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LHC Combination SM Higgs Boson
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Observed exclusion 95% CL  
141-476  GeV

Expected exclusion 95% CL
124-520 GeV

All Channels combined

• The Higgs searches at the LHC 
are getting hot! The ‘thing’ must 
be around the corner! 

• But they depend on theory input. 
How well do we know  the 
production processes? What are 
the important signal observables 
and how well do we know them? 

• Experiments use precise 
predictions on Higgs rates to 
reweigh the Monte Carlos and 
estimate the theory uncertainties.  
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Gluon fusion
• Inclusive cross section: a puzzle with many pieces, the result 

of the combined effort of many, many theorists for more than 
two decades.

• We now know: 
• NLO QCD corrections (exact, including top-bottom 

interference)
• NNLO QCD corrections (in HQET), 
• subleading terms in the 1/m-top expansion

• EW corrections
• mixed QCD EW corrections
• resummation to NNLL
• soft terms from NNNLO.

• toolkit: mc@nlo, powheg (now with all mass effects retained 
at NLO, see Bagnaschi et al. 1111.2854), higlu, ihixs, HqT, 
HNNLO, Fehip. 

HQET
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LO
8.57 pb

NLO
14.9 pb

NNLO
17.6 pb

K=1.74 K=1.18

K=2.05

*

*NNLO is in the HQET, rescaled with the exact LO cross-section i.e. it 
doesn’t contain top-bottom interference. But this effect is estimated by the  
scale uncertainty. 

@mH=120 GeV

Gluon fusion: basic numbers
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gg initial state
95.5%

qg initial state 4.2%

qq 0.16%
qq’ 0.1%
qq 0.04%

QCD corrections 95% EW 
 5%

LO matrix elements
34%

NLO matrix elements
44%

NNLO  ME
22%

QCD CONTRIBUTIONS BY INITIAL STATE CHANNEL 

TOTAL NNLO: QCD vs EW

TOTAL NNLO:  

@mH=120 GeV

Gluon fusion: basic numbers
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Is HQET a valid approximation?
• The matrix elements within the 

HQET approximation have the 
wrong asymptotic behavior at the 
high energy limit. Marzani et al, 
2008

• However it remains a very good 
approximation for low Higgs 
masses [100,300] GeV, because of 
the suppression of such 
kinematics by the PDFs.

• Two independent studies indicate 
that the uncertainty introduced due 
to the approximation is below the 
1% limit for the low mass region.  
see Harlander et al. 2009-2010, 
Steinhauser et al. 2009.
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Figure 3: Partonic NNLO cross sections for the (a) gg, (c) qg, (d) qq̄, (e) qq, (f) qq′

channels functions of x for MH = 130 GeV. Lines with longer dashes include higher order
terms in ρ. In (b) we also show the gg channel in the linear scale. The dotted line in (a)
and (b) corresponds to the matched result.

quark-gluon luminosity is defined as
[

dLqg

dx

]

(x, µF ) = 2
∑

q∈{u,...,b,ū,...,b̄}

∫ 1

0

dx1

∫ 1

0

dx2 fg/p(x1, µF )fq/p(x2, µF ) (10)

×δ

(

M2
H

sx
− x1x2

)

M2
H

sx2
.
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Figure 13: (a)-(c) Sub-channel contributions to the hadronic cross section
at NNLO, normalized to the full NNLO EFT result (LHC conditions). Note
that all channels include their lower order contributions in the EFT approach

(cf. Eq. (25)). Dashed: including terms of order 1/Mt
2n in the numerator

(n = 0, 1, 2, 3 from long to short dashes). Solid: EFT result. (d) Sum over
all sub-channels.

24

Harlander et al. 2009-2010
Steinhauser et al. 2009
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Resummed and soft contributions
• NNLL resummation adds aditional 

contributions. see Catani et al. 2003. 

• Soft terms at NNNLO (gg initial state) 
have been calculated, in HQET, based 
on three-loop splitting function result. 
see Moch and Vogt 2005, Laenen and 
Magnea 2005

• SCET-type resummation by Ahrens et 
al.  0809.4283, results in very small 
scale uncertainty (~3%) 

• Effects of NNLL fully simulated in fixed 
order NNLO with a low central scale.

• But to estimate the uncertainty of 
missing pieces by varying the scale on 
predictions that include higher order 
soft terms might be too optimistic. 
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Figure 1: The perturbative expansion of the total cross section for Higgs boson production at the
TEVATRON (left) and the LHC (right) for the standard scale choice µr = µf =MH .
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Figure 2: The dependence of the fixed-order predictions for the LHC cross section on the renor-
malization scale µr at µf =MH for two representative values of the Higgs boson mass MH .
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Figure 1: Cross sections at the Tevatron for
√
s = 1.96 TeV and the LHC for

√
s = 7, 10,

14 TeV. Bands indicate scale uncertainties. Light, medium and dark bands represent LO
(NLL), NLO (NNLL) and NNLO (N3LL) in RG-improved perturbation theory, respectively.

for download1.
In [28], the authors have also updated their predictions for Higgs production via gluon

fusion combining soft gluon resummation and two-loop electroweak corrections. Our results
differ in several important aspects from theirs:

• We work at N3LL accuracy rather than NNLL.

• We resum the enhanced contributions arising from the analytic continuation of the gluon
form factor. This has been demonstrated to greatly improve the perturbative conver-
gence.

