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Figure 4: Combined measurement of the di�erential pp ! H + X cross section as a function of Higgs boson
transverse momentum pT,H in the full phase space, compared to Standard Model predictions. The blue dashed line
shows the central value of the sum of the NNLOPS ggF prediction, scaled to the N3LO prediction with a K-factor
of 1.1, and the contribution of the other Higgs boson production modes XH. The SM prediction is overlaid with
uncertainty bands including PDF and ↵S uncertainties as well as those due to missing higher-order corrections. For
better visibility, all bins are shown as having the same size, independent of their numerical width. The panel on the
bottom shows the ratio of the combined measurement to the prediction.

Table 2: Combined measurement of the di�erential pp ! H + X cross section as a function of Higgs boson transverse
momentum pT,H in the full phase space.

pT,H Bin d�/dpT,H (pb/GeV)
0-10 GeV 0.73 ± 0.15
10-20 GeV 1.16 ± 0.21
20-30 GeV 0.80 ± 0.15
30-45 GeV 0.58 ± 0.10
45-60 GeV 0.278 ± 0.075
60-80 GeV 0.215 ± 0.054
80-120 GeV 0.142 ± 0.023
120-200 GeV 0.044 ± 0.007
200-350 GeV 0.007 ± 0.001
350-1000 GeV 0.0002 ± 8 ⇥ 10�5
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Ongoing study of the Higgs boson 
differentially remains one of the pillars of 
the experimental program at the LHC. 

An interesting component corresponds 
to the study of Higgs + 3rd generation 
quarks. Which dominate the production 
and decay of the Higgs boson. Need for 
precision has been demonstrated 
repeatedly.

The aim of this talk is to present an NNLO 
calculation of bottom induced 
contributions to H+j.  



Higgs in bottom fusion 
3

�� ���

���� ����

���

���

���

���

���

�
[�
�]

���
��	
�����
� � � �+ (���)

�� �� �� �� �� �� �� 	� 
� ���
����

���

����

��

����

���� [��]

�
/�
�
��
�

FIG. 1 Variation of the hadronic cross section with the
hadronic centre-of-mass energy. The upper figure shows
nominal values, in the lower figure all predictions are nor-
malised to the central value of the N3LO prediction. LO,
NLO, NNLO and N3LO corrections are shown in green,
yellow, blue and red respectively. The bands correspond
to scale variation uncertainties as described in the text.

counterterm for the strong coupling constant has been de-
termined through five loops in Refs. [58–62]. The renor-
malisation constant for the Yukawa coupling is identical
to the quark mass renormalisation constant of QCD in
the MS-scheme [19, 60, 63–65]. IR divergences are ab-
sorbed into the definition of the PDFs using mass factori-
sation at N3LO [66–68]. The mass factorisation involves
convoluting lower-order partonic cross sections with the
three-loop splitting functions of Refs. [69–71]. We have
computed all the convolutions analytically in z space us-
ing the PolyLogTools package [72]. We observe that
all divergences cancel after UV renormalisation and mass
factorisation. We emphasise that this is not only a strong
cross check of our result, but, together with the results of
Ref. [28] for gluon-initiated processes, this is the first time
that the complete set of three-loop splitting functions of
Refs. [69, 70] has been confirmed by an independent an-
alytic computation. Moreover, this is the first time that
the universality of QCD factorisation has been confirmed
for hadron collisions for all partonic initial states.

The analytic cancellation of all ultraviolet and infrared
singularities provides a strong check of our results. In ad-
dition, we have reproduced the soft-virtual N3LO cross
section of Ref. [73] and the physical kernel constraints
of Ref. [74–76] for the next-to-soft term of the bottom-
quark-initiated cross section. We have also checked that
all logarithmic terms in the renormalisation and factori-
sation scales produced from the cancellation of the UV

and IR poles satisfy the DGLAP evolution equation. Fi-
nally, we have also recomputed the NLO and NNLO cross
sections, and we have checked that through NNLO our re-
sults are in perfect agreement with the literature results
implemented in the code Sushi [77]. Analytic results
for the partonic coe�cient functions will be presented in
ref. [78].

BOTTOM-QUARK FUSION AT N3LO IN QCD

In this section we present our phenomenological re-
sults for inclusive cross section for bottom-quark fusion
at N3LO in QCD. We assume a Higgs mass of mH =
125.09 GeV. The strong coupling is ↵s(m2

Z
) = 0.118 and

is evolved to the renormalisation scale µr using the four-
loop QCD beta function in the MS-scheme assuming five
massless quark flavours. The Yukawa coupling between
the Higgs boson and the bottom quark is proportional to
the bottom-quark mass in the MS-scheme, and we evolve
it from mb(mb) = 4.18 GeV [79] to the same renormali-
sation scale µr using four-loop running [65].

Fig. 1 shows the inclusive cross section at a proton-
proton collider as a function of the hadronic centre-of-
mass energy. The predictions are obtained by convolut-
ing the partonic cross sections with the PDF4LHC15

NNLO PDFs in the 5FS [80]1 as in eq. (1). The cen-
tral value corresponds to the commonly used choice of
the renormalisation and factorisation scales (µr, µf ) =
(mH ,mH/4) following for example refs. [19, 83]. The
band is obtained by varying µr and µf indepen-
dently within the intervals µr 2 [mh, 2mh] and µf 2
[mh/8,mh/2] with the restriction that 1/2  4µf/µr 
2. We observe that cross section predictions based on
successive perturbative orders are contained within the
bands of the lower order predictions over a wide range
of hadronic centre of mass energies. The dependence
on the renormalisation and factorisation scales of the
hadronic cross section is reduced as the perturbative or-
der is increased. We therefore believe that the resid-
ual scale dependence provides a reliable estimate of the
missing higher orders beyond N3LO. Let us comment
on the unconventionally small choice of the factorisation
scale, µf = mH/4. At NLO it was observed [83–86]

1
It was pointed out in Ref. [24] that multiple di↵erent values for

the bottom quark mass were used in the construction of the

PDF4LHC15 sets and an alternative PDF was derived. A PDF

set where bottom mass e↵ects are consistently included into the

pdf4lhc nnlo mc set is avilable from Ref. [81] (see also Ref. [82]).

We find that using the PDF set of Ref. [81] introduces a O(1%)

shift of the central value of our cross section. Since the modifi-

cation using the alternative PDF set is small we choose to use

the o�cial PDF4LHC15 sets of Ref. [80] in our predictions for

generality. For further discussion of bottom quark mass e↵ects

we refer to Ref. [78].
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4FS – – LO NLO
5FS LO NLO NNLO N3LO

Partonic channels (5FS) bb̄ bb̄, bg bb̄, bg, bb, bq, bq̄, gg, qq̄ bb̄, bg, bb, bq, bq̄, gg, qq̄, qg

TABLE I Representative diagrams contributing at di↵erent orders in perturbation theory in the 4FS and 5FS.
The last line summarises the partonic channels in the 5FS. Channels related by charge conjugation are not shown
explicitly and q denotes a light quark that does not couple directly to the Higgs boson. The partonic channels in the

4FS are obtained by ignoring initial states involving a bottom quark.

a single prediction [23–27]. A direct comparison of the
NLO and NNLO results in the 4FS and 5FS respec-
tively is, however, not straightforward, because they cor-
respond to di↵erent orders in the perturbative expansion
in the strong coupling constant (see Tab. I). A consistent
comparison with the 4FS at NLO requires the knowledge
of the inclusive cross section in the 5FS at next-to-next-
to-next-to-leading order (N3LO) in the strong coupling.
In this paper we present for the first time the complete
result for the inclusive cross section for Higgs production
in bottom-quark fusion at N3LO in the 5FS and investi-
gate its phenomenological implications.

