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The Higgs Boson: from discovery...The Higgs boson  signal 
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So far, all the evidence suggests that the new particle is very Standard Model like.  This implies 
that searches for BSM physics in Higgs production and decay will require good control of 
theoretical predictions within the SM and attention to subtle details
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• Roughly a year ago, the announcement of the Higgs discovery generated great excitement

• With the excitement reduced, it’s time to analyze the discovery

• Is it the Standard Model Higgs? Do its couplings deviate?

• Is theory in shape to distinguish between these possibilities? 

• Motivation

• Inclusive Higgs production

• H+jet @NNLO in QCD

• Summary

Outline
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The Higgs Boson: ... to precision measurements
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Remarkable progress, from discovery to rapidly sharpening our 
understanding of this new state
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So far: very SM-like

Good control of theoretical predictions is required 
to search for small deviations
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The Higgs Cross Section: what do we know
Gluon fusion: 
• NNLO QCD (inclusive and differential)
• NLO EW
• QCD resummations  
• approximate NNNLO
• mixed QCD-EW
• 1/mt,mb corrections
• H+1j, H+2j @ NLO

VBF:
• NNLO QCD (inclusive only)
• NLO EW
• VBF+1j @ NLO

Higgs-Strahlung:
• NNLO QCD (differential)
• NLO EW
•VH+1j @ NLO

ttH:
• NLO QCD, including PS matching

⇠ 10%

⇠ 1%

⇠ 1%

⇠ 10%

Very good theoretical control
IS IT ENOUGH?

+ PDFs + MC tools + ...



Higgs production in association with jets
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Table 8: Selection table for Njet = 0 in 8 TeV data. The observed (Nobs) and expected (Nexp) yields for

the signal (Nsig) and background (Nbkg) processes are shown for the (a) eµ+ µe and (b) ee+ µµ chan-

nels. The composition of Nbkg is given on the right. The requirements are imposed sequentially from

top to bottom. Energies, masses, and momenta are in units of GeV. All uncertainties are statistical.

(a) eµ+ µe channel

Selection Nobs Nbkg Nsig

Njet = 0 9024 9000± 40 172± 2
|∆φ"",MET |> π2 8100 8120± 40 170± 2
p""
T
> 30 5497 5490± 30 156± 2

m"" < 50 1453 1310± 10 124± 1
|∆φ"" |< 1.8 1399 1240± 10 119± 1

NWW NVV Ntt̄ Nt NZ/γ∗ NW+ jets

4900± 20 370± 10 510± 10 310± 10 2440± 30 470± 10
4840± 20 360± 10 490± 10 310± 10 1690± 30 440± 10
4050± 20 290± 10 450± 10 280± 10 100± 10 320± 5
960± 10 110± 6 69± 3 46± 3 18± 7 100± 2
930± 10 107± 6 67± 3 44± 3 13± 7 88± 2

(b) ee+ µµ channel

Selection Nobs Nbkg Nsig

Njet = 0 16446 15600± 200 104± 1
|∆φ"",MET |> π2 13697 12970± 140 103± 1
p""
T
> 30 5670 5650± 70 99± 1

m"" < 50 2314 2390± 20 84± 1
pmiss
T,rel
> 45 1032 993± 10 63± 1

|∆φ"" |< 1.8 1026 983± 10 63± 1
frecoil < 0.05 671 647± 7 42± 1

NWW NVV Ntt̄ Nt NZ/γ∗ NW+ jets

2440± 10 190± 5 280± 6 175± 6 12300± 160 170± 10
2430± 10 190± 5 280± 6 174± 6 9740± 140 160± 10
2300± 10 170± 5 260± 6 167± 5 2610± 70 134± 4
760± 10 64± 3 53± 3 42± 3 1410± 20 62± 3
650± 10 42± 2 47± 3 39± 3 200± 5 19± 2
640± 10 41± 2 46± 3 39± 3 195± 5 18± 2
520± 10 30± 2 19± 2 22± 2 49± 3 12± 1

Table 9: Selection table for Njet = 1 in 8 TeV data. More details are given in the caption of Table 8.

(a) eµ+ µe channel

Selection Nobs Nbkg Nsig

Njet = 1 9527 9460± 40 97± 1
Nb-jet = 0 4320 4240± 30 85± 1
Z→ ττ veto 4138 4020± 30 84± 1
m"" < 50 886 830± 10 63± 1
|∆φ"" |< 1.8 728 650± 10 59± 1

NWW NVV Ntt̄ Nt NZ/γ∗ NW+ jets

1660± 10 270± 10 4980± 30 1600± 20 760± 20 195± 5
1460± 10 220± 10 1270± 10 460± 10 670± 10 160± 4
1420± 10 220± 10 1220± 10 440± 10 580± 10 155± 4
270± 4 69± 5 216± 6 80± 4 149± 5 46± 2
250± 4 60± 4 204± 6 76± 4 28± 3 34± 2

