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Finding the Higgs was “easy”… …finding new physics might  
be very tough.

[CMS diphoton Higgs search, arXiv:1407.0558]

[Grazzini et. al., 2016]

(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.
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Bump hunting: little to no theoretical 
input needed. 

Look for BSM effects in small deviations from 
SM predictions:
 → Higgs processes natural place to look at

 → good control on theory necessary!



… ``good control’’: a (rough) estimate

SM ~ v.e.v.

ΛNP

direct  
bounds 
~ TeV

Imagine to have new physics at a 
(heavish) scale ΛNP

Typical modification to observable 
w.r.t. standard model prediction: 

δO ~ Q2/ΛNP 2 

To gain over direct bounds:

IN THE BULK: 
Q~MH → few percent

IN THE TAIL:
Q≳ 500 GEV → 

~10-20%

�3

“good control” ?

[F. Caola, Moriond ’18]
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Outline

top-massHiggs-pT

Di-Higgs

LO:  Ellis et. al. ’88; U. Baur et. al., ’90
• ~40% remaining scale uncertainty
• KHEFT ~ 1.8

LO:  Eboli et. al. ’87; Glover, van der Bij ’88 
• ~25% remaining scale uncertainty
• KHEFT ~ 1.85



�5

Outline

top-massHiggs-pT

Di-Higgs



Higgs-pT: two regimes 

Possibility to constrain the charm-Yukawa coupling

[Bishara, Haisch,  
Monni, Re; ’16]
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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

~10%pT ⌧ mHfor                 : ~1%

d�/dp? / y2t + ytyb + y2b + ytyc + . . .

<<1%

➡ Sudakov-like logarithmic enhancement of  
   light-quark contribution at small pT
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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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Sensitive probe of New Physics  
➜ In particular : 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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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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SM: cg=0, ct=1

[Grazzini et. al., 2016]

 6

p? > mt
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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

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

NNLO
Bottleneck: IR subtraction 
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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

– 8 –
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NLO
Bottleneck:  
massive two-loop amplitudes  

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

NNLO+NXLL

[Bonciani et. al., ’16]
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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]

pTH

Ansätze:
• analytical: very hard, planar MI known
• numerical: very CPU/GPU intensive
• expansions: has to be performed carefully, very versatile

[Jones et. al., ’18]

[Melnikov et. al., ’16+’17]

full theory: loop-induced HEFT: tree-level at LO

heavy quarks



Higgs-pT: two regimes 
p? ⌧ mt
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p? > mt
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•point-like ggH (HEFT) and full 
theory have very different high 
energy behaviour.

   

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-

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

<latexit sha1_base64="esBNDOmzEC2BXQZPGmfSM/h1ZLQ="></latexit><latexit sha1_base64="esBNDOmzEC2BXQZPGmfSM/h1ZLQ="></latexit><latexit sha1_base64="esBNDOmzEC2BXQZPGmfSM/h1ZLQ="></latexit><latexit sha1_base64="esBNDOmzEC2BXQZPGmfSM/h1ZLQ="></latexit>
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⇠ p�2

T
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d�

dp2T
⇠ p�4

T
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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

HEFT

full theory

In this region large logarithmic corrections of the form %
appear that originate from soft and collinear emission

the perturbative expansion becomes not reliable

→ −∞

LO: → +∞ as pT → 0

NLO: as pT → 0

RESUMMATION NEEDED%
(effectively perfomed by %
standard MC generators)

d�

dpT

d�

dpT

↵n

S ln2n m2
H
/q2

T

The region pT << mH 

+∞

∞- 

•Fixed-order breaks down at low pT
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: bottom mass effects at NLOpHT ⌧ mH

[JML, Melnikov, Tancredi, Wever ’17] 

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 R
LO

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 ⇠ m

2

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 =
m

MS

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.

• -(5-10)% for pT=20-40 GeV at LO and NLO
• Despite (large) corrections, the interference 

shape stable under QCD corrections  
→ solid observable 

• large mb-renormalisation scheme 
dependence tamed at NLO 

• expansion of the two-loop integrals in                                                     
[Melnikov, Tancredi, Wever; ‘16+‘17]

• valid at %-level down to pT~10 GeV
• real radiation treated exact with OpenLoops

(m2
b/p

2
T)
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: bottom mass effects at NLO+NNLLp? ⌧ mt

of the resummation prescription is reduced and the fixed order NLO result is approached. At the
same time, the effect of the bottom contribution on the central value is small though still noticeable,
while its effect on the error band widths is negligible.

