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ggF: inclusive results
Already now, refined theoretical description

• Miss-match in the perturbative order of parton distribution functions (NNLO) and perturba-
tive QCD cross sections (N3LO) (�(PDF-TH)).

In the table below the linear sum of the e↵ect of those uncertainties is referred to as �Theory. In
addition the imprecise knowledge of the value parton distribution functions and the strong coupling
constant play a dominant role. The individual size of these contributions can be seen in fig. 1 [3] 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 the centre of mass energy from 13 TeV
to 27 TeV. Improving substantially on any of the current sources of uncertainty represents a major
theoretical challenge that should be met in accordance with the experimental demand. Inclusive
cross sections for mh = 125.09 GeV are specifically given by

ECM � �(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: Cross sections and uncertainties as function of the collider energy.

2 Impact of threshold and high-energy corrections

Recently, it was suggested in refs. [7, 8] that resummation of high energy logarithms in the evolution
of parton distribution functions could have a substantial impact on the Higgs boson production cross
section. In particular this research seems to shed a new light on a lack of our current understanding
of the uncertainties of parton distribution functions at small values of Bjorken x. The impact of
such a variation would currently not be covered by parton distribution function uncertainties at
very high energies. While the e↵ect for 13 TeV and 14 TeV is at the order of one percent at 27 TeV
this could result in an upward change of the inclusive Higgs boson cross section of about three to
four percent. This development is subject to ongoing research and requires further investigation by
the PDF community.

The authors of [7, 8] include threshold resummation and high energy resummation e↵ects. They
derive perturbative uncertainties as outlined in YR4 [6] and include an additional uncertainty for
the limited logarithmic accuracy of the high energy resummation (�subl.logs). Furthermore, they use
a di↵erent PDF set that includes high energy resummation e↵ects (NNPDF31sx [9]).

New version

Ref. [7] has recently performed a study of the e↵ects of simultaneous threshold and high-energy
(small Bjorken x) resummations on the inclusive Higgs cross section. The results are reported in
the following section, and the corrections can be summarized as follows (for more details we refer
the reader to ref. [7]):

• At di↵erent collider energies it was found that the impact of threshold resummation amounts
to about +1% on top of the N3LO cross section, which indicated a very good convergence of
the perturbative expansion.
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1 Cross Section Predictions for 27 TeV at N
3
LO

1

In this note we document cross section predictions for a standard model Higgs boson in the gluon
fusion production mode at the LHC. To derive predictions we include contributions based on pertur-
bative computations of scattering cross sections as studied in ref. [1]. This corresponds to the setup
that was used for YR4 [6]. Included are perturbative QCD cross section through N3LO, electro-weak
and approximated mixed QCD-electro-weak corrections as well as e↵ects of finite quark masses. To
derive theoretical uncertainties we follow the prescriptions outlined in ref. [1]. As an input we use
the following:

ECM 27TeV
mt(mt) 162.7GeV
mb(mb) 4.18GeV

mc(3 GeV) 0.986GeV
↵S(mZ) 0.118
PDF PDF4LHC15 nnlo 100 [2]

(1.1)

All quark masses are treated in the MS scheme. To derive numerical predictions we use the program
iHixs [3]. We vary the exact value of the Higgs boson mass according to the table in sections 3
and 4.

Sources of uncertainty for the inclusive Higgs boson cross section have been assessed recently
in refs. [1, 4–6]. Several sources of theoretical uncertainties were identified.
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Figure 1: Contributions to the total relative uncertainty as a function of the collider energy.

• 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)).

1Author: B. Mistlberger
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ggF: more on ``PDF’’ effects

p
s �

N
3
LO+N

3
LL+LLx

= �t +��bc +��EW �42var
scale

�PDFs �subl.logs
�
N3LO+N3LL+LLx

�
N3LO

13 TeV 48.93 pb (49.26� 2.66 + 2.33) pb +4.0

�3.8
% ±1.2% ±1.8% 1.020

14 TeV 55.22 pb (55.56� 2.96 + 2.63) pb +4.0

�3.8
% ±1.1% ±1.9% 1.023

27 TeV 151.6 pb (151.6� 7.2 + 7.2) pb +4.0

�4.0
% ±1.0% ±2.3% 1.046

Table 2: Values of the N3LO and N3LO+N3LL+LLx GF cross section for selected values of the
collider energy and Higgs massmH = 125 GeV. We use the NNPDF31sx PDFs with ↵s(m2

Z
) = 0.118,

mt = 173 GeV, mb = 4.92 GeV and mc = 1.51 GeV.

• On the other hand, the inclusion of small-x resummation has been found to increase the cross
section by about a percent at 13 TeV, and by about 3%� 4% at 27 TeV. While the e↵ect of
small-x resummation on the perturbative coe�cient functions is very moderate, most of the
net e↵ect is due to the small-x correction to the evolution of the parton distributions. Add
something here to explain this e↵ect!!

2.1 Predictions for double-resummed cross section2

The setup is the same of the YR4 (mH = 125 GeV, mt = 172.5 GeV, mb = 4.92 GeV, mc =
1.51 GeV, ↵s(m2

Z
) = 0.118, µF = µR = mH/2), with the only di↵erence that we do not use

PDF4LHC but the NNPDF31sx_nnlonllx_as_0118 set of Ref. [9]. Since these resummed PDFs are
available for a single value of ↵s, we could not compute the ↵s uncertainty in our result. The results
are collected in Tab. 2.

For each value of the collider energy, we give the full N3LO+N3LL+LLx cross section which
includes top, bottom and charm contributions (as discussed in ref. [8]) and EW corrections included
in the complete factorization approach, i.e. as a +5% contribution. The breakdown of the individual
terms contributing to the cross section (the main contribution assuming only top runs in the loop,
the bottom+charm correction, and the EW correction) is presented in the third column. In the
next columns, we present various sources of uncertainties, following [7]:

• Missing higher order uncertainty (scale uncertainty) �42var
scale

. It is the envelope of standard
7-point scale variations for each of the subleading variations of threshold resummed contribu-
tions, resulting in a total of 42 variation.

• PDF uncertainty �PDFs. This is the standard NNPDF MonteCarlo replica uncertainty, but it
does not contain ↵s uncertainty, as previously discussed.

• Subleading small-x logarithms uncertainty �subl.logs.

Additional uncertainties from missing 1/m2
t
e↵ects, missing bottom+charm e↵ects and subleading

EW e↵ects should be included according to the YR4 prescription. Since the N3LO heavy-top result
is matched to the exact small x according to the construction of Ref. [8], the “truncation of the soft
expansion” uncertainty discussed in YR4 should not be considered.

Finally, in the last column of the table we present the ratio of our resummed result with a
purely fixed-order N3LO cross section obtained with the same setting but using the NNLO PDFs
NNPDF31sx_nnlo_as_0118 of Ref. [9]. This is useful to understand how large the e↵ect of resum-
mation(s) in our prediction is. We see in particular that the e↵ect (of small-x resummation) grows
with the collider energy, reaching 4.6% at HE-LHC. For any of the scales, approximately +1% of
the e↵ect of resummations is due to threshold resummation (in the coe�cient functions), while the
rest of the e↵ect is due to small-x resummation, which mostly comes from the PDFs (see Ref. [7]).

2Authors: M. Bonvini, S. Marzani
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Results including N3LLsoft + LLx resummation

Change w.r.t. N3LO

• Small impact of N3LLsoft resummation on top of N3LO (~1%) 
• Larger ~few percent impact of small-x resummation 
• It seems (to me) that the bulk of the effect comes from large 

modifications of the gluon in the HERA region 
• Effect washed out by evolution, but not completely 
• LLx analysis, potentially large subleading effects 

many thanks to G. Salam for discussions on this topic
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ggF: more on ``PDF’’ effects
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7-point scale variations for each of the subleading variations of threshold resummed contribu-
tions, resulting in a total of 42 variation.
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is matched to the exact small x according to the construction of Ref. [8], the “truncation of the soft
expansion” uncertainty discussed in YR4 should not be considered.