(b) ee+ µµ channel

Selection Nobs Nbkg Nsig

Njet = 1 8354 8120± 90 54± 1
Nb-jet = 0 5192 4800± 80 48± 1
m"" < 50 1773 1540± 20 38± 1
pmiss
T,rel
> 45 440 420± 10 21± 1

|∆φ"" |< 1.8 430 410± 10 20± 1
frecoil < 0.2 346 320± 10 16± 1

NWW NVV Ntt̄ Nt NZ/γ∗ NW+ jets

820± 10 140± 10 2740± 20 890± 10 3470± 80 60± 10
720± 10 120± 10 720± 10 260± 10 2940± 70 40± 10
195± 4 35± 2 166± 5 65± 3 1060± 10 20± 2
148± 3 21± 1 128± 5 52± 3 64± 4 5.1± 0.8
143± 3 20± 1 125± 5 51± 3 63± 4 4.5± 0.7
128± 3 17± 1 97± 4 44± 3 25± 2 3.1± 0.6

7.2 Statistical model and signal extraction

The statistical analysis uses the likelihood function L, the product of Poisson functions for each
signal and control region and Gaussian constraints, where the product is over the decay channels. In

the Poisson term for the signal region µ scales the expected signal yield, with µ = 0 corresponding to

22

Experimental analyses of Higgs decays to W-
bosons splits the Higgs signal according to jet 
multiplicities since systematic uncertainties in 
H+0 jets, H+1 jets and H+2 jets are very 
different.

Signal to background ratios in 
H+1 and H+2 jet bins are small, they are 
roughly 10 percent of the background

The signal significance in H+1jet is smaller, but 
not much smaller, than the significance in H+0 
jets

Thursday, May 2, 13

Experimental analyses for pp     H     WW: 
binned according to jet multiplicity (different systematics)

• Signal/background ratio for 
H+1, H+2 jets:

• Significance in the H+1jet 
bin smaller, but not much 
smaller, than significance in 
the H+0 jet bin

• LARGE  THEORY ERROR

Higgs production in association with jets
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Experimental analyses of Higgs decays to W-
bosons splits the Higgs signal according to jet 
multiplicities since systematic uncertainties in 
H+0 jets, H+1 jets and H+2 jets are very 
different.

Signal to background ratios in 
H+1 and H+2 jet bins are small, they are 
roughly 10 percent of the background

The signal significance in H+1jet is smaller, but 
not much smaller, than the significance in H+0 
jets
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Higgs plus jet: need for improvement

⇠ 10%



The 0-jet bin: jet-veto resummation 

Higgs plus jet: need for improvement

NNLL resummation for ln(pt/mh)
Challenging part: appearance of non-resummable (?) jet-algorithm dependence

4

ε(
p t

,v
et

o)

gg → H, mH = 125 GeV

NNLO
NLL+NNLO

NNLL+NNLO
HqT-rescaled POWHEG + Pythia

 0.2

 0.4

 0.6

 0.8

 1
pp, 8 TeV
mH /4 < µR,F , Q < mH , schemes a,b,c
MSTW2008 NNLO PDFs
anti-kt, R = 0.5
Pythia partons, Perugia 2011 tune

ε(
p t

,v
et

o)
 / 
ε c

en
tra

l(p
t,v

et
o)

pt,veto [GeV]

 0.8
 0.9

 1
 1.1
 1.2

 10  20  30  50  70  100

ε(
p t

,v
et

o)

Z production

NNLO
NLL+NNLO

NNLL+NNLO
 0.5

 0.6

 0.7

 0.8

 0.9

 1
pp, 8 TeV
mZ /4 < µR,F , Q < mZ , schemes a,b,c
MSTW2008 NNLO PDFs
anti-kt, R = 0.5

ε(
p t

,v
et

o)
 / 
ε c

en
tra

l(p
t,v

et
o)

pt,veto [GeV]

 0.9

 0.95

 1

 1.05

 10  20  30  50  70  100

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

Higgs production with a jet veto

Higgs production with a jet veto can be studied with resummations. The current 
status is (almost) NNLL resummation. Challenging part is the appearance of the 
jet-algorithm dependence at NNLO which may not be resummed

  

Partonic cross-sections, jet binning and resummation

● Resummed jet-vetoed cross-sections are known to next-to-next-to-leading logarithmic 
accuracy (log p

t
/m

H
 ) (although relevant values of p

t
 are such that the usefulness of the 

resummation is questionable)..

● The resulting uncertainties  on the jet-vetoed Higgs boson production cross-section and the 
efficiency  remain close to  twenty percent. 

● Important source of this uncertainty is large scale dependence of the NLO QCD result for 
pp → H+jet.  This can be only improved if NNLO QCD computation becomes available.

Banfi, Moni, Salam, Zanderighi ; similar results by Banfi, Moni, Salam, Zanderighi ; similar results by 

Becher and Neubert and by Zuberi, Walsh, TackmannBecher and Neubert and by Zuberi, Walsh, Tackmann
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Partonic cross-sections, jet binning and resummation

● Resummed jet-vetoed cross-sections are known to next-to-next-to-leading logarithmic 
accuracy (log p

t
/m

H
 ) (although relevant values of p

t
 are such that the usefulness of the 

resummation is questionable)..

● The resulting uncertainties  on the jet-vetoed Higgs boson production cross-section and the 
efficiency  remain close to  twenty percent. 

● Important source of this uncertainty is large scale dependence of the NLO QCD result for 
pp → H+jet.  This can be only improved if NNLO QCD computation becomes available.

