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Future direc*ons: energy and precision
Answering the big Open Ques1ons via energy and precision
ØOrigin of the EW scale (SSB via Higgs mechanism, naturalness, flavor)
ØOrigin of Baryon Asymmetry, Dark Ma?er, Dark Energy
Ø…
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<	1 TeV (e+e-) 13-14 TeV
pCM ~ 1 TeV

~10-30 TeV (µ+µ-), ~100 TeV  (pp)
pCM~ 10 TeV

Precision affects the sensitivity to both direct 
and indirect effects of new physics since  it 
enhance sensitivity to small deviations.

Given the level of consistency of the SM, and no 
clear evidence of new particles in LHC searches 
so far, we expect new physics effects to be small.



Precision collider phenomenology
(theory precision for collider experiments)

• Precision is intrinsic to a predic-ve theory, such as the Standard Model (SM).
• Percent-level collider phenomenology offers a unique opportunity to explore some of 

the core ques-ons of par-cle physics and uncover new physics. 
• The physics poten-al of the (HL-)LHC and future colliders greatly depends on enabling 

and successfully execuEng a broad precision phenomenology program.
• Precision requires theory and experiments to reach comparable accuracy.



Precision phenomenology at the (HL)-LHC

Universal 
limitations

Luminosity

Energy resolution
(particles, jets)

Both about 1 %

ATLAS, 2212.09379
CMS, 2104.01927

ATLAS, 1703.09665
CMS, 1607.03663

20 -fold increase in staGsGcs 
by the end of HL-LHC

Sta1s1cal limita1ons will be overcome 
for a very large number of observables

Theoretical systematics could become the main limitation

Focus on systematics!



Precision intrinsic to a predictive theory: SM global fits

A recent challenge: CDF new MW measurement
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MW=80.379 ±0.012	GeV MW=80.409 ±0.008	GeV

De Blas et al. [2204.04204]

Tensions could become real indications of NP effects 
with the precision of the HL-LHC or of a future e+e- 

machine, if theory match the precision of experiments.
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Quantity current ILC250 ILC-GigaZ FCC-ee CEPC CLIC380
�↵(mZ)�1 (⇥103) 17.8⇤ 17.8⇤ 3.8 (1.2) 17.8⇤

�mW (MeV) 12⇤ 0.5 (2.4) 0.25 (0.3) 0.35 (0.3)
�mZ (MeV) 2.1⇤ 0.7 (0.2) 0.2 0.004 (0.1) 0.005 (0.1) 2.1⇤

�mH (MeV) 170⇤ 14 2.5 (2) 5.9 78
��W (MeV) 42⇤ 2 1.2 (0.3) 1.8 (0.9)
��Z (MeV) 2.3⇤ 1.5 (0.2) 0.12 0.004 (0.025) 0.005 (0.025) 2.3⇤

�Ae (⇥105) 190⇤ 14 (4.5) 1.5 (8) 0.7 (2) 1.5 (2) 60 (15)
�Aµ (⇥105) 1500⇤ 82 (4.5) 3 (8) 2.3 (2.2) 3.0 (1.8) 390 (14)
�A⌧ (⇥105) 400⇤ 86 (4.5) 3 (8) 0.5 (20) 1.2 (20) 550 (14)
�Ab (⇥105) 2000⇤ 53 (35) 9 (50) 2.4 (21) 3 (21) 360 (92)
�Ac (⇥105) 2700⇤ 140 (25) 20 (37) 20 (15) 6 (30) 190 (67)
��0

had (pb) 37⇤ 0.035 (4) 0.05 (2) 37⇤

�Re (⇥103) 2.4⇤ 0.5 (1.0) 0.2 (0.5) 0.004 (0.3) 0.003 (0.2) 2.5 (1.0)
�Rµ (⇥103) 1.6⇤ 0.5 (1.0) 0.2 (0.2) 0.003 (0.05) 0.003 (0.1) 2.5 (1.0)
�R⌧ (⇥103) 2.2⇤ 0.6 (1.0) 0.2 (0.4) 0.003 (0.1) 0.003 (0.1) 3.3 (5.0)
�Rb (⇥103) 3.1⇤ 0.4 (1.0) 0.04 (0.7) 0.0014 (< 0.3) 0.005 (0.2) 1.5 (1.0)
�Rc(⇥103) 17⇤ 0.6 (5.0) 0.2 (3.0) 0.015 (1.5) 0.02 (1) 2.4 (5.0)