Finally, in the last column of the table we present the ratio of our resummed result with a
purely fixed-order N3LO cross section obtained with the same setting but using the NNLO PDFs
NNPDF31sx_nnlo_as_0118 of Ref. [9]. This is useful to understand how large the e↵ect of resum-
mation(s) in our prediction is. We see in particular that the e↵ect (of small-x resummation) grows
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2Authors: M. Bonvini, S. Marzani
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Figure 4.8. Comparison of the NNPDF3.1sx NNLO and NNLO+NLLx global fits at Q = 100 GeV. We
show the gluon PDF and the charm, up, and down quark PDFs, normalized to the central value of the
baseline NNLO fit.
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Figure 4.4. Comparison between the gluon (left) and the total quark singlet (right plots) from the NNLO
and NNLO+NLLx DIS-only fits, including the variant of the resummation which di↵ers by subleading
terms, as discussed in the text.

not restricted to the region of very small-x, since for gluons d ⇠ 10 already at x ' 5 · 10�3,
relevant for the production of electroweak scale particles such as W and Z bosons at the LHC.
On the other hand, the impact of using NNLO+NLLx theory is as expected small for the PDF
uncertainties, since from the experimental point of view very little new information is being
added into the fit. However, as we will discuss in greater detail in Sect. 4.2.4, adding small-x
resummation has allowed us to lower the minimum value of Q2 for the HERA data included in
the fits — which in turn extends to smaller x the PDF kinematic coverage, thus reducing PDF
uncertainties in the very small-x region.

Before moving to the global fits, we want to briefly investigate how our results are sensitive to
unknown subleading logarithmic contributions. Indeed, the results of Ref. [63] are provided with
an uncertainty band aimed at estimating the impact of subleading (NNLLx) contributions not
predicted by NLLx resummation. Ideally, the uncertainty band should be included as a theory
uncertainty in the fit procedure; however, at the moment the inclusion of theory uncertainties in
PDF fits is still under study. Nevertheless, we can investigate the e↵ects of such uncertainties by
performing another fit in which we change the resummation by subleading terms. A simple way
to do it in a consistent manner is to vary by subleading terms the anomalous dimension used for
the resummation of coe�cient functions and of Pqg. As the resummed gluon splitting function
depends on the resummed Pqg, all splitting functions and coe�cient functions are a↵ected by
this change. More specifically, the so-called LL0 anomalous dimension used in HELL 2.0 (and
hence in this work) is replaced with the full NLLx anomalous dimension, as proposed originally
in Refs. [46]. The e↵ect of this variation is contained within the uncertainty bands of Ref. [63].

The result of this fit, based on the same DIS-only dataset considered so far and performed at
NNLO+NLLx accuracy, is fully consistent with that obtained with the baseline theory settings.
The fit quality is essentially una↵ected, and the �

2 variations with respect to the numbers in
Table 4.1 are compatible with statistical fluctuations. Most PDFs are not sensitive to this
variation, except the gluon and the quark singlet, which do change a little, to accommodate the
di↵erent subleading terms in the splitting functions and coe�cient functions. These PDFs are
shown in Fig. 4.4 and compared with the default HELL 2.0 result. In both cases the new PDFs
are smaller than our default ones, i.e. closer to the NNLO results. This is mostly due to a harder
resummed Pqg in the varied resummation, which is therefore closer to its NNLO counterpart,
at intermediate values of x, than our default resummation. For the gluon in particular, the
new results are not compatible within the uncertainty bands with our default fit, highlighting
that the PDF uncertainty does not cover the theory uncertainty from missing higher orders.
However, all the qualitative conclusions remain unchanged.

21

[Ball et al (2018)]

different treatment of subleading terms

Small-x resummation beyond LLx (≡first non-trivial order) unavailable
At this level of precision: theory error on PDF needed
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ggF: status and prospects

30 I.4.1. The inclusive cross-section

where �LO
ex;t denotes the exact (hadronic) LO cross-section in the SM with a massive top quark and Nf =

5 massless quarks. Moreover, at LO and NLO we know the exact result for the production cross-section in
the SM, including all mass effects from top, bottom and charm quarks. We include these corrections into
our prediction via the terms ��̂(N)LO

ij,ex;t,b,c in eq. (I.4.1), consistently matched to the contributions from the
effective theory to avoid double counting. As a consequence, eq. (I.4.1) agrees with the exact SM cross-
section (with massless u, d and s quarks) through NLO in QCD. Beyond NLO, we only know the value
of the cross-section in the heavy-top effective theory. We can, however, include subleading corrections
at NNLO in the effective theory as an expansion in the inverse top mass [103–106]. These effects are
taken into account through the term �t�̂

NNLO
ij,EFT in eq. (I.4.1), with the factor RLO scaled out. They were

originally computed with the top mass at the OS scheme, but their scheme dependence is expected to
be at the sub-per mille level, following lower orders, and is hence considered negligible here. We also
include electroweak corrections to the gluon-fusion cross-section (normalized to the exact LO cross-
section) through the term ��̂ij,EW in eq. (I.4.1). Unlike QCD corrections, electroweak corrections have
only been computed through NLO in the electromagnetic coupling constant ↵ [107–109]. Moreover,
mixed QCD-electroweak corrections, i.e., corrections proportional to ↵ ↵3

s , are known in an effective
theory [110] valid in the limit where not only the top quark but also the electroweak bosons are much
heavier than the Higgs boson. In this limit the interaction of the Higgs boson with the W and Z bosons
is described via a point-like vertex coupling the gluons to the Higgs boson. Higher-order corrections
in this limit can thus be included into the Wilson coefficient in front of the dimension-five operator
describing the effective interaction of the gluons with the Higgs boson. The validity and limitations of
this approximation are discussed in Section I.4.1.a.iii.

I.4.1.a.ii Summary of results
The numerical results quoted in this section are valid for the following set of input parameters:

p
S 13 TeV

mh 125 GeV
PDF PDF4LHC15_nnlo_100

↵s(mZ) 0.118
mt(mt) 162.7 GeV (MS)
mb(mb) 4.18 GeV (MS)

mc(3GeV ) 0.986 GeV (MS)
µ = µR = µF 62.5 GeV (= mH/2)

Using these input parameters, our current best prediction for the production cross section of a
Higgs boson with a mass mH = 125 GeV at the LHC with a centre-of-mass energy of 13 TeV is

� = 48.58 pb+2.22 pb (+4.56%)
�3.27 pb (�6.72%) (theory) ± 1.56 pb (3.20%) (PDF+↵s) . (I.4.3)

The central value in eq. (I.4.3), computed at the central scale µF = µR = mH/2, is the combina-
tion of all the effects considered in eq. (I.4.1). The breakdown of the different effects is:

48.58 pb = 16.00 pb (+32.9%) (LO, rEFT)
+ 20.84 pb (+42.9%) (NLO, rEFT)
� 2.05 pb (�4.2%) ((t, b, c), exact NLO)
+ 9.56 pb (+19.7%) (NNLO, rEFT)
+ 0.34 pb (+0.7%) (NNLO, 1/mt)
+ 2.40 pb (+4.9%) (EW, QCD-EW)

+ 1.49 pb (+3.1%) (N3LO, rEFT)

(I.4.4)

Chapter I.4. Gluon-gluon Fusion 31

where rEFT denotes the cross section in the effective field theory approximation rescaled by RLO of
(I.4.2) . We note that the N3LO central value is completely insensitive to threshold resummation effects
for µF = µR = mH/2 and the central value obtained from a fixed-order N3LO computation and a
resummed computation at N3LO + N3LL are identical for this scale choice. We therefore conclude that
threshold resummation does not provide any improvement of the central value, and it is therefore not
included in our prediction.

The PDF and ↵s uncertainties are computed following the recommendation of the PDF4LHC
working group. The remaining theory-uncertainty in eq. (I.4.3) is obtained by adding linearly vari-
ous sources of theoretical uncertainty, which affect the different contributions to the cross section in
eq. (I.4.1). The breakdown of the different theoretical uncertainties whose linear sum produces the theo-
retical uncertainty in eq. (I.4.3) is

�(scale) �(trunc) �(PDF-TH) �(EW) �(t, b, c) �(1/mt)

+0.10 pb
�1.15 pb ±0.18 pb ±0.56 pb ±0.49 pb ±0.40 pb ±0.49 pb
+0.21%
�2.37% ±0.37% ±1.16% ±1% ±0.83% ±1%

In the remainder of this note we address each of the components that enter the final theoretical uncertainty
estimate in turn.

I.4.1.a.iii Breakdown of the theoretical uncertainties
Uncertainty from missing higher orders: �(scale)
The uncertainty �(scale) captures the impact of missing higher order terms in the perturbative expansion
of the cross section in the rEFT. We identify this uncertainty with the scale variation when varying the
renormalization and factorization scales simultaneously in the interval µF = µR 2 [mH/4, mH ]. The
N3LO corrections moderately increase (⇠ 3%) the cross-section for renormalization and factorization
scales equal to mH/2. In addition, they notably stabilize the scale variation, reducing it almost by a
factor of five compared to NNLO. The N3LO scale-variation band is included entirely within the NNLO
scale-variation band for scales in the interval [mH/4, mH ]. We note that, while we vary the scales
simultaneously, we have checked (see Figure 6 of [93]) that the factorization scale dependence is flat,
and the scale dependence at N3LO is driven by the renormalization scale dependence.