Banfi, Moni, Salam, Zanderighi ; similar results by Banfi, Moni, Salam, Zanderighi ; similar results by 

Becher and Neubert and by Zuberi, Walsh, TackmannBecher and Neubert and by Zuberi, Walsh, Tackmann

Thursday, May 2, 13 Uncertainty can be reduced by improving f.o. H+jets predictions

[Banfi et al. (2012), Tackmann et al. (2012)]
[1-jet bin: Liu and Petriello (2012, 2013)]



The H+1 jet bin: large NLO K-factor and large theoretical uncertainty

Higgs plus jet: need for improvement

(three) mT bins. For the 2-jet signal region (where
the small number of events remaining after the se-
lection does not allow the use of shape informa-
tion), and for theWW and top control regions, only
the results integrated over mT are used. Because
of event pile-up conditions changing throughout
data-taking and leading to a progressively wors-
ening EmissT resolution, separate likelihood terms
are constructed (both for the signal and the control
regions) for the first 2.3 fb−1 and the remaining
2.4 fb−1 dataset. A “signal strength” parameter,
µ, multiplies the expected Standard Model Higgs
boson production signal in each bin. Signal and
background predictions depend on systematic un-
certainties that are parameterised by nuisance pa-
rameters θ, which in turn are constrained using
Gaussian functions. The expected signal and back-
ground event counts in each bin are functions of
θ. The parameterisation is chosen such that the
rates in each channel are log-normally distributed
for a normally distributed θ. The test statistic qµ
is then constructed using the profile likelihood:
qµ = −2 ln

(

L(µ, θ̂µ)/L(µ̂, θ̂)
)

, where µ̂ and θ̂ are
the parameters that maximise the likelihood (with
the constraint 0 ≤ µ̂ ≤ µ), and θ̂µ are the nuisance
parameter values that maximise the likelihood for
a given µ. This test statistic is used to compute ex-
clusion limits following the modified frequentist
method known as CLs [74, 75].

Table 4: Main relative systematic uncertainties on the pre-
dicted numbers of signal (mH = 125 GeV) and background
events for each of the three jet multiplicity analyses. The same
mT criteria as in Table 3 are imposed in addition to the low mH
signal selection criteria. All numbers are summed over lepton
flavours. The effect of the quoted inclusive signal cross section
renormalisation and factorisation scale uncertainties on exclu-
sive jet multiplicities is explained in Section 5.

Source (0-jet) Signal (%) Bkg. (%)
Inclusive ggF signal ren./fact. scale 19 0
1-jet incl. ggF signal ren./fact. scale 10 0
W+jets fake factor 0 10
Parton distribution functions 8 2
WW normalisation 0 6
Jet energy scale 6 0
Source (1-jet) Signal (%) Bkg. (%)
1-jet incl. ggF signal ren./fact. scale 27 0
2-jet incl. ggF signal ren./fact. scale 15 0
Missing transverse momentum 8 3
W+jets fake factor 0 7
b-tagging efficiency 0 7
Parton distribution functions 7 1
Source (2-jet) Signal (%) Bkg. (%)
Jet energy scale 13 36
Z/γ#+2 jets MC modelling 0 24
Diboson ren./fact. scale 0 22

Figure 3 shows, the observed and expected
cross section upper limits at 95% CL, as a function
of mH and normalised to the SM cross section, for
the combined 0-jet, 1-jet and 2-jet analyses. The
limits exclude a StandardModel Higgs boson with
a mass in the range from 133 GeV to 261 GeV at
95%CL, while the expected exclusion range in the
absence of a signal is 127 GeV ≤ mH ≤ 233 GeV.
No significant excess of events over the expected
background is observed over the entire mass range
(the lowest p-value observed is 0.15).
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Figure 3: Observed (solid) and expected (dashed) 95% CL up-
per limits on the Higgs boson production cross section, nor-
malised to the SM cross section, as a function of mH , over
the full mass range considered in this analysis (top) and re-
stricted to the range mH < 150 GeV (bottom). The inner
(green) and outer (yellow) regions indicate the ±1σ and ±2σ
uncertainty bands on the expected limit, respectively. The re-
sults for nearby masses are highly correlated due to the limited
mass resolution (5–8 GeV, as inferred from a study of the ef-
fect of a hypothetical mH = 125 GeV signal on the behaviour
of qµ(µ = 1) as a function of mH) in this final state.

7. Conclusion

A search for the SM Higgs boson has been
performed in the H→WW (#)→ %ν%ν channel us-
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Higgs plus 1 jet at 
NNLO



Anatomy of a NNLO computation

RRRVVV

[Badger et al. (2011)][Gehrmann et al. (2011)] [Del Duca et al., Dixon et al. (2004)]
[Badger]

Individual ingredients known for a while. 
What prevented from doing the computation?

A (generic) procedure to extract IR poles from 
RV and RR was unknown until very recently 



What about existing NNLO results?

NONE OF THESE METHODS WOULD WORK

FOR HIGGS PLUS 1 JET

Until very recently, all NNLO computations relied on 
SPECIFIC PROPERTIES OF THE PROCESS UNDER CONSIDERATION

• Sector decomposition: simple enough phase space
Higgs, Drell-Yan, dijets in e+e-  [Anastasiou, Melnikov, Petriello; Melnikov, Petriello]

• e+e- antenna subtraction: no partons in the initial state
dijets and trijets in e+e- [Gehrmann-De Ridder, Gehrmann, Glover et al.]

