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1 Introduction

Run 2 of the LHC was very successful in establishing the Higgs boson couplings to vector
bosons and heavy fermions. With Run 3 and the high-luminosity upgrade the precision of the
coupling measurements will further increase. Therefore it is important to have good control
over the theoretical uncertainties, in particular to distinguish beyond the Standard Model
(BSM) effects from effects due to insufficient higher order corrections.

It has been noticed some time ago [1–12] that the Higgs boson pT -spectrum is an
important observable to constrain both the Yukawa-couplings to top (and bottom) quarks
as well as effective gluon-Higgs couplings due to interactions with unknown particles at
higher scales, leading to operators that are not present in the Standard Model (SM). The
impact of such effective operators on the pT,H spectrum in Higgs+jet production, including
next-to-leading Order (NLO) QCD corrections in the heavy top limit (HTL), has been
investigated in refs. [13–18], where the analysis of refs. [16–18] also includes investigations
of effects due to the renormalisation group running of the Wilson coefficients.

In the SM, the leading order (LO) one-loop amplitude has been calculated in ref. [19], NLO
results beyond the HTL were first obtained for the high transverse momentum region [11, 20].
The NLO result for general kinematics has first been obtained numerically [21–23], the
top quark mass effects have been studied in detail in ref. [24]. Numerical results for the
two-loop amplitude for Higgs plus jet production with full top quark mass dependence also
have been calculated in ref. [25] in the framework of the full next-to-next-to-leading order
(NNLO) corrections to inclusive Higgs production, a study of the Higgs boson transverse
momentum spectrum through the combination of this calculation with a parton shower
has been presented in ref. [26].

On the analytic side, compact analytic expressions for the one-loop amplitudes for
Higgs + 4 parton scattering, providing an efficient way to calculate the NLO real radiation
contributions, have been presented in ref. [27]. After the relevant two-loop master integrals
have become available [28–30], the full NLO calculation based on analytic results for the
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two-loop integrals has been completed in ref. [31], including both top and bottom masses
as well as a comparison of the on-shell and MS schemes to renormalise the top quark mass.
Two-loop bottom quark mass effects also have been studied in ref. [32]. Mixed QCD-EW
corrections have been presented in refs. [33–35], partial EW corrections are considered in
refs. [36–38]. NNLO results for Higgs plus jet production in the HTL are available already
since some time ago [39–45]. Higgs production in association with one or multiple high-
energy jets is available within the HEJ framework [46, 47]. In ref. [48], light quark mediated
Higgs boson production in association with a jet at NNLO and beyond is considered in
the framework of resummation.

The Higgs boson transverse momentum spectrum for boosted Higgs bosons already has
been used by the experimental collaborations to place limits on anomalous top-Higgs and
gluon-Higgs couplings [49–53]. The latter can be parameterised by ct and cg in Higgs Effective
Field Theory (HEFT), also called Electroweak Chiral Lagrangian [54–59]. These couplings
also enter inclusive Higgs boson production in gluon fusion, which is known to agree with
the SM prediction to a level approaching 5%. Therefore, these anomalous couplings are
fairly well constrained already (also from other processes such as tt̄H production for the
case of the Higgs-top coupling [60, 61]). However, it is well known that there is a degeneracy
between ct and cg when considering only inclusive Higgs production, which is lifted when
considering the pT -spectrum of the Higgs boson at large transverse momenta [4, 5, 14, 15].
Up to now, the effects of these operators have not yet been studied in combination with
NLO corrections to Higgs+jet production including the full top quark mass dependence.
However, both the SM top quark mass effects as well as these anomalous couplings affect
the tail of the pT,H -distribution considerably. Therefore it is important to study in detail
the interplay of both, higher order QCD corrections and potential effects of new physics
in an EFT framework.

In this work we would like to address this point and investigate the effects of these
anomalous couplings on the Higgs+jet cross section and transverse momentum distributions,
based on a calculation of the full NLO QCD corrections in the SM [21]. Working in HEFT
rather than Standard Model Effective Field Theory (SMEFT) [62–65], our power counting
scheme is not based on canonical dimension counting, i.e. the counting of inverse powers
of a new physics scale Λ, but instead on the counting of the chiral dimension dχ, which is
related to the (explicit or implicit) loop order L through dχ = 2L + 2. The chromomagnetic
top-quark dipole operator has chiral dimension dχ = 4 and therefore is considered to be
subleading, as explained in section 2. Thus the inclusion of chromomagnetic dipole operators
will be considered in subsequent work, together with other subleading operators entering
at the same level, such as four-fermion operators.