It is important to assess how well the scale uncertainty captures the uncertainty due to missing
higher orders in the perturbative expansion, given that it failed to capture the shift in the central value
due to missing perturbative orders at lower orders. We have found good evidence that the N3LO scale
variation captures the effects of missing higher perturbative orders in the EFT. We base this conclusion
on the following observations: First, we observe that expanding in ↵s separately the Wilson coefficient
and matrix-element factors in the cross-section gives results consistent with expanding directly their
product through N3LO. Second, a traditional threshold resummation in Mellin space up to N3LL did
not contribute significantly to the cross-section beyond N3LO in the range of scales µ 2 [mH/4, mH ].
Although the effects of threshold resummation are in general sensitive to ambiguities due to subleading
terms beyond the soft limit, we found that within our preferred range of scales, several variants of the
exponentiation formula gave very similar phenomenological results, which are always consistent with
fixed-order perturbation theory. Finally, a soft-gluon and ⇡2-resummation using the SCET formalism
also gave consistent results with fixed-order perturbation theory at N3LO. While ambiguities in sublead-
ing soft terms limit the use of soft-gluon resummation as an estimator of higher-order effects, and while
it is of course possible that some variant of resummation may yield larger corrections, it is encouraging
that this does not happen for the mainstream prescriptions studied here.

We conclude this discussion by commenting on the use of resummation to estimate the uncertainty
on the cross section. Based on the considerations from the previous paragraph, we are led to conclude

YR4, inclusive cross-section:

30 I.4.1. The inclusive cross-section
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�3.27 pb (�6.72%) (theory) ± 1.56 pb (3.20%) (PDF+↵s) . (I.4.3)

The central value in eq. (I.4.3), computed at the central scale µF = µR = mH/2, is the combina-
tion of all the effects considered in eq. (I.4.1). The breakdown of the different effects is:

48.58 pb = 16.00 pb (+32.9%) (LO, rEFT)
+ 20.84 pb (+42.9%) (NLO, rEFT)
� 2.05 pb (�4.2%) ((t, b, c), exact NLO)
+ 9.56 pb (+19.7%) (NNLO, rEFT)
+ 0.34 pb (+0.7%) (NNLO, 1/mt)
+ 2.40 pb (+4.9%) (EW, QCD-EW)

+ 1.49 pb (+3.1%) (N3LO, rEFT)

(I.4.4)

YR4, main sources of uncertainty
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where �LO
ex;t denotes the exact (hadronic) LO cross-section in the SM with a massive top quark and Nf =

5 massless quarks. Moreover, at LO and NLO we know the exact result for the production cross-section in
the SM, including all mass effects from top, bottom and charm quarks. We include these corrections into
our prediction via the terms ��̂(N)LO

ij,ex;t,b,c in eq. (I.4.1), consistently matched to the contributions from the
effective theory to avoid double counting. As a consequence, eq. (I.4.1) agrees with the exact SM cross-
section (with massless u, d and s quarks) through NLO in QCD. Beyond NLO, we only know the value
of the cross-section in the heavy-top effective theory. We can, however, include subleading corrections
at NNLO in the effective theory as an expansion in the inverse top mass [103–106]. These effects are
taken into account through the term �t�̂

NNLO
ij,EFT in eq. (I.4.1), with the factor RLO scaled out. They were

originally computed with the top mass at the OS scheme, but their scheme dependence is expected to
be at the sub-per mille level, following lower orders, and is hence considered negligible here. We also
include electroweak corrections to the gluon-fusion cross-section (normalized to the exact LO cross-
section) through the term ��̂ij,EW in eq. (I.4.1). Unlike QCD corrections, electroweak corrections have
only been computed through NLO in the electromagnetic coupling constant ↵ [107–109]. Moreover,
mixed QCD-electroweak corrections, i.e., corrections proportional to ↵ ↵3

s , are known in an effective
theory [110] valid in the limit where not only the top quark but also the electroweak bosons are much
heavier than the Higgs boson. In this limit the interaction of the Higgs boson with the W and Z bosons
is described via a point-like vertex coupling the gluons to the Higgs boson. Higher-order corrections
in this limit can thus be included into the Wilson coefficient in front of the dimension-five operator
describing the effective interaction of the gluons with the Higgs boson. The validity and limitations of
this approximation are discussed in Section I.4.1.a.iii.

I.4.1.a.ii Summary of results
The numerical results quoted in this section are valid for the following set of input parameters:

p
S 13 TeV

mh 125 GeV
PDF PDF4LHC15_nnlo_100

↵s(mZ) 0.118
mt(mt) 162.7 GeV (MS)
mb(mb) 4.18 GeV (MS)

mc(3GeV ) 0.986 GeV (MS)
µ = µR = µF 62.5 GeV (= mH/2)

Using these input parameters, our current best prediction for the production cross section of a
Higgs boson with a mass mH = 125 GeV at the LHC with a centre-of-mass energy of 13 TeV is

� = 48.58 pb+2.22 pb (+4.56%)
�3.27 pb (�6.72%) (theory) ± 1.56 pb (3.20%) (PDF+↵s) . (I.4.3)

The central value in eq. (I.4.3), computed at the central scale µF = µR = mH/2, is the combina-
tion of all the effects considered in eq. (I.4.1). The breakdown of the different effects is:

48.58 pb = 16.00 pb (+32.9%) (LO, rEFT)
+ 20.84 pb (+42.9%) (NLO, rEFT)
� 2.05 pb (�4.2%) ((t, b, c), exact NLO)
+ 9.56 pb (+19.7%) (NNLO, rEFT)
+ 0.34 pb (+0.7%) (NNLO, 1/mt)
+ 2.40 pb (+4.9%) (EW, QCD-EW)

+ 1.49 pb (+3.1%) (N3LO, rEFT)

(I.4.4)
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where rEFT denotes the cross section in the effective field theory approximation rescaled by RLO of
(I.4.2) . We note that the N3LO central value is completely insensitive to threshold resummation effects
for µF = µR = mH/2 and the central value obtained from a fixed-order N3LO computation and a
resummed computation at N3LO + N3LL are identical for this scale choice. We therefore conclude that
threshold resummation does not provide any improvement of the central value, and it is therefore not
included in our prediction.

The PDF and ↵s uncertainties are computed following the recommendation of the PDF4LHC
working group. The remaining theory-uncertainty in eq. (I.4.3) is obtained by adding linearly vari-
ous sources of theoretical uncertainty, which affect the different contributions to the cross section in
eq. (I.4.1). The breakdown of the different theoretical uncertainties whose linear sum produces the theo-
retical uncertainty in eq. (I.4.3) is

�(scale) �(trunc) �(PDF-TH) �(EW) �(t, b, c) �(1/mt)

+0.10 pb
�1.15 pb ±0.18 pb ±0.56 pb ±0.49 pb ±0.40 pb ±0.49 pb
+0.21%
�2.37% ±0.37% ±1.16% ±1% ±0.83% ±1%

In the remainder of this note we address each of the components that enter the final theoretical uncertainty
estimate in turn.

I.4.1.a.iii Breakdown of the theoretical uncertainties
Uncertainty from missing higher orders: �(scale)
The uncertainty �(scale) captures the impact of missing higher order terms in the perturbative expansion
of the cross section in the rEFT. We identify this uncertainty with the scale variation when varying the
renormalization and factorization scales simultaneously in the interval µF = µR 2 [mH/4, mH ]. The
N3LO corrections moderately increase (⇠ 3%) the cross-section for renormalization and factorization
scales equal to mH/2. In addition, they notably stabilize the scale variation, reducing it almost by a
factor of five compared to NNLO. The N3LO scale-variation band is included entirely within the NNLO
scale-variation band for scales in the interval [mH/4, mH ]. We note that, while we vary the scales
simultaneously, we have checked (see Figure 6 of [93]) that the factorization scale dependence is flat,
and the scale dependence at N3LO is driven by the renormalization scale dependence.

It is important to assess how well the scale uncertainty captures the uncertainty due to missing
higher orders in the perturbative expansion, given that it failed to capture the shift in the central value
due to missing perturbative orders at lower orders. We have found good evidence that the N3LO scale
variation captures the effects of missing higher perturbative orders in the EFT. We base this conclusion
on the following observations: First, we observe that expanding in ↵s separately the Wilson coefficient
and matrix-element factors in the cross-section gives results consistent with expanding directly their
product through N3LO. Second, a traditional threshold resummation in Mellin space up to N3LL did
not contribute significantly to the cross-section beyond N3LO in the range of scales µ 2 [mH/4, mH ].
Although the effects of threshold resummation are in general sensitive to ambiguities due to subleading
terms beyond the soft limit, we found that within our preferred range of scales, several variants of the
exponentiation formula gave very similar phenomenological results, which are always consistent with
fixed-order perturbation theory. Finally, a soft-gluon and ⇡2-resummation using the SCET formalism
also gave consistent results with fixed-order perturbation theory at N3LO. While ambiguities in sublead-
ing soft terms limit the use of soft-gluon resummation as an estimator of higher-order effects, and while
it is of course possible that some variant of resummation may yield larger corrections, it is encouraging
that this does not happen for the mainstream prescriptions studied here.

