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Higgs physics at the LHC

µATLAS = 1.18+0.15
�0.14

µCMS = 1.00± 0.14

stat. = +0.10
�0.10

sys. (inc. theo.) =

+0.11
�0.10

theory =

+0.08
�0.07

[M. Dührssen @ Moriond EW 2015]



•                important theoretical advances in predictions for 
Higgs production in the last few months:

Higgs physics at the LHC

• These advances show the maturity of our tools to make 
precision computations in QCD!

➡ Fully differential NNLO predictions for VBF.

➡ Fully differential NNLO predictions for H + jet in gluon 
fusion.

➡ Inclusive gluon fusion cross section at N3LO.

➡ New PDF sets, with reduced uncertainty.

Outline:



VBF @ NNLO



• VBF is the 2nd largest production channel at the LHC.

Vector boson fusion

➡ Direct access to HVV coupling.

➡ Non-zero H-pT at leading order.
➡ Radiation pattern allows one to disentangle ggH from 

VBF (VBF cuts).



• VBF is the 2nd largest production channel at the LHC.

Vector boson fusion

• LO process is 2-to-3: Two-loop corrections unknown!

➡ Direct access to HVV coupling.

➡ Non-zero H-pT at leading order.
➡ Radiation pattern allows one to disentangle ggH from 

VBF (VBF cuts).

• Form factor approach: no colour exchange between the two 
quark lines.
➡ Exact at NLO.

➡ Used to compute inclusive VBF cross section at NNLO.

2➡ VBF = (DIS)  .

DIS

DIS

[Bolzoni, Maltoni, Moch, Zaro]



• BMMZ: NNLO effects in inclusive cross section small (~1%).

Vector boson fusion

➡ No differential information.
• Inclusive cross section is not quite what we want:

➡ Cannot impose VBF cuts.



• BMMZ: NNLO effects in inclusive cross section small (~1%).

Vector boson fusion

• Recently: first fully differential computation of VBF at NNLO 
in form factor approach. 

➡ No differential information.

➡ Rather large NNLO corrections after VBF cuts (~5-6%)!

• Inclusive cross section is not quite what we want:

➡ Cannot impose VBF cuts.

3

matrix-element weights for the assignments of partons
to upper and lower sectors. We therefore re-engineered
the code so that for each set of 4-momenta, weights are
decomposed into the contributions for each of the dif-
ferent possible sets of assignments of partons to the two
sectors. For every element of this decomposition it is
then possible to unambiguously obtain the vector-boson
momenta and so correctly generate a counterevent. The
POWHEG-BOX’s [29, 30] “tagging” facility was particularly
useful in this respect, notably for the NLO subtraction
terms. To check the correctness of the assignment to
sectors, we verified that as the rapidity separation be-
tween the two leading jets increases, there was a decreas-
ing relative fraction of the cross section for which partons
assigned to the upper (lower) sector were found in the ra-
pidity region associated with the lower (upper) leading
jet. We also tested that the sum of inclusive and exclu-
sive contributions at NLO agrees with the POWHEG NLO
implementation of the VBF H+2-jet process.

To investigate the phenomenological consequences of
the NNLO corrections, we study 13 TeV proton-proton
collisions. We use a diagonal CKM matrix, full Breit-
Wigners for the W , Z and the narrow-width approxima-
tion for the Higgs boson. We take NNPDF 3.0 parton
distribution functions at NNLO with ↵s(MZ) = 0.118
(NNPDF30 nnlo as 0118) [31], also for our LO and NLO
results. We have five light flavours and ignore contribu-
tions with top-quarks in the final state or internal lines.
We set the Higgs mass to MH = 125 GeV, compati-
ble with the experimentally measured value [32]. Elec-
troweak parameters are set according to known exper-
imental values and tree-level electroweak relations. As
inputs we use MW = 80.398 GeV, MZ = 91.1876 GeV
and GF = 1.16637 ⇥ 10�5 GeV�1. For the widths
of the vector bosons we use �W = 2.141 GeV and
�Z = 2.4952 GeV.

Some care is needed with the renormalisation and fac-
torisation scale choice. A natural option would be to use
Q

1

and Q
2

as our central values for the upper and lower
sectors, respectively. While this is straightforward in the
inclusive code, in the exclusive code we had the limitation
that the underlying POWHEG-BOX code can presently only
easily assign a single scale (or set of scales) to a given
event. However, for each POWHEG phase-space point, we
have multiple upper/lower classifications of the partons,
leading to several {Q

1

, Q
2

} pairs for each event. Thus the
use of Q

1

and Q
2

would require some further degree of
modification of the POWHEG-BOX, which we leave to future
work. We instead choose a central scale that depends on
the Higgs transverse momentum pt,H :

µ2

0

(pt,H) =
MH

2

s✓
MH

2

◆
2

+ p2t,H . (2)

This choice of µ
0

is usually close to
p
Q

1

Q
2

. It represents
a good compromise between satisfying the requirement of
a single scale for each event, while dynamically adapting
to the structure of the event. In order to estimate missing

�(no cuts) [pb] �(VBF cuts) [pb]

