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➜ Higgs-pT allows disentangle cg vs. ct,: 

      
     Note: inclusive measurements only allow to constrain (cg + ct)2
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Figure 3: Higgs transverse-momentum spectrum in the SM (black, solid) compared to separate
variations of the dimension-six operators for (a) 0GeV pT  400GeV and (b) 400GeV pT 
800GeV. The lower frame shows the ratio with respect to the SM prediction. The shaded band in
the ratio indicates the uncertainty due to scale variations. See text for more details.
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(a) (b)

Figure 4: Higgs transverse-momentum spectrum in the SM (black, solid) compared to simultaneous
variations of ct and cg for (a) 0GeV pT  400GeV and (b) 400GeV pT  800GeV. The lower
frame shows the ratio with respect to the SM prediction. The shaded band in the ratio indicates
the uncertainty due to scale variations. See text for more details.
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Figure 5: Example Feynman diagrams for pp ! h+ jet involving supersymmetric particles.

In addition, there are diagrams like those in Fig. 1, but with the quarks in the loops replaced

by squarks.

for instance Ref. [44]. A large At leads to a large trilinear scalar coupling / hAtt̃Lt̃⇤R. If

all three fields aquire vacuum expectation values, the potential can have a deep charge- and

color-breaking minimum, separated only by a relatively low potential barrier from the usual

electroweak vacuum. A rough but conservative estimate of the vacuum stability condition

is given by [45,46]

A2
t
+ 3µ2 < a ·

�
m2

t̃1
+m2

t̃2

�
, (4.20)

with a ⇡ 3. This vacuum stability condition is shown in Fig. 6, colored in grey. We further

identify the regions of parameter space which are excluded because the soft masses MQ3 ,MU3

are not real (orange).

Direct limits from ATLAS and CMS significantly constrain the allowed parameter space.

An exhaustive re-analysis of the spectra and decays of all possible light and mixed stops

is, however, beyond the scope of our paper. While current experimental searches exclude

a significant part of the stop parameter space, these limits soften considerably for larger

LSP masses, close to kinematic degeneracies and in the presence of more complicated decay

chains, or in the absence of the traditional missing ET signatures (see e.g. Refs. [47–50]). In

particular, light stops with mt̃1
�m�̃0 ⇡ mt are still compatible with data [51,52]. It is there-

fore interesting to ask whether we can be sensitive to light and mixed stops independently of

the assumptions on their decays and even if their contribution cancels in the inclusive rate.

We calculated the relevant Feynman diagrams involving the stops using FeynArts-3.7 [53]

16

vs.

regime to probe the spectrum of top partners in composite Higgs models, whereas Section 4

looks at the h + jet process as a way to probe light stops in supersymmetric extensions

of the SM. Finally, Section 5 collects our conclusions. We also include an Appendix, where

formulae for the pp ! h+jet cross section mediated by CP -violating couplings are reported.

2 Analysis of pp ! h + jet

At the parton level, three subprocesses contribute to the pp ! h+jet cross section: these are

gg, qg, qq̄ ! h+ jet.5 The expressions of the SM matrix elements for gg ! hg and qq̄ ! hg,

mediated by quark loops, were first calculated at LO in QCD in Ref. [23] and shortly after

with a di↵erent notation in Ref. [24], which we used for our calculations. The matrix element

for the qg ! hq process is obtained from the one of qq̄ ! hg by crossing. Some of the

Feynman diagrams contributing to pp ! h+ jet are shown in Fig. 1. When the Lagrangian

in Eq. (1.3) is considered, the top contribution to the amplitudes is simply given by the SM

one rescaled by the modified coupling t.6 On the other hand, the contribution of heavy
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Figure 1: Example Feynman diagrams for pp ! h+jet in the SM and with the contact term.

top partners in the loop is described by the e↵ective interaction parameterized by g, which

generates Feynman diagrams such as the lower-right one in Fig. 1. Roughly speaking, this

description is reliable as long as the mass of the heavy states is larger than the transverse

5
For brevity, we denote the sum qg + q̄g by qg.

6
In the SM, the e↵ect of including the bottom quark contribution in addition to the dominant one due to

the top is only of a few percent, if the cut on the transverse momentum is larger than 50GeV [22,25,26]. Since

we are interested in larger Higgs transverse momenta, we consistently neglect the bottom in our calculation.
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SM New physics Look for BSM effects in small deviations from SM predictions:
 → Higgs processes natural place to look at
 → very good control on theory necessary!

2-) the boosted region
•If the Higgs recoils against a high transverse momentum jet → high 

Q process, can resolve the top loop
•Crucial process to disentangle anomalous ggH and ttH couplings!
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Higgs-pT: higher-order corrections

Higgs: status of theoretical predictions
Higgs production in gluon fusion is a loop induced process → 
computing corrections involve complicated multi-loop amplitudes

HIGGS INCLUSIVE H+J / HIGGS PT

O(↵2
s)

O(↵3
s)

NLO: ~100% corrections, clearly unsatisfactory result
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Figure 1: Examples of two-loop Feynman diagrams that contribute to the process
gg → Hg.

diagrams with QGRAF [14]. A few examples of the two-loop Feynman diagrams that

contribute to the gg → Hg amplitude are shown in Fig. 1. The projection operators
are applied diagram by diagram and the polarization sums are computed following
Eqs.(3.2, 3.3, 3.4). Once this step is completed, each contributing diagram is written

in terms of integrals that depend on the scalar products of the loop momenta between
themselves and the scalar products of the loop momenta with the external momenta.

We can assign all Feynman integrals that contribute to the scattering amplitude to
three integral families, two planar and one non-planar. These integral families are
given by

Itop(a1, a2, ..., a8, a9) =

!
DdkDdl

[1]a1 [2]a2 [3]a3 [4]a4 [5]a5 [6]a6 [7]a7 [8]a8 [9]a9
, (3.7)

where top ∈ {PL1,PL2,NPL} is the topology label and the propagators [1], [2], ..., [9]

for each topology are shown in Table 1. The integration measure is defined as

D
dk = (−m2

h)
(4−d)/2 (4π)d/2

iΓ(1 + ϵ)

!
ddk

(2π)d
. (3.8)

We note that the loop momenta shifts required to map contributing Feynman

diagrams on to the integral families are obtained using the shift finder implemented
in Reduze2 [15]. All algebraic manipulations needed at different stages of the com-

putation are performed using FORM [16]. Once the amplitude is written in terms of
scalar integrals, we simplify them using all possible loop momenta shifts with a unit

Jacobian; this can also be done using the momentum shift finder of Reduze2. When
the contributions of all diagrams to the form factors are summed up, significant sim-
plifications occur; for example, only integrals with up to three scalar products are

left, although some individual diagrams receive contributions from integrals with up
to four scalar products.

