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gg fusion

Ht, b

g

g  The Higgs coupling is proportional to 
the quark mass             

top-loop dominates

  They increase the LO result by about 80-100 %  !

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)

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)

Next-to-next-to leading order (NNLO)
corrections computed in the large-mtop limit

  Large-mtop approximation works extremely well up to mH=300 GeV
(differences of the order of 0.5 % !)

R.Harlander et al. (2009,2010)
M.Steinhauser et al. (2009)



gg fusion

Two-loop EW corrections are also known (effect is about O(5%))

Effects of soft-gluon resummation at Next-to-next-to 
leading logarithmic (NNLL) accuracy (about 6-15%) S. Catani, D. De Florian, 

P. Nason, MG (2003)

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

G. Passarino et al. (2008)

Mixed QCD-EW effects evaluated in EFT approach (effect O(1%))
Anastasiou et al. (2008)

EW effects for real radiation (effect O(1%))
W.Keung, F.Petriello,  (2009)

support “complete factorization”: EW correction 
multiplies the full QCD corrected cross section 



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

!res ! C("S) exp{Lg1("SL) + g2("SL) + "Sg3("SL) + ....}
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

Quantitative results nicely confirmed by 
computation of soft terms at N LO3 S. Moch, A. Vogt (2005), 

E. Laenen, L. Magnea (2005)



Updated predictions

Three new calculations for LHC@7 TeV have been done for this meeting 

de Florian-Grazzini

Anastasiou-Boughezal-Petriello+Stoeckli

Baglio-Djouadi

D. De Florian, MG (2009)

C.Anastasiou et al. (2009)

J.Baglio, A.Djouadi  (2010)



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

Normalize top-quark contribution with exact Born cross section

Add bottom contribution and top-bottom interference up to NLO

Include EW effects according to the calculation by Passarino et al. 

Use MSTW2008 NNLO partons

Use  mt=172.5 GeV and mb=4.75 GeV pole masses

Our update
D. de Florian, MG (2009)



Results for LHC@7 TeV

Scale uncertainties 
computed with independent 
variations of renormalization 
and factorization scales (with 
0.5mH <μF, μR < 2mH and 0.5 
<μF/μR < 2)

The impact of NNLL resummation is intermediate between LHC@14 TeV and 
the Tevatron: the effect is about +9-10 %



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

90 29.96 +9.2 -9.6 +1.0 -1.6 +4.1 -3.1
95 26.90 +9.1 -9.4 +1.0 -1.6 +4.1 -3.1
100 24.35 +8.9 -9.2 +1.0 -1.6 +4.0 -3.1
105 22.08 +8.8 -9.1 +1.0 -1.6 +4.0 -3.1
110 20.11 +8.6 -8.9 +1.1 -1.6 +4.0 -3.1
115 18.39 +8.5 -8.8 +1.1 -1.6 +4.0 -3.1
120 16.87 +8.4 -8.7 +1.1 -1.6 +4.0 -3.1
125 15.52 +8.3 -8.6 +1.1 -1.6 +4.0 -3.1
130 14.33 +8.1 -8.5 +1.1 -1.6 +4.0 -3.1
135 13.26 +8.0 -8.4 +1.2 -1.6 +3.9 -3.1
140 12.30 +8.0 -8.3 +1.2 -1.6 +3.9 -3.1
145 11.43 +7.9 -8.2 +1.2 -1.6 +3.9 -3.1
150 10.65 +7.8 -8.1 +1.2 -1.6 +3.9 -3.1
155 9.919 +7.7 -8.0 +1.3 -1.6 +3.9 -3.1
160 9.186 +7.6 -7.9 +1.3 -1.7 +3.9 -3.2
165 8.450 +7.5 -7.9 +1.3 -1.7 +3.9 -3.2
170 7.850 +7.5 -7.8 +1.4 -1.7 +3.9 -3.2
175 7.322 +7.4 -7.7 +1.4 -1.7 +3.9 -3.2
180 6.837 +7.3 -7.7 +1.4 -1.7 +3.9 -3.2
185 6.392 +7.3 -7.6 +1.5 -1.8 +3.9 -3.2
190 5.985 +7.2 -7.5 +1.5 -1.8 +3.9 -3.3
195 5.630 +7.1 -7.5 +1.5 -1.8 +4.0 -3.3
200 5.320 +7.1 -7.4 +1.6 -1.8 +4.0 -3.3
210 4.783 +7.0 -7.3 +1.6 -1.9 +4.0 -3.4
220 4.332 +6.9 -7.2 +1.7 -1.9 +4.0 -3.4
230 3.949 +6.8 -7.1 +1.8 -2.0 +4.0 -3.4
240 3.622 +6.7 -7.0 +2.3 -2.0 +4.0 -3.5
250 3.341 +6.7 -6.9 +1.9 -2.1 +4.1 -3.5