• qT resummation: no colored particles in the final state
Higgs, Drell-Yan, dibosons and WH [Catani, Cieri, De Florian, Ferrera, Grazzini]



A successful strategy for simpler processes:
Sector decomposition

[Binoth, Heinrich;  Anastasiou, Melnikov, Petriello (2004)]

Basic idea: clever parametrization of the PS which makes 
IR SINGULARITIES MANIFEST:

Z
|M |2d� !

F (x) =

Z
[|M |2x]{dy}

Remap singular denominators on the hypercube
Singularities are extracted before integration

Z
[|M |2x]{dy} dx

x

1+✏
= �1

✏

F (0) +

Z
dx

F (x)� F (0)

x

+ ...



A toy example: simple parametrization

|M |2 ⇠ 1

1� cos ✓

dd�1g

(2⇡)d�1
2Eg

⇠
�
1� cos

2 ✓
��✏

d cos ✓

cos ✓ ! 1� 2x

Z
|M |2d� ⇠

Z
dx

x

1+✏
F (x, {y}){dy}

✓

NLO: 1 sector

= �1

✏

Z
F (0, {y}){dy}+

Z
F (x, {y})� F (0, {y})

x

dx{dy}+ ...



A toy example: sector decomposition

NNLO: overlapping divergences       sector decomposition

|M |2 ⇠ 1

sijk
=

1

sij + sik + sjk

•Sector 1: x1 > x2 ! x2 = zx1

Z
|M |2d� ⇠

Z
dx1dx2

x

1+✏
1 x

1+✏
2 (x1 + x2)✏

F (~x; {y}){dy}

Z
|M |2d� ⇠

Z
dx1dz

x

1+3✏
1 z

1+✏(1 + z)✏
F (~x; {y}){dy}

•Sector II: 
Z

|M |2d� ⇠
Z

dtdx2

t

1+✏
x

1+3✏
2 (1 + t)✏

F (~x; {y}){dy}

x1 < x2 ! x1 = tx2



Sector decomposition: pro et contra

Powerful tool for fully differential NNLO computations:
• dijet production at LEP  [Anastasiou, Melnikov, Petriello (2004)]

• Higgs production at hadron colliders  [Anastasiou, Melnikov, Petriello (2005)]

• DY production at hadron colliders  [Melnikov, Petriello (2006)]

Subtraction and integrated subtraction terms are for free
(no need for analytic PS integrations)

BUT
Parametrization become challenging for more complicated processes

Parametrization known only for ONE COLLINEAR DIRECTION

As it is, highly process-dependent framework

Z
|M |2d� =

F (0)

✏

+

Z
dx

F (x)� F (0)

x

+ ...



Higgs plus jet: singularity structure
Much more complicated singularity structure. Collinear:

⇠ Pggg ⌦ |Mj |2

sigg
,

Pgg ⌦ |Mjj |2

sgg
x3

⇠ PggPgg ⌦ |Mj |2

sigsjg
x2,

Potential troubles: and combinations

Finding a ‘good’ global parametrization is (very) hard

s1g, s2g, s3g, sgg, s1gg, s2gg, s3gg



Sector-improved subtraction scheme
HOWEVER: collinear sing. cannot occur all together [Czakon (2010)] 

sigg, sgg sig, sjg
Troubles:
             only

Troubles:
             only

Can we make use of it, i.e. 
can we single out different collinear directions?

YES, just use the Frixione-Kunszt-Signer (FKS) partitioning
[Czakon (2010)] 

�g1||i,g2||j
s ! 0 when g1||pl, g2||pm, l 6= i, m 6= j

1 =
X

�g1||i,g2||j



Sector-improved subtraction scheme
Sector decomposition + FKS [Czakon (2010)] 

Z
|M |2d� =

X

s

Z
|M |2d��g1||i,g2||j

s

Z
|M |2d��g1||1,g2||1

Z
|M |2d��g1||1,g2||3

Single collinear direction
 ∼ parametrization of 
ggH, DY, e+e- → dijets

Two (∼uncorrelated) dir.
∼ NLO^2

No matter how complicated the process is,
it can be reduced to the sum of individual contributions. For each of 
them, we know a sector decomposition-friendly PS parametrization



Sector-improved subtraction and H+j
Worked-out details for RR: [Czakon (2010)] 

(Although we use a slightly different parametrization and sector definition)

Three triple-collinear partitions
Each: 5 sectors

Six double-collinear (energy ordering) 
No sector decomposition required

RRi =

Z
Fi(x1, x2, x3, x4, {y})

Y
dxi

x

1+ai✏
i

{dy} =

Z
{dy}

(
Fi(~0, {y})

a✏

4
+

1

✏

3

" 
Fi(x1, 0, 0, 0, {y})� Fi(~0, {y})

bx1

!
dx1 + ...

#
+ ...

)



Sector-improved subtraction and H+j
Worked-out details for RV: [Boughezal, Melnikov, Petriello (2011)] 

(Although we need a slight generalization)

Three collinear partitions
(same of NLO)

Phase-space is simple (same of NLO), but amplitudes have 
non trivial branch-cuts

RVi =

Z
{dy} dx1

x

1+2✏
1

dx2

x

1+✏
2

�
Fi,1 + (x2

1x2)
�✏

Fi,2 + x

�2✏
1 Fi,3

�
=

=

Z
{dy}


A

✏4
+

B
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+
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+

D
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+ E
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Sector-improved subtraction and H+j: 
building blocks

Recall the general structure:
F (x) =

Z
[|M |2x]{dy}

We need to provide
•                : fully-resolved matrix element (RR and RV)

•                      : matrix element in a singular configuration 

F (~x; {y})
lim
xi!0

F (~x; {y})

lim
xi!0

F (~x; {y})                     : reduced (=lower multiplicity) matrix 
element times universal eikonals / splitting functions

[Catani, Grazzini (1998, 2000); Kosower, Uwer (1999)]

At the end: ∼ 170 different limits contribute

Z
|M |2d� =

F (0)

✏

+

Z
dx

F (x)� F (0)

x

+ ...