• We work directly in momentum space rather than in Mellin moment space, which avoids
the Landau pole ambiguity.

1http://projects.hepforge.org/rghiggs/
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Figure 6: The fixed-order (left) and RG-improved (right) cross-section predictions including
perturbative uncertainty bands due to scale variations for the Tevatron (upper) and LHC
(lower plots). In contrast to Figure 5, different PDF sets are used according to the order of
the calculation.

after RG improvement are fully contained in the lower-order ones and the K-factor is close
to 1, in particular for the LHC.1 In fixed-order calculations it is customary to use PDFs ex-
tracted from a fit using predictions of the same order. Doing so absorbs universal higher-order
corrections into the PDFs. Since resummed calculations contain contributions of arbitrarily
high orders, the optimal PDF choice is less clear. If the same large higher-order corrections
affect both the observable one tries to predict and the cross sections used to extract the PDFs,
it would be quite problematic to perform a resummation in one case and not the other. For
our case, the relevant input quantity is the gluon PDF at low x, which is mostly determined
by measurements of scaling violations in the DIS structure function, ∂F2(x, Q2)/∂Q2. The
higher-order corrections associated with the analytic continuation of the time-like gluon form
factor, which we resum, do not affect the DIS cross section, and so are not universal and

1For MRST2004 PDFs [52], the K-factors after resummation are somewhat larger, K ≈ 1.3 for the LHC,
see [18].

18

Ahrens et al. 2008
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Scale uncertainty @120GeV:  +8.63%, -9.5%

A. Tables of Higgs cross-sections

mH σ(pb) %δ+PDF %δ−PDF %δ−µF
%δ+µF

110.0 21.04 4.05 -3.1 8.95 -9.6

115.0 19.22 4.05 -3.11 8.78 -9.55

120.0 17.7 4.05 -3.11 8.63 -9.5

125.0 16.3 4.04 -3.12 8.48 -9.46

130.0 15.04 4.04 -3.12 8.35 -9.42

135.0 13.92 4.03 -3.14 8.23 -9.37

140.0 12.93 4.04 -3.15 8.12 -9.34

145.0 12.03 4.03 -3.16 8.0 -9.32

150.0 11.22 4.04 -3.17 7.89 -9.28

155.0 10.49 4.05 -3.18 7.8 -9.25

160.0 9.77 4.04 -3.2 7.7 -9.22

165.0 8.87 4.05 -3.22 7.65 -9.2

170.0 8.23 4.05 -3.24 7.58 -9.17

175.0 7.69 4.05 -3.26 7.51 -9.15

180.0 7.2 4.06 -3.28 7.43 -9.13

185.0 6.69 4.06 -3.29 7.37 -9.13

190.0 6.26 4.07 -3.31 7.31 -9.12

195.0 5.89 4.07 -3.34 7.24 -9.1

200.0 5.57 4.07 -3.36 7.19 -9.06

210.0 5.01 4.09 -3.39 7.06 -9.02

220.0 4.54 4.1 -3.44 6.92 -8.99

230.0 4.14 4.11 -3.48 6.79 -8.96

240.0 3.8 4.12 -3.53 6.68 -8.91

250.0 3.5 4.14 -3.56 6.57 -8.85

260.0 3.25 4.13 -3.6 6.44 -8.84

270.0 3.04 4.17 -3.65 6.3 -8.79

280.0 2.85 4.18 -3.69 6.18 -8.74

290.0 2.7 4.19 -3.73 6.04 -8.65

300.0 2.57 4.21 -3.78 5.89 -8.58

Table 5: Total cross section for LHC at
√
s = 7TeV with MSTW PDF errors (corresponding to

68%CL).

– 34 –

with

λ0 =

√

1 +
δEWK

100
− 1. (6.27)

The two-loop electroweak corrections were kindly provided to us in a data file, electroweak.h,

by the authors of Ref. [46].

7. Numerical results in gluon fusion

In this section, we present numerical results for the Higgs boson cross-section via gluon

fusion. We will first make a short discussion of the stability of the perturbative expansion

and the scale variation uncertainty. Then we shall compare predictions from all available

NNLO sets of parton distribution functions. We will proceed with a study of finite width

effects for the heavy quarks in the gluon fusion loops. Finally we shall discuss the finite

width effects on the Higgs boson total cross-section. To the best of our knowledge, there

have been no published result for NNLO K-factors for the signal cross-section beyond the

zero width approximation for the Higgs boson.

7.1 Perturbative convergence and scale uncertainty

The gluon fusion cross-section exhibits a rather slow convergence of the perturbative series

in the strong coupling constant. iHixs computes the cross-section through NNLO in

perturbative QCD. The perturbative behavior of the total higgs cross section with its scale

uncertainty, when using MSTW08 parton densities, is shown in Fig. 1. for LHC at 7TeV

collision energy. One notices that radiative corrections are sizable, where neither the NLO

nor the NNLO corrections can be neglected.
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Figure 1: Inclusive Higgs cross section at LO, NLO and NNLO, with scale uncertainty bands,
calculated in the range µ ∈ [µ0/2, 2µ0] for MSTW PDFS.