In the range mH=100-300 GeV 
the scale uncertainty ranges 
from about 9 to 7% 
(note that at NNLO ranges 
from 10 to 11%)



In the range mH=100-300 GeV 
the PDF (at 68% CL) 
uncertainty is about 2-3%

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

260 3.099 +6.6 -6.9 +2.0 -2.2 +4.1 -3.6
270 2.891 +6.6 -6.8 +2.0 -2.2 +4.1 -3.6
280 2.712 +6.5 -6.7 +2.1 -2.3 +4.2 -3.7
290 2.560 +6.5 -6.6 +2.2 -2.3 +4.2 -3.7
300 2.434 +6.4 -6.6 +2.2 -2.4 +4.2 -3.8
310 2.330 +6.4 -6.5 +2.3 -2.4 +4.3 -3.8
320 2.252 +6.3 -6.5 +2.4 -2.5 +4.3 -3.9
330 2.201 +6.2 -6.4 +2.4 -2.6 +4.3 -3.9
340 2.186 +6.2 -6.3 +2.5 -2.6 +4.4 -4.0
350 2.267 +6.2 -6.3 +2.6 -2.7 +4.4 -4.0
360 2.338 +6.2 -6.2 +2.6 -2.7 +4.5 -4.1
370 2.330 +6.2 -6.2 +2.7 -2.8 +4.5 -4.1
380 2.264 +6.1 -6.2 +2.8 -2.9 +4.6 -4.2
390 2.165 +6.1 -6.1 +2.8 -2.9 +4.7 -4.2
400 2.046 +6.1 -6.1 +2.9 -3.0 +4.7 -4.3
450 1.398 +6.0 -5.9 +3.2 -3.3 +5.0 -4.5
500 0.894 +6.0 -5.7 +3.5 -3.6 +5.4 -4.8
550 0.559 +5.9 -5.5 +3.8 -3.8 +5.8 -5.0
600 0.351 +6.0 -5.3 +4.0 -4.1 +6.1 -5.3
650 0.223 +6.0 -5.2 +4.3 -4.4 +6.5 -5.5
700 0.143 +6.1 -5.0 +4.6 -4.7 +6.9 -5.8
750 0.094 +6.2 -4.9 +4.8 -4.9 +7.2 -6.0
800 0.062 +6.1 -5.0 +5.1 -5.2 +7.6 -6.3
850 0.042 +6.3 -4.8 +5.3 -5.5 +7.9 -6.6
900 0.028 +6.0 -4.9 +5.6 -5.7 +8.3 -6.9
950 0.019 +6.7 -4.6 +5.8 -6.0 +8.7 -7.2
1000 0.014 +5.9 -5.2 +6.1 -6.3 +9.0 -7.5

The combined PDF+αS 
(at 68% CL) uncertainty is 
instead about 4%



Comments

We neglect mixed QCD-EW contributions but.......

...their effect is at the percent level and their uncertainty is of 
the same order

The top quark contribution is treated in the large mtop limit:
the consistent inclusion of the exact mtop dependence up to
NLL+NLO is in progress

- Preliminary results show that the effect is    
extremely small for mH<300 GeV

- Even at mH=800 GeV it is at 5% level



The calculation by Anastasiou et al.

The effect of resummation is mimicked by choosing μF=μR=mH/2
as central value for the scale

Start from exact NLO and include NNLO in the large-mtop limit

Includes EFT estimate of mixed QCD-EW effects and some 
effects from EW corrections to real radiation 

C.Anastasiou et al. (2009)
W. Keung, F.Petriello (2009)

Choice of scale motivated by better convergence of the fixed order 
perturbative expansion



mH ! [fb] "(µR, µF) "(PDF) "(#s) mH ! [fb] "(µR, µF) "(PDF) "(#s)
95 27541.26 !10.76%

