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Topics covered and input summarised

•Main documents covered: 

• Higgs Boson studies at future particle colliders [arXiv:1905.03764] 

• Theory Requirements and Possibilities for the FCC-ee and other Future High 
Energy and Precision Frontier Lepton Colliders  

• Precision calculations for high-energy collider processes  

• Monte Carlo event generators for high energy particle physics event simulation  

• Quantum Chromodynamics: Theory - Input for the European Particle Physics 
Strategy Update  

• + collider specific reports / studies
Many thanks to S. Forte, K. Melnikov, G. 
Salam and PPG conveners for discussions 



A snapshot: EWPO

5. Numerically dominant effects due multi-photon emission constitute another key problem;
their complexity will be often comparable to that of the electroweak loop calculations. The
methodology of joint treatment of electroweak and QCD loop corrections with the photonic
corrections is essentially at hand (AB from the LHC?). In practice, however, construction
of new Monte Carlo programs, which can handle efficiently the above problems, will need
special efforts [6].

The elementary techniques for higher order perturbative SM corrections are basically under-
stood, but their use in practical calculations at the level of computer programs will be highly non-
trivial and will require considerable effort. The understanding of all sources of possible theoretical
uncertainties will be fundamental for success of the FCC-ee data analysis.

��Z [MeV] �Rl [10�4] �Rb [10�5] � sin2,l
eff

✓ [10�6]
Present EWPO theoretical uncertainties

EXP-2018 2.3 250 66 160
TH-2018 0.4 60 10 45

EWPO theoretical uncertainties when FCC-ee will start
EXP-FCC-ee 0.1 10 2÷ 6 6
TH-FCC-ee 0.07 7 3 7

Table 1: Comparison for selected precision observables of present experimental measurements

(EXP-2018), current theory errors (TH-2018), FCC-ee precision goals at the end of the Tera-Z

run (EXP-FCC-ee) and rough estimates of the theory errors assuming that electroweak 3-loop

corrections and the dominant 4-loop EW-QCD corrections are available at the start of FCC-ee

(TH-FCC-ee). Based on discussion in [2].

Table 1 shows the current experimental and theoretical errors (EXP-2018, TH-2018) for some
basic Z-physics EWPOs, and the prospective measurement errors at FCC-ee (EXP-FCC-ee) to-
gether with the corresponding estimate for theoretical uncertainties after the leading 3/4-loop re-
sults become available (TH-FCC-ee). The entry TH-2018 takes into account recent completion
of the 2-loop electroweak calculations [7, 8], so the error estimate comes solely from an estimate
of magnitudes of missing 3-loop and 4-loop EW and mixed EW-QCD corrections. The estimated
TH-FCC-ee error stems from remaining 4-loop and higher effects. These are rather difficult to
estimate presently, however, a rough conservative upper bound on them has been provided in [2].
They are denoted in Tab. 1 as TH-FCC-ee. As we can see, the uncertainties of the TH-FCC-ee

scenario are comparable to the corresponding EXP-FCC-ee experimental errors and will not

limit the FCC-ee physics goals.
An illustration of complexity of future perturbative calculations is provided in Table 2, where

the numbers of distinct topologies of diagrams to be calculated and the numbers of diagrams and
various categories at the 1-, 2- and 3-loop order are shown for the most complicated Z ! bb̄ decay.
According to Ref. [2], the calculation of fermionic 3-loop corrections, which will be the largest
part of them, are within reach, already with present methods and tools.

Another important issue in electroweak fits are uncertainties from the existing (often experi-

5

Zff̅ vertex, dominant 
3-loop EW, 

dominant 4-loop 
mixed QCD-EW

Z ! bb̄

1 loop 2 loops 3 loops
Number of topologies 1 5 51
Number of diagrams 15 1074 120472

Fermionic loops 0 150 17580
Bosonic loops 15 924 102892

QCD / EW 1 / 14 98 / 1016 10386/110086

Table 2: Numbers of relevant topologies and diagrams for Z ! bb̄ decays. Adapted from [2].

mental) errors on SM input parameters, themselves EWPOs, which affect the SM predictions of
EWPOs when comparing them with experiment.

Well-defined subsets of experimental data (EWPOs) are treated as input SM parameters, like [9,
10] for instance: Fermi constant (from muon decay), ↵QED(MZ) (from the dispersion integral of
e
+
e
� data at low energies), ↵s(MZ) (from the measurement of R` and Rb at the Z peak), MZ , mt,

MH and the masses of other fermions – all of them with well defined experimental and theoretical
errors. Remaining EWPOs, like sin2

✓
eff

W
, mW , �Z , and more, can be measured either directly

with an experimental error or can be predicted using SM perturbative machinery, with parametric

errors inherited from the chosen subset of input parameters (EWPOs).

EWPO Exp. direct error Param. error Main source Theory uncert.
�Z [MeV] 0.1 0.1 �↵s 0.07
Rb [10�5] 6 1 �↵s 3
R` [10�3] 1 1.3 �↵s 0.7
sin2

✓
`

e↵ [10�5] 0.5 1 �(�↵) 0.7
MW [MeV] 0.5 0.6 �(�↵) 0.3

Table 3: Estimated experimental precision for the direct measurement of several important EWPOs
at FCC-ee [2] (column two) and experimental parametric error (column three), with the main
source shown in the forth column. Important input parameter errors are �(�↵) = 3 · 10�5, �↵s =
0.00015 see FCC CDR, vol. 2 [1]. Last column shows anticipated theory uncertainties at start of
FCC-ee.