LO 4.032+0.057
�0.069 0.957+0.066

�0.059

NLO 3.929+0.024
�0.023 0.876+0.008

�0.018

NNLO 3.888+0.016
�0.012 0.826+0.013

�0.014

TABLE I: Cross sections at LO, NLO and NNLO for VBF
Higgs production, fully inclusively and with VBF cuts. The
quoted uncertainties correspond to scale dependence, while
statistical errors at NNLO are about 0.1% with VBF cuts
and much smaller without.

higher-order uncertainties, we vary the renormalisation
and factorisation scales symmetrically (i.e. keeping µR =
µF ) by a factor 2 up and down around µ

0

.4

To pass our VBF selection cuts, events should have at
least two jets with transverse momentum pt > 25 GeV;
the two hardest (i.e. highest pt) jets should have absolute
rapidity |y| < 4.5, be separated by a rapidity �yj1,j2 >
4.5, have a dijet invariant mass mj1,j2 > 600 GeV and
be in opposite hemispheres (yj1yj2 < 0). Jets are de-
fined using the anti-kt algorithm [33], as implemented in
FastJet v3.1.2 [34], with radius parameter R = 0.4.
Results are shown in table I for the fully inclusive cross

section and with our VBF cuts. One sees that the NNLO
corrections modify the fully inclusive cross section only
at the percent level, which is compatible with the find-
ings of Ref. [9]. However, after VBF cuts, the NNLO
corrections are about 5 times larger, reducing the cross
section by 5�6% relative to NLO. The magnitude of the
NNLO e↵ects after cuts implies that it will be essential
to take them into account for future precision studies.
Note that in both the inclusive and VBF-cut cases, the
NNLO contributions are larger than would be expected
from NLO scale variation.
Di↵erential cross sections are shown in Fig. 2, for

events that pass the VBF cuts. From left to right, the
plot shows the transverse momentum distributions for
the two leading jets, pt,j1 and pt,j2 , for the Higgs boson,
pt,H , and the distribution for the rapidity separation be-
tween the two leading jets, �yj1,j2 . The bands and the
patterned boxes denote the scale uncertainties, while the
vertical error-bars denote the statistical uncertainty. The
e↵ect of the NNLO corrections on the jets appears to be
to reduce their transverse momentum, leading to nega-
tive (positive) corrections in regions of falling (rising) jet
spectra. One can see e↵ects of up to 10 � 12%. Turn-
ing to pt,H , one might initially be surprised that such an
inclusive observable should also have substantial NNLO
corrections, of about 8% for low and moderate pt,H . Our

4 We verified that an expanded scale variation, allowing µR 6= µF

with 1

2

< µR/µF < 2, led only to very small changes in the
NNLO scale uncertainties for the VBF-cut cross section and the
pt,H distribution.

~1 ~5-6

M2
j1j2 > (600GeV)2�yj1,j2 > 4.5

|yj1 |, |yj2 | < 4.5

pT,j1 , pT,j2 > 25GeV

➡ See Dreyer’s talk this afternoon!

[Cacciari, Dreyer, Karlberg, Salam, Zanderighi]



Gluon-fusion



• The dominant Higgs production mechanism 
at the LHC is gluon fusion.

The gluon fusion cross section

➡ Loop-induced process.

• For a light Higgs boson, the dimension five operator 
describing a tree-level coupling of the gluons to the Higgs 
boson

L = LQCD,5 �
1
4v

C1 H Ga
µ⌫ Gµ⌫

a

• In the rest of the talk, I will only concentrate on the 
effective theory.

• Top-mass corrections known at NNLO.
[Harlander, Ozeren; Pak, Rogal, Steinhauser; Ball, Del Duca, 
Marzani, Forte, Vicini; Harlander, Mantler, Marzani, Ozeren]



The gluon fusion cross section
• Known inclusively at NLO and NNLO, but plagued by large 

perturbative uncertainties.

[Dawson; Djouadi, Spira, 
Zerwas; Harlander, Kilgore; 

Anastasiou, Melnikov; 
Ravindran, Smith, van Neerven]
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• Enormous progress over the last few months!
➡ Both inclusively and differentially.



Gluon-fusion

H @ N3LO



The gluon fusion cross section

Triple virtual

Double real 
virtual

Real-virtual 
squared

Double virtual 
real

Triple real

• At            , there are five contributions:  N3LO



• The gluon fusion cross section is given in perturbation 
theory by

The gluon fusion cross section

� = ⌧
X

ij

Z 1

⌧

dz

z
Lij(⌧/z)

�̂ij(z)

z ⌧ =
m2

H

S
' 10�4

z =
m2

H

ŝ

➡ Main contribution 
from region where 
tttttttt.      z ' 1

➡ Physically:
production at 
threshold + 
emission of soft 
partons.0.2 0.4 0.6 0.8 1.0

z

1×106

2×106

3×106

4×106

L

Lgg(⌧/z)

Lgu(⌧/z)

Lgd(⌧/z)



Systematics of the expansion

�̂ij(z)

z
= �̂SV �ig �jg +

1X

N=0

�̂(N)
ij (1� z)N

•           Compute enough terms to establish convergence.Goal:



Systematics of the expansion

�̂ij(z)

z
= �̂SV �ig �jg +

1X

N=0

�̂(N)
ij (1� z)N

•           Compute enough terms to establish convergence.Goal:

• The coefficients in the expansion are not constants, but 
they are polynomials in                  . log(1� z)

➡ At N3LO: �̂(N)
ij =

5X

k=0

c(N)
ijk log

k
(1� z)

➡ Coefficients in this polynomial are zeta values.



