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Higgs production at the LHC

Large gluon luminosity            gg fusion is the 
dominant production channel over the whole range of 
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  They increase the LO result by about         !

gg fusion
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g  The Higgs coupling is 
proportional to the quark mass             

top-loop dominates

It is a one-loop process already at Born level
calculation of higher order corrections is very difficult

NLO QCD corrections to the total rate computed 
more than 15 years ago and found to be large  

A. Djouadi, D. Graudenz, 
M. Spira, P. Zerwas (1991)

They are well approximated by the large-           limitmtop
S.Dawson (1991)

M.Kramer, E. Laenen, M.Spira(1998)

80%



The large-       approximation
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Effective vertex: one loop less !

For a light Higgs it is possible to use an effective lagrangian 
approach obtained when mtop → ∞

J.Ellis, M.K.Gaillard, D.V.Nanopoulos (1976)
M.Voloshin, V.Zakharov, M.Shifman (1979)

Known to O(α3

S)

K.G.Chetirkin, M.Steinhauser, B.A.Kniehl (1997)
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at NNLOgg → H

NLO corrections are well approximated by the large-           limit

This is not accidental: the bulk of the effect comes from virtual 
and real radiation at relatively low transverse momenta: weakly 
sensitive to the top loop

mtop

reason: steepness of the 
gluon density at small x



at NNLOgg → H

NLO corrections are well approximated by the large-           limit

This is not accidental: the bulk of the effect comes from virtual 
and real radiation at relatively low transverse momenta: weakly 
sensitive to the top loop

mtop

reason: steepness of the 
gluon density at small x

R. Harlander  (2000)
S. Catani, D. De Florian, MG (2001)

R.Harlander, W.B. Kilgore (2001,2002)
C. Anastasiou, K. Melnikov (2002)

V. Ravindran, J. Smith, W.L.Van Neerven (2003)

NNLO corrections computed in the large           limitmtop

Dominance of soft-virtual          
effects persists at NNLO

This is good because the effects of very hard radiation
are precisely those that are not accounted properly by 
the large          approximationmtop



Soft-gluon resummation

Soft-virtual effects are logarithmically enhanced at z = M2
H/ŝ→ 1

The dominant behaviour can be organized in an all order resummed formula

σres ∼ C(αS) exp{Lg1(αSL) + g2(αSL) + αSg3(αSL) + ....}

Resummation works in Mellin space L=ln N

We can perform the resummation up to NNLL+NNLO accuracy

This means that we include the full NNLO result plus all-order resummation 
of the logarithmically enhanced terms No information is lost

Soft-virtual  effects are important
All-order resummation of soft-gluon effects provides a 
way to improve our perturbative predictions



Inclusive results at the LHC

• K-factors defined with respect

• With                            and                     but

For a light Higgs:
NNLO effect

σLO(µF = µR = MH)

µF (R) = χL(R)MH 0.5≤ χF/χR ≤ 20.5≤ χL(R) ≤ 2

+15 − 20 %



Inclusive results at the LHC

• K-factors defined with respect

• With                            and                     but

For a light Higgs:
NNLO effect

σLO(µF = µR = MH)

µF (R) = χL(R)MH 0.5≤ χF/χR ≤ 20.5≤ χL(R) ≤ 2

+15 − 20 %

S. Catani, D. De Florian, 
P. Nason, MG (2003)

Inclusion of soft-gluon effects at all orders

NNLL effect + 6%

Good stability of 
perturbative result

Nicely confirmed by computation of soft 
terms at N LO S. Moch, A. Vogt (2005), 

E. Laenen, L. Magnea (2005)
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Inclusive results at the Tevatron

• K-factors defined with respect

• With                            and                     but

For a light Higgs:
NNLO effect

σLO(µF = µR = MH)

µF (R) = χL(R)MH 0.5≤ χF/χR ≤ 20.5≤ χL(R) ≤ 2

+40%



Inclusive results at the Tevatron

• K-factors defined with respect

• With                            and                     but

For a light Higgs:
NNLO effect

σLO(µF = µR = MH)

µF (R) = χL(R)MH 0.5≤ χF/χR ≤ 20.5≤ χL(R) ≤ 2

+40%

S. Catani, D. De Florian, 
P. Nason, MG (2003)

Inclusion of soft-gluon effects at all orders

NNLL effect 

Impact of higher order 
effects larger than at LHC

+12− 15%



- αS(mZ) from 0.1154 to 0.1171

An update
In the last 5 years quite an amount of work has been done: an update is desirable

New NNLO partons: MSTW2008

Two-loop electroweak corrections have been computed

U. Aglietti et al. (2004)
G. Degrassi, F. Maltoni (2004)

G. Passarino et al. (2008)

D. De Florian, MG (2009)

Important differences with respect to MRST2002:

Effect up to 5 % whose sign depends on the Higgs mass

- sizeable changes in the gluon E.g.: at x~0.01 (relevant for mH=120 
GeV at the LHC) the gluon 
increases by 6% with respect to 
MRST2002 !

