Higher order QCD predictions for the Higgs pT distribution
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We consider Standard Model Higgs boson production through gluon–gluon fusion in hadron
collisions. We combine the calculation of the next-to-next-to-leading order QCD corrections
to the inclusive cross section with the resummation of multiple soft-gluon emissions at small
transverse momenta up to next-to-next-to-leading logarithmic accuracy. We extend previous
results including exactly all the perturbative terms up to order α4S in our computation. We
present numerical predictions for the Higgs boson spectrum at the LHC, together with an
estimate of the corresponding uncertainties. We introduce the novel numerical program HRes
that allows us to retain the full kinematics of the Higgs boson and of its decay products in the
H → γγ, H → W W → lνlν and H → ZZ → 4l decay channels. We show explicit results in
the H → γγ decay mode, by using the nominal cuts applied in current Higgs boson searches
by the ATLAS and CMS collaborations.
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Introduction

One of the main tasks of the LHC program is the search for the Higgs boson ? and the study of its
properties (mass, couplings, decay widths). The experimental data already collected at the LHC
in 2011 ? considerably reduce the allowed mass range for the Standard Model (SM) Higgs boson
H by essentially excluding the Higgs bosons in the mass range O(130 GeV) < mH < O(600
GeV), while observing an excess of Higgs boson candidate events around mH = 125 GeV. More
data from the ongoing LHC 2012 run, being operated at a centre-of-mass energy of 8 TeV, are
needed to say whether these excesses really correspond to a Higgs signal or are just statistical
fluctuations.
In this contribution we consider the production of the SM Higgs boson by the gluon fusion
mechanism and its decays H → γγ, H → W W and H → ZZ. The gluon fusion process gg → H
? , through a heavy-quark loop, is the main production mechanism of the SM Higgs boson at
hadron colliders, and, as a consequence, it is crucial to achieve reliable theoretical predictions for
a
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the cross section and the associated distributions. The dynamics of the gluon fusion mechanism
is driven by strong interactions. Thus, accurate studies of the effect of QCD radiative corrections
are mandatory to obtain precise theoretical predictions.
Here we consider the transverse momentum (pT ) spectrum of the SM Higgs boson produced
by the gluon fusion mechanism. This observable is of direct importance in the experimental
search. When studying the pT distribution of the Higgs boson in QCD perturbation theory
we define two different regions of pT . In the large-pT region (pT ∼ mH ), where the transverse
momentum is of the order of the Higgs boson mass mH , perturbative QCD calculations based
on the truncation of the perturbative series at a fixed order in αS are theoretically justified.
In this region, the QCD radiative corrections are known up to O(α4S ), i.e., the next-to-leading
order (NLO) ?,?,? for the pT spectrum and the next-to-next-to-leading-order (NNLO) as far as
the inclusive cross section is considered. In the small-pT region (pT ≪ mH ), the convergence of
the fixed-order expansion is spoiled by the presence of large logarithmic terms, αnS lnm (m2H /p2T ).
To obtain reliable predictions, these logarithmically-enhanced terms have to be systematically
resummed to all perturbative orders ?,?,?,?,? . It is then important to consistently match the
resummed and fixed-order calculations at intermediate values of pT , in order to obtain accurate
QCD predictions for the entire range of transverse momenta. In this contribution we present a
selection of numerical results obtained by our group for the Higgs pT spectrum ? and discuss the
effects of transverse-momentum resummation on the Higgs decay products ? .
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The Higgs pT spectrum