– 16 –

Scale uncertainty

Numbers produced by ihixs
see Anastasiou, Buehler, Herzog, AL 1107.0683
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Figure 4: The Higgs production cross section at NNLO with three different PDF sets and their
PDF+αs uncertainty bands, using the MSTW 90% CL grids.

of heavy quarks need to be evaluated according to the prescription,

m2
q → mq (mq − iΓq) , (7.1)

where Γq is the total decay width of the quark and mq its mass.

Using iHixs, we have studied the finite width effects for quarks in fermion loops. We

find that the top width is insignificant (at the level of less than one per mille) for a Higgs

boson mass below the tt̄ threshold. Around and above that threshold, its effect grows to

the percent order as shown in Fig. 5.

7.4 Finite Higgs boson width effects

In Section 4 we discussed that there exist various approaches on how to treat the Higgs

propagator when departing from the zero width approximation (ZWA). In this section we

will present numerical results for the two different prescriptions described in Section 4: the

default scheme (DEF) of Eq. 4.8 and the Seymour scheme (S) of Eq. 4.10.

In Fig. 6 the inclusive Higgs cross section calculated within the ZWA and the two

finite width schemes is shown, as a function of the Higgs mass. The width is calculated by

– 19 –

PDF uncertainty (including as)

1-σ predictions using different PDF providers do not agree. Using 
MSTW90CL is a conservative choice that makes all bands (marginally) 
overlap.

PDF uncertainty @120GeV:  +7.8%, -7.2%
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Figure 3: The Higgs production cross section at NNLO with three different PDF sets and their
68%CL PDF+as uncertainty bands.

The reason for the remarkably different predictions between the different PDF sets

(that range from 10% in the low mass region to 30% in moderately high masses of around

300GeV) is hard to trace. The bulk of it may be attributed to differences in the adopted

values of the strong coupling constant as(mZ). The situation is only partially remedied if

one chooses to consider the 90% CL (as opposed to the one-sigma, 68%CL) uncertainty

bands provided by the MSTW collaboration.

The comparison, in Fig. 4, shows the ABKM and MSTW uncertainty bands to marginally

overlap. We finally note that preliminary results [68] with the updated ABM10 PDF fit,

which includes hadron collider data, show that larger values for the total cross section are

obtained, in comparison with ABKM09.

7.3 Top quark width

iHixs evaluates two and one-loop amplitudes in all kinematic regions, permiting a definition

of mass and kinematic invariants in the full complex plane. This is a particularly useful

feature when a resummation of finite width effects in threshold regions is necessary. For

example, in a resummation framework using the complex mass scheme [60,67] the masses

– 18 –
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(that range from 10% in the low mass region to 30% in moderately high masses of around

300GeV) is hard to trace. The bulk of it may be attributed to differences in the adopted

values of the strong coupling constant as(mZ). The situation is only partially remedied if

one chooses to consider the 90% CL (as opposed to the one-sigma, 68%CL) uncertainty

bands provided by the MSTW collaboration.

The comparison, in Fig. 4, shows the ABKM and MSTW uncertainty bands to marginally

overlap. We finally note that preliminary results [68] with the updated ABM10 PDF fit,

which includes hadron collider data, show that larger values for the total cross section are

obtained, in comparison with ABKM09.

7.3 Top quark width

iHixs evaluates two and one-loop amplitudes in all kinematic regions, permiting a definition

of mass and kinematic invariants in the full complex plane. This is a particularly useful

feature when a resummation of finite width effects in threshold regions is necessary. For

example, in a resummation framework using the complex mass scheme [60,67] the masses
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PDF comparison: 90%-CL uncertainty band

NNPDFs uncertainty here doesn’t include alpha strong variation

*

*

PDF uncertainties
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Figure 5: Relative difference δσnw/σnw = σ−σ∗

σ∗ · 100% of the cross section for the top quark with
a real mass, σ∗, and in the complex mass scheme with Γtop = 2 GeV.

interpolating over a detailed grid8 constructed with HDECAY [26]. The cross sections9 are

shown in table 1. We note that the three calculations deviate widely for Higgs masses larger

than 300GeV. The deviation between the ZWA and the finite width schemes is expected

since for large Higgs masses the width of the Higgs boson is comparable to its mass. It is

also evident that the finite width schemes deviate from each other in the high mass region,

indicating a possibly large contribution due to signal and background interference which

the Seymour scheme attempts to simulate.

Within this context, it is interesting to notice that the invariant mass distribution

of the Higgs boson, shown in Fig. 7, gets significantly distorted in the high mass region,

where the Higgs width is large. The distortion is spectacularly stronger in the case of the

Seymour scheme, as a consequence of the fact that the scheme tries to simulate the effects

of signal-background interference off the resonant peak. These effects become increasingly

important for high Higgs masses.

In experimental searches for the Higgs boson where its invariant mass can be recon-

structed from the momenta of the final state partons, as is the case for H → γγ, or

8The precision of the interpolation is always better than 2 · 10−5.
9We use here the MSTW PDF set. Similar behavior is observed when using the other two NNLO PDF

sets.

– 20 –

High mass cross sections (above 300)

• The HQET approximation is not 
guaranteed to be as good (but 
probably it is, it is better than 10% 
accurate at NLO, up to 1TeV)

• Top width effects rise to ~2-3%

• The narrow-resonance assumption 
is no longer good

• The signal+bg hypothesis includes 
signal-bg interference effects.

• They are only known to LO for 
H→WW decay channel in the low 
mass region (see Campbel, Ellis, 
Williams, 1107.5569).  They can be 
up to -6% (@120) or +10%(@200 
GeV) on the LO result, depending 
on cuts.