In Table. 3 the size and main sources of parametric errors connected with QED and QCD run-
ning couplings for selected important EWPOs are shown. It is important to note that e.g. �↵s is a
common parametric error on �Z and R`, and will not affect e.g. the leptonic partial width of the Z.
These EWPOs serving as SM input parameters will be determined very precisely at the FCC-ee. It
should be noted that determination of �↵ with error at the level of 3 · 10�5 assumed in the table is
from present perspective a big challenge. Standard approach exploiting low energy hadronic con-
tributions to vacuum polarization will try to reach such a precision. Another independent method
aiming at the same precision was proposed [11]. It relies on measuring at FCC-ee charge asym-
metry of the e+e� ! µ

+
µ
� process very precisely at s1/2 ' MZ ± 3.5 GeV. Future projections of
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 δαs =  0.00015

see S. Dittmaier’s talk



Higgs: parametric uncertainties

Table 18. Partial decay widths for the Higgs boson to specific final states and the uncertainties in their calculation [84]. The
uncertainties arise either from intrinsic limitations in the theoretical calculation (ThIntr) and parametric uncertainties (ThPar).
The parametric uncertainties are due to the finite precision on the quark masses, ThPar(mq), on the strong coupling constant,
ThPar(as), and on the Higgs boson mass, ThPar(MH ). The columns labelled "partial width" and "current uncertainty" and refer
to the current precision [84], while the predictions for the future are taken from ref. [117]. For the future uncertainties, the
parametric uncertainties assume a precision of dmb = 13 MeV, dmc = 7 MeV, dmt = 50 MeV, das = 0.0002 and
dMH = 10 MeV.

Decay Partial width current unc. DG/G [%] future unc. DG/G [%]

[keV] ThIntr ThPar(mq) ThPar(as) ThPar(mH ) ThIntr ThPar(mq) ThPar(as) ThPar(mH )

H ! bb̄ 2379 < 0.4 1.4 0.4 � 0.2 0.6 < 0.1 �

H ! t+t� 256 < 0.3 � � � < 0.1 � � �

H ! cc̄ 118 < 0.4 4.0 0.4 � 0.2 1.0 < 0.1 �

H ! µ+µ� 0.89 < 0.3 � � � < 0.1 � � �

H !W+W� 883 0.5 � � 2.6 0.4 � � 0.1

H ! gg 335 3.2 < 0.2 3.7 � 1.0 � 0.5 �

H ! ZZ 108 0.5 � � 3.0 0.3 � � 0.1

H ! gg 9.3 < 1.0 < 0.2 � � < 1.0 � � �

H ! Zg 6.3 5.0 � � 2.1 1.0 � � 0.1
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Sources of uncertainty for the inclusive Higgs boson production cross
section have been assessed recently in refs. [?, ?, ?, ?]. Several sources of
theoretical uncertainties were identified.
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Figure 1: The figure shows the linear sum of the di↵erent sources of rela-
tive uncertainties as a function of the collider energy. Each coloured band
represents the size of one particular source of uncertainty as described in
the text. The component �(PDF+↵S) corresponds to the uncertainties due
to our imprecise knowledge of the strong coupling constant and of parton
distribution functions combined in quadrature.

• Missing higher order e↵ects of QCD corrections beyond N3LO (�(scale)).

• Missing higher order e↵ects of electro-weak and mixed QCD-electro-
weak corrections at and beyond O(↵S↵) (�(EW)).

• E↵ects due to finite quark masses neglected in QCD corrections beyond
NLO (�(t,b,c) and �(1/mt)).

• Mismatch in the perturbative order of the parton distribution func-
tions evaluated at NNLO and the perturbative QCD cross sections
evaluated at N3LO (�(PDF-TH)).

In the tables the linear sum of the e↵ect of those uncertainties is referred to as
�(theory). In addition, the imprecise knowledge of the parton distribution
functions and of the strong coupling constant play a dominant role. The
individual size of these contributions can be seen in fig. 1 as a function of
the collider energy [?]. As can be easily inferred the relative importance
of the di↵erent sources of uncertainty is impacted only mildly by changing

3

 δαs = 0.0002 
δmt = 50 MeV 
δmb = 13 MeV 
δmc = 7 MeV 
δmH = 10 MeV 

see S. Dittmaier’s talk

HXSWG, extrapolation of 
current ggF uncertainties to 
high energy pp colliders



A snapshot: Higgs

Figure 2. Expected relative precision (%) of the k parameters in the kappa-3 scenario described in Section 2. For details, see
Tables 4 and 5.

11/58

QCD uncertainty on overall rates/Br:  
•HL-LHC S2 [=today/2]  
• future colliders: ~today/2 for Br, 1% at HE, 0.5% at LHeC, 1% total FCC-hh



QCD uncertainty on overall rates/Br:  
•HL-LHC S2 [=today/2]  
• future colliders: ~today/2 for Br, 1% at HE, 0.5% at LHeC, 1% total FCC-hh
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Figure 6. Global fit to the EFT operators in the Lagrangian (19). We show the marginalized 68% probability reach for each
Wilson coefficient ci/L2 in Eq. (19) from the global fit (solid bars). The reach of the vertical lines indicate the results assuming
only the corresponding operator is generated by the new physics.

fully developed program including such contributions in the SMEFT framework, we restrict the discussion in this section to SM
uncertainties only.

In the previous sections the results for future colliders after the HL/HE-LHC era were presented taking into account
parametric uncertainties only. This was done to illustrate the final sensitivity to BSM deformations in Higgs couplings, as
given directly by the experimental measurements of the different inputs (i.e. Higgs rates, diBoson measurements, EWPO or the
processes used to determine the values of the SM input parameters). On the other hand, for this scenario to be meaningful, it
is crucial to also study the effect in such results of the projections for the future intrinsic errors. This is needed to be able to
quantify how far we will be from the assumption that such intrinsic errors become subdominant and, therefore, which aspects
of theory calculations should the theory community focus on to make sure we reach the maximum experimental sensitivity at
future colliders.

