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Overview: 
Quark-mass effects and higher-

dimensional OPs in gg→H



Outline
1. Mass effects

Top-mass effects through 1/mtop expansion at O(αS4)

(Top- and) Bottom-mass in the resummed Higgs pT 
spectrum

Bottom-mass effects in the pT spectrum at NLO

Monte Carlos?

2. Higher-dimensional OPs in the Higgs pT spectrum
Focus on how to model the "leading" effects
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        (σ = φ⊗φ⊗σ)ˆ

Dependence on ŝ at NLO

-30
-20
-10

0
10
20
30
40
50

10 -3 10 -2 10 -1 1

!
^

gg/!0

x

1/mt
0

1/mt
2 1/mt

4

1/mt
6

soft exp

= m2
H/ŝ
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→ top-mass effects <1%
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Figure 8: Higgs+0-jet cross section at NNLO including terms up to 1/mk
t as a

function of pjetT,veto. Dotted/dashed/dash-dotted: k = 0/2/4. (a) absolute; for
reference, the horizontal lines display the corresponding total cross sections in the
three approximations; (b) normalized to k = 0.

(contributions up to 1/m4
t ) are basically on top of each other and approximate the exact

result extremely well (< 1%).

Overall, our observations so far are encouraging to study the behavior of the 1/mt expansion
at higher orders to estimate the range of applicability of the heavy-top limit for jet
observables.

3.4 Jet-veto at NNLO

We are now ready to analyze the mass e↵ects on the jet-vetoed rate at NNLO, which is the
central observable of our study. Fig. 8 (a) shows the truncation of the cross section with a
jet-veto at 1/mk

t for k = 0 (dotted), k = 2 (dashed) and k = 4 (dash-dotted) as a function
of the jet-veto cut. At small values of pjetT,veto, we observe an excellent convergence of the
asymptotic expansion, i. e. the cross section is almost independent of the order of expansion
in 1/mt. For example, the spread of the curves is about 0.5% at pjetT,veto = 30GeV, see

Fig. 8 (b), where all curves are normalized to the EFT (k = 0). In fact, [�NNLO
veto ]1/mk

t
behaves

even better with increasing k than the total inclusive cross section, where a matching to
the high-energy limit is required [30] to alleviate the unjustified large e↵ects from hard
jets. These e↵ects do not appear in case of the jet-vetoed cross section. More precisely,
they explicitly cancel between �NNLO

tot and �NLO0
�1-jet in Eq. (1).

11

Jet-veto at NNLO

[Neumann, MW '14]

(a) (b) (c)

(e) (f)

Figure 2: A sample of Feynman diagrams contributing at pT > 0. (a-c) single-real;
(e-f) mixed real-virtual. The graphical notation for the lines is: thick straight =̂
top quark; thin straight =̂ light quark q 2 {u, d, c, s, b}; spiraled =̂ gluon; dashed
=̂ Higgs boson.

top-quark mass on the jet-vetoed rate. Therefore, we consider the expansion of the cross
section with respect to 1/mt, whose leading term is given by the e↵ective theory approach.
We use the amplitudes which were calculated in Ref. [29] by applying automated asymptotic
expansions [43–45].

In practice, we obtain the jet-vetoed Higgs cross section by removing all jet contributions
��1-jet from the total rate �tot. At NNLO this reads

�NNLO
veto ⌘ �NNLO

0-jet = �NNLO
tot � �NLO0

�1-jet , (1)

where we use the prime-notation of Ref. [46] to distinguish �NLO0
�1-jet calculated with NNLO

parton density functions (PDFs) from the proper NLO quantity. For the total rate we
deploy the program ggh@nnlo [25, 29, 30, 47] including the asymptotic expansion of the
amplitudes in 1/mt

k up to k = 6.7 The calculation of the one-jet inclusive cross section
��1-jet was carried out using the program described in Ref. [33], where we implemented the
anti-kT jet-algorithm [48] to identify QCD jets.8 Furthermore, we extended its capabilities
to include sub-leading top-mass e↵ects up to 1/m4

t . Of course, our setup allows to calculate
the exclusive Higgs+n-jet rates for n = 1 and n = 2 as well, where we work at NLO and

7We would like to thank Robert Harlander for providing a private version of his code.
8Since at most two jets can occur in our calculation, the anti-kT leads to the same results as the kT and

the Cambridge-Aachen algorithm.

4
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H+jet at LO
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expansion recovered !
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H+jet at NLO
[Neumann, MW '14]
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Figure 7: Same as Fig. 6 (b), but normalized to the unmatched 1/m0
t cross section

(dotted curve of Fig. 6 (a)).

section by using LO PDFs for all quantities:

⇥
�LO
�1-jet,matched

⇤
mk

t
⌘ ⇥

�LO
�1-jet, unmatched

⇤
mk

t
+

h
�NLO⇤
tot,matched

i

mk
t

�
h
�NLO⇤
tot, unmatched

i

mk
t

, (6)

where we defined the starred NLO cross section to be evaluated with LO PDFs. Fig. 6 (b)
shows the matched cross section as defined in Eq. (6). It is very impressive how close all
curves are to the exact result with respect to the unmatched case in Fig. 6 (a).