THE N3LO CROSS SECTION IN THE 5FS

The inclusive hadronic cross section for the production
of a Higgs boson can be written as

�=
X

i,j

Z
1

0

dx1 dx2 fi(x1, µf )fj(x2, µf )�̂ij(z, µr, µf ) , (1)

where the sum runs over all parton flavours, fi are par-
ton densities and �̂ij are partonic cross sections. The
partonic cross sections depend on the ratio z = m

2

H
/s,

where
p
s is the partonic centre-of-mass energy, related

to the hadronic centre-of-mass energy
p
S by s = x1x2S

through the two Bjorken momentum fractions x1,2. µr

and µf denote the renormalisation and factorisation
scales respectively. We work in the 5FS with five mass-
less quark flavours. We assume that the Higgs boson has
a non-zero Yukawa coupling yb to the bottom quark, and
we neglect couplings of the Higgs boson to all other quark
flavours. This implies that we focus on terms in the cross
section proportional to y

2

b
. The partonic cross sections

�̂ij are expanded through N3LO in the strong coupling
↵s. The complete set of initial state configurations that
contribute to the cross section through N3LO are shown
in Tab. I. The NLO and NNLO corrections to the cross

section have been computed in Refs. [17–19]. In the re-
mainder of this paper we present for the first time N3LO
corrections.

In order to compute the partonic cross sections at
N3LO, we follow the same steps that have been employed
in the computation of the N3LO corrections to Higgs pro-
duction in gluon fusion in Refs. [28–30]. We have gener-
ated all relevant Feynman diagrams with QGraf [31]. In-
dividual Feynamn diagrams are sorted into scalar integral
topologies, which are then reduced to a set of master inte-
grals via integration-by-parts identities [32, 33] using an
in-house code. Finally, the master integrals are computed
analytically using the di↵erential equations method [34–
38]. All the relevant master integrals are known ana-
lytically as a function of z and have been evaluated in
the context of the N3LO corrections to the gluon-fusion
cross section. In particular at N3LO three-loop correc-
tions to the Born process contribute, which have been
computed for the first time in Ref. [39] using the mas-
ter integrals computed in Refs. [40–46] and the results
of Ref. [39] agree with our computation. In addition,
the N3LO cross section receives contributions from par-
tonic subprocesses involving fewer loops but additional
real emissions in the final state. Single-real emission con-
tributions from two-loop and squared one-loop diagrams
have been considered in Ref. [47–52]. The master inte-
grals for double-real virtual and triple-real contributions
have been computed in Refs. [28, 53–57] as an expansion
around the production threshold of the Higgs boson and
exactly as a function of z in Ref. [30]. Here we work
exclusively with the master integrals of Ref. [30].

Contributions from di↵erent initial states and/or par-
ton multiplicities are individually ultraviolet (UV) and
infrared (IR) divergent. We regulate the divergences by
working in dimensional regularisation in D = 4 � 2✏
dimensions. UV divergences can be cancelled by re-
placing both the bare strong and Yukawa couplings by
their renormalised values in the MS-scheme. The UV-

Figs + table taken from (Duhr, 
Dulat, Miistlberger 19)

The state of the art is at N3LO (Duhr, Dulat, Miistlberger 19) for the 
total cross section, matched in the 5FS matched to NLO in the 
4FS (Duhr, Dulat, Hirschi Miistlberger 20)

One must first decide how to handle the bottom quark, known 
as the 4 or 5- flavor schemes. 

H+j through bottom fusion computed at NLO (Harlander Ozeren 
Wiesemann 10)



5FS and UV scheme
In the 5FS we take the bottom quark mass to zero. 
This allows us to resum large initial-state collinear 
logs into PDFs. 

In order to keep non-zero coupling between the 
Higgs and bottom we keep  non-zero. yb

Specifically we use the mixed renormalization 
scheme in which the bottom Yukawa is evaluated in 
the  scheme. And the bottom quark mass is OS 
(and then taken to zero)

MS

Cross sections in the 5FS scheme have a strong dependence on , argued at NLO for bottom 
fusion that  is a sensible scale choice for this process (Maltoni, Sullivan Willenbrock 03).

μF
mH /4



Calculation 



Ingredients 

Figure 1. Top row: representative Feynman diagrams in the 5FS which contribute to the process
pp ! H + j at NNLO, regardless of b-tagging requirements. Bottom row: representative Feynman
diagrams in the 5FS which contribute to the process pp ! H + j at NNLO, but fail b-tagging
requirements.

form of the factorization formula used in the slicing procedure must be handled carefully.
In this paper we will use the same methodology and follow the same techniques as shown in
ref. [51] to control and estimate the remaining power corrections. In ref. [51] the gg channel
was shown to have the worst power corrections for EFT H + j production. Thankfully
for our calculation, this channel does not appear at leading order and we therefore expect
power corrections to be easier to control.

Our paper proceeds as follows. In section 2 we present a brief overview of the technical
details of our calculation, while section 3 discusses its validation. We present results for the
13 TeV LHC in section 4, and finally we draw our conclusions in section 5.

2 Calculation

2.1 General overview

The primary focus of this paper is the calculation of the NNLO QCD corrections to the
bottom-induced contributions to Higgs plus one jet at the LHC. Given its phenomenological
relevance and role as a check of our calculation, we will also present results for the bottom
quark fusion process at NNLO (i.e. bottom-induced contributions to Higgs plus zero jets).

As discussed in the introduction, the most important theoretical choice when consid-
ering bottom-quark processes at hadron colliders is how to treat mb, i.e. whether to work
in the 5-flavor (5FS) or 4-flavor (4FS) scheme. In this paper we work in the five-flavor
scheme, which will allow us to extend the computation to NNLO accuracy. Representa-
tive Feynman diagrams relevant for our calculation at this order are shown in fig. 1. We
recall that in the 5FS the bottom quark mass is taken to zero and bottom quarks have
a non-zero contribution to the PDFs. At first glance, the 5FS scheme may appear not to
be useful for computing H + b related processes, since by setting the bottom quark mass
to zero the bottom Yukawa coupling should also be taken to zero. In order to circumvent
this problem, we work in the mixed-renormalization scheme, in which the bottom quark
Yukawa is taken in the MS scheme, and the bottom quark mass, used in propagators and

– 4 –

As is well-known we need three ingredients to complete our NNLO 
calculation:

• Double Virtual (two-loop amplitudes and one-loop squared)  

• Real-Virtual (H+2j) one-loop amplitudes  

• Double Real (H+3j) tree-level amplitudes 

Plus a method to combine the disparate phase spaces. 
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to zero the bottom Yukawa coupling should also be taken to zero. In order to circumvent
this problem, we work in the mixed-renormalization scheme, in which the bottom quark
Yukawa is taken in the MS scheme, and the bottom quark mass, used in propagators and

– 4 –

Ingredients : Double Virtual 

For the double virtual amplitude we take the results we computed for 
the  calculation at N3LO (Mondini, Schiavi CW 19). H → bb

We then crossed them to the relevant LHC kinematics using the 
methodology outlined for V+j (Gehrmann and Remiddi 02)

Finally we confirmed the results using the soft (Li Zhu 13) and collinear 
(Badger, Glover 04) IR factorization as the gluon becomes unresolved. 
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– 4 –

Ingredients :  H+2j @NLO

The amplitudes required for Higgs plus 2 jets were computed using 
analytic unitarity for the loop amplitudes. (Bern Dixon Kosower 94, Britto, Cachazo Feng 
04, Forde 07, Mastrolia 09, Badger 08 ….)

And BCFW (Britto Cachazo Feng  Witten 05) recursion for the tree-level. 

The final results are extremely compact analytic formula. 
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The subtraction scheme fails when final state jets are present at LO, 
since then there is no separation of the doubly and singly unresolved 
regions based on qT

We need a resolution parameter which separates out the regions, but 
works for final state jets too! 

Doubly unresolved Singly  unresolved
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Slicing @ NNLO

in the relativistic kinematics, is taken in the on-shell scheme. This scheme allows one to
take the limit mOS

b
! 0 while keeping the Yukawa coupling non-zero. This scheme has two

advantages in QCD calculations. Firstly, it allows for a robust definition of the 5FS for
H + b amplitudes. Secondly, by evolving the scale in the running Yukawa coupling to µR

(i.e. mH), one avoids large logarithms which arise in the OS scheme at higher orders, and
as a result the perturbative corrections are under better control. Downsides of the mixed
scheme include breaking the relationship between the OS mass and the MS mass [53, 54]
and an inability to consistently renormalize higher-order corrections in the electroweak cou-
pling [31]. Nevertheless, the reduction in sensitivity to collinear initial-state logarithms (at
the cost of a strong dependence on the factorization scale at LO), and the ability to pursue
higher-order corrections, renders the 5FS along with the mixed renormalization scheme a
very useful theoretical construct for LHC computations.