Having determined all scalar integrals that contribute to the amplitude, we need
to reduce them to master integrals. The reduction procedure relies on a systematic
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massive two-loop amplitudes  

full theory: loop-induced
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Integrating out the top: results

O(↵2
s) O(↵3

s) O(↵4
s) O(↵5

s)

K~2, ~100% 
uncertainty

K~1.2, ~10% 
uncertainty

K~1.02, ~percent -
level uncertainty

[Anastasiou et al., PRL (2015)]

K~1.5, ~50% 
uncertainty

NNLO, fully 
exclusive

integrate-out HEFT: tree-level at LO
heavy quarks
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Integrating out the top: results
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Figure 10. Transverse momentum distribution of the Higgs boson compared to preliminary 13
TeV ATLAS [20]. Left panel is the absolute cross section, right panel is normalized to �H .

The currently ongoing Run 2 of the LHC will produce a dataset at 13 and 14 TeV

corresponding to about 25 times the integrated luminosity of the data analysed by ATLAS

for the preliminary study [20] discussed in this section.

4 Higgs boson production at large transverse momentum

Although not yet very precise, the ATLAS and CMS measurements of the Higgs boson

transverse momentum distribution at 8 TeV [2, 3], as well as the preliminary ATLAS

results at 13 TeV [20], illustrate the potential of this observable once higher statistics

are available. The current Run 2 of the LHC at 13 TeV will allow these observables to

be studied with much higher precision, and will extend the kinematic range that can be

probed to larger values of the transverse momentum.

To quantify the impact of the top quark mass e↵ects, we use the CMS fiducial cuts

and the theory parameters described in Section 3.1 at 13 TeV. As discussed earlier, we

consider two approximate approaches to estimating the mass e↵ects defined in Eqs. (2.15)

and (2.16), the multiplicative EFT⌦M and additive EFT�M approximations respectively

in addition to the EFT in the large quark mass limit. To quantify the uncertainty on these

procedures, we compare in Figure 11 the EFT�M (green) and the EFT⌦M (red) predic-

tions obtained according to Eqs. (2.16) and (2.15). The EFT and EFT⌦M predictions (and

the corresponding scale uncertainty) are simply related by R(pT ) as shown in Fig. 1(right).

For Higgs transverse momentum p
H
T > 200 GeV, the EFT distribution is much harder than

the EFT⌦M prediction, and as a result, the EFT�M prediction lies between the two.

The inclusion of quark mass e↵ects at LO leads to a damping of the transverse momen-

tum spectrum. Consequently, in the EFT�M prediction at large transverse momenta, the

harder higher order EFT corrections dominate over the softer LO contribution with exact

mass dependence. Even if the yet unknown NLO corrections to the exact mass dependence

– 17 –

[Chen et.al.; ’14+‘16
Boughezal et. al.; ’15,  
Caola et.al.; ’15]

perturb. uncertainties in HEFT 
under very good control:
‣ ~10% scale variation
‣ stable shapes

[Chen et.al.; ’16]
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diagrams on to the integral families are obtained using the shift finder implemented
in Reduze2 [15]. All algebraic manipulations needed at different stages of the com-

putation are performed using FORM [16]. Once the amplitude is written in terms of
scalar integrals, we simplify them using all possible loop momenta shifts with a unit

Jacobian; this can also be done using the momentum shift finder of Reduze2. When
the contributions of all diagrams to the form factors are summed up, significant sim-
plifications occur; for example, only integrals with up to three scalar products are

left, although some individual diagrams receive contributions from integrals with up
to four scalar products.

Having determined all scalar integrals that contribute to the amplitude, we need
to reduce them to master integrals. The reduction procedure relies on a systematic
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NLO?

Bottleneck:  
massive two-loop amplitudes  

full theory: loop-induced

6

Integrating out the top: results

O(↵2
s) O(↵3

s) O(↵4
s) O(↵5

s)

K~2, ~100% 
uncertainty

K~1.2, ~10% 
uncertainty

K~1.02, ~percent -
level uncertainty

[Anastasiou et al., PRL (2015)]

K~1.5, ~50% 
uncertainty

NNLO, fully 
exclusive

integrate-out HEFT: tree-level at LO
heavy quarks

NNLO

Bottleneck: IR subtraction 
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Figure 10. Transverse momentum distribution of the Higgs boson compared to preliminary 13
TeV ATLAS [20]. Left panel is the absolute cross section, right panel is normalized to �H .

The currently ongoing Run 2 of the LHC will produce a dataset at 13 and 14 TeV

corresponding to about 25 times the integrated luminosity of the data analysed by ATLAS

for the preliminary study [20] discussed in this section.

4 Higgs boson production at large transverse momentum

Although not yet very precise, the ATLAS and CMS measurements of the Higgs boson

transverse momentum distribution at 8 TeV [2, 3], as well as the preliminary ATLAS

results at 13 TeV [20], illustrate the potential of this observable once higher statistics

are available. The current Run 2 of the LHC at 13 TeV will allow these observables to

be studied with much higher precision, and will extend the kinematic range that can be

probed to larger values of the transverse momentum.

To quantify the impact of the top quark mass e↵ects, we use the CMS fiducial cuts

and the theory parameters described in Section 3.1 at 13 TeV. As discussed earlier, we

consider two approximate approaches to estimating the mass e↵ects defined in Eqs. (2.15)

and (2.16), the multiplicative EFT⌦M and additive EFT�M approximations respectively

in addition to the EFT in the large quark mass limit. To quantify the uncertainty on these

procedures, we compare in Figure 11 the EFT�M (green) and the EFT⌦M (red) predic-

tions obtained according to Eqs. (2.16) and (2.15). The EFT and EFT⌦M predictions (and

the corresponding scale uncertainty) are simply related by R(pT ) as shown in Fig. 1(right).

