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Overview
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Figure 2: Cummulative contributions to the total relative uncertainty as a function of the
collider energy. according to eqs. (26)-(28).

In combination we find

��PP!H+X = �(PDF+↵S) + �(theory) = +3.63pb
�4.72pb

�
+7.46%
�9.7%

�
. (39)

To derive the various sources of uncertainties we followed the prescriptions
outlined above. In fig. 2 we show how the relative size of the various sources
of uncertainty varies as a function of the hadron collider energy.

In comparison to the numerical cross section predictions derived in ref. [3]
we observe only minor changes. The di↵erence arise solely due to the exact
computation of the N3LO QCD corrections in the heavy top quark e↵ective
theory obtained in ref. [16]. The deviations are well within the uncertainty
that was associated with the truncation of the threshold expansion used for
the results of ref. [3]. This particular source of uncertainty is now removed.

Finally, we use iHixs to derive state of the art predictions for the gluon
fusion Higgs production cross section at di↵erent collider energies. We strictly
follow the recommendations of [3, 4]. Figure 3 shows the state-of-the art
predictions and uncertainty estimates for the inclusive cross section obtained

18

iHixs2: Dulat, Lazopoulos, Mistlberger 18

Czakon, Harlander, Klappert, Niggetiedt 21

Reduced to 0.6% (gg light-quark) 
Becchetti, Bonciani, Del Duca, Hirschi, 
Moriello, Schweitzer 20

(half year) (?)𝒪

PDF4LHC WG 22

Study  PDFs 
McGowan, Cridge, Harland-Lang, Thorne 22

aN3LO

 - use iHixs2 Dulat, Lazopoulos, Mistlberger 18   (done) 
 - NNLO QCD w/  use Czakon et al. 21   (requested & confirmed; awaiting input) 
 - Not yet in literature ( ,  )   (not likely for current update) 

 - gg-channel light-quark contributions use Becchetti et al 20.   (requested; awaiting input) 
 - estimate with individual sets, separate comparison to 

N3LOHTL
δ(1/mt) mT
δ(t, b, c) mq ∼ 0 mb & mt
δ(EW)
δ(PDF − TH) aN3LO

Goal: accurately reflect changes in TH uncertainty since YR4
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Timeline

Identify results of interest to WGSep 22

Nov 22 Authors summarise work at general assembly 

+ Assess  and  outlook 

+ Community feedback

δ(t, b, c) δ(EW)

Dec 22 Initial exploratory runs of iHixs ( )N3LOHTL

Dec 22 Initial meeting with  authors (Cridge) aN3LO

Mar 23 Request Czakon et al. 21 results for updating  

Request Becchetti et al 20. results for updating 

δ(1/mt)
δ(EW)

Apr 23 Begin full runs of iHixs ( ) 

Ask  and other PDF authors for input/study of 

N3LOHTL

aN3LO δ(PDF − TH)

Jun 23 WG1: ggF meeting  
+ Presentation of results from each group 
+ Initial combination 
+ Community feedback

Aug 11 Update twiki & fully document all input/choices

WG note with studies (e.g. PDFs, EW TH uncert, …)Sep 23

awaiting 
input
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iHixs2 — Run 3 Update

3. Uncertainties

In the previous section we summarised ingredients for the prediction of the
Higgs boson cross section at the LHC. In order to derive such predictions it is
key to asses all non-negligible sources of uncertainty. iHixs allows to study
such a↵ects in great detail. A careful analysis of residual uncertainties was
performed in ref. [3] and we implement the prescriptions chosen therein in our
code. At the same time, iHixs provides the user with all tools neccessary to
study individual sources of uncertainty and devise custom prescriptions. We
briefly review the various sources of uncertainty in this section and describe
our prescription to assess them quantitatively.