We conclude this discussion by commenting on the use of resummation to estimate the uncertainty
on the cross section. Based on the considerations from the previous paragraph, we are led to conclude

YR4, inclusive cross-section:
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where �LO
ex;t denotes the exact (hadronic) LO cross-section in the SM with a massive top quark and Nf =

5 massless quarks. Moreover, at LO and NLO we know the exact result for the production cross-section in
the SM, including all mass effects from top, bottom and charm quarks. We include these corrections into
our prediction via the terms ��̂(N)LO

ij,ex;t,b,c in eq. (I.4.1), consistently matched to the contributions from the
effective theory to avoid double counting. As a consequence, eq. (I.4.1) agrees with the exact SM cross-
section (with massless u, d and s quarks) through NLO in QCD. Beyond NLO, we only know the value
of the cross-section in the heavy-top effective theory. We can, however, include subleading corrections
at NNLO in the effective theory as an expansion in the inverse top mass [103–106]. These effects are
taken into account through the term �t�̂

NNLO
ij,EFT in eq. (I.4.1), with the factor RLO scaled out. They were

originally computed with the top mass at the OS scheme, but their scheme dependence is expected to
be at the sub-per mille level, following lower orders, and is hence considered negligible here. We also
include electroweak corrections to the gluon-fusion cross-section (normalized to the exact LO cross-
section) through the term ��̂ij,EW in eq. (I.4.1). Unlike QCD corrections, electroweak corrections have
only been computed through NLO in the electromagnetic coupling constant ↵ [107–109]. Moreover,
mixed QCD-electroweak corrections, i.e., corrections proportional to ↵ ↵3

s , are known in an effective
theory [110] valid in the limit where not only the top quark but also the electroweak bosons are much
heavier than the Higgs boson. In this limit the interaction of the Higgs boson with the W and Z bosons
is described via a point-like vertex coupling the gluons to the Higgs boson. Higher-order corrections
in this limit can thus be included into the Wilson coefficient in front of the dimension-five operator
describing the effective interaction of the gluons with the Higgs boson. The validity and limitations of
this approximation are discussed in Section I.4.1.a.iii.

I.4.1.a.ii Summary of results
The numerical results quoted in this section are valid for the following set of input parameters:

p
S 13 TeV

mh 125 GeV
PDF PDF4LHC15_nnlo_100

↵s(mZ) 0.118
mt(mt) 162.7 GeV (MS)
mb(mb) 4.18 GeV (MS)

mc(3GeV ) 0.986 GeV (MS)
µ = µR = µF 62.5 GeV (= mH/2)

Using these input parameters, our current best prediction for the production cross section of a
Higgs boson with a mass mH = 125 GeV at the LHC with a centre-of-mass energy of 13 TeV is

� = 48.58 pb+2.22 pb (+4.56%)
�3.27 pb (�6.72%) (theory) ± 1.56 pb (3.20%) (PDF+↵s) . (I.4.3)

The central value in eq. (I.4.3), computed at the central scale µF = µR = mH/2, is the combina-
tion of all the effects considered in eq. (I.4.1). The breakdown of the different effects is:

48.58 pb = 16.00 pb (+32.9%) (LO, rEFT)
+ 20.84 pb (+42.9%) (NLO, rEFT)
� 2.05 pb (�4.2%) ((t, b, c), exact NLO)
+ 9.56 pb (+19.7%) (NNLO, rEFT)
+ 0.34 pb (+0.7%) (NNLO, 1/mt)
+ 2.40 pb (+4.9%) (EW, QCD-EW)

+ 1.49 pb (+3.1%) (N3LO, rEFT)

(I.4.4)

YR4, main sources of uncertainty
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where �LO
ex;t denotes the exact (hadronic) LO cross-section in the SM with a massive top quark and Nf =

5 massless quarks. Moreover, at LO and NLO we know the exact result for the production cross-section in
the SM, including all mass effects from top, bottom and charm quarks. We include these corrections into
our prediction via the terms ��̂(N)LO

ij,ex;t,b,c in eq. (I.4.1), consistently matched to the contributions from the
effective theory to avoid double counting. As a consequence, eq. (I.4.1) agrees with the exact SM cross-
section (with massless u, d and s quarks) through NLO in QCD. Beyond NLO, we only know the value
of the cross-section in the heavy-top effective theory. We can, however, include subleading corrections
at NNLO in the effective theory as an expansion in the inverse top mass [103–106]. These effects are
taken into account through the term �t�̂

NNLO
ij,EFT in eq. (I.4.1), with the factor RLO scaled out. They were

originally computed with the top mass at the OS scheme, but their scheme dependence is expected to
be at the sub-per mille level, following lower orders, and is hence considered negligible here. We also
include electroweak corrections to the gluon-fusion cross-section (normalized to the exact LO cross-
section) through the term ��̂ij,EW in eq. (I.4.1). Unlike QCD corrections, electroweak corrections have
only been computed through NLO in the electromagnetic coupling constant ↵ [107–109]. Moreover,
mixed QCD-electroweak corrections, i.e., corrections proportional to ↵ ↵3

s , are known in an effective
theory [110] valid in the limit where not only the top quark but also the electroweak bosons are much
heavier than the Higgs boson. In this limit the interaction of the Higgs boson with the W and Z bosons
is described via a point-like vertex coupling the gluons to the Higgs boson. Higher-order corrections
in this limit can thus be included into the Wilson coefficient in front of the dimension-five operator
describing the effective interaction of the gluons with the Higgs boson. The validity and limitations of
this approximation are discussed in Section I.4.1.a.iii.

I.4.1.a.ii Summary of results
The numerical results quoted in this section are valid for the following set of input parameters:

p
S 13 TeV

mh 125 GeV
PDF PDF4LHC15_nnlo_100

↵s(mZ) 0.118
mt(mt) 162.7 GeV (MS)
mb(mb) 4.18 GeV (MS)

mc(3GeV ) 0.986 GeV (MS)
µ = µR = µF 62.5 GeV (= mH/2)

Using these input parameters, our current best prediction for the production cross section of a
Higgs boson with a mass mH = 125 GeV at the LHC with a centre-of-mass energy of 13 TeV is

� = 48.58 pb+2.22 pb (+4.56%)
�3.27 pb (�6.72%) (theory) ± 1.56 pb (3.20%) (PDF+↵s) . (I.4.3)

The central value in eq. (I.4.3), computed at the central scale µF = µR = mH/2, is the combina-
tion of all the effects considered in eq. (I.4.1). The breakdown of the different effects is:

48.58 pb = 16.00 pb (+32.9%) (LO, rEFT)
+ 20.84 pb (+42.9%) (NLO, rEFT)
� 2.05 pb (�4.2%) ((t, b, c), exact NLO)
+ 9.56 pb (+19.7%) (NNLO, rEFT)
+ 0.34 pb (+0.7%) (NNLO, 1/mt)
+ 2.40 pb (+4.9%) (EW, QCD-EW)

+ 1.49 pb (+3.1%) (N3LO, rEFT)

(I.4.4)

Chapter I.4. Gluon-gluon Fusion 31

where rEFT denotes the cross section in the effective field theory approximation rescaled by RLO of
(I.4.2) . We note that the N3LO central value is completely insensitive to threshold resummation effects
for µF = µR = mH/2 and the central value obtained from a fixed-order N3LO computation and a
resummed computation at N3LO + N3LL are identical for this scale choice. We therefore conclude that
threshold resummation does not provide any improvement of the central value, and it is therefore not
included in our prediction.

The PDF and ↵s uncertainties are computed following the recommendation of the PDF4LHC
working group. The remaining theory-uncertainty in eq. (I.4.3) is obtained by adding linearly vari-
ous sources of theoretical uncertainty, which affect the different contributions to the cross section in
eq. (I.4.1). The breakdown of the different theoretical uncertainties whose linear sum produces the theo-
retical uncertainty in eq. (I.4.3) is

�(scale) �(trunc) �(PDF-TH) �(EW) �(t, b, c) �(1/mt)

+0.10 pb
�1.15 pb ±0.18 pb ±0.56 pb ±0.49 pb ±0.40 pb ±0.49 pb
+0.21%
�2.37% ±0.37% ±1.16% ±1% ±0.83% ±1%

In the remainder of this note we address each of the components that enter the final theoretical uncertainty
estimate in turn.