2.2 Technical details

For the bottom-induced H + j process at NNLO, three phase-space topologies contribute
(see fig. 1), corresponding to the double-virtual, real-virtual, and double-real corrections to
the underlying LO topology. UV and IR singularities are present at this order and must be
appropriately renormalized and regulated. We describe the calculation of the various UV-
renormalized matrix elements for each phase-space configuration in ref. [55] for the decay
H ! bbj at NNLO. This leaves the discussion of the IR regulation, which is different from
that described in ref. [55] due to the LHC kinematics.

In order to regulate the IR divergences present at this order we use the N -jettiness
slicing approach [56, 57]. This method has become an established technique for evaluating
NNLO cross sections involving final-state jets at the LHC [51, 57–59], and we provide a
brief overview in this section. The central idea is to separate the (differential) cross section
of a process into two pieces,

�NNLO = �(⌧N  ⌧ cutnj
) + �(⌧N > ⌧ cutnj

) , (2.1)

where the variable ⌧N is the N -jettiness variable [60]. For our 1-jet example, this variable
is defined as

⌧1 =
X

m

mini
2pm · ki

Pi

, (2.2)

where {pm} is the set of all partonic momenta in an event, while {ki} are the momenta of
the two incoming beams and the hardest jet present in the event (after clustering). The
quantity Pi is a somewhat arbitrary choice of hard scale, and in our calculation we take
Pi = 2Ei (known as the geometric measure [61, 62]). The above-cut term �(⌧N > ⌧ cutnj

) has
sufficiently large value of the N -jettiness variable to have at most one unresolved parton, and
therefore corresponds to a NLO computation of the cross section with an additional parton
present. The below-cut term �(⌧N  ⌧ cutnj

) contains all of the double-unresolved limits at
NNLO. However, in the limit ⌧ cut

1
! 0 the cross section can be approximated using the

– 5 –

Idea behind a slicing approach is to split the phase space into 
two based on some suitable variable 

Should contain all double unresolved 
limits, and be accessible via simplified 
result (i.e. factorization theorem) 

Should contain at most singly unresolved 
limits, (i.e. an NLO + extra parton) directly 
compute with suitable Monte Carlo codes



N-jettiness slicing 
We use the N-jettiness event shape variable (Stewart, Tackmann Waalewijn 09) 
to split the regions
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•  - Soft function (for 3 partons) (Boughezal Liu Petriello 15, Campbell Ellis Mondini CW 17)  

•  ,  - Jet and beam functions (collinear behavior) (Becher Bell 10, Gaunt Stahlhofen Tackmann 14)  

•  - Hard function - process specific finite function.

𝒮

𝒥i ℬa

ℋ

SCET factorization
following factorization theorem from Soft-Collinear Effective Field Theory (SCET):

�(⌧  ⌧ cutnj
) =

Z
⌧
cut
nj

0

d⌧

0

@S ⌦
njY

i=1

Ji ⌦
Y

a=1,2

Ba ⌦H

1

A+ F(⌧ cutnj
), (2.3)

where in our case nj = 1. The above equation is valid up to power corrections (denoted by
the F(⌧ cutnj

) term), which vanish in the limit ⌧ cutnj
! 0. At NLO the leading power corrections

are well described by the form ⌧ cutnj
log(⌧ cutnj

/Q), and at NNLO the leading power corrections
have the form ⌧ cutnj

log3(⌧ cutnj
/Q) (where in both cases Q is the hard scale associated with

the process). The general terms that enter the SCET factorization theorem are the soft
(S), jet (J ), and beam (B) functions, for which calculations accurate to O(↵2

s) needed for
our calculation can be found in refs. [63–68].

There are several alternative choices [51, 59] one can make when applying the jettiness-
slicing method. Firstly, one can choose whether to work with a fixed version of ⌧ cut

1
, in which

all events are compared to a given energy scale, or with a dynamical definition, in which
the final-state kinematics (of the clustered system) generates different ⌧ cut

1
values for each

phase-space point. Typically, for 1-jet NNLO processes it is more prudent to use the latter
option. Since power corrections are sensitive to the overall hardness of the system through
the expansion parameter ⌧ cut

1
/Q, very energetic jets have suppressed power corrections. By

using a fixed ⌧ cut
1

, the calculation for these terms includes points that are very soft and
collinear (relative to the hard scale), resulting in large Monte Carlo uncertainties and code
instabilities. On the other hand, using a dynamic ⌧ cut

1
ensures a more relaxed ⌧ cut

1
for more

energetic jets, reducing this problem and producing more stable results, without increasing
the impact of unwanted power corrections.

In order to obtain the remaining process-specific hard function (H) appearing in eq. (2.3),
we use our double-virtual calculation for the decay amplitude H ! bbg presented in
ref. [55]1. The result for LHC kinematics is obtained by performing the relevant crossing,
moving the desired final-state partons to the initial state. In practical terms, this involves
taking the appropriate analytic continuation of the various harmonic polylogarithms that
appear in the virtual amplitudes as described in section 4 of ref. [70]. After crossing the
relevant final-state partons to the initial state, we have checked that our results have the
correct factorization properties in the relevant soft and collinear limits [71, 72], finding
excellent agreement.

2.3 Matching to the EFT

The Standard Model does not allow for the consideration of the impact of a single fermion
generation in isolation. For the purposes of this calculation, in order to completely specify
our theoretical framework we must also address the role of the top quark in the computation.
This is because at O(↵3

s) the cross section becomes sensitive to the presence of the top
induced production. One must therefore specify whether one works in the effective field
theory or full Standard Model. Precision calculations in the full Standard Model are made

1See also ref. [69].

– 6 –

To compute the below-cut piece we use the following 
factorization theorem, derived from SCET 

At  the various pieces needed are : 𝒪(α2
s )



Role of the Top Quark  : I 
From a point of view of strict expansion in  the top quark 
first appears in H+j at , i.e. as a piece of our NNLO 
coefficient. 

αs
𝒪(α3

s )
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Figure 2. Examples of Feynman diagrams that do not enter our calculation at NNLO.

theoretically convenient to work in the massless limit, due to the reduced complexity of

higher-order Feynman diagrams. In the massless theory the inclusive partial width for the

H → bb decay channel is currently known to an impressive O(α4
s) accuracy [24]. The form

factor for H → bb at three loops is also known [28], so that, once a NNLO calculation of

H → bbj is complete, all of the component pieces for H → bb at N3LO are available.

In this paper we will therefore work in the massless theory in which the b-quark mass

is dropped from the phase space and kinematics, but kept in the Yukawa coupling with the

b-quark mass run to the Higgs scale. As mentioned above, a result of the massless theory as-

sumption is that it simplifies the calculation by reducing the number of Feynman diagrams

which must be included at one and two loops. We refer in particular to diagrams in which

the Higgs boson couples indirectly to the b-quarks, for which example topologies are shown

in figure 2. At O(α3
s) these diagrams interfere with the respective tree-level amplitudes

for H → bbg and H → bbgg for the two-loop and one-loop calculations respectively. A

simple helicity argument indicates that these interference terms are zero. In the H → bbg

and H → bbgg tree-level amplitudes the scalar Higgs boson couples directly to the two

(massless) quarks, which therefore must have identical helicity assignments (both positive

or negative). On the other hand, the diagrams in which the Higgs couples implicitly to the

b quarks as shown in figure 2 always result in the final-state bb pair coupling directly to a

gluon. This vertex requires that the fermions have opposite helicities, and therefore there is

no combination that allows non-zero interference terms to exist, resulting in no net contribu-

tion from these diagrams at NNLO (the H → bbgg box squared would first enter at O(α4
s)).

A slight subtlety arises when we consider the one-loop triangle diagram in which the

Higgs boson couples indirectly to the bottom quarks (i.e the left diagram in figure 2 with

no additional gluon exchanged in the loop). This diagram would self-interfere at O(α3
s) and

is therefore not excluded from our NNLO calculation by the argument presented above.