In ref. [3] the following sources of uncertainty were identified. Miss-
ing higher order uncertainties are referred to as �(scale). The uncertainty
due to the evaluation of the Higgs boson production cross section at N3LO
with PDFs determined with NNLO cross sections is denoted as �(PDF-TH).
�(EWK) indicates the uncertainty estimate for missing higher order mixed
QCD and electro-weak corrections. The quantity �(t,b,c) summarises the
uncertainty due missing interference e↵ects of top, bottom and charm quark
masses at NNLO as well as the di↵erence between di↵erent renormalisation
schemes. Missing e↵ects due to the full top quark mass dependence of the
Higgs boson cross section at NNLO are estimated to introduce an uncertainty
that we denote as �(1/mt). The fully correlated combination of these sources
of uncertainty form a quantity we refer to as theory uncertainty.

�(theory) = �(scale) + �(PDF-TH) + �(EWK) + �(t,b,c) + �(1/mt) . (26)

Additional sources of uncertainty arise due to the imprecise knowledge of
the strong couple constant (�(↵S)) and the parton distribution functions
(�(PDF)). The fully uncorrelated combination of these uncertainties is given
by

�(PDF+↵S) =
p

�(↵S)2 + �(PDF)2 . (27)

In combination we define the uncertainty estimate on the prediction for
the inclusive production cross section for the Higgs boson.

��PP!H+X = �(PDF+↵S) + �(theory) . (28)

iHixs provides the user with routines to estimate all of the above uncertain-
ties.
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p
s [TeV] MH [GeV] � [pb] �(theory) �(scale) �(EWK) �(t, b, c) �(1/mt) �(PDF + ↵s) �(PDF) �(↵s) �(PDF� TH)

