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Influence of theory errors

Impact of theory uncertainties

Combined limits with and without theoretical systematic uncertainties:

• at this stage: differences of 3− 6% except for the very high mass range:
∼ 20% at 600GeV/c2 (from σH and mH shape)

Choice of data-driven
methods to constrain
uncertainties: how much
“data-driven” are they?

Theory uncertainties will
relatively play a bigger role
as statistics will increase!

Grégory Schott (KIT) Overview of Higgs Boson Searches in CMS 8 Dec. 2011 26 / 54
R. Harlander ( BU Wuppertal ) Inclusive Higgs Cross Sections January 2012 35 / 1

Influence of theory errors
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Gluon fusion: uncertainties

• perturbative (scale variation)

• PDF/αs

• bottom loop/Yukawa coupling

• . . .
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Gluon fusion: recent progress

• Higgs line shape

• Signal/Background interference

• validity of effective 1/mt theory

• jet veto uncertainties

Goria, Passarino, Rosco ’12;  Anastasiou, Buehler, Herzog, Lazopoulos ’11

Glover, v.d. Bij ’89;  Binoth, Ciccolini, Kauer, Krämer ’06;  
Campbell, Ellis, Williams ’11;  Kauer ’12;  Passarino ’12

RH, Mantler, Marzani, Ozeren ’09;  Pak, Rogal, Steinhauser ’09
Alwall, Li, Maltoni ’11;  Bagnasci, Degrassi, Slavich, Vicini ’11
RH, Neumann, Wiesemann ’12

Anastasiou, Dissertori, Grazzini, Stöckli, Webber ’09
Stewart, Tackmann ’11
Banfi, Monni, Salam, Zanderighi ’12; Becher, Neubert ’12
Tackmann, Walsh, Zuberi ’12
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what about NNLO?

Effective Theory:
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what about NNLO?                                ✓
what about distributions?
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Fig. 40: Ratio, for different values of the SM Higgs-boson mass, of the normalised Higgs transverse-momentum
distribution computed with exact top- and bottom-mass dependence over the one obtained in the ET. Left: ratio of
the NLO QCD predictions. Right: ratio of the POWHEG+PYTHIA predictions.

In the equation above the variables Φ̄1 ≡ (M2, Y ) denote the invariant mass squared and the rapidity of
the Higgs boson, which describe the kinematics of the Born (i.e., lowest-order) process gg → φ. The
variables Φrad describe the kinematics of the additional final-state parton in the real emission processes.
The factor B̄(Φ̄1) in Eq. (16) is related to the total cross section computed at NLO in QCD. It contains
the value of the differential cross section, including real and virtual radiative corrections, for a given
configuration of the Born final-state variables, integrated over the radiation variables. The integral of
this quantity on dΦ̄1, without acceptance cuts, yields the total cross section and is responsible for the
correct NLO QCD normalisation of the result. The terms within curly brackets in Eq. (16) describe the
real emission spectrum of an extra parton: the first term is the probability of not emitting any parton with
transverse momentum larger than a cutoff pmin

T , while the second term is the probability of not emitting
any parton with transverse momentum larger than a given value pT times the probability of emitting a
parton with transverse momentum equal to pT. The sum of the two terms fully describes the probability
of having either zero or one additional parton in the final state. The probability of non-emission of a
parton with transverse momentum kT larger than pT is obtained using the POWHEG Sudakov form
factor

∆(Φ̄1, pT) = exp

{
−
∫

dΦrad
R(Φ̄1,Φrad)

B(Φ̄1)
θ(kT − pT)

}
, (17)

where the Born squared matrix element is indicated byB(Φ̄1) and the squared matrix element for the real
emission of an additional parton can be written, considering the subprocesses gg → φg and gq → φq,
as

R(Φ̄1,Φrad) = Rgq(Φ̄1,Φrad) +
∑

q

[
Rgq(Φ̄1,Φrad) +Rqg(Φ̄1,Φrad)

]
. (18)

Finally, the last term in Eq. (16) describes the effect of the qq → φg channel, which has been kept apart
in the generation of the first hard emission, because it does not factorise into the Born cross section times
an emission factor.

The NLO QCD matrix elements used in this implementation have been computed in Refs. [210,
211]. We compared the numerical results for the distributions with those of the code FEHIPRO [208],
finding good agreement. We also checked that, in the case of a light Higgs and considering only the top

62

Ht

t

t

H

Spira, Djouadi, Graudenz, Zerwas ’93
Keung, Petriello ’09;  Brein ’10;
Anastasiou, Bucherer, Kunszt ’09

Bagnasci, Degrassi, Slavich, Vicini ’11
see also
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Transverse momentum:

Inclusive H XS at NNLO Exclusive H XS at NNLO WH production H qT resummation Conclusions

Resummed results: qT spectrum of the Higgs boson at the LHC
√
s = 7TeV

The NNLL+NLO band obtained varying
µR , µF , Q independently:

1/2 ≤ {µF /mZ , µR/mZ , 2Q/mZ , µF /µR ,Q/µR} ≤ 2
to avoid large logarithmic contributions
(∼ ln(µ2

F /µ
2
R ), ln(Q

2/µ2
R)) in the evolution of

the parton densities and in the the resummed
form factor.

Fractional difference with respect to the reference
result: NNLL+NLO, µR = µF = 2Q = mZ .

NNLL+NLO scale dependence is ±10% at the
peak, ±8% at qT = 30 GeV and ±10% at
qT = 50 GeV . At large qT the resummed result
looses predictivity (anyway NLO and NNLL+NLO
bands overlap).

NNLO PDFs uncertainty (at 68% CL) on
NNLL+NLO prediction.

Giancarlo Ferrera – Università di Milano SM@LHC 2012 Copenhagen – 12/4/2012

NNLO QCD predictions for Higgs Physics at the LHC 18/22

HqT Bozzi, Catani, de Florian, Grazzini ’03

Mantry, Petriello ’11
de Florian, Kulesza, Vogelsang ’06
Kulesza, Sterman, Vogelsang ’03
Berger, Qiu ’03

see also:
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Giancarlo Ferrera – Università di Milano SM@LHC 2012 Copenhagen – 12/4/2012

NNLO QCD predictions for Higgs Physics at the LHC 18/22

HqT Bozzi, Catani, de Florian, Grazzini ’03

Inclusive H XS at NNLO Exclusive H XS at NNLO WH production H qT resummation Conclusions

Higgs qT -resummation with decay dependence: HRes
de Florian,G.F.,Grazzini,Tommasini arXiv:1203.6321 D. Tommasini Ph.D. project(’12)
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Experiments have finite acceptance:
important to provide exclusive
theoretical predictions.

Analytic resummation formalism
inclusive over soft-gluon emission:
not possible to apply selection cuts
on final state partons.

Included the full dependence of Higgs decays: H → γγ, H → WW → 2l2ν,
H → ZZ → 4l , possible to apply cuts on Higgs boson and decay products variables.

To construct the “finite” part we rely on the fully-differential NNLO result from the
code HNNLO [Catani,Grazzini(’07)].

Calculation implemented in a numerical program HRes. Possible to compute
distributions in form of bin histograms:
http://theory.fi.infn.it/grazzini/codes.html.

Giancarlo Ferrera – Università di Milano SM@LHC 2012 Copenhagen – 12/4/2012

NNLO QCD predictions for Higgs Physics at the LHC 19/22

de Florian, Ferrera, Grazzini, Tommasini ’11

including decay:

Mantry, Petriello ’11
de Florian, Kulesza, Vogelsang ’06
Kulesza, Sterman, Vogelsang ’03
Berger, Qiu ’03
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Gluon fusion: recent progress

• Higgs line shape

• Signal/Background interference

• validity of effective 1/mt theory

• jet veto uncertainties
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NNLO jet veto:

σ(0-jet) = σ(total) - σ(≥1-jet)
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Fig. 41: Fixed-order perturbative uncertainties for gg → H+0 jets at NLO and NNLO. On the left, the uncertain-
ties are obtained from the direct exclusive scale variation in σ0(pcutT ) between µ = MH/4 and µ = MH (method
A). On the right, the uncertainties are obtained by independently evaluating the inclusive scale uncertainties in
σtotal and σ≥1(pcut) and combining them in quadrature (method B). The plots are taken from Ref. [204].

logarithms on the perturbative series. Taking their difference to get σ0, one observes a sizeable numerical
cancellation between the two series at each order in αs.