In Fig. 7, the matched predictions of Fig. 6 (b) are normalized to the unmatched cross
section in the heavy-top limit (dotted curve in Fig. 6 (a)). Comparing first the matched
cross sections to the exact curve, their overall agreement is remarkable (. 5% for pjetT,min 
150GeV). In that region, they are successively closer to the exact result, as k increases.
The deviation of the EFT result from the matched curves on the other hand allows its
validation at the 3 � 10% level for pjetT,min 2 [30, 100]GeV. Thus, with the definition of
the matched cross section we recovered the ability to validate the heavy-top limit for the
inclusive Higgs+jet rate. This will prove useful at NLO, where the exact result is not
available.

There are cases in our analysis where the reliability of the 1/mt expansion appears to
be exceptionally good. This happens when the 1/m4

t corrections become negligible and,
consequently, the expansions up to 1/m2

t and up to 1/m4
t almost coincide. We already

observed this twice: In Fig. 4 (b) around mH = 125GeV and in Fig. 7 for pjetT,veto . 90GeV.

In both cases, the dashed curve (contributions up to 1/m2
t ) and the dash-dotted curve

10

[Neumann, MW '14]
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H+jet at NLO
[Neumann, MW '14]
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Figure 11: Same as Fig. 10 (a), but normalized to the unmatched 1/m0
t cross

section (dotted curve of Fig. 10 (b)).

The matched cross section expanded up to di↵erent orders in 1/mk
t is shown in Fig. 10 (a)

(k = 0/2/4). All three curves are very close, extending the validity of the asymptotic
expansion to significantly larger values of pjetT,min than in the unmatched case, see Fig. 10 (b).
Fig. 11 shows the improved matched predictions of Fig. 10 (a) normalized to the unmatched
cross section in the heavy-top limit (dotted curve of Fig. 10 (b)). The 1/m4

t term yields a
very small correction for pjetT,min 2 [30, 100]GeV. In this case, we trust the dashed (expansion

up to 1/m2
t ) and dashed-dotted curve (expansion up to 1/m4

t ) to approximate the exact
mass e↵ects to better than one percent. Therefore, as long as the minimum jet-pT cut
remains at moderate values (pjetT,min . 100GeV) the definition of the matched cross section
in Eq. (6) and Eq. (7) allows us to determine a reliable prediction of the inclusive Higgs+jet
rate at LO and NLO, respectively. Furthermore, comparing the matched curve at 1/m4

t to
the unmatched EFT result, we validate the heavy-top approximation at the level of 1-2%
for pjetT,min  100GeV.

This result shows that the EFT, in fact, works better in the problematic high-pT region
than the corresponding sub-leading 1/mt terms, which are far apart in the unmatched case,
see Fig. 10 (b). This is very similar to what was found for the total cross section [30], where
it was argued that in the heavy-top limit (k = 0) problematic terms (

p
s/mt)k vanish,

which spoil the convergence of the asymptotic expansion (k > 0) in the high-energy region.
Also in this case the matching to the high-energy limit revealed that the unmatched EFT

result is valid at the percent level.

14
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Higgs pT at NLO
[Neumann, MW '14]

see also:
[Harlander, Neumann, MW '12]
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Higgs pT at NLO
[Neumann, MW '14]

see also:
[Harlander, Neumann, MW '12]
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Higgs pT at NLO [Neumann, Williams '16]
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Figure 2: Higgs inclusive pT spectrum for three different approximations, each taking into
account higher orders of an asymptotic expansion in 1/mt. The upper panel
shows the absolute distribution, while the lower two panels display the ratio to
the LO distribution and the NLO⇤ 1/m0

t approximation, respectively.
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Higgs pT at NLO [Neumann, Williams '16]
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reliable NLO prediction 
up to pT~250 GeV

Don't trust/use it beyond!
 Best option pT>250 GeV:      
Use real-+born-improved
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b-mass in resummed Higgs pT
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Figure 3: Transverse momentum distribution for a SM Higgs with mH = 120 GeV. Left plots: in red (dashed)

the current POWHEG implementation, in which the NLO-QCD corrections are computed in the HQET and are

rescaled by the LO cross section with full top and bottom mass dependence; in blue (solid) the exact NLO-QCD

corrections with full top and bottom mass dependence. The results are obtained at NLO QCD (upper plots),

including the effects of the Sudakov form factor (middle plots), including also the effects of the PYTHIA QCD

PS (lower plots). Right plots: the full NLO-QCD results (blue, solid) and the ones obtained by introducing

in POWHEG only the exact top-mass dependence (black, dashed), both normalized to the results of the current

POWHEG implementation.
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Figure 5: Transverse momentum spectra at NLL+NLO for Q2 = mb and Q2 = mH/2 normalized
to the result in the large-mt limit.

