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Overview 

Truly impressive progress since last meeting 

Pushing more channels one ``N’’ higher 

Increasingly, differential & fiducial predictions produced at high-orders 

Very important progress understanding mixed EW-QCD, quark mass effects 

Selected Examples 

: Fully differential + fiducial cross-section @ N3LO QCD, mixed QCD-EW, top-quark mass 
effects @ NNLO QCD 

VBF: Les Houches 2019 study, non-factorisable contributions 

 @ NNLO QCD with bottom-quark mass effects,  @ NNLO QCD 

 @ N3LO QCD with 4FS/5FS matching 

 QCD + EW corrections 

 off-diagonal channels @ NNLO QCD,  QCD + EW corrections 

Progress in global EFT fits 

I had to make a very unfair selection and I skip several very interesting and important topics, 
please feel free to bring them up during questions/discussion!
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ggF: N3LO Differential (Part 1)

Chen, Gehrmann, Glover, Huss , Mistlberger , Pelloni 21

Used projection-to-born method, presented:  
Perturbative expansion looks reasonable (reduced uncertainties, stable) 

Inclusive: remarkably flat K-factor (as expected) 
Differential: naïve rescaling fails for , IR sensitivity @ 

yH, yγ1, Δyγ1γ2

|yH | < 1.5 |yH | ∼ 0.5
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p p → H (→ γ γ) + XNNLOJET + RapidiX √s‾ = 13 TeV
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Inclusive Fully Differential

pγ1
T > 0.35 mγγ

pγ2
T > 0.25 mγγ

|yγ | < 2.37
1.37 < |yγ | < 1.52 (reject)
ΔR < 0.2

ATLAS cuts
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ggF: N3LO Differential (Part 2)
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Billis, Dehnadi, Ebert, Michel, Tackmann 21

With Fiducial Cuts

Resummed large fiducial power corrections induced by fiducial cuts (even in  ) 
 

Future: 
Include fiducial power corrections also in  ?  (J. Michel talk @ LHCP2021) 
Explore different fiducial cuts which suppress these effects?

σfid
σfid = 57.69 (1 ± 2.7%pert ± 2.1%BR ± 3.2%PDF+αs

± 2%EW ± 2%t,b,c) fb

yH, Δyγ1γ2
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ggF: Mixed QCD-EW Corrections

Increases  by , reduces residual uncertainty  
Favouring factorisation of EW corrections:  
Compatible with previous estimates 

Future: 
Corrections at large ? Without heavy top-quark approximation? 
LO and NLO quark-induced EW contribution

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

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

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

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

e.g. Bonetti, et al. 18; Anastasiou et al. 18, Anastasiou, et al. 08
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ggF: NNLO with full top-quark mass

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

Czakon, Harlander, Klappert, Niggetiedt 21

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

gg → Hg

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

Future: 
Use technology to include light quark mass effects (large logs/need to resum?) 
Impact on differential distributions/ fiducial cross sections

σtot −0.26 %
gg (+0.62%), qg (−16%), qq (−15%)
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ggF: Taking Stock
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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

Progress is steadily beating down 
sources of TH uncertainty

iHixs2: Dulat, Lazopoulos, Mistlberger 18

The precision era mantra: 
TH: Do we miss sources of uncertainty? (PDF MHOU, Schemes, NLP, …) 
EXP: Do we use the most accurate results? (PS validation, Match/ Merge) 
Elephant in the room  uncertaintiesPDF (+PDF TH)

Czakon, Harlander, Klappert, Niggetiedt 21

Becchetti, Bonciani, Del 
Duca, Hirschi, Moriello, Schweitzer 20; + Bonetti, 
Panzer, Smirnov, Tancredi, Melnikov, …

Also exposing new sources of uncertainty/ areas where we can do better: 
Fiducial power corrections (covered previously) 
Next-to-leading power corrections @ threshold Beneke, Garny, Jaskiewicz, Szafron, Vernazza, Wang 19;  

van Beekveld, Laenen, Sinninghe Damsté, Vernazza 21;



Important work getting a handle on this: 
NLOPS vs NNLO 
Detailed PS comparisons  
Additive/Multiplicative matching 
Jet-radius dependence  
High-  region 

Many Lessons: 
At large  disentangling VH/VBF more 
difficult 
Mostly(!) reasonable NNLO vs NLOPS 
EW VBF + VH 
…

pT,H

pT,H

H + 2 jet ≈

Extensive study of VBF (started at LH2019) published! 