- more appropriate treatment of heavy quark thresholds



Consider top-quark contribution to the cross section and compute it
at NNLL+NNLO

Normalize top-quark contribution with exact Born cross section

Add bottom contribution and top-bottom interference up to NLO
computed with HIGLU

Include EW effects according to the calculation by Passarino et al. 
assuming complete factorization 
(supported by the calculation of Anastasiou et al.)

Update to MSTW2008 NNLO partons

Use                                    and                               pole massesmt = 170.9 GeV

The recipe

mb = 4.75 GeV



The results: Tevatron
PDF uncertainties computed using the 40 grids provided by MSTW
Scale uncertainties computed with independent variations of renormalization 
and factorization scales (with 0.5mH <μF, μR < 2mH and 0.5 <μF/μR < 2)

With respect to our 2003 
results the effect ranges 
from +9% to -9%

mH (GeV) σbest(pb) Scale (%) Pdf (%) Pdf+αS (%)
110 1.413 +10.0 -9.0 +5.5 -5.8 +7.3 -7.0
115 1.240 +9.9 -8.9 +5.7 -6.1 +7.7 -7.3
120 1.093 +9.8 -8.7 +5.9 -6.3 +8.1 -8.2
125 0.967 +9.7 -8.6 +6.1 -6.5 +8.7 -7.9
130 0.858 +9.6 -8.4 +6.3 -6.7 +8.9 -8.2
135 0.764 +9.5 -8.3 +6.5 -6.9 +9.3 -8.4
140 0.682 +9.5 -8.2 +6.7 -7.2 +9.9 -8.7
145 0.611 +9.4 -8.1 +7.0 -7.4 +10.6 -9.0
150 0.548 +9.3 -8.0 +7.2 -7.6 +11.2 -9.3
155 0.492 +9.2 -7.9 +7.4 -7.8 +11.9 -9.6
160 0.439 +9.2 -7.8 +7.6 -8.0 +12.6 -9.9
165 0.389 +9.2 -7.7 +7.8 -8.2 +13.2 -10.1
170 0.349 +9.1 -7.6 +8.0 -8.4 +13.9 -10.4
175 0.314 +9.1 -7.5 +8,2 -8.6 +14.6 -10.8
180 0.283 +9.1 -7.4 +8,4 -8.9 +15.3 -11.1
185 0.255 +9.0 -7.4 +8.6 -9.1 +16.0 -11.5
190 0.231 +9.0 -7.3 +8.8 -9.3 +16.8 -11.9
195 0.210 +9.0 -7.3 +9.0 -9.5 +17.5 -12.2
200 0.192 +9.0 -7.2 +9.2 -9.7 +18.2 -12.6

Uncertainty from scale 
variations is about 9-10 %
(at NNLO it is 14% )

PDF uncertainty goes 
from 6 to 10% at 90% CL

Allowing αS variations
considerably increases 
the uncertainty



mH (GeV) σbest(pb) Scale (%) Pdf (%) Pdf+αS (%)

100 74.58 +9.6 -10.1 +2.5 -3.3 +7.4 -7.2
110 63.29 +9.3 -9.8 +2.4 -3.2 +7.3 -7.1
120 54.48 +9.0 -9.5 +2.4 -3.1 +7.3 -7.0
130 47.44 +8.7 -9.2 +2.4 -3.1 +7.2 -6.9
140 41.70 +8.3 -9.0 +2.3 -3.0 +7.1 -6.9
150 36.95 +8.2 -8.8 +2.3 -3.0 +7.1 -6.8
160 32.59 +8.0 -8.6 +2.2 -3.0 +7.0 -6.8
170 28.46 +7.8 -8.4 +2.3 -2.9 +7.0 -6.8
180 25.32 +7.6 -8.2 +2.3 -2.9 +7.0 -6.8
190 22.63 +7.4 -8.1 +2.3 -2.9 +7.0 -6.8
200 20.52 +7.3 -7.9 +2.3 -2.9 +7.0 -6.8
220 17.38 +7.0 -7.7 +2.4 -2.9 +7.0 -6.7
240 15.10 +6.8 -7.4 +2.5 -3.0 +7.0 -6.8
260 13.41 +6.6 -7.3 +2.6 -3.0 +7.0 -6.8
280 12.17 +6.4 -7.1 +2.7 -3.1 +7.0 -6.8
300 11.34 +6.3 -6.9 +2.8 -3.2 +7.0 -6.8

The results: LHC@14 TeV
With respect to our 2003 results the effect is huge !
+30 % at mH=115 GeV       +9 % at mH=300 GeV

Scale uncertainty 
ranges from 10 to 7% 
(at NNLO it ranges 
from 12 to 9%)

PDF uncertainty is 
about 3% at 90% CL

It increases by more 
than a factor of 2 
when effect of  αS is
taken into account



NEW: Online calculators
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Online calculatorsNEW:



Total cross section is thus OK but....more exclusive observables are needed !   