I.4.1.a.iii Breakdown of the theoretical uncertainties
Uncertainty from missing higher orders: �(scale)
The uncertainty �(scale) captures the impact of missing higher order terms in the perturbative expansion
of the cross section in the rEFT. We identify this uncertainty with the scale variation when varying the
renormalization and factorization scales simultaneously in the interval µF = µR 2 [mH/4, mH ]. The
N3LO corrections moderately increase (⇠ 3%) the cross-section for renormalization and factorization
scales equal to mH/2. In addition, they notably stabilize the scale variation, reducing it almost by a
factor of five compared to NNLO. The N3LO scale-variation band is included entirely within the NNLO
scale-variation band for scales in the interval [mH/4, mH ]. We note that, while we vary the scales
simultaneously, we have checked (see Figure 6 of [93]) that the factorization scale dependence is flat,
and the scale dependence at N3LO is driven by the renormalization scale dependence.

It is important to assess how well the scale uncertainty captures the uncertainty due to missing
higher orders in the perturbative expansion, given that it failed to capture the shift in the central value
due to missing perturbative orders at lower orders. We have found good evidence that the N3LO scale
variation captures the effects of missing higher perturbative orders in the EFT. We base this conclusion
on the following observations: First, we observe that expanding in ↵s separately the Wilson coefficient
and matrix-element factors in the cross-section gives results consistent with expanding directly their
product through N3LO. Second, a traditional threshold resummation in Mellin space up to N3LL did
not contribute significantly to the cross-section beyond N3LO in the range of scales µ 2 [mH/4, mH ].
Although the effects of threshold resummation are in general sensitive to ambiguities due to subleading
terms beyond the soft limit, we found that within our preferred range of scales, several variants of the
exponentiation formula gave very similar phenomenological results, which are always consistent with
fixed-order perturbation theory. Finally, a soft-gluon and ⇡2-resummation using the SCET formalism
also gave consistent results with fixed-order perturbation theory at N3LO. While ambiguities in sublead-
ing soft terms limit the use of soft-gluon resummation as an estimator of higher-order effects, and while
it is of course possible that some variant of resummation may yield larger corrections, it is encouraging
that this does not happen for the mainstream prescriptions studied here.

We conclude this discussion by commenting on the use of resummation to estimate the uncertainty
on the cross section. Based on the considerations from the previous paragraph, we are led to conclude

YR4, inclusive differential cross-section:

30 I.4.1. The inclusive cross-section

where �LO
ex;t denotes the exact (hadronic) LO cross-section in the SM with a massive top quark and Nf =

5 massless quarks. Moreover, at LO and NLO we know the exact result for the production cross-section in
the SM, including all mass effects from top, bottom and charm quarks. We include these corrections into
our prediction via the terms ��̂(N)LO

ij,ex;t,b,c in eq. (I.4.1), consistently matched to the contributions from the
effective theory to avoid double counting. As a consequence, eq. (I.4.1) agrees with the exact SM cross-
section (with massless u, d and s quarks) through NLO in QCD. Beyond NLO, we only know the value
of the cross-section in the heavy-top effective theory. We can, however, include subleading corrections
at NNLO in the effective theory as an expansion in the inverse top mass [103–106]. These effects are
taken into account through the term �t�̂

NNLO
ij,EFT in eq. (I.4.1), with the factor RLO scaled out. They were

originally computed with the top mass at the OS scheme, but their scheme dependence is expected to
be at the sub-per mille level, following lower orders, and is hence considered negligible here. We also
include electroweak corrections to the gluon-fusion cross-section (normalized to the exact LO cross-
section) through the term ��̂ij,EW in eq. (I.4.1). Unlike QCD corrections, electroweak corrections have
only been computed through NLO in the electromagnetic coupling constant ↵ [107–109]. Moreover,
mixed QCD-electroweak corrections, i.e., corrections proportional to ↵ ↵3

s , are known in an effective
theory [110] valid in the limit where not only the top quark but also the electroweak bosons are much
heavier than the Higgs boson. In this limit the interaction of the Higgs boson with the W and Z bosons
is described via a point-like vertex coupling the gluons to the Higgs boson. Higher-order corrections
in this limit can thus be included into the Wilson coefficient in front of the dimension-five operator
describing the effective interaction of the gluons with the Higgs boson. The validity and limitations of
this approximation are discussed in Section I.4.1.a.iii.

I.4.1.a.ii Summary of results
The numerical results quoted in this section are valid for the following set of input parameters:

p
S 13 TeV

mh 125 GeV
PDF PDF4LHC15_nnlo_100

↵s(mZ) 0.118
mt(mt) 162.7 GeV (MS)
mb(mb) 4.18 GeV (MS)

mc(3GeV ) 0.986 GeV (MS)
µ = µR = µF 62.5 GeV (= mH/2)

Using these input parameters, our current best prediction for the production cross section of a
Higgs boson with a mass mH = 125 GeV at the LHC with a centre-of-mass energy of 13 TeV is

� = 48.58 pb+2.22 pb (+4.56%)
�3.27 pb (�6.72%) (theory) ± 1.56 pb (3.20%) (PDF+↵s) . (I.4.3)

The central value in eq. (I.4.3), computed at the central scale µF = µR = mH/2, is the combina-
tion of all the effects considered in eq. (I.4.1). The breakdown of the different effects is:

48.58 pb = 16.00 pb (+32.9%) (LO, rEFT)
+ 20.84 pb (+42.9%) (NLO, rEFT)
� 2.05 pb (�4.2%) ((t, b, c), exact NLO)
+ 9.56 pb (+19.7%) (NNLO, rEFT)
+ 0.34 pb (+0.7%) (NNLO, 1/mt)
+ 2.40 pb (+4.9%) (EW, QCD-EW)

+ 1.49 pb (+3.1%) (N3LO, rEFT)

(I.4.4)

YR4, main sources of uncertainty
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ggF: more differential
Good control over Higgs pt distribution
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Figure 6. Comparison of the transverse momentum distribution for Higgs boson production at NNLO and
N3LL+NNLO for a central scale choice of µR = µF = mH/2 (left) and µR = µF = mH (right). In both
cases, Q = mH/2. The lower panel shows the ratio to the N3LL+NNLO prediction.

RadISH+NNLOJET, 13 TeV, mH = 125 GeV
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Figure 7. Comparison of the transverse momentum distribution for Higgs boson production between
N3LL+NNLO, NNLL+NLO, and NNLO at central scale choice of µR = µF = mH/2. The lower panel
shows the ratio to the N3LL+NNLO prediction.

uncertainty. Choosing mH as a central scale (right plot of Figure 6) leads to a broader uncertainty
band resulting in a more robust estimate of the perturbative error. This is particularly the case
for predictions above 50 GeV, where resummation effects are progressively less important. We
notice indeed that in both cases the effect of resummation starts to be increasingly relevant for
p
H
t
. 40 GeV.

In the following we choose mH/2 as a central scale. Nevertheless, we stress that a comparison to
data (not performed here for Higgs boson production) will require a study of different central-scale
choices.

To conclude, Figure 7 reports the comparison between our best prediction (N3LL+NNLO),
the NNLL+NLO, and the NNLO distributions. The plot shows a very good convergence of the
predictions at different perturbative orders, with a significant reduction of the scale uncertainty in
the whole kinematic range considered here.
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Figure 7: The distributions for the top-bottom interference contribution (left) and the full NNLL
matched result (right), using the multiplicative scheme with resummation scale Qb = Qt = mh/2
as central values. See text for details.

4 Conclusions

In this paper we performed a detailed study of the Higgs transverse momentum distribution, focusing
on the region of intermediate values of transverse momenta, mb

<⇠ p? <⇠mH . Indeed, a precise
theoretical control of the Higgs p? distribution in this region is essential to test the Higgs sector of
the Standard Model. In particular, it provides a rare opportunity to probe the Yukawa couplings
of light quarks, which are currently poorly constrained. In fact, although the main contribution to
the Higgs production cross section is due to the coupling of the Higgs to top quarks, the coupling to
bottom quarks has a non-negligible impact on the total cross section through its interference with
the top, decreasing the cross section by about O(5%).

The theoretical description of the Higgs p? distribution for mb
<⇠ p? <⇠mH in QCD is particularly

challenging since, once the contribution of bottom quarks is included, the perturbative cross section
for small p? suffers from the presence of potentially large logarithms ln (p?/mb), ln (mH/mb),
which can spoil the convergence of the perturbative expansion. The physical origin of these large
logarithms is not yet fully understood, and their all-order resummation remains currently out of
reach.