Input from NNLOjet, POWHEG, Herwig, Sherpa

8

VBF: LH2019 Study

Buckley, Chen, Cruz-Martinez, Ferrario Ravasio, Gehrmann, Glover, Höche, Huss, Huston, Lindert, Plätzer, Schönherr 21

pp → H + 2j (VBF only)
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VBF ( ): NLO QCD + EWH → ZZ
Process  at  and  

Includes all off-shell, non-resonant & interf. effects 

Decreases  by , mostly due to EW 
Sudakov logs:  
EW corrections can reach  at high energy

pp → e+e−μ+μ− jj + X 𝒪(α7) 𝒪(αsα6)

σfid −16 %
ln2(Q2/M2

W), ln(Q2/M2
W)

−40 %

Denner, Franken, Pellen, Schmidt 20
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VBF : Non-factorisable contributionHH

Liu, Melnikov, Penin 19 
Dreyer, Karlberg, Tancredi 20

4 Frédéric A. Dreyer et al.: On the impact of non-factorisable corrections in VBF single and double Higgs production
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Fig. 5: Diagrams for Higgs pair production. (a) The T1 topology. (b) The T2 topology. (c) The B1 topology. (d) The
B2 topology.

up to NLO due to colour conservation. At NNLO this is no
longer true, as in particular two gluons in a colour singlet
state can be emitted between the two quark lines, as shown
in figure 6. As the gluons have to be in a colour singlet state,
these diagrams will be colour suppressed compared to their
factorisable counterparts. For this reason it has long been
argued that they can be neglected when considering NNLO
corrections to VBF [5].

Due to the complexity involved in computing the
two-loop non-factorisable corrections, very little has been
known about them beyond the fact that they are colour
suppressed. However, very recently [11] significant progress
was made, when it was shown that the corrections can be
estimated within the eikonal approximation [21–24]. This
calculation exploits the fact that when typical VBF cuts
are applied, the VBF cross section can be expanded in
the ratio of the leading jet transverse momentum over the
total partonic centre-of-mass

⇠ =
pt,j1
p
s
. (6)

In this kinematical configuration, the authors of Ref. [11]
conclude that the non-factorisable corrections receive a ⇡2-
enhancement connected to the presence of a Glauber phase,
which can partially compensate their colour suppression.
Indeed, it turns out that for VBF single Higgs production,
the non-factorisable corrections can contribute up to 1%
in certain regions of phase space, making them larger than
the factorisable N3LO corrections. In what follows we will
use the same approximation to estimate the impact of
non-factorisable corrections for the case of double Higgs
production as well.

In order to see how the NNLO non-factorisable cor-
rections can be estimated in the eikonal approximation
both for single and double Higgs production, let us con-
sider a generic VBF Born diagram, which we will call D,
for the production of an in principle arbitrary number of
Higgs bosons, see Fig. 3a. In what follows this diagram will
represent either the Born diagram for VBF single Higgs
production T of Fig. 4, or any of the Born diagrams for
double Higgs production T1, T2, B1 or B2 in Fig. 5.

It is important to stress here that, somewhat coun-
terintuitively, we will be considering QCD corrections on

each single diagram separately, and not on the full Born
matrix element. Since we are interested in computing the
NNLO QCD corrections to this class of processes, we imag-
ine dressing the diagram D with 1-loop or 2-loop QCD
corrections, as depicted in Fig. 6, where we provide two
representative diagrams for illustration only.

(a) (b)

Fig. 6: Generic form of non-factorisable 1-loop (a) and
2-loop (b) corrections to the production of n Higgs boson.

It turns out that, at least up to two loops in QCD, we
can limit ourselves to diagrams where the gluons are in
a colour-singlet configuration, i.e. exchanged between the
two quark lines. All other configurations do not contribute
to the cross-section due to colour conservation. Therefore,
the calculation of the one- and two-loop QCD corrections
in the eikonal approximation reduces e↵ectively to the cor-
responding calculation in QED, with the colour-averaged
e↵ective coupling

e↵s =

✓
N2

c
� 1

4N2
c

◆1/2

↵s . (7)

Following Ref. [11], let us consider the process

q(p1) + q(p2) ! q(p3) + q(p4) +X(P ) (8)

where X(P ) can represent one or multiple Higgs bosons
produced in vector-boson fusion. At leading order, we call
the momenta flowing in the two vector bosons respectively

q1 = p1 � p3 , q2 = p2 � p4 . (9)

14 Frédéric A. Dreyer et al.: On the impact of non-factorisable corrections in VBF single and double Higgs production

proVBFHH v1.1.0 √s  = 13 TeV, VBF cuts
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Fig. 13: Kinematic distributions for Higgs pair production through VBF under the cuts of sec. 3.1. (a) transverse
momentum of the hardest jet (b) transverse momentum of the second hardest jet. In red we show the non-factorisable
↵2
s
correction and in blue we show the factorisable one. Both are normalised to the NLO cross section.

200020-175595 while part of this work was carried out. L.T. is
supported by the Royal Society through grant URF/R1/191125.