This final result constitutes the best theoretical prediction up till now for the Higgs transverse
momentum distribution for moderate values of the Higgs p? and is to be compared with current
experimental measurements. From our discussion above it becomes clear that further improvement
of our results is appreciated in the region of Higgs p? & mh/2 where the collinear approximation
breaks down and the resummation is turned off. This improvement would require matching to
higher fixed order NNLO result.
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Figure 7: The distributions for the top-bottom interference contribution (left) and the full NNLL
matched result (right), using the multiplicative scheme with resummation scale Qb = Qt = mh/2
as central values. The bands indicate the uncertainties and we refer to the text for the scope of the
errors taken into account for the two separate distributions.

6 Conclusions

In this paper we performed a detailed study of the Higgs transverse momentum distribution, focusing
especially on the region of intermediate values of transverse momenta, mb

<⇠ p? <⇠mH . Indeed,
a precise theoretical control of the Higgs p?-distribution in this region will be essential to test
the electroweak sector of the Standard Model at the LHC, in particular as it provides a unique
opportunity to probe experimentally the Higgs Yukawa couplings to light quarks, which remain
as of today essentially unconstrained. In fact, while the main contribution to the cross-section is
through the coupling of the Higgs to top-quarks, the coupling to bottom quarks has a non-negligible
impact on the total cross-section in particular through its interference with the top, which amounts
to pushing down the final result by about O(5%).

The theoretical description of the Higgs p?-distribution for mb
<⇠ p? <⇠mH in QCD is particu-

larly challenging since, once the contribution of bottom quarks is taken into account, the perturba-
tive cross-section for small p? suffers from the presence of large logarithms ln (p?/mb), ln (mH/mb),
which can spoil the perturbative convergence. The physical origin of these large logarithms is not
yet well understood, such that their all-order resummation remains currently out of reach.

Given these conceptual limitations, we provided our best theoretical description of the Higgs
p? distribution in NLO+NNLL QCD for moderate values of the transverse momentum, including
full dependence on the top and bottom mass. A crucial part of our study was a proper assessment
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•uncertainties at the level of  5-20%
•Resummation effects relevant for  
pT ≲ 40 GeV

•further improvement when combined with 
NNLO for yt2

�10

 9

Bizon, Chen, Gehrmann-De Ridder, Gehrmann, Glover, Huss, Monni, Re, Rottoli, Torrielli 18

See also: Higgs and Drell-Yan production at N3LL+NNLO

Higgs+Jet Bottom Quark Corrections

At small/moderate      can have significant top/bottom interferencepT
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Can combine                                    with                 approximation for 
NLO pieces to compute this effect

mT ! 1
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Figure 7: The distributions for the top-bottom interference contribution (left) and the full NNLL
matched result (right), using the multiplicative scheme with resummation scale Qb = Qt = mh/2
as central values. See text for details.

4 Conclusions

In this paper we performed a detailed study of the Higgs transverse momentum distribution, focusing
on the region of intermediate values of transverse momenta, mb

<⇠ p? <⇠mH . Indeed, a precise
theoretical control of the Higgs p? distribution in this region is essential to test the Higgs sector of
the Standard Model. In particular, it provides a rare opportunity to probe the Yukawa couplings
of light quarks, which are currently poorly constrained. In fact, although the main contribution to
the Higgs production cross section is due to the coupling of the Higgs to top quarks, the coupling to
bottom quarks has a non-negligible impact on the total cross section through its interference with
the top, decreasing the cross section by about O(5%).

The theoretical description of the Higgs p? distribution for mb
<⇠ p? <⇠mH in QCD is particularly

challenging since, once the contribution of bottom quarks is included, the perturbative cross section
for small p? suffers from the presence of potentially large logarithms ln (p?/mb), ln (mH/mb),
which can spoil the convergence of the perturbative expansion. The physical origin of these large
logarithms is not yet fully understood, and their all-order resummation remains currently out of
reach.