For Higgs transverse momentum p
H
T > 200 GeV, the EFT distribution is much harder than

the EFT⌦M prediction, and as a result, the EFT�M prediction lies between the two.

The inclusion of quark mass e↵ects at LO leads to a damping of the transverse momen-

tum spectrum. Consequently, in the EFT�M prediction at large transverse momenta, the

harder higher order EFT corrections dominate over the softer LO contribution with exact

mass dependence. Even if the yet unknown NLO corrections to the exact mass dependence

– 17 –

[Chen et.al.; ’14+‘16
Boughezal et. al.; ’15,  
Caola et.al.; ’15]

perturb. uncertainties in HEFT 
under very good control:
‣ ~10% scale variation
‣ stable shapes

[Chen et.al.; ’16]

Ansatz: QCD corrections factorize  
➜ apply K-factors from HEFT to lower 
order predictions in full theory 
➜ check!



Higgs-pT: scaling
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H+j: virtual two-loop amplitudesVirtual corrections

top topologies for H + Jet

A four-scale problem: three external (s, pT ,mh) and one internal (mt)

264 Feynman integrals

Complicated reduction

No complete analytic result with the full top mass dependence (R. Bonciani,
et al., 2016)

Only numerical results with the full top mass available (S. P. Jones, et al.,
2018)

Di↵erent approach instead of exact results

Kirill Kudashkin H+Jet production QCD@LHC2018 7 / 15

• A four-scale problem: three external (s,pT,mh) and one internal (mt) 
• 264 Feynman integrals, complicated reduction 
• Three approaches:

Numerical integration  
with SecDec [S. P. Jones, et al., 2018] 

Expansion at the level of differential equations 
[Melnikov, Tancredi, Wever; ; ‘16+’17] 
[Kudashkin, Melnikov, Wever; ‘17] 

Virtual corrections

Hierarchy mh < mt ⌧ {s, t, u} suggests ! Expansion in small parameters

(� m
2
h

4m2
t

, �m
2
t

s
) using Di↵erential Equation approach (DEQ). It allows to calculate

the virtual amplitude for H + jet production.
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Kirill Kudashkin H+Jet production QCD@LHC2018 8 / 15

• Sector decompose integrals with SecDec
• Numerically integrate sectors with  

Quasi-Monte-Carlo integration 
• Accelerate with OpenCL on GPUs 
• valid in all of the phase-space

• valid at %-level for large pT

• very complicated (elliptic integrals)
• MI’s for all planar and non-planar  

topologies available!
• No pheno yet

Analytic reduction and integration
[R. Bonciani, et al., 2016+2019, 
H. Frellesvig, et al., 2018+2020]



Full theory at NLO

→Control of the high-H-pT tail at NLO opens the door for new physics searches in this regime!
Matthias Kerner  — H+jet production at NLO                                                             Moriond  —  18.3.2018 14

Results — pT of Higgs boson

3

where the sum runs over all final state partons i. This
scale is known to give a good convergence of the pertur-
bative expansion and stable di↵erential K-factors (ratio
of NLO to LO predictions) in the e↵ective theory [68].
To estimate the theoretical uncertainty we vary indepen-
dently µF and µR by factors of 0.5 and 2, and exclude
the opposite variations. The total uncertainty is taken
to be the envelope of this 7-point variation.

To better highlight the di↵erences arising from the two-
loop massive contributions, we compare the new results
with full top-quark mass dependence, which we label as
“full theory result” or simply “full” in the following, to
two di↵erent approximations. In addition to predictions
in the e↵ective theory, which are referred to as HEFT in
the following, we show results in which everything but
the virtual amplitudes is computed with full top-quark
mass dependence. In this latter case only the virtual
contribution is computed in the e↵ective field theory and
reweighted by the full theory Born amplitude for each
phase space point. Following Ref. [69] we call this predic-
tion “approximated full theory” and label it as FTapprox

from now on.
We start by presenting the total cross sections, which

are reported in Table I. For comparison we present results
also for the HEFT and FTapprox approximations.

Theory LO [pb] NLO [pb]

HEFT: �LO = 8.22+3.17
�2.15 �NLO = 14.63+3.30

�2.54

FTapprox: �LO = 8.57+3.31
�2.24 �NLO = 15.07+2.89

�2.54

Full: �LO = 8.57+3.31
�2.24 �NLO = 16.01+1.59

�3.73

Table I. Total cross sections at LO and NLO in the HEFT and
FTapprox approximations and with full top-quark mass depen-
dence. The upper and lower values due to scale variation are
also shown. More details can be found in the text.

Together with the prediction obtained with the central
scale defined according to Eq. (1) we show the upper and
lower values obtained by varying the scales. While at LO
the top-quark mass e↵ects lead to an increase of 4.3%, at
NLO this increase is of the order of 9% compared to the
HEFT approximation, and there is an increase of about
6% in the total NLO cross section when comparing the
FTapprox result with the full theory one. It is important
to keep in mind that when taking into account massive
bottom-quark loop contributions, the interference e↵ects
are sizable and cancel to a large extent the increase in the
total cross section observed here between the HEFT and
the full theory results (see e.g. the results in Ref. [13]).
Note, however, that the bottom-quark mass e↵ects at
LO are of the order of 2% or smaller above the top quark
threshold.

Considering more di↵erential observables, it is well
known that very significant e↵ects due to resolving the
top-quark loop are displayed by the Higgs boson trans-
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Figure 1. Higgs boson transverse momentum spectrum at LO
and NLO in QCD in HEFT and with full top-quark mass de-
pendence. The upper panel shows the di↵erential cross sec-
tions, in the middle panel we normalize all distributions to
the LO HEFT prediction and in the lower panel we show the
di↵erential K-factors for both the HEFT and the full theory
distributions. More details can be found in the text.

verse momentum distribution, which is softened for larger
values of pt,H by the full top-quark mass dependence. By
considering the high energy limit of a point-like gluon-
gluon Higgs interaction and one mediated via a quark
loop it is possible to derive the scaling of the squared
transverse momentum distribution d�/dp

2

t,H [70, 71],
which drops as (p2t,H)

�1 in the e↵ective theory, and goes
instead as (p2t,H)

�2 in the full theory. This fact was shown
to hold numerically at LO for up to three jets in Ref. [13].
It is interesting to verify this also after NLO QCD cor-
rections are applied. To do so, in Figure 1 we show the
transverse momentum spectrum of the Higgs boson at
LO and NLO in the HEFT approximation and with the
full top-quark mass dependence.