Comparing our results with those of [54] we find that, in the case of Q1 = Q2 the quantitative
impact of the bottom quark on the shape of the pT spectrum is very similar to what found with
MC@NLO, while POWHEG somewhat amplifies the effect of the bottom quark. This is not unexpected:
the matching procedure implemented in MC@NLO carries many similarities to the one adopted in
HRes, the difference being that, while in HRes the resummation is carried out analytically (see
Sec. 3), in MC@NLO it is performed through the parton shower. On the contrary, POWHEG works
rather differently: since it exponentiates the full real emission matrix element, the bottom-quark
contribution is expected to affect the spectrum in a different way. Nonetheless, the arguments of
Sect. 3.1 apply not only to analytical resummation, but also to Monte Carlo simulations. Since
both MC@NLO and POWHEG treat the top and bottom contributions on the same footing, we do not
regard the ensuing results as theoretically motivated. With our default choice of Q2 = mb the
shape of the spectrum is (accidentally) more similar to the POWHEG result, though in our case the
effects of the bottom quark are confined to smaller values of pT .

In order to assess the relevance of heavy-quark mass effects at NLL+NLO, it is important
to compare their quantitative impact to the uncertainties affecting the resummed pT spectrum
computed in the large-mt limit. At NLL+NLO, it is known that perturbative uncertainties are
relatively large. While variations of the renormalization and factorization scales affect both the
shape and the normalization of the pT cross section, the choice of the resummation scale Q
affects only the shape of the spectrum. In particular, as discussed above, increasing (decreasing)
Q makes the spectrum harder (softer). In Fig. 6 (left) we present our resummed spectrum at
NLL+NLO with inclusion of the heavy-quark masses as in Fig. 5, and compare it with the spectrum
computed in the large-mt limit for Q = mH/4, mH with the numerical program HqT. We see that,
as anticipated, the effect of resummation scale variations is large, well beyond the effect of heavy-

14
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MC@NLO (different normalization)

[Frixione]
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the current POWHEG implementation, in which the NLO-QCD corrections are computed in the HQET and are

rescaled by the LO cross section with full top and bottom mass dependence; in blue (solid) the exact NLO-QCD

corrections with full top and bottom mass dependence. The results are obtained at NLO QCD (upper plots),

including the effects of the Sudakov form factor (middle plots), including also the effects of the PYTHIA QCD

PS (lower plots). Right plots: the full NLO-QCD results (blue, solid) and the ones obtained by introducing
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to the result in the large-mt limit.

Comparing our results with those of [54] we find that, in the case of Q1 = Q2 the quantitative
impact of the bottom quark on the shape of the pT spectrum is very similar to what found with
MC@NLO, while POWHEG somewhat amplifies the effect of the bottom quark. This is not unexpected:
the matching procedure implemented in MC@NLO carries many similarities to the one adopted in
HRes, the difference being that, while in HRes the resummation is carried out analytically (see
Sec. 3), in MC@NLO it is performed through the parton shower. On the contrary, POWHEG works
rather differently: since it exponentiates the full real emission matrix element, the bottom-quark
contribution is expected to affect the spectrum in a different way. Nonetheless, the arguments of
Sect. 3.1 apply not only to analytical resummation, but also to Monte Carlo simulations. Since
both MC@NLO and POWHEG treat the top and bottom contributions on the same footing, we do not
regard the ensuing results as theoretically motivated. With our default choice of Q2 = mb the
shape of the spectrum is (accidentally) more similar to the POWHEG result, though in our case the
effects of the bottom quark are confined to smaller values of pT .

In order to assess the relevance of heavy-quark mass effects at NLL+NLO, it is important
to compare their quantitative impact to the uncertainties affecting the resummed pT spectrum
computed in the large-mt limit. At NLL+NLO, it is known that perturbative uncertainties are
relatively large. While variations of the renormalization and factorization scales affect both the
shape and the normalization of the pT cross section, the choice of the resummation scale Q
affects only the shape of the spectrum. In particular, as discussed above, increasing (decreasing)
Q makes the spectrum harder (softer). In Fig. 6 (left) we present our resummed spectrum at
NLL+NLO with inclusion of the heavy-quark masses as in Fig. 5, and compare it with the spectrum
computed in the large-mt limit for Q = mH/4, mH with the numerical program HqT. We see that,
as anticipated, the effect of resummation scale variations is large, well beyond the effect of heavy-
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Figure 3: (a) Same as Fig. 2, but for di↵erent choices of the shower scales, see text for
details; (b) corresponding plot for the rapidity distribution of the Higgs.

develops an extremely steep drop at small transverse momenta which due to unitarity a↵ects
also the intermediate pT -range in the opposite direction. The benefit of the usage of such a low
scale is clearly disputable. While the Herwig6 curve agrees rather well with previous result of
Ref. [111] becoming flat for pT . 5GeV, the Pythia8 curve develops a steep increase in this
region. This signals a significant Monte Carlo dependence at very small pT which is not observed
for larger Qb scales. Furthermore, the rigorously low value also poses a technical problem in the
code regarding the fact that the default shower scale choice in MadGraph5 aMC@NLO, as explained
in Section 3.3, is a distribution. In order to solve this problem, we had to use a fixed value of
Qsh = Qb by setting frac low = frac upp = Qb/mh and scaleMClow = scaleMCdelta = 0.