Given these conceptual limitations, we provided our best theoretical description of the Higgs
p? distribution at NNLL+NLO QCD for moderate values of the transverse momentum, including
dependence on the bottom mass. An important part of our study was a proper assessment of the
theory uncertainty of our results. The NLO result for the top-bottom interference suffers from scale
uncertainties, which amount to around 15%. On top of this, a non-negligible source of uncertainty is
provided by the renormalization scheme ambiguity for the bottom-quark mass, which we estimated
by varying from the on-shell to the MS scheme. This amounts to an uncertainty of up to 20% and
it dominates the error budget of our prediction for the top-bottom interference at small values of
the Higgs p?. Together with the uncertainties associated with the fixed order calculation, we also
performed a detailed study of the ones associated with the resummation procedure in the presence
of bottom quarks. In order to estimate these ambiguities for the top-bottom interference, we
matched the fixed order NLO predictions with the NNLL resummed cross-section using two different
schemes, an additive and a multiplicative one, and two very different choices of the resummation
scale, Qb = 2mb and Qb = mH/2. This leads to an uncertainty between 15�20% on the top-bottom
interference contribution to the p? spectrum. Since the interference amounts to about 5% of the
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Melnikov, Tancredi, Wever 17;  
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NNLL Resummation also computed
Caola, Lindert, Melnikov, Monni, Tancredi, Wever 18

Interference contribution error 20% 
translates to ~1-2% error on total  

Bottom quark mass scheme choice 
dominates interference uncertainty

�virt

tb ⇠ Re
h
ALO

t ALO⇤
b +

↵s

2⇡
(ANLO

t ALO⇤
b +ALO

t ANLO⇤
b )

i

<latexit sha1_base64="7NuGHegkl4pSh3fv6X3UwKzkgZQ="></latexit><latexit sha1_base64="7NuGHegkl4pSh3fv6X3UwKzkgZQ="></latexit><latexit sha1_base64="7NuGHegkl4pSh3fv6X3UwKzkgZQ="></latexit><latexit sha1_base64="7NuGHegkl4pSh3fv6X3UwKzkgZQ="></latexit>

• remaining uncertainty of 20% on interference
• dominated by scheme ambiguity 
• subleading uncertainties:

• μR/μF ~ 15%
• Qb = mH/2 vs. Qb = 2mb ~ 15%

• translates into ~1-2% error on total spectrum



: NNLO+N3LL in HEFTp? ⌧ mt

�11

• 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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• Resummation performed in 
momentum space

• Multiplicative matching
• Results for fiducial phase-

space available

[Li, Neill, Schulze, Stewart, Zhu+NNLOJET ’18] 4

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
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: virtual two-loop amplitudespHT � mHVirtual 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
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• A four-scale problem: three external (s,pT,mh) and one internal (mt) 
• 264 Feynman integrals, complicated reduction 
• Only partial (planar topologies) analytic result with the full top mass dependence  

available (R. Bonciani, et al., 2016) 
• Two recent approaches:

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

Expansion in 
at the level of differential equations
[Kudashkin, Melnikov, Wever; ‘17] 

Alternatively can consider Higgs boson & top quark masses as small 
Introduce variables: 

Expand integrals to               justified for                                         , 
For example at large

 8

m2
H
,m2

T
⌧ |s| ⇠ |t| ⇠ |u|
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4m2
T

,  = �m2
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, z =

u

s
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Figure 2: Transverse momentum distribution of the Higgs boson at the LHC with
p
s=13 TeV. The upper panel

shows absolute predictions at LO and NLO in the full SM and in the infinite top-mass approximation (HEFT). The
lower panel shows respective NLO/LO correction factors. The bands indicate theoretical errors of the full SM result
due to scale variation.

turbative QCD computations remains at the
level of twenty percent, as estimated from the
scale variation. Such an uncertainty is typical
for NLO QCD theoretical description of many
observables related to Higgs boson production
in gluon fusion.