However, the trace over the fermion loop for this diagram contains five γ matrices and

hence this term vanishes in the massless theory. In order for this diagram to give a non-

zero contribution, the quark mass must be retained in the loop. This is the case when the

loop particle is a top quark, and hence there exists a top Yukawa contribution which first

enters at O(α3
s) in our calculation. Schematically, the perturbative expansion of the decay

width ΓNNLO
H→bbj

in the full theory is of the form:

ΓNNLO
H→bbj

∼ αsy
2
b Ab + α2

s

(
y2b Bb + ytybBtb

)

+ α3
s

(
y2b Cb + y2t Ct + ytybCtb

)
+O(α4

s) , (2.2)
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Of course since  from a pheno point of view this piece 
“is the LO”

yt > > yb



Roll of the Top Quark : I
At this order we could, of course keep the full mass 
dependence of the top quark without any headache. 
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Figure 2. Examples of Feynman diagrams that do not enter our calculation at NNLO.
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Higgs boson couples indirectly to the bottom quarks (i.e the left diagram in figure 2 with

no additional gluon exchanged in the loop). This diagram would self-interfere at O(α3
s) and

is therefore not excluded from our NNLO calculation by the argument presented above.

However, the trace over the fermion loop for this diagram contains five γ matrices and

hence this term vanishes in the massless theory. In order for this diagram to give a non-

zero contribution, the quark mass must be retained in the loop. This is the case when the

loop particle is a top quark, and hence there exists a top Yukawa contribution which first

enters at O(α3
s) in our calculation. Schematically, the perturbative expansion of the decay

width ΓNNLO
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in the full theory is of the form:
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H+j is now known with full top mass dependence at NLO (see 
e.g. Jones Kerner Luisoni 18)

We could also consider the Effective Field Theory in which 
the top quark is integrated out, this of course is known to 
NNLO. (Chen Gehrmann Glover Jaquier 14, Boughezal  Caola Petriello Melnikov Schulze 15, Boughezal Focke 
Giele  Lui Petriello Schulze 15, Chen Cruz-Martinez  Gehrmann Glover Jaquier 16, Campbell Ellis Seth 19)  



Our decision 
The aim of this paper was 
to study the NNLO impact 
to the bottom induced 
corrections, and how 
amenable they were to a 
slicing based regulator. 

With that in mind we remain agnostic to the top quark implementation 
and “punt” on the decision. 

Of course to do a full pheno study of H+j we should include the top. 



considerably more difficult by the presence of the additional mass scale and are currently
known to NLO accuracy for H+ j [73]. On the other hand, NNLO predictions are available
in the EFT [45–51]. Typically, in EFT calculations the top mass effects are included via a
rescaling of the cross section by those computed in the full theory at lower orders.

For H + j in the 5FS at O(↵3
s) accuracy there are two contributions, the pure bottom-

induced and the LO top-induced piece, and since the top-induced contribution is leading
order one could easily consistently work in the full SM or the EFT. However, it is known
that the higher corrections to the EFT pieces are large, and therefore including only the LO
piece makes little phenomenological sense. Our strategy in this paper is to ignore the top-
induced pieces altogether and focus only on the technical aspects of the NNLO calculation of
the bottom-induced contribution. In order to obtain reliable phenomenological predictions
at “NNLO”, one would therefore wish to combine the O(↵3

sy
2

b
) pieces with the O(↵5

s) EFT
results. To avoid having the bottom-induced component be entirely overwhelmed by the
EFT piece, one would also wish to apply b-tagging requirements (and consider other sources
of Higgs plus heavy flavor [31] arising from VBF and V H processes). We postpone such
detailed phenomenology study to a future publication. Additionally, we note that when
working in the EFT the bottom Yukawa coefficient is matched to that of the full SM as
follows,

yEFT
b

= ySM
b

✓
1 +

⇣↵s

⇡

⌘2

�(2)

F
+O(↵3

s)

◆
, (2.4)

where

�(2)

F
=

✓
5

18
� 1

3
log

µ2

m2
t

◆
. (2.5)

This means that, when working in the context of the EFT, we should include a term
proportional to �(2)

F
multiplying our LO predictions. In this paper we remain agnostic to

the exact implementation of the top quark and therefore choose to present results in terms
of the unmatched ySM

b
. The impact of adjusting the coefficient to yEFT

b
is a rather small

(sub-percentage) effect and does not affect the conclusions presented in this paper.
Finally, we note that there are interference terms between the top quark (or EFT)

initiated contributions to H + j and the bottom-induced contributions. This interference
requires a helicity flip in order to be non-zero, inducing an overall scaling of the form
yMS

b
mOS

b
(since the helicity flip is a kinematic mass). As a result, the interference vanishes

in the 5FS. However, there is an ambiguity in the mixed-renormalization scheme which
renders this argument not quite complete, since one can relate the OS mass to the MS

mass changing the scaling to yMS

b
mMS

b
/ (yMS

b
)2 and then take the limit mOS

b
! 0 to

approach the 5FS. At “LO” in the interference, O(↵2
sybyt), such a procedure is well-defined

since the interchange of the mass schemes is trivial. However, at higher orders this procedure
is much more delicate due to the presence of IR logarithms in mOS

b
, and rich UV structure.

Very recently, this limit was studied in the context of extracting a sensible result at NLO
in the interference for Higgs-plus-charm production [74] (where the even larger hierarchy
between yc and yt makes these terms more important). In addition, these pieces were

– 7 –

considerably more difficult by the presence of the additional mass scale and are currently
known to NLO accuracy for H+ j [73]. On the other hand, NNLO predictions are available
in the EFT [45–51]. Typically, in EFT calculations the top mass effects are included via a
rescaling of the cross section by those computed in the full theory at lower orders.

For H + j in the 5FS at O(↵3
s) accuracy there are two contributions, the pure bottom-

induced and the LO top-induced piece, and since the top-induced contribution is leading
order one could easily consistently work in the full SM or the EFT. However, it is known
that the higher corrections to the EFT pieces are large, and therefore including only the LO
piece makes little phenomenological sense. Our strategy in this paper is to ignore the top-
induced pieces altogether and focus only on the technical aspects of the NNLO calculation of
the bottom-induced contribution. In order to obtain reliable phenomenological predictions
at “NNLO”, one would therefore wish to combine the O(↵3

sy
2

b
) pieces with the O(↵5

s) EFT
results. To avoid having the bottom-induced component be entirely overwhelmed by the
EFT piece, one would also wish to apply b-tagging requirements (and consider other sources
of Higgs plus heavy flavor [31] arising from VBF and V H processes). We postpone such
detailed phenomenology study to a future publication. Additionally, we note that when
working in the EFT the bottom Yukawa coefficient is matched to that of the full SM as
follows,

yEFT
b

= ySM
b

✓
1 +

⇣↵s

⇡

⌘2

�(2)

F
+O(↵3

s)

◆
, (2.4)

where

�(2)

F
=

✓
5

18
� 1

3
log

µ2

m2
t

◆
. (2.5)

This means that, when working in the context of the EFT, we should include a term
proportional to �(2)

F
multiplying our LO predictions. In this paper we remain agnostic to

the exact implementation of the top quark and therefore choose to present results in terms
of the unmatched ySM

b
. The impact of adjusting the coefficient to yEFT

b
is a rather small

(sub-percentage) effect and does not affect the conclusions presented in this paper.
Finally, we note that there are interference terms between the top quark (or EFT)

initiated contributions to H + j and the bottom-induced contributions. This interference
requires a helicity flip in order to be non-zero, inducing an overall scaling of the form
yMS

b
mOS

b
(since the helicity flip is a kinematic mass). As a result, the interference vanishes

in the 5FS. However, there is an ambiguity in the mixed-renormalization scheme which
renders this argument not quite complete, since one can relate the OS mass to the MS

mass changing the scaling to yMS

b
mMS

b
/ (yMS

b
)2 and then take the limit mOS

b
! 0 to

approach the 5FS. At “LO” in the interference, O(↵2
sybyt), such a procedure is well-defined

since the interchange of the mass schemes is trivial. However, at higher orders this procedure
is much more delicate due to the presence of IR logarithms in mOS

b
, and rich UV structure.