2 Robert Harlander: Supersymmetric Higgs production at the Large Hadron Collider
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Fig. 2. The total cross section at NLO as evaluated in the
effective theory (Eq. (3)), compared to the exact NLO result [5,
6]. Dashed line: only top quarks — solid line: including bottom
quarks (mOS

t = 175 GeV, mOS
b = 5GeV).
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Fig. 3. Relevance of the exact bottom quark contribution for
various values of the bottom Yukawa coupling [6]. gb/gt = 1
corresponds to the Standard Model (see also [7]).

limit” works at the 10% level even for very large Higgs
boson masses (see Fig. 2), it is tempting to apply a formal
“heavy-bottom approach”, defined by Eq. (3) with θ = tb
and mtb ≡ {mt, mb}. At NLO, it is κtb = κt. Fig. 3 shows
the deviation of σ∞

tb from the exact result at NLO [5,6]
for various values of the ratio gb/gt, where gb,t are the
Yukawa couplings of the bottom and top quark relative to
their SM values. Note that the solid/red curves (Standard
Model) of Figs. 3 and 2 are identical.

The curves in Fig. 3 show that the effect of the exact
NLO bottom contribution stays below 40% even for very
large bottom Yukawa couplings. For large Higgs boson
masses, the curves approach the Standard Model value
(solid/red curve).

SUSY loops. The contribution of squarks to the total
Higgs production cross section goes like (mq/mq̃)2. Thus,
as shown in Fig. 4, only top squarks with mt̃ ! 400GeV
give a sizable effect.
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Fig. 4. Relative size of the top quark/squark contributions:
delta(top,stop)=∆σt̃/σt, see Eq. (1). Furthermore, mt =
175 GeV, and mt̃R = mt̃L ≡ mt̃. Solid line: mt̃ = 175 GeV
— long/middle/short dashes: mt̃ = 200/300/400 GeV.
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Fig. 5. K-factors for the gluon-fusion process. Dashed: Stan-
dard Model — Solid: MSSM (no stop mixing). The narrow (red)
band shows the uncertainty due to the missing NNLO contribu-
tion in the effective vertex, the wide (green) band is the scale
uncertainty (from Ref. [11]).

The SUSY relation between the top and stop Yukawa
coupling requires to include also gluino effects at higher
orders in αs to arrive at finite results. A sample diagram
with top quark, top squark, and gluino is displayed in
Fig. 1 (b).

The NLO corrections (evaluated through Eq. (3) with
θ = tt̃ and mtt̃ ≡ {mt, mt̃, mg̃}) were found to be very
similar to the Standard Model case [8] (see also Ref. [9],
so that the tree-level ratios shown in Fig. 4 hardly change
at NLO. In this first study, squark mixing effects had been
neglected, but more detailed investigations are under way.

The dominant corrections to the Higgs production cross
section originate from real gluon emission [10]. Thus, it is
possible to derive a rather precise estimate of the NNLO
terms based on the NNLO result in the SM [3] and the
NLO effective Higgs-gluon coupling [8]. In this way, the
reduced scale uncertainty of the NNLO in the SM directly
carries forward to the supersymmetric case. The result is
shown in Fig. 5, details can be found in Ref. [11].

Harlander, 2003
ihixs, 1107.0683
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High mass cross sections (above 300)

• At high Higgs mass, the width of the 
Higgs becomes large.

• The zero width approximation     
(σproduction x BR) is becoming increasingly 
bad.

• Moreover, the Higgs lineshape gets 
distorted by signal-background 
interference effects. 

• These affect the cross section in a way 
we don’t fully understand yet.

• There seems to be a tendency to 
neglect the problem both from 
experiments and from theorists.
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Figure 7: The invariant mass distribution of the Higgs boson with mH = 200,400,600,800 GeV,
in the default and the Seymour scheme.

employed in [72]. We observe that the reduction in the expected signal rate can reach

20% − 40% for window choices smaller than the Higgs width. A non-negligible reduction

of a few per cent persists even when the invariant mass window is larger than the nominal

Higgs width, due to contributions from the tail of the Breit-Wigner distribution.

mH ΓH δQ σDEF σDEF ;w σSEY σSEY ;w

120 0.0038 5 17.66 17.56 17.57 17.56

165 0.2432 5 8.874 8.62 8.735 8.62

200 1.43 8 5.566 5.14 5.390 5.14

400 29.5 34 1.799 1.448 1.766 1.447

600 122 110 0.2409 0.1928 0.3819 0.2305

800 301 300 0.03982 0.03451 0.15683 0.07510

Table 2: Total cross section, σDEF,SEY compared with the cross section in the invariant mass
region mH ± δQ, denoted by σDEF ;w or σSEY ;w, for LHC at

√
s = 7 TeV with MSTW PDFs .

This effect can be estimated by parton shower Monte Carlo simulations which are the
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Gluon fusion: beyond the SM

• Gluon fusion is sensitive to the presence of heavy 
colored particles that can circulate in the production 
loop, enhancing the rate.