Table 3: EWPOs at future e+e� colliders: statistical error (estimated experimental system-
atic error). � (�) stands for absolute (relative) uncertainty, while * indicates inputs taken
from current data [6]. See Refs. [23, 30, 35,36,46,47].

is also an important ingredient for precision electroweak studies. Future e+e� Higgs fac-
tories could in principle provide data for the dispersive approach using the radiative re-
turn method, e+e� ! had. + n�. While no detailed studies have been performed, it is
not expected that this will lead to an improvement compared to data from lower-energy
e+e� colliders. On the other hand, with su�cient amounts of luminosity spent at two
center-of-mass energy a few GeV below and above the Z peak, it is possible to determine
↵(mZ) directly, since the �–Z interference contribution is sensitive to this quantity [49].
However, this method crucially depends on multi-loop theory calculations for the process
e+e� ! µ+µ�.

Since the list of EWPOs in Tab. 3 is an over-constrained set of inputs for a SM fit,
it can be used to indirectly determine the Higgs-boson and top-quark masses, which only
appear within loop corrections. This is illustrated in Fig. 1, which demonstrates that all
future e+e� colliders will tremendously improve the precision of this indirect test compared
to the currently available data. The increased precision for the indirect determination of
mH and mt at CEPC/FCC-ee compared to ILC is driven by the higher expected precision
for the EWPOs themselves and for the strong coupling constant ↵s. For ILC we assume
�↵s = 0.0005, while for CEPC/FCC-ee we use �↵s = 0.0002 [48]. The di↵erence in
contours between CEPC and FCC-ee is mostly due to di↵erent assumptions about the
precision of ↵(mZ), where for FCC-ee we consider the direct determination according to
Ref. [49] with �↵(mZ) ⇠ 3⇥10�5. On the other hand, we take the present-day uncertainty
�↵(mZ) ⇠ 1⇥10�4 for CEPC, which is excessively consersative but serves to illustrate the
impact of �↵(mZ) in the electroweak precision fit.
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EWPO Current Projected Current Projected param. error
uncertainties theory error theory error param. error Scenario 1 Scenario 2
�mW (MeV) 4 1 5 2.8 0.6
��Z (MeV) 0.4 0.1 0.5 0.3 0.1

� sin2 ✓`e↵ (⇥105) 4.5 1.5 4.2 3.7 1.1
�A` (⇥105) 32 11 30 25 7.5
�R` (⇥103) 6 1.5 6 3.2 1.3

Table 4: Impact of theory and parametric uncertainties on the prediction of a few selected
EWPOs (see Ref. [66]). For the theory errors, the uncertainty estimates from currently
available calculations are compared to the projected improvement when assuming the avail-
ability of N3LO corrections and leading N4LO corrections. For the parametric errors, cur-
rent uncertainties are compared to two future scenarios, see eq. (12).

• For the interpretation of measured values of the pseudo-observables, they need to be
compared to precise predictions within the SM. For Z-pole EWPOs, full NNLO and
partial higher-order corrections are currently known, while NLO plus partial higher
orders are available for most other processes (such as e+e� ! WW ). The estimated
theory uncertainties are subdominant compared to current experimental accuracies,
but are significantly larger than the anticipated precision of future e+e� collider, cf.
Tabs. 1, 3, 4. The dominant missing contributions are 3-loop corrections with at least
one closed fermion loop† and leading 4-loop corrections enhanced by powers of the
top Yukawa coupling [66]. It is not possible to provide a reliable projection for how
much the availability of these corrections would reduce the overall theory uncertainty,
but a very rough estimate has been attempted in Ref. [66], using a combination
of methods (extrapolation of the perturbation series, counting of known prefactors,
scheme comparisons). As shown in Tab. 4, these corrections will likely be needed to
match the precision of future e+e� colliders (Tab. 3), and in some cases even higher
orders may be necessary. Fortunately, there is continuous progress in the development
of new calculational techniques for loop diagrams [67–70].

