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Figure 2: Left: pull comparison of the fit results with the direct measurements in units of the experimental
uncertainty. Right: determination of MH excluding the direct MH measurements and all the sensitive
observables from the fit, except the one given. Note that the fit results shown are not independent.

which exceeds the experimental world average in precision. The indirect determination of the
effective weak mixing angle, cf. Fig. 3 (bottom right, blue band) gives

sin2θ�eff = 0.23150± 0.00010 , (3)

which is compatible and more precise than the average of the LEP/SLD measurements [9]. Finally,
the top quark mass, cf. Fig. 3 (top right, blue band), is indirectly determined to be

mt = 175.8+2.7
−2.4 GeV , (4)

in agreement with the direct measurement and cross-section based determination (cf. Footnote 5).

The measured value of MH together with the fermion masses, the strong coupling strength αS(M2
Z
)

and the three parameters defining the electroweak sector and its radiative corrections (chosen

here to be MZ , GF and ∆α(5)
had(M

2
Z
)) form a minimal set of parameters allowing one, for the

first time, to predict all the other SM parameters/observables. A fit using only this minimal
set of input measurements6 yields the SM predictions MW = 80.360 ± 0.011 GeV and sin2θ�eff =

6For αS(M
2
Z) we use the result from Table 1.
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Calculations

• The LEP era:  getting convinced
• The Tevatron era:  cornering it
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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;  Bagnaschi, 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

S.P. Martin ’13
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`Towards NNNLO:
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Figure 5. Scale dependence of the hadronic cross section in consecutive orders in perturbative QCD.
See the text for details.

convolution with the parton luminositites, we obtain5

σLO(pp → Hj) = 2713+1216
−776 fb,

σNLO(pp → Hj) = 4377+760
−738 fb,

σNNLO(pp → Hj) = 6177−204
+242 fb.

(7.8)

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

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

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

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

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

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

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

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

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

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

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

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

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

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

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

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

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

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

5We checked our LO and NLO results against MCFM (gluons only), and found agreement.
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The scale dependence of our N3LO result is displayed in Fig. 8. We only show the renormalization

scale dependence: the factorization scale dependence of the N3LO result will be weaker than that of

the NNLO, which is already negligible. Also, our N3LO result only includes the (dominant) gluon

contribution, so its factorization scale dependence would be misleadingly large, and canceled by a

contribution from the quark channels.

The N3LO contribution reduces the renormalization scale dependence of the NNLO QCD result

from ±10% to ±7% if the scale is varied in the range 0.5 < µR/mH < 2. We also show the prediction

obtained using the soft approximation C(3)
N -soft, with ḡ0,3 = 0, i.e. essentially the approximation of

Ref. [28]. The scale dependence of the N -soft result is similar to that of our own, but its absolute size

is rather smaller. Note that in Ref. [28] a smaller value of αs(mZ) is adopted, which would lead to a

yet smaller result.
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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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Fig. 8: Cross section for the sum ofW+H andW−H 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. 9: K-factors (ratio to LO prediction) for the NLO and NNLO cross sections of Fig. 8.
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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. 8: Cross section for the sum ofW+H andW−H 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. 9: K-factors (ratio to LO prediction) for the NLO and NNLO cross sections of Fig. 8.
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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. 8: Cross section for the sum ofW+H andW−H 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. 9: K-factors (ratio to LO prediction) for the NLO and NNLO cross sections of Fig. 8.
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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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Distributions in pT ,H for pp → WH → lνH (NNLO QCD + NLO EW) and for
pp → ZH → ll/ννH (NLO QCD + NLO EW).
Boosted setup: |ηl | < 2.5, pT ,l > 20 GeV, pT ,ν > 25 GeV, pT ,H > 200 GeV,
pT ,W/Z > 190 GeV.

We produced similar results at 8 TeV (soon available).
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Size of higher-order corrections increase in the high pT ,H region. Relative effect of
NLO EW corrections for pT ,H for pp → WH → lνH and for pp → ZH → ll/ννH.

Boosted setup: |ηl | < 2.5, pT ,l > 20 GeV, pT ,ν > 25 GeV, pT ,H > 200 GeV,
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Recall boosted Higgs!
Butterworth et al.  ’08
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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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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.

Required BG calculations
⇒ big impact on theory developments
(see talk by S. Pozzorini)
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• gluon fusion/WBF interference

• gluon induced WBF

• DIS-like NNLO (inclusive)

• missing:

• distributions:

WBF: BNLO corrections

gluon fusion/WBF interference
[Andersen, Binoth, Heinrich, Smillie ’07], [Andersen, Smillie ’08]
[Bredenstein, Hagiwara, Jäger ’08]

gluon induced WBF [R.H., Vollinga, Weber ’08]

part of NNLO

DIS-like NNLO (inclusive)

+ a few others [Bolzoni, Maltoni, Moch, Zaro ’11]

missing:
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+ a few others [Bolzoni, Maltoni, Moch, Zaro ’11]

missing:

R. Harlander ( BU Wuppertal ) Inclusive Higgs Cross Sections January 2012 21 / 1

Weak Boson Fusion: Beyond NLO
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• full MSSM @ NLO
• SM @ NNLO
• 2HDM
• bbh
• various ren. schemes
• link to FeynHiggs
• link to LHAPDF
• ... RH, Liebler, Mantler ’12
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Implications

... or: be careful what you wish for ...
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Degrassi, Di Vita, Elias-Miro, Espinosa, 
Giudice, Isidori, Strumia ʼ12
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What about fine tuning?
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Institut de Théorie des Phénomènes Physiques, École Polytechnique Fédérale de Lausanne, CH-1015 Lausanne, Switzerland

Christof Wetterich
Institut für Theoretische Physik, Universität Heidelberg, Philosophenweg 16, D-69120 Heidelberg, Germany

12 January 2010

Abstract

There are indications that gravity is asymptotically safe. The Standard Model (SM) plus gravity could be valid up to arbitrarily
high energies. Supposing that this is indeed the case and assuming that there are no intermediate energy scales between the
Fermi and Planck scales we address the question of whether the mass of the Higgs boson mH can be predicted. For a positive
gravity induced anomalous dimension A! > 0 the running of the quartic scalar self interaction ! at scales beyond the Planck
mass is determined by a fixed point at zero. This results in mH = mmin = 126 GeV, with only a few GeV uncertainty. This
prediction is independent of the details of the short distance running and holds for a wide class of extensions of the SM as well.
For A! < 0 one finds mH in the interval mmin < mH < mmax ! 174 GeV, now sensitive to A! and other properties of the short
distance running. The case A! > 0 is favored by explicit computations existing in the literature.

Key words:
Asymptotic safety, gravity, Higgs field, Standard Model
PACS: 04.60.-m 11.10.Hi 14.80.Bn

Though gravity is non-renormalizable by pertur-
bative methods, it may exist as a field theory non-
perturbatively [1], exhibiting a non-trivial ultraviolet
fixed point (FP) of the functional renormalization group
flow [2–4]. In [5] such a fixed point was indeed found
in the so-called Einstein-Hilbert truncation. Many
works (for a recent review see [6]), based on the exact
functional renormalization group equation (FRGE) of
[4] (for a review see [7]), produced further evidence
in favor of this conjecture. The non-perturbative FP
of [5] stays in place when higher order operators are
added to Einstein-Hilbert action, when the form of the
infrared cutoff is changed, etc. A similar picture arises
in lattice formulations of quantum gravity [8] (for a
recent review see [9]). Yet another indication comes
from perturbative computations [10].

The “flowing action” or “effective average action” "k

includes all quantum fluctuations with momenta larger
than an infrared cutoff scale. For k → # no fluctua-
tions are included and "k→# coincides with the classi-
cal or microscopic action, while for k→ 0 the flowing
action includes all quantum fluctuations and becomes
the generating functional of the one-particle irreducible
Green’s functions. The scale dependence of "k obeys
an exact functional renormalization group equation [4].
It is of a simple one loop type, but nevertheless can be
solved only approximately by suitable non-perturbative
truncations of its most general functional form.

From the studies of the functional renormalization
group for"k one infers a characteristic scale dependence
of the gravitational constant or Planck mass,

M2
P(k) =M2

P+ 2$0k2 , (1)
where MP = (8%GN)−1/2 = 2.4× 1018 GeV is the low
energy Planck mass, and $0 is a pure number, the exact

Preprint submitted to Elsevier 12 January 2010
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Conclusions

• Heuer: I think we have it! 
RH: Me too.

• importance of theory undeniable

• error estimates will become crucial

• revival of precision physics?
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Figure 7: Scale dependence of the hadronic LO and NLO cross section for
√
s = 8TeV

(dashed) and 14TeV (solid). The renormalization and factorization scales are varied
simutaneously around the central scale µ0 =

�
(pH + pZ)2. The Higgs mass is set to

MH = 125GeV.

• ∆Kqg,∆Kqq — contributions from qg and qq̄ initial states

The sum of all these terms results in Ktot, the total K-factor.

4.3.2 Residual scale uncertainty

As described in the introduction, the LO scale dependence for this purely gluon-induced
process is quite large. NLO corrections typically decrease this uncertainty. Let us recall
the situation in the gluon-fusion process gg → H, however: For the LO result, the usually
adopted scale variation by a factor of two around the central scale leads to a gross un-
derestimation of the size of the higher-order effects. At NLO, the scale uncertainty is not
significantly smaller than at LO, but it does provide a good estimate of the NNLO effects.
Consistently, inclusion of the NNLO corrections leads to a significant reduction of the scale
uncertainty.

Expecting a similar behaviour for the gg → HZ process, it is not surprising to see the result
shown in Fig. 7: Both for the inclusive and the boosted scenario the scale dependence
decreases from more than 100% at LO to 60% at NLO when the renormalization and
factorization scales are varied simultaneously by a factor of six around their central value
µ0, see Eq. (16). As for the process gg → H, the behaviour in µ/µ0 is strictly monotonous,
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