Given these conceptual limitations, we provided our best theoretical description of the Higgs
p? distribution at NNLL+NLO QCD for moderate values of the transverse momentum, including
dependence on the bottom mass. An important part of our study was a proper assessment of the
theory uncertainty of our results. The NLO result for the top-bottom interference suffers from scale
uncertainties, which amount to around 15%. On top of this, a non-negligible source of uncertainty is
provided by the renormalization scheme ambiguity for the bottom-quark mass, which we estimated
by varying from the on-shell to the MS scheme. This amounts to an uncertainty of up to 20% and
it dominates the error budget of our prediction for the top-bottom interference at small values of
the Higgs p?. Together with the uncertainties associated with the fixed order calculation, we also
performed a detailed study of the ones associated with the resummation procedure in the presence
of bottom quarks. In order to estimate these ambiguities for the top-bottom interference, we
matched the fixed order NLO predictions with the NNLL resummed cross-section using two different
schemes, an additive and a multiplicative one, and two very different choices of the resummation
scale, Qb = 2mb and Qb = mH/2. This leads to an uncertainty between 15�20% on the top-bottom
interference contribution to the p? spectrum. Since the interference amounts to about 5% of the

– 15 –

~20% on t/b 
contribution 

[=~few percent of 
full distribution]

[1804.07632]

•Ongoing work: LHC13 
recommendation 

•Extending to HL easy 

•Progress w.r.t. what 
shown here: likely very 
slow…
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ggF: boosted

(here: gg-only)
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HE-LHC reach:  
rough idea for inclusive rates  
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ggF: boosted
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Ongoing work: predictions including all channels

[m
any thanks to the ggF, 
VBF, VH conveners]

•Recent result: NLO predictions with top-mass effects.         
Scale variation: ~ 20% [1801.08226, 1802.02981, 1802.00349] 

•Ongoing work for LHC13 recommendation 
•Studies can be extender to HL/HE 

•Significant progress beyond this: likely very slow…
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VBF: see A. Karlberg’s talk

slides from A. Karlberg
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W O R K S H O P O N T H E P H Y S I C S O F H L - L H C , A N D P E R S P E C T I V E S A T H E - L H C

Inclusive results1

p
s �(incl)

DIS [pb] �EW[%] ��[fb] �s-channel[fb]

13 TeV 3.928 -5.3 35.3 1412
14 TeV 4.461 -5.4 40.7 1555
27 TeV 12.41 -6.2 129 3495

• Growth of electroweak corrections with energy as
expected.

• � contribution at 1% at all energies. Reduction
compare to YR4.

• s-channel contribution relatively smaller at 27 TeV

1Thanks to Alexander Mueck et al. for EW results from HAWK
Slide 2/6 — Alexander Karlberg — VBFH@HL-/HE-LHC



W O R K S H O P O N T H E P H Y S I C S O F H L - L H C , A N D P E R S P E C T I V E S A T H E - L H C

VBF cuts
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• The VBF cross section is very sensitive to the jet definition (here anti-kt,
R = 0.4)

• This is due to pt,j ⇠ mW for all collider energies
• With 30 GeV jets, ⇠ 30% of the signal is lost

• With 50 GeV jets, that increases to almost 70%

Slide 3/6 — Alexander Karlberg — VBFH@HL-/HE-LHC



W O R K S H O P O N T H E P H Y S I C S O F H L - L H C , A N D P E R S P E C T I V E S A T H E - L H C

Detector acceptance

• The typical VBF topology consists of two forward jets
• The higher the collider energy the more forward they tend to be

• With current CMS and ATLAS detectors ⇠ 20%2 of the jets will be lost at

27 TeV

2At 14 TeV the number is ⇠ 5%
Slide 4/6 — Alexander Karlberg — VBFH@HL-/HE-LHC



W O R K S H O P O N T H E P H Y S I C S O F H L - L H C , A N D P E R S P E C T I V E S A T H E - L H C

Detector acceptance

• Imposing “typical” VBF cuts of mjj > 600 GeV, �yjj > 4.5 and yj1 yj2 < 0
makes the situation even worse

• This is expected as we now force the jets to be forward

• With current CMS and ATLAS detectors ⇠ 30% of the VBF events will be

lost at 27 TeV

Slide 5/6 — Alexander Karlberg — VBFH@HL-/HE-LHC



W O R K S H O P O N T H E P H Y S I C S O F H L - L H C , A N D P E R S P E C T I V E S A T H E - L H C

VBF conclusion

• The VBF program at HE-LHC will be very dependent
on the jet definition and rapidity reach of the ATLAS
and CMS detectors

• In a “worst case” scenario of pT,j > 50 GeV and no
increase in rapidity reach compared to now,
⇠ 80-85% of the VBF signal is lost before VBF cuts
are applied

• One thing we are currently considering: Will
“typical” VBF cuts change a lot at 27 TeV?

• We have already carried out some studies for signal,
but i is curcial to also study the ggHjj background in
detail

Slide 6/6 — Alexander Karlberg — VBFH@HL-/HE-LHC



VH: predictions for total rates
• NNLO QCD + NLOEW [thanks to R. Harlander, S. Dittmaier & collaborators 

for providing input] 
• Same baseline of YR4, but LUXqed_plus_PDF4LHC15_nnlo PDF set 
• mH=125.09 GeV [124.59, 125.59 available]

14 TeV 27 TeV
σ [pb] σ [pb]

W+H 0.91 +0.6% - 0.8% 1.8% 2.0 +0.4% -1.0% 1.8%
W-H 0.59 +0.6% - 0.7% 2.0% 1.4 +0.4% - 0.9% 2.0%

l+ν H 0.10 +0.6% - 0.7% 1.7% 0.23 +0.4% -1.0% 1.7%
γ-induced only 4.6 10-3 1.5 10-2

l-ν ̅H 0.07 +0.5% - 0.6% 1.9% 0.16 +0.3% -0.9% 1.9%
γ-induced only 3.1 10-3 1.1 10-2
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<latexit sha1_base64="iNft7qwo4sfhKdVuUl7jdGFt5kw=">AAAB/XicbVDLSsNAFJ3UV62v+Ni5CRbBhZREBF0WdeGygn1AU8JkOmmHzkzCzI1QQ/FX3LhQxK3/4c6/cdJmoa0H7uVwzr3MnRMmnGlw3W+rtLS8srpWXq9sbG5t79i7ey0dp4rQJol5rDoh1pQzSZvAgNNOoigWIaftcHSd++0HqjSL5T2ME9oTeCBZxAgGIwX2gX9DOeAg80UaqNO8R5PArro1dwpnkXgFqaICjcD+8vsxSQWVQDjWuuu5CfQyrIARTicVP9U0wWSEB7RrqMSC6l42vX7iHBul70SxMiXBmaq/NzIstB6L0EwKDEM97+Xif143heiylzGZpEAlmT0UpdyB2MmjcPpMUQJ8bAgmiplbHTLEChMwgVVMCN78lxdJ66zmuTXv7rxavyriKKNDdIROkIcuUB3dogZqIoIe0TN6RW/Wk/VivVsfs9GSVezsoz+wPn8AmO6VTg==</latexit><latexit sha1_base64="iNft7qwo4sfhKdVuUl7jdGFt5kw=">AAAB/XicbVDLSsNAFJ3UV62v+Ni5CRbBhZREBF0WdeGygn1AU8JkOmmHzkzCzI1QQ/FX3LhQxK3/4c6/cdJmoa0H7uVwzr3MnRMmnGlw3W+rtLS8srpWXq9sbG5t79i7ey0dp4rQJol5rDoh1pQzSZvAgNNOoigWIaftcHSd++0HqjSL5T2ME9oTeCBZxAgGIwX2gX9DOeAg80UaqNO8R5PArro1dwpnkXgFqaICjcD+8vsxSQWVQDjWuuu5CfQyrIARTicVP9U0wWSEB7RrqMSC6l42vX7iHBul70SxMiXBmaq/NzIstB6L0EwKDEM97+Xif143heiylzGZpEAlmT0UpdyB2MmjcPpMUQJ8bAgmiplbHTLEChMwgVVMCN78lxdJ66zmuTXv7rxavyriKKNDdIROkIcuUB3dogZqIoIe0TN6RW/Wk/VivVsfs9GSVezsoz+wPn8AmO6VTg==</latexit><latexit sha1_base64="iNft7qwo4sfhKdVuUl7jdGFt5kw=">AAAB/XicbVDLSsNAFJ3UV62v+Ni5CRbBhZREBF0WdeGygn1AU8JkOmmHzkzCzI1QQ/FX3LhQxK3/4c6/cdJmoa0H7uVwzr3MnRMmnGlw3W+rtLS8srpWXq9sbG5t79i7ey0dp4rQJol5rDoh1pQzSZvAgNNOoigWIaftcHSd++0HqjSL5T2ME9oTeCBZxAgGIwX2gX9DOeAg80UaqNO8R5PArro1dwpnkXgFqaICjcD+8vsxSQWVQDjWuuu5CfQyrIARTicVP9U0wWSEB7RrqMSC6l42vX7iHBul70SxMiXBmaq/NzIstB6L0EwKDEM97+Xif143heiylzGZpEAlmT0UpdyB2MmjcPpMUQJ8bAgmiplbHTLEChMwgVVMCN78lxdJ66zmuTXv7rxavyriKKNDdIROkIcuUB3dogZqIoIe0TN6RW/Wk/VivVsfs9GSVezsoz+wPn8AmO6VTg==</latexit><latexit sha1_base64="iNft7qwo4sfhKdVuUl7jdGFt5kw=">AAAB/XicbVDLSsNAFJ3UV62v+Ni5CRbBhZREBF0WdeGygn1AU8JkOmmHzkzCzI1QQ/FX3LhQxK3/4c6/cdJmoa0H7uVwzr3MnRMmnGlw3W+rtLS8srpWXq9sbG5t79i7ey0dp4rQJol5rDoh1pQzSZvAgNNOoigWIaftcHSd++0HqjSL5T2ME9oTeCBZxAgGIwX2gX9DOeAg80UaqNO8R5PArro1dwpnkXgFqaICjcD+8vsxSQWVQDjWuuu5CfQyrIARTicVP9U0wWSEB7RrqMSC6l42vX7iHBul70SxMiXBmaq/NzIstB6L0EwKDEM97+Xif143heiylzGZpEAlmT0UpdyB2MmjcPpMUQJ8bAgmiplbHTLEChMwgVVMCN78lxdJ66zmuTXv7rxavyriKKNDdIROkIcuUB3dogZqIoIe0TN6RW/Wk/VivVsfs9GSVezsoz+wPn8AmO6VTg==</latexit>