Another source of uncertainties is related
to the choice of the renormalization-scheme of
the top mass. Since the amplitude is propor-
tional to the squared top mass, the di↵eren-
tial cross section scales as the fourth power
d� ⇠ m

4
t , if we neglect suppressed terms in

m
2
t /p

2
? and the logarithms of m

2
t /p

2
?. At LO

in perturbation theory, a di↵erent choice of the
top-mass scheme corresponds to changing nu-
merically the input value of the top mass. If
we choose instead the MS top mass value9 of
m

MS
t (p? ⇡ 400 GeV) ⇡ 157 GeV, we would

find a decrease of the LO cross section by about
d�

MS
LO/d�

pole
LO ⇠ (157/173)4 ⇠ 0.68. At NLO

one needs to additionally take into account the

9We calculated this value using the program RunDec

[31] with the input value m
MS

t (mMS

t ) = 166 GeV.

↵s corrections that relate the on-shell and MS
top mass values. These corrections will com-
pensate the numerical change caused by chang-
ing mt = m

MS
t to mt = m

pole
t

in the NLO
amplitudes and as a result the scheme depen-
dence at NLO is reduced. Thus, we expect the
scheme dependence at NLO to be subleading
with respect to the scale uncertainties.

Further improvements in theory predictions
are only possible if the proximity of the HEFT
and SM K-factors is taken seriously and pos-
tulated to occur even at higher orders. In this
case, one will have to re-weight the existing
HEFT H + j computations [5, 6, 7] with the
exact leading order cross section for producing
the Higgs boson with high p?. In fact, such a
reweighting can now be also performed at the
NLO level.

4. Conclusions

We presented the NLO QCD corrections to
the Higgs boson transverse momentum distri-
bution at very large p? values. To compute

7

Expanded 2-loop virtuals can be 
combined with full reals to predict 
Higgs boson      distribution above 
top threshold

pT
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KSM

KHTL
= 1.04 . . . 1.06
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Lindert, Kudashkin, 
Melnikov, Wever 18

Higgs+Jet at Large Transverse Momentum

→Talk of Kirill on Monday
Also available in MCFM Neumann 18

Virtual corrections

Hierarchy mh < mt ⌧ {s, t, u} suggests ! Expansion in small parameters
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) 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
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: top mass effects at NLOpHT � mH

Control of the high-H-pT tail at NLO opens the door for new physics searches in this regime!
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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

[JML, Kudashkin, Melnikov, Wever; ’18] 

• NLO corrections very similar as in HEFT: K~2 with remaining scale uncertainties: ~20-25%
• hardly any shape dependence
• Outlook: combine with NNLO in HEFT

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

• valid in all of the phase-space

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

[Jones, Kerner, Luisoni; ’18] 

(m2
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Di-Higgs
• pp→HH offers direct access to the trilinear Higgs coupling

V (H) =
1

2
M

2
H
H

2 + �vH
3 +

1

4
�
0
H

4

  

Gluon fusion status
● Leading Order: loop-induced

Triangle Box

Largest sensitivity to λ 
from interference

Large box-triangle 
cancellation at threshold

Glover, van der Bij 88

Mostly top contribution
(bottom effects <1%)

  

● Next-to-Leading Order approximations

 NLO in the Born-improved heavy mt limit (HTL)  +90%

 FTapprox: full mt dependence in real radiation   -10%

 1/mt expansion in virtual corrections   ±10%

● Full NLO corrections       -15% w.r.t. B-i NLO
Borowka, Greiner, Heinrich, Jones, Kerner, Schlenk, Schubert, Zirke 16;
Borowka, Greiner, Heinrich, Jones, Kerner, Schlenk, Zirke 16

Dawson, Dittmaier, Spira 98

Maltoni, Vryonidou, Zaro 14

Grigo, Hoff, Melnikov, Steinhauser 13; Grigo, Hoff, Steinhauser 15

New independent calculation,
see Julien Baglio’s talk

 Two-loop corrections computed numerically using sector decomposition

 Grid+interpolation for fast numerical evaluation

Heavy top limit / HEFT

Born improved:

2/16
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Figure 13: The sensitivity of the various Higgs pair production processes to the trilinear
SM Higgs self–coupling at different c.m. energies. The left panels display the total cross
sections, the right panels display the ratio between the cross sections at a given κ =
λHHH/λSM

HHH and the cross sections at κ = 1.

boson decaying into a photon pair, 6.12% for the Higgs boson decaying into a τ pair and
21.50% for the Higgs boson decaying into off–shell W ∗ bosons.