Since ∆cut and ∆total are by definition uncorrelated, by associating ∆cut = ∆≥1 we are effec-
tively treating the perturbative series for σtotal and σ≥1 as independent with uncorrelated perturbative
uncertainties. That is, considering {σtotal,σ≥1}, the covariance matrix is diagonal,

(
∆2

total 0
0 ∆2

≥1

)
, (26)

where ∆total and ∆≥1 are evaluated by separate scale variations in the fixed-order predictions for σtotal
and σ≥1. This is consistent, since for small pcut the two series have very different structures. In particular,
there is no reason to believe that the same cancellations in σ0 will persist at every order in perturbation
theory at a given pcut. It follows that the perturbative uncertainty in σ0 = σtotal − σ≥1 is given by
∆2

total +∆2
≥1, and the resulting covariance matrix for {σ0,σ≥1} is

C =

(
∆2

≥1 +∆2
total −∆2

≥1

−∆2
≥1 ∆2

≥1

)
. (27)

The ∆≥1 contributions here are equivalent to Eq. (20) with ∆cut = ∆≥1. Note also that all of ∆total

occurs in the uncertainty for σ0. This is reasonable from the point of view that σ0 starts at the same order
in αs as σtotal and contains the same leading virtual corrections.

The limit ∆cut = ∆≥1 that Eq. (27) is based on is of course not exact. However, the preceding
arguments show that it is a more reasonable starting point than using a common scale variation for
the different jet bins as in method A, since the latter does not account for the additional pcut induced
uncertainties. These two methods of evaluating the perturbative uncertainties are contrasted in Figure 41
for gg → H + 0 jets at NLO (light gray) and NNLO (dark gray) as a function of pcutT (using µ =
MH/2 for the central scale choice). The left panel shows the uncertainties from method A obtained
from a direct scale variation by a factor of two in σ0(pcutT ). For small values of pcutT the cancellations
that take place in σ0(pcut) cause the error bands to shrink and eventually vanish at pcutT # 25 GeV,
where there is an almost exact cancellation between the two series in Eq. (24). In contrast, in the right
panel the uncertainties are obtained using the above method B by combining the independent inclusive
uncertainties to obtain the exclusive uncertainty, ∆2

0 = ∆2
total + ∆2

≥1. For large values of pcutT this
reproduces the direct exclusive scale variation, since σ≥1(pcut) becomes small. On the other hand, for
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we will therefore consider the structure of the fixed-order cross sections, and subsequently
proceed to introduce our matching prescriptions and to examine the results.

4 Jet-veto at fixed order

The state-of-the-art of fixed-order predictions for fully differential differential partonic
Higgs-boson and Z-boson cross sections is NNLO, i.e. the calculation of Σ2(pt,veto) and
σ2, with tools like fehip [13] and hnnlo [14] for Higgs productions, and fewz [47] and
dynnlo [48] for Z production. For the purpose of determining the jet-veto cross section,
it is however also possible (and sometimes numerically cheaper) to compute only σ2 with
these NNLO tools (or from the inclusive results [49, 50, 51, 52]), and obtain Σ1(pt,veto) and
Σ2(pt,veto) from the relation

Σi(pt,veto) = σi + Σ̄i(pt,veto), Σ̄i(pt,veto) = −

∫
∞

pt,veto

dpt
dΣi(pt)

dpt
. (4.1)

The differential distributions dΣ̄1/dpt and dΣ̄2/dpt can be computed from the boson+jet
cross sections at LO and NLO respectively, e.g. using MCFM [18, 19, 53]. We recall that,
throughout, we use the large mtop approximation for Higgs production.

4.1 Prescriptions for the efficiency

There is little ambiguity in the definition of the fixed order results for the total and jet-
vetoed cross-sections, with the only freedom being, as usual, in the choice or renormal-
isation and factorisation scale. However, given the expressions of Σ and σ at a given
perturbative order, there is some additional freedom in the way one computes the jet-veto
efficiency. For instance, at NNLO the efficiency can be defined as

ε(a)(pt,veto) ≡
Σ0(pt,veto) + Σ1(pt,veto) + Σ2(pt,veto)

σ0 + σ1 + σ2
, (4.2a)

but the following expressions are equally valid at NNLO,

ε(b)(pt,veto) ≡
Σ0(pt,veto) + Σ1(pt,veto) + Σ̄2(pt,veto)

σ0 + σ1
, (4.2b)

ε(c)(pt,veto) ≡ 1 +
Σ̄1(pt,veto)

σ0
+

(
Σ̄2(pt,veto)

σ0
−

σ1

σ2
0

Σ̄1(pt,veto)

)
, (4.2c)

since they differ relative to Eq. (4.2a) only by terms O (α3
s), which are not under control.

Option (a) is the most widely used, and may appear at first sight to be the most
natural, since one keeps as many terms as possible both in the numerator and denominator.
However, option (b) can be motivated as follows: since the zeroth order term of ε(pt,veto)
is equal to 1, it is really only 1− ε(pt,veto) that has a non-trivial perturbative series, given
by the ratio of the inclusive 1-jet cross section above pt,veto, σNLO

1-jet (pt,veto), to the total cross
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Figure 2: Jet-veto efficiency for Higgs (left) and Z-boson production (right) using three
different prescriptions for the NNLO expansion, see Eqs.(4.2a–4.2c). For each prescription,
the thick solid line corresponds to the result obtained with µR = µF = MH/Z/2, while the
band shows the scale uncertainty as obtained with the choices of Eq. (3.14).

section. Insofar as the 1-jet cross section is known only to NLO, in taking the ratio to the
total cross section one can argue that one should also use NLO for the latter, i.e.

ε(pt,veto) = 1−
σNLO

1-jet (pt,veto)

σ0 + σ1
. (4.3)

It is straightforward to verify that this then leads to Eq. (4.2b). This procedure also
coincides with the one adopted in event-shape studies in DIS and hadron-hadron collisions
(σ2 is not even known in the latter case). Option (c) is also well motivated, since it is
a strict fixed order expansion of the ratio, so no uncontrolled terms beyond NNLO are
included. This is the prescription that is usually adopted in e+e− event-shape and jet-rate
studies.

While other possibilities are also equally valid, the above three schemes capture a
substantial part of the freedom that one has in writing the series. The size of the differences
between them is one way to estimate the associated theoretical uncertainty and goes beyond
the usual variation of scales.

4.2 Numerical results

Figure 2 shows the NNLO results for the jet-veto efficiency in the 3 schemes discussed
above. Each scheme is displayed as a band corresponding to the envelope of the scale
variations as in Eq. (3.14), together with a solid line for the prediction with the central
scale choice.