+9.93%
!1.60%
+1.05%

!3.13%
+4.14% 240 3652.59 !9.03%

+6.77%
!2.14%
+1.91%

!3.55%
+4.13%

100 24810.73 !10.49%
+9.69%

!1.59%
+1.06%

!3.12%
+4.12% 250 3368.02 !8.99%

+6.69%
!2.20%
+1.98%

!3.59%
+4.15%

105 22469.98 !10.28%
+9.41%

!1.59%
+1.07%

!3.11%
+4.11% 260 3123.59 !9.01%

+6.60%
!2.26%
+2.05%

!3.64%
+4.18%

110 20443.02 !10.12%
+9.19%

!1.59%
+1.09%

!3.11%
+4.09% 270 2913.74 !9.03%

+6.55%
!2.32%
+2.12%

!3.69%
+4.21%

115 18672.71 !9.96%
+8.94%

!1.60%
+1.11%

!3.12%
+4.10% 280 2731.71 !8.96%

+6.58%
!2.38%
+2.19%

!3.74%
+4.25%

120 17116.91 !9.84%
+8.70%

!1.60%
+1.13%

!3.12%
+4.06% 290 2578.05 !8.90%

+6.62%
!2.45%
+2.26%

!3.79%
+4.28%

125 15735.73 !9.69%
+8.56%

!1.61%
+1.15%

!3.13%
+4.05% 300 2452.26 !8.88%

+6.54%
!2.51%
+2.33%

!3.83%
+4.31%

130 14516.09 !9.55%
+8.34%

!1.62%
+1.18%

!3.13%
+4.04% 320 2276.50 !9.00%

+6.49%
!2.64%
+2.47%

!3.93%
+4.39%

135 13425.19 !9.42%
+8.22%

!1.64%
+1.21%

!3.14%
+4.00% 340 2245.37 !9.16%

+6.70%
!2.76%
+2.60%

!4.04%
+4.47%

140 12448.41 !9.34%
+8.12%

!1.65%
+1.24%

!3.15%
+4.04% 360 2438.17 !9.21%

+6.77%
!2.89%
+2.74%

!4.13%
+4.55%

145 11576.51 !9.29%
+8.00%

!1.67%
+1.27%

!3.16%
+4.05% 380 2309.47 !8.87%

+6.13%
!3.01%
+2.87%

!4.22%
+4.63%

150 10792.58 !9.27%
+7.86%

!1.68%
+1.30%

!3.18%
+4.03% 400 2047.39 !8.55%

+5.65%
!3.13%
+3.01%

!4.32%
+4.79%

155 10078.16 !9.24%
+7.72%

!1.70%
+1.33%

!3.19%
+4.01% 450 1352.52 !8.19%

+4.75%
!3.43%
+3.33%

!4.57%
+5.19%

160 9363.22 !9.20%
+7.60%

!1.72%
+1.36%

!3.21%
+4.01% 500 843.74 !7.90%

+4.21%
!3.74%
+3.65%

!4.83%
+5.54%

165 8536.45 !9.19%
+7.54%

!1.74%
+1.40%

!3.23%
+4.02% 550 521.67 !7.69%

+3.79%
!4.04%
+3.95%

!5.11%
+5.98%

170 7919.50 !9.22%
+7.45%

!1.76%
+1.43%

!3.25%
+4.02% 600 324.59 !7.50%

+3.53%
!4.33%
+4.25%

!5.38%
+6.37%

175 7400.22 !9.17%
+7.39%

!1.79%
+1.47%

!3.27%
+4.03% 650 204.62 !7.39%

+3.34%
!4.63%
+4.54%

!5.64%
+6.76%

180 6932.75 !9.13%
+7.29%

!1.81%
+1.50%

!3.28%
+4.03% 700 130.93 !7.28%

+3.19%
!4.92%
+4.83%

!5.93%
+7.14%

185 6444.78 !9.11%
+7.24%

!1.84%
+1.53%

!3.31%
+4.03% 750 85.01 !7.22%

+3.08%
!5.21%
+5.11%

!6.23%
+7.53%

190 6026.63 !9.06%
+7.24%

!1.86%
+1.57%

!3.33%
+4.04% 800 55.99 !7.17%

+2.96%
!5.51%
+5.38%

!6.54%
+7.91%

200 5361.79 !9.05%
+7.12%

!1.91%
+1.64%

!3.38%
+4.07% 850 37.37 !7.13%

+2.87%
!5.80%
+5.66%

!6.84%
+8.30%

210 4821.25 !9.07%
+7.05%

!1.97%
+1.71%

!3.39%
+4.05% 900 25.26 !7.10%

+2.80%
!6.10%
+5.93%

!7.16%
+8.69%

220 4365.69 !8.98%
+6.97%

!2.02%
+1.78%

!3.46%
+4.08% 950 17.27 !7.13%

+2.75%
!6.39%
+6.20%

!7.47%
+9.08%

230 3982.55 !8.99%
+6.82%

!2.08%
+1.85%

!3.51%
+4.10% 1000 11.94 !7.12%

+2.68%
!6.69%
+6.48%

!7.79%
+9.50%

1



Comments

The effect of resummation is mimicked by choosing μF=μR=mH/2
as central value for the scale

Includes all the available theoretical information except 
resummation, whose effect is however large (+9-10 %)

.....note that this procedure is possible only once you know what 
the resummation effect is !