Systematics of the expansion

�̂ij(z)

z
= �̂SV �ig �jg +

1X

N=0

�̂(N)
ij (1� z)N

•           Compute enough terms to establish convergence.Goal:

• The coefficients in the expansion are not constants, but 
they are polynomials in                  . log(1� z)

➡ At N3LO: �̂(N)
ij =

5X

k=0

c(N)
ijk log

k
(1� z)

➡ Coefficients in this polynomial are zeta values.

• The first term is called the                     term and is 
distribution-valued:

soft-virtual

➡ At N3LO: �̂SV
= a �(1� z) +

5X

k=0

bk

"
log

k
(1� z)

1� z

#

+



Some numbers

• This brings you to the edge of what is technically possible 
at the moment.

➡ A lot of cross talk with formal amplitudes community!

NNLO N3LO

# diagrams ~ 1.000 ~ 100.000

# integrals ~50.000 517.531.178

# masters 27 1.028

# boundary conditions 5 78



p
S = 13TeV

LO NLO NNLO NNNLO
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Scale variation



Energy variation
LO NLO NNLO NNNLO
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Energy variation

LO NLO NNLO NNNLO

0

10

20

30

40

50
�
/p
b

LHC
pp�h+X gluon fusion
MSTW08 68cl
�=�R=�F � [mH /2,2 mH ]
Central scale: � = mH

2 4 6 8 10 12 14
-0.2

-0.1

0.0

0.1

0.2

0.3

S /TeV

µ = µR = µF 2 [mH/2, 2mH ]



Uncertainties
• Remaining scale uncertainty at N3LO

• Other sources of uncertainty:

➡ We should think very carefully which other effects 
could be of the same size!
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Uncertainties
• Remaining scale uncertainty at N3LO

• Other sources of uncertainty:

➡ We should think very carefully which other effects 
could be of the same size!

➡ 1/mt corrections: 

➡ Bottom effects: 

➡ PDF + aS: 

tiny at NNLO [Harlander, Mantler, 
Marzani, Ozeren]

Unknown beyond NLO, could be ~1-5%



Scale vs. PDF uncertainty
2

range 56–99%.
In the binned maximum-likelihood fit, the statisti-

cal uncertainty of the H ! �� event yield is modeled
using a Gaussian distribution, while the event yield
in the H ! ZZ⇤ ! 4` channel follows a Poisson dis-
tribution due to the small sample size. Experimen-
tal and theoretical systematic uncertainties a↵ecting the
signal yields, detector e�ciencies, branching fractions
and fiducial acceptance corrections are taken into ac-
count in the likelihood as constrained nuisance param-
eters. Nuisance parameters describing the same uncer-
tainty sources are treated as fully correlated between
bins and channels. Systematic uncertainties on the
H ! �� and H ! ZZ⇤ ! 4` background estimates and
e�ciency correction factors, as well as the uncertainty
on the integrated luminosity, are described in detail in
Refs. [8, 9]. The branching fraction uncertainty due to
the assumed quark masses and other theoretical uncer-
tainties are evaluated following the recommendations of
Ref. [16], considering uncertainty correlations between
the H ! �� and H ! ZZ⇤ ! 4` decay channels. Un-
certainties on the acceptance correction related to the
choice of PDF set are evaluated by taking the envelope
of the sum in quadratures of eigenvector variations of
the baseline (CT10 [17]) and the central values of alter-
native (MSTW2008NLO [18] and NNPDF2.3 [19]) PDF
sets. Uncertainties on the acceptance correction asso-
ciated with missing higher-order corrections are evalu-
ated by varying the renormalization and factorization
scales coherently and individually by factors of 0.5 and
2 from their nominal values, and by reweighting the pHT
distribution from Powheg-box to the prediction of the
HRes 2.2 calculation [20, 21]. The envelope of the max-
imum deviation of the combined scale variations and the
pHT reweighting is used as the systematic variation. To
account for the uncertainty in the mass measurement,
the Higgs boson mass is varied by ±0.4 GeV. To as-
sess the systematic uncertainty due to the assumption of
SM cross-section fractions of the Higgs boson production
modes, the VBF and VH fractions are varied by factors of
0.5 and 2 from the SM prediction and the fraction of tt̄H
is varied by factors of 0 and 5. These factors are based
on current experimental bounds [22–26]. The total un-
certainties on the acceptance correction range from 1%
to 6%, depending on the channel, distribution and bin.

The total systematic uncertainties on the combined dif-
ferential cross sections range from 4% to 12%, depending
on the distribution and bin. For the kinematic variables
pHT and |yH|, the largest systematic uncertainties on the
di↵erential cross sections are due to the luminosity and
the background estimates in both channels. For the jet
variables Njets and pj1T , the largest systematic uncertain-
ties on the di↵erential cross sections are due to the jet en-
ergy scale and resolution. In the shape combination, the
normalization uncertainties including luminosity, branch-
ing fractions, and e�ciency uncertainties do not apply.