• Furthermore, as already mentioned above, SM theory predictions of EWPOs require
various SM parameters as inputs, most notably the top mass mt and Higgs mass mH ,
the strong coupling constant ↵s, and the shift of the fine structure constant,�↵. While
the latter has been discussed above on pages 7 and 12, information about the other
parameters can be found in Ref. [48] and the EF Higgs and TOPHF reports [14, 71].

The impact of SM parameter uncertainties are illustrated in Tab. 4 for current results
for these parameters and two future scenarios:

�mt [GeV] �mH [GeV] �mZ [MeV] �(�↵) �↵s

Current 0.6 0.17 2.1 10�4 9⇥ 10�4

Scenario 1 0.3 0.02 0.8 10�4 5⇥ 10�4

Scenario 2 0.05 0.01 0.1 3⇥ 10�5 2⇥ 10�4

(12)

†Corrections with fermion loops are enhanced due to the large top Yukawa coupling and the large fermion
multiplicity in the SM.
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EWPO Uncertainties Current HL-LHC
�mW (MeV) 12 / 9.4† 5
�mZ (MeV) 2.1
��Z (MeV) 2.3
�mt (GeV) 0.6* 0.2

� sin2 ✓`e↵ (⇥105) 13 < 10
�Rµ (⇥103) 1.6
�Rb (⇥103) 3.1

† The recent W mass measurement from CDF with 9.4 MeV pre-
cision [13] has not yet been included in the global average [6].

* This value includes an additional uncertainty due to ambiguities
in the top mass definition (see EF TOPHF report [14] for more
details).

Table 1: The current precision of a few selected EWPOs, based on data from LEP, SLC,
TeVatron and LHC [6], and expected improvements from the HL-LHC [15]. � (�) stands
for absolute (relative) uncertainty.

Other EWPOs include the W-boson mass (mW ) and branching ratios, as well as the
Fermi constant of muon decay, GF . The latter is a key ingredient for predicting mW in the
SM, based on the relation

GF
p
2
=

⇡↵

2m2
W
(1�m2

W
/m2

Z
)
(1 +�r), (9)

where �r describes higher-order corrections. GF is currently known with a precision of 0.5
ppm [6], which may be further improved in the future, and thus it is a negligible source of
uncertainty.

Moreover, when comparing experimental values for the EWPOs to theory predictions
in the SM, other SM parameters are needed as inputs for the latter. Specifically, the mass
of the top quark and the Higgs boson play an important role, as well as the strong coupling
constant ↵s and the shift due to the running of the fine structure constant from the Thomson
limit to the Z scale, �↵ ⌘ 1 �

↵(0)
↵(mZ) . �↵ receives contributions from leptons, which can

be computed perturbatively [7], and from hadronic states. The hadronic part can be split
into non-perturbative and perturbative contributions. The non-perturbative contributions
can be extracted from data for e+e� ! had. [8–10] or from lattice QCD simulations [11,12]
using a dispersive approach. The data-driven methods are currently more precise, with an
uncertainty for �↵had of about 10�4 [8–10].