From a practical point of view this is certainly legitimate if the 
two calculations agree but.....



The calculation by Baglio-Djouadi

Start from exact NLO (HIGLU) and add NNLO corrections in 
the large-mtop limit

Ignore resummation effect (+9-10 %)

Add NLO EW corrections (~5 %) G.Passarino et al. (2008)

Add estimate for mixed EW-QCD corrections
Anastasiou et al. (2008)

First detailed study of the various sources of uncertainties

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





Results

The total uncertainties are of order 25-30 %



Comments

 Twofold consequence:
- 10 % effect loss in cross section
- increase of scale uncertainty from 7-9 % to 10-13 % 

Theoretical uncertainties on αS: why 0.003 ?

Neglect resummation effect is unjustified !
It simply ignores some (solid) work done in the last few years that 
increases our confidence on the reliability of the perturbative result

Error from EFT few percent: double counting ?

Linear combination of various sources of uncertainties is probably
excessively conservative !

Fully independent scale variations lead to 0.25< μF/μR <4: 
introduces somewhat large logs !



LHC @ 7 TeV
At 14 TeV a SM Higgs boson with
mH ~ 160 GeV can be discovered with
about 1 &-1

From 14 to 7 TeV both signal and 
background cross sections decrease

But gg parton luminosity drops faster

Recent NLO study shows that luminosity needed for discovery may be a factor 
6-7 larger E.Berger et al. (2010)

Lcc̄(!, µ2
F ) =

! 1

!

dx

x
fc(x, µ2

F )fc̄(!/x, µ2
F )

14 TeV

7 TeV



LHC @ 7 TeV
Why not to focus on the region where we have some (small) chance in 
the next few years ?

! = 7.75+2.17
!1.79 pb

! = 8.45+0.64
!0.66 (scale)+0.33

!0.27(PDF + "S @ 68% CL) de Florian, MG

Baglio, Djouadi

mH=165 GeV

! = 8.54+0.64
!0.78 (scale)+0.34

!0.28(PDF + "S @ 68% CL) C.Anastasiou et al.

The three predictions are perfectly consistent



How are theoretical predictions exploited in practice ?

Tevatron experience: experimental search based on Monte Carlo (mainly Pythia)

Use “best” total cross section as over all normalization

Works only if the Monte Carlo correctly predicts 
relevant kinematical distributions

Needs careful MC validation against
higher-order (and resummed) computations

What else ?

See e.g. Higgs pT spectrum:
MC@NLO vs PYTHIA vs NNLL 
resummed result

NNLL+NLO
G.Bozzi et al.



HNNLO:
Parton level Monte Carlo program that computes 
NNLO corrections for
                                 and  

H ! !!
H !WW ! l!l!

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

H ! ZZ ! 4l

With these programs it is possible to study the impact of higher 
order corrections with the cuts used in the experimental analysis 

Fortunately the NNLO computation is now implemented at fully exclusive 
level

Now being used at the Tevatron !

C. Anastasiou, 
K. Melnikov, F. Petrello (2005)

Based on sector decomposition: computes NNLO 
corrections for                    andFEHIP:

H ! !! H !WW ! l!l!



Summary

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 and increase their reliability

I have presented three updated predictions for LHC@7 TeV

It is probably also the channel that provides the only possibility
to observe or exclude the Higgs in the near future

The predictions are consistent within the errors

Two-loop EW effects are also known



Final thoughts
At the LHC we are not going to discover or exclude the Higgs 
in the next few months

Theoretical predictions will inevitably change when new theoretical 
input will be available and new PDFs (CTEQ NNLO ?) will be released

We should not focus only on total cross sections, but take into account 
that there are also fully exclusive NNLO programs that allow us to
compute radiative corrections to the relevant kinematical distributions
in the presence of cuts

We should be ready to use these programs and any other
theoretical tool that will become available !