Considering the HMW scales, the scale of the bottom contribution is not chosen at such low
values. We find that the mass e↵ects in this case (blue dashed line with points) are rather similar
to the ones where all scales are set to mh/2 (black solid line), although the individual HMW

scales being quite di↵erent from this value. Looking at the rapidity distribution in Fig. 3 (b), on
the other hand, we observe the expected feature of being essentially insensitive to any choice of
the respective shower scales. We shall note at this point that simply due to their inclusion in the
default analysis we were able to produce a large number of further observables at no additional
computing cost.

To demonstrate the range of applicability of aMCSusHi, we consider two realistic BSM scenarios in
Fig. 4 and Fig. 5: the heavy Higgs boson in Scenario B of Ref. [113] (a bottom dominated 2HDM

14

MC@NLO (different normalization)

[Mantler, MW '15]
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Figure 3: Transverse momentum distribution for a SM Higgs with mH = 120 GeV. Left plots: in red (dashed)

the current POWHEG implementation, in which the NLO-QCD corrections are computed in the HQET and are

rescaled by the LO cross section with full top and bottom mass dependence; in blue (solid) the exact NLO-QCD

corrections with full top and bottom mass dependence. The results are obtained at NLO QCD (upper plots),

including the effects of the Sudakov form factor (middle plots), including also the effects of the PYTHIA QCD

PS (lower plots). Right plots: the full NLO-QCD results (blue, solid) and the ones obtained by introducing

in POWHEG only the exact top-mass dependence (black, dashed), both normalized to the results of the current

POWHEG implementation.
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Comparing our results with those of [54] we find that, in the case of Q1 = Q2 the quantitative
impact of the bottom quark on the shape of the pT spectrum is very similar to what found with
MC@NLO, while POWHEG somewhat amplifies the effect of the bottom quark. This is not unexpected:
the matching procedure implemented in MC@NLO carries many similarities to the one adopted in
HRes, the difference being that, while in HRes the resummation is carried out analytically (see
Sec. 3), in MC@NLO it is performed through the parton shower. On the contrary, POWHEG works
rather differently: since it exponentiates the full real emission matrix element, the bottom-quark
contribution is expected to affect the spectrum in a different way. Nonetheless, the arguments of
Sect. 3.1 apply not only to analytical resummation, but also to Monte Carlo simulations. Since
both MC@NLO and POWHEG treat the top and bottom contributions on the same footing, we do not
regard the ensuing results as theoretically motivated. With our default choice of Q2 = mb the
shape of the spectrum is (accidentally) more similar to the POWHEG result, though in our case the
effects of the bottom quark are confined to smaller values of pT .

In order to assess the relevance of heavy-quark mass effects at NLL+NLO, it is important
to compare their quantitative impact to the uncertainties affecting the resummed pT spectrum
computed in the large-mt limit. At NLL+NLO, it is known that perturbative uncertainties are
relatively large. While variations of the renormalization and factorization scales affect both the
shape and the normalization of the pT cross section, the choice of the resummation scale Q
affects only the shape of the spectrum. In particular, as discussed above, increasing (decreasing)
Q makes the spectrum harder (softer). In Fig. 6 (left) we present our resummed spectrum at
NLL+NLO with inclusion of the heavy-quark masses as in Fig. 5, and compare it with the spectrum
computed in the large-mt limit for Q = mH/4, mH with the numerical program HqT. We see that,
as anticipated, the effect of resummation scale variations is large, well beyond the effect of heavy-
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MC@NLO (different normalization)

[Frixione]
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Figure 3: (a) Same as Fig. 2, but for di↵erent choices of the shower scales, see text for
details; (b) corresponding plot for the rapidity distribution of the Higgs.

develops an extremely steep drop at small transverse momenta which due to unitarity a↵ects
also the intermediate pT -range in the opposite direction. The benefit of the usage of such a low
scale is clearly disputable. While the Herwig6 curve agrees rather well with previous result of
Ref. [111] becoming flat for pT . 5GeV, the Pythia8 curve develops a steep increase in this
region. This signals a significant Monte Carlo dependence at very small pT which is not observed
for larger Qb scales. Furthermore, the rigorously low value also poses a technical problem in the
code regarding the fact that the default shower scale choice in MadGraph5 aMC@NLO, as explained
in Section 3.3, is a distribution. In order to solve this problem, we had to use a fixed value of
Qsh = Qb by setting frac low = frac upp = Qb/mh and scaleMClow = scaleMCdelta = 0.

Considering the HMW scales, the scale of the bottom contribution is not chosen at such low
values. We find that the mass e↵ects in this case (blue dashed line with points) are rather similar
to the ones where all scales are set to mh/2 (black solid line), although the individual HMW

scales being quite di↵erent from this value. Looking at the rapidity distribution in Fig. 3 (b), on
the other hand, we observe the expected feature of being essentially insensitive to any choice of
the respective shower scales. We shall note at this point that simply due to their inclusion in the
default analysis we were able to produce a large number of further observables at no additional
computing cost.