Reducing the uncertainty of �↵had requires improved measurements of e+e� ! had.
for energies below 2 GeV (e.g., with ongoing measurements at VEPP-2000 and BEPC-II),
4-loop perturbative QCD corrections, and more precise determinations of the charm and
bottom quark masses. With these improvements, an uncertainty of < 0.5 ⇥ 10�4 appears
within reach [8]. Similarly, the lattice QCD evaluation of �↵had is expected to continue to
improve, but quantitative estimates are currently not available.
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SM global fits: the MW puzzle

DMW~10 Mev → 0.1% control 
on kinematic distributions

Mass measured by fiNng template distribuGons 
of transverse momentum and mass

Template fiNng is acceptable if theory 
describes data with high accuracy

ATLAS, 2403.15085 
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LEP Combination
Phys. Rep. 532 (2013) 119  

 33 MeV± = 80376 Wm

D0 (Run 2)
Phys. Rev. Lett. 108 (2012) 151804

 23 MeV± = 80375 Wm

CDF (Run 2)
Science 376 (2022) 6589

 9 MeV± = 80434 Wm

LHCb 2021
JHEP 01 (2022) 036

 32 MeV± = 80354 Wm

ATLAS 2017
Eur. Phys. J. C 78 (2018) 110 

 19 MeV± = 80370 Wm

ATLAS 2024
This work

 16 MeV± = 80367 Wm

Measurement
Stat. Unc.
Total Unc.
SM Prediction

ATLAS
-1 = 7 TeV, 4.6 fbs
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decays at hadron colliders, the sensitivity is significantly extended at lepton colliders running as a
Higgs factory.

Parameter HL-LHC ILC 500 FCC-ee FCC-hh
p
s [TeV] 14 0.5 0.36 100

Yukawa coupling yt (%) 3.4 2.8 3.1 1.0

Top mass mt (MeV/%) 170/0.10 50/0.031 40/0.025 –

Left-handed top-W coupling C3
�Q

(TeV�2) 0.08 0.02 0.006 –

Right-handed top-W coupling CtW (TeV�2) 0.3 0.003 0.007 –

Right-handed top-Z coupling CtZ (TeV�2) 1 0.004 0.008 –

Top-Higgs coupling C�t (TeV�2) 3 0.1 0.6

Four-top coupling ctt (TeV�2) 0.6 0.06 – 0.024

FCNC t�u, tZu BR 10�5 10�6 10�5 –

TABLE X. Anticipated precision of top-quark Yukawa coupling and mass measurements, and of example
EFT Wilson coe�cient for the top-quark coupling to W , Z and Higgs bosons, as well as a four-top Wilson
coe�cient. The expected reach of the CEPC should mirror that of the FCC-ee.

B. Theory challenges

Significant theoretical e↵ort is required to exploit the full potential of future colliders, as pointed
out throughout this document. Some of the biggest challenges are:

• Calibration of the top quark MC mass to a well-defined scheme in perturbation theory with
a precision comparable to the experimental uncertainty.

• Computing cross-sections, inclusively and di↵erentially at higher orders in perturbation the-
ory, going to N3LO in QCD for top pair production plus resummation, going to NNLO in
QCD for associated production processes, and including EW higher order corrections, see
also the Les Houches wishlist [609].

• Reducing the PDF uncertainties, which are already now the largest theory uncertainties for
several processes, most importantly top-pair production. This requires close interconnec-
tions between theory and experiment and new di↵erential measurements of top production
processes.

• Improving the modeling of the full event at the LHC and future hadron and lepton colliders
and reducing parton shower uncertainties.

For more details about the status and necessary advances in high-precision theory see also the EF06
report [10], and the Theory Frontier Topical Group reports on Theory Techniques for Precision
Physics (TF06) and Theory of Collider Phenomena (TF07).
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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

Establishing the scalar sector of the SM and probing LNP

Dk/k ~ O(v2/L2)

Improved systematics 
probes higher scales

Theory could become the 
main limitaGon

Theory need to improve modeling and interpretaGon of LHC events, in parGcular when new 
physics may not be a simple rescaling of SM interacGons

For new physics at 1 TeV 
expect deviaGons of O(6%)



The breadth of collider physics program: 
a unique spectrum of SM measurements 
and BSM direct searches!

The realization of this program largely depend on theoretical progress
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Beyond total rates
INDIRECT SEARCHES

S. Dawson 48

Precision calculation at low energy where rates are large or
Small deviations at tails of distributions
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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 calculations at differential 
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 effective interactions 
above the EW scale          SMEFT

Crucial to control EFT sensiGve regions

dim=6

dim>8



Theory for percent-level phenomenology

• A realm where mathematical progress and phenomenological studies and intuition are 
strongly intertwined and have brought so much progress, paving the way to tackle future 
challenges.