H+j: building blocks

Apart from eikonals/splitting functions, we require
• tree-level H+3j [Del Duca et al., Dixon et al. (2004), Badger]

• tree-level H+2j [Badger et al. (2011)] up to 
• tree-level H+1j up to

• one-loop H+2j [Badger et al. (2011)]

• one-loop H+1j up to           (although see [Weinzierl (2011)])

• two-loop H+1j [Gehrmann et al. (2011)]

• renormalization, collinear subtractions

Because of gluon spin correlations, we are forced to work in full CDR

O(✏2)
O(✏)

O(✏2)

Amplitudes are evaluated near to singular configurations: 
have to be very stable (and possibly fast) →

ANALYTIC RESULTS, SPINOR-HELICITY FORMALISM

EXTREMELY GRATEFUL TO MCFM FOR PROVIDING 
EXCELLENT AMPLITUDES ALREADY AS A FORTRAN CODE!



H+j: spinor-helicity in higher dimension
Because of gluon spin correlations, we are forced to work in full CDR

To get           tree- and loop-level amplitudes:
Dimensional reconstruction:          and           from spinor-helicity in 
higher dimensions 

O(✏2)

O(✏) O(✏2)

Scalar-like gluons with polarization vectors pointing in the D=5,6 
subspaces

Similar to what is done for 1-loop in D-dimensional unitarity
• although slightly more tricky if quarks are around
  [                          (1-loop) vs                      (here)]
• and analytic-friendly
ū�µp̂1...p̂n�

µv ū�µp̂1...p̂kv

WE GET COMPACT AND STABLE RESULTS ALSO FOR 
FULL AMPLITUDES IN D-DIMENSIONS



Finally, we note that following a similar approach, it is straightforward to obtain the double-

correlated matrix element |Mspin(h1, h′1, h2, h
′
2)|2, which is needed to describe singular limits

in the double-collinear sectors.

We also need to discuss the ε-dependent parts of 0 → Hgggg amplitudes. In this case,

we use the following color decomposition

A(1h1 , 2h2 , 3h3 , 4h4) = 2iλ(0)
Hggg

2
s

∑

σ∈S2

(F cσ(2) · F cσ(3))c1c4A(1
h1 , 2h2 , 3h3 , 4h4). (5.7)

The situation now is slightly more involved than before because there are more options for

extra-dimensional polarizations. Indeed, with four gluons the amplitude does not vanish

if all of them have identical extra-dimensional polarizations but also when there are two

pairs of gluons with different extra-dimensional polarizations. We will denote color-ordered

amplitudes for these cases as A(1s, 2s, 3s, 4s) and A(1s, 2s, 3s
′

, 4s
′

). These amplitudes can be

written in a relatively compact form. For example,

A(1s, 2s, 3s, 4s) =
4
∑

i=0

RiF (1, 2, 3, 4),

F (1, 2, 3, 4) =
m2

h

s123

(

1 +
s12
s23

+
s23
s12

)

−
(

m2
h

2s12
+

m2
h

2s23

)

+
1

2

(

s12s34
s14s23

−
s13s24
s12s34

)

,

A(1s, 2s, 3s
′

, 4s
′

) = m2
h

(

s14 + s12
s12s124

−
s13

s12s123
+

s14 + s34
s34s134

−
s24

s34s234

)

+
s14s23
s12s34

−
s13s24
s12s34

− 1,

A(1s, 2s
′

, 3s, 4s
′

) = 2−m2
h

(

1

s124
+

1

s134
+

1

s234
+

1

s123

)

,

(5.8)

where R is a permutation operator defined as RF (a, b, c, d) = F (b, c, d, a). The amplitudes

remain compact even if only one pair of gluons has extra-dimensional polarization. For

example, we obtain

A(1s, 2+, 3s, 4+) = −
〈1|ph|4]〈3|ph|4]
s123〈12〉〈23〉

+
〈1|ph|2]〈3|ph|2]
s134〈14〉〈34〉

+
m2

h〈13〉2

〈12〉〈14〉〈23〉〈34〉
, (5.9)

where ph is the outgoing momentum of the Higgs boson. Similar results for all other helicity

configurations can be derived.