• In the SM with a 4th fermionic generation the Higgs 
production cross-section is enhanced by a factor of 
~9: easy to exclude.  See Anastasiou et al,
1003.4677, 1103.3645, 1107.0683 

• In most Composite Higgs models the Higgs 
production cross section is modified via 
modifications to the Yukawa couplings. ihixs can 
provide NNLO accuracy within any such model. For 
an example see Furlan 1106.4024. 
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Gluon fusion: the pT distribution
• Necessary ingredient as a 

discriminant variable in many MVA 
analysis. 

• Very important in searches that 
focus on boosted configurations.

• In powheg and mc@nlo it is a LO 
observable.  

• Validation against NLL+NNLO 
showed that the mc@nlo and 
Herwig describe well the pT 
distribution.

• Unknown whether the HQET 
approximation used at NNLO is 
valid at the high pT bins (which do 
not influence the total cross 
section).

3. In order to suppress the tt̄ background, we apply a veto on the number of jets in the

event. Jets are found using the kT-algorithm [49,50] with parameter R = 0.4. A jet

must have pT > 15GeV and |η| < 3.0. Events are only accepted if there is no more

than one such jet.

The jet veto that we apply here is different from that used in our corresponding LHC

studies [47,48,55], where all events with any number of central jets with a pT higher than

a certain minimum value are vetoed. The cuts in the present study allow for events with

a single high-pT jet. This type of jet veto is used in the DØ analysis [3] in order to define

the data sample with a potential Higgs signal. A stricter jet veto is applied in the CDF

analysis [2], where three data samples are defined according to whether events have zero,

one, or more central jets.

4. Higgs pT spectrum and jet multiplicities

Figure 1: On the left figure, we show the normalized transverse momentum distributions for
mH = 160 GeV and µ = µR = µF = mH using NNLO fixed-order perturbation theory and the re-
summed calculation of Ref. [56]. On the right figure, the same distribution is shown for MC@NLO,
PYTHIA8, and the calculation of Ref. [56].

One of the most important distributions for a Higgs boson produced at hadron colliders

is its transverse momentum spectrum. A good description of the pT spectrum implies a

good understanding of the QCD radiation recoiling against the Higgs.

It is well known that the Higgs pT spectrum is not physical when computed at fixed

order, since it diverges to +∞ or −∞ at any fixed order in αs. When pT # mH large

logarithmic contributions of the form αn
s lnmmH/pT appear that must be resummed to all

orders. In Ref. [56] the resummation of these logarithmically enhanced terms has been

performed analytically up to NNLL accuracy, and the result has then been matched to the

fixed order calculation up to O(α4
s). The integral of the ensuing spectrum coincides with

the total NNLO cross section. In Fig. 1 (left) we compare the normalized pT spectrum

of the Higgs computed at fixed order, to the one obtained with the numerical program of

– 7 –

would like to investigate whether parton shower Monte-Carlo programs, which can also

model non-perturbative effects and are computationally more flexible than NNLO Monte-

Carlo’s, provide realistic estimates of the signal cross-section.

We first discuss the problem of the normalization of the event generators. Parton

shower Monte-Carlo programs predict the same total cross-section as the cross-section for

their encoded partonic hard scattering at fixed order in perturbation theory. Therefore,

HERWIG predicts the Higgs boson total cross-section with LO accuracy (underestimating

it by a factor of ∼ 2) and MC@NLO provides NLO precision (underestimating the total

cross-section by a factor of ∼ 1.25). A matching of parton showers to NNLO fixed order

calculations is not yet developed. Following a practical approach, we will validate whether

the efficiency of experimental cuts and normalized differential distributions are in agreement

with the NNLO calculations of Ref. [33]. We will then rescale the predictions of the

MC@NLO and HERWIG event generators with a global K-factor in order to reproduce

the fixed order result for the total cross-section. We will denote that the results of the

Monte-Carlo X have been multiplied with a K-factor using the notation R(X).

Figure 4: Cumulative cross-section for the Higgs transverse momentum distribution. The scaled
MC@NLO and HERWIG spectra agree very well with the resummed NNLL spectrum [38].

Now we will test how well event generators agree with resummation results for the

pH
T spectrum. In Fig. 4 we compare the integrated pH

T spectrum of MC@NLO and

HERWIG against the resummed NNLL prediction. We observe that both generators

are in very good agreement with the NNLL spectrum. This is especially surprising for

HERWIG which aims to describe the salient physics features of the process. Note, how-

ever, that MC@NLO gives slightly larger and HERWIG slightly smaller values than the

NNLL resummation [38].

Before we conclude our analysis of the integrated pH
T distribution we wish to comment

further on the scale variation of the fixed order results. In Fig. 1 we find a pH,max
T with

no scale variation. A similar behavior is also observed for the accepted cross-section with

all experimental cuts [29, 30] in Ref. [33]. It is therefore necessary to investigate in better

detail the variation of the NNLO result. We show the value of the cross-section at NNLO

– 6 –



ACHILLEAS LAZOPOULOS,  ETH ZURICH, APPS 2011

Gluon fusion: other differential distributions 

• Careful validation of Monte 
Carlo predictions for key 
differential distributions in a 
realistic experimental set-up 
has been achieved only for 
H→WW (see Anastasiou et al. 
0801.2682) and earlier for 
H→γγ (Dissertori et al. hep-ph/
0509130).

• The difference in the response 
of MVA tools between MCs and 
NNLO has only been explored 
in 0905.3529, for Tevatron.

• Producing the output of a 
trained ANN is no more difficult 
that any other distribution. 

