC precisions from full EFT fit

model predictions

addi/onal scalar singlet
(mS=2.8 TeV, max mixing)

2HDM-II
(MH=600 GeV, tanb=7)

Composite Higgs
(f=1.2 TeV)

The “inverse Higgs” problem

Snowmass 2021: ILC white paper (arXiv: 2203.07622)

Examples to illustrate the different paeerns of Higgs coupling devia1ons from different BSM models
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● Studying ZH with Z going to leptons and neutrinos
● κs< 7.14 at 95% c.l..

arXiv:2203.07535

● Electron Yukawa at FCC-ee (s-channel H)
● κe< 1.6 at 95% c.l.

arXiv:2107.02686

Reach for light fermion Yukawa couplings: highlights

https://arxiv.org/abs/2203.07535
https://arxiv.org/abs/2107.02686
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Improvement wrt. HL-LHC

H,

● Many stages/upgrades:
○  125 GeV on-Higgs resonace
○  3 TeV
○  10 TeV
○  >10 TeV (14, 30, … TeV)

● Lepton collider 
○  Cleaner environment → precision

● … but high energy
○  Pushing  the EF → discovery

● Compe;;ve/complementary to ~100 TeV hadron collider
● Contained size

○  Mμ~ 200 me → reduced synchrotron radia/on (x 1.6 x10-9)
● New physics regimes

○  E > ΛEW
○  EW radia/on

The case of a Muon Collider

Snowmass 21 EF Higgs TG Report 
(arXiv:2209.07510) &
MuC Forum Report
(arXiv:2209.01318)



● ATLAS and CMS HL-LHC updated

● FCC-hh updated  arXiv:2004.03505

● Added MuC reach:

arXiv:2203.07256

Reach for Higgs self-coupling

https://arxiv.org/abs/2004.03505
https://arxiv.org/abs/2203.07256


Higgs precision reach of Future Colliders: a summary

Add some conclusions



Extended Higgs sectors: 
2HDM, extra singlets, …

Higgs and flavor:
probing anomalous 
Hss coupling

arXiv:2203.07261
arXiv:2203:08206

arXiv:2203:07535

Extended Higgs sectors - direct BSM portal

https://arxiv.org/abs/2203.07261
https://arxiv.org/abs/2203.08206
https://arxiv.org/abs/2203.07535