In the upper panel we display each di↵erential distri-
bution with the theory uncertainty band originating from
scale variation. To highlight the di↵erent scaling in pt,H,
in the middle panel we normalize all the distributions to
the LO curve in the e↵ective theory. It is thus possible
to see that for low transverse momenta the full theory
predictions overshoot slightly the e↵ective theory ones.
For pt,H > 200 GeV the two predictions start deviating
more substantially. At LO the two uncertainty bands do
not overlap any more above 400 GeV, whereas at NLO
this happens already around 340 GeV due to reduction of
the uncertainty at this order. The logarithmic scale also
allows to see that the relative scaling behavior within

HEFT and full theory predict different 
scaling of d�/dp2T
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in HEFT
in full theory

[Caola, Forte, Marzani, Muselli, Vita, 15,16]

confirmed at NLO

nearly constant K-factor in full theory

mass effects compared to HEFT
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• NLO corrections very similar as in HEFT: K~2 with remaining scale uncertainties ~20-25%
• hardly any shape dependence
• NLO(full) / NLO(HEFT) ~ 10%

• numerical integration of two-loop integrals  
based on SecDec	[Borowka et.al.]

• valid in all of the phase-space
[Jones, Kerner, Luisoni; ’18] 

• expansion of the two-loop integrals up  
to                           at the level of the DE                           
[Kudashkin, Melnikov, Wever; ‘17]

• valid at %-level for large pT

(m2
t
/p2T)

1, (m2
H
/p2T)

0
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Approximating mass effects at NNLO
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real matrix elements at NLO in QCD and approximations for virtual matrix elements. Finally, the
two-loop virtual matrix elements were included through an asymptotic expansion in refs. [8, 22],
and exactly in ref. [9], hence allowing for the computation of the full NLO corrections. The exact
NLO QCD corrections computed in ref. [9] modify the exact leading order prediction significantly
but in a uniform way for the dynamical scale chosen here, as it can be appreciated from Fig. 1,
from which one can observe a K factor with a very mild p? dependence. An analogous behaviour
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Figure 1: Transverse momentum distribution of the Higgs boson at the LHC with
p
s = 13 TeV

computed in refs. [6, 9]. The upper panel shows absolute predictions at LO (O(↵3
s
)) and NLO

(O(↵4
s
)) in the full SM and in the infinite mt approximation (EFT), as well as the NNLO (O(↵5

s
))

in the EFT. The lower panels show the ratio of the EFT and full SM predictions to their respective
LO calculations. The bands indicate theoretical errors obtained with a 7-point scale variation.

is observed in the predictions obtained within the EFT. As a consequence, the modifications of the
shape of the p? distribution of the Higgs boson due to finite mt effects is to a good extent already
accounted for in Eq. (2.3) by the inclusion of exact leading order matrix elements. We collect in
Table 1 the inclusive cross section ⌃ for some relevant p? cuts up to both NNLO in the EFT [6] and
to NLO in the full SM [9]. We will adopt the predictions from these two references in the following
study.

Ideally, we want to combine the NNLO predictions computed in the EFT with the exact NLO
prediction. Under the assumption that the exact NNLO QCD corrections follow the pattern of
the NNLO EFT corrections, i.e. they would lead to a uniform K-factor, this can be achieved by
rescaling EFT NNLO predictions in the following way:

⌃EFT-improved (1), NNLO(pcut? ) ⌘
⌃SM, NLO(pcut? )

⌃EFT, NLO(pcut? )
⌃EFT, NNLO(pcut? ) . (2.4)

We quote the prediction obtained with Eq. (2.4) as the current best prediction.2 To estimate
the theory uncertainty in the resulting cross section we proceed as follows:

2We point out that the rescaling performed in Eqs. (2.3), (2.4) could be alternatively defined at the differential
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Figure 2: Cumulative cross section as a function of the p? cut at NNLO in the heavy-top
EFT, as well as rescaled by the LO (NLO) full-SM spectrum labelled by EFT-improved(0) (EFT-
improved(1)). See the text for description. The ratio of the EFT-improved(1) and EFT-improved(0)
predictions is shown in Fig. 3

Figure 3: Ratio of the cumulative cross section as defined in the EFT-improved(0) and EFT-
improved(1) approximation (see the text for description) to the central value of the EFT-
improved(1) result as a function of the p? cut.
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2 Predictions for the gluon-fusion channel

We start by focusing on the predictions for the gluon-fusion (ggF) channel, and by giving an
approximate NNLO result, which we quote as our recommendation for the cross section in the
boosted regime. This is obtained by combining the following two predictions for the production of
a Higgs boson and at least one partonic jet: the NNLO (O(↵5

s
)) calculation in the large-mt limit

and the NLO (O(↵4
s
)) calculation in the full SM.

The setup used for the NNLO results in the large-mt limit is as follows

• pp collisions at
p
s = 13 TeV,

• mH = 125 GeV, mt = 173.2 GeV, all other parameters as per YR4 [16],

• PDF4LHC15_nnlo_mc,

• central scales µF = µR = MT,H , where we defined the Higgs transverse mass

MT,H =
q

m
2
H
+ p

2
? . (2.1)

• We stress that none of our predictions includes the H ! bb̄ branching ratio.

In Section 2.2, we also consider the predictions from common event generators. Such predictions
come with their own scale setting, as reported in the discussion below. The above scale choice is
of course not unique, and different choices lead to differences in the final predictions. However, the
goal of this manuscript is to compare different theory predictions for the observable under study.
Therefore, we limit ourselves to the above choice for the discussion that follows.