In this section we discuss more in detail the impact of the two types of SM theory errors described above, from the point
of view of the calculations of the predictions for Higgs observables. This will be done both within the k framework and also
in the context of the EFT results. For the results from the k-framework we will use the most general scenario considered in
Section 3.1, i.e. kappa-3, which allows non-SM decays. On the EFT side, we will use the scenario SMEFTPEW, where the
uncertainty associated to the precision of EWPO has already been “factorized”. In this scenario each fermion coupling is
also treated separately, thus being sensitive to the uncertainties in the different H ! f f̄ decay widths. Finally, we will also
restrict the study in this subsection to the case of future lepton colliders only (we always consider them in combination with the
HL-LHC projections. For the latter we keep the theory uncertainties as reported by the WG2 studies [10]).

In Table 9 we show the results of the k fit for the benchmark scenario kappa-3, indicating the results obtained includ-
ing/excluding the different sources of SM theory uncertainties. Similarly, Table 10 shows the results of the EFT fit for the
benchmark scenario SMEFTPEW. For the EFT results the impact of the different theory uncertainties is also illustrated in
Figure 8. As can be seen, if the SM errors were reduced to a level where they become sub-dominant, the experimental precision
would allow to test deviations in some of the couplings at the one per-mille level, e.g. the coupling to vector bosons at CLIC
in the SMEFT framework (the presence of extra decays would however reduce the precision to the 0.4% level, as shown in
the kappa-3 results). The assumed precision of the SM theory calculations and inputs, however, prevents reaching this level

24/58

A snapshot: Higgs



Some words of caution
1. TH uncertainties under SM assumptions. Both intrinsic and 

parametric uncertainties can changes in BSM scenarios 

2. No correlations among theory uncertainties 

• Currently, we did not study the problem in enough detail to have a foolproof 
recipe for theory uncertainty correlations [my personal opinion] 

• Theories uncertainties are not exactly random variables…  

• It is becoming an important issues for many LHC physics. Examples:  

✴Higgs combinations/STXS 

✴PDFs theory uncertainties 

✴Complicated background & interplay with MVAs, e.g. tt̅H vs tt̅bb̅ 

• Important to understand for a coherent treatment of uncertainties, a lot of 
effort going on right now → no longer a neglected issue, expect progress 



Parameters: αs 
δαs = 0.0002 VERY CHALLENGING

• e+e-, hadronic decays, global fits → potential to 
reach 0.15%. QCD-robust, but sensitive to new 
physics contaminations 

• e+e-, event shapes/jet rates → good potential, but 
remember the LEP lesson 
• Thrust, C parameter: 0.113, 1% 
• Jet rates: 0.119, 1% 
• Must understand better underlying theory (NP 

corrections, formally subleading terms…) 
• Hadron collider observables / PDF fits → very 

high accuracy, but same problems as PDF fits (low 
Q contamination, theory uncertainties, correlations 
with PDFs) 

• Lattice very robust. Most robust determination → 
new approach. Assuming computer improvements 
→ 0.3%, promising

PDG World Average: αs(MZ) = 0.1181 ± 0.0011 (0.9%)

36 1. Quantum chromodynamics
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Figure 1.2: Summary of determinations of αs(M2
Z) from the six sub-fields

discussed in the text. The yellow (light shaded) bands and dashed lines indicate the
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represent the final world average value of αs(M2

Z).

using the transverse energy-energy correlation function (TEEC) and its associated
azimuthal asymmetry (ATEEC), respectively [247]. All these results are at NLO only,
however they provide valuable new values of αs at energy scales now extending up to

May 5, 2016 21:57
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Parameters: masses 
1. Bottom, charm δmb = 13 MeV, δmc = 7 MeV

Figure 5: The charm quark mass for 2 + 1 and 2 + 1 + 1 flavours. For the latter a large
stretching factor is used for the FLAG average due to poor χ2 from our fit.
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mc/ms

FNAL/MILC/TUMQCD 18 [8] 2+1+1 A ⋆ ⋆ ⋆ 11.784(11)(17)(00)(08)
HPQCD 14A [16] 2+1+1 A ⋆ ⋆ ⋆ 11.652(35)(55)
FNAL/MILC 14A [19] 2+1+1 A ⋆ ⋆ ⋆ 11.747(19)(+59

−43)
ETM 14 [9] 2+1+1 A ◦ ⋆ ◦ 11.62(16)

Maezawa 16 [17] 2+1 A ! ⋆ ! 11.877(91)
χQCD 14 [23] 2+1 A ◦ ◦ ◦ 11.1(8)
HPQCD 09A [25] 2+1 A ◦ ⋆ ⋆ 11.85(16)

Table 11: Lattice results for the quark-mass ratio mc/ms, together with the colour coding of
the calculations used to obtain these.

the tag ⋆. However, some tension exists between the HPQCD and FNAL/MILC/TUMQCD
results. Combining all three yields

Nf = 2 + 1 + 1: mc/ms = 11.768 (33) Refs. [8, 9, 16], (63)

56

Figure 7: The b-quark mass, Nf = 2 + 1 and 2 + 1 + 1. The updated PDG value from
Ref. [136] is reported for comparison.