The numerical program HqT ? implements the most accurate perturbative information that is
available at present: soft-gluon resummation up to next-to-next-to-leading-logarithmic (NNLL)
accuracy ? combined with fixed-order perturbation theory up to O(α4S ) in the large-pT region
? . The program is used by the Tevatron and LHC experimental collaborations to reweight the
pT spectrum of the Monte Carlo event generators used in the analysis and is thus of direct
relevance in the Higgs boson search. The program HqT is based on the transverse-momentum
resummation formalism described in Refs. ?,?,? , which is valid for a generic process in which a
high-mass system of non strongly-interacting particles is produced in hadron–hadron collisions.
In Ref. ? we performed some improvements with respect to the work of Ref. ? . In particular,
H(2)
we have implemented the exact value of the NNLO hard-collinear coefficients HN computed
in Ref. ?,? , and the recently derived value of the NNLL coefficient A(3) ? . We have presented
numerical results for Higgs production at the LHC and performed a study of the perturbative
uncertainties. Our calculation for the pT spectrum is implemented ? in the updated version of
the numerical code HqT, which can be downloaded from ? .
√
In Fig. ??-left we consider Higgs boson production by gluon fusion at the LHC ( s = 7
TeV) and mH = 165 GeV. We present our resummed results at NNLL+NLO accuracy, and we
compare them with the NLL+LO results. The bands represent the scale uncertainty evaluated
as explained in Ref. ? . We find that the scale dependence at NNLL+NLO (NLL+LO) is about
±10% (±22%) at the peak, it decreases to about ±8% (±19%) in the region up to pT = 30 GeV,
and becomes ±10% (±18%) at pT = 60 GeV. In the region beyond pT ∼ 120 GeV the resummed
result looses predictivity, and its perturbative uncertainty becomes large. In Fig. ??-right we
compare the NLO and NNLL+NLO bands. At large values of pT the NLO and NNLL+NLO
scale uncertainty bands overlap, and the NLO result has smaller uncertainty. The new version
of HqT implements a switching procedure, such that the fixed order NLO result is recovered at
large pT , where resummation is not any more relevant.

Figure 1: The pT spectrum of Higgs boson at the LHC: NNLL+NLO (solid) and NLL+LO (dashes) uncertainty
bands (left panel); NNLL+NLO (solid) and NLO (dashes) uncertainty bands relative to the central NNLL+NLO
result (right panel).
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Inclusion of Higgs boson decay products

In Ref. ? we made a step forward with respect to previous work by including the Higgs boson decay
products. We start from the doubly differential cross section, including transverse-momentum
resummation and rapidity dependence ? at full NNLL accuracy. We then include the Higgs
boson decay and implement the ensuing result into an efficient Higgs event generator, that
is able to simulate the full kinematics of the Higgs boson and of its decay products. This
calculation is implemented in a new numerical program ? called HRes, that embodies the features
of HNNLO ?,? and HqT. The decay modes that are implemented are H → γγ, H → W W → lνlν
and H → ZZ → 4l.
Here, we present just an example of the predictions that can be obtained with our program
√
for Higgs boson production at the LHC ( s = 8 TeV) up to NNLL+NNLO accuracy. We focus
on the H → γγ decay channel and compare the resummed results with the corresponding fixed
order results, obtained with the HNNLO numerical code. We consider the production of a SM
Higgs boson with mass mH = 125 GeV. We apply the following cuts on the photons. For each
event, we classify the photon transverse momenta according to their minimum and maximum
value, pT min and pT max . The photons are required to be in the central rapidity region, |η| < 2.5,
with pT min > 25 GeV and pT max > 40 GeV. A variable that is often studied is cos θ ∗ , where θ ∗
is the polar angle of one of the photons with respect to the beam axis in the Higgs boson rest
frame. A cut on the photon transverse momentum pγT implies a maximum value for cos θ ∗ at
∗ | ≃ 0.768.
LO. For example for mH = 125 GeV and pγT ≥ 40 GeV we obtain | cos θ ∗ | ≤ | cos θcut
At the NLO and NNLO the Higgs transverse momentum is non vanishing and events with
∗ | are kinematically allowed. In the region of the kinematical boundary higher| cos θ ∗ | > | cos θcut
order perturbative distributions suffer of logarithmic singularities. As expected ? , resummed
results do not suffer of such instabilities in the vicinity of the LO kinematical boundary; the
resummed distributions are smooth and the shape is rather stable when going from NLL+NLO
to NNLL+NNLO. In Fig. ?? we report both the distributions (normalized to unity) obtained
by fixed order and the resummed calculations. We see that the resummed results are smooth in
the region around the kinematical boundary. Away from such region, fixed order and resummed
results show perfect agreement.
The program HRes is built upon the fully exclusive calculation implemented in HNNLO and
includes soft-gluon resummation at small transverse momenta of the Higgs boson. It thus
provides a result which is everywhere as good as the NNLO result but much better in the small
pT region. These features should make our program a useful tool for Higgs searches and studies

at the Tevatron and the LHC.

Figure 2: Normalised cos θ∗ distribution at the LHC. On the left: LO, NLO and NNLO results. On the right:
resummed predictions at NLL+NLO and NNLL+NNLO accuracy are compared with the NNLO result.
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