Data LHC-XS ADDFGHLM

[p
b]
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FIG. 1. Measured total cross section of Higgs boson produc-
tion compared to two calculations of the ggF cross section.
Contributions from other relevant Higgs boson production
modes (VBF, VH, tt̄H, bb̄H) are added using cross sections
and uncertainties from Ref. [10]. Details of the predictions
are presented in Table I.

Statistical uncertainties dominate all resulting distribu-
tions, ranging from 23% to 75%.

TABLE I. Summary of the ggF predictions used in the
comparison with the measured cross sections. The second
column states the order in QCD perturbation theory and
which threshold resummation is applied, if any. Further de-
tails are provided in the footnotes. All predictions are for
mH = 125.4 GeV and

p
s = 8 TeV.

Total cross-section calculations

LHC-XS [10] NNLO+NNLL a,b,c

ADDFGHLM [27–30] N3LO a,b,c

Analytical di↵erential cross-section predictions

HRes 2.2 [20, 21] NNLO+NNLL a,e,f

STWZ [31], BLPTW [32] NNLO+NNLL c,d,e,g,h

JetVHeto 2.0 [33–35] NNLO+NNLL a,c,e

Monte Carlo event generators

SHERPA 2.1.1 [36, 37] H + 0, 1, 2 jets @NLO i,j

MG5 aMC@NLO [38, 39] H + 0, 1, 2 jets @NLO i,k,l

Powheg Nnlops [40, 41] NNLO�0j , NLO e,l,m
�1j

a Considers b- (and c-) quark masses in the gg ! H loop
b Includes electroweak corrections
c Based on MSTW2008nnlo [18] (↵s from PDF set)
d Uses ⇡2-resummed gg ! H form factor
e NNLO refers to the total cross section
f Based on the CT10nnlo PDF set
g In the notation of Ref. [31], this corresponds to NNLL0
h Includes 1-jet resummation included at NLL0+NLO
i Based on the CT10nlo PDF set
j Uses MEPS@NLO method and CKKW merging scheme [42–44]
k Software version 2.2.1, NLO merged using FxFx scheme [39]
l Interfaced with Pythia8 for parton showering
m Uses Minlo method & yH reweighting to HNNLO [41, 45, 46].
The total pp ! H cross section is determined in the

H ! �� channel to be 31.4±7.2 (stat)±1.6 (sys) pb and
in the H ! ZZ⇤ ! 4` channel to be 35.0 ± 8.4 (stat) ±

gg → H (pb), PDF unc., αs = 0.118 8 TeV 13 TeV

68% C.L. (Hessian) 18.7 + 2.1% − 2.3% 42.7 + 2.0% − 2.4%

68% C.L. (LM) +2.3% − 2.3% +2.4% − 2.5%

gg → H (pb), PDF+αs 8 TeV 13 TeV

68% C.L. (Hessian) 18.7 + 2.9% − 3.0% 42.7 + 3.0% − 3.2%

68.0% C.L. (LM) +3.0% − 2.9% +3.2% − 3.1%

TABLE III: Uncertainties of σH(gg → H) computed by the LM method and by the Hessian

method, with Tier-2 penalty included. The 68% C.L. errors are given as percentage of the central

value, and the PDF-only uncertainties are for αs = 0.118.

CT14 MMHT2014 NNPDF3.0 CT10

8 TeV 18.66+2.1%
−2.3% 18.65+1.4%

−1.9% 18.77+1.8%
−1.8% 18.37+1.7%

−2.1%

13 TeV 42.68+2.0%
−2.4% 42.70+1.3%

−1.8% 42.97+1.9%
−1.9% 42.20+1.9%

−2.5%

TABLE IV: The Higgs boson production cross sections (in pb) for the gluon fusion channel at

the LHC, at 8 and 13 TeV center-of-mass energies, using the CT14, MMHT2014, NNPDF3.0, and

CT10 PDFs, with a common value of αs(mZ) of 0.118. The errors given are the PDF errors at the

68% confidence level.

shown in Fig. 33. Both the central values for the gg luminosity and the uncertainty bands

agree very well among the 3 global PDFs, in the x range sensitive to Higgs production. In

Table IV, we compare the predictions and uncertainties for Higgs boson production through

gg fusion at 8 and 13 TeV from CT14 with those from MMHT2014, NNPDF3.0, and CT10.

There are minor increases in the cross section predictions when going from CT10 to CT14,

on the order of 1-1.5%. Along with the changes present in the updated PDFs from the two

other PDF groups, the result is a remarkably good agreement observed for both the central

predictions and the uncertainties for the 3 global PDF groups. This will result in a total

PDF uncertainty for the gluon fusion cross section at 13 TeV that will be of the order of

the scale uncertainties derived from the new NNNLO cross section calculation.