wo γ

with γ

• Photon contribution under full control 
• Marginally larger impact at 27 TeV 
• Good perturbative control, but beware of tiny error in inclusive numbers
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VH: predictions for total rates
• NNLO QCD + NLOEW [thanks to R. Harlander, S. Dittmaier & collaborators 

for providing input] 
• Same baseline of YR4, but LUXqed_plus_PDF4LHC15_nnlo PDF set 
• mH=125.09 GeV [124.59, 125.59 available]

14 TeV 27 TeV
σ [pb] σ [pb]

ZH, no gg 0.84 +0.5% - 0.6% 1.8% 1.94 +0.6% - 0.7% 2.4%
ZH, gg 0.14 +24% - 20% 7.5% 0.53 +25% - 19% 6%

�PDF
<latexit sha1_base64="pvOgRjCOpRpfzqxiH66B+Dnk5sU=">AAAB+XicbVBNS8NAEN3Ur1q/oh69LBbBU0lE0GPRIh4rWFtoQthsp+3S3U3Y3RRK6D/x4kERr/4Tb/4bt20O2vpg4PHeDDPz4pQzbTzv2ymtrW9sbpW3Kzu7e/sH7uHRk04yRaFFE56oTkw0cCahZZjh0EkVEBFzaMej25nfHoPSLJGPZpJCKMhAsj6jxFgpct2gAdyQKA+UwM3G3TRyq17NmwOvEr8gVVSgGblfQS+hmQBpKCdad30vNWFOlGGUw7QSZBpSQkdkAF1LJRGgw3x++RSfWaWH+4myJQ2eq78nciK0nojYdgpihnrZm4n/ed3M9K/DnMk0MyDpYlE/49gkeBYD7jEF1PCJJYQqZm/FdEgUocaGVbEh+Msvr5Kni5rv1fyHy2r9poijjE7QKTpHPrpCdXSPmqiFKBqjZ/SK3pzceXHenY9Fa8kpZo7RHzifP9IZkx0=</latexit><latexit sha1_base64="pvOgRjCOpRpfzqxiH66B+Dnk5sU=">AAAB+XicbVBNS8NAEN3Ur1q/oh69LBbBU0lE0GPRIh4rWFtoQthsp+3S3U3Y3RRK6D/x4kERr/4Tb/4bt20O2vpg4PHeDDPz4pQzbTzv2ymtrW9sbpW3Kzu7e/sH7uHRk04yRaFFE56oTkw0cCahZZjh0EkVEBFzaMej25nfHoPSLJGPZpJCKMhAsj6jxFgpct2gAdyQKA+UwM3G3TRyq17NmwOvEr8gVVSgGblfQS+hmQBpKCdad30vNWFOlGGUw7QSZBpSQkdkAF1LJRGgw3x++RSfWaWH+4myJQ2eq78nciK0nojYdgpihnrZm4n/ed3M9K/DnMk0MyDpYlE/49gkeBYD7jEF1PCJJYQqZm/FdEgUocaGVbEh+Msvr5Kni5rv1fyHy2r9poijjE7QKTpHPrpCdXSPmqiFKBqjZ/SK3pzceXHenY9Fa8kpZo7RHzifP9IZkx0=</latexit><latexit sha1_base64="pvOgRjCOpRpfzqxiH66B+Dnk5sU=">AAAB+XicbVBNS8NAEN3Ur1q/oh69LBbBU0lE0GPRIh4rWFtoQthsp+3S3U3Y3RRK6D/x4kERr/4Tb/4bt20O2vpg4PHeDDPz4pQzbTzv2ymtrW9sbpW3Kzu7e/sH7uHRk04yRaFFE56oTkw0cCahZZjh0EkVEBFzaMej25nfHoPSLJGPZpJCKMhAsj6jxFgpct2gAdyQKA+UwM3G3TRyq17NmwOvEr8gVVSgGblfQS+hmQBpKCdad30vNWFOlGGUw7QSZBpSQkdkAF1LJRGgw3x++RSfWaWH+4myJQ2eq78nciK0nojYdgpihnrZm4n/ed3M9K/DnMk0MyDpYlE/49gkeBYD7jEF1PCJJYQqZm/FdEgUocaGVbEh+Msvr5Kni5rv1fyHy2r9poijjE7QKTpHPrpCdXSPmqiFKBqjZ/SK3pzceXHenY9Fa8kpZo7RHzifP9IZkx0=</latexit><latexit sha1_base64="pvOgRjCOpRpfzqxiH66B+Dnk5sU=">AAAB+XicbVBNS8NAEN3Ur1q/oh69LBbBU0lE0GPRIh4rWFtoQthsp+3S3U3Y3RRK6D/x4kERr/4Tb/4bt20O2vpg4PHeDDPz4pQzbTzv2ymtrW9sbpW3Kzu7e/sH7uHRk04yRaFFE56oTkw0cCahZZjh0EkVEBFzaMej25nfHoPSLJGPZpJCKMhAsj6jxFgpct2gAdyQKA+UwM3G3TRyq17NmwOvEr8gVVSgGblfQS+hmQBpKCdad30vNWFOlGGUw7QSZBpSQkdkAF1LJRGgw3x++RSfWaWH+4myJQ2eq78nciK0nojYdgpihnrZm4n/ed3M9K/DnMk0MyDpYlE/49gkeBYD7jEF1PCJJYQqZm/FdEgUocaGVbEh+Msvr5Kni5rv1fyHy2r9poijjE7QKTpHPrpCdXSPmqiFKBqjZ/SK3pzceXHenY9Fa8kpZo7RHzifP9IZkx0=</latexit>
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Exact LOxKNLO, HEFT + NLLsoftParticularly interesting/
important at large mZH

Lessons from di-Higgs:  
• NLO reduces error from ~20-25% to ~15% 
• KNLO, HEFT overestimates K-factor of ~20-25% 
However be careful, both in HH and VH delicate 
cancellation patterns 
NLO likely to come in the near future
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VH: more differential results
• NNLOPS available. In most cases small ~2/3% shower effects 
• Larger corrections to exclusive observables 
• Jet bins still poorly understood

NNLO+PS for HW

33

Astill, Bizon, Re, GZ 1603.01620

• Parton shower and 
hadronization cause 
migration between jet-
bins 


• Difficult to reach high 
accuracy in jet-binned 
observables 

One sample NNLOPS result: HW with cuts suggests by HXSWG 
[Astill, Bizon, Re 

Zanderighi (2016)]
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VH: more differential results
Semi-boosted region: shape corrections from radiation off H→bb
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Figure 1: pp → W+H + X → lνlbb̄ + X at LHC with
√
s = 13 TeV. Transverse-momentum

distribution (left panel) and invariant mass distribution (right panel) of the leading b-jet pair
computed at full NNLO (red) and partial NNLO (blue). The lower panels show the ratios of the
results. The applied cuts are described in the text.