The structure of this paper is as follows: in section 2 we describe how the anomalous
couplings relate to inclusive Higgs production and how they affect the large-pT spectrum
of the Higgs boson. We also give some technical details about the calculation. Section 3 is
dedicated to the description of phenomenological results, providing heat maps that show
the effects of the anomalous couplings on the total cross section and discussing the effect of
some HEFT benchmark points on the Higgs boson transverse momentum spectrum, before
we conclude in section 4.
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2 Description of the method

2.1 Framework of the calculation

We include anomalous couplings based on the effective Lagrangian

L ⊃ −ct mt
H

v
t̄t + αs

8π
cg

H

v
Ga

µνGa,µν . (2.1)

In the SM, ct = 1 and cg = 0. We assume that the anomalous couplings are induced by new
physics interactions at a scale Λ considerably larger than the electroweak scale. While the
process pp → H+jet is loop induced in the SM, the second part of the Lagrangian now also
introduces effective tree level interactions. The factor proportional to αs/8π indicates that
these interactions are stemming from loops of heavy particles that have been integrated out to
arrive at the effective Higgs-gluon coupling. In the region 2mt ≲

√
ŝ ≲ Λ the top quark loops

are resolved while the heavier particles in the loop generate the effective point-like Higgs-gluon
interaction. The coefficient ct is a modification factor of the top Yukawa coupling, which can
arise for example by mixing with heavy top partners [4, 66]. The chromomagnetic top-quark
dipole operator Otg = ytgst̄LσµνT aGa

µν(v + H)tR can only be generated through contracted
loops [65, 67, 68] in weakly coupled, renormalisable UV completions and we stick to such
extensions of the SM. Therefore, inserting the operator into the one-loop diagrams that
constitute the LO in the SM, the resulting diagrams are effectively of two-loop order (chiral
dimension dχ = 6), thus coming with a loop suppression factor ∼ 1/(16π2). The operator
Ohg, mediating direct Higgs-gluon couplings, also pertains to the class of loop-generated
operators. However, insertions of Ohg enter at tree-level and therefore have chiral dimension
dχ = 4. The SM NLO QCD corrections also lead to two-loop diagrams and therefore come
with a loop factor 1/(16π2) relative to the LO diagrams. However, the SM two-loop QCD
diagrams come with an extra factor g2

s = 4παs relative to the Born diagrams, while the
chromomagnetic dipole operator comes with an extra factor ytgs. As we only calculate the
QCD corrections, which are of order O(αs) relative to the Born amplitude, we neglect the
two-loop corrections stemming from the chromomagnetic top-quark dipole operator in the
present work. This is in line with the procedure followed in ref. [69] for the QCD corrections
to Higgs boson pair production. Furthermore, we do not include any 4-quark operators
nor CP-violating operators.

The matrix element squared for each partonic subprocess can be written as [5]

|M|2 ∝ |ct Mf (mt) + κg MHg( mt)|2, (2.2)

where Mf denotes the parts of the amplitude where the Higgs boson couples to a top quark,
and MHg the amplitude parts containing an effective point-like Higgs-gluon interaction.
Note that the NLO amplitude can also contain both, a top quark loop and a point-like
Higgs-gluon interaction. However, in these diagrams the top quarks couple only to gluons,
with an SM coupling. We use κg = 3

2cg such that the HTL corresponds to κg → 1 and
ct = 0. The total cross section for pp → H + jet can be written as a quadratic polynomial
in ct and cg , both at LO and at NLO.

Integrating over the jet momenta, the total inclusive cross section for Higgs boson
production in gluon fusion should be retrieved. As is well known, due to the “Higgs Low
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Energy Theorem” [70–72], the total cross section for Higgs production in gluon fusion is
rather insensitive to the masses of heavy particles circulating in the loop. This is also
reflected in the fact that, at energy scales below 2mt, the inclusive Higgs production cross
section is approximated very well by the HTL. An extra high-pT jet can serve as a handle
to resolve heavy quark loops, therefore new physics effects could show up in the tail of
the Higgs pT -distribution.

From the Lagrangian (2.1) one obtains for the inclusive Higgs production cross section
at LO (see ref. [4]):

σincl(ct, κg)
σSM

incl
= (ct + κg)2 + O

(
κg

ct + κg

m2
H

4m2
t

)
. (2.3)

As the measured total Higgs production cross section in gluon fusion agrees very well
with the SM result, the relation (ct +κg)2 = 1 should be fulfilled to about 10% level, assuming
that subleading operators do not have a drastic effect, which would lead to more freedom in
the relation between ct and κg. In the pure HTL, the proportionality of the cross section to
(ct + κg)2 is fulfilled exactly, also for the NLO amplitudes, because there are no diagrams at
NLO which contain both ct and cg simultaneously, such that the HTL of the full SM NLO
amplitudes gives exactly the amplitudes proportional to κg. This degeneracy is broken in
the Higgs boson transverse momentum spectrum because as pT,H increases, the top quark
loops start to become resolved and therefore the kinematic behaviour of the contribution
proportional to ct is different from the one in the HTL for large values of pT,H . On the other
hand, as the differential cross section decreases rapidly with pT,H , the effects of anomalous
couplings on the total cross section should be small as long as the relation (ct + κg)2 = 1 is
fulfilled. Therefore it is useful to consider the cross section for pp → H + jet as a function
of the cut on pT,H [4, 5]:

σHj(pmin
T,H , ct, κg)

σSM
Hj (pmin

T,H)
= (ct + κg)2 + δ1(pmin

T,H) ct κg + δ2(pmin
T,H) κ2

g , (2.4)

where the coefficients δi depend on the cut pmin
T,H . For small pmin

T,H the coefficients δi at
LO are very small, modifying the cross section in the permille to percent range below
pT,H ∼ 350 GeV [4]. However, recent LHC measurements have reached transverse momentum
regions beyond 600 GeV [49, 51, 53, 73]. Furthermore, the study of refs. [4, 5] was at LO
only, and the one of refs. [13–15] is based on the HTL when going beyond LO. In section 3,
we will investigate how the anomalous couplings modify the large-pT,H spectrum at NLO
with full top quark mass dependence.

2.2 Technical details

The cross section for pp → H+jet consists of gg, qg, q̄g and qq̄ initiated subprocesses. The
calculation largely relies on the corresponding setup for the SM case, described in ref. [21].

Leading order amplitudes. The LO amplitudes in the full theory as well as the amplitudes
involving cg were implemented analytically, relying on ref. [19], while the one-loop real
radiation contribution and the two-loop virtual amplitudes rely on semi-numerical evaluations.
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t t t
q

q

Figure 1. Example diagrams contributing to Higgs plus one jet production at LO, based on the
chiral Lagrangian given in eq. (2.1).

t t t
q q

q q

Figure 2. Examples for real radiation diagrams of order g4
s .

As a cross-check we also generated the Born amplitudes with GoSam [74, 75] using the
UFO [76, 77] model described in ref. [69], finding agreement between the two implementations
at amplitude and cross section level. Example diagrams contributing at Born level are
shown in figure 1.

Real radiation. The real radiation corrections contain one-loop diagrams up to pentagons
as well as tree-level 5-point-diagrams, examples are shown in figure 2. The loop-induced real
radiation matrix elements were implemented using the interface [78] between GoSam [74, 75]
and the POWHEG-BOX-V2 [79–81], modified accordingly to compute the real corrections based
on one-loop amplitudes for the part of the amplitude that contains explicit top quark loops.
The one-loop amplitudes were generated with GoSam-2.0 [75], that uses Qgraf [82], FORM [83]
and spinney [84] for the generation of the Feynman diagrams, and offers a choice from
Samurai [85, 86], golem95C [87–89] and Ninja [90] for the reduction, as well as OneLOop [91]
or QCDloop [92] for the scalar integrals. At run time the amplitudes were computed using
Ninja [90], golem95C [88] and OneLOop [91] for the evaluation of the one-loop integrals.

Virtual corrections. For the virtual two-loop amplitudes, we have used the results of
the calculation presented in ref. [21], which is based on Reduze 2 [93] and SecDec-3 [94],
which evolved to pySecDec [95–97]. Examples of virtual diagrams are shown in figure 3.
The values for the Higgs boson and top quark masses have been set to mH = 125 GeV
and mt = 173.055 GeV, which means m2

H/m2
t = 12/23. Fixing these values reduces the

number of independent scales in the two-loop amplitudes to two variables, the Mandelstam
invariants ŝ and t̂.

The gg → g H amplitude can be decomposed into four tensor structures. After imposing
parity conservation, transversality of the gluon polarization vectors and the Ward identity,
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t t

Figure 3. Examples for virtual diagrams of order g5
s in the gluon fusion channel.

the amplitude can be written as a linear combination of four form factors Fijk multiplying
the tensor structures T µντ

ijk [98]:

Mµντ = F212T µντ
212 + F332T µντ

332 + F311T µντ
311 + F312T µντ

312 , (2.5)

where

T µντ
212 = (s12gµν − 2pµ

2 pν
1)(s23pτ

1 − s13pτ
2)/(2s13) ,

T µντ
332 = (s23gντ − 2pν

3pτ
2)(s13pµ

2 − s12pµ
3 )/(2s12) ,

T µντ
311 = (s13gτµ − 2pτ

1pµ
3 )(s12pν

3 − s23pν
1)/(2s23) ,

T µντ
312 =

(
gµν(s23pτ

1 − s13pτ
2) + gντ (s13pµ

2 − s12pµ
3 ) + gτµ(s12pν

3 − s23pν
1)