A Analytic results for one-loop integrals

In this appendix we report, for completeness, analytic
results for the one-loop functions defined in eqs. (16,17)
and in eqs. (19,21).

We recall here that we are dealing with two-dimensional
(euclidean) integrals. As it is well known, at one-loop any
n-point function with n � 3 can be reduced to bubbles
and tadpoles, such that the finite piece of every one-loop
integral close to d = 2 dimensions can always be expressed
in terms of logarithms only. We stress that, obviously,
for this reduction to be true, one needs to work with
explicitly two-dimensional kinematics. As in the main text,
we parametrise the momenta q1, q2 and q3 as

q1 = (q1x, 0) , q2 = (q2x, q2y) , q3 = (q3x, q3y) (37)

such that the usual Mandelstam invariants are not inde-
pendent and can be written as

s = (q1x + q2x)
2 + q2

2y
, t = (q1x + q3x)

2 + q2
3y

, (38)

u = (q2x + q3x)
2 + (q2y + q3y)

2 , (39)

q2
1
= q2

x
, q2

2
= q2

2x
+ q2

2y
, q2

3
= q2

3x
+ q2

3y
, (40)

q2
4
= (qx + q2x + q3x)

2 + (q2y + q3y)
2 . (41)

In what follows, we will use interchangeably either the
Mandelstam invariants or their parametrisation above,
depending on which of the two is more convenient.

In order to present the results below, we introduce a
one-loop box family of finite, two-dimensional integrals

In1,n2,n3,n4 =
1

⇡

Z
d2k

1

Dn1
1
Dn2

2
Dn3

3
Dn4

4

(42)

with
P

j
nj � 2 and

D1 = k2 + �2 , (43)

D2 = (k � q1)
2 +M2

V
, (44)

D3 = (k + q2)
2 +M2

V
, (45)

D4 = (k � q13)
2 +M2

V
. (46)

With this notation we see that

�(1)

T
(q1, q2) = I1,1,1,0 , �(1)

B1
(q1, q2, q3) = I1,1,1,1 .

It is very easy to reduce the box-integral I1,1,1,1 to trian-
gle integrals by noticing that, for strictly two-dimensional
kinematics, the four propagators Dj are not linearly inde-
pendent and one can write

1 =
1

�B

h
(2q2yq3x � (q3y(q1x + 2q2x))D1

+ q1xq2y(D4 �D2) + q1xq3yD3

i
(47)

VBF Approximation/structure function approach: 
neglect the (colour suppressed) exchange of 
particles between the quark lines 

Non-factorisable contributions recently studied 
using the eikonal approximation

(As pointed out by authors) Eikonal 
approximation not trustworthy for too high pt, j

H - Small corrections, but shape can differ 
from structure function approximation 
HH - Delicate cancellations between 
diagrams spoiled, giving rise to a large 
corrections

Frédéric A. Dreyer et al.: On the impact of non-factorisable corrections in VBF single and double Higgs production 7

because lengthy but fully analytic representation can be
obtained for all these functions in terms of polylogarithms.
In fact, if we limit ourselves to one-loop, the expressions are
rather compact and we report them in appendix A. Never-
theless, our results involve only integrals of logarithms and
exhibit a very high degree of symmetry, both moving from
one to two loops and going from 3- to 4-point functions.
Moreover it is straightforward to rewrite the integrals to
make them explicitly real, at the price of introducing in-
verse trigonometric functions. Finally, as a curiosity, it
turns out that performing the calculation in this way the
results can be e↵ortlessly generalised to higher-point inte-
grals, i.e. for an arbitrary number of Higgs bosons in the
final state.

With the definitions above, the non-factorisable QCD
corrections to the total amplitude for single and double
Higgs production can be written, respectively, as

MH =
X

j

M
(j)

H
, MHH =

X

j

M
(j)

HH
, (25)

where for single Higgs we have simply

M
(j)

H
= M

(j)

T
, (26)

while for double Higgs we find

M
(j)

HH
= M

(j)

T1
+M

(j)

T2
+M

(j)

B1
+M

(j)

B2
, (27)

which of course implies a much richer interference pattern.
More explicitly, we find for the cross-section for single
Higgs production

d�NNLO

H,nf
= e↵2

s
�H

nf
(q1, q2) d�

LO (28)

where d�LO is the leading-order cross section given in (1),
e↵s is the e↵ective coupling in eq. (7), and the NNLO non-
factorisable contributions only depend on the functions

f (j)

T
through

�H

nf
(q1, q2) =

h
�(1)

T
(q1, q2)

i2
� �(2)

T
(q1, q2)

=
h
f (1)

T

i2
� f (2)

T
. (29)

As an illustration, and in order to compare this case to di-
Higgs production, it is useful to compute the corrections in
the limit where all transverse scales become small compared
to the vector-boson mass, i.e. q2