Another advantage of the LM analysis is that it allows us to identify which experimental

data sets are most sensitive to different values of the Higgs cross section. We display this in

52

[CTEQ collaboration]
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• Remaining scale uncertainty at N3LO
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➡ We should think very carefully which other effects 
could be of the same size!
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➡ PDF+ aS: 
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Unknown beyond NLO, could be ~1-5%

~3% with modern PDF sets
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Uncertainties
• Remaining scale uncertainty at N3LO

• Other sources of uncertainty:

➡ We should think very carefully which other effects 
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➡ 1/mt corrections: 
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�0 (1 + �QCD + �EW) �0 (1 + �QCD) (1 + �EW)vs.

[Djouadi, Gambino, Kniehl; Aglietti, Bonciani, Degrassi; Degrassi, Maltoni; 
Anastasiou, Boughezal, Petriello; Actis, Passarino, Sturm, Uccirati]



Uncertainties
• Remaining scale uncertainty at N3LO

• Other sources of uncertainty:

➡ We should think very carefully which other effects 
could be of the same size!

➡ 1/mt corrections: 

➡ Bottom effects: 

➡ PDF+ aS: 

➡ NLO EW corrections:

tiny at NNLO [Harlander, Mantler, 
Marzani, Ozeren]

Unknown beyond NLO, could be ~1-5%

~3% with modern PDF sets

~5% if we assume factorisation
[Djouadi, Gambino, Kniehl; Aglietti, Bonciani, Degrassi; Degrassi, Maltoni; 

Anastasiou, Boughezal, Petriello; Actis, Passarino, Sturm, Uccirati]

➡ Missing higher orders / threshold resummation



N3LL threshold resummation
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Summary for H @ N3LO
• We are currently putting together all these effects (including 

different ‘flavours’ or threshold resummation).

•                   seems to be a good central scale choice.µ = mH/2

• We are reaching the point where we should critically assess 
our method of estimating the uncertainty by scale variation!

➡ Reduced scale uncertainty compared to              .

➡ Series seems to converge.

➡ Negligible impact of soft-gluon resummation.

➡ Current recommendation of HXSWG:              .µ = mH

µ = mH

➡ A negligible scale variation does not mean that there are 
no more higher-order corrections!



Gluon-fusion

H+j @ NNLO



H+j @ NNLO
• Recently, H+j @ NNLO became available.

➡ Higgs-pT beyond NLO.

➡ Reduced uncertainties for 
jet-veto efficiencies.
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FIG. 2. Comparison of NNLO, NLL+NNLO and NNLL+NNLO results for jet-veto efficiencies for Higgs (left) and Z-boson
(right) production at the 8 TeV LHC. The Higgs plot includes the result from a POWHEG (revision 1683) [20, 40] plus Pythia
(6.426) [17, 41] simulation in which the Higgs-boson pt distribution was reweighted to match the NNLL+NNLO prediction
from HqT 2.0 [7] as in [21]. The lower panels show results normalised to the central NNLL+NNLO efficiencies.

Our central predictions have µR = µF = Q = M/2 and
scheme a matching, with MSTW2008NNLO PDFs [54].
We use the anti-kt [29] jet-algorithm with R = 0.5, as
implemented in FastJet [55]. For the Higgs case we use
the large mtop approximation and ignore bb̄ fusion and
b’s in the gg → H loops (corrections beyond this approx-
imation have a relevant impact [16, 56]). To determine
uncertainties we vary µR and µF by a factor of two in
either direction, requiring 1/2 ≤ µR/µF ≤ 2. Maintain-
ing central µR,F values, we also vary Q by a factor of
two and change to matching schemes b and c. Our final
uncertainty band is the envelope of these variations. In
the fixed-order results, the band is just the envelope of
µR,F variations.

The results for the jet-veto efficiency in Higgs and Z-
boson production are shown in Fig. 2 for 8 TeV LHC
collisions. Compared to pure NNLO results, the cen-
tral value is slightly higher and for Higgs production, the
uncertainties reduced, especially for lower pt,veto values.
Compared to NNLO+NLL results [21], the central values
are higher, sometimes close to edge of the NNLO+NLL
bands; since the NNLO+NLL results used the same ap-
proach for estimating the uncertainties, this suggests that
the approach is not unduly conservative. In the Higgs
case, the NNLO+NNLL uncertainty band is not particu-
larly smaller than the NNLO+NLL one. This should not
be a surprise, since [21] highlighted the existence of pos-
sible substantial corrections beyond NNLL and beyond
NNLO. For the Higgs case, we also show a prediction
from POWHEG [20, 40] interfaced to Pythia 6.4 [17] at
parton level (Perugia 2011 shower tune [41]), reweighted

to describe the NNLL+NNLO Higgs-boson pt distribu-
tion from HqT (v2.0) [7], as used by the LHC experi-
ments. Though reweighting fails to provide NNLO or
NNLL accuracy for the jet veto, for pt,veto scales of prac-
tical relevance, the result agrees well with our central
prediction. It is however harder to reliably estimate un-
certainties in reweighting approaches than in direct cal-
culations.
Finally, we provide central results and uncertainties

for the jet-veto efficiencies and 0-jet cross sections (in
pb) with cuts (in GeV) like those used by ATLAS and
CMS, and also for a larger R value:

R pt,veto ϵ(7 TeV) σ(7 TeV)
0-jet ϵ(8 TeV) σ(8 TeV)

0-jet

0.4 25 0.63+0.07
−0.05 9.6+1.3

−1.1 0.61+0.07
−0.06 12.0+1.6

−1.4

0.5 30 0.68+0.06
−0.05 10.4+1.2

−1.1 0.67+0.06
−0.05 13.0+1.5

−1.5

1.0 30 0.64+0.03
−0.05 9.8+0.8

−1.1 0.63+0.04
−0.05 12.2+1.1

−1.4

Interestingly, the R = 1 results have reduced upper un-
certainties, due perhaps to the smaller value of the NNLL
f(R) correction (a large f(R) introduces significant Q-
scale dependence). The above results are without a ra-
pidity cut on the jets; the rapidity cuts used by ATLAS
and CMS lead only to small, < 1%, differences [21].
For the 0-jet cross sections above, we used total

cross sections at 7 TeV and 8 TeV of 15.3+1.1
−1.2 pb and

19.5+1.4
−1.5 pb respectively [57, 58] (based on results in-

cluding [45–49]) and took their scale uncertainties to be
uncorrelated with those of the efficiencies. Symmetris-
ing uncertainties, we find correlation coefficients between
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FIG. 2. Comparison of NNLO, NLL+NNLO and NNLL+NNLO results for jet-veto efficiencies for Higgs (left) and Z-boson
(right) production at the 8 TeV LHC. The Higgs plot includes the result from a POWHEG (revision 1683) [20, 40] plus Pythia
(6.426) [17, 41] simulation in which the Higgs-boson pt distribution was reweighted to match the NNLL+NNLO prediction
from HqT 2.0 [7] as in [21]. The lower panels show results normalised to the central NNLL+NNLO efficiencies.

Our central predictions have µR = µF = Q = M/2 and
scheme a matching, with MSTW2008NNLO PDFs [54].
We use the anti-kt [29] jet-algorithm with R = 0.5, as
implemented in FastJet [55]. For the Higgs case we use
the large mtop approximation and ignore bb̄ fusion and
b’s in the gg → H loops (corrections beyond this approx-
imation have a relevant impact [16, 56]). To determine
uncertainties we vary µR and µF by a factor of two in
either direction, requiring 1/2 ≤ µR/µF ≤ 2. Maintain-
ing central µR,F values, we also vary Q by a factor of
two and change to matching schemes b and c. Our final
uncertainty band is the envelope of these variations. In
the fixed-order results, the band is just the envelope of
µR,F variations.

The results for the jet-veto efficiency in Higgs and Z-
boson production are shown in Fig. 2 for 8 TeV LHC
collisions. Compared to pure NNLO results, the cen-
tral value is slightly higher and for Higgs production, the
uncertainties reduced, especially for lower pt,veto values.
Compared to NNLO+NLL results [21], the central values
are higher, sometimes close to edge of the NNLO+NLL
bands; since the NNLO+NLL results used the same ap-
proach for estimating the uncertainties, this suggests that
the approach is not unduly conservative. In the Higgs
case, the NNLO+NNLL uncertainty band is not particu-
larly smaller than the NNLO+NLL one. This should not
be a surprise, since [21] highlighted the existence of pos-
sible substantial corrections beyond NNLL and beyond
NNLO. For the Higgs case, we also show a prediction
from POWHEG [20, 40] interfaced to Pythia 6.4 [17] at
parton level (Perugia 2011 shower tune [41]), reweighted

to describe the NNLL+NNLO Higgs-boson pt distribu-
tion from HqT (v2.0) [7], as used by the LHC experi-
ments. Though reweighting fails to provide NNLO or
NNLL accuracy for the jet veto, for pt,veto scales of prac-
tical relevance, the result agrees well with our central
prediction. It is however harder to reliably estimate un-
certainties in reweighting approaches than in direct cal-
culations.
Finally, we provide central results and uncertainties

for the jet-veto efficiencies and 0-jet cross sections (in
pb) with cuts (in GeV) like those used by ATLAS and
CMS, and also for a larger R value:

R pt,veto ϵ(7 TeV) σ(7 TeV)
0-jet ϵ(8 TeV) σ(8 TeV)

0-jet

0.4 25 0.63+0.07
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Interestingly, the R = 1 results have reduced upper un-
certainties, due perhaps to the smaller value of the NNLL
f(R) correction (a large f(R) introduces significant Q-
scale dependence). The above results are without a ra-
pidity cut on the jets; the rapidity cuts used by ATLAS
and CMS lead only to small, < 1%, differences [21].
For the 0-jet cross sections above, we used total

cross sections at 7 TeV and 8 TeV of 15.3+1.1
−1.2 pb and

19.5+1.4
−1.5 pb respectively [57, 58] (based on results in-

cluding [45–49]) and took their scale uncertainties to be
uncorrelated with those of the efficiencies. Symmetris-
ing uncertainties, we find correlation coefficients between
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[Boughezal, Caola, Melnikov, Petriello, Schulze; Boughezal, Focke, Giele, Liu, 
Petriello; Chen, Gehrmann, Glover, Jaquier]



H+j @ NNLO
• Now:

➡ (arbitrary) differential distributions
➡ with (arbitrary) cuts on the final state (fiducial volume!)