61

FLAG Review 2019

Very encouraging results, it 
seems [to me] well within reach

2. Top mass: δmt = 50 MeV 

• Hadron colliders: with the current level of understanding of QCD → unlikely 
to control better than ~ ΛQCD. Progress at this stage almost impossible to 
predict (if no breakthrough, could be very limited) 

• High precision: e+e- threshold scan, can reach 50 MeV for short-distance 
masses. Very well-developed theory



Parameters: PDFs 

Required improvements 
• Theoretical uncertainties → first results appearing very soon 

Framework to investigate th. uncertainty, correlations available ~now 
• High precision in the evolution → N3LO splitting function. Massive 

calculations, but reasonable to expect it in the not far future 
• Better understanding of specific kinematic regions (nuclear corrections, 

higher twist, saturation…). With extended dataset: can afford to discard 
``problematic’’ data (low Q2…)

Towards ultimate PDFs at the HL-LHC and LHeC
Quantify the ultimate PDF constraining power of HL-LHC and LHeC

EIC@JLAB

A reduction of PDF uncertainties by up to a factor 10 could be within reach
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pZ
T ≃ 400 GeV

Juan Rojo, SM@LHC 2019



Intrinsic uncertainties reduction

Also in this case, may need to consider more ``realistic’’ scenario 
• e+e- → f+f-, at 2-loops 
• non-trivial kinematics, but 2-loop 

Highest precision: clean environment, simple observable → EWPO 
• mostly from Zff̅ vertex 
• pQCD works very well, but precision requires many QCD/EW loops

Results required: 
• leading 3-loop Zff̅: ααs2, nf α2αs, nf2 α3 
• also 4-loop QCD may be required 
• full 2-loop completed recently

Typical problem: many loops, few legs 
• well-established framework, massively difficult technical problems 
• a remarkable amount of progress recently → expect new results 
• no kinematics dependence → numerical approach
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Highest precision: clean environment, simple observable → EWPO 
• mostly from Zff̅ vertex 
• pQCD works very well, but precision requires many QCD/EW loops

Results required: 
• leading 3-loop Zff̅: ααs2, nf α2αs, nf2 α3 
• also 4-loop QCD may be required 
• full 2-loop completed recently

Typical problem: many loops, few legs 
• well-established framework, massively difficult technical problems 
• a remarkable amount of progress recently → expect new results 
• no kinematics dependence → numerical approach 
• full 2-loop completed recently

•Well-identified problems, clear path towards a solution 

•Technically very challenging → will require focus in the 
community, and support



Intrinsic uncertainties reduction
Higher statistics/energy: can explore a broad range of interesting 
processes/observables 

• A very rich physics potential 
• Would require less precision than EWPO, but more complex processes 

(many legs, non-trivial kinematics, much more involved 
phenomenological studies) 

• High precision for H, V, top, jets. Already now very good control. 
Improvements non-trivial 

In this situation, QCD TH improvements along a single direction won’t do, 
concertated effort is required 

• higher order QCD/EW calculations 
• all-order resummation 
• better parton showers 
• better control over NP effects 
• new pheno idea to maximise potential/stay away from ``dangerous’’ 

regions



Intrinsic uncertainties reduction

‣ Measurements of gauge boson pT at the LHC require us to push theory predictions to the limits of 
perturbation theory and beyond   

‣ Pattern of QCD (massless, except for thresholds in PDFs) corrections well understood, with residual 
errors at the 3-5% level across most of the spectrum 

‣ Beyond this point, several effects become relevant: 

‣ higher order QCD corrections to the differential spectrum (i.e. N4LL+N3LO) 

‣ PDF errors at the 1-3% level: How to combine with the remaining perturbative error ?  Are differences 
between sets really understood ? Theory uncertainties in PDFs ? 

‣ NP corrections expected to be as large as 1-2%, small-mass Drell-Yan could be exploited to constrain 
these in a data driven manner (high TH+EXP precision required, challenging for TMD PDFs) 

‣ QED corrections at the ~1-2% level, uncertainties can be potentially reduced 

‣ bottom-quark mass corrections at the ~1-2% level, calculation at small pT feasible 

‣ parametric uncertainties, e.g. strong coupling at the ~1% level, currently hard to improve further
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Summary

P.F. Monni, SM@LHC 2019

Example: vector boson pt, where we are and how to improve



Intrinsic uncertainties reduction
Example: ``Higgs at the HL/HE-LHC’’ LHCHXSWG report

Sources of uncertainty for the inclusive Higgs boson production cross
section have been assessed recently in refs. [?, ?, ?, ?]. Several sources of
theoretical uncertainties were identified.
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Figure 1: The figure shows the linear sum of the di↵erent sources of rela-
tive uncertainties as a function of the collider energy. Each coloured band
represents the size of one particular source of uncertainty as described in
the text. The component �(PDF+↵S) corresponds to the uncertainties due
to our imprecise knowledge of the strong coupling constant and of parton
distribution functions combined in quadrature.

• Missing higher order e↵ects of QCD corrections beyond N3LO (�(scale)).

• Missing higher order e↵ects of electro-weak and mixed QCD-electro-
weak corrections at and beyond O(↵S↵) (�(EW)).

• E↵ects due to finite quark masses neglected in QCD corrections beyond
NLO (�(t,b,c) and �(1/mt)).

• Mismatch in the perturbative order of the parton distribution func-
tions evaluated at NNLO and the perturbative QCD cross sections
evaluated at N3LO (�(PDF-TH)).

In the tables the linear sum of the e↵ect of those uncertainties is referred to as
�(theory). In addition, the imprecise knowledge of the parton distribution
functions and of the strong coupling constant play a dominant role. The
individual size of these contributions can be seen in fig. 1 as a function of
the collider energy [?]. As can be easily inferred the relative importance
of the di↵erent sources of uncertainty is impacted only mildly by changing

3

ggF: many small sources of uncertainties that add up

mH [GeV] �tH+t̄H [fb] Scale+FS [%] ↵s [%] PDF [%] PDF+↵s [%] �tH [fb] �t̄H [fb]

124.59 90.35 +6.4
�14.6 1.2 3.4 3.6 59.15 31.21

125.09 90.12 +6.4
�14.7 1.2 3.4 3.6 58.96 31.11

125.59 89.72 +6.4
�14.8 1.2 3.4 3.6 58.70 31.02

Table 17: NLO QCD cross sections for the t�channel tH and t̄H production
at the 14 TeV LHC.

mH [GeV] �tH+t̄H [fb] Scale+FS [%] ↵s [%] PDF [%] PDF+↵s [%] �tH [fb] �t̄H [fb]

124.59 419.0 +5.0
�12.3 1.3 2.6 2.9 263.3 155.7

125.09 417.9 +5.0
�12.5 1.3 2.6 2.9 262.8 155.1

125.59 416.4 +5.0
�12.6 1.3 2.6 2.9 261.8 154.7

Table 18: NLO QCD cross sections for the t�channel tH and t̄H production
at a 27 TeV proton–proton collider.