In the case of Higgs production (left-hand plot) the bands barely overlap and, in the
region of interest, pt,veto ∼ 25 − 30 GeV, the three predictions differ considerably, with

11

NNLO

 Jet-veto resummation using CAESAR

!(
p t

,v
et

o)

Higgs production (mH = 125 GeV), NNLO v. NLL+NNLO

pp, 7 TeV
mH/4 < µR,F, Q < mH, 3 schemes
MSTW2008 NNLO PDFs
anti-kt, R=0.5

NNLO
NLL+NNLO

 0

 0.2

 0.4

 0.6

 0.8

 1

!(
p t

,v
et

o)
 / 
! c

en
tra

l(p
t,v

et
o)

pt,veto [GeV]

 0.7

 0.8

 0.9

 1

 1.1

 1.2

 1.3

 10  100

!(
p t

,v
et

o)

Z production, NNLO v. NLL+NNLO

pp, 7 TeV
mZ/4 < µR,F, Q < mZ, 3 schemes
MSTW2008 NNLO PDFs
anti-kt, R=0.5

NNLO
NLL+NNLO

 0

 0.2

 0.4

 0.6

 0.8

 1

!(
p t

,v
et

o)
 / 
! c

en
tra

l(p
t,v

et
o)

pt,veto [GeV]

 0.7

 0.8

 0.9

 1

 1.1

 1.2

 1.3

 10  100

Figure 4: Comparison of fixed-order (NNLO) and matched resummed (NLL+NNLO)
predictions for the jet veto efficiencies in Higgs (left) and Z production (right). The
uncertainties are those derived from the envelope method: for both fixed order and matched
results they include renormalisation and factorisation scale uncertainties, as well as the
scheme for defining the efficiency (or matching prescription). In the matched case, there
is additionally the uncertainty from the variation of Q. The lower panels show the ratio of
the results to the central matched prediction.
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Higgs production (MH = 125 GeV)

NNLO NLL+NNLO

pt,veto = 25 GeV 60+11
−9 % 57+8

−4%

pt,veto = 30 GeV 67+9
−8% 64+8

−4%

Z production

NNLO NLL+NNLO

pt,veto = 25 GeV 81+1
−2% 81+1

−2%

pt,veto = 30 GeV 85+1
−1% 85+1

−2%

Table 3: Jet veto efficiencies and their uncertainties at NNLO and NLL+NNLO, for the
values of pt,veto used by ATLAS and CMS, shown for the anti-kt algorithm with R = 0.5,
and based on MSTW2008 NNLO PDFs.

the central value from the matched calculation is closer to that of the fixed-order results
than to the resummed results, but with a slightly reduced uncertainty, indicating that
resummation is at the edge of its validity in this region. Here too the bands from the
different matching schemes fail to overlap in the Higgs case. Since the bands differ at most
by NNNLL terms, this has implications for the degree of improvement that one might
expect when extending the resummation from NLL to NNLL accuracy.

A direct comparison of the fixed-order and matched predictions is to be found in Fig. 4.
Here the uncertainty envelopes encompass the full scheme a band as well as the central
values of the two other schemes. This follows the procedure outlined in section 5 and
it provides the uncertainties that we shall use throughout the rest of the article. The
efficiencies for the two jet-veto thresholds used by ATLAS and CMS, 25 and 30 GeV
respectively, are summarised in table 3. For Higgs production, one observes that the
absolute efficiencies are about 3% lower in the matched calculation as compared to the
NNLO result (equivalent to a relative 5% reduction in the efficiency). The uncertainties are
somewhat more asymmetric in the matched calculation and in particular the uncertainty
towards lower efficiencies is reduced by about a factor of two. For Z-boson production,
the uncertainties with matching are the same or larger as those of the pure NNLO result.
This surprising result may be because the resummation explicitly involves the running of
the coupling and thus, for low pt,veto, directly probes the uncertainties associated with a
perturbative expansion whose coupling constant is somewhat larger than the αs(MZ/2)
that appears in the NNLO calculation.

7 Comparisons to other calculations

In this section we will complement our resummed matched study so far with information
from event generators and analytical boson-pt resummations. For brevity we concentrate
on the case of Higgs production, using MH = 125 GeV throughout.

7.1 Effects beyond the scope of matched calculations

The matched calculation that we have performed applies to partons and assumes infinite
detector acceptance. Experiments, however, measure hadrons, including the underlying
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• reduction in efficiency uncertainty
• when combined with inclusive uncertainty 
similar results as ST procedure
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proceed to introduce our matching prescriptions and to examine the results.

4 Jet-veto at fixed order

The state-of-the-art of fixed-order predictions for fully differential differential partonic
Higgs-boson and Z-boson cross sections is NNLO, i.e. the calculation of Σ2(pt,veto) and
σ2, with tools like fehip [13] and hnnlo [14] for Higgs productions, and fewz [47] and
dynnlo [48] for Z production. For the purpose of determining the jet-veto cross section,
it is however also possible (and sometimes numerically cheaper) to compute only σ2 with
these NNLO tools (or from the inclusive results [49, 50, 51, 52]), and obtain Σ1(pt,veto) and
Σ2(pt,veto) from the relation

Σi(pt,veto) = σi + Σ̄i(pt,veto), Σ̄i(pt,veto) = −

∫
∞

pt,veto

dpt
dΣi(pt)

dpt
. (4.1)

The differential distributions dΣ̄1/dpt and dΣ̄2/dpt can be computed from the boson+jet
cross sections at LO and NLO respectively, e.g. using MCFM [18, 19, 53]. We recall that,
throughout, we use the large mtop approximation for Higgs production.

4.1 Prescriptions for the efficiency

There is little ambiguity in the definition of the fixed order results for the total and jet-
vetoed cross-sections, with the only freedom being, as usual, in the choice or renormal-
isation and factorisation scale. However, given the expressions of Σ and σ at a given
perturbative order, there is some additional freedom in the way one computes the jet-veto
efficiency. For instance, at NNLO the efficiency can be defined as

ε(a)(pt,veto) ≡
Σ0(pt,veto) + Σ1(pt,veto) + Σ2(pt,veto)

σ0 + σ1 + σ2
, (4.2a)

but the following expressions are equally valid at NNLO,

ε(b)(pt,veto) ≡
Σ0(pt,veto) + Σ1(pt,veto) + Σ̄2(pt,veto)

σ0 + σ1
, (4.2b)

ε(c)(pt,veto) ≡ 1 +
Σ̄1(pt,veto)

σ0
+

(
Σ̄2(pt,veto)

σ0
−

σ1

σ2
0

Σ̄1(pt,veto)

)
, (4.2c)

since they differ relative to Eq. (4.2a) only by terms O (α3
s), which are not under control.

Option (a) is the most widely used, and may appear at first sight to be the most
natural, since one keeps as many terms as possible both in the numerator and denominator.
However, option (b) can be motivated as follows: since the zeroth order term of ε(pt,veto)
is equal to 1, it is really only 1− ε(pt,veto) that has a non-trivial perturbative series, given
by the ratio of the inclusive 1-jet cross section above pt,veto, σNLO

1-jet (pt,veto), to the total cross
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Figure 2: Jet-veto efficiency for Higgs (left) and Z-boson production (right) using three
different prescriptions for the NNLO expansion, see Eqs.(4.2a–4.2c). For each prescription,
the thick solid line corresponds to the result obtained with µR = µF = MH/Z/2, while the
band shows the scale uncertainty as obtained with the choices of Eq. (3.14).

section. Insofar as the 1-jet cross section is known only to NLO, in taking the ratio to the
total cross section one can argue that one should also use NLO for the latter, i.e.

ε(pt,veto) = 1−
σNLO

1-jet (pt,veto)

σ0 + σ1
. (4.3)

It is straightforward to verify that this then leads to Eq. (4.2b). This procedure also
coincides with the one adopted in event-shape studies in DIS and hadron-hadron collisions
(σ2 is not even known in the latter case). Option (c) is also well motivated, since it is
a strict fixed order expansion of the ratio, so no uncontrolled terms beyond NNLO are
included. This is the prescription that is usually adopted in e+e− event-shape and jet-rate
studies.

While other possibilities are also equally valid, the above three schemes capture a
substantial part of the freedom that one has in writing the series. The size of the differences
between them is one way to estimate the associated theoretical uncertainty and goes beyond
the usual variation of scales.

4.2 Numerical results

Figure 2 shows the NNLO results for the jet-veto efficiency in the 3 schemes discussed
above. Each scheme is displayed as a band corresponding to the envelope of the scale
variations as in Eq. (3.14), together with a solid line for the prediction with the central
scale choice.