+ 2pµ
3 pν

1pτ
2 − 2pµ

2 pν
3pτ

1

)
/2 , (2.6)

with sij = (pi + pj)2. Three of the form factors are related by cyclic permutations of the
external gluon momenta while the fourth is invariant under such permutations. The qq̄ → g H

amplitude similarly can be decomposed in terms of two tensor structures as [99]:

Mρϵρ = F1T1 + F2T2 , (2.7)

where

T1 = ū(p1) ̸ p3 v(p2)p2 · ϵ3 − ū(p1) ̸ ϵ3 v(p2)p2 · p3 ,

T2 = ū(p1) ̸ p3 v(p2)p1 · ϵ3 − ū(p1) ̸ ϵ3 v(p2)p1 · p3 . (2.8)

In this case the form factors are related by interchanging the external quark and anti-quark
momenta. The qg → q H amplitude can be obtained from the qq̄ → g H amplitude by crossing.

The form factors can be extracted introducing projectors P µντ
ijk satisfying P µντ

ijk Mµντ =
Fijk. The four projectors for the gg → gH amplitude in D-dimensional space-time are:

P µντ
212 = 1

(D − 3)s23

(
− Ds13

s2
12s23

T µντ
212 − D − 4

s2
23

T µντ
332 − D − 4

s12s13
T µντ

311 + D − 2
s12s23

T µντ
312

)
,

P µντ
332 = 1

(D − 3)s12

(
−D − 4

s12s23
T µντ

212 − Ds12
s13s2

23
T µντ

332 − D − 4
s2

13
T µντ

311 + D − 2
s13s23

T µντ
312

)
,

P µντ
311 = 1

(D − 3)s13

(
−D − 4

s2
12

T µντ
212 − D − 4

s13s23
T µντ

332 − Ds23
s12s2

13
T µντ

311 + D − 2
s12s13

T µντ
312

)
,

P µντ
312 = D − 2

(D − 3)s12s13s23

(
s13
s12

T µντ
212 + s12

s23
T µντ

332 + s23
s13

T µντ
311 + D

D − 2T µντ
312

)
. (2.9)
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For the qq̄ → gH amplitude the projectors are [99]:

P1 = D − 2
2(D − 3)s12s2

13
T †

1 − D − 4
2(D − 3)s12s13s23

T †
2 ,

P2 = − D − 4
2(D − 3)s12s13s23

T †
1 + D − 2

2(D − 3)s12s2
23

T †
2 , (2.10)

where P1 and P2 satisfy ∑spins PiMρϵρ = Fi. The six NLO QCD form factors have been
computed for the SM case in ref. [21]. We have rescaled the SM form factors by the anomalous
coupling ct. To construct the virtual corrections, we use

dσV ∼ 2ℜ
(
MV ·MB,†

)
= 2ℜ

[(
M2L

f + M1L
Hg

)
·
(
M1L

f + M0L
Hg

)†]
= 2ℜ

[
M2L

f ·
(
M1L

f + M0L
Hg

)†
+ M1L

Hg ·
(
M1L

f + M0L
Hg

)†]
. (2.11)

The Born matrix elements arising from the tree level diagrams where the Higgs boson couples
to gluons, M0L

Hg, are added to the rescaled SM Born matrix elements at form factor level,
using the projectors of eqs. (2.9) and (2.10).

In order to use the 2-loop virtual contribution directly within the POWHEG-BOX-V2, we
constructed a grid based on the 2000 phase space points at which the 2-loop amplitude
has been evaluated, together with an interpolation framework. To this aim we first realise
that we can write the amplitude as

M(µ) = M2 log(µ)2 + M1 log(µ) + M0. (2.12)

Thus, we computed the amplitudes for three values of µ and then solved the equations for
M0, M1 and M2. We created a grid for each of the four partonic channels where we stored

β = s − m2
H

s + m2
H

, cos θ = t − u

s − m2
H

, M0, M1, M2. (2.13)

To interpolate the virtual amplitudes for each channel we used a neural network trained on
the grid, where we used 30% of the data points as a validation set. For the training of the
network we multiplied the coefficients M0, M1 and M2 with β2(1− β)(1− cos2 θ) and divided
by the largest value in the grid. This guarantees that the grid for the neural network training
has values in [−1, 1] and is flattened at the phase space boundaries. The architecture of each
network is composed of three dense layers with 200, 20 and 20 nodes, respectively. The setup
is implemented using Keras [100] to produce the models in combination with a modified
version of Keras2cpp [101] to save them such that they can be loaded from C++. We built a
C++ function where, for each channel, the models are loaded. This function is called in the
POWHEG-BOX-V2 to obtain the two-loop virtual amplitude at any given phase space point.