Dissecting the challenge
Shower Monte Carlo Event Generators

B
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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 2023
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Many components to percent precision

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
• Adapting theoretical tools to 

experimental analyses
• Well-defined standards for 

theoretical systematics
• Statistical models for data analysis
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NXLO predic*ons - state of the art

ICHEP 2022Gavin Salam

LO

2→1 2→2 2→3 2→4 2→5

NLO

NNLO

N3LO

split. 
fns

most procs. known 
(some w. public code)
some procs. known 
/ no public code
some inputs known 
(no full calcn)

QCD fixed-order as of 2022

major 
recent 
progress

From G. Salam, ICHEP 2022 (slightly modified)

Major challenges and progress:
• NLO EW and mixed NLO QCD+EW 
• Multiloop scattering amplitudes
• Real emission → IR subtraction
• All-order resummations in specific 

regions of phase space
• Predictions for fiducial regions

Still a good summary for 2024, 
with much progress in 

red-circled boxes

Q
CD

 o
rd

er

multiplicity

For a complete summary of exisZng and auspicable results see
 Les Houches list [Huss et al., 2207.02122, updated 2023]



Higgs producAon via gg fusion at N3LO 
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ConGnuous progress on a crucial process  

• The leading Higgs production mode
• A benchmark test of QCD, and QCD+EW, including H+j production
• An excellent testing ground to probe theoretical accuracy

Anastasiou, Duhr, Dulat, 
Herzog, Mistlberger
1503.06056
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… crucial to map 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 calculaZon 
of exact NNLO mt dependence

Czakon, Harlander, Klappert, 
Nieggetied, 2105.04436

Reduced uncertainty  to 0.26% by 
calculation of NLO mixed QCD+EW

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

Future challenges:
• N3LO PDF!  → d(PDF-TH)
• Light-quark mass effects → d(b,c)
• 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



DY at N3LO – input to PDF fits and MW measurement
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Duhr, Dulat, Mistlberger, 2001.07717

Duhr, Dulat, Mistlberger, 2007.13313

• Scale dependence: non-uniform behavior in all Q-regions
• Important input for PDFs (not yet included)
• Region around Q~MW: reconsider how to estimate 

theoretical uncertainty from scale variation 

MW

Recall from before: need 0.1% accuracy in template 
distributions in order to achieve DMW~10 MeV

NC-DY CC-DY



DY at N3LO – dedicated PDF study

Overall consistency 
among different sets

Large variaZon 
in error bands

Systematics introduced by 
choosing different sets can 
be substantial 

Different patterns observed in CC vs NC cannot be ignored for precision 
measurements, since the introduced bias can be sizable at percent level.

Baglio, Duhr, Mistlberger, Szafron, 2209.06138
(n3loxs – public numerical code)



DY at N3LO+N3LL – differential 
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Chen, Gehrmann, Glover, Huss, Monni, 
Re, Rottoli, Torrielli, 2203.01565

Ro[oli, Torrielli, Vicini, 2301.04059Challenging to control theoreZcal 
uncertainZes below percent level!

Consider different observable?

𝑝!,#$%ℓ 𝑝!,#$'ℓ 𝑝!,#()ℓ

DMW

𝐴!!ℓ 𝑝",$%&ℓ , 𝑝",$%(ℓ , 𝑝",$)*ℓ =
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%&
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ℓ
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Shi. in jacobian peak 
by DMW/2

DMW~±15 MeV
feasible



VH at N3LO, first complete calculation

Same color structure as DY, same characteristic behavior, same lesson learnt in assessing 
theoretical uncertainties

Baglio, Duhr, Mistlberger, Szafron, 2209.06138



PDF – first approximate N3LO  sets

aN3LO →	MSHT20aN3LO

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

• Making use of all available 
knowledge to constrain PDF 
parametrizaZon, including 
both exact, resummed, and 
approximate esZmates of 
N3LO results