2.1 Fixed-order

In this section we present state of the art predictions for the transverse momentum (p?) spectrum
of the Higgs boson in the boosted regime. The transverse momentum distribution was computed at
NNLO in perturbative QCD in the heavy top quark effective theory (EFT) in refs. [4–7]. Specifically,
refs. [4–7] compute NNLO corrections to the Born level production of a Higgs boson and a jet. In
the EFT approximation the top quark is treated as infinitely heavy and its degrees of freedom are
integrated out. It is however well known that the pure EFT computation fails to describe the p?
spectrum for transverse momenta larger than ⇠ 200 GeV.

One way to improve on the pure EFT computation is to create the so-called Born-improved
EFT approximation. To this end the EFT cross section is simply rescaled by the exact leading
order SM cross section [17, 18]. For the inclusive (cumulative) cross section, defined as

⌃(pcut? ) =

Z 1

p
cut
?

d�

dp
0
?
dp

0
? , (2.2)

this amounts to defining

⌃EFT-improved (0), NNLO(pcut? ) ⌘
⌃SM, LO(pcut? )

⌃EFT, LO(pcut? )
⌃EFT, NNLO(pcut? ) . (2.3)

The numerical implications of this Born-improved NNLO predictions were first studied in ref. [6] and
show deviations from the pure EFT computation at the level of 50% for transverse momenta of 400
GeV. Since this modification is performed at leading order, a considerable perturbative uncertainty
has to be associated with this procedure and higher order corrections are desirable. In order to
further improve the result several approximations were considered in refs. [14, 19–21] including exact
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Figure 2: Cumulative cross section as a function of the p? cut at NNLO in the heavy-top
EFT, as well as rescaled by the LO (NLO) full-SM spectrum labelled by EFT-improved(0) (EFT-
improved(1)). See the text for description. The ratio of the EFT-improved(1) and EFT-improved(0)
predictions is shown in Fig. 3
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Figure 3: Ratio of the cumulative cross section as defined in the EFT-improved(0) and EFT-
improved(1) approximation (see the text for description) to the central value of the EFT-
improved(1) result as a function of the p? cut.
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Uncertainty at EFT-improved (1)-NNLO:  ~13%

• 7-pt scale variations in (i) and (ii) independently

• mass uncertainty:

(i) (ii)

p
cut
? LOSM NLOSM K

NLO
SM LOEFT NLOEFT NNLOEFT K

NLO
EFT K

NNLO
EFT

400 11.9+45%
�29% 27+15%

�21% 2.23 32+44%
�29% 63+23%

�19% 78+9.2%
�12% 1.93 1.25

450 6.5+45%
�29% 14.4+15%

�21% 2.22 21+45%
�29% 41+22%

�19% 51+8.9%
�11% 1.92 1.25

500 3.7+45%
�29% 8.1+15%

�21% 2.21 14.2+45%
�29% 27+22%

�20% 34+8.8%
�11% 1.91 1.25

550 2.1+45%
�30% 4.7+13%

�21% 2.19 9.8+45%
�29% 18.6+22%

�20% 23+8.8%
�11% 1.91 1.25

600 1.28+46%
�30% 2.8+14%

�21% 2.18 6.8+45%
�29% 13.0+22%

�20% 16.2+8.8%
�11% 1.90 1.24

650 0.79+46%
�30% 1.72+13%

�21% 2.18 4.9+46%
�29% 9.3+22%

�20% 11.5+8.7%
�11% 1.90 1.24

700 0.49+47%
�30% 1.07+13%

�21% 2.16 3.5+46%
�29% 6.7+22%

�20% 8.3+8.7%
�11% 1.90 1.24

750 0.32+47%
�30% 0.68+12%

�21% 2.15 2.6+46%
�30% 4.9+22%

�20% 6.1+8.7%
�11% 1.90 1.24

800 0.20+47%
�30% 0.44+13%

�21% 2.14 1.90+46%
�30% 3.6+22%

�20% 4.5+8.7%
�11% 1.90 1.24

850 0.135+47%
�30% 0.29+13%

�21% 2.13 1.42+47%
�30% 2.7+22%

�20% 3.3+8.7%
�11% 1.89 1.24

900 0.090+47%
�30% 0.191+13%

�21% 2.12 1.07+47%
�30% 2.0+22%

�20% 2.5+8.5%
�11% 1.89 1.24

950 0.061+48%
�30% 0.127+13%

�21% 2.09 0.81+47%
�30% 1.53+22%

�20% 1.90+8.6%
�11% 1.89 1.24

1000 0.041+48%
�30% 0.086+14%

�21% 2.07 0.62+47%
�30% 1.17+22%

�20% 1.45+8.6%
�11% 1.89 1.24

1050 0.029+48%
�30% 0.059+13%

�21% 2.06 0.47+47%
�30% 0.90+22%

�20% 1.12+8.6%
�11% 1.89 1.24

1100 0.0199+49%
�30% 0.041+13%

�21% 2.04 0.37+48%
�30% 0.69+22%

�20% 0.86+8.7%
�11% 1.89 1.24

1150 0.0139+49%
�30% 0.028+14%

�21% 2.02 0.28+48%
�30% 0.54+22%

�20% 0.67+8.7%
�11% 1.90 1.24

1200 0.0098+49%
�31% 0.0195+14%

�21% 1.99 0.22+48%
�30% 0.42+22%

�20% 0.52+8.7%
�12% 1.90 1.24

1250 0.0070+49%
�31% 0.0135+15%

�21% 1.94 0.173+48%
�31% 0.33+22%

�20% 0.41+8.6%
�12% 1.90 1.24

Table 1: Inclusive cross sections in fb and K-factors for pp ! H + X in the SM for the relevant
p
cut
? values (in GeV units) as computed in refs. [6, 9]. Uncertainties are estimated by varying µF and

µR separately by factors of 1/2 and 2 while keeping 1/2  µR/µF  2. The K-factors are defined as
K

NLO
SM = NLOSM/LOSM, KNLO

EFT = NLOEFT/LOEFT, and K
NNLO
EFT = NNLOEFT/NLOEFT.