Very recently, this limit was studied in the context of extracting a sensible result at NLO
in the interference for Higgs-plus-charm production [74] (where the even larger hierarchy
between yc and yt makes these terms more important). In addition, these pieces were

– 7 –

Roll of the Top Quark : I

Specifically if we were to work in the EFT we have an additional subtlety 
which is that the definition of the bottom-Yukawa is altered. 

At our order of interest

A final point to bear in mind regarding EFT/FT choice for the top is 
related to the definition of the bottom coupling itself 

Our results here today will be interns of , but the difference is very 
small. 

ySM
b



Figure 1: Representative Feynman diagrams for the “LO” contributions to the processes
discussed in this paper, there are two separate processes corresponding to two-body, and
three-body decays of the Higgs. Both processes occur through an interference of a tradi-
tional yb amplitude, with an EFT induced amplitude.

2 Calculation

2.1 Overview

In this section we present an overview of our calculation, focusing for now on the decay
H ! bb . We begin by discussing the general features of the top-initiated contributions
to H ! bb . When performing this calculation, one of the initial decisions that must
be made is how to handle the top quark itself. The complexity of the calculation can be
reduced considerably if the top quark is integrated out of the theory, resulting in an effective
field theory (EFT) of QCD with nl massless and nh massive flavors. In terms of the bare
parameters (denoted by a B label), the relevant parts of the subsequent Lagrangian can be
written as

L = L
QCD

g +
1

2
((@µH)2 � m

2

HH
2) � VSM (H)

+
X

j2{nl}

 
B

j (i /D) B

j

+
X

j2{nh}

⇣
 
B

j (i /D � m
B

j ) B

j � y
B

j C
B

2 H 
B

j  
B

j

⌘

�
C

B

1

v
HG

B,a

µ⌫ G
µ⌫

B,a
. (2.1)

In the above Lagrangian C1 and C2 are matching parameters which relate the EFT to the
SM. The symbol /D defines the covariant derivative which couples the gluon field A

B
µ to the

fermions  B

j
. The term VSM (H) defines the triple and quartic interactions of the Higgs

boson (which are not needed for our calculation), and L
QCD
g collects all of the kinetic terms

for the gluons, ghost, and gauge-fixing terms required to define the QCD Lagrangian. We
will discuss the relationship between the bare parameters and the renormalized ones in the
next subsection.

The differences arising between the full SM and the EFT have been studied for our
process of interest at O(↵2

s) in ref. [29], finding very small differences between the two
prescriptions, thus motivating the application of the EFT to O(↵3

s). For the remainder of
this paper we will work in the EFT defined above, but will frequently refer to the EFT
pieces as “top-induced” for ease of discussion.
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Roll of the Top Quark : II 
The top quark pops up again one last time in H+j, this time at  (i.e. 
NLO) through an interference term. 

𝒪(α2
s )

These pieces are interesting, they require a helicity flip to be non-zero 
and hence scale as. 

At O(↵2
s) there are two distinct processes which give rise to top-induced contributions.

These can be classified according to the number of final-state partons present (either two
or three). Representative Feynman diagrams for the two different processes are presented
in fig. 1, which correspond to two-body and three-body decays of the Higgs boson. As can
be seen from the figure, both processes occur through an interference between two types
of amplitudes, an EFT amplitude in which the Higgs boson couples to gluons, and the
pure-yb amplitude in which the Higgs boson couples directly to the bottom quarks. The
two phase-space contributions which occur as part of the O(↵2

s) corrections are separately
IR finite, with the two-body term requiring UV renormalization (of yb). The production of
the bb pair in the EFT amplitude always occurs through their coupling to the spin-1 gluon,
whereas in the yb amplitude the quarks couple to the scalar Higgs. As a result, a mass
term is needed to ensure a non-vanishing trace upon interference and accordingly the whole
contribution will scale as

2Re(A†
EFT

Ayb
) ⇠ yb

mb

v
. (2.2)

This scaling can be used to make the argument that these terms are effectively proportional
to y

2

b
and are thus of the same order as the remainder of the NNLO QCD contribution.

Broadly defined this argument is valid, but care must be taken at the level of the full
calculation, especially in regards to the mixed renormalization scheme which is common in
the literature (and we will employ here). While a detailed overview of our renormalization
prescription is provided in section 2.2, here we simply note that, following the discussion
outlined in the introduction, we work in the mixed scheme and as such the scaling equation
(2.2) would be written as

2Re(A†
EFT

Ayb
) ⇠ y

MS

b
y

OS

b
. (2.3)

Due to the running of the bottom-quark mass y
OS

b
⇠ 2y

MS

b
(mH), and as such these contri-

butions are somewhat enhanced compared to the (yMS

b
)2 which multiplies the rest of the

NNLO coefficient.

At O(↵3
s) there are three types of phase-space contributions, for which example dia-

grams are presented in fig. 2. There are virtual corrections to the 2-body phase-space, and
a 4-body phase-space contribution which corresponds to the real corrections to the 3-body
phase-space. The 3-body phase-space itself has a rather intricate IR structure at this order.
It contains both explicit IR poles arising from the one-loop integration, and implicit poles
which arise when the emitted gluon becomes soft. This term therefore is more akin to a
real-virtual correction in a NNLO calculation.
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Figure 1: Representative Feynman diagrams for the “LO” contributions to the processes
discussed in this paper, there are two separate processes corresponding to two-body, and
three-body decays of the Higgs. Both processes occur through an interference of a tradi-
tional yb amplitude, with an EFT induced amplitude.

2 Calculation

2.1 Overview

In this section we present an overview of our calculation, focusing for now on the decay
H ! bb . We begin by discussing the general features of the top-initiated contributions
to H ! bb . When performing this calculation, one of the initial decisions that must
be made is how to handle the top quark itself. The complexity of the calculation can be
reduced considerably if the top quark is integrated out of the theory, resulting in an effective
field theory (EFT) of QCD with nl massless and nh massive flavors. In terms of the bare
parameters (denoted by a B label), the relevant parts of the subsequent Lagrangian can be
written as

L = L
QCD

g +
1

2
((@µH)2 � m

2

HH
2) � VSM (H)

+
X

j2{nl}

 
B

j (i /D) B

j

+
X

j2{nh}

⇣
 
B

j (i /D � m
B

j ) B

j � y
B

j C
B

2 H 
B

j  
B

j

⌘

�
C

B

1

v
HG

B,a

µ⌫ G
µ⌫

B,a
. (2.1)

In the above Lagrangian C1 and C2 are matching parameters which relate the EFT to the
SM. The symbol /D defines the covariant derivative which couples the gluon field A

B
µ to the

fermions  B

j
. The term VSM (H) defines the triple and quartic interactions of the Higgs

boson (which are not needed for our calculation), and L
QCD
g collects all of the kinetic terms

for the gluons, ghost, and gauge-fixing terms required to define the QCD Lagrangian. We
will discuss the relationship between the bare parameters and the renormalized ones in the
next subsection.

The differences arising between the full SM and the EFT have been studied for our
process of interest at O(↵2

s) in ref. [29], finding very small differences between the two
prescriptions, thus motivating the application of the EFT to O(↵3

s). For the remainder of
this paper we will work in the EFT defined above, but will frequently refer to the EFT
pieces as “top-induced” for ease of discussion.
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In the mixed renormalization scheme  is taken in the  scheme and  is 
taken in the OS scheme. So we would write 

yb MS mb

2Re(A†
EFT

Ayb) ⇠ yMS

b
mOS

b

<latexit sha1_base64="O9qpPvdeITj+t4NHZ+LEk5CIi7w="></latexit>

Now in the 5FS we take  and these terms vanish. mb → 0

However, there is an ambiguity. What if we used our freedom to re-write 
the on-shell mass in terms of the  mass before taking the limit ?MS mb → 0

2Re(A†
EFTAyb) ⇠ (yMS

b )2

<latexit sha1_base64="goXU4zcGSPNrsd37SOxWYASLc5Y="></latexit>

We would now find the non-vanishing scaling 
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At , requiring the presence of a final state jet yields a finite result, but the 
situation for us at , is considerably more intricate. 

𝒪(α2
s )

𝒪(α3
s )

This is because of the presence of both a rich IR structure and UV renormalization 
with makes taking such a limit intricate. 