We observe that the additional α2
S corrections included in the full NNLO prediction have an

important effect also on the shape of the pbbT distribution. In particular the cross section is increased
by around 2− 5% for pbbT ∼< 140 GeV and it is decreased by around 6− 8% for pbbT ∼> 140 GeV. The
corresponding K-factor, defined as the ratio between the full NNLO prediction in Eq. (2) and
the partial NNLO prediction in Eq. (3), is thus remarkably not constant (see the lower panel of
Fig. 1 (left)). The qualitative behaviour of these effects is not unexpected. The additional QCD
radiation in the Higgs boson decay, which is included in the full NNLO calculation, has the effect
of decreasing the transverse-momentum of the leading b-jet pair, making the pbbT distribution softer.

In Fig. 1 (right) we present the invariant mass distribution of the leading b-jet pair, Mbb. We
consider again the comparison between the full NNLO QCD prediction in Eq. (2) and the partial
NNLO prediction in Eq. (3) and we show the ratio of the two predictions in the lower panel. For
this observable the effect of the NNLO corrections to the decay rate are even more substantial.
While the position of the peak is rather stable around the value of the Higgs boson massMbb ≃ mH ,
the spectrum receives large positive corrections (up to +60%) for Mbb < mH and sizeable negative
corrections (from −30% to −10%) for Mbb ∼>mH . The large impact of these corrections can be
understood by noting that the leading order (LO) computation would produce an invariant mass
distribution which exactly fulfills the constraint Mbb = mH . Higher-order corrections to the decay
decrease the invariant mass of the leading b-jet pair. In the Mbb < mH region the partial NNLO
prediction (which contains just the NLO correction to the decay rate) is effectively a first-order
calculation and the next-order term is contained only in the full NNLO correction. Conversely,
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Figure 11. The differential distributions of the invariant mass of the bb̄-system used for recon-
struction of the Higgs boson. We present the results obtained with jet clustering with R = 0.4 (top)
and R = 0.7 (bottom) excluding gg!HZ channel (left panels) and with gg!HZ (right panels).

many additional hadrons can be clustered within the b-jets, thereby increasing the invariant
mass of the bb̄-system and causing migration of events from the region M

bb̄
⇡ MH to larger

invariant masses.

6 Conclusions

In this paper we have implemented a consistent matching of NNLO accurate predictions
for HZ production to parton shower, including the subsequent decay of the Z boson into
pair of leptons and the NLO decay of the Higgs boson into pair of b-quarks. The HZNNLOPS
generator we obtained allows for a fully-exclusive simulation of the HZ production in a
hadronic collision maintaining the advantages of the NNLO fixed-order calculation and
supplying it with resummation effects as provided by the matching to a parton shower.

– 20 –

[Astill, Bizon, Re 
Zanderighi (2018)]

• Bulk of the effect captured by PS 
• Interesting (non-trivial) dependence on yb [arXiv:1712.06954] 
• Recent results, more studies needed
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ttH: prediction for total rates
MH[GeV] �

NLO
QCD+EW[fb] Scale[%] ↵s[%] PDF[%] PDF+↵s[%]

124.59 619.3 +6.1 � 9.2 ±1.9 ±2.9 ±3.5
125.09 612.8 +6.0 � 9.2 ±1.9 ±2.9 ±3.5
125.59 605.6 +6.1 � 9.2 ±1.9 ±2.9 ±3.5

Table 1: NLO QCD+EW cross sections for tt̄H production at the 14 TeV LHC.

MH[GeV] �
NLO
QCD+EW[pb] Scale[%] ↵s[%] PDF[%] PDF+↵s[%]

124.59 2.90 +7.9 � 9.0 ±1.8 ±2.1 ±2.8
125.09 2.86 +7.8 � 9.0 ±1.8 ±2.1 ±2.8
125.59 2.84 +7.8 � 9.0 ±1.8 ±2.1 ±2.8

Table 2: NLO QCD+EW cross sections for tt̄H production at the 27 TeV LHC.

NLO QCD + NLOEW results

• Dominant ambiguity: scale variation 
• Can only be improved by NNLO calculation → well beyond what we can 

do today 
• Although unrealistic in the near future, foreseeable on HL-LHC timescales 
• Reasonable expectation: factor of 2 improvement on theoretical prediction
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ttH: main problem
Poor theoretical modeling of ttbb and ttW+jets backgrounds 

via Monte Carlo generators

Chapter I.6. ttH and tH 175

Table 45: Fixed-order NLO and NLO+PS predictions for integrated tt̄ + b-jets cross sections at 13 TeV in bins
with nb � 1 and nb � 2 b jets.

Selection Tool �NLO [fb] �NLO+PS [fb] �NLO+PS/�NLO

nb � 1 SHERPA+OPENLOOPS 12820+35%
�28% 12939+30%

�27% 1.01

MADGRAPH5_AMC@NLO 13833+37%
�29% 1.08

POWHEL 10073+45%
�29% 0.79

nb � 2 SHERPA+OPENLOOPS 2268+30%
�27% 2413+21%

�24% 1.06

MADGRAPH5_AMC@NLO 3192+38%
�29% 1.41

POWHEL 2570+35%
�28% 1.13

dictions. The only significant differences between MADGRAPH5_AMC@NLO and SHERPA+OPENLOOPS
simulations lie in the employed parton showers and details of MC@NLO matching, thus the origin of the
observed discrepancy is likely to lie in the choice of shower starting scale in MADGRAPH5_AMC@NLO
combined with the higher intensity of QCD radiation in PYTHIA8 with respect to SHERPA. This is
confirmed by the further enhancement of the MADGRAPH5_AMC@NLO cross section in the bins with
nb � 3 and nb � 4 b-jets (see Figure 101), where the additional b quarks arise from g ! bb̄ parton-
shower splittings, which results in a much stronger sensitivity to shower effects. Note that this kind of
uncertainty for Nb = 3, 4 is not included in the quoted scale variations. In the SHERPA+OPENLOOPS
simulation, the size of scale uncertainties and the difference between NLO and NLO+PS predictions are
fairly similar to what observed at

p
s = 8 TeV in [425]. In particular, NLO+PS scale uncertainties range

between 20–30% in all b-jet bins and are smaller as compared to the case of fixed-order NLO. Scale vari-
ations in MADGRAPH5_AMC@NLO and POWHEL tend to be larger and agree well with each other for
Nb = 2, while POWHEL features a larger scale dependence in the other bins, especially for Nb = 3, 4.
These various differences can be attributed to the employed flavour-number schemes and to technical
aspects of the implementation of scale variations in the three different NLO+PS Monte Carlo tools.

I.6.8.e ttb differential analysis
Various differential observables for an inclusive ttb analysis with nb � 1 b-jets are presented in Fig-
ures 102–104. For all distributions that are inclusive with respect to extra light-jet emissions one observes
a rather similar behaviour as for the ttb cross section, i.e. SHERPA+OPENLOOPS, MADGRAPH5_AMC@NLO
and fixed-order NLO predictions agree well, while POWHEL lies about 20% lower. Only POWHEL fea-
tures significant shape distortions with respect to fixed-order NLO in the region of low rapidity and/or
low pT for the leading top and bottom quarks and for the tt̄ system (Figures 102–103). Observables
that explicitly involve the first light-jet emission (Figure 104) turn out to behave differently. While for
SHERPA+OPENLOOPS, POWHEL and fixed-order NLO there is mutual agreement within scale variations,
the MADGRAPH5_AMC@NLO prediction turns out to lie up to 50% higher at pT,j ⇠ 50 GeV. This
enhancement of QCD radiation in MADGRAPH5_AMC@NLO+PYTHIA8 disappears at pT,j ⇠ 150 GeV.
It is most likely related to what was observed above in b-jet bin cross sections with Nb � 2.

I.6.8.f ttbb differential analysis
Various differential observables for an inclusive ttbb analysis with nb � 2 b-jets are presented in Fig-
ures 105–109 Observables that depend on the top-quark and b-jet kinematics but are inclusive with
respect to extra jet emission are presented in Figures 105–107. For all such distributions a fairly good

YR4

Shower effects enhanced in the signal region

• Big ongoing effort of the ttH subgroup to investigate this issue (uncertainty 
estimate, improvements…) 

• Unrealistic to expect major developments for the report 
• Estimate on a 5-10y timescale: background uncertainties reduced by a 

factor 2~3. 
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Conclusions

• Cross-section predictions for all the main channels available for 
HL/HE-LHC  

• Major obstacles / estimates for improvement are becoming 
clear 

• Several LHC13 studies going on, many could be easily 
extended to HL(HE)-LHC 

• Other studies ongoing (off-shell, differential distributions, 
detector reach, fiducial region definition…)

Many thanks to the subgroup conveners and all the 
people who contributed for providing these results
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