We are now in position to discuss how to use these amplitudes to assemble the matrix

element squared for 0 → Hgggg, summed over polarization vectors of all gluons. Similar

to the 0 → Hggg case that we already discussed, amplitudes with two gluons with extra-

dimensional polarizations, e.g. A(1i, 2j , 3s, 4s), enter with a (d− 4) = −2ε weight. The same

is true for the amplitude A(1s, 2s, 3s, 4s), as s just counts the number of extra-dimensional

polarizations. For amplitudes like A(1s, 2s, 3s
′

, 4s
′

), we have again d− 4 polarizations for the
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...
O(✏) :          5890 lines

Lots of 
spurious singularities

      from traditional methods:
X

pol

|M |2

Typical amplitudes from spinor-helicity in higher dimension

H + 4g :

⇠ 1/s2ij
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h23i
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Higgs plus 1 jet at NNLO:
results (gg only)



Checks: generic

Phase space parametrization and partitioning
• correct D-dimensional PS volume in each partition

• rotational invariance in D-dimensions (spin-correlations)

Amplitudes
• tree-level amplitudes tested against MadGraph

• loop-amplitudes implementation checked against original MCFM

• singular limits (see below)

• D-dimensional helicity amplitudes checked against brute-force 
computation for 

X

pol

|M |2

Two entirely independent computations (JHU/ANL-Northwestern)



Checks: limits and scaling
Subtraction terms should match the full amplitude in singular limits

Non-trivial since subtraction terms computed from 
reduced matrix element and eikonals/splitting functions

x define the kinematics of the process, each function Li1,i2..(t) probes a particular singular

limit of the full amplitude.

For the double real emission sectors, we consider fifteen different limits, for example Lx1 ,

Lx2 , Lx3 .., Lx1,x2 ..., Lx1,x3,x4 , and check numerically how these functions approach zero. In

particular, we know that all the soft limits should scale as t, while collinear limits should scale

as
√
t. To illustrate this point we plot distributions for the functions Lx1(t) and Lx3(t) in

Fig. 1, for two sample sectors. The function Lx1(t) describes the soft limit and the function

Lx3 describes the collinear limit. To obtain these plots, ten thousand !x points were randomly

generated and the two functions Lx1(t) and Lx3(t) were computed for two values of t that

differ either by one (soft) or two (collinear) orders of magnitude. It is evident from Fig. 1 that

the widths of the resulting distributions scales with the parameter t as expected. We also

note that, in case of the collinear limit, the quality of the distribution is very sensitive to the

correct implementation of spin correlations. In fact, by removing the spin-correlation part

from collinear splitting functions, we find Lx3(t) ∼ O(10−4) independent of t for t ∼< 10−8.
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Figure 1. Scaling behavior for soft (left) and collinear (right) double-real emission limits, as obtained
with our Fortran code in quadrupole precision. See the text for explanation.

We note that we cannot follow the same strategy to check the O(ε) terms for lower-

multiplicity amplitudes, since we do not have a computation of the 0 → Hggggg amplitude

beyond O(ε0). We can nevertheless check the consistency of our calculation and implemen-

tation by comparing different limits against each other. In total, we consider 60 different

combinations for all double-real sectors and check that each of them behaves in a way that is

similar to what is shown in Fig. 1, for ε = 0, 1, 2.

To check the implementation of the real-virtual corrections, we need to modify the above

strategy, since FRV (!x) is given by a linear combination of three functions with potentially

logarithmically-singular coefficients, as shown in Eq. (4.22). To probe soft and collinear limits

in the real-virtual case, we define two functions

L1(ε, t) = 1−
Tε [FRV(tx1, x2, ...)]

Tε [G1(t, x1, x2, ...)]
, L2(ε, t) = 1−

Tε [FRV (ε, x1, tx2, ...)]

Tε [G2(ε, t, x1, x2, ..)]
, (7.2)
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x define the kinematics of the process, each function Li1,i2..(t) probes a particular singular

limit of the full amplitude.

For the double real emission sectors, we consider fifteen different limits, for example Lx1 ,

Lx2 , Lx3 .., Lx1,x2 ..., Lx1,x3,x4 , and check numerically how these functions approach zero. In

particular, we know that all the soft limits should scale as t, while collinear limits should scale

as
√
t. To illustrate this point we plot distributions for the functions Lx1(t) and Lx3(t) in

Fig. 1, for two sample sectors. The function Lx1(t) describes the soft limit and the function

Lx3 describes the collinear limit. To obtain these plots, ten thousand !x points were randomly

generated and the two functions Lx1(t) and Lx3(t) were computed for two values of t that

differ either by one (soft) or two (collinear) orders of magnitude. It is evident from Fig. 1 that

the widths of the resulting distributions scales with the parameter t as expected. We also

note that, in case of the collinear limit, the quality of the distribution is very sensitive to the

correct implementation of spin correlations. In fact, by removing the spin-correlation part

from collinear splitting functions, we find Lx3(t) ∼ O(10−4) independent of t for t ∼< 10−8.
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Figure 1. Scaling behavior for soft (left) and collinear (right) double-real emission limits, as obtained
with our Fortran code in quadrupole precision. See the text for explanation.

We note that we cannot follow the same strategy to check the O(ε) terms for lower-

multiplicity amplitudes, since we do not have a computation of the 0 → Hggggg amplitude

beyond O(ε0). We can nevertheless check the consistency of our calculation and implemen-

tation by comparing different limits against each other. In total, we consider 60 different

combinations for all double-real sectors and check that each of them behaves in a way that is

similar to what is shown in Fig. 1, for ε = 0, 1, 2.

To check the implementation of the real-virtual corrections, we need to modify the above

strategy, since FRV (!x) is given by a linear combination of three functions with potentially

logarithmically-singular coefficients, as shown in Eq. (4.22). To probe soft and collinear limits

in the real-virtual case, we define two functions

L1(ε, t) = 1−
Tε [FRV(tx1, x2, ...)]

Tε [G1(t, x1, x2, ...)]
, L2(ε, t) = 1−

Tε [FRV (ε, x1, tx2, ...)]