The one-loop amplitudes contributing to the virtual corrections where the Higgs couples
to gluons, denoted by M1L

Hg, were computed by GoSam, where the interference M1L
Hg ·M0L

Hg

is straightforward, while we had to slightly modify GoSam in order to compute the
M1L

Hg ·M1L
f interference.

One full run takes roughly 320 CPU-days, depending on the used hardware. The 320
CPU-days refer to a cluster which consists of Intel Xeon Gold 6230 processors with a frequency
of 2.1 GHz. It is also worth mentioning that using either ct = 0 or cg = 0 can drastically reduce
the number of CPU-hours, since this greatly reduces the number of diagrams to be evaluated.
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Validation. In order to allow for comparisons and cross checks, we implemented both
the mt → ∞ limit as well as the full SM amplitudes at NLO. We checked that taking
mt → ∞ in all diagrams and setting cg = 0 agrees with the SM calculation in the HTL.
Furthermore, using the fact that in the HTL the SM reduces to diagrams with an effective
Higgs-gluon coupling given by cg,HTL = 2/3, see e.g. [102], and that the HEFT diagrams with
a gluon-Higgs coupling reduce to just HTL diagrams without any top-loops, we checked that
ctMf (mt → ∞) + cgMHg(mt → ∞) = (2/3ct + cg)/cg,HTL ·MHTL. Furthermore, we have
validated the interpolation grid that we implemented in the Powheg setup by comparing the
grid-based result with the result reconstructed directly from the points obtained from the
numerical evaluation of the two-loop amplitude. The differences were of the order of the Monte
Carlo uncertainties. We also interpolated the Born amplitude of the grid and compared it to
the analytical results. Of course, we also checked that taking ct = 1 and cg = 0 agrees with
the SM results computed in [21, 24], both at amplitude level and at total cross section level.

3 Numerical results and discussion of anomalous couplings

The results presented in this section were obtained using the PDF4LHC21_40_pdfas parton
distribution functions [103–106] interfaced to our code via LHAPDF [107], along with the
corresponding value for αs. The masses of the Higgs boson and the top quark have been
fixed, as in the virtual amplitude, to mH = 125 GeV, mt = 173.055 GeV, respectively.
Their widths have been set to zero. Jets are clustered with the anti-kT algorithm [108] as
implemented in the fastjet package [109, 110], with jet radius R = 0.4 and a minimum
transverse momentum pjet

T,min = 30 GeV. The central scale is given by

µ0 = HT /2 = 1
2

(√
m2

H + p2
T,H +

∑
i

|pT,i|
)

, (3.1)

where the sum is over all final state partons i. The scale uncertainties are estimated by
varying the factorisation and renormalisation scales µF and µR. The uncertainty bands
represent the envelopes of a 3-point scale variation around the central scale.

3.1 Total cross sections and heat maps

The total cross sections obtained with the above settings and for different values of the
minimum transverse momentum of the Higgs boson, pmin

T,H , are given in table 1, where we
compare the benchmark point ct = 0.9, cg = 1/15 to the SM case. We can clearly see that at
LO, the difference between BSM and SM is within the corresponding scale uncertainties. At
NLO, the scale uncertainties are reduced and the difference becomes noticeable for highly
boosted Higgs bosons, but only for a pT,H cut of 800 GeV the difference is clearly outside the
scale uncertainties for the considered benchmark point. This shows that already for small
deviations from the SM there can be a measurable difference, if the Higgs boson is very
highly boosted. Going away further from the SM values for cg and ct, the difference would
become more pronounced and start at a smaller pT,H -cut values. This will become apparent
in the discussion of the heat maps shown in figures 4 and 5. In table 2, we show the ratio
of the HEFT at the benchmark point ct = 0.9, cg = 1/15 to the SM case, including Monte
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pT,H cut [GeV] σcut(HEFT) [fb] σcut(SM) [fb]
LO NLO LO NLO

0 (8+3
−2) · 103 (15+0

−2) · 103 (8+3
−2) · 103 (15+0

−2) · 103

50 (4.5+1.8
−1.2) · 103 (9.1+0.1

−1.6) · 103 (4.5+1.8
−1.2) · 103 (9.1+0.0

−1.4) · 103

100 (1.4+0.6
−0.4) · 103 (2.85+0.08

−0.5 ) · 103 (1.4+0.6
−0.4) · 103 (2.85+0.01

−0.5 ) · 103

200 (2.2+0.9
−0.6) · 102 (4.6+0.2

−0.9) · 102 (2.2+0.9
−0.6) · 102 (4.5+0.1

−0.9) · 102

400 13+6
−4 28+2

−6 12+5
−3 25+1.6

−5

600 1.6 0.7
−0.5 3.3+0.3

−0.7 1.3+0.6
−0.4 2.7+0.2

−0.5

800 0.29+0.14
−0.09 0.60+0.07

−0.12 0.21+0.10
−0.06 0.43+0.04

−0.09

Table 1. Total cross sections for different values of pmin
T,H , The main value is based on the central scale

and the uncertainties are obtained from three-point variations around the central scale. The HEFT
values are for the benchmark point ct = 0.9, cg = 1/15. All cross sections have a minimal jet-pT of
30 GeV and thus at LO, the Higgs boson also has a minimal transverse momentum of 30 GeV.