To demonstrate the range of applicability of aMCSusHi, we consider two realistic BSM scenarios in
Fig. 4 and Fig. 5: the heavy Higgs boson in Scenario B of Ref. [113] (a bottom dominated 2HDM
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requires sophisticated
scale choice!
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Resummation scale setting

������������������������

��������������
��������������

���������������������������������

������������������
������������������
������������������
������������������

����

����

����

����

���� ������������������
������������������
������������������
������������������

�

�

�

�

�
��������������
������������������
������������������
����

�

�

�

�

�

����
����
����
��

����
����
����

�����������

����
����
����
��

����
����
����

�� ��� ���� ���� ���� ���� ���� ���� ����

Figure 4: Shapes of the transverse-momentum distributions (i.e., normalized such that the integral

yields one) for a SM Higgs boson with mh = 125GeV. In the upper plots we show the distributions

computed with AR (black, solid), MC@NLO (red, dotted) and POWHEG (blue, dashed overlaid by points),

setting the matching scales to the BV values (left) or the HMW values (right). For reference, we also

show the fixed-NLO (fNLO) prediction (green, dash-dotted with open boxes). The main frame shows

the absolute distributions, the first inset the shape-ratio of the central values to the AR distribution,

and the second inset the uncertainty bands, normalized again to the central AR value. In the lower

three plots we compare the results within each code, using for the matching scales the BV values (red,

dotted) and the HMW values (black, solid), taking the HMW results as reference for the ratios of the

insets.
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[Bagnaschi, Harlander, Mantler, Vicini, MW '15]
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Figure 7: The first plot is the same as the upper right plot of Figure 4, but for a 2HDM heavy

scalar Higgs boson with mH = 300GeV in the bottom dominated scenario. The other plots show

two additional curves: MC@NLO applying a fixed value (�-distribution) to the shower scale of each

contribution using the HMW values (orange, solid with full boxes); a modified-POWHEG (mPOWHEG)

approach requiring emissions in all remnant events to be bounded by the matching scales (HMW in

this case) from above (magenta, solid with stars).
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b-mass in Higgs pT at NLO
4

Figure 1: Relative top-bottom interference contribution to
the transverse momentum distribution of the Higgs boson at
leading (blue) and next-to-leading (red) order in perturbative
QCD. At next-to-leading order the interference contribution
is shown with respect to the point-like Higgs E↵ective Field
Theory prediction rescaled with exact leading-order top mass
dependence. Filled bands, hardly visible at leading order,
show the change inRint caused by a variation of the renormal-
ization and factorization scales, correlated between numerator
and denominator. The hashed bands indicate the uncertainty
due to mass-renormalization scheme variation. See text for
details.

Eq.(3) in powers of ↵s. Therefore, any change in Rint in
consecutive orders in perturbation theory would reflect
di↵erences in QCD corrections to the tb interference and
the point-like contribution to H + j production. In what
follows we present Rint as a function of the Higgs boson
transverse momentum p

?

and the (pseudo-)rapidity ⌘H .
The impact of the top-bottom interference on the Higgs

boson transverse momentum distribution is shown in
Fig. 1. We observe that the leading order interference
changes the Higgs boson transverse momentum distribu-
tion by �8% at p

?

⇠ 20 GeV and +2% at p
?

⇠ 100 GeV.
Since the QCD corrections to color-singlet production in
gluon annihilation are large and since it is not clear a
priori if the QCD corrections to the interference are sim-
ilar to the QCD corrections to the point-like cross sec-
tion, large modifications of these LO results can not be
excluded. The NLO computation, illustrated in Fig. 1,
clarifies this point. There, filled bands in blue for the
leading and red for the next-to-leading order predictions
show the result for Rint(p?) computed in the pole mass
renormalization scheme. The widths of the bands in-
dicate changes in the predictions caused by variations
of renormalization and factorization scales by a factor
of two around the central value µ = HT /2. In fact,
we observe that di↵erences between leading and next-
to-leading order are very small. For example, RNLO

int (p
?

)
appears to be smaller than RLO

int (p?) by less than a per-

Figure 2: Relative top-bottom interference contribution to
the pseudo-rapidity distribution of the Higgs boson at leading
and next-to-leading order in perturbative QCD. Bands and
colors as in Fig.1.

cent at p
?

< 60 GeV and, practically, coincides with it
at higher values of p

?

. We emphasise that these small
changes in Rint imply sizable, O(40 � 50%), corrections
to the tb interference proper that, however, appear to be
very similar to NLO QCD corrections to the point-like
cross section �tt. The scale variation bands are very nar-
row (at leading-order hardly visible) due to a cancellation
of large scale variation changes between numerator and
denominator in Eq.(3). Similar results for the Higgs bo-
son rapidity distribution for events with p

?

> 30 GeV
are shown in Fig. 2.

The above result for the scale variation suggests that
the uncertainties in predicting the size of top-bottom in-
terference e↵ects in H+j production are small since both
the size of corrections and the scale variation bands are
similar to the corrections to the point-like pp ! H + j
cross section. Such a conclusion, nevertheless, misses
an important source of uncertainties related to a pos-
sible choice of a di↵erent mass-renormalization scheme.
Indeed, since the leading order interference contribu-
tion is proportional to the square of the bottom mass
Rint ⇠ m2

b and since at leading order a change in the
mass renormalization scheme simply amounts to the use
of di↵erent numerical values for mb in calculating Rint,
it is easy to see that this ambiguity is very signifi-
cant. Indeed, suppose that we choose to renormalize
the bottom mass in the MS scheme and we take mb =
mMS

b (100 GeV) = 3.07 GeV as input parameter.3 Since

3 We calculated this value using the program RunDec [35] with

the input value mMS
b (mMS

b ) = 4.2 GeV.