0.3 Projections of uncertainty reductions for the

HL-LHC

This section discusses improvements to the theoretical predictions that may
be possible on the timescale of the HL-LHC. Estimates of potential reduc-
tions in current theoretical uncertainties are made where possible and po-
tential limiting factors identified.

0.3.1 Gluon fusion

Improving substantially on any of the current sources of uncertainty repre-
sents a major theoretical challenge that should be met in accordance with
our ability to utilise said precision and with experimental capabilities. The
computation of subleading mass and EW corrections is currently being ad-
dressed by several groups, and therefore it is likely to be achieved in the
next decade. Although such computations will allow for a better control
over some sources of uncertainty, their final impact on the full theoretical
error is likely to be moderate as current estimates indicate. Another source
of error that might improve in the forthcoming years is that related to the
parton densities. In particular, the extraction of N3LO PDFs would lead
to the disappearance of the PDF-TH uncertainty. Similar considerations
apply to the error on the strong coupling constant, that will be reduced due
to more accurate extractions. Overall, the above progress would ultimately
lead to a notable reduction of the uncertainties of Figure 1.

It is obvious that the future precision of experimental measurement of
Higgs boson properties will challenge the theoretical community. Achieving
a significant improvement of our current theoretical understanding of the
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the centre of mass energy from 13 TeV to 27 TeV. Inclusive cross sections
for mH = 125.09 GeV are given in Table 1. As noted above, the exact
treatment of N3LO QCD corrections results in a small shift in the cross-
section at 13 TeV, relative to the YR4 resut, and a slight reduction in the
overall theoretical uncertainty.

p
s � �(theory) �(PDF) �(↵s)

13 TeV 48.61 pb +2.08pb
�3.15pb

⇣
+4.27%
�6.49%

⌘
± 0.89 pb (± 1.85%) +1.24pb

�1.26pb

⇣
+2.59%
�2.62%

⌘

14 TeV 54.72 pb +2.35pb
�3.54pb

⇣
+4.28%
�6.46%

⌘
± 1.00 pb (± 1.85%) +1.40pb

�1.41pb

⇣
+2.60%
�2.62%

⌘

27 TeV 146.65 pb +6.65pb
�9.44pb

⇣
+4.53%
�6.43%

⌘
± 2.81 pb (± 1.95%) +3.88pb

�3.82pb

⇣
+2.69%
�2.64%

⌘

Table 1: Gluon fusion Higgs boson production cross sections and uncertain-
ties as a function of the pp collider energy.

Improving substantially on any of the current sources of uncertainty
represents a major theoretical challenge that should be met in accordance
with our ability to utilise said precision and with experimental capabilities.
The computation of subleading mass and EW corrections is currently being
addressed by several groups, and therefore it is likely to be achieved in the
next decade. Although such computations will allow for a better control
over some sources of uncertainty, their final impact on the full theoretical
error is likely to be moderate as current estimates indicate. Another source
of error that might improve in the forthcoming years is that related to the
parton densities. In particular, the extraction of N3LO PDFs would lead
to the disappearance of the PDF-TH uncertainty. Similar considerations
apply to the error on the strong coupling constant, that will be reduced due
to more accurate extractions. Overall, the above progress would ultimately
lead to a notable reduction of the uncertainties of Figure 1.

It is obvious that the future precision of experimental measurement of
Higgs boson properties will challenge the theoretical community. Achieving
a significant improvement of our current theoretical understanding of the
Higgs boson and its interactions will inspire us to push the boundaries of
our capabilities to predict and extract information. New ways of utilising
quantum field theory in our endeavours have to be explored and our pertur-
bative and non-perturbative understanding of hadron scattering processes
has to evolve substantially. It is clear that this exciting task can only be
mastered by a strong and active collider phenomenology community.

The dependence of the inclusive gluon-fusion cross-section on the Higgs
boson mass at

p
s = 14 and 27 TeV is detailed at the end of this note in

Section 0.5.

4

…

•VBF: NNLO beyond DIS, NNLOPS, control over MPI (+had) 

•VH: gg→ZZ, realistic final states (H→bb̅), PS 

•tth: NNLO, precision in tt̅bb̅ (higher orders, shower, connection 
with MVA…)

+ extreme kinematics [boosted, off-shell…]



Path towards precision: QCD
1. Within perturbation theory 

• Fixed-order: NNLO for 2→3 reactions, N3LO for standard candles, EFTs 
• non-trivial improvement over current technology (multi-loop amplitudes, 

IR subtraction schemes, efficient NLO 2→4, extreme regions…) 
• may require going beyond ``standard’’ approach to perturbative 

calculations.  
• tt̅@N3LO: δσ ≠ R+V, non-analytic |αs| terms [see M. Beneke, Ruiz-Fermenia 1606.02434, 

Melnikov, Vainshtein, Voloshin 1402.5690] 
• Jets: factorisation violation [see e.g. Catani, de Florian, Rodrigo 1112.4405] 

• All-order 
• High accuracy, more exclusive/combined resummation. Understanding 

subleading terms 
• Better parton showers 

• Generic fixed-order/PS merging at high formal accuracy 
• Beyond (N)LL shower 
• Beyond leading color genuinely new conceptual development required



Path towards precision: QCD
2. Beyond perturbation theory 

• Better control/understanding over (some) NP effects 
• eventually, limiting factor for many analysis (e.g. now: mt) 
• NP ~ 1/Λk. Very little known.  
• k=1,2 massively different in practice → systematic understanding of 

scaling would be already useful 
• At least to some extent, can be done from first principles 