Tε [G2(ε, t, x1, x2, ..)]
, (7.2)
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Soft limits:
lim
x1!0

1� F (x1)/F (0) ⇠ x1 lim
x2!0

1� F (x2)/F (0) ⇠
p
x2

Collinear limits:

Correct scaling is the ultimate test for limits
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Figure 3. Residuals of poles in ε for the total cross-section as the function of partonic center-of-mass
energy. The left panel shows O(ε−2), and the right panel shows O(ε−1). See the text for explanation.

As a final check of the calculation, we discuss the dependence of the result on the renor-

malization and factorization scales. In this paper, we equate them and denote both by µ.

We can compute the µ-dependence of the cross-section either by introducing µε per cou-

pling constant in the various elements of the calculation in the standard way, or by solving

the renormalization group equation that follows from the fact that convolution of the par-

tonic cross-section with parton distribution functions is µ-independent. The results of this

computation can be found in Section 2. We have checked that when the µ-dependence is

computed with our numerical code, the result agrees with the analytic computation based on

renormalization group invariance.

We now present our results. We compute the hadronic cross-section for the production of

the Higgs boson in association with a jet at the 8 TeV LHC through NNLO in perturbative

QCD. We reconstruct jets using the k⊥-algorithm with ∆R = 0.5 and p⊥,j = 30 GeV. The

Higgs mass is taken to be mH = 125 GeV and the top-quark mass mt = 172 GeV. We use

the latest NNPDF parton distributions [78, 79] and numerical values of the strong coupling

constant αs at various orders in QCD perturbation theory as provided by the NNPDF fit. We

note that in this case αs(mZ) = [0.130, 0.118, 0.118] at leading, next-to-leading and next-to-

next-to-leading order, respectively. We choose the central renormalization and factorization

scales to be µR = µF = mH . In Fig. 4 we show the partonic cross section for gg → H + j

multiplied by the gluon luminosity through NNLO in perturbative QCD

β
dσhad
d
√
s

= β
dσ(s,αs, µR, µF )

d
√
s

× L
(

s

shad
, µF

)

, (7.5)

where β measures the distance from the partonic threshold,

β =

√

1−
E2

th

s
, Eth =

√

m2
h + p2⊥,j + p⊥,j ≈ 158.55 GeV. (7.6)

The partonic luminosity L is given by the integral of the product of two gluon distribution
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H+j @ NNLO (gg only)H+jet @ NNLO: gg-channel

mu = mH

• We compute partonic cross sections for gg→H+jet at LO, NLO, NNLO in QCD

• We use the kT-jet algorithm, PTj > 30GeV, R=0.4, mH=125GeV 

• Hadronic cross sections for pp→H+jet at 8TeV LHC are produced by convoluting with 

PDFs. We present results using NNPDFs for the scale choices mH/2, mH, 2mH

NNPDFs

15

• Partonic cross section for gg → Hj @ LO, NLO, NNLO

• Realistic jet algorithm, kT with R=0.5, pT > 30 GeV

•Hadronic cross-section pp → Hj using latest NNPDF sets

• Scale variation in the range mH/2 < μ < 2 mH, mH = 125 GeV



H+j @ NNLO (gg only)H+jet @ NNLO: gg-channel

mu = mH

• We compute partonic cross sections for gg→H+jet at LO, NLO, NNLO in QCD

• We use the kT-jet algorithm, PTj > 30GeV, R=0.4, mH=125GeV 

• Hadronic cross sections for pp→H+jet at 8TeV LHC are produced by convoluting with 

PDFs. We present results using NNPDFs for the scale choices mH/2, mH, 2mH

NNPDFs

15

Higgs production in association with a jet
H+jet production at NNLO in QCD without light quarks was recently computed.  

Extremely challenging computation; one of the first NNLO QCD results for two-to-
two scattering processes whose existence depends on the presence of a jet algorithm. 

R. Bougezhal, F. Caola, K.M., F. Petriello, M. Schulze
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Figure 5. Scale dependence of the hadronic cross section in consecutive orders in perturbative QCD.
See the text for details.

convolution with the parton luminositites, we obtain5

σLO(pp → Hj) = 2713+1216
−776 fb,

σNLO(pp → Hj) = 4377+760
−738 fb,

σNNLO(pp → Hj) = 6177−204
+242 fb.

(7.8)

We note that NNLO corrections are sizable, as expected from the large NLO K−factor, but

the perturbative expansion shows marginal convergence. We also evaluated PDFs error using

the full set of NNPDF replicas, and found it to be of order 5% at LO, and of order 1-2% at

both NLO and NNLO, similarly to the inclusive Higgs case [78]. The cross-section increases

by about sixty percent when we move from LO to NLO and by thirty percent when we move

from NLO to NNLO. It is also clear that by accounting for the NNLO QCD corrections we

reduce the dependence on the renormalization and factorization scales in a significant way.

The scale variation of the result decreases from almost 50% at LO, to 20% at NLO, to less

than 5% at NNLO. We also note that a perturbatively-stable result is obtained for the scale

choice µ ≈ mH/2. In this case the ratio of the NNLO over the LO cross-section is just 1.5,

to be compared with 2.3 for µ = mH and 3.06 for µ = 2mH , and the ratio of NNLO to NLO

is 1.2. It is interesting to point out that a similar trend was observed in the calculation of

higher-order QCD corrections to the Higgs boson production cross-section in gluon fusion. It

has been pointed out that because of the rapid fall of the gluon PDFs, the production cross

section is dominated by the threshold region, thus making µ = mH/2 an excellent choice for

the renormalization and factorization scales [14, 81]. The reduced scale dependence is also

apparent from Fig. 5, where we plot total cross-section as a function of the renormalization

and factorization scale µ in the region p⊥,j < µ < 2mh.