  Predictions at NNLO accuracy for



H+j @ NNLO
• Now:

➡ (arbitrary) differential distributions
➡ with (arbitrary) cuts on the final state (fiducial volume!)

  Predictions at NNLO accuracy for

• Only possible to due major advances in our understanding 
of how to cancel IR singularities at NNLO!

Double virtual
➡ Different contributions individually divergent.
➡ Divergences cancel in the sum.
➡ Different contributions live in different phase spaces.

Double-realReal-virtual



IR singularities
• Basic Idea: IR singularities of QCD amplitudes are known.

➡ Use this to add and subtract counterterms that render all 
integrals finite.

➡ A lot of progress in the last few years!

➡ Idea simple in principle, but very complicated in practise 
due to intricate nature of singularity structure at NNLO. 

• H+j@NNLO was done using 3 different schemes to 
combine virtual and real corrections:
➡ Antenna subtraction.

➡ Stripper.

➡ N-jettiness subtraction. [Boughezal, Focke, Giele, Liu, Petriello;
Gaunt, Stahlhofen, Tackmann, Walsh]

[Czakon; Boughezal, Melnikov, Petriello; Czakon, Heymes]

[Kosower; Gehrmann, 
Gehrmann-de Ridder, Glover]



NNLO cross section for H+j

Higgs plus Jet at NNLO: LHC8 results
Sample setup (any setup can be easily considered) 
• EFT; anti-kT, R=0.5, pT,cut = 30 GeV 
• NNPDF23 parton sets, μ=mH=125 GeV
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• anti-kt, R=0.5

• NNPF 2.3

• tpT,cut > 30GeV
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[Plot from Boughezal, Caola, Melnikov, Petriello, Schulze]



pT distributions

• Expect EFT to work within 2-3% up to pT ~ 150GeV.

LHC8 results: 1-jet inclusive bin
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pT distributions

• Expect EFT to work within 2-3% up to pT ~ 150GeV.
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Jet veto efficiency
• H + j @ NNLO gives very accurate predictions for the 1st 

jet bin.

➡ Can combine the two and get very precise predictions 
for the 0 jet bin!

• H+j @ NNLO is at the same order in      as the inclusive 
cross section at N3LO.

↵S
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Jet veto efficiency
LHC13 efficiencies: 0- and 1-jet bin

[Many thanks to P. F. Monni and F. Dulat]

R pt,veto �N3LO
0�jet (JVE) �N3LO+NNLL

0�jet (JVE) �N3LO+NNLL
0�jet (scales)

0.5 30 GeV 27.2+2.7
�2.7 27.2+1.4

�1.4 27.2+0.9
�0.9

Table 1: 0-jet cross section 13 TeV N3LO

R pt,veto �NNLO
0�jet (JVE) �NNLO+NNLL

0�jet (JVE) �NNLO+NNLL
0�jet (scales)

0.5 30 GeV 26.2+4.0
�4.0 25.8+3.8

�3.8 25.8+1.6
�1.6

Table 2: 0-jet cross section 13 TeV NNLO

ord �f.o.
0�jet (JVE) �f.o.+NNLL

0�jet (JVE) �f.o.+NNLL
0�jet (scales)

NNLO 26.2+4.0
�4.0 pb 25.8+3.8

�3.8 25.8+1.6
�1.6

N3LO 27.2+2.7
�2.7 pb 27.2+1.4

�1.4 27.2+0.9
�0.9

Table 3: 0-jet cross section 13 TeV N3LO

1
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0�jet (scales)

0.5 30 GeV 27.2+2.7
�2.7 27.2+1.4

�1.4 27.2+0.9
�0.9

Table 1: 0-jet cross section 13 TeV N3LO

R pt,veto �NNLO
0�jet (JVE) �NNLO+NNLL

0�jet (JVE) �NNLO+NNLL
0�jet (scales)

0.5 30 GeV 26.2+4.0
�4.0 25.8+3.8

�3.8 25.8+1.6
�1.6

Table 2: 0-jet cross section 13 TeV NNLO

ord �f.o.
0�jet (JVE) �f.o.+NNLL

0�jet (JVE) �f.o.+NNLL
0�jet (scales)

NNLO 26.2+4.0
�4.0 pb 25.8+3.8

�3.8 25.8+1.6
�1.6

N3LO 27.2+2.7
�2.7 pb 27.2+1.4

�1.4 27.2+0.9
�0.9

Table 3: 0-jet cross section 13 TeV N3LO

ord �f.o.
�1�jet (scales) �f.o.