Anastasiou, Dissertori, Grazzini, Stoeckli, Weber 0905.3529 (for Tevatron)
Figure 9: Distribution of the ANN output variable, computed at NNLO in perturbation theory
and with PYTHIA. The PYTHIA result is rescaled by an inclusive K-factor in order to reproduce
the inclusive cross section at NNLO. The bands indicate the scale uncertainties.
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Figure 8: Distribution of the ANN output variable, computed at NNLO in perturbation theory and
with MC@NLO. The MC@NLO result is rescaled by an inclusive K-factor in order to reproduce
the inclusive cross section at NNLO. The bands indicate the scale uncertainties.

NNLO acceptance, depending on the choice of the factorization and renormalization scale.

This result is not significantly altered by hadronization and underlying event and appears

instead to be related to the matrix element and parton shower implementation in PYTHIA

itself. Since the Tevatron analyses are based on PYTHIA, we believe that this effect could

be important and requires a more detailed investigation within the framework of the full

experimental analysis.

Relevant to the experimental analysis, we have remarked that the combination in

quadrature of the theoretical errors due to the parton distributions and scale variations

in Refs. [2, 3] implies that the theoretical uncertainty on the total cross section used there

is likely to be underestimated. We also pointed out that a reweighting of parton shower

Monte-Carlos to match the fixed-order Higgs pT distribution is not appropriate for events

with a low Higgs pT value. Finally, we have demonstrated that a reliable estimation of the

theoretical uncertainty for Higgs signal cross-sections with defined jet multiplicities requires

dedicated fixed order computations for each multiplicity. The theoretical uncertainty in

each jet-bin is different from the theoretical uncertainty of the total cross-section.
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Figure 5: Cross-section when the lepton invariant mass is constrained in the interval [12 GeV, mcut
!! ]

at NNLO and with MC@NLO.

Figure 6: Cross-section for the transverse opening angle of the two leptons in the interval [0, φcut
!! ].

a significant change in the shape of the φ!!, p!
T,max, and Emiss

T distributions from NLO to

NNLO, as seen in Ref. [33].

A crucial experimental cut for suppressing the top-pair contribution to the background

is a jet-veto. We veto events which have a transverse momentum of the leading jet in the

central rapidity region (|ηjet| < 2.5) that is larger than pveto
T . For the jet definition we
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Gluon fusion: jet bin uncertainties.
• It is useful to divide data in jet bins, when the background 

depends strongly on the number of jets. Done at H→WW, H→τ τ, 
H→bb in boosted configurations. 

• The jet bins are defined by a ‘jet veto’: no further central jets with 
pT>p*.

• The presence of the veto affects the scale uncertainty. 
• Worries have been raised that the fixed order prediction for the 

uncertainty might be artificially small. 
• However, in the absence of resummation of soft gluon on the veto 

value, one can only estimate the uncertainty in fixed order and 
compare with parton showers (that resum those gluons naturally). 
In both fixed order and parton shower results the uncertainty on 
the *efficiency* is driven by that of the total cross section, i.e. the 
uncertainty on the 0-bin cross section is minimal. 

• Allowing for unequal factorization and renormalization scales 
provides a slightly larger uncertainty (but still small).

• Other proposals include that of Stewart and Tackmann, where the 
uncertainty on the total cross section and the one with one or 
more jets in the presence of a veto, are considered uncorrelated. 
This implies that the pure uncertainty of the latter is dominated 
entirely by the presence of the veto, which is not fully justified. 
The procedure enlarges artificially the 0-bin uncertainty. 

σ(fb) LO NLO NNLO

µ = Mh
2 152.63 ± 0.06 270.61 ± 0.25 301.23 ± 1.19

µ = 2Mh 103.89 ± 0.04 199.76 ± 0.17 255.06 ± 0.81

Table 1: The cross-section through NNLO with no experimental cuts applied.

K(N)NLO(µ) =
σ(N)NLO(µ)

σLO(µ)
, (4.1)

range from 1.77 to 1.92 at NLO and from 1.97 to 2.45 at NNLO, depending on the scale

choice 4.

It is important to compare the perturbative expansions for the inclusive cross-section

and differential Higgs boson observables. We find many kinematic distributions which

exhibit a different perturbative pattern than the inclusive cross-section. We present here

integrated differential distributions

σ(X) =

∫ X ∂σ

∂x
dx;

the result for a bin x ∈ [X1,X2] can be obtained from the difference

σ(x ∈ [X1,X2]) = σ(X2) − σ(X1).

Figure 1: On the left plot, the cross-section to produce a Higgs boson vetoing events with jets
in the central region |η| < 2.5 and pjet

T > pveto
T (no other cut is applied). On the right plot, the

K-factor as a function of pveto
T . The dashed horizontal lines correspond to the NLO and NNLO

K-factors for the inclusive cross-section. The vertical solid line denotes the value of pveto
T in the

signal cuts of Section 3.

4Note that the K-factor is often defined in the literature as the ratio of the NLO or the NNLO cross-

section at a scale µ over the LO cross-section at a fixed scale µ0 (e.g. µ0 = Mh). Since we allow with our

definition in Eq. 4.1 both numerator and denominator to vary, a large scale variation of the K-factor does

not necessarily indicate a big scale variation of the NLO or the NNLO cross-section in the numerator.
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Anastasiou et al. 0707.2373 w
ith Fehip

jet-veto with a rather small value of pveto
T ∼ 25− 40GeV is considered. We will investigate

whether the NNLO and MC@NLO predictions are consistent with each other for such small

values of the jet-veto.