[Lindert, Melnikov, Tancredi, Wever '17]



M. Wiesemann   (CERN) Mass effects and higher-order OPs in gg→H June 10, 2017 15

b-mass in Higgs pT at NLO
4

Figure 1: Relative top-bottom interference contribution to
the transverse momentum distribution of the Higgs boson at
leading (blue) and next-to-leading (red) order in perturbative
QCD. At next-to-leading order the interference contribution
is shown with respect to the point-like Higgs E↵ective Field
Theory prediction rescaled with exact leading-order top mass
dependence. Filled bands, hardly visible at leading order,
show the change inRint caused by a variation of the renormal-
ization and factorization scales, correlated between numerator
and denominator. The hashed bands indicate the uncertainty
due to mass-renormalization scheme variation. See text for
details.

Eq.(3) in powers of ↵s. Therefore, any change in Rint in
consecutive orders in perturbation theory would reflect
di↵erences in QCD corrections to the tb interference and
the point-like contribution to H + j production. In what
follows we present Rint as a function of the Higgs boson
transverse momentum p

?

and the (pseudo-)rapidity ⌘H .
The impact of the top-bottom interference on the Higgs

boson transverse momentum distribution is shown in
Fig. 1. We observe that the leading order interference
changes the Higgs boson transverse momentum distribu-
tion by �8% at p
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⇠ 20 GeV and +2% at p
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⇠ 100 GeV.
Since the QCD corrections to color-singlet production in
gluon annihilation are large and since it is not clear a
priori if the QCD corrections to the interference are sim-
ilar to the QCD corrections to the point-like cross sec-
tion, large modifications of these LO results can not be
excluded. The NLO computation, illustrated in Fig. 1,
clarifies this point. There, filled bands in blue for the
leading and red for the next-to-leading order predictions
show the result for Rint(p?) computed in the pole mass
renormalization scheme. The widths of the bands in-
dicate changes in the predictions caused by variations
of renormalization and factorization scales by a factor
of two around the central value µ = HT /2. In fact,
we observe that di↵erences between leading and next-
to-leading order are very small. For example, RNLO
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Figure 2: Relative top-bottom interference contribution to
the pseudo-rapidity distribution of the Higgs boson at leading
and next-to-leading order in perturbative QCD. Bands and
colors as in Fig.1.

cent at p
?

< 60 GeV and, practically, coincides with it
at higher values of p

?

. We emphasise that these small
changes in Rint imply sizable, O(40 � 50%), corrections
to the tb interference proper that, however, appear to be
very similar to NLO QCD corrections to the point-like
cross section �tt. The scale variation bands are very nar-
row (at leading-order hardly visible) due to a cancellation
of large scale variation changes between numerator and
denominator in Eq.(3). Similar results for the Higgs bo-
son rapidity distribution for events with p

?

> 30 GeV
are shown in Fig. 2.

The above result for the scale variation suggests that
the uncertainties in predicting the size of top-bottom in-
terference e↵ects in H+j production are small since both
the size of corrections and the scale variation bands are
similar to the corrections to the point-like pp ! H + j
cross section. Such a conclusion, nevertheless, misses
an important source of uncertainties related to a pos-
sible choice of a di↵erent mass-renormalization scheme.
Indeed, since the leading order interference contribu-
tion is proportional to the square of the bottom mass
Rint ⇠ m2

b and since at leading order a change in the
mass renormalization scheme simply amounts to the use
of di↵erent numerical values for mb in calculating Rint,
it is easy to see that this ambiguity is very signifi-
cant. Indeed, suppose that we choose to renormalize
the bottom mass in the MS scheme and we take mb =
mMS

b (100 GeV) = 3.07 GeV as input parameter.3 Since

3 We calculated this value using the program RunDec [35] with

the input value mMS
b (mMS

b ) = 4.2 GeV.

[Lindert, Melnikov, Tancredi, Wever '17]

Open questions:
Impact on b-mass effects in 

resummed spectrum?
Justification/test of scale 
choices by perturbative 

convergence?
Even more important in 
BSM (with large yb) → 

Impact on yb2 contribution?
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Mass effects in Monte-Carlos

MG5_aMC@NLO
• H+0/1/2-jets @ NLO (FxFx)
• mtop in H+0-jet & 1-loop (borns, reals); H+≥1-jet virtuals (2-loop) 

reweighted by full (mtop) born
• EFT not valid for mbottom → full mbottom  dependence in H+0-jet @ NLO with 

aMCSusHi [Mantler, MW '15]

Sherpa
• H+0/1/2-jets @ NLO (MEPS)
• mtop, mbottom included via reweighting of NLO EFT with LO

NNLOPS
• H+0/1-jets @ NLO (POWHEG-MINLO) + NNLO normalization by 

reweighting in Higgs-y from HNNLO [Catani, Grazzini '07]
• NLO H+1-jet in EFT reweighted with LO mtop,  optional: same for mbottom 

or only at LO H+1-jet

[Frederix, Frixione, Vryonidou, MW '16]

[Krauss et al.]