• Beyond first principles 
• NP aspects in the shower: hadronization models etc…

3. Pheno studies
• How to maximise physics potential 
• Stay away from problematic regions  
• Identify new observables/fiducial regions 
• Study correlations, connections with MVAs…



Path towards precision: QCD

Would require both significant improvement over current state-of-
the-art 

• Technically very challenging, but judging from progress in the last 10 
years not unreasonable 

• Would require focus, dedication and support 

Would also require genuinely new conceptual breakthrough in QCD → 
much more difficult to predict 

• Going from 20% to 10% qualitatively different than going from 10-5% to 
≴ 1% 

• Significant development beyond current standard framework will be 
required 

[Sociological issues (large groups, very long projects, more and more 
technical…) → see also QCD session tomorrow]



Thank you very much



Back-up



Table 1. Summary of the future colliders considered in this report. The number of detectors given is the number of detectors
running concurrently, and only counting those relevant to the entire Higgs physics programme. The instantaneous and
integrated luminosities provided are that used in the individual reports, and for e+e� colliders the integrated luminosity
corresponds to the sum of those recorded by the detectors. For HL-LHC this is also the case while for HE-LHC and FCChh it
corresponds to 75% of that. The values for

p
s are approximate, e.g. when a scan is proposed as part of the programme this is

included in the closest value (most relevant for the Z, W and t programme). For the polarisation, the values given correspond to
the electron and positron beam, respectively. For HL-LHC, HE-LHC, FCC, CLIC and LHeC the instantaneous and integrated
luminosity values are taken from Ref. [9]. For these colliders the number of seconds per year is 1.2⇥107 based on CERN
experience [9]. CEPC (ILC) assumes 1.3⇥107 (1.6⇥107) seconds for the annual integrated luminosity calculation. When two
values for the instantaneous luminosity are given these are before and after a luminosity upgrade planned. The last column
gives the abbreviation used in this report in the following sections. When the entire programme is discussed, the highest energy
value label is used, e.g. ILC500 or CLIC3000. It is always inclusive, i.e. includes the results of the lower-energy versions of that
collider. Also given are the shutdowns (SDs) needed between energy stages of the machine. SDs planned during a run at a
given energy are included in the respective energy line.

Collider Type
p

s P [%] N(Det.) Linst L Time Refs. Abbreviation
[e�/e+] [1034] cm�2s�1 [ab�1] [years]

HL-LHC pp 14 TeV - 2 5 6.0 12 [10] HL-LHC
HE-LHC pp 27 TeV - 2 16 15.0 20 [10] HE-LHC
FCC-hh pp 100 TeV - 2 30 30.0 25 [1] FCC-hh
FCC-ee ee MZ 0/0 2 100/200 150 4 [1]

2MW 0/0 2 25 10 1-2
240 GeV 0/0 2 7 5 3 FCC-ee240

2mtop 0/0 2 0.8/1.4 1.5 5 FCC-ee365
(+1) (1y SD before 2mtop run)

ILC ee 250 GeV ±80/±30 1 1.35/2.7 2.0 11.5 [3, 11] ILC250
350 GeV ±80/±30 1 1.6 0.2 1 ILC350
500 GeV ±80/±30 1 1.8/3.6 4.0 8.5 ILC500

(+1) (1y SD after 250 GeV run)
CEPC ee MZ 0/0 2 17/32 16 2 [2] CEPC

2MW 0/0 2 10 2.6 1
240 GeV 0/0 2 3 5.6 7

CLIC ee 380 GeV ±80/0 1 1.5 1.0 8 [12] CLIC380
1.5 TeV ±80/0 1 3.7 2.5 7 CLIC1500
3.0 TeV ±80/0 1 6.0 5.0 8 CLIC3000

(+4) (2y SDs between energy stages)
LHeC ep 1.3 TeV - 1 0.8 1.0 15 [9] LHeC

HE-LHeC ep 2.6 TeV - 1 1.5 2.0 20 [1] HE-LHeC
FCC-eh ep 3.5 TeV - 1 1.5 2.0 25 [1] FCC-eh
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Figure 1. Time line of various collider projects starting at time T0. Given are the luminosity values and energies, also shown
in Table 1. For the clarification of the meaning of a year of running, see the caption to Table 1. Figure 13 in the appendix
reworks this figure using the earliest possible start date (i.e. the calendar date of T0) given by the proponents.

At the heart of the Higgs physics programme is the question of how the Higgs boson couples to Standard Model elementary
particles. Within the SM itself, all these couplings are uniquely determined. But new physics beyond the SM (BSM) can modify
these couplings in many different ways. The structure of these deformations is in general model-dependent. One important
goal of the Higgs programme at the future colliders is to identify, or least constrain, these deformations primarily from the
measurements the Higgs production cross section, s , times decay branching ratio, BR)2. Ultimately, these studies will be used
to asses the fundamental parameters of the new physics models. For the time being, in the absence of knowledge of new physics,
we need to rely on a parametrisation of our ignorance in terms of continuous deformations of the Higgs boson couplings.
Different assumptions allow to capture different classes of new physics dynamics. First, in the so-called k-framework [13, 14],
often used to interpret the LHC measurements, the Higgs couplings to the SM particles are assumed to keep the same helicity
structures as in the SM. While it offers a convenient exploration tool that does not require other computations than the SM
ones and still captures the dominant effects of well motivated new physics scenarios on a set of on-shell Higgs observables,
the k-framework suffers from some limitations that will be discussed later and it includes some biases that will prevent to
put the Higgs programme in perspective with other measurements, see e.g. the discussion in Ref. [15] and at the beginning
of Section 3. An alternative approach, based on Effective Field Theory (EFT), considers new Higgs couplings with different
helicity structures, with different energy dependence or with different number of particles. They are not present in the SM but
they can potentially generated by new heavy degrees of freedom.