13.6 120.00 56.03 +3.16
�5.42%

+0.31
�2.57% ±1.00% ±0.85% ±1.00% +2.67

�2.27%
+1.65
+1.65%

+2.11
�1.56% ±1.21%

13.6 122.00 54.40 +3.14
�5.37%

+0.30
�2.53% ±1.00% ±0.84% ±1.00% +2.67

�2.26%
+1.65
+1.65%

+2.10
�1.55% ±1.20%

13.6 124.00 52.87 +3.12
�5.33%

+0.29
�2.50% ±1.00% ±0.83% ±1.00% +2.67

�2.26%
+1.64
+1.64%

+2.10
�1.55% ±1.18%

13.6 124.60 52.43 +3.11
�5.32%

+0.28
�2.49% ±1.00% ±0.83% ±1.00% +2.67

�2.26%
+1.64
+1.64%

+2.10
�1.54% ±1.18%

13.6 124.80 52.28 +3.11
�5.32%

+0.28
�2.49% ±1.00% ±0.83% ±1.00% +2.67

�2.26%
+1.64
+1.64%

+2.10
�1.54% ±1.18%

13.6 125.00 52.13 +3.11
�5.31%

+0.28
�2.48% ±1.00% ±0.83% ±1.00% +2.67

�2.25%
+1.64
+1.64%

+2.10
�1.54% ±1.18%

13.6 125.09 52.07 +3.11
�5.31%

+0.28
�2.48% ±1.00% ±0.83% ±1.00% +2.67

�2.25%
+1.64
+1.64%

+2.10
�1.54% ±1.18%

13.6 125.20 51.99 +3.11
�5.31%

+0.28
�2.48% ±1.00% ±0.83% ±1.00% +2.67

�2.25%
+1.64
+1.64%

+2.10
�1.54% ±1.18%

13.6 125.30 51.92 +3.10
�5.30%

+0.28
�2.48% ±1.00% ±0.83% ±1.00% +2.66

�2.25%
+1.64
+1.64%

+2.10
�1.54% ±1.18%

13.6 125.38 51.86 +3.10
�5.30%

+0.28
�2.48% ±1.00% ±0.83% ±1.00% +2.66

�2.25%
+1.64
+1.64%

+2.10
�1.54% ±1.18%

13.6 125.60 51.70 +3.10
�5.30%

+0.28
�2.47% ±1.00% ±0.82% ±1.00% +2.66

�2.25%
+1.64
+1.64%

+2.10
�1.54% ±1.17%

13.6 126.00 51.41 +3.10
�5.29%

+0.27
�2.47% ±1.00% ±0.82% ±1.00% +2.66

�2.25%
+1.64
+1.64%

+2.10
�1.54% ±1.17%

13.6 128.00 50.00 +3.07
�5.24%

+0.26
�2.43% ±1.00% ±0.81% ±1.00% +2.66

�2.25%
+1.64
+1.64%

+2.09
�1.54% ±1.16%

13.6 130.00 48.65 +3.05
�5.19%

+0.25
�2.39% ±1.00% ±0.80% ±1.00% +2.66

�2.24%
+1.64
+1.64%

+2.09
�1.53% ±1.15%

5

c.f. previous extrapolated numbers:  (differences: PDF4LHC 15  21) →

updated predictions:  (similar tables for  = 7, 8, 13, 14 TeV) s

(          )



5

Estimate for PDF-TH & aN3LO PDFs

• PDF4LHC21 — no NLO set available 
  switch to PDF4LHC15 just for  estimate  (robust w.r.t. PDF var.) 
  PDF4LHC15   
  MSHT20         
  CT18              
  NNPDF3.1     
  NNPDF4        

• c.f. actual shift from  NNLO  aN3LO  PDFs 
  MSHT20   
  NNPDF4   (PRELIMINARY)  

source of differences still under study.  
* difference for :   

⇒ δ(PDF-TH)
↪ ±1.18 %
↪ ±1.43 %
↪ ±1.03 %
↪ ±0.92 %
↪ ±0.18 %

→
↪ −5 %
↪ −0.15 %

σ(3)(aN3LO) 5 %

NLO PDFs. The di↵erence of these two predictions serves as our estimator
of this particular uncertainty.

�(PDF-TH) = ±
1

2

����(2), EFT, NNLO

PP!H+X � �
(2), EFT, NLO

PP!H+X

��� . (31)

The factor of 1

2
serves as a suppression factor as we expect this e↵ect to

be reduced at N3LO relative to NNLO. Since N3LO predictions are only
available in the EFT we estimate this e↵ect based on predictions using EFT
partonic cross sections only.

3.3. �(EWK) - Missing Higher Order Electro-Weak E↵ects

In ref. [3] several options to asses the uncertainty due to missing higher
order electro-weak e↵ects were discussed. As a result an uncertainty of one
percent on the total cross section was assigned.

�(EWK) = ±1%⇥ �PP!H+X . (32)

3.4. �(t,b,c) - Light Quark Masses and Renormalisation Schemes

In iHixs the e↵ects of light quark masses are included exactly through
NLO in QCD. In order to derive an estimate for the size of contributions due
to finite light quark masses at NNLO we study how big the relative impact
of light quarks on the NLO correction is. We then assume that the relative
impact of the light quark masses on NNLO corrections would be equally large
and use this as an estimate of uncertainty.

�(t, b, c)MS = ±

����
��

t, NLO
� ��

t,b,c, NLO

��t, NLO

����⇥
⇣
RLO��

EFT, NNLO + ��
1/m2

t , NNLO

⌘
.

(33)
Here, ��t, NLO and ��

t,b,c, NLO are the NLO QCD corrections to the hadronic
cross section with finite top quark mass and with finite top, bottom and
charm quark mass respectively. The corrections ��EFT, NNLO refer to contri-
butions to the hadronic cross section due to the EFT QCD corrections at
NNLO. Similarly, ��1/m2

t , NNLO describes QCD corrections at NNLO to the
hadronic cross section due to the approximation of the exact NNLO cross
section that are suppressed in powers of 1/m2

t . To derive this estimate we
work in the MS scheme.

Due to the truncation of the perturbative series a finite dependence on the
chosen mass renormalisation scheme is introduced. To investigate the size of

14

baseline:

Figure 48: Higgs production cross section results via gluon fusion (with
p
s = 13 TeV) at two

central scales: µ = mH/2 (left) and µ = mH (right). Displayed are the results for aN3LO PDFs with
decorrelated K-factors ((Hij+Kij)�1), correlated K-factors (H 0 �1

ij
= (Hij+Kij)�1) each with a scale

variation band from varying µr by a factor of 2. In the NNLO and NLO PDF cases, both scales µf

and µr are varied by a factor of 2 following the 9-point convention [11].