In the case of Higgs production (left-hand plot) the bands barely overlap and, in the
region of interest, pt,veto ∼ 25 − 30 GeV, the three predictions differ considerably, with

11

NNLO

 Jet-veto resummation using CAESAR

!(
p t

,v
et

o)

Higgs production (mH = 125 GeV), NNLO v. NLL+NNLO

pp, 7 TeV
mH/4 < µR,F, Q < mH, 3 schemes
MSTW2008 NNLO PDFs
anti-kt, R=0.5

NNLO
NLL+NNLO

 0

 0.2

 0.4

 0.6

 0.8

 1

!(
p t

,v
et

o)
 / 
! c

en
tra

l(p
t,v

et
o)

pt,veto [GeV]

 0.7

 0.8

 0.9

 1

 1.1

 1.2

 1.3

 10  100

!(
p t

,v
et

o)

Z production, NNLO v. NLL+NNLO

pp, 7 TeV
mZ/4 < µR,F, Q < mZ, 3 schemes
MSTW2008 NNLO PDFs
anti-kt, R=0.5

NNLO
NLL+NNLO

 0

 0.2

 0.4

 0.6

 0.8

 1

!(
p t

,v
et

o)
 / 
! c

en
tra

l(p
t,v

et
o)

pt,veto [GeV]

 0.7

 0.8

 0.9

 1

 1.1

 1.2

 1.3

 10  100

Figure 4: Comparison of fixed-order (NNLO) and matched resummed (NLL+NNLO)
predictions for the jet veto efficiencies in Higgs (left) and Z production (right). The
uncertainties are those derived from the envelope method: for both fixed order and matched
results they include renormalisation and factorisation scale uncertainties, as well as the
scheme for defining the efficiency (or matching prescription). In the matched case, there
is additionally the uncertainty from the variation of Q. The lower panels show the ratio of
the results to the central matched prediction.
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Higgs production (MH = 125 GeV)

NNLO NLL+NNLO

pt,veto = 25 GeV 60+11
−9 % 57+8

−4%

pt,veto = 30 GeV 67+9
−8% 64+8

−4%

Z production

NNLO NLL+NNLO

pt,veto = 25 GeV 81+1
−2% 81+1

−2%

pt,veto = 30 GeV 85+1
−1% 85+1

−2%

Table 3: Jet veto efficiencies and their uncertainties at NNLO and NLL+NNLO, for the
values of pt,veto used by ATLAS and CMS, shown for the anti-kt algorithm with R = 0.5,
and based on MSTW2008 NNLO PDFs.

the central value from the matched calculation is closer to that of the fixed-order results
than to the resummed results, but with a slightly reduced uncertainty, indicating that
resummation is at the edge of its validity in this region. Here too the bands from the
different matching schemes fail to overlap in the Higgs case. Since the bands differ at most
by NNNLL terms, this has implications for the degree of improvement that one might
expect when extending the resummation from NLL to NNLL accuracy.

A direct comparison of the fixed-order and matched predictions is to be found in Fig. 4.
Here the uncertainty envelopes encompass the full scheme a band as well as the central
values of the two other schemes. This follows the procedure outlined in section 5 and
it provides the uncertainties that we shall use throughout the rest of the article. The
efficiencies for the two jet-veto thresholds used by ATLAS and CMS, 25 and 30 GeV
respectively, are summarised in table 3. For Higgs production, one observes that the
absolute efficiencies are about 3% lower in the matched calculation as compared to the
NNLO result (equivalent to a relative 5% reduction in the efficiency). The uncertainties are
somewhat more asymmetric in the matched calculation and in particular the uncertainty
towards lower efficiencies is reduced by about a factor of two. For Z-boson production,
the uncertainties with matching are the same or larger as those of the pure NNLO result.
This surprising result may be because the resummation explicitly involves the running of
the coupling and thus, for low pt,veto, directly probes the uncertainties associated with a
perturbative expansion whose coupling constant is somewhat larger than the αs(MZ/2)
that appears in the NNLO calculation.

7 Comparisons to other calculations

In this section we will complement our resummed matched study so far with information
from event generators and analytical boson-pt resummations. For brevity we concentrate
on the case of Higgs production, using MH = 125 GeV throughout.

7.1 Effects beyond the scope of matched calculations

The matched calculation that we have performed applies to partons and assumes infinite
detector acceptance. Experiments, however, measure hadrons, including the underlying
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Becher, Neubert ’12

Tackmann, Walsh, Zuberi ’12
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Fig. 10: Cross section for ZH production for 7 TeV and 14 TeV at (a) NLO and (b) NNLO QCD, including NLO
EW effects in both cases.
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Fig. 11: K-factors (ratio to LO prediction) for the NLO and NNLO cross sections of Fig. 10.
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Fig. 10: Cross section for ZH production for 7 TeV and 14 TeV at (a) NLO and (b) NNLO QCD, including NLO
EW effects in both cases.
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33

Higgs Strahlung

q

q H

V
_

V

0.9
0.95
1

1.05
1.1
1.15
1.2
1.25
1.3
1.35

80 100 120 140 160 180 200
MH[GeV]

K
W
H
(L
H
C)

LO

NLO

NNLO
[Brein, Djouadi, R.H. ’03]

[Hamberg, v. Neerven,

Matsuura ’91]

[Han, Willenbrock ’90]

[Ciccolini, Dittmaier, Krämer ’03]

[Denner, Dittmaier,

Kallweit, Mück ’11]

→ HAWK

R. Harlander ( BU Wuppertal ) Inclusive Higgs Cross Sections January 2012 13 / 1

based on Hamberg, v. Neerven, Matsuura ’91

Wednesday, July 18, 2012



 [GeV] HM
80 100 200 300 400 1000

 H
+X

) [
pb

]  
  

(p
p 

-210

-110

1

10

210
= 8 TeVs

LH
C

 H
IG

G
S 

XS
 W

G
 2

01
2

 H (NNLO+NNLL QCD + NLO EW)

pp 

 qqH (NNLO QCD + NLO EW)

pp 

 WH (NNLO QCD + NLO EW)

pp 
 ZH (NNLO QCD +NLO EW)

pp 

 ttH (NLO QCD)

pp 

Higgs Strahlung

NLO: Han, Willenbrock ’90
NNLO: Brein, Djouadi, RH ’03 → vh@nnlo
EW: Ciccolini, Dittmaier, Krämer ’03 → HAWK

q

q H

V
_

V

  [GeV]HM
100 150 200 250 300

 Z
H)

 [p
b]

!
(p

p 
"

-210

-110

1  = 14 TeVs
 = 7 TeVs LH

C
 H

IG
G

S 
XS

 W
G

 2
01

0

NLO QCD + NLO EW

  [GeV]HM
100 150 200 250 300

 Z
H)

 [p
b]

!
(p

p 
"

-210

-110

1  = 14 TeVs
 = 7 TeVs LH

C
 H

IG
G

S 
XS

 W
G

 2
01

0

NNLO QCD + NLO EW

(a) (b)

Fig. 10: Cross section for ZH production for 7 TeV and 14 TeV at (a) NLO and (b) NNLO QCD, including NLO
EW effects in both cases.
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Fig. 11: K-factors (ratio to LO prediction) for the NLO and NNLO cross sections of Fig. 10.
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Fig. 10: Cross section for ZH production for 7 TeV and 14 TeV at (a) NLO and (b) NNLO QCD, including NLO
EW effects in both cases.

  [GeV]HM
100 150 200 250 300

 Z
H)

 N
LO

 / 
LO

!
(p

p 
"

0.8

1

1.2

1.4

1.6

1.8

2

2.2

2.4
 = 7 TeVs

)" 1±NLO / LO (
)" 2±NLO / LO (

LH
C

 H
IG

G
S 

XS
 W

G
 2

01
0

  [GeV]HM
100 150 200 250 300

 Z
H)

 N
NL

O
 / 

LO
!

(p
p 

"

0.8

1

1.2

1.4

1.6

1.8

2

2.2

2.4
 = 7 TeVs

)" 1±NNLO / LO (
)" 2±NNLO / LO (

LH
C

 H
IG

G
S 

XS
 W

G
 2

01
0

(a) (b)

  [GeV]HM
100 150 200 250 300

 Z
H)

 N
LO

 / 
LO

!
(p

p 
"

0.8

1

1.2

1.4

1.6

1.8

2

2.2

2.4
 = 14 TeVs

)" 1±NLO / LO (
)" 2±NLO / LO (

LH
C

 H
IG

G
S 

XS
 W

G
 2

01
0

  [GeV]HM
100 150 200 250 300

 Z
H)

 N
NL

O
 / 

LO
!