1,2
⌧ M2

V
. In that limit,

all integrals become trivial and we find [11]

�H

nf
(q1, q2) = 1�

⇡2

3
. (30)

In the case of double Higgs production, the form of
the corrections is rather cumbersome but still entirely
straightforward and we prefer to avoid writing down the
formulas explicitly. On the other hand, if we consider the
same limit as above, i.e. q2

1,2
⇠ q2

3,4
⌧ M2

V
, formulas

simplify considerably. In order to present the result, we
divide the LO cross-section in three contributions as

d�LO

HH
= d�LO

TT
+ d�LO

BB
+ d�LO

TB
, (31)

where d�LO

TT
is the contributions stemming solely from

diagrams T1 and T2, �LO

BB
from B1 and B2 and �LO

TB
from

the interference of the two classes of diagrams, see Fig. 5.
With this, we find that the non-factorisable corrections at
NNLO take the suggestive form

d�NNLO

HH,nf
⇠ e↵2

s

h✓
1�

⇡2

3

◆�
d�LO

TT
+ d�LO

TB

�

+

✓
5

4
�

⇡2

3

◆
d�LO

BB

i
. (32)

Eq. (32) shows that the three contributions to the Born
cross-section for di-Higgs production can receive radia-
tive corrections which are di↵erent at the 10% level. The
cross-section for HH production at LO is the result of
delicate cancellations of more than one order of magni-
tude between the three di↵erent contributions in eq. (31),
as can be seen in table 1. These cancellations are a well
known manifestation of the role that the Higgs boson
has in restoring unitarity in the Standard Model. Since
we are working in the eikonal approximation, one could
therefore wonder whether this approximation could spoil
these cancellations and induce in this way artificially large
NNLO QCD corrections on the di-Higgs cross-section. As
a matter of fact, eq. (32) suggests that QCD corrections do
a↵ect di↵erently the various contributions to the di-Higgs
cross-section enough to modify the cancellation pattern.
Interestingly though, eq. (32) is valid in the limit of very
small transverse momenta, where one expects the eikonal
approximation to work well and the cross-section to be
insensitive to any unitarisation issues. We are therefore
lead to conclude that non-factorisable QCD corrections
do have a potentially large impact on di-Higgs production
and that this does not appear to be only a result of the
approximation considered.

Before concluding this section, it is worth noting that
at O(↵2

s
) there are both loop-induced and real emission di-

agrams that contribute to the non-factorisable corrections
discussed above. Nevertheless, it is well known that real
emission diagrams do not contribute to leading order in
the eikonal approximation, and the whole cross-section in
this limit stems from the virtual contributions only. This is
also demonstrated by the fact that IR divergences cancel
between the two-loop and the one-loop squared ampli-
tudes. We stress here that the real emission diagrams have
been computed for the single Higgs case in [25], and could
be used to compute non-factorisable corrections beyond
the leading eikonal approximation, once the full two-loop
amplitudes become available.

3 Results for single Higgs VBF production

3.1 Setup

In order to investigate the size of the various QCD cor-
rections, we study 13 TeV proton-proton collisions, in
a setup identical to Ref. [7]. We use a diagonal CKM
matrix, full Breit-Wigners for the W , Z and the narrow-
width approximation for the Higgs boson. We take the



 production with  now known at 
NNLO QCD including bottom mass effects 

Allows application of realistic jet algorithms 
for  jets (important for TH vs EXP) 

Including  mass increases  by 
( for boosted ) 

Rescaling massive NLO works for some 
distributions ( e.g.  but not  ) 

New paper today: 
Anomalous couplings in  and  @ 
NNLO QCD with massive  quarks

WH H → bb̄

b

b σtot +6.3 %
+7.7 % σfid

pt,H(bb̄) mH(bb̄)

WH ZH
b

11

: NNLO WH with b mass effectsVH

Behring, Bizon, Caola, Melnikov, Röntsch 20
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NNLO QCD including Drell-Yan type and top-loop 
induced contributions 

Flat K-factors ~1 for inclusive jet production 

Corrections  for exclusive jet production 
(residual TH uncertainty  ) 

NLO/NNLO predictions consistent only when 
uncorrelated prescription for evaluating TH 
uncertainty is used 

 

Future: 
What should we be doing with b-jets in general? 
Want a procedure close to EXP but which we can 
handle theoretically (correct treatment of )

𝒪(−10%)
𝒪(5%)

σ1j ≡ σ≥1j − σ≥2j , Δ2
1j = Δ2

≥1j + Δ2
≥2j

g → bb̄

12

: NNLO WH + jet(s)VHj
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Gauld, Gehrmann-De Ridder, Glover, Huss, Majer 20

Stewart, Tackmann 11



Sizeable impact of  above top- 
quark threshold, desirable to have to NLO 

TH progress: virtuals complete

gg → ZH

13

: Gluon fusion virtualsZH/ZZ/WW
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Figure 7. The differential distributions of the invariant mass of the HZ system (left panel) and the
transverse momentum of the Higgs boson reconstructed from b-jets (right panel). The lower panel
illustrate ratio of full results (NNLO as well as NNLOPS) to the NNLOPS results without gg!HZ

contribution.