Considering the µ = mH/2 and µ = mH central value results displayed in Table 14 and

Fig. 48, it can be observed that aN3LO PDFs predict a lower central value than NNLO PDFs

across all hard cross section orders. One can also notice an overlap in all cases between pre-

dictions from NNLO and aN3LO PDFs. However for µ = mH/2, whilst the error bands for

predictions with N3LO hard cross section and NNLO and N3LO PDFs overlap, their central

values are outside each other’s respective error bands. Since estimating MHOUs via scale vari-

ations is a somewhat ambiguous procedure (and is therefore estimated conservatively to reflect

this), these results highlight the benefit of being able to exploit a higher level of control over

MHOUs i.e. via nuisance parameters. By predicting a di↵erent central value we include a

more accurate estimation for higher order predictions which may not be contained within scale

variations, especially at unmatched orders in perturbation theory.

Examining the predicted central values further, Fig. 48 suggests that the increase in the cross

section theory at N3LO is compensated by the PDF theory at N3LO, suggesting a cancellation

between terms in the PDF and cross section theory at N3LO. This point is important to

consider when combining unmatched orders in physical calculations, since we must be open

to the possibility that unmatched cancellations in physical calculations can lead to inaccurate

predictions, as our results suggest here.

Further to this, the change in the gluon PDF is largely driven by the predicted form of Pqg

at aN3LO and DIS data. Therefore the relevant changes in the gluon at aN3LO are most likely

due to indirect e↵ects i.e. not directly related to gluon fusion predictions. Due to this, there is

no reason to believe that the observed level of convergence should happen at aN3LO for both
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proposal:  stick with baseline using PDF4LHC15, report numbers for aN3LO set(s).

numbers for   &  s = 13.6 TeV MH = 125.09 GeV
M

cG
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an, C
ridge, H

arland-Lang, Thorne 22
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Error Estimates from aN3LO sets

overall error budget reduces with aN3LO PDFs   “PDF-TH” removed & partially absorbed into PDF uncertainties  
                                                                                    (incomplete splitting functions, missing N3LO XS, methodology…)
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Inclusion of NNLO mt

• start with iHixs prediction and systematically incorporate new results 

• exact top mass at NNLO 
 
 
 
iHixs gives access to each part: 
    substitution        straightforward 

        (computation of “exact” already as a difference to EFT  compatibility checks)

↪ σNNLO, approx
ij → σNNLO, exact

ij
⇝

2. Set-Up

In this article we present the numerical tool iHixs that allows for the
computation of the probability to produce a Higgs boson in the collision of
protons via the gluon fusion production mode

Proton(P1) + Proton(P2) ! H(ph) +X . (1)

P1 and P2 are the momenta of the colliding protons and ph the momentum
of the Higgs boson. In collinear factorization, the hadronic Higgs boson
production cross section can be written as

�PP!H+X(µR, µF ) = ⌧

X

i,j

Z
1

⌧

dz

z

Z
1

⌧
z

dx1

x1

fi(x1, µF )fj

✓
⌧

x1z
, µF

◆
1

z
b�ij(µF , µR).

(2)
Here, we factorize long and short range interactions into parton distribution
functions fi(x) and partonic cross sections b�ij. The momenta of the colliding
partons are related to the proton momenta through the momentum fractions
xi as p1 = x1P1 and p2 = x2P2 =

⌧
x1z

P2. We define

⌧ =
m

2

h

S
, S = (P1 + P2)

2
,

z =
m

2

h

s
, s = (p1 + p2)

2
. (3)

The sum over i and j ranges over all contributing partons. Furthermore, we
define the variable z̄ = 1 � z. The partonic cross section b� depends on the
factorization scale µF and the renormalization scale µR.

The parton distributions are extracted from experimental measurements
by various groups [33–37] and are accessed in our program via the LHAPDF
framework [38]. Our partonic cross sections include a large variety of e↵ects
that combined allow for the currently most precise prediction of the inclusive
Higgs boson production cross section.