(p
p 

"

0.8

1

1.2

1.4

1.6

1.8

2

2.2

2.4
 = 14 TeVs

)" 1±NNLO / LO (
)" 2±NNLO / LO (

LH
C

 H
IG

G
S 

XS
 W

G
 2

01
0

(c) (d)

Fig. 11: K-factors (ratio to LO prediction) for the NLO and NNLO cross sections of Fig. 10.

33

Higgs Strahlung

q

q H

V
_

V

0.9
0.95
1

1.05
1.1
1.15
1.2
1.25
1.3
1.35

80 100 120 140 160 180 200
MH[GeV]

K
W
H
(L
H
C
)

QCD+EW

LO

NLO

NNLO

[Brein, Djouadi, R.H. ’03]

[Hamberg, v. Neerven,

Matsuura ’91]

[Han, Willenbrock ’90]

[Ciccolini, Dittmaier, Krämer ’03]

[Denner, Dittmaier,

Kallweit, Mück ’11]

→ HAWK

R. Harlander ( BU Wuppertal ) Inclusive Higgs Cross Sections January 2012 13 / 1

Higgs Strahlung

q

q H

V
_

V

0.9
0.95
1

1.05
1.1
1.15
1.2
1.25
1.3
1.35

80 100 120 140 160 180 200
MH[GeV]

K
W
H
(L
H
C)

LO

NLO

NNLO
[Brein, Djouadi, R.H. ’03]

[Hamberg, v. Neerven,

Matsuura ’91]

[Han, Willenbrock ’90]

[Ciccolini, Dittmaier, Krämer ’03]

[Denner, Dittmaier,

Kallweit, Mück ’11]

→ HAWK

R. Harlander ( BU Wuppertal ) Inclusive Higgs Cross Sections January 2012 13 / 1

jet substructure → see talk by Gavin Salam

Kniehl ’90

based on Hamberg, v. Neerven, Matsuura ’91

Wednesday, July 18, 2012



Higgs Strahlung

q

q H

V
_

V

0.9
0.95
1

1.05
1.1
1.15
1.2
1.25
1.3
1.35

80 100 120 140 160 180 200
MH[GeV]

K
W
H
(L
H
C)

LO

NLO

NNLO
[Brein, Djouadi, R.H. ’03]

[Hamberg, v. Neerven,

Matsuura ’91]

[Han, Willenbrock ’90]

[Ciccolini, Dittmaier, Krämer ’03]

[Denner, Dittmaier,

Kallweit, Mück ’11]

→ HAWK

R. Harlander ( BU Wuppertal ) Inclusive Higgs Cross Sections January 2012 13 / 1

Higgs Strahlung

q

q H

V
_

V

0.9
0.95
1

1.05
1.1
1.15
1.2
1.25
1.3
1.35

80 100 120 140 160 180 200
MH[GeV]

K
W
H
(L
H
C
)

QCD+EW

LO

NLO

NNLO

[Brein, Djouadi, R.H. ’03]

[Hamberg, v. Neerven,

Matsuura ’91]

[Han, Willenbrock ’90]

[Ciccolini, Dittmaier, Krämer ’03]

[Denner, Dittmaier,

Kallweit, Mück ’11]

→ HAWK

R. Harlander ( BU Wuppertal ) Inclusive Higgs Cross Sections January 2012 13 / 1

Wednesday, July 18, 2012



q

q̄
�

V

H

t

q

q̄
�

V

H

q

q̄
�

V

H

g

(a) (b) (c)

Figure 2: (a),(b) Diagrams of group VI and (c) group RI contributing to the process
qq̄ → VH(g) at order g3λtα2

s.

LHC.

In this paper we consider another class of diagrams which are formally of order g
3λtα2

s

and were neglected in previous analyses. For simplicity, we will refer to them as “top-
mediated terms” in this paper, even though they are not the only contributions involving
top-quarks, as noted above. Their numerical impact is at the percent level and therefore
within the current estimated theoretical uncertainty of the NNLO result (see Ref. [11]).
Note, however, that this uncertainty estimate is dominated by the effects from PDFs and
αs; once these will be known with higher precision, the results of this paper will be required
for the perturbative part to compete with this precision.

The remainder of this paper is organized as follows: Section 2 defines the effects to be
calculated, briefly describes the methods applied, and presents analytical expressions for
part of the results. In Section 3, we study the size of the newly evaluated effects and
present updated values for the total inclusive cross section for WH and ZH production at
the Tevatron and the LHC at collision energies of 7 and 14TeV.

2 Calculational details

2.1 Outline of the problem

The Feynman diagrams of the top-mediated terms considered in this paper can be divided
into four groups which will be described in this section.

Examples of diagrams of the first group, named VI in what follows, are shown in Fig. 2 (a)
and (b). They are characterized by the emission of a Higgs boson off a top-quark bubble-
insertion into an internal (i.e. virtual) gluon line. They contribute to the total cross section
through the interference with the leading order amplitude (see Fig. 1 (a)).

The second group (RI), see Fig. 2 (c), can be viewed as the real emission counterpart of
group VI. It is obtained by radiating the Higgs off a top-quark bubble-insertion into an
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mediated terms” in this paper, even though they are not the only contributions involving
top-quarks, as noted above. Their numerical impact is at the percent level and therefore
within the current estimated theoretical uncertainty of the NNLO result (see Ref. [11]).
Note, however, that this uncertainty estimate is dominated by the effects from PDFs and
αs; once these will be known with higher precision, the results of this paper will be required
for the perturbative part to compete with this precision.

The remainder of this paper is organized as follows: Section 2 defines the effects to be
calculated, briefly describes the methods applied, and presents analytical expressions for
part of the results. In Section 3, we study the size of the newly evaluated effects and
present updated values for the total inclusive cross section for WH and ZH production at
the Tevatron and the LHC at collision energies of 7 and 14TeV.

2 Calculational details

2.1 Outline of the problem

The Feynman diagrams of the top-mediated terms considered in this paper can be divided
into four groups which will be described in this section.

Examples of diagrams of the first group, named VI in what follows, are shown in Fig. 2 (a)
and (b). They are characterized by the emission of a Higgs boson off a top-quark bubble-
insertion into an internal (i.e. virtual) gluon line. They contribute to the total cross section
through the interference with the leading order amplitude (see Fig. 1 (a)).

The second group (RI), see Fig. 2 (c), can be viewed as the real emission counterpart of
group VI. It is obtained by radiating the Higgs off a top-quark bubble-insertion into an
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Frederix, Frixione, Hirschi, Maltoni,
   Pittau, Torielli ’12 → aMC@NLO
Garzelli, Kardos, Papadopoulos, 
   Trócsányi ’11→ PowHel

NLO:

NLO+PS:

tt̄H: matching NLO calculations with PS MC

YR2: Study of tt̄H (and tt̄A) fully decayed and hadronized final state

distributions, including scale+αs+PDF uncertainty,@7 TeV using:

aMC@NLO: R. Fredrix, et al.

PowHel: M.V. Garzelli, A. Kardos, C.G. Papadopoulos, Z. Trócsányi

Theoretical uncertainty on signal under good control: results can easily be

reproduced for 8 TeV.
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Fig. 18: Typical diagrams for the Higgs-boson productionmechanisms related to Higgs radiation off bottom quarks
in the 5FS and 4FS at leading order: (a) bb → h/H/A (5FS) and (b) gg → bb + h/H/A (4FS).

achieved if the factorization scale of the bottom-quark densities is chosen as about a quarter of the Higgs
mass [197,198]. If both bottom jets accompanying the Higgs boson in the final state are tagged, one has
to rely on the fully exclusive calculation for gg → bb+h/H/A. For the case of a single b-tag in the final
state the corresponding calculation in the 5FS starts from the process bg → b + h/H/A with the final-
state bottom quark carrying finite transverse momentum. The NLO QCD and electroweak corrections to
this process have been calculated [199–201] supplemented by the NLO SUSY QCD corrections recently
[202].