We start by examining the results without gg ! HZ contribution (left hand panels).
We note that both the fixed-order (green) and the HZNNLOPS after parton shower (red)
differ from the MC-truth result (blue). At low transverse momenta, this difference becomes
smaller when a larger jet-radius is considered (left bottom panel), which suggests that
the dominant reason for the difference is out-of-jet radiation from the bb̄-final state. At
larger transverse momenta the difference with respect to the MC-truth is instead smaller at
smaller jet-radius (top left panel), which points to the fact that in this region the difference
is mainly due to radiation from the initial state. We also notice that in the intermediate
transverse momentum region the fixed-order and HZNNLOPS show sizeable differences for
small jet radius, while these differences are more moderate when using a larger R. This can
be easily understood from the fact that the observable with larger R is more inclusive and
hence fixed-order and parton shower results are in better agreement.

We now move to discuss the plots including the gg ! HZ effects. First, we note that
the red and green bands in the top right panel if Fig. 8 are identical to the bands shown
in the right panel of Fig. 7. As expected when the radius becomes bigger (bottom right
panel) the fixed-order (green) and parton shower results (red) move closer to each other,
again because the observables become more inclusive. We also note that the uncertainty
bands are now larger compared to the results without gg ! HZ contribution. This was
already observed for the fiducial cross section and is due to the leading order description of
the gg!HZ contribution.

We now show the distribution of the transverse momentum of the bb̄-jet system in the
fiducial volume with and without the additional cut pt,Z > 150 GeV. The relevant plots are
shown in Fig. 9. First of all we note that the difference between treating the H!bb̄ decay at
NLO with respect to LO is very small, which leads to the conclusion that a parton shower
equipped with Matrix Element corrections to the H ! bb̄ branching provides a very good
estimation of the higher-order corrections. We also notice a Sudakov shoulder in the fixed-

– 16 –

Astill, Bizon, Re, Zanderighi 18

Davies, Mishima, Steinhauser 20;  
Chen, Heinrich, Jones, Kerner, Klappert, Schlenk 20; 

Virtuals complete also for  and gg → WW gg → ZZ
Davies, Mishima, Steinhauser, Wellmann 20; Brønnum-Hansen, Wang 20, 21;  
Agarwal, Jones, von Manteuffel 20;

gg → ZZ

Brønnum-Hansen, 
Wang 21

Future: 
Interesting to see impact of these corrections 
above/around top-quark 
Must not forget mass-scheme uncertainty
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: N3LO QCDbb̄ → H

�� ���

���� ����

�� �� �� �� �� �� �� �� �� ��

����

����

����

����

μ� [���]

σ
[�
�]

��� �� ���
���������
� � → �+� (���)
μ�=��

N3LO QCD corrections to   

Supports choice of a rather small value for  

Examined 3 matching procedures for 4FS/5FS 
              

FONLL-A: All ingredients  
NNLO 5FS matched to LO 4FS 

FONLL-B: All ingredients  except parts of  
with a b-quark in the initial state, kept to   
Retains NLO accuracy of 4FS 

FONLL-C: All ingredients  
N3LO 5FS matched to NLO 4FS 

Matching increases  by  
New -initiated channels give a large negative 
contribution 

Questions: Anything general to learn about 4FS/
5FS from this?

bb̄ → H

μF

σmatched = σ(4) + σ(5) − σ(4−5)
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Duhr, Dulat, Hirschi, Mistlberger 20



 studied accounting for all 1-loop and real-
emission corrections of QCD and EW origin 

 with  

Challenging to extract genuine  signal due to 
huge , VBF backgrounds (even differentially)

Hbb̄

𝒪(αm
s αn+1) m + n = 2,3

y2
b

ZH

But BDTs can still separate the hidden signal? 