 Beyond LO the computation is affected by infrared singularities

Although these singularities cancel between real and virtual contributions, they 
prevent a straightforward implementation of numerical techniques

In particular, at NNLO, only few fully exclusive computations exist, due to their 
substantial technical complications

At LO we don’t find problems: compute the corresponding matrix element and 
integrate it numerically over the multiparton phase-space

For Higgs boson production through gluon fusion two independent 
computations are available and are implemented in two numerical codes:

FEHIP

HNNLO
Based on an extension of the subtraction method

Based on sector decomposition C.Anastasiou, K.Melnikov, F.Petrello (2005)

S.Catani, MG (2007) 
MG(2008)



A study of
              at the Tevatron

gg → H → WW → lνlν

We use the following cuts (CDF note 9500 (2008)):

Tri!er:

MH = 160 GeVWe consider
The inclusive K-factors are:
KNLO = 2.42 KNNLO = 3.31

WW → µ+µ−νν̄

C. Anastasiou, G.Dissertori, 
F. Stoeckli, B.Webber, MG (2009)

Consider dimuon final state

at least one lepton with                          and  pT > 20 GeV |η| < 0.8

Other lepton must have                          andpT > 10 GeV |η| < 1.1

Preselection: 

Invariant mass of the charged leptons

Leptons should be isolated: total transverse energy in a cone 
of radius                  should be smaller than          of lepton

mll > 16 GeV

R = 0.4 10% pT



Selection cuts for                                     :MH = 160 GeV

Define:

where    is the angle in the transverse plane between MET 
and the nearest charged lepton or jet

φ

Define jets according to the kt algorithm with                  : 
 a jet must have                          and |η| < 3

D = 0.4

We require:

At most one jet (effective only beyond NLO)

MET∗ > 25 GeV

This defines the neural net input stage

Being a NN based analysis it is important to check that the 
distributions used are stable against radiative corrections and 
that they are correctly described by the MC generators

pT > 15 GeV



LO NLO NNLO

1.998 ± 0.003 4.288 ± 0.004 5.252 ± 0.016

1.398 ± 0.001 3.366 ± 0.003 4.630 ± 0.010

1.004 ± 0.001 2.661 ± 0.002 4.012 ± 0.007

µ = mH/2
µ = mH

µ = 2mH

σ(fb)

Accepted cross sections at fixed order
Inclusive cross sections:

KNLO = 2.42

KNNLO = 3.31

Cross sections after cuts:

LO NLO NNLO

0.750 ± 0.001 1.410 ± 0.003 1.454 ± 0.006

0.525 ± 0.001 1.129 ± 0.003 1.383 ± 0.003

0.379 ± 0.001 0.903 ± 0.002 1.243 ± 0.003

µ = mH/2
µ = mH

µ = 2mH

σ(fb) KNLO = 2.15

KNNLO = 2.63

εLO = 38% εNLO = 34% εNNLO = 30%

Effect of radiative corrections significantly reduced when cuts are applied
Efficiency of the cuts decreases when going from LO to NLO and NNLO



Distributions
We study a few kinematical distributions:  pTmin, pTmax, mll, φll, MET

Bands obtained by varying μ=μF=μR between 1/2 mH and 2mH

The distributions do not show significant instabilities when 
going from LO to NLO to NNLO
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Distributions
We study a few kinematical distributions:  pTmin, pTmax, mll, φll, MET

Is there a way to quantify the agreement ?

MC results are rescaled so as to match the inclusive NNLO cross section



To check it we train a Neural Network

We use the TMVA root package and train 
the network with samples for Higgs, 
WW and ttbar processes generated with 
PYTHIA 8

Neural Network

All the predictions are peaked at ANN~1



Acceptances
Despite this agreement the final acceptances do show some discrepancies

MC@NLO result smaller than NNLO by 4-14 % depending on the scale choice

HERWIG results agrees with the NNLO calculation within uncertainties

PYTHIA result is smaller than NNLO by 12-21 %

The results do not change significantly if hadronization or UE are taken into 
account

Differences in final acceptance are mainly due to jet veto and isolation



Summary (I)

QCD corrections are important and are known up to NNLO

Gluon-gluon fusion is the dominant production channel for the
SM Higgs boson at hadron colliders for a wide range of  MH

Resummation provides a way to improve the fixed order NNLO
predictions by adding the all-order resummation of soft-gluon contributions

I have presented updated predictions at the Tevatron and the LHC

Compared to our 2003 results the cross sections change significantly

Online calculators are now available



Summary (II)
Total cross sections are ideal quantities: real experiments have finite 
acceptances !

I have presented results of a study of  gg→H→WW→lνlν at the Tevatron                           

As expected, the impact of QCD corrections is reduced when the 
selection cuts are applied

The acceptance obtained with PYTHIA turns out to be smaller than 
that found at NNLO and with MC@NLO

The distributions used in the experimental analysis do not show 
significant instabilities: this is confirmed by using our own NN



BACKUP
SLIDES



Soft-gluon resummation
Knowledge of the function      is not enough get N  LL  accuracyg4

3

Example: effect of g4 α2
S(αSL)n

Combined effect 
of         andC(3) g1

α3
SL(αSL)n

They are of the same logarithmic order !

The sole inclusion of the function       does not lead to a 
consistent improvement of the logarithmic accuracy

g4



Dominance of SV terms