Let us begin by defining our master formula for the partonic cross section
before we explain it in detail later.

�̂ij = RLOC
2

h
�
LO, EFT
ij + �

NLO, EFT
ij + �

NNLO, EFT
ij + �

N
3
LO, EFT

ij

i

+ ��
LO, (t,b,c)
ij + ��

NLO, (t,b,c)
ij + ��

NNLO, (t)
ij + RLOC

2
��

Res

ij .

(4)

5

iHixs:

2.3. Mass E↵ects at NNLO

Currently, corrections beyond NLO in exact QCD are unknown. In
refs. [19, 20] NNLO corrections were approximated by performing an ex-
pansion of the partonic cross section in mh

mt
. The NNLO corrections to the

cross section can then be written as

�
NNLO

ij = �
NNLO, approx.
ij +O

 ✓
m

2

h

m
2
t

◆4
!

. (17)

The numerically largest perturbative corrections arise due to contributions
involving a gluon in the partonic initial state. We include the approximate
NNLO correction due to the top quark mass in the gluon-gluon and quark-
gluon channel in our partonic cross section, eq. (4), as

��
NNLO, (t)
ij = �

NNLO, approx.
ij �

h
C

2

QCD
RLO�

EFT

ij

i

↵4
S

for (ij) 2 {(gg), (gq)},

(18)

2.4. Electro-Weak E↵ects

Corrections to the Higgs boson production cross section due to electro-
weak physics are an important ingredient for precision predictions. The
purely virtual leading corrections were computed in refs. [21–24]. In ac-
cordance with the complete factorisation approach we include them in terms
of a modification of our QCD Wilson coe�cient. To this end, we define
the quantity �EWK to be the ratio of the leading electro-weak corrections of
ref. [22] to the Born cross section and include it in eq. (5).

Corrections beyond LO in QCD and electro-weak physics are currently
unknown. They were approximated in an e↵ective theory of infinitely heavy
W and Z bosons and top quark in ref. [25]. In this approach the electro-
weak gauge bosons are integrated out and calculations are performed in a
framework where the QCD Wilson coe�cient receives a modification. The
corrections in this approximation is taken into account in iHixs by including
the coe�cient

C1w =
7

6
(19)

in eq. (5). Recently, the mixed QCD-electroweak corrections were also ap-
proximated using the first term of a threshold expansion in ref. [26]. The
obtained results are in good agreement with the approach outlined above.

9
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Inclusion of mixed QCD-EW

• start with iHixs prediction and systematically incorporate new results 

• inclusion of EW corrections by  
iHixs formula based on factorization hypothesis: 
 
 

  iHixs uses  as estimated from the  limit 
  full result gives:   ( )   ( )  

      but note:     vary  by factor in range  
 
proposal: incorporate new result with an additional correction term (1st step)  
 
 
and define error estimates on correction factor (beyond light quarks,  channel, …)

↪ C1w = 7/6 MV → ∞
↪ C1w = − 1.7 μR = MH/2 C1w = − 2.1 μR = MH

δ(EW) ∼ ± 1 % ↭ C1w [−3, 6]

gg

2. Set-Up

In this article we present the numerical tool iHixs that allows for the
computation of the probability to produce a Higgs boson in the collision of
protons via the gluon fusion production mode

Proton(P1) + Proton(P2) ! H(ph) +X . (1)

P1 and P2 are the momenta of the colliding protons and ph the momentum
of the Higgs boson. In collinear factorization, the hadronic Higgs boson
production cross section can be written as

�PP!H+X(µR, µF ) = ⌧

X

i,j

Z
1

⌧

dz

z

Z
1

⌧
z

dx1

x1

fi(x1, µF )fj

✓
⌧

x1z
, µF

◆
1

z
b�ij(µF , µR).

(2)
Here, we factorize long and short range interactions into parton distribution
functions fi(x) and partonic cross sections b�ij. The momenta of the colliding
partons are related to the proton momenta through the momentum fractions
xi as p1 = x1P1 and p2 = x2P2 =

⌧
x1z

P2. We define

⌧ =
m

2

h

S
, S = (P1 + P2)

2
,

z =
m

2

h

s
, s = (p1 + p2)

2
. (3)

The sum over i and j ranges over all contributing partons. Furthermore, we
define the variable z̄ = 1 � z. The partonic cross section b� depends on the
factorization scale µF and the renormalization scale µR.