• We perform a variation of µR and µF by a factor of two around their central value by keeping
1/2  µR/µF  2 (7 point scale variation). The scales are varied separately in ⌃EFT, NNLO and
in the ⌃SM, NLO

/⌃EFT, NLO ratio. For the latter, the same scale is chosen for the numerator
and the denominator, and the final uncertainty is symmetrised. Finally, the two uncertainties
are combined either in quadrature or linearly.

• We assume that the uncertainty due to mass effects in the NNLO EFT correction is obtained
by rescaling the latter by the relative mass correction at NLO. Thus, we assess the uncertainty
�NNLO,mt as

�NNLO,mt ⌘
�⌃SM, NLO

� �⌃improved(0), NLO

�⌃EFT, NLO
⇥ �⌃EFT, NNLO

=
�⌃SM, NLO

� �⌃improved(0), NLO

�⌃improved(0), NLO
⇥ �⌃improved(0), NNLO

. (2.5)

Here, �⌃ refers to the perturbative correction at a given order in QCD perturbation theory,
namely �⌃X, (N)NLO = ⌃X, (N)NLO

� ⌃X, (N)LO.

• The final uncertainty is obtained by combining the scale and mass effect uncertainties defined
in the previous two items. In Table 2 we report the results for the cross sections, where
the uncertainties are either combined in quadrature (NNLOapproximate

quad.unc. ) or summed linearly

level, leading to yet another prescription to combine consistently the NNLO prediction in the EFT with the NLO
calculation in the full SM. Since in this document we will only refer to the cross section ⌃(pcut? ) we choose to perform
the rescaling at the level of the cumulative cross section.
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3.6 Conclusions
We have discussed and analysed the theoretical uncertainties of Higgs-boson production and
decay processes induced by the scheme and scale dependence of the top-quark mass. This
uncertainty turns out to be sizeable in all gluon-induced processes of the Higgs particle and needs
to be taken into account for a full and rigorous estimate of the residual theoretical uncertainties,
in particular in kinematical regimes in which a large momentum scale enters the corresponding
top-quark loops. We anticipate that this uncertainty could also play a role in processes not
involving the Higgs boson directly, for example, the gluon-induced continuum contribution to Z
boson pair production. Similarly to Higgs boson pair and Higgs boson plus jet production, this
contribution is also mediated by quark-box diagrams involving the top quark.
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4.1 Introduction
The Standard Model E�ective Field Theory (SMEFT) approach is a powerful framework to look
for hints of new physics. It allows to study large sets of experimental data without assuming
that the theory used is valid to arbitrary high energies. In the SMEFT, the Standard Model
(SM) as we know it is just an e�ective theory at energies around the electroweak scale. Beyond
the Standard Model (BSM) physics manifests at higher scales, �, and is parameterised in terms
of higher-dimensional operators that conserve the same fields and symmetries as the SM. At any
mass dimension, a complete bases of non-redundant operators can be worked out and the full
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• Sizeable effects at large H-pT, up to ~25%
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• Small effects at large H-pT when Yukawa coupling 
kept in on-shell scheme.

• Careful analysis (possibly at NLO) needed to 
investigate this uncertainty.
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Higgs at very high-pT: production modes beyond ggH
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→At very high pT all channels contribute significantly!
→Reason: s-channel vs. t-channel and gluon- vs. quark-induced 
→Also: very different impact of QCD and EW higher-order corrections

p
cut
? [GeV] VBF VH tt̄H

400 �17.80% �19.05% �6.95%

450 �19.43% �20.83% �7.75%

500 �21.05% �22.50% �8.49%

550 �22.34% �24.07% �9.11%

600 �23.73% �25.56% �9.91%

650 �25.03% �26.98% �10.67%

700 �26.29% �28.30% �11.37%

750 �27.35% �29.60% �11.94%

800 �28.42% �30.83% �12.51%

Table 7: Percentage decrease of the cross sections of Table 6 due to the inclusion of electro-weak
corrections as a function of the cut in p?.
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Figure 4: Cumulative cross section for the production of a Higgs boson as a function of the lowest
Higgs boson transverse momentum. The cross section due to the gluon-fusion (green), VBF (red),
vector boson associated (blue) and top-quark pair associated (magenta) production mode are shown
in absolute values (left) and relative size (right).

can be affected differently by new-physics effects. It is therefore desirable in experimental analyses
to avoid subtracting different Higgs production channels from the experimental measurement as a
way of assessing the gluon-fusion contribution. Such a subtraction can only be done under strong
theoretical assumptions. An unbiased way of reporting the experimental results necessarily involves
quoting the fiducial cross sections.

For the gluon fusion contribution, we compare the resulting predictions to those of Monte-Carlo
event generators in Table 5 and find good agreement within the quoted uncertainties. This implies
that one can safely use the predictions from the considered event generators with the associated
theoretical errors in the simulation of the boosted Higgs cross section. Additional values of the
gluon-fusion cross section are also reported in Appendix A up to scales of 1.25 TeV.

We stress that we did not account here for other sources of theoretical uncertainties (such as
the top mass scheme, PDF and couplings uncertainties, and EW corrections to the gluon-fusion
process), which must be included in the overall systematics. Therefore, further in-depth studies are
required for future precise determinations of the boosted Higgs cross section.

– 10 –

[Becker, et al.; ’20] 
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→ large negative virtual EW Sudakov corrections (process dependent)
→ at high-pT: crucial to consider NLO EW corrections!

ttH 13tev LO

ttH 13tev NLOEW

10−8

10−7

10−6

10−5

10−4

10−3

10−2

0 500 1000 1500 2000

0.6

0.8

1

1.2

1.4

R
a

ti
o

WH 27tev LO

WH 27tev NLOEW

10−6

10−5

10−4

10−3

10−2

10−1

0 500 1000 1500 2000

0.6

0.8

1

1.2

1.4

R
a

ti
o

LO

NLO

10−6

10−5

10−4

10−3

10−2

10−1

0 500 1000 1500 2000

0.6
0.8

1
1.2
1.4
1.6
1.8

2

R
a

ti
o

VBF

WH

ttHN
LO

 E
W

 / 
LO

EW Sudakov logarithms at Q ⇠ TeV � MW

Soft/collinear logarithms from virtual EW bosons [Bauer, Becher, Ciafaloni,

Comelli, Denner, Fadin, Kühn, Lipatov, Manohar Martin, Melles, Penin, S.P., Smirnov, . . . ]