Authors applied a variety of techniques: 
interpretable machine learning, kinematic shapes, 
Shapley values,… 

Still @ HL-LHC  very constraining 
@ FCC-hh improves bounds on phase by  

Future:  
Clearly a challenging measurement 
A good testing ground for separating S/B

h → bb̄, gg → h
Hbb̄ 15 %

15

RIP ?Hbb̄

Pagani, Shao, Zaro 20
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Grojean, Paul, Qian 20
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Grojean, Paul, Qian 20
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: NNLO QCD Off-Diagonal Contributionstt̄H

, off-diagonal contributions 
( ) obtained @ NNLO 

Fully differential results obtained using the 
 subtraction method, can be applied 

generally to  (where  is a colourless 
final state system)

ab → tt̄H + X
qg, qq, qq′ �, qq̄′� (q ≠ q′�)

qT
QQ̄F F

� [fb] 13 TeV 100 TeV

LO 394.987(3) 28228.2(2)

NLO (Madgraph5 aMC@NLO) 499.76(4) 36948(3)

NLO (Matrix) 499.73(1) 36947(1)

NLO (qT ) 499.79(4) 36947(3)

O(↵4

S
)qg �0.796(27) 214.7(2.9)

O(↵4

S
)q(q̄)q0 0.62694(82) 95.307(56)

Table 1: The ttH total cross section at LO and NLO, and its NNLO corrections in the
flavour o↵-diagonal partonic channels. The numerical uncertainties at LO and NLO (Mad-

graph5 aMC@NLO, Matrix) are due to numerical integration, while at NLO (qT subtrac-
tion) and NNLO they also include the systematics uncertainty from the rcut ! 0 extrapolation.

Matrix framework [65], suitably extended to tt̄H production. In both implementations all the

required tree-level and one-loop amplitudes are obtained with OpenLoops [54–56], including

the tree-level spin- and colour-correlated amplitudes required to evaluate the contributions in

Eq. (12).

In order to numerically evaluate the contribution in the square bracket of Eq. (5), a technical

cut-o↵ rcut is introduced on the dimensionless variable qT/M , where M is the invariant mass

of the tt̄H system. The final result, which corresponds to the limit rcut ! 0, is extracted by

computing the cross section at fixed values of rcut in the range [0.01%, rmax]. Quadratic least

�
2 fits are performed for di↵erent values of rmax 2 [0.5%, 1%]. The extrapolated value is then

extracted from the fit with lowest �
2
/degrees-of-freedom, and the uncertainty is estimated by

comparing the results obtained by the di↵erent fits. This procedure is the same as implemented

in matrix [65] and it has been shown to provide a conservative estimate of the systematic

uncertainty in the qT subtraction procedure for various processes (see Sec. 7 in Ref. [65]).

We consider pp collisions at the centre-of-mass energies
p

s = 13 TeV and
p

s = 100 TeV.

We use the NNPDF31 [66] parton distribution functions (PDFs) with the QCD running coupling

↵S evaluated at each corresponding order (i.e., we use (n+1)-loop ↵S at NnLO, with n = 1, 2).

The pole mass of the top quark is mt = 173.3 GeV, the Higgs boson mass mH = 125 GeV,

and the Fermi constant GF = 1.16639 ⇥ 10�5 GeV�2. The renormalisation and factorization

scales, µR and µF , are fixed at µR = µF = (2mt + mH)/2. Our predictions for the LO and

NLO cross sections and for the NNLO corrections in the flavour o↵-diagonal channels are

presented in Table 1 together with their uncertainties due to the numerical integration and

the extrapolation to rcut ! 0, computed as explained above. The NLO cross section computed

with qT subtraction is compared with the result obtained with Madgraph5 aMC@NLO [67],

which uses FKS subtraction [68, 69] and with the corresponding result obtained with Matrix,

which implements dipole subtraction [62–64].

We start our discussion from the NLO results. The NLO corrections increase the LO result

by 27% (31%) at
p

s = 13 TeV (
p

s = 100 TeV). The flavour o↵-diagonal qg + q̄g channel con-

tributes about 15% (23%) of the total NLO correction. As expected, from Table 1 we observe ex-

8

No big surprises,  contribution 
of off-diagonal channels found to 
contribute at few per mille level 

Future: 
Clearly, interesting to see the impact 
of diagonal channels @ NNLO

𝒪(α4
s )

Catani, Fabre, Grazzini, Kallweit 21

New paper today: Higgs-boson production in top-quark fragmentation, can obtain top-
quark/Higgs boson mass dependence from massless calculations
Brancaccio, Czakon, Generet, Krämer 21
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 and : NLO QCD+EW predictionstHj tZj

 and  computed at NLO QCD+EW 
accuracy in 5FS, ``matching’’ to 4FS proposed 

NLO EW corrections found to be within NLO 
QCD theory uncertainties only if 4FS/5FS 
uncertainty taken into account ( )

tHj tZj

5FSscale
4−5

3.1.2 NLO QCD+EW predictions

We proceed to the computation of total cross sections at NLO QCD+EW accuracy, without
selecting t-channel diagrams; s-channel and tWh contributions are retained as explained in
Sec. 2.2. Inclusive results for the processes that we consider in this work, tHj, tZj and t`

+
`
�
j,

are shown in Tab. 1, using the settings described in Sec. 2. The two dilepton invariant mass
cuts for t`

+
`
�
j will allow us to investigate the impact of EW corrections and compare this to

the result for the undecayed tZj process.