�1�jet (JVE) �f.o.+NNLL
�1�jet (JVE)

NLO 14.7+2.8
�2.8 pb 14.7+3.4

�3.4 15.1+2.7
�2.7

NNLO 17.5+1.3
�1.3 pb 17.5+2.6

�2.6 17.5+1.1
�1.1

Table 4: 1-jet cross section 13 TeV (N)NLO

1

0-jet bin

≥1-jet bin

• Logs completely under control                                        
(logR: see [Dasgupta, Dreyer, Salam, Soyez (2015)]) 

• No breakdown of f.o. perturbation theory for pT ~ 30 GeV  
• Reliable error estimate from lower orders 
• Logs help in reducing uncertainties 
• Significant decrease of pert. uncertaintyPre
lim
ina
ry

[Slide from Caola, HXSWG meeting, CERN, May 2015]



Conclusion
• In the last 6 months:

➡ Fully differential VBF @ NNLO.

➡ Fully differential H+j @ NNLO.

➡ Inclusive H @ N3LO.

• Drastic improvements of theoretical uncertainties!

• Our tools for QCD computations beyond NLO are getting 
more and more mature.

➡ Get theory predictions under control.

➡ We are getting ready for precision Higgs physics!
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Threshold expansion
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NNLO vs. N3LO PDFs?
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Figure 1: The cross section for Higgs production in gluon fusion, computed varying the
perturbative order of the matrix element. The label on the x-axis denotes the order of
the matrix element, while in each case the three points from left to right are obtained
respectively using LO, NLO, and NNLO PDFs. The uncertainties are obtained varying
the renormalization scale by a factor two about µR = mH . The N3LO result is the
approximation of Ref. [4].

Gluon fusion, the dominant Higgs production channel at the LHC, has a slowly con-
vergent expansion in perturbative QCD: the inclusive cross section is currently known up
to next-to-next-to-leading order (NNLO) [1–3], and a recent approximate determination
of the N3LO result has been presented [4], while rapid progress on the exact computation
has been reported [5].

With N3LO results around the corner, it is natural to ask whether these will be of
any use, given that fully consistent N3LO parton distributions (PDFs) are not likely to be
available any time soon, essentially because the determination of N3LO anomalous dimen-
sions would require a fourth-order computation, for instance of deep-inelastic structure
functions, or Wilson coefficients. Clearly, this question is related to the more general issue
of theoretical uncertainties on PDFs: current PDF uncertainties [6] only reproduce the
uncertainty in the underlying data, and of the procedure used to propagate it onto PDFs,
but not that related to missing higher-order corrections in the theory used for PDF deter-
mination. Henceforth in this paper we will call ‘theoretical uncertainty’ the uncertainty
due to the fixed-order truncation of the perturbative expansion, sometimes [7] also called
missing higher-order uncertainty, or MHOU.

Here we address this set of issues in the specific context of Higgs production in gluon
fusion. We use the dependence on the perturbative order of the prediction for this process
as either the PDF or the matrix element are taken at different orders as an estimate the
theoretical uncertainty on either. We then address the more general issue of how one may
estimate theoretical uncertainties on PDFs and matrix elements, specifically by using the
approach of Cacciari and Houdeau [8].

We first compute the cross-section using the ggHiggs code [4,9], with default settings 1.

1We have checked that similar results are obtained using ihixs [10] version 1.3.3. Note that previous

2

[Plot from Forte, Isgrò, Vita; N3LO is approximate] 



Comparison to Approximate N3LO

[Plot from HXSWG] 
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• Contributes to the gluon-channel only.

The soft-virtual contribution
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• Plus-distributions already known a decade ago.

➡ Soft gluon emissions.

• delta-function contribution computed last year.

➡ Contains the complete three-loop corrections.
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[Baikov, Chetyrkin, Smirnov , Steinhauser; Gehrmann, Glover, Huber, Ikizlerli, Studerus]2

[Moch, Vogt; Laenen, Magnea]

[Anastasiou, CD, Dulat, Furlan, Gehrmann, Herzog, Mistlberger; 
Li, von Manteuffel, Schabinger, Zhu]



• Describes subleading soft emissions.

The regular contributions
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• Single-emission contributions known exactly.
[Anastasiou, CD, Dulat, Herzog, Mistlberger; Kilgore; Gehrmann, Glover, 

Jaquier, Koukoutsakis, CD, Gehrmann, Jaquier; Dulat, Mistlberger]
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• Double- and triple-emissions only known as an expansion 
around threshold. [Anastasiou, CD, Dulat, Herzog, Mistlberger]

➡ Exact result for qq’ channel was recently published.
[Anzai, Hasselhuhn, Hoff, Höschele, Kilgore, Steinhauser, Ueda]



Threshold resummation

• Soft gluon emissions exponentiate in Mellin space!
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• Resummation functions     known up to N3LL (k=4).gi

[Catani, Trentadue; Sterman]

[Moch, Vermaseren, Vogt; Bonvini, Marzani; Catani, Cieri, de Florian, Ferrara, Grazzini]
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• Resummation functions     known up to N3LL (k=4).gi

• N3LL resummation needs 4-loop cusp anomalous dimension.
➡ Only known via Pade approximation, assuming Casimir 

scaling.

➡ Casimir scaling assumption likely to fail at four loops.

➡ Numerical impact small!

[Catani, Trentadue; Sterman]

[Moch, Vermaseren, Vogt]

[Moch, Vermaseren, Vogt; Bonvini, Marzani; Catani, Cieri, de Florian, Ferrara, Grazzini]