In our study we concentrated on the gluon-fusion processes and neutral Higgs-boson radiation
off bottom quarks as the first step. We have focused on the mmax

h scenario [147, 154], which is char-
acterised by rather heavy SUSY particles. Genuine SUSY QCD and SUSY electroweak corrections in
this scenario are below the 10% level for Higgs-boson radiation off bottom quarks as well as the gluon-
fusion processes. For the calculation of the MSSM Higgs-boson masses and couplings we have used
the program FEYNHIGGS 2.7.4 [148–151] which includes the most up-to-date radiative corrections to
the MSSM Higgs sector up to the two-loop level and the ∆b terms as an approximation of the SUSY
QCD and electroweak corrections to the bottom Yukawa couplings. In further steps we will have to in-
clude the full SUSY QCD and SUSY electroweak corrections where available and in addition allow for
complex MSSM parameters which leads to additional complications of the Higgs sector, since the mass
eigenstates will no longer be CP-eigenstates. Moreover, for this study we have fixed the MSSM scenario,
since otherwise general predictions as in the SM case will not be possible due to the huge variety of the
MSSM parameter space. However, the results in the mmax

h scenario will not be representative for all
possible MSSM scenarios. In the further progress of this work we will develop the machinery to be able
to cover as many aspects of the MSSM as possible. This requires the combination of the most advanced
results and tools available in our HEP community for neutral MSSM Higgs-boson production.

6.3 Gluon fusion
The gluon-fusion processes gg → φ (φ = h,H,A) have been calculated by generating grids for the
individual contributions of the top and bottom-quark loops. Stop and sbottom loops have been neglected
in this first step but will be included in the next steps. We have generated grids for the scalar and
pseudoscalar Higgs bosons individually with Yukawa couplings of SM-like strength. The MSSM cross
sections can then be obtained by rescaling the individual parts by the corresponding MSSM Yukawa
coupling factors,

σMSSM(gg → φ) =

(
gMSSM
t

gSMt

)2

σtt(gg → φ) +

(
gMSSM
b

gSMb

)2

σbb(gg → φ)

48

+
gMSSM
t

gSMt

gMSSM
b

gSMb
σtb(gg → φ), (5)

where σtt,σbb, and σtb denote the square of the top contributions, the square of the bottom contribu-
tions, and the top–bottom interference, respectively. For σbb and σtb we have used the full NLO QCD
calculation of HIGLU [203]. For σtt we have used the full NLO QCD result of HIGLU and added
the NNLO corrections in the heavy-top-quark limit by using the program GGH@NNLO [14, 168] in
the following way: σ0

LO,σ
0
NLO, and σ0

NNLO have been calculated by GGH@NNLO. The additional part
added to the full NLO result of σtt is then given by

∆σNNLO
tt (gg → φ) = ∆KNNLO σLO

tt (gg → φ),

∆KNNLO =
σ0
NNLO − σ0

NLO

σ0
LO

, (6)

where the individual cross sections σ0
LO,σ

0
NLO,σ

0
NNLO have been evaluated consistently with LO, NLO,

and NNLO PDFs, respectively. Since top mass effects are small at NNLO [24–29] this procedure pro-
vides a result that is expected to be very close to full NNLOQCD accuracy for the σtt parts. Electroweak
corrections to MSSM Higgs-boson production via gluon fusion have not been calculated. The corre-
sponding electroweak corrections in the SM case [31–33, 35] cannot be translated easily to the MSSM
and have thus been neglected. Moreover, we have neglected the NNLL resummation effects [18, 19, 22]
on the σtt part for two reasons: (i) The NNLL resummation has not been calculated for the pseudoscalar
Higgs boson so far so that in order to treat the scalar and pseudoscalar Higgs bosons at the same level, the
NNLL effects should be neglected. (ii) For a completely consistent NNLL prediction also NNLL PDFs
would be needed which, however, are not available. To use NNLO PDFs instead is not fully consistent.

The top and bottom-quark masses have been introduced as pole masses in the calculation including
the corresponding Yukawa couplings. The MSSMYukawa coupling ratios to the SM couplings in Eq. (5)
have been taken from the program FEYNHIGGS 2.7.4 [148–151] . As mentioned above, for the numeri-
cal MSSM results we have chosen the mmax

h benchmark scenario as specified in Eq. (4). As the central
choices of the renormalization and factorization scales we adopted the corresponding Higgs-boson mass
Mφ. For the NLO pieces of the cross section we used the NLO MSTW2008 PDFs, while for the NNLO
contributions the NNLO MSTW2008 PDFs have been used appropriately. The strong coupling constant
has been normalized according to the PDFs, i.e. αs(MZ) = 0.12018 at NLO and αs(MZ) = 0.11707 at
NNLO [41,44]. The scale uncertainty has been determined by varying the renormalization and factoriza-
tion scales betweenMφ/2 and 2Mφ. It amounts to about 10−15% for the whole Higgs mass and tan β
range although for large values of tan β the results are dominated by the bottom-quark loops which are
only known at NLO, unless the light (heavy) scalar Higgs mass is close to its upper (lower) bound, where
the top loops are dominant for large values of tan β, too. However, the scale dependence of the bottom-
quark contributions is considerably smaller than that of the top quark ones [10, 160]. We have added the
68% CL PDF+αs uncertainties of the MSTW2008 PDFs to the scale uncertainties linearly. Since there
are no NNLO PDF sets of CTEQ and NNPDF we did not include those sets in this uncertainty.

We have generated grids of the three cross section parts σNNLO
tt ,σNLO

bb , and σNLO
tb for the mass

ranges from 70 GeV up to 1 TeV in steps of 1 GeV for the scalar and pseudoscalar Higgs bosons sepa-
rately. These grids are then used for interpolation and the resulting numbers rescaled and added according
to the coupling ratios of FEYNHIGGS. For the mmax

h scenario we have included the tan β-enhanced ∆b

corrections in the effective MSSM bottom Yukawa couplings, since we expect them to dominate the
full SUSY QCD corrections for squark and gluino masses much larger than the Higgs masses [177].
The resulting cross sections for the pseudoscalar Higgs boson are shown for various values of tan β in
Fig. 19, while Figs. 20 and 21 display the corresponding results for the light and heavy CP-even MSSM
Higgs bosons. The overall scale and PDF+αs uncertainties amount to about 15%. It is visible that for
small and moderate values of tan β virtual tt thresholds develop for Higgs masses Mφ = 2mt, while
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Fig. 18: Typical diagrams for the Higgs-boson productionmechanisms related to Higgs radiation off bottom quarks
in the 5FS and 4FS at leading order: (a) bb → h/H/A (5FS) and (b) gg → bb + h/H/A (4FS).
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contributions the NNLO MSTW2008 PDFs have been used appropriately. The strong coupling constant
has been normalized according to the PDFs, i.e. αs(MZ) = 0.12018 at NLO and αs(MZ) = 0.11707 at
NNLO [41,44]. The scale uncertainty has been determined by varying the renormalization and factoriza-
tion scales betweenMφ/2 and 2Mφ. It amounts to about 10−15% for the whole Higgs mass and tan β
range although for large values of tan β the results are dominated by the bottom-quark loops which are
only known at NLO, unless the light (heavy) scalar Higgs mass is close to its upper (lower) bound, where
the top loops are dominant for large values of tan β, too. However, the scale dependence of the bottom-
quark contributions is considerably smaller than that of the top quark ones [10, 160]. We have added the
68% CL PDF+αs uncertainties of the MSTW2008 PDFs to the scale uncertainties linearly. Since there
are no NNLO PDF sets of CTEQ and NNPDF we did not include those sets in this uncertainty.