pT,H cut [GeV] σcut.HEFT/σcut,SM
LO NLO

0 0.9955 ± 0.0005 1.00 ± 0.04
50 0.9966 ± 0.0006 1.00 ± 0.04
100 1.0002 ± 0.0010 1.00 ± 0.02
200 1.021 ± 0.002 1.01 ± 0.014
400 1.119 ± 0.007 1.10 ± 0.01
600 1.250 ± 0.012 1.22 ± 0.01
800 1.410 ± 0.016 1.37 ± 0.01

Table 2. The ratios of the total cross section for different values of pmin
T,H for a HEFT benchmark point

with (ct, cg) = (0.9, 1/15) relative to the SM cross section. The uncertainties are the error propagated
Monte Carlo uncertainties, since the scale uncertainties are correlated in HEFT and SM and thus
mostly cancel.

Carlo uncertainties rather than scale uncertainties, as the scale uncertainties are correlated
between HEFT and the SM and therefore largely cancel. The ratios clearly demonstrate the
behaviour discussed above, i.e. the difference between HEFT and the SM becoming more
pronounced for higher values of pmin

T,H .
The heat maps illustrate the effects of varying ct and cg simultaneously, over a parameter

range inspired by current bounds from global fits [61, 111]. In figure 4, we show the ratio of
the total cross section including anomalous couplings within HEFT to the SM total cross
section, both calculated at full NLO. In figure 5, we show how the NLO K-factor is modified
by the anomalous couplings.

For the heat maps, we write the total cross section as

σ = c2
t A + 2ctcg B + c2

g C , with σSM = A , σHTL =
(2

3

)2
CHTL , (3.2)
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pcut
T,H A B C CHTL

0 15.0 ± 0.2 21.4 ± 0.5 30.7 ± 0.8 30.7 ± 0.8
50 9.13 ± 0.12 13.1 ± 0.3 18.9 ± 0.5 18.3 ± 0.5
100 2.86 ± 0.02 4.16 ± 0.07 6.17 ± 0.1 6.13 ± 0.09
200 (4.54 ± 0.03) · 10−1 (7.16 ± 0.12) · 10−1 (11.9 ± 0.2) · 10−1 (11.9 ± 0.1) · 10−1

400 (2.54 ± 0.01) · 10−2 (5.65 ± 0.08) · 10−2 (13.7 ± 0.1) · 10−2 (13.6 ± 0.1) · 10−2

600 (2.73 ± 0.01) · 10−3 (8.37 ± 0.11) · 10−3 (28.9 ± 0.2) · 10−3 (28.6 ± 0.1) · 10−3

800 (4.33 ± 0.02) · 10−4 (17.5 ± 0.2) · 10−4 (80.6 ± 0.5) · 10−4 (80.0 ± 0.3) · 10−4

Table 3. Values for A,B and C at NLO in pb at the central scale. The values for the pT,H -cut are
given in GeV. The uncertainties are the uncertainties of the fit.

where the last relation is based on the fact that, if we denote the effective gluon-Higgs coupling
in the HTL of the SM as cg,HTL, then the cross section can be written as σHTL = c2

g,HTLCHTL,
with cg,HTL = 2/3 as explained above. Thus it is sufficient to compute the cross section
for different values of cg and ct and then fit the coefficients A, B and C. For the fit we
chose some (ct, cg) value pairs across a wide range, even outside the experimental limits,
in order to guarantee a good fit.

By construction A, B, C are independent of the variables ct, cg and thus

σ

σSM
= c2

t + 2ctcg
B

A
+ c2

g

C

A
, (3.3)

σNLO
σLO

=
c2

t ANLO + 2ctcgBNLO + c2
gCNLO

c2
t ALO + 2ctcgBLO + c2

gCLO
. (3.4)

Hence it is sufficient to first perform a fit of the LO and NLO coefficients and then use
equations (3.3) and (3.4) to compute the K-factors and the ratio to the SM.

In table 3, we list the fitted values for the coefficients using different cuts on the Higgs
boson transverse momentum. The corresponding values for variations around the central
scale are given in appendix A.