Furthermore, the sensitivity of the data to the Higgs self-coupling is analysed based on single-Higgs and di-Higgs production
measurements by future colliders. Due to lack of access to the simulated data of the collaborations, in particular differential
kinematical distributions, it is not possible in this case to perform a study with similar rigor as the analysis of the single-Higgs-
coupling presented above.

The Higgs width determination is also discussed as is the possible decay of the Higgs bosons into new particles that are
either "invisible" (observed through missing energy - or missing transverse energy) or "untagged", to which none of the Higgs
analyses considered in the study are sensitive. Rare decays and CP aspects are also discussed.

All colliders have provided extensive documentation on their Higgs physics programme. However, sometimes different
choices are made e.g. on which parameters to fit for and which to fix, what theoretical uncertainties to assume, which operators
to consider in e.g. the EFT approach. This would lead to an unfair comparison of prospects from different future colliders,
with consequent confusing scientific information. In this report, we aim to have a clear, reasonable and unique approach to the
assumptions made when comparing the projections for the future.

In general, one should not over-interpret 20% differences between projected sensitivities for partial widths of different
future projects. In many cases, these are likely not significant. For instance, CEPC and FCC-ee at

p
s = 240 GeV expect

2The Higgs couplings could be constrained less directly from processes with no Higgs in the final state or without even a non-resonant Higgs. But the main
focus of the study presented in this report will be on the information obtained from the measured s ⇥BR. Still, note that, at lepton colliders, the ZH associated
production can be measured without the decay of the decay of the Higgs.
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Figure 4.1. Comparison of the PDF4LHC15 set with the HL–LHC profiled set in scenarios A and C,
defined in Table 4.1. We show the gluon, down quark, up anti–quark, and total strangeness at Q = 10
GeV, normalized to the central value of the PDF4LHC15 baseline. The bands correspond to the one–
sigma PDF uncertainties.

4.2 Partonic luminosities

Next we take a look at the partonic luminosities, to quantify the improvement in the PDF
uncertainties in di↵erent initial–state partonic combinations from the HL–LHC pseudo–data.
In Fig. 4.2 we show the reduction of PDF uncertainties in the gg, qg, qq̄, and qq, ss̄, and
sū luminosities at

p
s = 14 TeV that can be expected as a consequence of adding the HL–

LHC pseudo–data on top of the PDF4LHC15 baseline. Note that a value of 1 in these plots
corresponds to no uncertainty reduction. As in the case of the PDF comparisons, results are
shown both for the conservative (A) and optimistic (C) scenarios for our projections of the
experimental systematic uncertainties.

In addition, in Table 4.2 we also report the average values of these PDF uncertainty reduc-
tions for three di↵erent invariant mass bins. In particular, we consider low invariant masses,
10 GeV  MX  40 GeV, relevant for instance for Monte Carlo tuning and QCD studies;
intermediate masses, 40 GeV  MX  1 TeV, relevant for electroweak, top, and Higgs measure-
ments; and large invariance masses, 1 TeV  MX  6 TeV, relevant for searches of new heavy
particles. These averages are computed from 10 points per mass bin, logarithmically spaced in
MX . In Table 4.2, the values shown outside (inside) the brackets correspond to the optimistic
(conservative) scenario.

From the comparisons in Fig. 4.2 and Table 4.2, we observe again that the reduction in the
uncertainties of the PDF luminosities is rather robust with respect to the assumed projections
for the experimental systematic uncertainties. For instance, for intermediate values of the final–
state invariant mass, 40 GeV  MX  1 TeV, we find that for all the partonic initial states the
reduction factor varies between 0.28 and 0.40 (0.42 and 0.45, 0.31 and 0.40) in the optimistic and
conservative scenario for the gluon–gluon (gluon–quark, quark–antiquark) luminosities. These
results again reinforce our conclusion that the results of this study are only mildly sensitive to
the details of the projected pseudo–data.

We find that in the intermediate MX bin the reduction of PDF uncertainties ranges approx-
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3 Precision Measurements

The high luminosities promised by the LHeC and EIC, and the complementarity of the energy reach and
polarization, will allow a new level of precision in measurements of proton and nuclear structure. Precise
measurements of proton structure will be needed to extract the full physics potential from the LHC, while
nuclear structure functions have important implications for the interpretation of heavy ion collisions at the
LHC and the Brookhaven Relativistic Heavy Ion Collider (RHIC), disentangling initial state effects from
phenomena occurring during and after the collision, as required for a full understanding of the different stages
of quark-gluon plasma formation.

3.1 Proton Structure: enabling LHC discoveries

As has been exquisitely shown at HERA [35], lepton-proton scattering provides uniquely precise and detailed
information on the structure of the target proton, well matched to the rapidity plateau at the LHC. However,
as the LHC programme has unfolded and integrated luminosities have become larger, limits on the masses
of new particles have been pushed into the TeV range and many discovery channels are increasingly limited
by the precision of the Standard Model predictions. These theoretical uncertainties are driven to a large
extent by lack of knowledge of the proton parton distribution functions at large Bjorken-x. One example is
gluino pair production via gg ! g̃g̃, where knowledge of the high x gluon is the limiting factor (figure 4, left).
Similarly, the ultimate limit on high mass W boson recurrences comes from knowledge of the proton quark
densities (figure 4, right). Even for the LHC Higgs programme, where the incoming partons have x values in
the well measured region from HERA ⇠10

�2, the uncertainties in the gluon distribution are a limiting factor
in predicting cross sections.
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Figure 4: Uncertainty bands in predicting cross sections for LHC BSM particle production assuming a fixed
non-zero coupling strength for a representative range of PDF sets. (left) gluino pair production via gg ! g̃g̃,
as a function of the gluino mass [36]. (right) W

0 boson production via qq̄ ! W
0 as a function of the W

0

mass [37].