At the time of the analysis, no generator existed for the signal process, but the matrix

22
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Di-Higgs @ NLO

  

NLO with full mt dependence

● Very large corrections, +66% for total XS at 14TeV

● 16% smaller than NLO Born-improved HTL, 4% smaller than NLO FTapprox

● In general non-trivial dependence of the corrections on the kinematics

● Strong differences with Born-improved HTL

● Full real radiation in FTapprox improves over B-i. HTL, specially in the tails

● Still sizeable scale uncertainties (±13% for total XS), and almost no overlap with previous order

Borowka, Greiner, Heinrich, Jones, Kerner, Schlenk, Zirke 16

4/16

• Very large corrections NLO corrections: +66% for total XS
• Exact top-masses yield 16% smaller corrections than NLO Born-improved HEFT,  

and 4% smaller than NLO FTapprox (reals with exact dependence)
• In general non-trivial shape dependence of the corrections on the kinematics
• Remaining scale uncertainties: ~13% but no overlap with LO → try to go beyond NLO  

Again: Numerical integration with SecDec 
[Borowka, et al., ’16] 
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Di-Higgs @ NNLO in HEFT

  

Virtual corrections

Javier Mazzitelli – NNLO QCD corrections to Higgs Boson Pair Production Javier Mazzitelli – NNLO QCD corrections to Higgs Boson Pair Production 
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Virtual corrections
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Virtual corrections

Javier Mazzitelli – NNLO QCD corrections to Higgs Boson Pair Production Javier Mazzitelli – NNLO QCD corrections to Higgs Boson Pair Production 
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Integrate out tops

[de Florian, JML, et.al. ’16]

‣ NNLO corrections:
• almost flat in mHH, small shape in pTH1
• at the level of ~20% 
• remaining scale uncertainties at the level of 10%
• overlap with NLO uncertainty band

‣ How to combine with exact NLO? 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Di-Higgs @ NNLO with top mass effects
Born-projected approximation: � 

•Reweight by LO ratio full/HEFT at 
the level of squared amplitudes 

•Projection to Born kinematics 
needed for reweighting: non-unique 

NLO-improved approximation:

•Observable level reweighting
•For each bin of each histogram do 

  

Going beyond NLO

● NLO still affected by sizeable scale uncertainties (±13% for total XS)

● Almost no overlap with previous order

● Higher orders needed to improve the control over perturbative expansion

● Full NNLO out of reach, need to rely on approximated results

Born-projected approximation:

 Reweight by ratio of full and
  HTL squared amplitudes

 Projection to Born kinematics needed
  for event level reweighting, non-unique

● We can do better: double real corrections
  can be computed with full mt dependence

● Inclusion of full reals: great improvement at NLO

● Needs to be done in a consistent way, not to 
  spoil cancellation of divergencies in the subtraction

Bin-size dependent
procedure

6/16

NLO-improved approximation:

 Observable level reweighting

 For each bin of each histogram do 

HEFT

NNLOFTapprox

• only approximate NNLO coefficient
• keep full top mass dependence in double-real
• reweight double-virtual and real-virtual amplitudes in HEFT 

with corresponding tree amplitudes (no projection needed)
• make sure IR subtraction in qT slicing method is unspoiled 

  

Going beyond NLO

● NLO still affected by sizeable scale uncertainties (±13% for total XS)

● Almost no overlap with previous order

● Higher orders needed to improve the control over perturbative expansion

● Full NNLO out of reach, need to rely on approximated results

Born-projected approximation:

 Reweight by ratio of full and
  HTL squared amplitudes

 Projection to Born kinematics needed
  for event level reweighting, non-unique

● We can do better: double real corrections
  can be computed with full mt dependence

● Inclusion of full reals: great improvement at NLO

● Needs to be done in a consistent way, not to 
  spoil cancellation of divergencies in the subtraction

Bin-size dependent
procedure
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NLO-improved approximation:

 Observable level reweighting

 For each bin of each histogram do 

  

Full-theory approximation - NNLOFTapprox

● Combination of full NLO with heavy-mt NNLO, NNLO piece improved
  to account for finite-mt effects