In this talk we will take the first option and simply keep the original definition of 
the mixed renormalization scheme and take  as an independent parameter to  
(with the latter being zero). 

yb mb

For two recent papers discussing this interference we refer to ref [1] (intf. 
Relating to H+c studies at the LHC) and ref [2] (intf in  and   decays)H → bb H → cc

[1] Bizon, Melnikov Quarroz 21 

[2] Mondini Schubert CW 20  
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Figure 2. Comparison of the NNLO coefficient obtained with MCFM and the equivalent prediction
from SusHi. Shown are the results obtained for a selection of choices of the slicing parameter ⌧ cut0

and a two-parameter fit to the power corrections. The shaded band corresponds to the uncertainty
on the extracted ⌧ cut0 ! 0 limit from the fit.

where the ellipses indicate sub-leading contributions of the form ⌧ log2 ⌧ etc., and Q is a hard
scale associated with the process (e.g. mH). The residual power corrections in our results
are clearly well described by this parametric form, and by fitting our results accordingly we
are able to simultaneously extract the coefficient in the limit ⌧ cut

0
! 0 and parametrize the

residual impact of power corrections present in calculations with non-zero ⌧ cut
0

. By fitting
our results in this way we determine

�NNLO

0 = �100.20± 0.13 fb , (3.2)

which is in excellent agreement with the coefficient obtained from Sushi, �NNLO

Sushi
= �100.14

fb. Our results clearly show that for ⌧ cut
0

in the region 10�3 GeV the residual power
corrections are significantly less than 1% of the NNLO coefficient, and subsequently per-
mille level relative to the total physical prediction. In addition to the detailed comparison
described above, we have performed a similar fit to our calculation with the canonical scale
choice of µR = mH = 4µF , obtaining �NNLO

0
= 18.39± 0.18 fb, which is again in excellent

agreement with the result obtained from SusHi, 18.52 fb.

3.2 bb ! H + j at NLO

Before studying the slicing dependence of the main result of our paper, the bottom Yukawa
contributions to H+j at NNLO, we study the process at NLO. The primary area of interest
is to study the different options for the definition of ⌧ cut

1
and their associated asymptotic

regions of validity. In order to test the various ingredients of our calculation, we begin by
computing cross sections for H + j at NLO using the different IR-regulating prescriptions
described in the previous sections. For these comparisons we use the following setup:

p
s = 13 TeV, µR = 4µF = mH

– 9 –

As a warm up we implement Higgs production in bottom fusion at NNLO using the 
N-jettiness slicing approach. 

We can compare 
our results for the 
NNLO coefficient 
to the publicly 
available code 
SusHi (Harlander, 

Liebler Mantler 12) 
finding excellent 
agreement.  



Dynamic/Boosted/fixed? 

pj
T
> 30 GeV, |⌘j | < 4.5,

with jets clustered using the anti-kT algorithm with R = 0.4. Additionally, we will briefly
study the power corrections with the more central jet requirement of |⌘j | < 2.5. No cuts are
implemented on the Higgs boson. We use the MMHT14 [81] PDF sets and for simplicity we
use the NNLO PDF sets for all predictions in this section. Consequently, ↵s and mMS

b
(µR)

are evaluated using the three-loop running (implemented into MCFM using the results of
RunDec [82]). We take as an input mMS

b
(mb) = 4.18 GeV, such that mMS

b
(mH) = 2.793

GeV. With our central scale choice and the parameters described above, the LO cross section
is 92.61 fb.

Next, we turn our attention to validating the NLO cross section, which we have com-
puted using dipole subtraction [83] and the jettiness-slicing approach. As part of the val-
idation of the dipole calculation we have checked the (in)dependence of our result on the
unphysical ↵ parameters [84], which control the amount of non-singular phase space utilized
in the dipole subtractions. Using the dipole method and the parameter choices above, the
corresponding NLO cross section is 144.98 fb. We now consider the various implementa-
tions of the jettiness-slicing method. Our results are presented in fig. 3, where the panels
on the left side show the ratio of the cross section obtained using a fixed value for ⌧ cut

1
to

the dipole result, for both the boosted and traditional definitions. The data points on the
figure show the results obtained with the full phase-space cuts described above as well as a
fit to the data of the form

�NLO

⌧ = �NLO

0 + c0

✓
⌧ cut
1

Q

◆
log

✓
⌧ cut
1

Q

◆
. (3.3)

In order to quantify the impact of forward radiation on the power corrections we additionally
show a fit to similar results obtained with a tighter jet requirement |⌘j | < 2.5, although
for readability we suppress the Monte Carlo output. The difference between the solid and
dashed lines on the figure is therefore indicative of the sensitivity of the power-suppressed
terms to the presence of forward jets. The panels on the right side of fig. 3 show the same
cross section ratios, computed using a dynamic version of ⌧ cut

1
, which we define as

⌧ cut1 = ✏
q
m2

H
+ (pH

T
)2 . (3.4)

As before, results are evaluated in both the laboratory and boosted frames. The corre-
sponding fit for this setup is as follows,

�NLO

✏ = �NLO

0 + c0 ✏ log ✏. (3.5)

We observe the same pattern for the impact of the power corrections as reported in ref. [51].
By evaluating in the boosted frame, the size of the power corrections is significantly re-
duced [85], especially when the phase space includes contributions from regions in which
the jet has larger pseudo-rapidity (|⌘j | > 2.5). Using the dynamic version of ⌧ cut

1
also results

in smaller power corrections, and in particular the boosted-dynamic definition is the least
sensitive to power corrections. We therefore employ the boosted-dynamic version of the
slicing in our subsequent studies at NNLO.

– 10 –

One of the practical decisions we have to make for the +1 jet calculation is how to 
define the cut parameter. 

Its been seen that using a dynamic  that its easier to get more stable results 
(Campbell Ellis CW 16, Campbell Ellis Seth 20)  we take : 

τcut
1

Also its been argued that by evaluating the cut in the rest frame of the LO system 
then the power corrections will be smaller (e.g. Moult Rothen Stewart Tackmann 16)
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Figure 3. A comparison of different definitions of the jettiness-slicing parameter for the NLO
predictions of H + j. The figures on the left use a fixed definition of ⌧ cut1 , while those on the right
use a dynamic version. The upper panels show the result in the laboratory frame whereas the lower
panels evaluate the cut in the rest frame of the H + j system.

3.3 bb ! H + j at NNLO

In this section we discuss the validation of our primary result, the NNLO predictions for
the bottom-induced contributions to H + j. We begin by presenting a check of the H + 2j

NLO result, which forms the above-cut piece of our NNLO prediction. As before, we check
the ↵ (in)dependence of the calculation, for which results are presented in fig. 4. These
predictions were obtained using the NNLO CT14 PDF set [86], µR = µF = mH , and the
two-loop running of the bottom Yukawa coefficient. By comparing results at sub per-mille
level accuracy we are able to rigorously test the cancellation of IR singularities at one loop
and the subsequent cancellation of dipole-related terms from the real-virtual and double-real
contributions at NNLO. Following the notation of ref. [51], we define

✏ab =
�(↵ab = 1)� �(↵ab = 10�2)

�(↵ab = 1)
, (3.6)

where the indices a and b correspond to either initial- (I) or final- (F ) state dipoles. Fig. 4
illustrates that our results are insensitive to the choice of the ↵ parameter at the level of
✏ ⇠ 0.0005 for the qg, qg, and qq channels. We have studied these channels in greater
detail since they receive contributions from both the ggbb amplitudes and the four-quark
amplitudes, and therefore have the most intricate IR structure. Results are also shown for gg
and qq fluxes, which we have constrained to the (still stringent) level of ✏ ⇠ 0.001, ✏ ⇠ 0.002,
or better. We are therefore confident that the cancellation between the unintegrated and
integrated dipoles has been correctly implemented in our NLO H + 2j calculation.

Finally, we arrive at the main result of this section, namely the validation of the ⌧ cut
1

dependence of our result for the NNLO coefficient. We return to our previous setup used in

– 11 –
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Figure 3. A comparison of different definitions of the jettiness-slicing parameter for the NLO
predictions of H + j. The figures on the left use a fixed definition of ⌧ cut1 , while those on the right
use a dynamic version. The upper panels show the result in the laboratory frame whereas the lower
panels evaluate the cut in the rest frame of the H + j system.