Accuracy Channel FS tHj tZj

NLOQCD t-ch.

4FS 68.1(1)
+2.7(+4.0%)
�4.5(�6.6%)

+0.4(+0.5%)
�0.4(�0.5%) 764(1)

+33(+4.3%)
�48(�6.2%)

+3(+0.4%)
�3(�0.4%)

5FS 71.3(1)
+5.2(+7.2%)
�1.7(�2.4%)

+0.3(+0.5%)
�0.3(�0.5%) 805(1)

+45(+5.5%)
�8(�1.0%)

+3(+0.4%)
�3(�0.4%)

5FS
scale
4�5 71.3(1)

+5.2(+7.2%)
�7.7(�10.9%)

+0.3(+0.5%)
�0.3(�0.5%) 805(1)

+45(+5.5%)
�89(�11.1%)

+3(+0.4%)
�3(�0.4%)

NLOQCD
t-ch., s-ch.,

tWh

5FS 85.1(2)
+5.4(+6.4%)
�2.3(�2.7%)

+0.5(+0.6%)
�0.5(�0.6%) 895(2)

+46(+5.1%)
�16(�1.8%)

+4(+0.4%)
�4(�0.4%)

5FS
scale
4�5 85.1(2)

+6.2(+7.2%)
�9.2(�10.9%)

+0.5(+0.6%)
�0.5(�0.6%) 895(2)

+50(+5.5%)
�99(�11.1%)

+4(+0.4%)
�4(�0.4%)

NLOQCD+EW
t-ch., s-ch.,

tWh

5FS 82.2(2)
+5.6(+6.8%)
�2.4(�2.9%)

+0.5(+0.6%)
�0.5(�0.6%) 904(2)

+42(+4.7%)
�19(�2.1%)

+4(+0.4%)
�4(�0.4%)

5FS
scale
4�5 82.2(2)

+5.9(+7.2%)
�8.9(�10.9%)

+0.5(+0.6%)
�0.5(�0.6%) 904(2)

+50(+5.5%)
�100(�11.1%)

+4(+0.4%)
�4(�0.4%)

Accuracy Channel FS t`
+
`
�
j (“inclusive”) t`

+
`
�
j (Z-peak)

NLOQCD t-ch.

4FS 80.2(2)
+3.7(+4.6%)
�5.0(�6.2%)

+0.3(+0.4%)
�0.3(�0.4%) 70.9(2)

+3.1(+4.3%)
�4.4(�6.2%)

+0.3(+0.4%)
�0.3(�0.4%)

5FS 84.0(1)
+4.7(+5.6%)
�0.9(�1.0%)

+0.3(+0.4%)
�0.3(�0.4%) 75.0(1)

+4.2(+5.6%)
�0.8(�1.0%)

+0.3(+0.4%)
�0.3(�0.4%)

5FS
scale
4�5 84.0(1)

+4.7(+5.6%)
�8.7(�10.4%)

+0.3(+0.4%)
�0.3(�0.4%) 75.0(1)

+4.2(+5.6%)
�8.5(�11.3%)

+0.3(+0.4%)
�0.3(�0.4%)

NLOQCD
t-ch., s-ch.,

tWh

5FS 93.7(2)
+4.9(+5.2%)
�1.7(�1.8%)

+0.4(+0.4%)
�0.4(�0.4%) 83.4(2)

+4.3(+5.1%)
�1.5(�1.8%)

+0.4(+0.4%)
�0.4(�0.4%)

5FS
scale
4�5 93.7(2)

+5.2(+5.6%)
�9.7(�10.4%)

+0.4(+0.4%)
�0.4(�0.4%) 83.4(2)

+4.6(+5.6%)
�9.4(�11.3%)

+0.4(+0.4%)
�0.4(�0.4%)

NLOQCD+EW
t-ch., s-ch.,

tWh

5FS 89.6(2)
+5.1(+5.7%)
�1.7(�1.9%)

+0.4(+0.4%)
�0.4(�0.4%) 77.2(2)

+4.9(+6.3%)
�1.5(�1.9%)

+0.3(+0.4%)
�0.3(�0.4%)

5FS
scale
4�5 89.6(2)

+5.0(+5.6%)
�9.3(�10.4%)

+0.4(+0.4%)
�0.4(�0.4%) 77.2(2)

+4.3(+5.6%)
�8.7(�11.3%)

+0.3(+0.4%)
�0.3(�0.4%)

Table 1: Total cross-section for tHj, tZj and t`
+
`
�
j production. The uncertainties are scale

and PDF of the form ± absolute (± relative in %). The first number in parentheses after the
central value is the absolute statistical error.