● Approximation constructed such that double reals are treated in an exact way

● Amplitudes that are tree-level in the HTL are treated exactly

● Same partonic subprocess used for reweighting: no need for a projection

● At NLO this procedure agrees with the FTapprox

● Fully differential results, based on public code MATRIX

● Current HXSWG recommendation for total XS

E.g. the squared amplitude:

is reweighted by: 2 2

+

2

Grazzini, Heinrich, Jones, Kallweit, Kerner, Lindert, JM 18

[Kallweit, Grazzini, Wiesemann 17]
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Full-theory approximation - NNLOFTapprox

● Combination of full NLO with heavy-mt NNLO, NNLO piece improved
  to account for finite-mt effects

● Approximation constructed such that double reals are treated in an exact way

● Amplitudes that are tree-level in the HTL are treated exactly

● Same partonic subprocess used for reweighting: no need for a projection

● At NLO this procedure agrees with the FTapprox

● Fully differential results, based on public code MATRIX

● Current HXSWG recommendation for total XS

E.g. the squared amplitude:

is reweighted by: 2 2

+

2

Grazzini, Heinrich, Jones, Kallweit, Kerner, Lindert, JM 18

[Kallweit, Grazzini, Wiesemann 17]

7/16

⊗

reweight by

1.0 1.5 2.0 2.5 3.0 3.5
-1.0

-0.5

0.0

0.5

1.0

rcut = cutqT/Q[%]

�
/�

N
N

L
O
-

1
[%

]

Figure 1: Dependence of the total NNLOFTapprox cross section at 14TeV on the qT -subtraction cut,
rcut, normalized with respect to the extrapolated rcut ! 0 result. The dotted lines indicate the
symmetrized uncertainty coming from the extrapolation.

CutTools [50]. However, the runtime of the loop-induced gg ! hhgg amplitude in Open-

Loops is significantly increased when CutTools is used in quadruple precision (to the level
of ⇠ 10 minutes per phase-space point), rendering the quadruple precision stability system
prohibitive for this amplitude for practical purposes‡. Therefore, we restrict the evaluation to
double precision and replace potentially unstable phase-space points close to the dipole sin-
gularities, quantified by ↵L-i = (pi · pj/ŝ)min, where the minimum among all potential emitter
parton combinations i and j is taken, with an approximation: Below a technical cut ↵L-i, cut we
switch from the (loop-induced) double-real amplitude in the FT to the (tree-level) double-real
amplitudes in the HEFT, reweighted at LO. This approach could in principle introduce a bias
in the NLO hh+jet cross section, thereby hampering the low-qT cancellation of the NNLO
computation. We have checked that this is not the case, as detailed in the following.

For the predictions presented in Section 3 we use ↵L-i, cut = 10�4 and we varied this param-
eter in the range 10�3 to 10�5, finding independence of all results. In Fig. 1 we illustrate the
resulting dependence of the NNLOFTapprox total cross section on the qT -subtraction cut, rcut, forp
s = 14TeV. Due to the previously discussed stability challenges, we considered values of rcut

between 1% and 3.5%, which are larger than the ones typically used in previous qT -subtraction
calculations (compared for instance with the default values in the public Matrix release [32]).
Nevertheless our results present a good stability, with e↵ects that are below 0.2% in the whole
qT/Q range under study, validating this choice. The rcut ! 0 extrapolation is performed using
a linear least �2 fit. The fit is repeated varying the upper bound of the interval (in this case
starting from a minimum of 25 points, which corresponds to an upper bound of rcut = 1.6%,
and up to rcut = 3.5%). Then, the result with the lowest �2

/degrees-of-freedom value is taken
as the best fit, and the rest is used to estimate the extrapolation uncertainty. In the case shown
in Fig. 1 the extrapolation uncertainty for rcut ! 0, indicated with the dotted lines, is ±0.14%.

A further uncertainty arises due to the numerical evaluation of the two-loop integrals with
full top-quark mass dependence in the virtual corrections of the NLO contribution. The error

‡Here we want to note that these stability issues will be strongly mitigated in the future based on the new
OpenLoops on-the-fly reduction method introduced in Ref. [47].

6

Numerical complexity in the loop-
induced double-real similar to 
requirements for real-virtual in  
tree-induced 2→3 NNLO!
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Di-Higgs @ NNLO with top mass effects
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Figure 2: Higgs boson pair invariant mass distribution at NNLO for the di↵erent approximations,
together with the NLO prediction, at 14TeV (left) and 100TeV (right). The lower panels show the
ratio with respect to the NLO prediction, and the filled areas indicate the NLO and NNLOFTapprox

scale uncertainties.

harder and the softer Higgs boson (pT,h1 and pT,h2, Figs. 6 and 7), and the azimuthal separation
between the two Higgs bosons (��hh, Fig. 8). For the sake of clarity, we only show the scale
uncertainty bands corresponding to the NLO and NNLOFTapprox predictions.