We see that for all cuts the largest coefficient is always the C-coefficient, followed by
B and then A. Thus the dominant contributions to the cross sections stem from purely
HTL-like diagrams. Note that the reason why for the chosen benchmark point the SM-like
diagrams are more important comes from the fact that ct = 0.9 ≫ cg = 1/15, compatible
with current constraints. Furthermore, the higher the cut on the transverse momentum of the
Higgs boson, the bigger the ratios C/A and B/A become, indicating again that the deviations
from the SM start to become more important for high pT,H . This stems from the fact that
dσ/dpT,H ∼ 1/pa

T,H scales with a = 2 in the full theory and with a = 1 in the HTL [112]. We
can also see that CHTL ≈ C for all values of the cut. This is to be expected since the HTL in
the SM corresponds to the HEFT with cg = 2/3, excluding those top-loops where the top
quark only couples to gluons. The latter are suppressed in the HTL since they do not involve
a Yukawa coupling. Thus this gives a cross-check of our computations.

As can be seen in figure 4, the difference to the SM cross section can get very pronounced
as we deviate further from the interval ct + 3/2cg ∈ [0.9, 1.1]. We can also see that the
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Figure 4. Heat map of the ratio of the HEFT to the SM at the central scale. The colour spectrum is
capped at 10−3. The cut on pT,H is 400 GeV.

values of (ct, cg) = (0.9, 1/15) and (ct, cg) = (1.1,−1/15) are at the boundary to where a
difference to the SM starts to become significant. We find that 66.67% of the HEFT points
with ct + 3/2cg ∈ [0.9, 1.1] deviate from the SM result by up to 38%. If we enlarge the interval
to [0.8, 1.2], the deviation for 2/3 of the HEFT points in that interval increases to 41%.

In figure 5 we show the ratio of the HEFT K-factors to the SM K-factor. We see that
the relative K-factors vary significantly as a function of ct and cg.

3.2 Higgs boson transverse momentum distributions

The pT,H distribution with a minimum pT -cut of 30 GeV on the jet is shown in figure 6, for
the SM, the HTL and two HEFT benchmark points. Up to values of pT,H ≈ 300 GeV there
is no significant difference between the considered predictions, but for larger pT,H values the
HTL shows large deviations from the SM, whereas the two HEFT parameter points lead to
significantly smaller deviations. Thus it is very important to use the SM predictions with full
mt-dependence, otherwise the approximation given by the HTL could mask enhancements
in the tail which are in fact BSM effects.

For the two benchmark points we consider, the BSM effects only lie outside the SM
NLO QCD scale uncertainty bands for pT,H ≳ 800 GeV. However, the two benchmark points
we chose are quite close to the SM. Choosing larger deformations of the SM case would
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Figure 5. Heat map of the ratio of the NLO K-factors of the HEFT to the SM at the central scale.
The cut on pT,H is 400 GeV.

lead to more pronounced effects, visible already at smaller pT,H values. Nonetheless, for
very highly boosted Higgs bosons, even small deviations from the SM couplings can lead to
characteristic effects. It remains to be investigated whether other SM uncertainties, such
as the choice of different top mass renormalisation schemes, can lead to shape distortions
that could mask BSM effects. In ref. [31] it was shown that the pT,H distribution with the
top quark mass renormalised in the MS scheme falls off faster than in the on-shell (OS)
scheme as pT,H increases. However, the ratio OS/MS in the pT,H spectrum stays rather
constant for pT,H values between 600 GeVand 1 TeV, while the BSM effects grow much
more rapidly with pT,H .

Similar considerations hold for the QCD corrections beyond NLO. In ref. [22] the NLO
K-factors have been shown to be rather uniform over the whole pT,H spectrum, both in the
full SM as well as for the HTL. For the case of the HTL, the ratio between NNLO and NLO
also turned out to be rather flat, NNLO increasing the NLO corrections by about 25% for
400 GeV ≤ pT,H ≤ 1 TeV. Thus, a distinctive feature of the anomalous couplings consists in
the rapid growth of the shape distortion compared to the SM as pT,H increases.
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Figure 6. Higgs boson transverse momentum distribution for two HEFT benchmark points, (ct, cg) =
(0.9, 1/15) and (ct, cg) = (1.1,−1/15), compared to the SM case and to the HTL. The bands denote
3-point scale variations around the central scale µ0 = HT /2.