[Hamilton, Nason, Zanderighi '14 '15]
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Mass effects in Monte-Carlos
[Frederix, Frixione, Vryonidou, MW '16]
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Figure 1. Inclusive Higgs transverse momentum. The main frame displays the central results for
our standard four predictions, as well as the hard-scale uncertainty band relevant to FxFxM. The
upper inset presents ratios of the central results over the FxFxM one. The middle insets highlights
heavy-quark mass e↵ects in both merged and inclusive predictions. The lower insets shows fractional
hard- and merging-scale uncertainties for FxFxM. See the text for further details.

e↵ects start to be visible for pT (H) & 250 GeV, where they suppress the full-SM results

w.r.t. their EFT counterparts. As can be seen from the middle inset, by comparing the

histograms with the symbols, heavy-quark mass e↵ects almost exactly factorise w.r.t. the

merging procedure: they a↵ect equally the merged and the inclusive predictions, which is

quite consistent with what has been already observed for inclusive rates in sect. 3.1. We

note that this applies both to the large- and to the small-pT (H) region. In the latter, for

pT (H) . 50 GeV, the bottom-loop contributions do have a non-negligible impact on the

shape of the distribution, in keeping with what previously found [25, 26, 30]. Finally, the

theoretical systematics that a↵ect the FxFxM result also have a similar pattern as those

relevant to inclusive rates: namely, on the whole transverse-momentum range considered,

hard-scale uncertainties largely dominate over merging-scale ones. The latter are in fact

– 10 –
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Higher-dimensional OPs
"right" way combine "leading" effects in SM prediction:
• start from SM amplitudes for Higgs process
• take consistent set of Operators (all dim-6 OPs)
• compute BSM amplitudes that contribute
• interference of SM with BSM amplitudes gives leading effect
• may argue wether or not to include BSM2 (SILH vs.)

examples where this approach is followed:
• LO at high Higgs pT [Grojean, Salvioni, Schlaffer, Weiler '13]

• NLO+NLL resummed (LO in pT) [Grazzini, Ilnicka, Spira, MW '16]

many similar studies:
• [Azatov, Paul '13]
• [Harlander, Neumann '13]
• [Maltoni, Vryonidou, Zhang '16]
• ...
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Higher-dimensional OPs
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Higher-dimensional OPs

15

modified top/bottom 
Yukawa coupling

as HTL in SM
Our SMEFT operators

Our setup for Higgs production and pT spectrum  
including EFT effects

can be bounded from tth production 

20

Higgs production at LO

20

Higgs production at LO



M. Wiesemann   (CERN) Mass effects and higher-order OPs in gg→H June 10, 2017 21

Higher-dimensional OPs
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Higher-dimensional OPs
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Higher-dimensional OPs
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Higher-dimensional OPs
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(a) (b)

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.

(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.

10

all result integrate within 
20% of SM cross section

[Grazzini, Ilnicka, Spira, MW '16]
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Higher-dimensional OPs

all result integrate within 
20% of SM cross section

(a) (b)

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.

10

see also:
[Grojean, Salvioni, Schlaffer, Weiler '13]

[Grazzini, Ilnicka, Spira, MW '16]
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Higher-dimensional OPs

all result integrate within 
20% of SM cross section

[Grazzini, Ilnicka, Spira, MW '16]
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(a) (b)

Figure 5: Higgs transverse-momentum spectrum in the SM (black, solid) compared to simultaneous
variations of ct and cb 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.

(a) (b)

Figure 6: Higgs transverse-momentum spectrum in the SM (black, solid) compared to simultaneous
variations of ct, cg and cb 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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Higher-dimensional OPs

all result integrate within 
20% of SM cross section

[Grazzini, Ilnicka, Spira, MW '16]

(a) (b)

Figure 5: Higgs transverse-momentum spectrum in the SM (black, solid) compared to simultaneous
variations of ct and cb 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 6: Higgs transverse-momentum spectrum in the SM (black, solid) compared to simultaneous
variations of ct, cg and cb 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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Higher-dimensional OPs

all result integrate within 
20% of SM cross section

[Grazzini, Ilnicka, Spira, MW '16]

(a) (b)

Figure 5: Higgs transverse-momentum spectrum in the SM (black, solid) compared to simultaneous
variations of ct and cb 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 6: Higgs transverse-momentum spectrum in the SM (black, solid) compared to simultaneous
variations of ct, cg and cb 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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relative effects easily applied 
to best SM prediction

→ even more sensitivity due 
to lower uncertainties



Conclusions
1. Top-mass effects under good control at low scales/for 

inclusive observables through 1/mtop expansion at O(αS4)

NEW: NLO pT distribution but only up to 250 GeV

2. Bottom-mass effects tricky in (resummed) pT spectrum

No general solution to 3-scale problem yet 
→ Resummation-scale choice important

NEW: NLO corrections in massless limit 
→ Impact on resummed spectrum?
→ Justification/test of resummation-scale setting?
→ Impact on yb2 contribution (relevant BSM with large yb)?