We start our discussion from the invariant-mass distribution of the Higgs boson pair, re-
ported in Fig. 2. We observe that the NNLOB-proj and NNLONLO-i approximations predict a
similar shape, with very small corrections at threshold, an approximately constant K-factor for
larger invariant masses, and only a small di↵erence in the normalization between them, which
increases in the 100TeV case. The NNLOFTapprox, on the other hand, presents a di↵erent shape,
in particular with larger corrections for lower invariant masses, a minimum in the size of the
corrections close to the region where the maximum of the distribution is located, and a slow
increase towards the tail. The di↵erent behavior of the NNLOFTapprox in the region close to
threshold is more evident at 100TeV, where the increase is about 30% in the first bin. Naively
we could expect that if this region is dominated by soft parton(s) recoiling against the Higgs
bosons, the Born projection and FTapprox should provide similar results. We have investigated
the origin of this di↵erence, and we find that in the region Mhh ⇠ 2Mh the cross section is actu-
ally dominated by events with relatively hard radiation recoiling against the Higgs boson pair
(for example, at

p
s = 100TeV, the average transverse momentum of the Higgs boson pair in

the first Mhh bin is pT,hh ⇠ 100GeV at NLO). In this region the exact loop amplitudes behave
rather di↵erently as compared to the amplitudes evaluated in the HEFT: As the production
threshold is approached, they go to zero faster than in the mass-dependent case, thus explain-
ing the di↵erences we find. Within the NNLOFTapprox, the corrections to the Mhh spectrum
range between 10% and 20% at 14TeV. The scale uncertainty is substantially reduced in the
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Figure 6: Transverse momentum distribution for the harder Higgs boson at 14TeV (left) and 100TeV
(right).

for the pT,hh distribution, and the agreement between NNLOB�proj and NNLOFTapprox at low
pT,j1. The di↵erence between the NNLONLO�i and NNLOFTapprox results is more pronounced
here, with the FTapprox predicting a softer spectrum for this observable, and small corrections
that are almost always contained in the NLO scale uncertainty band.

The transverse-momentum distributions of the harder and the softer Higgs boson are re-
ported in Figs. 6 and 7, respectively. As can be expected from the pT,hh spectrum, the
NNLOB-proj result for pT,h1 features very large corrections as pT,h1 increases. The e↵ect, how-
ever, is less severe than the one observed in pT,hh because the pT,h1 observable is already well
defined at LO. The NNLONLO-i curve is overall in good agreement with the NNLOFTapprox pre-
diction: It shows moderate corrections with respect to the NLO result which increase as pT,h1

increases, while the scale uncertainties are about ±15%. At very small pT,h1 the higher-order
corrections become perturbatively unstable as the available phase space for the real radiation
is severely restricted in this regime yielding large logarithms that should be resummed in order
to get a reliable prediction, see also the discussion in Section 3.4 of Ref. [19]. For the transverse
momentum of the softer Higgs boson, pT,h2, the NNLO e↵ect is rather uniform in all three ap-
proximations, especially at 14TeV. The NNLOFTapprox predicts small corrections of order 10%,
while the other two approximations show larger corrections with a similar shape. In the tail of
the distribution the scale uncertainty at NNLO is larger than at NLO, most likely due to an
accidentally small size of the NLO scale variation (in fact, in this region the NLO corrections
almost vanish).