3.3 bb ! H + j at NNLO

In this section we discuss the validation of our primary result, the NNLO predictions for
the bottom-induced contributions to H + j. We begin by presenting a check of the H + 2j

NLO result, which forms the above-cut piece of our NNLO prediction. As before, we check
the ↵ (in)dependence of the calculation, for which results are presented in fig. 4. These
predictions were obtained using the NNLO CT14 PDF set [86], µR = µF = mH , and the
two-loop running of the bottom Yukawa coefficient. By comparing results at sub per-mille
level accuracy we are able to rigorously test the cancellation of IR singularities at one loop
and the subsequent cancellation of dipole-related terms from the real-virtual and double-real
contributions at NNLO. Following the notation of ref. [51], we define

✏ab =
�(↵ab = 1)� �(↵ab = 10�2)

�(↵ab = 1)
, (3.6)

where the indices a and b correspond to either initial- (I) or final- (F ) state dipoles. Fig. 4
illustrates that our results are insensitive to the choice of the ↵ parameter at the level of
✏ ⇠ 0.0005 for the qg, qg, and qq channels. We have studied these channels in greater
detail since they receive contributions from both the ggbb amplitudes and the four-quark
amplitudes, and therefore have the most intricate IR structure. Results are also shown for gg
and qq fluxes, which we have constrained to the (still stringent) level of ✏ ⇠ 0.001, ✏ ⇠ 0.002,
or better. We are therefore confident that the cancellation between the unintegrated and
integrated dipoles has been correctly implemented in our NLO H + 2j calculation.

Finally, we arrive at the main result of this section, namely the validation of the ⌧ cut
1

dependence of our result for the NNLO coefficient. We return to our previous setup used in
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Figure 5. The ⌧ cut1 dependence of the NNLO coefficient for H + j production at the 13 TeV LHC.
Results are presented for the dynamic version of ⌧ cut1 , evaluated in the rest frame of the H + j
system. Also shown is a fit to the results parametrizing the residual ✏ (⌧ cut1 ) power corrections.
The dashed line corresponds to the limit ✏ ! 0 of the fit, and the shaded band represents fitting
uncertainties on the asymptotic limit.

and, when added to the NLO cross section, we obtain

�NNLO

H+j (µR = 4µF = mH) = 153.78± 0.35 (fit) fb , (3.10)

which means that we are able to control the remaining unknown power corrections to the
level of 0.2% on the NNLO cross section. For the remainder of this paper we will use the
boosted dynamic ⌧ cut

1
with ✏ set to 1 ⇥ 10�4. From our preceding study we can estimate

that for this value the remaining power corrections should be at the level of a few percent
on the NNLO coefficient, and hence around the per-mille level on the full physical NNLO
prediction. Such a level of accuracy should be more than adequate for the phenomenology
presented in the next section.

4 Results

In this section we present our results for the NNLO predictions for H + j at the 13 TeV
LHC. We use the CT14 PDF sets [86], matched to the appropriate order in perturbation
theory (the running of ↵S and mMS

b
(µR) therefore occurs at the next perturbative order).

We use the same fiducial cuts as in section 3, namely we cluster jets using the anti-kT
algorithm with R = 0.4 and require them to have pj

T
> 30 GeV and |⌘j | < 4.5.

4.1 Factorization and renormalization scale dependence

We begin by investigating the factorization and renormalization scale dependence of the
total cross section for H+1j at NNLO accuracy. Additionally, we also investigate the cross

– 13 –

Figure 4. The independence on the ↵ parameter for a selection of partonic configurations for
bottom-induced H + 2j production. The shaded band indicates the uncertainty on the ↵ = 1
prediction. The most intricate qg and qq channels, which receive contributions from both bbggH
and four-quark amplitudes, have been computed with greater Monte Carlo statistics.

the validation of H+0j at NNLO and H+j at NLO, namely we use MMHT 14 PDF sets at
NNLO accuracy. We use the canonical scale choices of µR = mH = 4µF and the three-loop
running for the bottom quark Yukawa coupling and ↵s, such that mMS

b
(mH) = 2.793 GeV.

Our results are presented in fig. 5. We study the dependence of the NNLO coefficient on
the dynamic version of ⌧ cut

1
, which we recall is defined as

⌧ cut1 = ✏
q
m2

H
+ (pH

T
)2 . (3.7)

The results of ref. [51] for H + j in gluon fusion, and our preceding study for this process
at NLO, clearly demonstrate that this choice results in the smallest power corrections,
particularly when the associated jet is not required to be central (as in our case). The
results in fig. 5 span the range 2⇥ 10�5  ✏  1⇥ 10�3, which is approximately equivalent
to a fixed ⌧ cut

1
in the range 0.0025 � 0.12 GeV (setting pH

T
= 30 GeV, which corresponds

to the minimum jet transverse momentum). As expected, our results are well described by
the following approximation for the power corrections,

�NNLO

✏ = �NNLO

0 + c0 ✏ log ✏
3 , (3.8)

where �NNLO
0

represents the physical correction obtained in the limit ✏ ! 0. We find

�NNLO

0 = 8.79± 0.35 fb (3.9)
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Figure 5. The ⌧ cut1 dependence of the NNLO coefficient for H + j production at the 13 TeV LHC.
Results are presented for the dynamic version of ⌧ cut1 , evaluated in the rest frame of the H + j
system. Also shown is a fit to the results parametrizing the residual ✏ (⌧ cut1 ) power corrections.
The dashed line corresponds to the limit ✏ ! 0 of the fit, and the shaded band represents fitting
uncertainties on the asymptotic limit.

and, when added to the NLO cross section, we obtain

�NNLO

H+j (µR = 4µF = mH) = 153.78± 0.35 (fit) fb , (3.10)

which means that we are able to control the remaining unknown power corrections to the
level of 0.2% on the NNLO cross section. For the remainder of this paper we will use the
boosted dynamic ⌧ cut

1
with ✏ set to 1 ⇥ 10�4. From our preceding study we can estimate

that for this value the remaining power corrections should be at the level of a few percent
on the NNLO coefficient, and hence around the per-mille level on the full physical NNLO
prediction. Such a level of accuracy should be more than adequate for the phenomenology
presented in the next section.

4 Results

In this section we present our results for the NNLO predictions for H + j at the 13 TeV
LHC. We use the CT14 PDF sets [86], matched to the appropriate order in perturbation
theory (the running of ↵S and mMS

b
(µR) therefore occurs at the next perturbative order).

We use the same fiducial cuts as in section 3, namely we cluster jets using the anti-kT
algorithm with R = 0.4 and require them to have pj

T
> 30 GeV and |⌘j | < 4.5.

4.1 Factorization and renormalization scale dependence

We begin by investigating the factorization and renormalization scale dependence of the
total cross section for H+1j at NNLO accuracy. Additionally, we also investigate the cross
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Our results have the same 
structure as those of H+j in 
EFT (Campbell Ellis Seth 20) in which 
the dynamic boosted  
performs the best

τcut
1

We study the  dependence of 
the coefficient, fitting : 

τcut
1

Which combined with the NLO gives: 



Results 13 TeV LHC       pJ
T > 30 GeV |ηJ | < 4.5



  - dependence μF
����+ �+� [�(���)]

� =�� ���
��=��

��

���

����

����/���
�����/����

��� ��� �
���
���
���
���
���
���
���

��/��

��
���

��� ��� �
�

��

���

���

���

��/��
� �

��
�
+
�+
�

�
[��

]

Figure 6. Main figures: dependence of the LO, NLO, and NNLO cross sections on the factorization
scale (left: H + 0j, right: H + 1j). Insets: ratio of the NNLO prediction to the NLO (red) and
ratio of the NLO prediction to LO (blue, dashed).

section for H + 0j production at the same order. Although higher-order predictions are
now available [33], it is nevertheless interesting to compare the two predictions with and
without the additional jet requirement at NNLO.