The good agreement of the integrated pH
T distribution between NNLO, MC@NLO and

NNLL resummation suggests that a good agreement between MC@NLO and the NNLO

cross-sections with a jet-veto may also hold. The jet-veto cross-section should be qualita-

tively similar to the cross-section with a cutoff on the pH
T since at NLO the Higgs transverse

momentum corresponds exactly to the transverse momentum of the additional jet. How-

ever, the two cuts are not exactly the same and they compare only qualitatively. The

jet-veto applies only at central rapidities; in addition, beyond NLO the pH
T is not the same

variable as the maximum transverse momentum of the jets. In Fig. 9 we present the cross-

Figure 9: The Higgs production cross-section with a fixed-order computation (NNLO) and
MC@NLO rescaled with an inclusive K-factor (R(MC@NLO)) when a veto on jets with pT > pveto

T

at central rapidities |η| < 2.5 is applied.

section with a jet-veto applied. Indeed, we find a very good agreement between the NNLO

result and MC@NLO (rescaled with the appropriate NNLO/NLO K-factor for the total

cross-section).

In Table 1 we list the cross-section after all signal cuts as described in Ref. [33] are

applied. We have used both the kT and SISCone algorithm of Ref. [40] and their imple-

mentation from Ref. [41]. The jet radius in the azimuth-rapidity plane was set to R = 0.4

and the merging parameter for the SISCone algorithm to f = 0.5 4. The two algorithms

yield formally identical results for the fixed order calculation through NLO and indistin-

guishable results at NNLO within our Monte-Carlo integration precision 5. In the first

4The merging parameter f defines, how much two separate proto-jets need to overlap in order to be

merged into one jet.
5We thank Gavin Salam for pointing out to us that the SISCone and kT algorithms are formally different

– 10 –

Anastasiou et al. 0801.2682
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Associated production

• Inclusive cross section known to 
NNLO. See Harlander, Djouadi, Brein, 
2003

• Scale uncertainty reduced to ~3%
• K-factor: 1.27@NLO, 1.28@NNLO

• Very stable perturbative expansion.
• But was considered hopeless due to 

large backgrounds.

• The channel was resurrected by the 
boosted Higgs search strategy (see 
Butterworth et al, 2008) and is 
contributing to Higgs searches in the 
low mass region.

• main decay channel: the bbar.
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Figure 6: The K-factors for pp → HW at the LHC as a function of MH at LO, NLO
and NNLO (solid black lines). The bands represent the spread of the cross section when the
renormalization and factorization scales are varied in the range 1

3MHV ≤ µR (µF ) ≤ 3MHV ,
the other scale being fixed at µF (µR) = MHV .
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Figure 7: The same as in Fig. 6 but for the Tevatron case, pp̄ → HW .
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Associated production

• The differential NNLO 
calculation to WH is now 
available. see Ferrera, Grazzini, 
Tramontano 1107.1164

• Ignoring box contributions that 
are expected to be small ~1%.

• With decays of W to leptons 
and of H to bottom quarks (LO).

• Following the cuts of the 
boosted search, including a 
veto on any additional jet with 
pT larger than 20GeV.

Figure 2: Transverse-momentum spectra of the fat jet for pp → WH +X → lνbb̄+X at the LHC
at LO (dots), NLO (dashes) and NNLO (solid). The applied cuts are described in the text.

and at the LHC [31]. At the Tevatron, the invariant mass of the WH system is MWH ∼ mW +mH .
The typical scale of the accompanying QCD radiation is of the order of about 〈1− z〉MWH where
〈1− z〉 = 〈1−M2

WH/ŝ〉 is the average distance from the partonic threshold. The effect of the veto
on additional jets is thus marginal if the jet veto scale, pvetoT , is of the order of 〈1−z〉MWH. In this
case the perturbative expansion appears under good control. The situation at the LHC is different
in two respects. First, the invariant mass of the WH system is larger, due to the high pT required
for the W and the Higgs candidate. Second, the typical distance from the partonic threshold is
larger, i.e. 〈1 − z〉 is larger than at the Tevatron, due to the increased

√
s. As a consequence,

a stringent veto on the radiation recoiling against the WH system spoils the cancellation of the
infrared singularities in real and virtual corrections, and contributions enhanced by the logarithm
of the ratio (1− z)MWH/pvetoT are definitely relevant. We have checked that the reduction in the
accepted cross section is in fact due to the jet veto, the impact of QCD corrections being positive
if the jet veto is removed.

We have illustrated a calculation of the NNLO cross section for WH production in hadron
collisions. The calculation is implemented in a parton level event generator and allows us to apply
arbitrary kinematical cuts on the W and H decay products as well as on the accompanying QCD
radiation. We have studied the impact of NNLO QCD corrections in two typical cases at the
Tevatron and the LHC. At the Tevatron, the perturbative expansion appears under good control.
At the LHC, by searching for events where the Higgs boson is boosted at high pT , the impact of
QCD corrections is more sizeable, and the stability of the fixed-order calculation is challenged.
More detailed studies, along the lines of Refs. [32, 33], are needed in order to assess the relevance
of these fixed-order perturbative result.
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The reduction in the accepted cross section 
is due to the jet veto.  
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Bottom annihilation

• Indistinguishable from gluon fusion, but 
much smaller production rate (~1% of 
ggF).