Z, W
± bosons ⇠ light particles at ŝ � M

2

W,Z

) large logarithms of IR type

�,Z, W±

Universality and factorisation [Denner,S.P. ’01]
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) EW corrections important for SM tests and BSM searches at TeV scale
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Table 7: Percentage decrease of the cross sections of Table 6 due to the inclusion of electro-weak
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Higgs boson transverse momentum. The cross section due to the gluon-fusion (green), VBF (red),
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in absolute values (left) and relative size (right).

can be affected differently by new-physics effects. It is therefore desirable in experimental analyses
to avoid subtracting different Higgs production channels from the experimental measurement as a
way of assessing the gluon-fusion contribution. Such a subtraction can only be done under strong
theoretical assumptions. An unbiased way of reporting the experimental results necessarily involves
quoting the fiducial cross sections.

For the gluon fusion contribution, we compare the resulting predictions to those of Monte-Carlo
event generators in Table 5 and find good agreement within the quoted uncertainties. This implies
that one can safely use the predictions from the considered event generators with the associated
theoretical errors in the simulation of the boosted Higgs cross section. Additional values of the
gluon-fusion cross section are also reported in Appendix A up to scales of 1.25 TeV.

We stress that we did not account here for other sources of theoretical uncertainties (such as
the top mass scheme, PDF and couplings uncertainties, and EW corrections to the gluon-fusion
process), which must be included in the overall systematics. Therefore, further in-depth studies are
required for future precise determinations of the boosted Higgs cross section.
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Conclusions

calculatemeasure

•Higgs-pT is an obvious place to look for new physics 

•NLO corrections for Higgs-pT in full theory very close to results in HEFT.  

•Current best prediction: NNLO(HEFT) X NLO(full)/NLO(HEFT).  

•Largest remaining uncertainty due to top-quark mass scheme ambiguity

•At large Higgs-pT all production modes contribute (QCD and EW higher-orders mandatory) 

Breakout room (after the session):  
https://universityofsussex.zoom.us/j/6873823319 

https://universityofsussex.zoom.us/j/6873823319
https://universityofsussex.zoom.us/j/6873823319
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Higgs-pT: two regimes 

Possibility to constrain the charm-Yukawa coupling

[Bishara, Haisch,  
Monni, Re; ’16]

2

momenta pT . mh/2. This partly compensates for the
quadratic mass suppression m2

Q/m
2
h appearing in (1). As

a result of the logarithmic sensitivity and of the 2
Q de-

pendence in quark-initiated production, one expects de-
viations of several percent in the pT spectra in Higgs
production for O(1) modifications of Q. In the SM,
the light-quark e↵ects are small. Specifically, in compar-
ison to the Higgs e↵ective field theory (HEFT) predic-
tion, in gg ! hj the bottom contribution has an e↵ect
of around �5% on the di↵erential distributions while the
impact of the charm quark is at the level of �1%. Like-
wise, the combined gQ ! hQ, QQ̄ ! hg channels (with
Q = b, c) lead to a shift of roughly 2%. Precision mea-
surements of the Higgs distributions for moderate pT
values combined with precision calculations of these ob-
servables are thus needed to probe O(1) deviations in yb
and yc. Achieving such an accuracy is both a theoretical
and experimental challenge, but it seems possible in view
of foreseen advances in higher-order calculations and the
large statistics expected at future LHC runs.

Theoretical framework. Our goal is to explore
the sensitivity of the Higgs-boson (pT,h) and leading-
jet (pT,j) transverse momentum distributions in inclusive
Higgs production to simultaneous modifications of the
light Yukawa couplings. We consider final states where
the Higgs boson decays into a pair of gauge bosons. To
avoid sensitivity to the modification of the branching ra-
tios, we normalise the distributions to the inclusive cross
section. The e↵ect on branching ratios can be included in
the context of a global analysis, jointly with the method
proposed here.

The gg ! hj channel was analysed in depth in the
HEFT framework where one integrates out the domi-
nant top-quark loops and neglects the contributions from
lighter quarks. While in this approximation the two
spectra and the total cross section were studied exten-
sively, the e↵ect of lighter quarks is not yet known with
the same precision for pT . mh/2. Within the SM,
the LO distribution for this process was derived long
ago [17, 19], and the next-to-leading-order (NLO) cor-
rections to the total cross section were calculated in [20–
24]. In the context of analytic resummations of the Su-
dakov logarithms ln (pT /mh), the inclusion of mass cor-
rections to the HEFT were studied both for the pT,h

and pT,j distributions [25–27]. More recently, the first
resummations of some of the leading logarithms (1) were
accomplished both in the abelian [28] and in the high-
energy [29] limit. The reactions gQ ! hQ, QQ̄ ! hg
were computed at NLO [30, 31] in the five-flavour scheme
that we employ here, and the resummation of the loga-
rithms ln (pT,h/mh) in QQ̄ ! h was also performed up to
next-to-next-to-leading-logarithmic (NNLL) order [32].

In the case of gg ! hj, we generate the LO spectra
with MG5aMC@NLO [33]. We also include NLO corrections
to the spectrum in the HEFT [34–36] using MCFM [37].
The total cross sections for inclusive Higgs production
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Figure 1: The normalised pT,h spectrum of inclusive Higgs
production at

p
s = 8TeV divided by the SM prediction for

di↵erent values of c. Only c is modified, while the remain-
ing Yukawa couplings are kept at their SM values.