We have generated grids of the three cross section parts σNNLO
tt ,σNLO

bb , and σNLO
tb for the mass

ranges from 70 GeV up to 1 TeV in steps of 1 GeV for the scalar and pseudoscalar Higgs bosons sepa-
rately. These grids are then used for interpolation and the resulting numbers rescaled and added according
to the coupling ratios of FEYNHIGGS. For the mmax

h scenario we have included the tan β-enhanced ∆b

corrections in the effective MSSM bottom Yukawa couplings, since we expect them to dominate the
full SUSY QCD corrections for squark and gluino masses much larger than the Higgs masses [177].
The resulting cross sections for the pseudoscalar Higgs boson are shown for various values of tan β in
Fig. 19, while Figs. 20 and 21 display the corresponding results for the light and heavy CP-even MSSM
Higgs bosons. The overall scale and PDF+αs uncertainties amount to about 15%. It is visible that for
small and moderate values of tan β virtual tt thresholds develop for Higgs masses Mφ = 2mt, while
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Fig. 18: Typical diagrams for the Higgs-boson productionmechanisms related to Higgs radiation off bottom quarks
in the 5FS and 4FS at leading order: (a) bb → h/H/A (5FS) and (b) gg → bb + h/H/A (4FS).

achieved if the factorization scale of the bottom-quark densities is chosen as about a quarter of the Higgs
mass [197,198]. If both bottom jets accompanying the Higgs boson in the final state are tagged, one has
to rely on the fully exclusive calculation for gg → bb+h/H/A. For the case of a single b-tag in the final
state the corresponding calculation in the 5FS starts from the process bg → b + h/H/A with the final-
state bottom quark carrying finite transverse momentum. The NLO QCD and electroweak corrections to
this process have been calculated [199–201] supplemented by the NLO SUSY QCD corrections recently
[202].

In our study we concentrated on the gluon-fusion processes and neutral Higgs-boson radiation
off bottom quarks as the first step. We have focused on the mmax

h scenario [147, 154], which is char-
acterised by rather heavy SUSY particles. Genuine SUSY QCD and SUSY electroweak corrections in
this scenario are below the 10% level for Higgs-boson radiation off bottom quarks as well as the gluon-
fusion processes. For the calculation of the MSSM Higgs-boson masses and couplings we have used
the program FEYNHIGGS 2.7.4 [148–151] which includes the most up-to-date radiative corrections to
the MSSM Higgs sector up to the two-loop level and the ∆b terms as an approximation of the SUSY
QCD and electroweak corrections to the bottom Yukawa couplings. In further steps we will have to in-
clude the full SUSY QCD and SUSY electroweak corrections where available and in addition allow for
complex MSSM parameters which leads to additional complications of the Higgs sector, since the mass
eigenstates will no longer be CP-eigenstates. Moreover, for this study we have fixed the MSSM scenario,
since otherwise general predictions as in the SM case will not be possible due to the huge variety of the
MSSM parameter space. However, the results in the mmax

h scenario will not be representative for all
possible MSSM scenarios. In the further progress of this work we will develop the machinery to be able
to cover as many aspects of the MSSM as possible. This requires the combination of the most advanced
results and tools available in our HEP community for neutral MSSM Higgs-boson production.

6.3 Gluon fusion
The gluon-fusion processes gg → φ (φ = h,H,A) have been calculated by generating grids for the
individual contributions of the top and bottom-quark loops. Stop and sbottom loops have been neglected
in this first step but will be included in the next steps. We have generated grids for the scalar and
pseudoscalar Higgs bosons individually with Yukawa couplings of SM-like strength. The MSSM cross
sections can then be obtained by rescaling the individual parts by the corresponding MSSM Yukawa
coupling factors,

σMSSM(gg → φ) =

(
gMSSM
t

gSMt

)2

σtt(gg → φ) +

(
gMSSM
b

gSMb

)2

σbb(gg → φ)
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+
gMSSM
t

gSMt

gMSSM
b

gSMb
σtb(gg → φ), (5)

where σtt,σbb, and σtb denote the square of the top contributions, the square of the bottom contribu-
tions, and the top–bottom interference, respectively. For σbb and σtb we have used the full NLO QCD
calculation of HIGLU [203]. For σtt we have used the full NLO QCD result of HIGLU and added
the NNLO corrections in the heavy-top-quark limit by using the program GGH@NNLO [14, 168] in
the following way: σ0

LO,σ
0
NLO, and σ0

NNLO have been calculated by GGH@NNLO. The additional part
added to the full NLO result of σtt is then given by

∆σNNLO
tt (gg → φ) = ∆KNNLO σLO

tt (gg → φ),

∆KNNLO =
σ0
NNLO − σ0

NLO

σ0
LO

, (6)

where the individual cross sections σ0
LO,σ

0
NLO,σ

0
NNLO have been evaluated consistently with LO, NLO,

and NNLO PDFs, respectively. Since top mass effects are small at NNLO [24–29] this procedure pro-
vides a result that is expected to be very close to full NNLOQCD accuracy for the σtt parts. Electroweak
corrections to MSSM Higgs-boson production via gluon fusion have not been calculated. The corre-
sponding electroweak corrections in the SM case [31–33, 35] cannot be translated easily to the MSSM
and have thus been neglected. Moreover, we have neglected the NNLL resummation effects [18, 19, 22]
on the σtt part for two reasons: (i) The NNLL resummation has not been calculated for the pseudoscalar
Higgs boson so far so that in order to treat the scalar and pseudoscalar Higgs bosons at the same level, the
NNLL effects should be neglected. (ii) For a completely consistent NNLL prediction also NNLL PDFs
would be needed which, however, are not available. To use NNLO PDFs instead is not fully consistent.

The top and bottom-quark masses have been introduced as pole masses in the calculation including
the corresponding Yukawa couplings. The MSSMYukawa coupling ratios to the SM couplings in Eq. (5)
have been taken from the program FEYNHIGGS 2.7.4 [148–151] . As mentioned above, for the numeri-
cal MSSM results we have chosen the mmax

h benchmark scenario as specified in Eq. (4). As the central
choices of the renormalization and factorization scales we adopted the corresponding Higgs-boson mass
Mφ. For the NLO pieces of the cross section we used the NLO MSTW2008 PDFs, while for the NNLO
contributions the NNLO MSTW2008 PDFs have been used appropriately. The strong coupling constant
has been normalized according to the PDFs, i.e. αs(MZ) = 0.12018 at NLO and αs(MZ) = 0.11707 at
NNLO [41,44]. The scale uncertainty has been determined by varying the renormalization and factoriza-
tion scales betweenMφ/2 and 2Mφ. It amounts to about 10−15% for the whole Higgs mass and tan β
range although for large values of tan β the results are dominated by the bottom-quark loops which are
only known at NLO, unless the light (heavy) scalar Higgs mass is close to its upper (lower) bound, where
the top loops are dominant for large values of tan β, too. However, the scale dependence of the bottom-
quark contributions is considerably smaller than that of the top quark ones [10, 160]. We have added the
68% CL PDF+αs uncertainties of the MSTW2008 PDFs to the scale uncertainties linearly. Since there
are no NNLO PDF sets of CTEQ and NNPDF we did not include those sets in this uncertainty.

We have generated grids of the three cross section parts σNNLO
tt ,σNLO

bb , and σNLO
tb for the mass

ranges from 70 GeV up to 1 TeV in steps of 1 GeV for the scalar and pseudoscalar Higgs bosons sepa-
rately. These grids are then used for interpolation and the resulting numbers rescaled and added according
to the coupling ratios of FEYNHIGGS. For the mmax

h scenario we have included the tan β-enhanced ∆b

corrections in the effective MSSM bottom Yukawa couplings, since we expect them to dominate the
full SUSY QCD corrections for squark and gluino masses much larger than the Higgs masses [177].
The resulting cross sections for the pseudoscalar Higgs boson are shown for various values of tan β in
Fig. 19, while Figs. 20 and 21 display the corresponding results for the light and heavy CP-even MSSM
Higgs bosons. The overall scale and PDF+αs uncertainties amount to about 15%. It is visible that for
small and moderate values of tan β virtual tt thresholds develop for Higgs masses Mφ = 2mt, while
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Fig. 18: Typical diagrams for the Higgs-boson productionmechanisms related to Higgs radiation off bottom quarks
in the 5FS and 4FS at leading order: (a) bb → h/H/A (5FS) and (b) gg → bb + h/H/A (4FS).

achieved if the factorization scale of the bottom-quark densities is chosen as about a quarter of the Higgs
mass [197,198]. If both bottom jets accompanying the Higgs boson in the final state are tagged, one has
to rely on the fully exclusive calculation for gg → bb+h/H/A. For the case of a single b-tag in the final
state the corresponding calculation in the 5FS starts from the process bg → b + h/H/A with the final-
state bottom quark carrying finite transverse momentum. The NLO QCD and electroweak corrections to
this process have been calculated [199–201] supplemented by the NLO SUSY QCD corrections recently
[202].