Our results for H+0j and H+1j are shown in fig. 6. We set a central renormalization
scale of µR = mH and vary the factorization scale in the range mH/16  µF  4mH . As
is well known, the factorization scale dependence for the H + 0j cross section is dramatic
at LO and NLO, while at NNLO the behavior is somewhat improved (and even more so
at N3LO [33]). The maximum value around µF = mH/3 adds weight to the historical
argument of using µF = mH/4 as the central scale choice in NLO predictions [16].

The presence of initial-state gluons and a final-state jet conspire to decrease the de-
pendence of the H + 1j cross section on the factorization scale when compared to the
equivalent H + 0j result. However, it is clear that the H + j cross section still bears a
striking dependence on the factorization scale. At LO, across the range studied the cross
section increases by a factor of 7, while at NLO the increase is a factor of two. The NNLO
results from our calculation lead to a substantial improvement. By including second-order
corrections, the overall increase in the cross section over the range of µF drops to a factor
of 1.36. Indeed, the vast majority of this increase occurs at lower scale choices, while at
larger scales mH  µF  4mH the NNLO cross section changes only by around 6% (com-
pared to a change of 36% at NLO over the same range of µF ). It is therefore clear that
NNLO accuracy is mandated for a robust estimate of rates, free from large uncertainties
induced by the unphysical dependence on the factorization scale. As the dependence on µF

significantly drops for µF � mH/4, we will choose a central scale choice that reflects this
in our subsequent predictions.
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We begin by looking at the 
factorization scale dependence.

At LO and NLO there is a striking 
dependence. A known issue of the 
5FS calculations. 

Our NNLO results significantly 
“flatten the curve” and are essentially 
independent of the scale for a large 
region around mH /2
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Figure 7. Main figures: dependence of the LO, NLO, and NNLO cross sections on the renormal-
ization scale (left: H + 0j, right: H + 1j). Insets: ratio of the NNLO prediction to the NLO (red)
and ratio of the NLO prediction to LO (blue, dashed).

In fig. 7 we turn our attention to the renormalization scale dependence of the NNLO
H + 0 j and H + 1 j cross sections. For the bb ! H process we make the customary
choice µF = mH/4 and, motivated by the results discussed in the preceding paragraphs,
we choose µF = mH/2 for the H + 1j predictions. We present the dependence of the cross
sections over the range mH/8  µR  8mH . For the bb ! H process, at leading order
the only dependence of the cross section on µR arises from the evolution of mMS

b
. Higher-

order corrections induce a rather mild dependence through ↵s, and the NNLO prediction
is already rather insensitive to the renormalization scale. For the H + j cross section the
situation is rather different, since here the LO result depends on both ↵s and mMS

b
. On

the smaller end of the considered range µR < mH/2, the perturbation theory becomes
rather unreliable, with large corrections at each subsequent order. However, in the region
mH  µR  8mH the perturbation theory becomes well-behaved. There is also a significant
reduction in the residual scale uncertainty at NNLO: �pp!H+j(µR = mH)/�pp!H+j(µR =

8mH) is ⇠ 1.37 at NLO, but reduces to ⇠ 1.11 at NNLO.
The results of this subsection indicate that predictions obtained using central scale

choices comparable to (µR, µF ) = (mH ,mH/2) should demonstrate convergent behavior
in the perturbative expansion, with a reasonably small residual dependence for excursions
from this central choice. We therefore choose these values for the differential predictions
presented in the next section.

4.2 Differential distributions

We turn our attention to differential distributions, focusing exclusively on our new results for
the H+1j process. Our parameter choices are the same as those in the previous section and
the central scale choice is taken to be (µR, µF ) = (mH ,mH/2). In order to assess the impact
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  - dependence μR
The renormalization scale 
dependence comes from the running 
of the strong  and Yukawa couplings. 

For scale choices in the region 
around the Higgs mass the cross 
section dependence is very mild at 
NNLO

These combined results suggest 
a central scale choice of 

 leads to  
perturbative stability. 
(μF, μR) = (1/2,1) × mH
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Figure 8. Distributions of the rapidity of the Higgs boson (yH , left) and leading jet (yj , right)
at LO, NLO, and NNLO accuracy. The top panel shows the distribution, while the lower panels
present ratios to the LO, NLO, and NNLO central predictions. In addition to the six-point scale
variation, the lower panel presents estimates of PDF uncertainties at 68% C.L. (the other panels
only include the scale variation).

of the residual dependence on the renormalization and factorization scales we vary these
choices using a six-point variation. Specifically, we compute our predictions with µR and µF

varied by factors of two, i.e. we compute distributions with (µR/mH , µF /(2mH)) = (↵,�)

where (↵,�) 2 {(1, 1), (1, 2), (1, 1/2), (1/2, 1), (2, 1), (2, 2), (1/2, 1/2)} (without being in-
creased and decreased in opposite directions). For each bin in the distribution the largest
deviations from the central value are taken as upper and lower estimates of the scale vari-
ation.

Fig. 8 shows the results for the rapidity distribution of the Higgs boson (yH) and
leading jet (yj) at LO, NLO, and NNLO accuracy. By comparing the two distributions
it is clear that the Higgs boson is produced with a more central distribution than the jet,
which has a broader distribution (and hence more forward jets). This can be traced back
to the underlying kinematics, since the Higgs boson is a scalar particle and therefore is
produced more isotropically, while the leading jet favours the collinear (forward) region
in which the quark-gluon splitting is enhanced. The pattern of higher-order corrections is

– 16 –

HIGGS JET 

For this scale choice we plot 
the rapidity distributions 
for the Higgs boson and the 
leading jet 

The Higgs has reasonably 
flat corrections, while the jet 
has more structure. 

PDF errors comparable to 
7-point scale var. 
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Figure 9. Distributions of the transverse momentum of the Higgs boson (pH
T

, left) and leading
jet (pj

T
, right) at LO, NLO, and NNLO accuracy. The top panel shows the distribution, while the

lower panels present ratios to the LO, NLO, and NNLO central predictions. In addition to the
six-point scale variation, the lower panel presents estimates of PDF uncertainties at 68% C.L. (the
other panels only include the scale variation).

broadly similar for both distributions, with a significant shape change from LO to NLO and
a much smaller change from NLO to NNLO. We observe that the scale variation decreases
from around ±10% at NLO to around ±4% at NNLO. In the central region |yX | < 2.5

(X = H, j), the corrections are relatively flat, whereas in the larger rapidity regions they
become more sizable. We note that some care should be taken in this region, since it
could be prone to larger power corrections in the N -jettiness slicing method. However, we
estimate that remaining power corrections enter at around the percent level in the tails
of the two distributions, which should not substantially change the interpretation of the
plots. In the lower panel we additionally include an estimate of the uncertainties due to
the PDF extractions, obtained at 68% C.L. using LHAPDF [87]. We see that at NNLO the
uncertainties from the PDFs and the six-point scale variation are of the same order (⇠ 5%).
For very forward Higgs bosons the PDF uncertainties become very large, but there is very
little cross section in this region.

Fig. 9 presents the transverse momentum distribution of the Higgs boson and the lead-
ing jet. For the transverse momentum of the Higgs boson the softest bin pH

T
< 30 GeV
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Distributions

Next we look at transverse 
momentum 

Both have corrections around 
10% to NLO, tails soften 
compared to NLO. 

Again PDF errors 
comparable to 7-point scale 
var. 



• Inclusion of the EFT NNLO calculation to make combined prediction for H+j   

• Inclusion of interference effects  

• Implementation of b-tagging to target H+b final states. 

• Application to SUSY theories (specifically those with minimal coupling modifications or 
additional heavy scalars)  

• Application to Dark Matter/BSM searches for scalar mediators in models with Minimal Flavor 
Violation. 

Future Directions



Conclusions 

• Studying the Higgs coupling to fermions is an area of experimental and theoretical interest.  

• NNLO calculations are maturing , although final state jet processes at NNLO still require 
significant computational cost (and user skill/experience) making public releases somewhat 
tricky. 

• Presented results today for H+j through bottom quark fusion at NNLO. Complementary study 
to dominant H+j EFT production. 

• In the 5FS the factorization scale dependence is pretty sizable at lower orders. 

• NNLO corrections are of the order of 5-10% and result in a signifiant reduction in residual 
factorization and renormalization scale dependence.