The parton distributions are extracted from experimental measurements
by various groups [33–37] and are accessed in our program via the LHAPDF
framework [38]. Our partonic cross sections include a large variety of e↵ects
that combined allow for the currently most precise prediction of the inclusive
Higgs boson production cross section.

Let us begin by defining our master formula for the partonic cross section
before we explain it in detail later.

�̂ij = RLOC
2

h
�
LO, EFT
ij + �

NLO, EFT
ij + �

NNLO, EFT
ij + �

N
3
LO, EFT

ij

i

+ ��
LO, (t,b,c)
ij + ��

NLO, (t,b,c)
ij + ��

NNLO, (t)
ij + RLOC

2
��

Res

ij .

(4)

5

iHixs:

Becchetti, Bonciani, Del Duca, Hirschi, Moriello, Schweitzer 20
We define the combined Wilson coe�cient,

C = CQCD + �EWK(1 +
↵S

⇡
C1w + . . . ).

CQCD =
3X

i=0

⇣
↵S

⇡

⌘i

C
(i)
QCD

. (5)

Here CQCD is the QCDWilson coe�cient, matching the heavy top quark EFT
to QCD with finite masses and �EWK is an e↵ective Wilson coe�cient incor-
porating electroweak corrections. iHixs enables the user to choose which of
the contributions in eq. (4) and eq. (5) should be taken into account in cross
section predictions. In the following we will discuss the individual contribu-
tions.

2.1. E↵ective Theory

Perturbative corrections in QCD are known to be large and thus of sig-
nificant importance for hadron collider phenomenology. The gluon fusion
production cross section is loop induced process and the computation of high
order corrections is consequently rather di�cult. A very successful strategy
to approximate higher order QCD corrections is the computation of pertur-
bative corrections within an e↵ective theory (EFT) where the top quark is
considered to be infinitely heavy and all other quarks to be massless [6, 39–
41]. This e↵ective theory is described by the Lagrangian density

Le↵ = LSM,5 +
↵S

12⇡v
CQCDHG

a
µ⌫G

µ⌫
a , (6)

where H is the Higgs field, Ga
µ⌫ is the gluon field strength tensor and LSM,5

denotes the SM Lagrangian with nf = 5 massless quark flavours. The Wilson
coe�cient CQCD is obtained by matching the e↵ective theory to the full SM
in the limit where the top quark is infinitely heavy [7–10]. It is implmeneted
in iHixs through three loops, in both the on-shell scheme as well as the
MS-scheme. The corrections to the partonic cross section in the e↵ective
theory at NLO [11] , at NNLO [12–14] and at N3LO [3, 15, 16] are currently
available and implemented in iHixs.

The partonic cross sections �N
n
LO, EFT

ij in eqn. (4) correspond to the cor-
rections obtained in this e↵ective theory at order n after factoring out the
Wilson coe�cient CQCD. Higher order corrections to the cross section, due to

6

δσEW
ij = σEW

ij − [C2RLOσEFT
ij ]α3

s α2
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Community Input / Requests

1) BSM scan with non-SM Higgs Mass 
Assuming step size and range ( ) of Report 4 

2)  breakdown 
Corrections can have different K-factors 

Useful for BSM studies with different t/b weighting

mH = [10,3000] GeV

σ(gg → H) = σtt + σtb + σbb

• different radiative corrections to top and bottom loops [pole masses]:

σ(gg → H) = σtt + σtb + σbb
Ktt ∼ 1.68

Ktb ∼ 0.97

Kbb ∼ 1.20

⇒ up to 20− 30% differences in NLO cxn [mb: scheme/scale dep.?]
⇒ not possible to use SM-like cxns in many BSM cases

for different weighting of top and bottom loops
[enhancement of bottom loops (e.g. 2HDM type II, MSSM,. . . )]

• bottom-loop dominance: full NLO 20% uncertainties ← double logs

• can only use N3LO results for σtt
⇒ individual grids [(pseudo)scalar] for σtt,σtb,σbb [← σBSM?]