3. Higher-dimensional OPs in the Higgs pT spectrum
"Leading" effects computed at NLO+NLL

Straightforward combination with best SM prediction
→ Effects well beyond scale uncertainties



Back Up
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Jet-veto at NLO

[Neumann, MW '14]

s = 13TeV

30

31

32

33

34

35

30 100 200 300 400 500 600
pT,veto
jet

  [GeV]

[σ
ve
to

NL
O
] 1

m
tk  [
pb
]

Top−Expansion
O(1 mt

0)
+O(1 mt

2)
+O(1 mt

4)
exact

(a)

s = 13TeV

0.990

0.995

1.000

1.005

1.010

30 100 200 300 400 500 600
pT,veto
jet

  [GeV]

[σ
ve
to

NL
O
] 1

m
tk   
/  

[σ
ve
to

NL
O
] 1

m
t0

Top−Expansion
O(1 mt

0)
+O(1 mt

2)
+O(1 mt

4)
exact

(b)

Figure 5: Higgs+0-jet cross section at NLO including terms up to 1/mk
t as a

function of pjetT,veto. Dotted/dashed/dash-dotted: k = 0/2/4. (a) absolute; (b)
normalized to k = 0.

remain below 2.5% even at pjetT,veto = 600GeV. Again, the asymptotic expansion leads to
a proper estimation of the mass e↵ects, not underestimating the uncertainty induced by
the heavy-top approximation with respect to exact one. Therefore, the 1/mt terms can be
expected to yield a conservative validation of the EFT as well at NNLO.

The reason that the 1/mt expansion of the jet-vetoed rate is well behaved even beyond
the 2mt threshold is the phase-space suppression, which strongly reduces contributions
from hard jets. However, the 1/m4

t term receives unjustified large contribution from
pjetT & 400GeV. In that region, �NLO

veto , [�
NLO
veto ]1/m0

t
as well as [�NLO

veto ]1/m2
t
develop a flat

behavior, which is expected from phase-space suppression, while [�NLO
veto ]1/m4

t
grows almost

linearly. This reveals that the convergence of the amplitudes at 1/m4
t in the large-pT tail

is broken. The previous observations are in direct analogy to the total cross section. In
this case, the bulk of the cross section originates from the region

p
s . 2mt, in which

the asymptotic expansion is well behaved [30]. Nevertheless, the 1/m4
t term receives huge

contributions as
p
s � 2mt [30], since the convergence of the amplitudes is spoiled at large

energies. In fact, looking at the total cross sections in Fig. 5 (a), it is obvious that the
leading and first sub-leading term in the asymptotic expansion compare better to the exact
result than when including the 1/m4

t terms.12

To obtain the inclusive Higgs+jet cross section a cut pjetT > pjetT,min is applied, which removes
the bulk of the well behaved soft jets and, therefore, enhances the contribution from the

12 Note that we applied no matching of the total inclusive cross section to the high-energy limit here
which will be discussed below.

8
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Resummation scale setting
bottom-mass effects at small pT:   
→ two approaches to choose matching/resummation scale:
[Harlander, Mantler, MW '14] [Bagnaschi, Vicini '15]

separate scales for top, bottom and top-bottom interference term
hadron level

resummation scales as large as 
possible, while requiring high-pT 

matching

parton level 
matching scale choosen where 

collinear approximation fails (by >10%)

three scale problem!
(no complete solution yet)



M. Wiesemann   (CERN) Mass effects and higher-order OPs in gg→H June 10, 2017 31

Resummation scale setting
bottom-mass effects at small pT:   
→ two approaches to choose matching/resummation scale:
[Harlander, Mantler, MW '14] [Bagnaschi, Vicini '15]
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Resummation scale setting
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Figure 7: The first plot is the same as the upper right plot of Figure 4, but for a 2HDM heavy

scalar Higgs boson with mH = 300GeV in the bottom dominated scenario. The other plots show

two additional curves: MC@NLO applying a fixed value (�-distribution) to the shower scale of each

contribution using the HMW values (orange, solid with full boxes); a modified-POWHEG (mPOWHEG)

approach requiring emissions in all remnant events to be bounded by the matching scales (HMW in

this case) from above (magenta, solid with stars).
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Figure 4: Shapes of the transverse-momentum distributions (i.e., normalized such that the integral

yields one) for a SM Higgs boson with mh = 125GeV. In the upper plots we show the distributions

computed with AR (black, solid), MC@NLO (red, dotted) and POWHEG (blue, dashed overlaid by points),

setting the matching scales to the BV values (left) or the HMW values (right). For reference, we also

show the fixed-NLO (fNLO) prediction (green, dash-dotted with open boxes). The main frame shows

the absolute distributions, the first inset the shape-ratio of the central values to the AR distribution,

and the second inset the uncertainty bands, normalized again to the central AR value. In the lower

three plots we compare the results within each code, using for the matching scales the BV values (red,

dotted) and the HMW values (black, solid), taking the HMW results as reference for the ratios of the

insets.
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[Bagnaschi, Harlander, Mantler, Vicini, MW '15]