Finally, the distribution in the azimuthal angle between the two Higgs bosons, ��hh, is
shown in Fig. 8. At LO we have ��hh = ⇡, due to the back-to-back production of the two
Higgs bosons at Born level. Real contributions allow ��hh to be smaller than ⇡, and again we
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•FTapprox presents larger corrections at 
threshold, minimum corrections at Mhh ~ 
400GeV, slow increase towards the tail 

•Scale uncertainties in FTapprox are 
substantially reduced

•Overlap with the NLO band 

•up to ~10% smaller corrections in FTapprox 
compared to the other approximations

•wrong scaling at large energies for NNLOB-proj

•overlap of NLO and NNLOFTapprox bands

•NNLOFTapprox ~NNLONLO-i
p
s 13 TeV 14 TeV 27 TeV 100 TeV

NLO [fb] 27.78 +13.8%
�12.8% 32.88 +13.5%

�12.5% 127.7 +11.5%
�10.4% 1147 +10.7%

�9.9%

NLOFTapprox [fb] 28.91 +15.0%
�13.4% 34.25 +14.7%

�13.2% 134.1 +12.7%
�11.1% 1220 +11.9%

�10.6%

NNLONLO�i [fb] 32.69 +5.3%
�7.7% 38.66 +5.3%

�7.7% 149.3 +4.8%
�6.7% 1337 +4.1%

�5.4%

NNLOB�proj [fb] 33.42 +1.5%
�4.8% 39.58 +1.4%

�4.7% 154.2 +0.7%
�3.8% 1406 +0.5%

�2.8%

NNLOFTapprox [fb] 31.05 +2.2%
�5.0% 36.69 +2.1%

�4.9% 139.9 +1.3%
�3.9% 1224 +0.9%

�3.2%

Mt unc. NNLOFTapprox ±2.6% ±2.7% ±3.4% ±4.6%

NNLOFTapprox/NLO 1.118 1.116 1.096 1.067

Table 1: Inclusive cross sections for Higgs boson pair production for di↵erent centre-of-mass
energies at NLO and NNLO within the three considered approximations. Scale uncertain-
ties are reported as superscript/subscript. The estimated top quark mass uncertainty of the
NNLOFTapprox predictions is also presented. The uncertainties due to the qT -subtraction and
the numerical evaluation of the virtual NLO contribution are both at the per mille level.

NNLOFTapprox, i.e. by about a factor of three. This reduction of the scale uncertainties is
stronger as we increase the collider energy, being close to a factor of five at 100TeV.

As is well known, scale uncertainties can only provide a lower limit on the true perturbative
uncertainties. In particular, from Table 1 we see that the di↵erence between the NNLO and
NLO central predictions is always larger than the NNLO scale uncertainties (although within
the NLO uncertainty bands). In any case, the strong reduction of scale uncertainties, together
with the moderate impact of NNLO corrections, suggests a significant improvement in the
perturbative convergence as we move from NLO to NNLO.

It is also worth mentioning that the three approximations have a di↵erent behaviour withp
s. For instance at 100TeV, the increase with respect to the NLO prediction for the NNLOB-proj

and NNLONLO-i approaches is 23% and 17%, respectively, values that are close to the ones for
14TeV (20% and 18%, respectively). By contrast, the NNLOFTapprox result increases the NLO
prediction by 7% at 100TeV, i.e. the correction is smaller by almost a factor of two than
at 14TeV (12%), which also means a larger separation with respect to the other two NNLO
approximations. The smaller size of the NNLO corrections in the FTapprox at higher energies
is also consistent with the observed reduction of scale uncertainties.

As was mentioned already in Section 2.2, the NNLOFTapprox result is expected to be the most
accurate one among the approximations studied in this work, and therefore it is considered to
be our best prediction. In order to estimate the remaining uncertainty associated with finite top
quark mass e↵ects at NNLO, we start by considering the accuracy of the FTapprox approximation
at NLO. At 14TeV the NLO FTapprox result (see Table 1) overestimates the full NLO total cross
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As was mentioned already in Section 2.2, the NNLOFTapprox result is expected to be the most
accurate one among the approximations studied in this work, and therefore it is considered to
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➡uncertainties on total  
XS largely reduced!
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Conclusions

•Without a clear sign of new-physics it is crucial to perform 
detailed theory vs. experiment comparisons, to look for 
possible deviations. 
➡ Higgs is an obvious place to look at! 

•H-pT @ NLO:
‣  remaining uncertainties: ~20% (NNLO in HEFT: 10%)
‣  corrections very similar as in HEFT
‣  Outlook: NNLO with mass effects

•Di-Higgs @ NNLOFTapprox
‣remaining uncertainties for inclusive cross section: ~3.5%
‣somewhat larger in distributions due to mass effects
‣at this level: top-mass scheme ambiguity relevant