4 Conclusions

We have presented results for Higgs boson production in association with one jet, combining full
NLO QCD corrections with the leading operators within Higgs Effective Field Theory (HEFT),
which can modify the top-Higgs Yukawa coupling and induce an effective Higgs-gluon coupling.
We have taken into account constraints arising from the fact that inclusive Higgs production
measurements show very good agreement with the SM prediction, assuming that subleading
operators, such as the chromomagnetic operator or four-fermion operators, do not play a
substantial role. We found that there are combinations of ct and cg that reproduce the
inclusive Higgs production cross section at the 10% level, while changing the Higgs + jet
cross section to an extent that exceeds the scale uncertainties in the highly boosted Higgs
regime, i.e. for pmin

T,H ≳ 600 GeV. We also found that the NLO K-factor can vary by more
than 30% compared to the SM K-factor within the allowed range of ct and cg. Furthermore,
we showed that including the full top quark mass dependence is important to avoid that
the approximation given by the HTL, leading to an enhancement in the tail of the pT,H

distribution, is masking a BSM effect.
A more realistic study should also take into account decays of the Higgs boson as well

as prospective statistical uncertainties. Furthermore, it remains to be investigated in more
detail whether top mass renormalisation scheme uncertainties could swamp the effects of
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anomalous couplings even for highly boosted Higgs bosons. On the other hand, a better
control of the top mass scheme uncertainties along the lines of ref. [113] seems feasible. In
addition, the results presented in ref. [31] for the SM case suggest that the ratio between
on-shell and MS renormalisation schemes for the top quark is rather flat for large pT,H values,
while the BSM effects grow rapidly with pT,H .

Similar considerations hold for QCD corrections beyond NLO, as the K-factors are close
to constant in the large pT,H range. This holds for the NLO K-factors both in the HTL and
in the full SM, as well as for KNNLO in the HTL [22]. The effects of subleading operators
such as the chromomagnetic dipole operator or four-fermion operators also deserve further
study, as well as electroweak corrections.

The code is available from the POWHEG-BOX-V2 website [114] under the process name
Hjet_full_mt.
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A Coefficients of coupling structures

In this appendix we list the coefficients A, B and C of the anomalous coupling structures,
see eq. (3.2), for the three scale choices µR = µF = µ0, µR = µF = 2µ0 and µR = µF = µ0/2.
The uncertainties are the uncertainties from the fit.

pT,H cut [GeV] µR = µF = µ0 µR = µF = 2µ0 µR = µF = 0.5µ0

0 15.0 ± 0.2 12.6 ± 0.13 14.2 ± 0.3
50 9.13 ± 0.12 7.53 ± 0.08 8.98 ± 0.21
100 2.86 ± 0.02 2.35 ± 0.02 2.88 ± 0.04
200 (4.54 ± 0.03) · 10−1 (3.69 ± 0.02) · 10−1 (4.67 ± 0.04) · 10−1

400 (2.54 ± 0.01) · 10−2 (2.04 ± 0.01) · 10−2 (2.70 ± 0.02) · 10−2

600 (2.73 ± 0.01) · 10−3 (2.19 ± 0.01) · 10−3 (2.94 ± 0.02) · 10−3

800 (4.33 ± 0.02) · 10−4 (3.46 ± 0.01) · 10−4 (4.70 ± 0.03) · 10−4

Table 4. Values for A at NLO in pb.
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pT,H cut [GeV] µR = µF = µ0 µR = µF = 2µ0 µR = µF = 0.5µ0

0 21.4 ± 0.5 18.0 ± 0.3 22.6 ± 0.8
50 13.1 ± 0.3 10.7 ± 0.2 14.4 ± 0.5
100 4.16 ± 0.07 3.40 ± 0.05 4.62 ± 0.12
200 (7.16 ± 0.12) · 10−1 (5.81 ± 0.08) · 10−1 (8.05 ± 0.19) · 10−1

400 (5.65 ± 0.08) · 10−2 (4.54 ± 0.05) · 10−2 (6.46 ± 0.13) · 10−2

600 (8.37 ± 0.11) · 10−3 (6.70 ± 0.07) · 10−3 (9.62 ± 0.18) · 10−3

800 (17.5 ± 0.2) · 10−4 (14.0 ± 1.0) · 10−4 (20.1 ± 0.3) · 10−4

Table 5. Values for B at NLO in pb.

pT,H cut [GeV] µR = µF = µ0 µR = µF = 2µ0 µR = µF = 0.5µ0

0 30.7 ± 0.8 25.8 ± 0.5 36.3 ± 1.4
50 18.9 ± 0.5 15.4 ± 0.3 23.0 ± 0.8
100 6.17 ± 0.1 5.03 ± 0.08 7.52 ± 0.2
200 (11.9 ± 0.2) · 10−1 (9.74 ± 0.01) · 10−1 (14.4 ± 0.3) · 10−1

400 (13.7 ± 0.1) · 10−2 (11.2 ± 0.1) · 10−2 (16.6 ± 0.2) · 10−2

600 (28.9 ± 0.2) · 10−3 (23.4 ± 0.2) · 10−3 (34.9 ± 0.4) · 10−3

800 (80.6 ± 0.5) · 10−4 (65.2 ± 0.3) · 10−4 (97.5 ± 1.0) · 10−4

Table 6. Values for C at NLO in pb.
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