For each process, in the first block we show results for the t-channel mode in the 4FS and 5FS
at NLO in QCD. The 4FS and 5FS combined results, denoted as 5FSscale

4�5
, are obtained from the

combination of the 4FS and 5FS uncertainties as described in detail in Sec. 2.1. In the second
block we show the NLOQCD and NLOQCD+EW results in the 5FS including all the contributions
(t-ch., s-ch., and tWh-assoc.). In both cases we show first the pure 5FS result and then the
5FSscale

4�5
result. The latter is obtained using the 5FS central value, but now assigning as scale

uncertainty the rescaled scale-uncertainty from the NLO QCD combination between 4FS and
5FS in the t-channel only case, the result in the third line of the first block. The NLOQCD+EW

prediction in the 5FSscale

4�5
is at the moment the most precise and accurate prediction and should
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Pagani, Tsinikos, Vryonidou 20

EW corrections reduce  by , also 
slightly alter shape 

Note: Separation of channel, channel or 
 production modes not properly defined at 

NLO EW accuracy, estimation of FS uncertainty 
not trivial

σtot −3.4 %

t− s−
tW
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EFT: top+higgs global fits

Significant advances in global EFT fits to Higgs, diboson, top and EW data,  
Also accounting for linear and quadratic corrections in the  expansion 

Several mature codes now publicly available e.g. SMEFIT, Fitmaker

1/Λ2

Ellis, Madigan, Mimasu, Sanz, You 20; Ethier, Maltoni, Mantani, Nocera, Rojo, Slade, Vryonidou, Zhang 21

NLO QCD corrections to EFT 
cross-sections automated and 
an have non-trivial impact on 
fit (best-fit, CL intervals)
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Future: 
Data from high-  VBS, Z-production in VBF, DY, multi-jet? 
Flavour data from LHCb, Belle… 
Low energy e.g. neutrino data, electric dipole moment… 
Develop ``statistically optimal’’ observables for EFT

pT
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Conclusion

Strange times, strange location, strange 
talk…  

Really incredible progress has been made 
since the last LH: 

 - Wish-list has been thoroughly attacked 
from all sides  

 - Many interesting topics have (re-)emerged 
(fiducial cuts and IR sensitivity, QCD-EW 
corrections, -jets, 4FS/5FS, non-
factorisable contributions to VBF) 

 - Much, much, more… (please bring them 
up during the discussion!) 

Very hard to capture the spirit of Les 
Houches in a Zoom talk 

This year we will miss the mountains, but 
hopefully not the discussion…

b

process known desired

pp æ H

N3LOHTL (incl.)

N(1,1)LO(HTL)
QCD¢EW

NNLOHTL ¢ NLOQCD

N3LOHTL (partial results available)

NNLOQCD

pp æ H + j
NNLOHTL

NLOQCD
NNLOHTL ¢ NLOQCD + NLOEW

pp æ H + 2j

NLOHTL ¢ LOQCD

N3LO(VBFú)
QCD (incl.)

NNLO(VBFú)
QCD

NLO(VBF)
EW

NNLOHTL ¢ NLOQCD + NLOEW

NNLO(VBF)
QCD + NLO(VBF)

EW

pp æ H + 3j
NLOHTL

NLO(VBF)
QCD

NLOQCD + NLOEW

pp æ H + V NNLOQCD + NLOEW NLO(t,b)
ggæHZ

pp æ HH N3LOHTL ¢ NLOQCD NLOEW

pp æ H + tt̄ NLOQCD + NLOEW NNLOQCD

pp æ H + t/t̄ NLOQCD NLOQCD + NLOEW

Table I.1: Precision wish list: Higgs boson final states. NxLO(VBFú)
QCD means a calculation using

the structure function approximation.

at NNLOQCD is beyond the scope of current theoretical methods.
Decays in the context of electroweak corrections are usually much more complicated. Full

o�-shell e�ects at NLO are expected to be small, but higher-order corrections within factorisable
contributions to the decay can be important. However, with the great progress of automated
tools, NLO calculations not only in QCD, but also in electroweak theory for 2 æ 6 processes
and beyond have become feasible.

1.4 Higgs boson associated processes
An overview of the status of Higgs boson associated processes is given in Table I.1.

H: LH17 status: NNLOHTL results known for almost two decades [262, 263, 367–369];
supplemented by an expansion in 1/mn

t [370], and matched to a calculation in the
high energy limit [371]; first steps towards di�erential results at N3LOHTL pre-
sented in Ref. [372], and results beyond threshold approximation in Refs. [85–87];
N(1,1)LO(HTL)

QCD¢EW corrections at order ––2
s calculated in the soft gluon approxima-

tion [373,374]; comprehensive phenomenological study presented in [375], and avail-
able in the program iHixs [87]; NNLO + PS computations [376, 377] extended to
include finite top and bottom mass corrections at NLO [378].
The rapidity spectrum for Higgs production in gluon fusion has been calcuated to
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Thank you for listening!