5We checked our LO and NLO results against MCFM (gluons only), and found agreement.
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convolution with the parton luminositites, we obtain5

σLO(pp → Hj) = 2713+1216
−776 fb,

σNLO(pp → Hj) = 4377+760
−738 fb,

σNNLO(pp → Hj) = 6177−204
+242 fb.

(7.8)

We note that NNLO corrections are sizable, as expected from the large NLO K−factor, but

the perturbative expansion shows marginal convergence. We also evaluated PDFs error using

the full set of NNPDF replicas, and found it to be of order 5% at LO, and of order 1-2% at

both NLO and NNLO, similarly to the inclusive Higgs case [78]. The cross-section increases

by about sixty percent when we move from LO to NLO and by thirty percent when we move

from NLO to NNLO. It is also clear that by accounting for the NNLO QCD corrections we

reduce the dependence on the renormalization and factorization scales in a significant way.

The scale variation of the result decreases from almost 50% at LO, to 20% at NLO, to less

than 5% at NNLO. We also note that a perturbatively-stable result is obtained for the scale

choice µ ≈ mH/2. In this case the ratio of the NNLO over the LO cross-section is just 1.5,

to be compared with 2.3 for µ = mH and 3.06 for µ = 2mH , and the ratio of NNLO to NLO

is 1.2. It is interesting to point out that a similar trend was observed in the calculation of

higher-order QCD corrections to the Higgs boson production cross-section in gluon fusion. It

has been pointed out that because of the rapid fall of the gluon PDFs, the production cross

section is dominated by the threshold region, thus making µ = mH/2 an excellent choice for

the renormalization and factorization scales [14, 81]. The reduced scale dependence is also

apparent from Fig. 5, where we plot total cross-section as a function of the renormalization

and factorization scale µ in the region p⊥,j < µ < 2mh.

5We checked our LO and NLO results against MCFM (gluons only), and found agreement.
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As expected, significant K-factors, 
strongly reduced O(3%) residual 
scale dependence

  

Preliminary results  for pp → H+jet  (gg initial state)

● Putting everything together, we compute partonic cross-sections for gg → H+jet at 
leading, next-to-leading and next-to-next-to-leading order in QCD. 

●  We use k
t
-jet algorithm, p

tj
 > 30 GeV, R=0.4, m

H
 = 125 GeV.

● We can turn these partonic cross-sections into cross-sections for pp → H+j at the 8 
TeV LHC by ``convoluting'' them with appropriate parton distribution functions. 
Results to the right use NNPDFs  and scale choices  m

H
/2, m

H
 and 2m

H
.

     

                                                                                                                                            
                                                                                                                                            
                                                                                                                                            
                            

                                                                                                                                            
                                                                                                                

                                                                                                                                            
                                                                                                                                            
                   

The magnitude of QCD radiative corrections to 
pp → H+jet cross-section is very similar to the 
magnitude of QCD  corrections to the inclusive 
pp → H+X rate.

Partonic cross-section multiplied with 
MSTW2008 parton distribution functions for 

Once light quarks are added, one can do interesting phenomenology including  better 
understanding effects of the jet veto and true NNLO analysis of Higgs transverse momentum 
distribution

Thursday, May 2, 13

Large K-factors
σNLO/σLO = 1.6
σNNLO/σNLO = 1.3

Significantly reduced O(4%) 
scale dependence



Conclusions

•We presented results for H+1j @ NNLO (gg only)

• Result urgently needed to reduce theoretical uncertainties in 
jet-bin based analyses

• gg channel: ∼ 70% of the full result (NLO), and corrections to 
other channels expected to be smaller (color charges)

• Result already useful for preliminary phenomenological studies

• Large O(30%) NNLO/NLO K-factor

• Improved scale variation: 30% (NLO) → 4% (NNLO)

• PDFs uncertainty: 1-2%



Conclusions
•One of the first NNLO QCD results for 2→2 processes 

whose existence depends on a jet algorithm [dijet: Gehrmann et al.]

• Prototype of a generic NNLO computation

•most generic singularity structure (initial, final and mixed 
collinear singularities)

• large number of diagrams, but compact results with spinor-
helicity techniques

•maximal presence of spin correlations

• Robust test of the theoretical framework
• [Czakon (2010)], [Boughezal, Melnikov, Petriello (2011)]

• Very similar to the framework used for the computation of 
the NNLO ttbar cross section [Czakon, Mitov et al.]



Outlook
• Include quark-gluon channel, for reliable phenomenology

• reliable results in the 1-jet bin

•more precise description of jet-vetoed cross section

• genuine NNLO analysis of the Higgs pT spectrum

• Include Higgs decays (trivial)

•Compute differential distributions

• already done within this framework for top decay and 
charmless b-decay [Brucherseifer, FC, Melnikov (2013)]

• Run with ATLAS/CMS setup

• Technical improvements

• implement α-parameters

• develop a D=4 framework



Thank you for 
your attention!