• It could be enhanced in models with large 
bottom Yukawa. 

• Inclusive cross section known to NNLO. 
See Harlander and Kilgore, hep-ph/
0304035. 

• Inclusive cross section available from 
bbh@nnlo (Harlander). Now also from 
ihixs (Anastasiou et al.) with arbitrary 
Yukawa couplings.

• First differential results: cross section for 
different jet bins. Harlander et al. 
1111.2182

LO process and NLO QCD corrections.

b

b

H

(a)

b

b

H

(b)

Figure 1: Leading order diagrams for the associated production of a Higgs with bottom-
quarks in the (a) four- and (b) five-flavor scheme.

where q 2 {u, d, s, c}. The collinear region of the bottom-quark momenta occurring in the
gg initiated process, see Fig. 1(a), is regulated by the bottom-quark mass mb and leads to
potentially large logarithms ln

�
µ2

F

/m2

b

�
, where µ

F

' mH denotes the factorization scale,
and mH the Higgs mass. In this approach, the total cross section for a scalar Higgs boson
is known to next-to-leading order (NLO) QCD accuracy [4, 5]; SUSY e↵ects have been
considered as well [6].

The other approach to calculate the cross section for the process in Eq. (1) is the so-called
“five-flavor scheme” (5FS), where the LO partonic reaction is

bb̄ ! H . (3)

The corresponding Feynman diagram is shown in Fig. 1(b). The DGLAP evolution of the
bottom-quark parton densities formally resums the collinear logarithms that are manifest
in the 4FS, see above, leading to a better perturbative convergence. However, e↵ects from
bottom-quark production at large transverse momentum pT are taken into account only at
higher orders in the 5FS. In fact, the next-to-next-to-leading order (NNLO) prediction [7]
plays a special role in this process because only from this order on, the 5FS approach
includes the LO diagram of the 4FS (see Ref. [7] for a more detailed discussion). In the
5FS, also electro-weak corrections have been evaluated [8].

Both the 4FS and 5FS are formally viable approaches to calculate the inclusive cross
section for the process shown in Eq. (1). Nevertheless, it took a significant amount of
e↵orts to pin down their qualitative and quantitative di↵erences (see, e.g., Refs. [7,9–11]).
The “LHC Higgs Cross Section Working Group” [12] has now decided to combine the
inclusive cross sections of both schemes according to the so-called “Santander Matching”
procedure [13]. In order to optimally exploit the advantages of each approach in its region
of applicability, they enter the cross section prediction with a Higgs-mass dependent weight
in this procedure.

In summary, the inclusive Higgs cross section in bottom-quark annihilation is under good
theoretical control. However, it is well known that exclusive H+jet production can be
advantageous for experimental analyses. In gluon fusion, this process has been studied
in quite some detail, both in the SM [14–26] and the Minimal Supersymmetric Standard
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Figure 11: Higgs mass dependence of the H + nb-jet contributions with respect to the
total cross section (a) in absolut numbers and (b) relative to the total cross section.
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Bonus: the H→bb decay

• Useful for VH channel.

• Will, later on, give access to the 
bottom Yukawa coupling.

• Recently computed at differential 
NNLO using new subtraction 
technique. See Anastasiou, 
Herzog, AL 1110.2368

• Fully differential code will soon 
be available.

• Eager to combine it with 
differential calculation on VH.
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Figure 1: The energy spectrum of the leading jet in the decayH → bb̄ in the rest frame of the Higgs
boson through NNLO. The jet clustering is performed with the JADE algorithm with ycut = 0.1.

of jet-energies which are kinematically allowed. We choose a value of αs(mZ) = 0.118 at

the Z boson mass and evolve consistently through LO, NLO and NNLO up to the Higgs

boson mass, which we assume to be mH = 120GeV.

The above numerical results demonstrate the applicability of our method to physical

processes. A number of phenomenological studies which are relevant to the searches of the

Higgs boson can be made. It is easy to interface our numerical code with a Monte-Carlo for

the production of a Higgs boson. We we will present complete phenomenological studies

pursuing this direction in the future.

8. Conclusions

In this paper, we present a first physical application of a new method for the factorization

of overlapping singularities in phase-space and loop integrations. We compute the fully

differential decay width of a Higgs boson to a bottom-quark pair. We produce the required

tree, one-loop and two-loop amplitudes with standard Feynman diagrammatic methods.

Our article focuses on the phase-space integrations which emerge at NNLO. We apply

non-linear mappings to factorize all overlapping singularities in all real-virtual and double-

real integrations. Consequently, we perform the expansion of all integrals in the dimension

regulator ε with simple subtractions. The formalism allows for the computation of the

decay rate for arbitrary physical observables.

We verify that we can reproduce the known results for the NNLO inclusive decay

width and compute the differential two,three and four jet rates with the JADE algorithm.
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The leading jet energy at the rest frame of H
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conclusions / outlook

• We know pretty precisely the inclusive cross 
sections for all processes.

• The uncertainties from theory are still large for the 
all-important gluon fusion process (and it’s 
unlikely that they will shrink significantly anytime 
soon).

• There is still a lot to do in terms of differential 
quantities.

• Once the Higgs is (hopefully) found, we will still 
need to measure its properties and couplings. 
*That* is going to be a precision party!