are obtained from HIGLU [38], taking into account the
NNLO corrections in the HEFT [39–41]. Sudakov loga-
rithms ln (pT /mh) are resummed up to NNLL order both
for pT,h [42–44] and pT,j [45–47], treating mass correc-
tions following [27]. The latter e↵ects will be significant,
once the spectra have been precisely measured down to
pT values of O(5GeV). The gQ ! hQ, QQ̄ ! hg contri-
butions to the distributions are calculated at NLO with
MG5aMC@NLO [48] and cross-checked against MCFM. The ob-
tained events are showered with PYTHIA 8.2 [49] and jets
are reconstructed with the anti-kt algorithm [50] as im-
plemented in FastJet [51] using R = 0.4 as a radius
parameter.
Our default choice for the renormalisation (µR), fac-

torisation (µF ) and the resummation (QR, for gg ! hj)
scales is mh/2. Perturbative uncertainties are estimated
by varying µR, µF by a factor of two in either direc-
tion while keeping 1/2  µR/µF  2. In addition, for
the gg ! hj channel, we vary QR by a factor of two
while keeping µR = µF = mh/2. The final total theo-
retical errors are then obtained by combining the scale
uncertainties in quadrature with a ±2% relative error as-
sociated with PDFs and ↵s for the normalised distribu-
tions. We stress that the normalised distributions used
in this study are less sensitive to PDFs and ↵s varia-
tions, therefore the above ±2% relative uncertainty is a
realistic estimate. We obtain the relative uncertainty in
the SM and then assume that it does not depend on Q.
While this is correct for the gQ ! hQ, QQ̄ ! hg chan-
nels, for the gg ! hj production a good assessment of
the theory uncertainties in the large-Q regime requires
the resummation of the logarithms in (1). First steps in
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• Resummation performed in b-
space within SCET

• Additive matching

[Bizon, Monni,Re,Rottoli,Torrielli+NNLOJET ’17,’18] 
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Figure 6. Comparison of the transverse momentum distribution for Higgs boson production at NNLO and
N3LL+NNLO for a central scale choice of µR = µF = mH/2 (left) and µR = µF = mH (right). In both
cases, Q = mH/2. The lower panel shows the ratio to the N3LL+NNLO prediction.
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Figure 7. Comparison of the transverse momentum distribution for Higgs boson production between
N3LL+NNLO, NNLL+NLO, and NNLO at central scale choice of µR = µF = mH/2. The lower panel
shows the ratio to the N3LL+NNLO prediction.

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

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

To conclude, Figure 7 reports the comparison between our best prediction (N3LL+NNLO),
the NNLL+NLO, and the NNLO distributions. The plot shows a very good convergence of the
predictions at different perturbative orders, with a significant reduction of the scale uncertainty in
the whole kinematic range considered here.
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momentum space

• Multiplicative matching
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FIG. 2. Comparison of full fixed-order spectrum, the ab-
solute value of singular distribution, and the non-singular
distribution through to NNLO. Here d�n/dpT ⇠ O(pT ) for
pT ⌧ mH .

frames, where individual parton-level initial states are
compared (with q denoting the sum over quarks and an-
tiquarks of all light flavours). We point out that the (nu-
merically subdominant) qq channel turns out to be the
numerically most challenging, since contributions from
valence-valence scattering favor events with higher par-
tonic center-of-mass energy than in any of the other chan-
nels. The excellent agreement between fixed-order per-
turbation theory and SCET-predictions for the singular
terms serves as a very strong mutual cross check of both
approaches. It demonstrates that our calculation of the
non-singular terms is reliable over a broad range in pT ,
thereby enabling a consistent matching of the NNLO and
N3LL predictions.

Matching and results.— For a reliable description of
the transverse-momentum spectrum, the resummation
of large logarithms in d�

s
/dp

2
T has to be turned o↵ at

large pT . This can be seen clearly from Fig. 2, which de-
picts the full fixed-order spectrum, the absolute value of
singular distribution, and the non-singular distribution,
all through to NNLO. At pT ⌧ 50 GeV, the singular
distribution dominates the fixed-order cross section, and
the resummation of higher order logarithms is necessary.
Around 50 GeV, the singular and non-singular distri-
bution become comparable, and resummation has to be
gradually turned o↵. There are several di↵erent prescrip-
tions on how to turn o↵ the resummation [12, 16, 27, 66–
70]. In this letter, we follow Ref. [16] by introducing b

and pT dependent profile functions, defining

⇢(b, pT ) = ⇢l

h
1� tanh

⇣
4s
⇣
pT

t
� 1

⌘⌘i

+ ⇢r

h
1 + tanh

⇣
4s
⇣
pT

t
� 1

⌘⌘i
, (12)

where ⇢(b, pT ) is used for µs = µs(b, pT ) = µB , ⌫s =
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FIG. 3. The Higgs-boson transverse momentum distribution
matched between FO and SCET. Dashed lines indicate central
scales of mH/2 and matching profile centered at 30 GeV. The
theoretical uncertainties are estimated by taking the envelope
of all scale and profile variations (see text). Ratio plots in
the lower panel presents the scale and profile variation with
respect to the central result for NNLO+N3LL (red dashed
line).

⌫s(b, pT ), and µh = µh(pT ), which appear in Eq. (3). ⇢l is
the initial scale for each profile, taken to be the canonical
scales in Eq. (7) so that at small pT the large logarithms
are resummed. ⇢r is the final scale for each profile, which
is chosen to be µh = µB = µs = µF = µR, while for ⌫s it
is mH . The parameters s and t govern the rate of transi-
tion between the fixed order result and the resummation,
where the transition starts at pT ' t� t/(2s), is centered
at pT = t, and ends at pT ' t+t/(2s). In our calculation,
we choose s = 1, and t = 20, 25, 30, 35, 40, 50 GeV
to estimate the uncertainties from di↵erent profiles. The
uncertainties for the final resummed + fixed-order pre-
diction are estimated by three-point variations of i) the
⇢l for µh about mH and ⇢r for all scales (varied simul-
taneously), and ii) the ⇢l for µB = µs and ⌫s about b0/b
(varied independently). We always fix ⌫B = mH . We
take the envelope of the resulting 66 curves as the uncer-
tainty band at each order. Further uncertainties in our
calculation include the missing four-loop cusp anomalous
dimension and the treatment of non-perturbative correc-
tions at large b. They are estimated to be negligible
compared with the aforementioned scale uncertainties.
Additional independent uncertainties related to the par-
ton distributions and value of ↵s(mZ) should be included
for a detailed phenomenological study.

The final matched transverse momentum spectrum is
shown in Fig. 3. We plot the distributions at LO+NLL,
NLO+NNLL, and NNLO+N3LL. We also plot the un-
matched NNLO distribution. At small transverse mo-
mentum, the fixed order distribution displays unphysical