The LHeC and EIC both aim to operate concurrently with the LHC in the 2030’s. Both have the potential
to make substantial further improvements in our knowledge on the parton distribution functions of the proton
in the kinematic range which is most relevant to the LHC pp programme. Fully clarifying the behavior of
parton densities at large x requires proton targets to avoid the complications introduced by nuclear effects
in fixed target data. To avoid the influence of higher twist contributions, it also requires relatively large Q

2,
which is in any case kinematically associated with high x at large

p
s. The large lever arm in x and Q

2

at the LHeC would be particularly important here. The high luminosity at LHeC also leads to the copious
production of charm, beauty and even top quarks. Together with the complementary sensitivity offered by
the exchange of the weak W and Z bosons at high Q

2, a full flavor decomposition of the quark distributions
could be made, replacing the assumptions currently imposed in extractions of the parton densities.

Studies in the LHeC context can revolutionize sensitivity to all partons across a very wide

range of Bjorken-x. As one example, figure 5a illustrates the power of the LHeC to resolve the long-
standing question of how the ratio of down to up quarks behaves as x ! 1 in a region of sufficiently high Q

2
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Figure 5: a) Left: Simulated improvement in precision of the ratio of down to up valence quark densities
in the large x region from LHeC data at a scale Q

2 of 104 GeV2. b) Right: Simulation of PDFs and their
uncertainty bands with LHeC pseudodata [38].

such that theoretical interpretation is very clean. The projections make use of the possibility to measure both
the neutral- and charged-current electron-proton scattering process at the high Q

2 scales of 104-105 GeV2.
The EIC will transform our knowledge of PDFs at large x. One important aspect at the EIC is the

possibility of DIS from deuterons with tagging of spectator protons and neutrons making use of the strong
versatility of the EIC beams and the excellent tagging detection capabilities. The EIC would measure the
ratio of down to up quarks with similar precision as the LHeC in the region close to unity, at Q

2 scales of a
few-10 to a few-1000 GeV2. Together, LHeC and EIC will provide a superb constraint of our understanding
of evolution at large x, with tremendous lever arm in Q

2.
The LHeC also offers exquisite precision on parton densities in the low Bjorken-x limit, extending to

⇠10
�6 at perturbative Q

2 values as illustrated in Fig. 5b. In addition to the sensitivity to novel low-x QCD
dynamics discussed in section 2.3, this also has direct relevance in predicting signal and background

rates for low mass resonances at the LHC. In parallel, the strong coupling can be measured to

an experimental precision of 0.1% and the weak mixing angle to 0.2%.

3.2 Partonic Nuclear Structure

Figure 6: Left: Simulated improvement in the precision in the ratio of the per-nucleon gluon distributions
between lead-208 and the proton, at Q

2 = 10 GeV2, as determined from inclusive structure function fits of
projected LHeC, FCC-eh, and combined data [39]. The LHeC (FCC-eh) would constrain down to x = 2 ⇥
10�5 (4 ⇥ 10�6). Right: Simulated improvement in the precision of the nuclear modification of the gluon
distribution in lead-208 at Q

2 = 10 GeV2 from EIC data. The hatched bands correspond to the baseline fit,
the blue bands are the results of the inclusive structure function fits over a range of Q2, and the black error
bands denote the full analysis with the inclusive and open charm data [40]. The EIC would constrain down
to x = 10�3.
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B Theoretical Cross Sections and Partial Width Uncertainties

Table 17. Cross sections for the main production channels expected for Higgs boson production at the different types of
colliders (as defined in Table 1).

Cross Section s [pb]
pp collider Total ggH VBF WH ZH tt̄H tH ggHH

LHC (13 TeV) 56 48.6 3.77 1.36 0.88 0.510 0.074 0.031
HL-LHC 62 54.7 4.26 1.50 0.99 0.613 0.090 0.037
HE-LHC 168 147 11.8 3.40 2.47 2.86 0.418 0.140
FCChh 936 802 69 15.7 11.4 32.1 4.70 1.22

Cross Section s [fb]
e+e� collider (Pe�/Pe+ ) Total VBF ZH tt̄H ZHH

CC/NC (CC VBF)

CEPC 199 6.19/0.28 192.6
FCCee 199 6.19/0.28 192.6

ILC250 (-80/30) 313 15.4/0.70 297
ILC500 (-80/30) 262 158/7.8 96 0.41 0.2

CLIC380 (0/0) 160 40/7.4 113 – 0.029 (0.0020)
CLIC1500(0/0) 329 290/30 7.5 1.3 0.082 (0.207)
CLIC3000(0/0) 532 480/49 2 0.48 0.037 (0.77)

CLIC380 (-80/0) 209 68/8.7 133 – 0.034 (0.0024)
CLIC1500(-80/0) 574 528/35 8.8 1.70 0.97 (0.37)
CLIC3000(-80/0) 921 860/57 2.4 0.61 0.043 (1.38)
CLIC380 (+80/0) 112 13/6.0 93 – 0.024 (0.0016)
CLIC1500(+80/0) 91 59/24 6.2 0.89 0.068 (0.045)
CLIC3000(+80/0) 138 96/40 1.7 0.34 0.30 (1.56)

Cross Section s [fb]
e�p collider (Pe� ) Total VBF tH HH

(CC VBF)

LHeC (0) 130 110/20 0.07 0.01
HE-LHeC (0) 247 206/41 0.37 0.04

FCCeh (0) 674 547/127 4.2 0.26
LHeC (-80) 221 197/24 0.12 0.02

HE-LHeC (-80) 420 372/48 0.67 0.07
FCCeh (-80) 1189 1040/149 7.6 0.47
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