• BSM heavy: eff. ggH coupl. cg → interf. with full top/bottom loops!

σ(gg → H) = σcgcg+σtt
︸ ︷︷ ︸

∼N3LO

+σtb + σbb
︸ ︷︷ ︸

NLO

+σcgt
︸ ︷︷ ︸

∼N3LO

+σcgb
︸ ︷︷ ︸

NLO

[

LBSM = cg GaµνGa
µνH

]

Talk: M. Spira (19th General Assembly)

Can run iHixs2 with same setup; 
unlikely to have most recent  

 or  
 

but: HTL not valid above  
how were the cross sections  

computed/provided in the past?

δ(1/mt) δ(EW)

2mt

iHixs2 outputs partially  
decomposed information; 

would still rely on on support from  
the authors of the code 

https://indico.cern.ch/event/1169286/contributions/5149674/attachments/2555953/4404274/spira_ext.pdf
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Conclusions & Next Steps

Status 

Initially asked feasibility of computations for all points on twiki 

Settled with each group on reduced range of computations (will need to interp.) 

Requested any available results on 05/06/23 for initial combination 

Next Steps 
Re-ping groups and share details of how their numbers will be combined 

Produce initial combination based on numbers in their publications (for validation) 

Comments and Questions?

N3LO QCQ (iHixs) DONE
NNLO QCD w/mt AWAITING INPUT (CONFIRMED 5/04/23)
QCD-EW gg AWAITING INPUT (CONFIRMED 17/05/23)
aN3LO PDFs DONE (PROPOSAL + ongoing LH study)



Backup
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aN3LO PDFs Comparison

aN3LO PDFs & gluon-fusion Higgs production (VI)

Some differences between aN3LO sets by MSHT & NNPDF in gg luminosity

#a3nlo-pdf-ggh

Followup studies:
● Understand origin of differences

(impact from prior → posterior? 
 treatment of MHO uncertainties
 & other N3LO inputs?
 difference in methodology? …)

● Compare evolution of toy PDFs 
● Cross-section level comparisons
● …

13

aN3LO PDFs & gluon-fusion Higgs production (IV)

With two independent aN3LO sets, a more detailed look into approximated splitting functions

#a3nlo-pdf-ggh

MSHT (prior)  ≃  NNPDF

MSHT (posterior) shifts 
within uncertainty band
(absorbs some low-x logs?)

11

xPgg(x), αs = 0.2, nf = 4

gg luminosity, s = 13.6 TeV
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NNLO with full top-quark mass

H+1jet @ 2-loop & H @ 3-loop with  using 
numerical solution of differential equations

mT

Czakon, Niggetiedt 20;  
Czakon, Harlander, Klappert, Niggetiedt 21

gg → Hg

Decreases  by @ 13 TeV compared to heavy top limit (HTL) 

Intricate interplay between mass effects  
Complete NNLO results obtained using STRIPPER framework

σtot −0.26 %

gg (+0.62%), qg (−16%), qq (−15%)

2Re⟨M(1)
exact |M(2)

exact⟩ |regulated
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What to do with bottom/charm quarks?

Would be very useful to know bottom/charm effects @ NNLO (reduce  ) 

However, technically very challenging to get NNLO results

δ(t, b, c)

Slide: Marco (Monday)
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Mixed QCD-EW Corrections @ NLOQCD

Increases  by @ 13 TeV, reduces residual uncertainty  
Favouring factorisation of EW corrections:  

Compatible with previous estimates: 
Soft approx: ,         : ,         : 

σtot +5.1 % δ(EW) ∼ 0.6 %
σ = σLO (1 + δQCD) × (1 + δEWK)

+5.4 % MH ≪ MV +5.2 % MH ≫ MV +5.4 %

10-4

10-3

10-2

10-1

Higgs rapidity

σ
 p

er
 b

in
 [p

b]