In our study we concentrated on the gluon-fusion processes and neutral Higgs-boson radiation
off bottom quarks as the first step. We have focused on the mmax

h scenario [147, 154], which is char-
acterised by rather heavy SUSY particles. Genuine SUSY QCD and SUSY electroweak corrections in
this scenario are below the 10% level for Higgs-boson radiation off bottom quarks as well as the gluon-
fusion processes. For the calculation of the MSSM Higgs-boson masses and couplings we have used
the program FEYNHIGGS 2.7.4 [148–151] which includes the most up-to-date radiative corrections to
the MSSM Higgs sector up to the two-loop level and the ∆b terms as an approximation of the SUSY
QCD and electroweak corrections to the bottom Yukawa couplings. In further steps we will have to in-
clude the full SUSY QCD and SUSY electroweak corrections where available and in addition allow for
complex MSSM parameters which leads to additional complications of the Higgs sector, since the mass
eigenstates will no longer be CP-eigenstates. Moreover, for this study we have fixed the MSSM scenario,
since otherwise general predictions as in the SM case will not be possible due to the huge variety of the
MSSM parameter space. However, the results in the mmax

h scenario will not be representative for all
possible MSSM scenarios. In the further progress of this work we will develop the machinery to be able
to cover as many aspects of the MSSM as possible. This requires the combination of the most advanced
results and tools available in our HEP community for neutral MSSM Higgs-boson production.

6.3 Gluon fusion
The gluon-fusion processes gg → φ (φ = h,H,A) have been calculated by generating grids for the
individual contributions of the top and bottom-quark loops. Stop and sbottom loops have been neglected
in this first step but will be included in the next steps. We have generated grids for the scalar and
pseudoscalar Higgs bosons individually with Yukawa couplings of SM-like strength. The MSSM cross
sections can then be obtained by rescaling the individual parts by the corresponding MSSM Yukawa
coupling factors,

σMSSM(gg → φ) =

(
gMSSM
t

gSMt

)2

σtt(gg → φ) +

(
gMSSM
b

gSMb

)2

σbb(gg → φ)
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+
gMSSM
t

gSMt

gMSSM
b

gSMb
σtb(gg → φ), (5)

where σtt,σbb, and σtb denote the square of the top contributions, the square of the bottom contribu-
tions, and the top–bottom interference, respectively. For σbb and σtb we have used the full NLO QCD
calculation of HIGLU [203]. For σtt we have used the full NLO QCD result of HIGLU and added
the NNLO corrections in the heavy-top-quark limit by using the program GGH@NNLO [14, 168] in
the following way: σ0

LO,σ
0
NLO, and σ0

NNLO have been calculated by GGH@NNLO. The additional part
added to the full NLO result of σtt is then given by

∆σNNLO
tt (gg → φ) = ∆KNNLO σLO

tt (gg → φ),

∆KNNLO =
σ0
NNLO − σ0

NLO

σ0
LO

, (6)

where the individual cross sections σ0
LO,σ

0
NLO,σ

0
NNLO have been evaluated consistently with LO, NLO,

and NNLO PDFs, respectively. Since top mass effects are small at NNLO [24–29] this procedure pro-
vides a result that is expected to be very close to full NNLOQCD accuracy for the σtt parts. Electroweak
corrections to MSSM Higgs-boson production via gluon fusion have not been calculated. The corre-
sponding electroweak corrections in the SM case [31–33, 35] cannot be translated easily to the MSSM
and have thus been neglected. Moreover, we have neglected the NNLL resummation effects [18, 19, 22]
on the σtt part for two reasons: (i) The NNLL resummation has not been calculated for the pseudoscalar
Higgs boson so far so that in order to treat the scalar and pseudoscalar Higgs bosons at the same level, the
NNLL effects should be neglected. (ii) For a completely consistent NNLL prediction also NNLL PDFs
would be needed which, however, are not available. To use NNLO PDFs instead is not fully consistent.

The top and bottom-quark masses have been introduced as pole masses in the calculation including
the corresponding Yukawa couplings. The MSSMYukawa coupling ratios to the SM couplings in Eq. (5)
have been taken from the program FEYNHIGGS 2.7.4 [148–151] . As mentioned above, for the numeri-
cal MSSM results we have chosen the mmax

h benchmark scenario as specified in Eq. (4). As the central
choices of the renormalization and factorization scales we adopted the corresponding Higgs-boson mass
Mφ. For the NLO pieces of the cross section we used the NLO MSTW2008 PDFs, while for the NNLO
contributions the NNLO MSTW2008 PDFs have been used appropriately. The strong coupling constant
has been normalized according to the PDFs, i.e. αs(MZ) = 0.12018 at NLO and αs(MZ) = 0.11707 at
NNLO [41,44]. The scale uncertainty has been determined by varying the renormalization and factoriza-
tion scales betweenMφ/2 and 2Mφ. It amounts to about 10−15% for the whole Higgs mass and tan β
range although for large values of tan β the results are dominated by the bottom-quark loops which are
only known at NLO, unless the light (heavy) scalar Higgs mass is close to its upper (lower) bound, where
the top loops are dominant for large values of tan β, too. However, the scale dependence of the bottom-
quark contributions is considerably smaller than that of the top quark ones [10, 160]. We have added the
68% CL PDF+αs uncertainties of the MSTW2008 PDFs to the scale uncertainties linearly. Since there
are no NNLO PDF sets of CTEQ and NNPDF we did not include those sets in this uncertainty.

We have generated grids of the three cross section parts σNNLO
tt ,σNLO

bb , and σNLO
tb for the mass

ranges from 70 GeV up to 1 TeV in steps of 1 GeV for the scalar and pseudoscalar Higgs bosons sepa-
rately. These grids are then used for interpolation and the resulting numbers rescaled and added according
to the coupling ratios of FEYNHIGGS. For the mmax

h scenario we have included the tan β-enhanced ∆b

corrections in the effective MSSM bottom Yukawa couplings, since we expect them to dominate the
full SUSY QCD corrections for squark and gluino masses much larger than the Higgs masses [177].
The resulting cross sections for the pseudoscalar Higgs boson are shown for various values of tan β in
Fig. 19, while Figs. 20 and 21 display the corresponding results for the light and heavy CP-even MSSM
Higgs bosons. The overall scale and PDF+αs uncertainties amount to about 15%. It is visible that for
small and moderate values of tan β virtual tt thresholds develop for Higgs masses Mφ = 2mt, while
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Fig. 23: Total production cross sections of pp → bbH/A + X for
√
s = 7 TeV within the 5FS and the 4FS

using MSTW2008 PDFs [41, 44]. The upper bands (blue bands) exhibit the combined scale and 68% CL PDF+αs

uncertainties of the 5FS, while the lower bands (red bands) include the scale uncertainties of the 4FS only.
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Fig. 24: Central predictions for the total MSSM production cross sections via gluon fusion and Higgs radiation off
bottom quarks within the 5FS for

√
s = 7 TeV using NNLO and NLO MSTW2008 PDFs [41, 44] for the mmax
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Conclusions

• continuous theory progress

• importance of theory is being recognized

• error estimates will become crucial

• revival of precision physics?
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