• Based on N3LO approximation 
to structure functions and 
DGLAP evolution

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



NNLO for 2→3 processes 
• Several recent results for pp → 𝛾𝛾𝛾, 𝛾𝛾𝑗, 𝛾𝑗𝑗, 𝑗𝑗𝑗

• Most recently first NNLO results for multi-scale processes: 𝑏"𝑏𝑊, 𝑡 ̅𝑡𝑊, 𝑡 ̅𝑡𝐻
Chawdry, Czakon, Mitov, Poncelet; Kallweit, Sotnikov, Wiesemann; Badger, Gerhmann, Marcoli, Moodie; 

1 massive final-state 
par_cle (b massless) 3 massive final-state 

par_cles
Hartanto, Poncelet, Popescu, Zoia
2205.01687 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

Major impact on LHC 
phenomenology

Very recently first results 
for 2-loop amplitudes 

Febres Cordero, Figueiredo, Krauss, Page, Reina, 2312.08131
Buccioni, Kreer, Liu, Tancredi, 2312.10015
Agarwal, Heinrich, Jones, Kerner, Klein, 2402.03301



𝑡 ̅𝑡𝑊 and 𝑡 ̅𝑡𝐻	at NNLO
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� [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

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

Ratio ⁄𝜎, ̅,.( 𝜎, ̅,.) in very 
good agreement with ATLAS 
measurement

Comparison in fiducial volumes 
may give further insight



NLO: push the mulAplicity challenge
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Beyond on-shell producGon to match fiducial measurements

Bevilacqua, Bi, Hartanto, 
Kraus, Worek, 2005.09427 

Bevilacqua, Bi, Febres Cordero, Hartanto, 
Kraus, Nasufi, LR, Worek, 2109.15181 
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Off-shell effects most relevant in tails 
and end-points of distributions, where 
new physics effects can be hidden

Modelling full process crucial to 
match experimental fiducial cuts 
and estimate theoretical systematic
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… exploring boosted kinema;cs and off-shell signatures 
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Pointing to the need for precision in modelling signatures from tt+X processes in regions where 
on-shell calculations may not be accurate enough

Top+additional leptons

Top pair + boosted Z/H

Effects in tails of 
distributions but also 
anomalous shapes
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… 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 kinematic-shape based analysis based on game theory 
(Shapley values) and BDT techniques opened new possibilities
“Resurrecting Hbb with kinematic shapes”
[Grojean et al., arXiv:2011.13945]

New techniques will open the possibility of turning problematic  
processes into powerful probes of the quantum structure of the SM 



Parton-shower event generators

Radcor, backup slidesSilvia Ferrario Ravasio

It’s time for better Parton Showers!
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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

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

Ø Standard PS are Leading Logarithmic (LL) → becoming a limita_on
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-perturbative 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 ⟶	 ( ⁄Λ)*+ 𝑄)'~(0.01)'−(0.001)' 

PerturbaGve predicGons at percent level will have to be supplemented with non-
perturbaGve effects if p = 1 for a parGcular process or observable.

No general theory. Direct calculations have shown that there are no linear non-pert 
power corrections in:

Ø Z transverse-momentum distribu_ons

Ø Observables that are inclusive with respect to QCD radiation

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!
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● Collider physics remains as a unique and necessary test of any BSM hypothesis, and in this context 
precision phenomenology will play a crucial role.

● The HL-LHC will accumulate 20 times what it has so far and will deliver precision measurements 
beyond expectations.

● Increasing the theoretical accuracy on SM observables (Higgs, top, EW) is crucial: a factor of 10 in 
precision could allow to test scale in the 10 TeV and beyond.

● Reaching this level of theoretical accuracy has multiple components, all of which have been the focus 
of intense and highly creative theoretical work.

● Direct evidence of new physics could boost this process, as the discovery of the Higgs boson has 
prompted us in this new era of LHC physics.

Summary