EW @ LO
EW @ NLO QCD

Ma
dG
ra
ph
5_
aM
C@
NL
O

 2

 2.1

 2.2

 2.3

 2.4

 2.5

 2.6

-4 -3 -2 -1  0  1  2  3  4

EW @ NLO QCD / EW @ LO

[-]

Challenging calculations 

Becchetti, Bonciani, Del Duca, Hirschi, Moriello, Schweitzer 20

Bonetti, Melnikov, Tancredi 17 
Bonetti, Panzer, Smirnov, Tancredi 20

Dominant light-quark mediated 
contributions computed, rather flat 
K-factor (for rapidity distribution)

Bonetti, Melnikov, Tancredi 18; Anastasiou, Del Duca, Furlan, Mistlberger, 
Moriello, Schweitzer, Specchia 19 

Anastasiou, Boughezal, 
Petriello 09;
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What to do with the  channels?qg, qg, qq

Previous calculation of QCD-EW corrections only considers dominant  channel 

Impact of the quark channels expected to be relatively suppressed (due to large  
lumi), primary impact likely to be  shift at large/moderate  

But: 2-loop  amplitudes known 

Presumably, all-channel QCD-EW estimate is within reach 

Proposal: 
The sub-group should continue assembling the ingredients required for an update 
(including the existing QCD-EW corrections), iron out any issues, keep in touch with 
authors who may produce an improved QCD-EW estimate.

gg

gg
𝒪(−2%) pT

qqHg
where the Higgs boson couples to the quarks through a pair of massive vector bosons V ,

where V is either equal to W± or Z, see Figure 1.

q(p1)

q(p2) g(p3)

H(p4)

(a)

q(p1)

q(p2) g(p3)

H(p4)

(b)

q(p1)

q(p2) g(p3)

H(p4)

(c)

Figure 1: Representative diagrams for the process H → qqg. The internal wavy lines

represent massive vector bosons. All momenta are taken to be incoming.

The scattering amplitude for this process, M, depends on the three Mandelstam vari-

ables

s = (p1 + p2)
2 , t = (p1 + p3)

2 , u = (p2 + p3)
2 , with s+ t+ u = m2

h , (2.2)

and on the mass of the vector boson that mediates the interaction between the Higgs boson

and the massless quarks, denoted as mV . Throughout, mh indicates the Higgs boson mass.

The dependence of the scattering amplitude on the SU(3) color structure is given by the

Gell-Mann matrices T c3
i1i2

, where c3 is the color index associated with the gluon, and i1 (i2)

is the color index of the quark (antiquark)

Ms1s2λ3
(p1,p2,p3) =

[

α3/2mW

2 sin3 θW

]

T c3
i1i2

As1s2λ3
(p1,p2,p3)

=

[

α3/2mW

2 sin3 θW

]

T c3
i1i2

ε∗µλ3
(p3)us1(p1)Aµ(s, t, u,m

2
V )vs2(p2). (2.3)

In Eq. (2.3) we have collected out the overall electroweak coupling and we also made

explicit the dependence on the spin of the quarks (s1, s2) and on the polarization vector

of the gluon ελ3
which satisfies ελ3

· p3 = 0. In addition, Ward Identities require that the

amplitude Aµ(s, t, u,m2
V ) must satisfies the transversality condition

p3 · A(s, t, u,m2
V ) = 0 . (2.4)

We write the coupling of the vector boson V with the light quarks as gvV +γ5gaV , where [38]

gvW = −i
e

sin θW

1

2
√
2
, gaW = +i

e

sin θW

1

2
√
2
,

gvZf = −i
e

sin θW cos θW

[

Tf

2
−Qf sin

2 θW

]

, gaZf = −i
e

sin θW cos θW

[

Tf

2

]

.
(2.5)

Qf and Tf are the electric charge and the eigenvalue of the third generator of SU(2)L, both

associated to the fermion f interacting with V , e is the absolute value of the electric charge

of the electron, and θW is the weak mixing angle. In what follows we also define e =
√
4πα

for the electroweak coupling and gS =
√
4παS for the strong coupling.

– 4 –
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